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The 11th edition of Adler’s sees a significant reorganization 
based on function and function/structure relationships within 
ocular cells, tissues and organs. Prior editions had been 
organized largely anatomically, but in the eight years since 
the 10th edition, basic, translational and clinical knowledge 
has increased exponentially. Capturing, synthesizing, organ-

izing and conveying vast amounts of this new information 
in the context of a new organizational strategy has been both 
challenging and stimulating. We hope that the readers, espe-
cially our younger scientists and clinicians who represent  
the future of our field, will find this approach, material and 
presentation conducive to learning, retention and referral.        

Preface  



viii

Albert Alm MD

Professor
Department of Neuroscience & 

Ophthalmology
University Hospital
Uppsala Sweden

David C Beebe PhD FARVO

Janet and Bernard Becker Professor of 
Ophthalmology and Visual Science

Professor of Cell Biology and 
Physiology

Department of Ophthalmology and 
Vision Sciences

Washington University
Saint Louis MO USA

Carlos Belmonte MD PhD

Professor of Human Physiology
Medical School
Instituto de Neurociencias de Alicante
Universidad Miguel Hernandez
San Juan Alicante Spain

David M Berson PhD

Professor of Neuroscience
Department of Neuroscience
Brown University
Providence RI USA

Sai H S Boddu BPharm MS

PhD Candidate and Doctoral Fellow
School of Pharmacy
University of Missouri-Kansas City
Kansas City MO USA

Jamie D Boyd PhD

Research Assistant
Psychiatry, Faculty of Medicine
University of British Columbia
Vancouver BC Canada

Vivien Casagrande PhD

Professor, Cell & Developmental 
Biology, Psychology, and 
Ophthalmology & Visual Sciences

Departments of Cell & Developmental 
Biology

Vanderbilt Medical School
Nashville TN USA

Yuzo M Chino PhD

Benedict-McFadden Professor
Professor of Vision Sciences
College of Optometry
University of Houston
Houston TX USA

Darlene A Dartt PhD

Senior Scientist
Harold F Johnson Research Scholar
Schepens Eye Research Institute
Associate Professor
Harvard Medical School
Boston MA USA

Chanukya R Dasari MS

MD Candidate
School of Medicine
University of Missouri-Kansas City
Kansas City MO USA

Daniel G Dawson MD

Ophthalmic Researcher
Emory University Eye Center
Atlanta GA USA

Henry F Edelhauser PhD

Professor of Ophthalmology
Department of Ophthalmology
Emory University Eye Center
Atlanta GA USA

Erika D Eggers PhD

Assistant Professor
Department of Physiology
University of Arizona
Tucson AZ USA

Ione Fine PhD

Assistant Professor of Psychology
Department of Psychology
University of Washington
Seattle WA USA

Laura J Frishman PhD

Professor of Vision Science, Optometry 
and Biology

College of Optometry
University of Houston
Houston TX USA

List of Contributors

B’Ann True Gabelt MS

Distinguished Scientist
Department of Ophthalmology and 

Vision Sciences
University of Wisconsin
Madison WI USA

Juana Gallar MD PhD

Professor of Human Physiology
Instituto de Neurociencias and 

Facultad de Medicina
Universidad Miguel Hernández-CSIC
San Juan de Alicante Spain

Adrian Glasser PhD

Professor of Optometry and Vision 
Sciences and Biomedical Engineering

Benedict/Pitts Professor
College of Optometry
University of Houston
Houston TX USA

Jeffrey L Goldberg MD PhD

Assistant Professor of Ophthalmology, 
and of Neurosciences

Bascom Palmer Eye Institute
University of Miami
Miami FL USA

Gregory J Griepentrog MD

Clinical Instructor
Department of Ophthalmology and 

Visual Sciences
University of Wisconsin-Madison
Madison WI USA

Alecia K Gross PhD

Assistant Professor
Department of Vision Sciences, 

Biochemistry and Molecular 
Genetics, Cell Biology and 
Neurobiology

The University of Alabama at 
Birmingham

Birmingham AL USA

Ronald S Harwerth OD PhD

John and Rebecca Moores Professor of 
Optometry

College of Optometry
University of Houston
Houston TX USA



ix

List of Contributors

Horst Helbig MD

Professor of Ophthalmology
Director of the University Eye Hospital
Klinik und Poliklinik fur 

Augenheilkunde
Klinikum der Universitats Regensburg
Regensburg Germany

Robert F Hess PhD DSc

Professor of Ophthalmology
McGill Vision Research
McGill University
Montréal QC Canada

Jennifer Ichida PhD

Postdoctoral Fellow
Department of Ophthalmology & 

Visual Science
Moran Eye Center
University of Utah
Salt Lake City UT USA

Chris A Johnson PhD DSc FARVO

Professor
Department of Ophthalmology
University of Iowa
Iowa City IA USA

Randy Kardon MD PhD

Professor and Director of 
Neuro-ophthalmology

Pomerantz Family Chair of 
Ophthalmology

Department of Ophthalmology and 
Visual Sciences

University of Iowa and Veterans 
Administration Hospitals

Iowa City IA USA

Pradeep K Karla PhD

Assistant Professor of Pharmaceutical 
Sciences

Department of Pharmaceutical Sciences
School of Pharmacy
Howard University
Washington DC USA

Paul L Kaufman MD

Peter A Duehr Professor and 
Chairman

Division of Ophthalmology & Visual 
Science

University Wisconsin Madison
Madison WI USA

SM Koch MS

Graduate Student
Neuroscience Graduate Program
University of California, San Francisco
San Francisco CA USA

Ron Krueger MD MSE

Professor of Ophthalmology
Cleveland Clinic Lerner College of 

Medicine
Medical Director
Department of Refractive Surgery
Cole Eye Institute
Cleveland Clinic Foundation
Cleveland OH USA

James A Kuchenbecker PhD

Senior Fellow
Department of Ophthalmology
University of Washington
WA USA

Trevor D Lamb BE ScD FRS FAA

Distinguished Professor, John Curtin 
School of Medical Research

and Research Director, ARC Centre of 
Excellence in Vision Science

The Australian National University
Canberra City ACT Australia

Dennis M Levi OD PhD

Professor of Optometry and Vision 
Science

Professor, Helen Wills Neuroscience 
Institute

Dean, School of Optometry
University of California, Berkeley
Berkeley CA USA

Lindsay B Lewis PhD

Postdoctoral Fellow
Department of Ophthalmology
McGill Vision Research
Montreal QC Canada

Mark J Lucarelli MD FACS

Professor
Director of Oculoplastics Service
Department of Ophthalmology and 

Visual Sciences
University of Wisconsin at Madison
Madison WI USA

Peter D Lukasiewicz PhD

Professor of Ophthalmology & 
Neurobiology

Department of Ophthalmology & 
Visual Sciences

Washington University School of 
Medicine

St Louis MO USA

Henrik Lund-Anderson MD DMSc

Professor of Ophthalmology
Department of Ophthalmology
University of Copenhagen
Glostrup Hospital
Copenhagen Denmark

Peter R MacLeish PhD

Professor of Neurobiology
Director
Neuroscience Institute
Morehouse School of Medicine
Atlanta GA USA

Clint L Makino PhD

Associate Professor of Ophthalmology 
(Neuroscience)

Department of Ophthalmology
Massachusetts Eye and Ear Infirmary 

& Harvard Medical School
Boston MA USA

Katherine Mancuso PhD

Postdoctoral Fellow
Department of Ophthalmology
University of Washington
Seattle WA USA

Robert E Marc PhD

Professor of Ophthalmology
John A Moran Eye Center
University of Utah
Salt Lake City UT USA

Roan Marion BS

Graduate Student
Neuroscience PhD Program
Casagrande Vision Research Lab
Vanderbilt University Medical School
Nashville TN USA

Joanne A Matsubara BA PhD

Professor and Director of Research 
(Basic Sciences)

Eye Care Centre Department of 
Ophthalmology and Visual Sciences

University of British Columbia
Vancouver BC Canada

Allison M McKendrick PhD

Senior Lecturer
Department of Optometry and Vision 

Sciences
The University of Melbourne
Melbourne VIC Australia

Linda McLoon PhD

Professor of Ophthalmology and 
Neuroscience

Departments of Ophthalmology and 
Neuroscience

University of Minnesota
Minneapolis MN USA

David Miller MD

Associate Clinical Professor of 
Ophthalmology

Department of Ophthalmology
Harvard Medical School
Boston MA USA



x

List of Contributors

Ashim K Mitra PhD

Curators’ Professor of Pharmacy
Vice-Provost for Interdisciplinary 

Research
Chairman, Division of Pharmaceutical 

Sciences
University of Missouri-Kansas City
Kansas City MO USA

Jay Neitz PhD

Bishop Professor
Department of Ophthalmology
University of Washington Medical 

School
Seattle WA USA

Maureen Neitz PhD

Ray H Hill Professor
Department of Ophthalmology
University of Washington Medical 

School
Seattle WA USA

Anthony M Norcia PhD

Professor
Department of Psychology
450 Serra Mall
Stanford University
Stanford, CA USA

Lance M Optican PhD

Chief, Section on Neural Modelling
Laboratory of Sensorimotor Research
National Eye Institute
National Institutes of Health
Bethesda MD USA

Carole Poitry-Yamate PhD

Senior physicist, Institute of Physics for 
Complex Matter, Centre d’Imagerie 
Biomédicale (CIBM), Laboratory for 
Functional and Metabolic Imaging, 
Ecole Polytechnique Fédérale de 
Lausanne

Lausanne Switzerland

Constantin J Pournaras MD

Professor in Ophthalmology
Department of Ophthalmology
Vitreo-Retinal Unit
Faculty of Medicine
University Hospitals of Geneva
Geneva Switzerland

Christian Quaia MSc PhD

Staff Scientist
Laboratory of Sensorimotor Research
National Eye Institute
National Institutes of Health
Bethesda MD USA

Charles E Riva DSc

Professor Emeritus, University of 
Lausanne

Professor a contratto
University of Bologna
Grimisuat Switzerland

Birgit Sander MSc PhD

Head of Laboratory
Department of Ophthalmology
Glostrup Hospital
Copenhagen Denmark

Clifton M Schor OD PhD

Professor of Optometry, Vision Science, 
Bioengineering

School of Optometry
University of California at Berkeley
Berkeley, CA, USA

Paulo Schor MD

Affiliated Professor of Ophthalmology
Department of Ophthalmology and 

Medical Informatics
Bioengineering Laboratory and 

Refractive Surgery Clinic
Federal University of Sao Paulo
São Paulo SP Brazil

Ricardo N Sepulveda MD

Refractive Surgery Fellow
Cole Eye Institute
The Cleveland Clinic Foundation
Cleveland OH USA

Olaf Strauss Prof. PhD

Professor of Experimental 
Ophthalmology

Research Director
Klinik und Poliklinik fur 

Augenheilkunde
Klinikum der Universität Regensburg
Regensburg Germany

Timo T Tervo MD PhD

Professor of Applied Clinical 
Ophthalmology

Division of Ophthalmology
Helsinki University Eye Hospital
Helsinki Finland

John L Ubels PhD FARVO

Professor of Biology, Calvin College, 
Grand Rapids MI

Adjunct Professor
Department of Ophthalmology
Wayne State University School of 

Medicine
Detroit MI USA

EM Ullian PhD

Assistant Professor
Department of Ophthalmology
University of California
San Francisco CA USA

Michael Wall MD

Professor of Neurology and 
Ophthalmology

Department of Ophthalmology and 
Visual Sciences

University of Iowa
Iowa City IA USA

Minhua H Wang BMed MS PhD

Research Associate
Department of Vision Science
College of Optometry
University of Houston
Houston TX USA

Theodore G Wensel PhD

Welch Professor
Departments of Biochemistry and 

Molecular Biology, Ophthalmology, 
and Neuroscience

Baylor College of Medicine
Houston TX USA

Kwoon Y Wong PhD

Assistant Professor
Department of Ophthalmology & 

Vision Sciences and
Department of Molecular, Cellular and 

Developmental Biology
University of Michigan
Ann Arbor MI USA

Samuel M Wu PhD

Camille and Raymond Hankamer 
Chair in Ophthalmology

Professor of Ophthalmology, 
Neuroscience and Physiology

Baylor College of Medicine
Houston TX USA



xi

We are grateful most especially to our authors who took on 
our challenge to make a classic text into a new entity with a 
different organizational and contextual approach, to our 
editors (Leonard Levin, Siv Nilsson, James Ver Hoeve and 
Samuel Wu) who undertook the hard task of selecting, over-

seeing and coordinating these stellar authors and to our edito-
rial executives at Elsevier (Ben Davie and Russell Gabbedy) 
who were supportive, tolerant, flexible and stern taskmasters 
all at once. All were essential to create a book that we hope 
will be useful to our readers and worthy of its tradition.

Acknowledgements  



xii

To our spouses who provided their never-failing support and sustenance,  
to our readers who are the reason we undertook this,  

and especially to our students, who are our hope for progress in our field.



1

S E C T I O N   1 
Focusing of an image on the retina

C H A P T E R 1 

Optics
Paulo Schor & David Miller

The young eye

Primate and human infants must normally pass head first 
through their mother’s pelvis to accommodate the limited 
opening determined by the bony configuration. Therefore 
the size of the mother’s pelvis limits the head and brain size 
of the infant. Specifically, the brain of an infant ape is 55 
percent of its full size, and the brain of a present-day human 
infant is only 23 percent of the adult size.1 The result is a 
human infant who is neurologically immature.2 Notice that 
the baby monkey can immediately cling tightly to the fur on 
its mother’s stomach, whereas the human infant has poor 
muscle strength, has little motor control, and is completely 
dependent on the mother for survival. While immature, the 
human infant lives in a restricted and artificial reality, inter-
acting primarily with the mother. The human infant inter-
acts little with the forces of life in the outside world.

It is possible that this early immaturity and restricted 
world contact are naturally beneficial. The infant’s restricted 
curriculum concentrates on a few priorities necessary for 
survival. Without words, the infant must be able to announce 
all his or her needs and encourage a high level of motherly 
devotion. To communicate with the mother, the infant  
must be able to read facial expressions and respond with a 
non-verbal vocabulary. If this speculation is correct, what 
vision equipment does the infant have to perform these 
functions?

Relevant anatomy

Axial length
Larsen3 noted that the axial length of the neonate’s eye was 
17 mm and that it increases 25 percent by the time the child 
reaches adolescence. The size of the normal infant’s eye is 
about three-fourths that of the adult size. Geometric optics 
teaches us that the retinal image of the normal infant eye is 
therefore about three-fourths the size of the adult’s image.* 
A smaller image also means that much less fine detail is 

recorded. The small retinal image may be but one reason 
why an infant’s visual acuity is poorer than that of the adult. 
In fact, experiments have shown that the neonate’s visual 
appreciation for fine detail at birth is one-thirtieth, or 
approximately 3 percent, of the development of the adult,* 
yet the neonate appreciates large objects (e.g. nose, mouth, 
eyes of close faces) as does the adult.

Figure 1.1 shows that visual acuity swiftly improves, and 
by the age of 12 months, the infant’s level of visual acuity is 
25 percent (20/80) of optimal adult visual acuity. This 
improvement in acuity seems to parallel eyeball growth. By 
the age of 5 years, the child usually has 20/20 vision.1,5–8 
What other factors beyond eye size account for the young 
child’s lowered visual acuity? As the eye grows, the optical 
power of the eye lens and cornea must weaken in a tightly 
coordinated fashion so that the world stays in sharp focus 
on the retina. Patients with myopia highlight the develop-
mental process of balancing the growth of the eye while 
maintaining a sharp retinal image. Most cases of myopia 
have an elongated eye. The stretching and weakening of the 
sclera seems to depend on two major factors. First, that the 
intraocular pressure maintains a constant force on the sclera. 
Second, there is digestion of sclera architecture (collagen  
I fibers and extracellular matrix) by metalloproteinase 
enzymes.9 This idea of strengthening the sclera to prevent 
myopic expansion is supported experimentally. In one series 
of experiments, 7-methylxanthine (a caffeine metabolite) 
was used to enhance concentration and thickness of collagen 
fibers in the posterior sclera of animals. In humans, scleral 
collagen fibers were cross-linked using riboflavin activated 
by ultraviolet light.

However, we do not know what activates the process of 
scleral weakening and stretching in myopia. Some human 
studies have shown that use of atropine drops in children 
partially inhibits the development of myopia. The reason is 
unclear. Some feel that atropine reduces the pull of the 
ciliary muscle on the sclera which otherwise allows the sclera 
to elongate. Another theory suggests that the atropine 
reduces vitreous pressure, thus reducing a stretching force. 
However, atropine has the same effect in chickens that have 

*Specifically, the size of the retinal image depends on an entity known 
as the nodal distance, which averages 11.7 mm in the newborn and 
16.7 mm in the adult emmetropic schematic eye, giving a ratio of adult 
to infant retinal images of 1.43.4

*The infant’s visual acuity is about 20/600 versus the normal visual 
acuity of an adult, which is 20/20.
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SECTION 1 Focusing of an image on the retina   Chapter 1  Optics

reduced, schematic, simplified eye) and were developed by 
some of the true giants of physiologic optics.*

Figure 1.2 depicts such an eye with its cardinal points (the 
principal points, focal points, and nodal points). Knowing 
the location of the cardinal points of a lens system, the 
optical designer can calculate all of the relationships between 
an object and an image. For example, to determine the image 
size of the reduced eye, one simply traces the ray, starting 
from the top of the object, which goes undeviated through 
the nodal point and lands on the top of the inverted retinal 
image. As the distance between the nodal point and the 
retina increases, the image size increases. The addition of a 
plus spectacle lens to the eye’s optic system moves the nodal 
point of the new system forward (increasing the nodal point 
to retina distance), thus magnifying the retinal image. The 
reverse is true with a negative spectacle lens. Therefore a 
contact lens or a refractive cornea on which surgery has been 
performed enlarges the image size for a person with myopia 
who previously wore spectacles. The change in retinal image 
size should be taken into account when evaluating the visual 
acuity results after corneal refractive surgery. From an optical 
point of view, an 8 diopter hyperope exchanges a larger 
image produced by their +8 spectacle lens for a smaller 
image after corneal refractive surgery. Thus, they should 
theoretically lose a line of visual acuity after refractive 
surgery, but instead often gain a line. A possible reason is 
that the aberrations of the high plus spectacle lens cancel the 
effects of the larger retinal image, but this area requires 
further study.11

Emmetropization
The coordination of the power of the cornea, crystalline lens, 
and axial length to process a sharp retinal image of a distant 
object is known as emmetropization. In the United States, 
more than 70 percent of the population is either emmetropic 
or mildly hyperopic (easily corrected with a small accom-
modative effort).

aciliary muscle unresponsive to the effects of atropine. 
Another school of thought is that retinal receptors somehow 
activate the process of scleral weakening, e.g. M1 muscarinic 
receptors present in the neural retina but not in muscle. 
Animal experiments using specific M1 blockers such as 
pirenzepine show the same effects as atropine, without 
blockade of accommodation. The presence of pirenzepine-
inhibited receptors within the choroid and retina could also 
explain why elongation in eyes with transected optic nerves 
is inhibited by pirenzepine. Human use of topical piren-
zepine was reported in two studies which showed a small 
but statistically significant reduction in myopia and axial 
length.10 These data suggest that during childhood the retina 
can record information concerning the sharpness of the 
retinal image and then use this information to control the 
eye’s axial length via scleral stretching.

If this tight coordination of growth fails, the infant may 
become nearsighted or farsighted. Because the coordination 
of eye length growth and the focusing power of the cornea 
and eye lens may be imperfect, is there some compensation 
provided, early in life, guaranteeing that almost every child 
can process a sharply focused retinal image of the world? 
Accommodation is the safety valve that can help provide a 
sharp image, even if all the ocular components are not per-
fectly matched. In the young child the range of accommoda-
tion is greater than 20 diopters. This range, in addition to 
the farsightedness of almost all infants, means that most 
young eyes can focus almost any object by using part or all 
of this enormous focusing capacity.

Because of the infant’s smaller pupil, a second factor that 
helps the infant achieve a sharper retinal image is an 
increased depth of focus.5 Photographers use this device 
when they use larger F-stops (F32, F64) to keep objects at 
different distances all in focus.

Figure 1.2 shows the importance of the nodal point in 
determining the size of the retinal image in a typical human 
eye. To help us appreciate the basic optical principles operat-
ing within the human eye and avoid being confused by their 
many details (e.g. the many different radii of curvature, the 
different indices of refraction), an all-purpose, simplified eye 
was developed. Such model eyes have many names (e.g. 

Figure 1.1 A graph showing the improvement of visual acuity in the infant 
as it ages. The method of preferential viewing was used to achieve these 
results. (From Teller DG: The development of visual function in infants. In: Cohen B, 

Bodis-Wollner I, eds. Vision and brain. New York: Raven Press, 1990.)

Figure 1.2 A diagram of a reduced human eye. F, Focal points; n, nodal 
point; p, principal point. The dotted line represents the retina of an 
enlarged eye.

p

n

F

*A partial list of giants of physiologic optics who have created schematic 
or reduced eyes includes Listing, Helmholtz, Wüllner, Tserning,  
Matthiessen, Gullstrand, Legrand, Ivanoff, and Emsley.
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The young eye

combination on eye growth is also weakened, which results 
in an increase in axial length in the myopic student. Many 
studies demonstrating that the myopic eye has a greater axial 
length than the emmetropic eye support this idea.19

Retinal receptors
The cone photoreceptors of the retina are responsible for 
sharp vision under daylight conditions. The denser the cones 
are packed, the more acute the vision.1,7 To use a photo-
graphic analogy, film with the highest resolution has smaller 
photosensitive grains, packed tightly, whereas a film with 
large grains of silver halide yields a coarser picture.

The most sensitive part of the retina is the fovea.* 
Here the cones are even finer and are packed together even 
tighter. The fovea of the infant eye is packed less than one 
fourth the density of that of the adult. Furthermore, the 
synapse density in the neural portion of the retina, as well 
as the visual brain, is low at birth. The combination of these 
two anatomic configurations means that fewer fine details 
of the retinal image are recorded and sent to the brain.

Neural processing
Finally, the nerves that transmit the visual information to 
the brain, as well as the nerve fibers at the various levels 
within the brain, are poorly myelinated in the infant. Myelin 
is the insulating wrap around each nerve fiber. A normally 
myelinated nerve can transmit nerve impulses swiftly and 
without static or “cross talk” from adjacent nerves. To use a 
computer analogy, one might think of the infant brain as 
being connected with poorly insulated wires. Therefore 
sparks, short circuits, and static all slow or interfere with 
perfect transmission, and only the strongest messages get 
through. Figure 1.3 represents an appropriate analogy. The 
face of Albert Einstein is shown on a computer screen with 
larger and larger pixels. The infant’s early vision might be 
comparable to the picture with the biggest block pixels. With 
maturation of the brain processing elements, the neurologic 
equivalent of pixel size gets smaller and more details can be 
registered. Thus the equivalent of the photographic film 
grain size in the retina and the equivalent of pixel size in the 

With age, the cornea, lens, and axial length undergo coor-
dinated changes. Essentially, the optical components (cornea 
and lens) must lose refractive power as the axial length 
increases so that a sharp image remains focused on the 
retina.

The cornea, which averages 48 diopters of power at birth 
and has an increased elasticity, loses about 4 diopters by the 
time the child is 2 years of age.12,13 One may assume that the 
spurt in growth of the sagittal diameter of the globe during 
this period pulls the cornea into a flatter curvature. The fact 
that the average corneal diameter is 8.5 mm at 34 weeks of 
gestation, 9 mm at 36 weeks, 9.5 mm at term, and about 
11 mm in the adult eye supports this “pulling, flattening” 
hypothesis.14

On the other hand, other coordinated events also occur, 
such as the change of lens power and the coordinated 
increase in eye size (most important, an increase in axial 
length). The crystalline lens, which averages 45 diopters 
during infancy, loses about 20 diopters of power by age 6 
years.15,16 To compensate for this loss of lens power, the axial 
length increases by 5–6 mm in that same time frame.3 (In 
general, 1 mm of change in axial length correlates with a 
3-diopter change in refractive power of the eye.)

Now let us examine a possible mechanism that could 
account for most of the data.15,17 As the cross-sectional area 
of the eye expands, there is an increased pull on the lens 
zonules and a subsequent flattening of the lens (the anterior 
lens surface is affected a bit more and the posterior lens 
surface a bit less), thus decreasing the overall lens power. 
There also may be a related decrease in the refractive index 
of the lens, which also contributes to the reduction in lens 
power. Because the incidence of myopia starts to accelerate 
significantly around the age of 10,15 one may question 
whether there could be a decoupling of the previously 
described coordinated drop in lens power and increase in 
axial length. An increased amount of near work (e.g. school-
work) is associated with a higher incidence of myopia.18 It 
is also well known that genetic predisposition influences 
myopia incidence, as evidenced by the fact that more Asian 
children than Caucasian children are myopic.18 Thus one 
might hypothesize that the long periods of accommodation 
that accompany schoolwork (ciliary body contraction) may 
tend to stretch and weaken the linkage between the enlarging 
scleral shell and the ciliary body. If this were to happen, the 
lens would flatten less during eye growth. Another way of 
looking at this phenomenon is to theorize that with the 
linkage weakened, the restraining effect of the lens-zonule 

Figure 1.3 A computer display of the face of Albert Einstein, with pixels of different size. (From Lakshiminarayanan V et al. Human face recognition using 

wavelengths. In: Vision science and its application. Santa Fe: Optical Society of America, 1995.)

A B C D

*F. W. Campbell20 quotes Stuart Ansti’s clear analogy of how the fovea 
functions: “A retina with a fovea surrounded by a lower acuity periphery 
can be compared to a low magnification finder telescope with a large 
field of view which will find any interesting target and then steer on to 
it a high powered main telescope, with a very small field which could 
examine the target in detail.”
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adult (Fig. 1.4), almost as if the baby uses his or her own 
face as a canvas to reproduce the facial expression of the 
onlooker.

Experiments with infants demonstrate that infants prefer 
to look at faces or pictures of faces rather than to look at 
other objects. By the age of 6 weeks, infants can discern 
specific features of the face. For example, they can lock in on 
the mother’s gaze. By age 6 months, they can also recognize 
the same face in different poses. In fact, they are experts at 
recognizing a face, be it upside down or right side up, till 
the age of 6 years. After age 6, infants actually lose their skill 
at quickly recognizing upside-down faces.7

A closer examination of the eye at 6 months of age is 
worthwhile because an unusual change has started to take 
place in the optics of the eye at this time. Gwiazda et al21 
found that a significant amount of astigmatism develops in 
56 percent of the infants studied. This condition remains for 
only 1–2 years.18,19,21,22

The transient astigmatism just described tends to elongate 
tiny dots of the retinal image into lines. In essence, these 
create the equivalent of a line drawing of the retinal image. 

brain processor both get smaller as the child grows. Lak-
shiminarayanan, who created Figure 1.3, speculated that the 
immaturity of the infant’s memory capacity may be one 
reason why its visual images have less detail. In other words, 
the coarseness of the infant visual system does not overtax 
the immature memory system.

Relevant early physiology
Experiments with infants reveal that good color vision does 
not appear for about 3 months. The infant also takes longer 
to “make sense” of the retinal image. Specifically, the infant 
must stare for relatively long periods (1–3 minutes), blink-
ing rarely during this period.1,7

Recognizing faces
The remarkable thing about the infant’s eyesight is that the 
relatively poor level of resolution just described still allows 
the infant to recognize different faces and different facial 
expressions. We know this to be true in some newborn 
infants, who can accurately imitate the expressions of an 

Figure 1.4 This photo shows a recently born infant mimicking the expression of psychologist Dr. A Meltzoff. The baby is obviously able to perceive the 
different expressions in order to mimic them. (From Klaus MH, Klaus PH. The amazing newborn. Reading, Mass: Addison Wesley, 1985.)

A B C

D E F
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The pair went on to prove that cells in the cortex responded 
only to stimuli of a particular orientation. Similar respond-
ing cells were all located in the same part of the cortex. This 
work opened up the area of how and where the brain 
encodes specific features of the retinal image. Fittingly,  
Drs. Hubel and Wiesel were awarded the Nobel Prize for 
Medicine in 1981.23

Monitoring other’s eye movements
Another function of great survival value to the infant is the 
ability to follow the eye movements of his or her caretakers. 
Consider this a near task involving the contrast discrimina-
tion of a 12-mm dark iris against a white sclera framed by 
the palpebral fissure; such a task can be accomplished with 
a visual acuity of 20/200.

The British psychologist Simon Baron-Cohen, in his book 
Mindblindness,* suggests that a major evolutionary advance 
has been the human’s ability to understand and then interact 
with others in a social group (e.g. playing social chess). He 
further suggests that we accomplish this social intelligence 
primarily by following the eye movements of others, which 
begins at a young age. For example, an infant of 2 months 
begins to concentrate on the eyes of adults. Infants have 
been shown to spend as much time on the eyes as all other 
features of an observer’s face.

By 6 months of age, infants look at the face of an adult 
who is looking at them two to three times longer than an 
adult who is looking away. We also know that when infants 
achieve eye contact, a positive emotion is achieved (i.e. 
infants smile). By age 14 months, infants start to read the 
direction that an adult is looking. Infants turn in that direc-
tion and then continue to look back at the adult to check 
that both are looking at the same thing. By age 2, infants 
typically can read fear and joy from eye and facial 
expression.

Recognizing movement
Infants are capable of putting up their arms to block a threat-
ening movement. This act tells us that infants appreciate both 
movement and the implied threat of this particular move-
ment.24,5 Admittedly, infants cannot respond if the threat 

For example, think of a mime (i.e. a painted face with a few 
dark lines and spots for eyes and nose) as creating different 
line drawings of the face. What is astonishing is that, 
although made of only a few dark lines, the mime can recre-
ate most human expressions. It seems reasonable to imagine 
that the mime presents faces similar to those seen by the 
young child or found in a child’s drawing. The faces have no 
texture, no shadowing, and no creases – only a line for a 
mouth, circle for eyes, and occasionally, a dot for a nose. Is 
it not then possible that infant astigmatism helps represent 
faces as line drawings to the infant visual system? Line draw-
ings also save memory storage space, which would be an 
advantage for the small infant brain.* Figure 1.5 illustrates 
this point in a different way. The face of Albert Einstein is 
shown with a complete gray scale on the left and is shown 
as a line drawing (only black and white) on the right. The 
line drawing requires much less computing power than a 
face with texture and would be more compatible with the 
child’s immature processing system.

Line orientation receptors
As noted earlier, in many infants the amount of astigmatism 
can rise to a level of greater than 2 diopters in the first year 
of life. The orientation of the distortion is usually horizontal 
(180 degrees) initially. In the course of the next 2 years, the 
meridian of distortion rotates to the vertical and the amount 
of the astigmatism diminishes. This slow rotation of the axis 
of exaggeration can help activate different groups of brain 
cells, which become sensitive to features in the retinal image 
with different tilts. In fact, the discovery of these brain cells 
with orientation selectively leads to a ground-breaking 
understanding of the functional architecture in the higher 
brain. In 1958 Torsten Wiesel and David Hubel, working in 
their laboratory at the Harvard Medical School, implanted 
electrodes in the visual cortex of an anesthetized cat to 
record cortical cell responses to patterns of light, which they 
projected onto a screen in front of the cat. After 4 hours of 
intense work, the two scientists put the dark spot slide into 
the projector, where it jammed. As the edge of the glass slide 
cast an angled shadow on the retina, the implanted cell in 
the visual cortex fired a burst of action potentials. Torsten 
Wiesel described that moment as the “door to all secrets.” 

Figure 1.5 A series of computer simulations of the face of Albert Einstein with an extensive gray scale on the left (16 gray scale) and only a 2 gray scale 
on the right, the latter being similar to a line drawing. (From Lakshiminarayanan V et al. Human face recognition using wavelength. In: Vision science and its applications. 

Santa Fe: Optical Society of America, 1995.)

A B C D

*This idea was suggested by David Marr in “Early Processing of Visual 
Information,” published in Transactions of the Royal Society of London, 
Series B 1976; 275:483.

*In his book Mindblindness: An Essay on Autism and Theory of Mind, 
published by MIT Press in 1995, Baron-Cohen ferrets out the key  
features of “eye following” in the normal child by comparing them  
with those of the autistic child.
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from its eye when it is threatened.30 Thus, in reading this 
chapter, one must appreciate the eye’s level of performance 
in light of its large spectrum of functions.

Tuned to visible light waves
When our retinas receive an image of a spotted puppy in a 
room, what is really happening in terms of information 
transfer? Light waves from the ceiling light are cast onto the 
puppy. The puppy’s body reflects and scatters the light waves 
into our eyes. In a sense, information about the puppy has 
been encoded into visible light waves. The optical elements 
of the eye focus the encoded light waves onto our retina as 
a map of bright and dim colored dots, known as the retinal 
image. Nerve signals report the retinal image to the brain. In 
the brain the nerve signals are recreated into the impression 
that a real puppy is in the room.

One might liken the function of the eye to that of a radio, 
which receives radio waves carrying a Beethoven symphony. 
The specific station broadcasting the symphony beams it out 
on a specific radio wavelength. The radio then receives the 
radio waves, and the speaker reconverts the waves to musical 
sounds. If the eye is to receive and process visible light, it 
must be constructed with the ability to be tuned to the 
wavelengths of visible light. The physicist would substitute 
the term resonate for tune. Literally, resonate means to resound 
another time. A simple example of resonance is an opera 
singer who can make a wine glass hum when the frequency 
(or wavelength) of the note is the same as the natural fre-
quency of the glass. What is the natural frequency of any-
thing? The answer has to do with composition and size. 
Organ pipes of different lengths resonate at different fre-
quencies and wavelengths. Changing the length of the 
antenna on a car radio allows the frequencies of different 
stations to be received. The best receiver for a specific wave-
length (frequency is the reciprocal of wavelengths) is physi-
cally the same size as the wavelength, a precise number of 
wavelengths, or a precise fraction (one-fourth, one-half) of 
the size of the wavelength. Therefore optical theory demands 
that the size of the key components of the eye be the size of 
a wavelength of visible light or some number (n) times the 
size of, or a fraction of the size of, the wavelengths of visible 
light; in addition, the key components must be made of a 
resonating material.

Role of the cornea
The human cornea is a unique tissue. First, it is the most 
powerful focusing element of the eye, roughly twice as pow-
erful as the lens within the eye. It is mechanically strong and 
transparent. Its strength comes from its collagen fiber layers. 
Some 200 fiber layers crisscross the cornea in different direc-
tions. These fibers are set in a thick, watery jelly called gly-
cosaminoglycan. The jelly gives the cornea pliability. For a 
long time, no one could explain convincingly the transpar-
ency of the cornea. No one could understand how nature 
combined tough, transparent collagen fibers (with their 
unique index of refraction) with the transparent gly-
cosaminoglycan matrix, which had a different index of 
refraction, and still maintain clarity. Perhaps an everyday 
example of this phenomenon will help. When a glass is filled 
from the hot water tap, the solution looks cloudy. Looking 

moves too quickly, probably because the immature myelini-
zation of the nerves slows the neural circuits. Nevertheless, a 
definite appreciation of movement and threat exists.

For movement to be registered accurately, the infant 
retina probably records an object at point A. That image is 
then physiologically erased (in the brain and/or retina), and 
the object is now seen at point B. This physiologic erasure 
is important because, without it, movement would produce 
a smeared retinal image. Researchers think that the infant 
probably sees movement as a smoothed series of sharp 
images, not smears.25 This hypothesis is supported by other 
experiments demonstrating that the infant can appreciate 
the on/off quality of a rapidly flickering light at an early age. 
It seems logical that the movement of an image across the 
retina (with the inherent erasures) is physiologically related 
to the rapid on/off registration of a flickering light.

A related reflex, the foveal reflex, is triggered by stimula-
tion of the peripheral retina, activating the eye movement 
system so that the fovea is directed to the visual stimulus.

Summary – social seeing
Although the visual system of the infant is immature, some 
infants can recognize and respond to adult facial expressions 
on the first day of life and follow the mother’s glances by 6 
weeks of age. Clearly, the infant’s top priority is to maintain 
a social relationship with his or her mother or other caring 
adults. This idea was described succinctly by the “language 
expert” Pinker:26 “Most normally developing babies like to 
schmooze.” As infants grow, they learn to see people and 
objects in the way that their culture demands and commu-
nicate in the expected manner; that is, “We don’t see things 
as they are but as we are.” Is it possible that the immature 
eye and visual system actually facilitate socially biased 
seeing? Perhaps the smaller, simpler retinal images, along 
with the less sophisticated brain processing, prevent the 
many other details of life from confusing the key message; 
that is, social interaction takes top priority.

Even in adulthood there is plasticity of the visual system, 
e.g. after the implantation of multifocal IOLs (intraocular 
lenses). These IOLs superimpose blurred near images on a 
sharply focused distant image. Thus, the patient’s brain must 
filter and suppress the third, fourth and so on blurred images 
from the scene. This is a time-dependent phenomenon that 
may take days to months to occur.27

The image of the human adult eye

The image quality of the human adult eye is far superior to 
that of the human infant, although probably inferior to 
certain predator birds. Its wide focusing range is smaller than 
that of certain diving birds, and its fine sensitivity to low 
light levels is weaker than spiders or animals with a tapetum 
lucidum. Its ability to repair itself if probably not as efficient 
as some animals (e.g. newts, which can form a new lens if 
the original is damaged). Finally, the human eye has the 
ability to transmit emotional information28 (e.g. excitement 
by means of pupil dilation, sadness by means of weeping), 
but with less forcefulness than some fish, who uncover a 
pigmented bar next to the eye when they are about to 
attack,29 or the horned lizard, which squirts a jet of blood 
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closely, one can see many fine, clear expanded air bubbles 
(which have a unique index of refraction) within the water 
(which has different refractive properties). Conversely, cold 
water appears clear because its air bubbles are tiny. The 
normal corneal structure might be considered optically 
similar to the structure of the cold water (i.e. tiny compo-
nents with different indices of refraction).

Miller & Benedek31 were ultimately able to prove that if 
the spaces consisting of glycosaminoglycan and the size of 
the collagen fibers were smaller than one-half a wavelength 
of visible light, the cornea is clear, even if the fibers were 
arranged randomly. An orderly arrangement of the fibers 
also helps maintain corneal transparency.

Another way to explain it is to say that the cornea is basi-
cally transparent to visible light because its internal struc-
tures are tuned to the size of a fraction of the wavelengths 
of visible light. Figure 1.6 is an electron micrograph showing 
the fibers of the human cornea. The black dots are cross sec-
tions of collagen fibers imbedded in the glycosaminoglycan 
matrix. In this specimen (Fig. 1.6A), the fibers are spaced 
closer than half a wavelength of visible light apart, and the 
fibers in each of the major layers are arranged in an orderly 
manner. In an edematous, hazy cornea there are large spaces 
between collagen fibers (Fig. 1.6B).

This arrangement of corneal fibers serves a number of 
important functions. First, the arrangement offers maximal 
strength and resistance to injury from any direction. Second, 
the arrangement produces a transparent, stable optical 
element. Third, the spaces between the major layers act as 
potential highways for white blood cell migration if any 
injury or infection occurs. Horizontal arrangement of corneal 
lamellae, which can slide over each other during eye rubbing, 
facilitates the clinical development of pathological condi-
tions such as keratoconus. The lack of interlamellar adhesion 
and corneal thinning facilitate a bulging under IOP and 
gravity. Enzymatic digestion seems to be the causative agent 
in the thinning, which eventually deforms the anterior surface 
of the cornea. This conical cornea is irregularly astigmatic and 
will produce multiple blurred images in the retina. Collagen 
cross-linking helps connect the adjacent lamellae, inducing 
greater corneal strength by resisting interlamellae sliding,  
and thus reduces the progression of keratoconus (Box 1.1).32

Role of the crystalline lens
Is it easier to see underwater with goggles?* Without goggles, 
the water practically cancels the focusing power of the 
cornea,† leaving objects blurred. The goggles ensure an enve-
lope of air in front of the cornea, restoring its optical power. 
If water cancels optical power, how can we explain the focus-
ing ability of the crystalline lens, which lies inside the eye 
and is surrounded by a fluid known as aqueous humor? The 
answer is that the focusing power resides in the unusually 
high protein content of the lens. The protein concentration 

Figure 1.6 (A) Electron micrograph showing the neat pattern of corneal 
collagen fibers. The black dots are the fibers cut on end. In this photo the 
spacing between fibers is less than a wavelength of light apart. (B) Large 
spaces between collagen fibers, as seen in a waterlogged, hazy cornea. (From 

Miller D, Benedek G. Intraocular light scattering, Springfield, Ill: Charles C Thomas, 1973.)

A

B

Box 1.1 

An example of immunofluorescent staining for confocal 
microscopy (40×) of a bovine cornea soaked with a riboflavin 
(0.01 percent) solution. Prior to staining the specimen was 
submitted to 30 minutes exposure to UV light (365 nm). Note the 
connection between lamellae in the anterior stroma (ant st) 
compared to the laxity of the posterior stroma (post s). (Courtesy 
Bottos, Schor, Chamon, Regatieri, Dreyfuss and Nader.)

*Because the index of refraction of water is greater than air, objects 
underwater appear about one-third closer and thus one-third larger than 
they would in air (i.e. magnification = 1.33×).33

†The cornea is a focusing element for two reasons. First, it has a convex 
surface. Second, it has a refractive index greater than air. Actually, its 
refractive index is close to that of water. Thus, when one is underwater, 
the surrounding water on the outside and the aqueous humor inside 
the eye combine to neutralize the cornea’s focusing power.
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obtains much of its oxygen and nutritive supply from a 
tangle of blood vessels (the pectin), which is covered with 
black pigment and sits in the vitreous in front of the retina 
and above the macula (so as to function as a visor). The 
negative aspect of such a vascular system is vulnerability to 
a direct blunt or penetrating injury that can lead to a vitreous 
hemorrhage and sudden blindness. Obviously, this is less 
probable in the bird because of its lifestyle.

Rhodopsin
The rods and cones are made up of a biologic molecule that 
absorbs visible light and then traduces that event into an 
electrical nerve signal. The rhodopsin molecule is an example 
of Einstein’s photoelectric effect.* In fact, only one quanta 
(the smallest possible amount of light) of visible light† is 
needed to trigger the molecule, that is, snap the molecule 
into a new shape.‡

The internal structure of the molecule allows the wave-
lengths of visible light to resonate within its electron cloud 
and within 20 million millionths of a second, inducing the 
change in the molecule that starts the reaction.

Probably the earliest chemical relative of rhodopsin is to be 
found in a primitive purple-colored bacteria called Holobacte-
rium halobium. Koji Nakanishi, a biochemist at Columbia 
University, in an article titled “Why 11-cis-Retinal?”37 (a type 
of rhodopsin) notes that this bacteria has been on the planet 
for the last 1.3 billion years.38,39 Its preference for low oxygen 
and a salty environment places its origin at a time on earth 
where there was little or no oxygen in the atmosphere and a 
high salt concentration in the sea. Although found in primeval 
bacteria, bacteriorhodopsin is a rather complicated molecule, 
containing 248 amino acids. It is thought that this bacteria 
probably used rhodopsin for photosynthesis, rather than light 
sensing. Time-resolved spectroscopic measurements have 
determined that this molecule changes shape within one tril-
lionth of a second after light stimulation.40 This early form of 
rhodopsin absorbs light most efficiently in the blue-green part 
of the spectrum, although it does respond to all colors.41

To function as the transducer for vision, the photopig-
ment must capture light and then signal the organism’s brain 
that the light has registered. As noted earlier, one molecule 
needs only one quanta to start the reaction. Even more 
amazing is the molecule’s stability. Although only one 
quanta of visible light is necessary to trigger it, the molecule 
will not trigger accidentally. In fact, it has been estimated 
that spontaneous isomerization of retinal (the light-sensing 
chromophore portion of rhodopsin) occurs once in a thou-
sand years.40 If this were not so, we would see light flashes 
every time there is a rise in body temperature (a fever). To 
better understand the rhodopsin mechanism, one may 

may reach 50 percent or more in certain parts of the lens.* 
Such a high concentration increases the refractive index 
above that of water and allows the focusing of light. Now we 
are ready to appreciate the real secret of the lens.31,34

Normally, a 50 percent protein solution is cloudy, with 
precipitates floating about like curdled lumps of milk in a 
cup of coffee. However, the protein molecules of the normal 
lens do not precipitate. In a manner not fully understood, 
the large protein molecules known as crystallins (large protein 
molecules ranging in size from 45 to 2000 kD) seem to repel 
each other, or at least prevent aggregation, to maintain tiny 
spaces between each other. The protein size and the spaces 
between them are equivalent to a small fraction of a light 
wavelength. Spaced as they are, one might say that they are 
tuned to visible light and allow the rays to pass through 
unimpeded. On the other hand, if some pathologic process 
occurs, the protein molecules clump together and the lens 
loses its clarity. When this happens, light is scattered about 
as it passes through the lens. The result is a cataract.

Accommodation
If the emmetropic eye is in sharp focus for the distant world, 
it must refocus (accommodate) to see closer objects.† For 
example, the child’s range of accommodation is large, as 
noted earlier. This allows the child to continue to keep 
objects in sharp focus from an infinite distance away to 
objects brought to the tip of the nose. The act of accommo-
dation is fast, taking only about one-third of a second. Our 
range of accommodation decreases with each passing year, 
so by the age of 45, most of us are left with about 20 percent 
of the amplitude of accommodation we started with.

With age, the lens enlarges and becomes denser and more 
rigid. In so doing, it progressively loses the ability to accom-
modate. Parenthetically, the cornea of many birds, from 
pigeons to hawks, can change shape to accommodate.35 The 
avian cornea does not change flexibility with age; therefore 
these birds do not become presbyopic. However, there is no 
“free lunch” in nature. The human lens, sitting within the 
eye surrounded by protective fluid is far less vulnerable to 
injury than the cornea.

Role of the retina
After light passes through the cornea, the aqueous humor, 
the lens, and the vitreous humor, it is focused onto the 
retinal photoreceptors. The light must pass through a number 
of retinal layers of nerve fibers, nerve cells, and blood vessels 
before striking the receptors. These retinal layers (aside from 
blood vessels) are transparent because of the small size of 
the elements and the tight packing arrangement.

The bird retina does not have blood vessels. The human 
retina has retinal blood vessels that cover some of the retinal 
receptors and produce fine angioscotomas. A bird’s retina 

†The question “How does accommodation ‘know’ it has achieved the 
sharpest focus?” seems to be best answered by a sensing system in the 
brain. However, some have suggested that the system takes advantage 
of the naturally occurring chromatic aberration of the primate eye to 
fine-tune focusing.36

*Some wavelengths of light are powerful enough to knock electrons of 
certain molecules out of their orbits, thereby producing an electric 
current. Einstein was awarded the Nobel Prize for explaining the  
“photoelectric effect.”
†In 1942, Selig Hecht and his co-workers in New York first proved that 
only one quanta of visible light could trigger rhodopsin to start a 
cascade of biochemical events eventuating in the sensing of light.
‡Photoactivation of one molecule of rhodopsin starts an impressive 
example of biologic amplification, in which hundreds of molecules of 
the protein transducer each activate a like number of phosphodiesterase 
molecules, which in turn, hydrolyze a similar number of cyclic guanine 
monophosphate (cGMP) molecules, which then trigger a neural signal 
to the brain.42

*The chemical composition of a focusing element such as the crystalline 
lens determines the refractive index. Water has a refractive index of 1.33. 
As the protein concentration of the lens rises, the index of refraction 
approaches 1.42.
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younger than 50 was better than 20/16. In the distribution 
within the group younger than 40, the top 5 percent had an 
acuity of close to 20/10.47

Another related factor must be kept in mind. The fixating 
eye is in constant motion, as opposed to a camera on a tripod. 
Presumably, these movements prevent bleaching or fading 
within individual photoreceptors. These small movements, 
called either tremors, drifts, or microsaccades, range in ampli-
tude from seconds to minutes of angular arc. Such movements 
tend to smear rather than enhance our traditional concept of 
visual resolution. It can only be presumed that to maintain 
high resolution within the context of this physiologic nystag-
mus, the visual system takes quick, short samples of the  
retinal image during these potentially smearing movements 
and then recreates an image of higher resolution.48–50

The unique essence of the vertebrate retina is that the 
structure of the transparent optical components, the rho-
dopsin molecule, and the size of the foveal cones are all 
tuned to interact optimally with wavelengths of visible 
light.51,52 It is earth’s unique atmosphere and its unique rela-
tionship to the sun that have allowed primarily visible light, 
a tiny band from the enormous electromagnetic spectrum of 
the sun, to rain down upon us at safe energy levels. Our eyes 
are a product of an evolutionary process that has tuned to 
these unique wavelengths at these levels of intensity.53,54

With this basic science background, we can discuss how 
functions such as visual acuity and contrast sensitivity are 
monitored in a clinical setting.

Visual acuity testing
The idea that the minimum separation between two point 
sources of light was a measure of vision dates back to Hooke 
in 1679, when he noted “tis hardly possible for any animal 
eye well to distinguish an angle much smaller than that of a 
minute: and where two objects are not farther distant than a 
minute, if they are bright objects, they coalesce and appear 
as one.”55 In the early nineteenth century, Purkinje and Young 
used letters of various sizes for judging the extent of the power 
of distinguishing objects. Finally, in 1863, Professor Hermann 
Snellen of Utrecht developed his classic test letters. He quan-
titated the lines by comparison of the visual acuity of a patient 
with that of his assistant, who had good vision. Thus 20/200 
(6/60) vision meant that the patient could see at 20 feet (6 m) 
what Snellen’s assistant could see at 200 feet (60 m).55

The essence of correct identification of the letters on the 
Snellen chart is to see the clear spaces between the black 
elements of the letter. The spacing between the bars of the 
“E” should be 1 minute for the 20/20 (6/6) letter. The entire 
letter is 5 minutes high. To calculate the height of “x” (i.e. a 
20/20 or 6/6 letter), use the following equation: 

Tan minutes feet5 20= x

0 0015 20. = x feet

x = ( )0 36 9 14. .inches mm *

Chart luminance
In clinical visual acuity testing, the chart luminance should 
(1) represent typical real work photopic conditions and (2) 

picture a hair trigger on a pistol that takes only the slightest 
vibration (but only a special type of vibration) to be acti-
vated. As noted, the activating quanta must be of the proper 
energy level to “kick in” the reaction. That is, the quanta of 
light must be made of wavelengths of visible light.

Receptor size and spacing
Retinal receptor factors that influence the optical limits of 
visual acuity occur in the foveal macular area. The fovea itself 
subtends an arc of about 0.3 degree. It is an elliptical area 
with a horizontal diameter of 100 µm. The area contains 
more than 2000 tightly packed cones. The distance between 
the centers of these tightly packed cones is about 2 µm. The 
cone diameters themselves measure about 1.5 µm (a dimen-
sion comparable to three wavelengths of green light) and are 
separated by about 0.5 µm.43–46 Therefore the fine details of 
the retinal image occupy an elliptical area only about 0.1 
mm in maximum width.

A discussion of the diffraction limits of resolution, in a 
theoretical emmetropic human eye, must involve the ana-
tomic size of the photoreceptors and the pupil. A point or 
an object is focused on the retina as an Airy disc because of 
diffraction. The angular size of the Airy disc is determined 
as follows: 

Angular size in radians wavelength mm
pupil diameter

( ) = × ( )1 22.
mmm( ).

Let the wavelength be 0.00056 mm (560 nm; yellow 
green/light). Then 

Angular size radians pupil diameter mm= ( )0 00068.

For a pupil of 2.4 mm (optimal balance between diffrac-
tion and spherical aberration in the human eye): 

Angular size radians or about minute of arc= 0 00028 1. , *

Given this angle of 1 minute, the actual size of the Airy 
disc can be calculated if the distance from the nodal point 
to the retina is known. The optimal distance depends on the 
diameter of the photoreceptors. Because these act as light 
guides, the theoretical limit is 1–2 µm. To obtain the 
maximum visual information available, Kirschfield calcu-
lated that more than five receptors are required to scan the 
Airy disc.31 Assume that each foveal cone is 1.5 µm in diam-
eter and that there is an optimal space of 0.5 µm between 
receptors. The following equation describes the situation for 
three cones and two spaces (5.5 µm).

5 5 1. µm Tan minute Nodal point to retina distance=

Substituting 0.0003 from equation (2) into equation (3) 
gives equation (4): 

5 5 0 0003. .µm Nodal point to retina distance=

From equation (4) the distance from the nodal point to 
the retina can be rounded off to 18.00 mm, which is close 
to the distance between the secondary nodal point and the 
retina in the schematic human eye.

How closely does optical theory agree with reality? The 
average visual acuity for healthy eyes in the age group 

*One minute of arc is the spacing between the bars of a 20/20 symbol. 
Interestingly, the sizing of the symbol was originally determined 
empirically. *The 20/200 (6/6) letter is 10 times larger, or 3.6 inches (9.14 cm).
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light falling on the screen. Therefore the test should be per-
formed in a dark room or using retroilluminated charts as 
shown in Figure 1.8.

Contrast sensitivity testing
Visual acuity testing is relatively inexpensive, takes little time 
to perform, and describes visual function with one notation, 
e.g. 20/40 (6/12 or 0.5). Best of all, for more than 150 years 
it has provided an end point for the correction of a patient’s 
refractive error. However, contrast sensitivity testing, a time-
consuming test born in the laboratory of the visual physiolo-
gist and described by a graph rather than a simple notation, 
has recently become a popular clinical test. It describes a 
number of subtle levels of vision, not accounted for by the 
visual acuity test; thus it more accurately quantifies the loss 
of vision in cataracts, corneal edema, neuro-ophthalmic dis-
eases, and certain retinal diseases. These assets have been 

be set at a level where variation produced by dust accumula-
tion in the projector system, bulb decline, or normal varia-
tion in electrical current levels minimally affect visual 
performance. Thus chart luminance between 80 and 320 cd/
m2 meet such criteria (160 cd/m2 is a favorite level of 
illumination).

Visual acuity as Log MAR
If one looks at a standard Snellen acuity chart (Fig. 1.7), the 
lines of symbols progress as follows: 20/400, 20/200, 20/150, 
20/120, 20/100, 20/80, 20/70, 20/60, 20/50, 20/40, 20/30, 
20/25, 20/20, 20/15, and 20/10. Thus the line-to-line 
decrease in symbol size varies from 25 percent (20/20 to 
20/150) to 20 percent (20/120 to 20/100) to 16.7 percent 
(20/30 to 20/25).

Would it not be more logical to create a chart of uniform 
decrements, that is, a chart in which the line-to-line diminu-
tion in resolution angle were 0.1 steps? To create such a 
chart, one must first describe the spaces within a symbol (i.e. 
spaces between the bars of “E”) in terms of “minutes of arc” 
(MAR) at 20 feet (6 m). Thus the 20/20 line represents a 
resolution of 1 MAR. If we take the log to the base of 10 of 
1 (minute), we get 0. A spacing of 1.25 MAR (the equivalent 
of 20/30) yields a log value of 0.2, whereas a spacing of 1.99 
MAR (the equivalent of 20/40) yields a log MAR of 0.3. See 
Table 1.1 for a complete listing of equivalents (courtesy of 
Prof. Dr. Wallace Chamon).56,57

The Bailey–Lovie acuity chart (Fig. 1.7) uses the log MAR 
sizing system. Figure 1.8 shows a standardized retroillumi-
nated visual acuity chart commercially available, as used in 
the EDTRS protocol. Log MAR tests add precision to visual 
acuity testing. Thus, subtle individual variation may be iden-
tified under controlled conditions even in this high-contrast 
environment by counting the number of letters correctly 
identifiable by the subject.58

Visual acuity chart contrast
Clean printed charts using black characters on a white back-
ground usually have a character-to-background luminance 
contrast ratio between 1/20 and 1/33. For projected charts, 
the contrast ratio drops to a range of 1/5 to 1/10. Such a 
decrease in contrast is probably the result of the light  
scattering produced within the projector and the ambient 

Figure 1.7 The standard Snellen chart and the Bailey–
Lovie chart are examples of visual acuity charts.
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Figure 1.8 EDTRS standard retroilluminated chart used to evaluate visual 
acuity. (Produced by the Lighthouse Low Vision Products, Long Island City, NY)
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LASIK vs. multifocal IOL). A patient happy with his or her 
vision but with visual acuity worse than 20/20 has been 
described as a “20/happy” patient. With physical evaluation 
alone it may not be possible to diagnose such “happiness,” 
but subjective tests such as a quality of life questionnaire 
may help identify it. This is critically important when highly 
irregular astigmatism or highly aberrant human optical 
systems are to be evaluated, e.g. intracorneal ring placement 
for treating keratoconic patients.

Contrast sensitivity testing is related to visual acuity testing. 
Contrast sensitivity tests the equivalent of four to eight dif-
ferently sized Snellen letters in six or more shades of gray.

known for a long time, but the recent enhanced popularity 
has arisen because of cataract patients. As life span increases, 
more patients who have cataracts request medical help. 
Often, their complaints of objects that appear faded or 
objects that are more difficult to see in bright light are not 
described accurately by their Snellen acuity scores. Contrast 
sensitivity tests and glare sensitivity tests can quantitate these 
complaints. Several validated quality of life assessment ques-
tionnaires are also available.59 They offer the possibility of 
evaluating vision-related symptoms in a comparable manner, 
either over a given time frame (pre vs. post operative period) 
or among different interventions and patients (presbyopic 

Table 1.1 

Decimal

Numerator 

base 20 (20/x)

Angle (Minutes 

of Arc)

Spacial 

Frequency

Log Numerator 

Base 20 LogMAR Jaeger

American 

Point Type

HM 60cm 0.001 20000 1000.00 0.03 4.30 3.00

CF 60cm 0.01 2000 100.00 0.30 3.30 2.00

0.03 800 40.00 0.75 2.90 1.60

0.05 400 20.00 1.50 2.60 1.30

0.06 320 16.00 1.88 2.51 1.20

0.08 250 12.50 2.40 2.40 1.10

0.10 200 10.00 3.00 2.30 1.00 14 23

0.13 160 8.00 3.75 2.20 0.90 13 21

0.16 125 6.25 4.80 2.10 0.80 12 14

0.18 114 5.70 5.26 2.06 0.76 11 13

0.20 100 5.00 6.00 2.00 0.70 10 12

0.25 80 4.00 7.50 1.90 0.60 9 11

0.30 67 3.33 9.00 1.82 0.52

0.32 63 3.15 9.51 1.80 0.50 8 10

0.33 60 3.00 10.00 1.78 0.48 7 9

0.40 50 2.50 12.00 1.70 0.40 6 8

0.50 40 2.00 15.00 1.60 0.30 5 7

0.60 33 1.67 18.00 1.52 0.22

0.63 32 1.59 18.90 1.50 0.20 4 6

0.67 30 1.50 20.00 1.48 0.18 3 5

0.70 29 1.43 21.00 1.46 0.15

0.80 25 1.25 24.00 1.40 0.10 2 4

0.90 22 1.11 27.00 1.35 0.05

1.00 20 1.00 30.00 1.30 0.00 1 3

1.10 18 0.91 33.00 1.26 −0.04

1.20 17 0.83 36.00 1.22 −0.08

1.25 16 0.80 37.50 1.20 −0.10

1.33 15 0.75 40.00 1.18 −0.12

1.50 13 0.67 45.00 1.12 −0.18

1.60 13 0.63 48.00 1.10 −0.20

2.00 10 0.50 60.00 1.00 −0.30

Shaded cells = LogMAR Standard progression.

CF = Count Finger; HM = Hand Motion.

Courtesy of Prof. Dr. Wallace Chamon.
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known as square waves or Foucault gratings. However, in 
optics, few images can be described as perfect square waves 
with perfectly sharp edges. Diffraction tends to make most 
edges slightly fuzzy, as do spherical aberration and oblique 
astigmatism. If the light intensity is plotted across a black 
bar with fuzzy edges against a light background, a sine wave 
pattern results. Sine wave patterns have great appeal because 
they can be considered the essential element from which any 
pattern can be constructed. The mathematician can break 
down any alternating pattern (be it an electrocardiogram or 
a trumpet’s sound wave) into a unique sum of sine waves, 
known as a Fourier transformation. Joseph Fourier, a French 
mathematician, initially developed this waveform language 
to describe heat waves. Fourier’s theorem states that a wave 
may be written as a sum of sine waves that have various 
spatial frequencies, amplitudes, and phases.

It also is thought that the visual system of the brain may 
operate by breaking down observed patterns and scenes into 
sine waves of different frequencies. The brain then adds 
them again to produce the mental impression of a complete 
picture. Fourier transformations may be the method the 
visual system uses to encode and record retinal images. In 
fact, it has been shown that different cells or “channels” 
occur in the retina, lateral geniculate body, and cortex and 
selectively carry different spatial frequencies. So far, six to 
eight channels have been identified. It also has been shown 
that all channels respond to contrast. Interestingly, the cortex 
shows a linear relationship between the amplitude of the 
neuronal discharge and the logarithm of the grating con-
trast.60 As a result of the preceding reasoning, most contrast 
sensitivity tests are based on sine wave patterns rather than 
square wave patterns of different frequency.

Recording contrast sensitivity
Figure 1.9 shows a number of functions, including the con-
trast sensitivity testing function for a normal subject. The 

Definition and units

Contrast
Whereas a black letter on a white background is a scene of 
high contrast, a child crossing the road at dusk and a car 
looming up in a fog are scenes of low contrast. Thus contrast 
may be considered as the difference in the luminance of a 
target against the background: 

Contrast Target luminance Background luminance
Target lum

= −( )
iinance Background luminance+( )

To compute contrast, one uses a photometer to measure 
the luminance of a target against the background. For 
example, a background of 100 units of light and a target of 
50 units of light yields the following: 

Contrast percent= −( ) +( ) = =50 100 50 100 50 150 33

Contrast sensitivity
Suppose the contrast of a scene is 33 percent, or one-third, 
which also represents the patient’s threshold (i.e. the patient 
cannot identify targets of lower contrast). The patient’s con-
trast sensitivity is the reciprocal of the fraction (i.e. 3). A 
young, healthy subject may have a contrast threshold of 1 
percent, or 1/100 (i.e. a contrast sensitivity of 100). Occa-
sionally, subjects have even better contrast thresholds. A 
subject could have a threshold of 0.003 (0.03 percent, or 
1/1000), which converts into a contrast sensitivity of 3000. 
In the visual psychology literature, the contrast threshold is 
described in logarithmic terms. Therefore a contrast sensitiv-
ity of 10 is 1, a contrast sensitivity of 100 is 2, and a contrast 
sensitivity of 1000 is 3.

However, the video engineer describes contrast by using 
a gray scale that may contain more than 100 different levels 
of gray. A newspaper printer may use the term halftones in 
place of gray scale and may need more than 100 different 
half tones (densities of black dots) to describe the contrast 
of a scene.

Targets
Both the visual scientist and the optical engineer use a series 
of alternating black and white bars as targets. The optical 
engineer describes the fineness of a target by the number of 
line pairs per millimeter (a line pair is a dark bar and the 
white space next to it); the higher the number of line pairs 
per millimeter, the finer the target. For example, about 100 
line pairs per millimeter is equivalent to a space of 1 minute 
between two black lines, which is almost equivalent to the 
spacing of the 20/20 (6/6) letter. In experimental testing, 
109 line pairs per millimeter is equivalent to 20/15 (6/4.5).

The vision scientist describes the alternating bar pattern 
in terms of spatial frequency; the units are cycles per degree 
(cpd). A cycle is a black bar and a white space. To convert 
Snellen units into cycles per degree, one must divide the 
Snellen denominator into 600, or 180 if meters are used, for 
example, 20/20 (6/6) converts to 30 cpd (600/20, or 180/6), 
and 20/200 (6/60) converts into 3 cpd (600/200, or 180/60).

Sine waves
So far, targets have been described as dark bars of different 
spatial frequency against a white background. These are also 

Figure 1.9 The normal human contrast sensitivity function (CSTF) is the 
sum of the contrast sensitivity of the purely optical contribution (MTF),  
and the neuroretinal enhancement system (RTF). (Modified from Mainster M. 

Surv Ophthalmol 1978; 23:135.)
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tumors also characteristically have diminished contrast sen-
sitivity functions.

Glare, tissue light scattering,  
and contrast sensitivity
When a transparent structure loses its clarity, the physicist 
describes it as a light scatterer rather than a light transmitter. 
This concept is foreign to the clinician whose textbooks talk 
about opaque lenses and corneas. The word opaqueness con-
jures up the image of a cement wall that stops light. Of all 
the experiments demonstrating that most cataracts scatter 
light rather than stop light, the most graphic involves the 
science of holography. If it is true that a cataract splashes or 
scatters oncoming light, resulting in a poor image focused 
on the retina, it should theoretically be possible to collect 
all the scattered light with a special optical element and 
recreate a sharp image. The essence of such an optical 
element, one that would take the scattered light of the cata-
ract and rescatter it so that a proper image could be formed, 
would be a special inverse hologram of the cataract itself. 
Figure 1.10 shows how such a filter would work. Miller 
et al63 were able to demonstrate how an extracted cataract 
(the patient’s visual acuity was worse than 20/200) would 
be made relatively transparent by registering a special inverse 
hologram of that specific cataract in front of the cataract.

To follow the progress of conditions such as cataracts or 
corneal edema, a measure of tissue transparency or tissue 
backscattering is useful. Although photoelectric devices can 
be used to quantitate the amount of light scattered by various 
ocular tissues, a subjective discrimination system is needed 
to evaluate patient complaints. The Snellen visual acuity test 
was the traditional index, but it is not sensitive enough. 
Figure 1.11 shows a scene in a fog taken with a digital camera 
where the closer objects are sharp (good acuity through less 
cloudy media) and the more distant objects have poor con-
trast and resolution, as seen through a very cloudy media 
(i.e. cataract).

shape of the human contrast function is different from that 
of almost all good optical systems, which have a high con-
trast sensitivity for low spatial frequency. The contrast sen-
sitivity gradually diminishes at the higher spatial frequencies, 
as diffraction and other aberrations make discrimination of 
finer details more difficult. The contrast sensitivity function 
for the purely optical portion of the visual system (cornea 
and lens) is the modulation transfer function. The human 
contrast sensitivity function is different from the sum of its 
components because the retina–brain processing system is 
programmed to enhance the spatial frequencies in the range 
2–6 Hz. Receptor fields, on/off systems, and lateral inhibi-
tion are the well-known physiologic mechanisms that influ-
ence the different spatial frequency channels and are 
responsible for such enhancement.

In Figure 1.9, the wave labeled “retinal testing function” 
represents the retinal neural system performance.60–62 Normal 
variations are found in the contrast sensitivity function. For 
example, contrast sensitivity decreases with age. Two factors 
appear to be responsible. First, the normal crystalline lens 
scatters more light with increasing age, which thus blurs the 
edges of targets and degrades the contrast. Second, the  
retina–brain processing system itself loses some ability to 
enhance contrast with increasing age.

The contrast sensitivity also decreases as the illumination 
decreases. Thus contrast sensitivity for a spatial frequency of 
3 cpd drops from 300 to 150 to 10 as the retinal luminance 
drops from 9 to 0.09 to 0.0009 trolands. (The troland is a 
psychophysical unit; 1 troland is the retinal luminance pro-
duced by the image of an object, the luminance of which is 
1 lux, for an area of the entrance pupil of 1 mm2.)

The contrast sensitivity function also is an accurate 
method by which to follow certain disease states. For 
example, the contrast sensitivity of a patient who has a cata-
ract is diminished, as it is in another light-scattering lesion, 
corneal edema. Because the contrast sensitivity function 
depends on central nervous system processing, it is not sur-
prising that conditions such as optic neuritis and pituitary 

Figure 1.10 Note how the addition of the inverse conjugate hologram in registration with the cataract allows you to see the resolution chart. (From Miller D, 

Benedek G. Intraocular light scattering, Springfield, Ill: Charles C Thomas, 1973.)

A B
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Figure 1.12 Corneal edema scatters the light from 
the peripheral light source onto the fovea, decreasing 
the contrast of the foveal image. (From Miller D, 

Benedek G. Intraocular light scattering, Springfield, Ill: Charles 

C Thomas, 1973.)

Figure 1.13 Photograph of the way the scene would appear to a normal patient (A) and a patient with corneal edema (B) in the face of glare. (From Miller D, 

Benedek G. Intraocular light scattering, Springfield, Ill: Charles C Thomas, 1973.)

Figure 1.11 A scene in a fog taken with a digital camera where the closer 
objects are sharp (good acuity through less cloudy media) and the more 
distant objects have poor contrast and resolution, as seen through a very 
cloudy media (i.e. cataract).

LeClaire et al64 observed that many patients with cataracts 
showed good visual acuity but had poor contrast sensitivity 
in the face of a glare source. In fact, this should not come as 
a surprise because the essence of vision is the discrimination 
of the light intensity of one object as opposed to another, 
often with a natural glare source present. Thus a plane is seen 
against the sky because the retinal image of the plane does 
not stimulate the photoreceptors to the same degree that the 
sky does. Terms such as contrast luminance and intensity dis-
crimination are used to describe differences in brightness 
between an object and its background.

How then can ocular light scattering, glare, and contrast 
sensitivity be linked together to give the clinician a useful 
index? An industrialist scientist named Holliday set the stage 
to solve this puzzle.65 In 1926, Holliday developed the 
concept of glare and glare testing to measure the degrading 
effect of stray light. In the 1960s, Wolfe, a visual physiologist 
working in Boston, realized that glare testing could be a 
useful way to describe the increase in light scattering seen in 
different clinical conditions.66,67 How does increased light 
scattering produce a decrease in the contrast of the retinal 
image in the presence of a glare source? Figure 1.12 shows 
how corneal edema splashes light from a naked light bulb 
onto the foveal image, reducing the contrast of the image of 
the target. Figure 1.13 illustrates the way a patient with a 
cataract or corneal edema would see a scene in the presence 
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subjects, 10 showed glare disability, compared with a control 
population.70

Penetrating keratoplasty
Contrast sensitivity or glare testing may also be useful in 
detecting the earliest signs of graft rejection. In such cases, the 
earliest corneal damage is corneal edema. Although visual 
acuity may remain normal, contrast and glare performance 
start to slip. As the edema progresses to involve the epithe-
lium, the degradation of these visual functions is accentu-
ated. Similarly, reversal of graft rejection may be followed by 
an improvement in the contrast sensitivity function.63

Refractive surgery
Some patients who have undergone radial keratotomy or 
photorefractive keratoplasty with postoperative corneal haze 
have been reported to experience increased glare sensitiv-
ity.71,72 The extent of the problem and the number of patients 
complaining of heightened glare sensitivity varies from 
study to study and depends on the time elapsed since the 
surgery and the method by which the glare was assessed. 
Modern refractive surgery approaches the haze problem 
decreasing the healing process intensity either by the use  
of lasik (using mechanical or laser microkeratome) or  
mitomicin-C and prk. Both techniques are effective and have 
its own indications. Glare due to haze is nowadays less fre-
quent than glare due to postoperative spherical aberration.

Harper & Halliday73 reported on four unilaterally aphakic 
patients and found significant contrast sensitivity losses in 
the eyes with epikeratoplasty when compared with the 
normal fellow eye.

Cataracts and opacified posterior capsules
Figure 1.12 demonstrates the way that an edematous cornea 
or cataract scatters stray light onto the fovea and degrades 
contrast sensitivity, thereby heightening glare disability. 
Thus measurements of contrast sensitivity are usually better 
correlated with patient complaints than with a visual acuity 
measurement. The addition of a glare source to a contrast 
sensitivity test causes a dramatic decrease in the contrast 
function. Of the various cataract types, the posterior subcap-
sular cataract degrades the glare and contrast function the 
most. It should be noted that the presence of a glare light 
diminishes both visual acuity and contrast sensitivity in cata-
ract patients. In the presence of a glare light, the contrast 
sensitivity function gradually diminishes as a simulated cata-
ract increases in severity, whereas the visual acuity function 
holds steady until an 80 percent simulated cataract produces 
a dramatic drop in visual acuity.

Progressive opacification of the posterior capsule after an 
extracapsular cataract extraction produces a progressive 
increase in glare disability.74 A neodymium:yttrium-
aluminum-garnet (Nd:YAG) laser capsulotomy in such cases 
improves the visual function. The improvement of contrast 
and glare sensitivity after Nd:YAG laser treatment depends 
on the ratio of the area of the clear opening to the area of 
the remaining opaque capsule. Thus a photopic pupil of 
4 mm would require a 4-mm capsulotomy for best results 
in daylight. However, if the pupil dilates to 6 mm at night, 
an oncoming headlight would induce an annoying glare 
unless the capsulotomy were enlarged to 6 mm in diameter. 
Thus the smallest capsulotomy is not necessarily the best 
from an optical point of view.

of a glare source. In the mid-1970s, Nadler observed that 
many of his cataract patients complained of annoying glare. 
His observations rekindled interest in glare testing and led to 
the first clinical glare tester – the Miller–Nadler glare tester.63

Clinical conditions affecting glare and 
contrast sensitivity

Optical conditions
This section describes how contact lenses, cataracts, opaci-
fied posterior capsules, displaced intraocular lenses (IOLs), 
and multifocal IOLs affect glare sensitivity and contrast. 
With the exception of IOLs, these conditions primarily 
diminish contrast sensitivity because of increased light 
scattering.

Corneal conditions

Corneal edema
Studies tracing the progression of corneal decompensation 
have shown that the stroma increases in thickness before the 
epithelium changes.68 The stroma may increase in thickness 
by up to 30 percent before the epithelium becomes edema-
tous. Studies have shown that an increase in stromal thick-
ness above 30 percent need not influence Snellen visual 
acuity results if there is no epithelial edema.69 Unlike Snellen 
visual acuity, both contrast sensitivity and glare sensitivity 
are compromised as soon as the stroma thickens. Mild edema 
affects only the middle and high frequencies of a contrast 
sensitivity test, sparing the low frequencies. With further 
edema, the sparing of the low frequencies disappears and 
contrast sensitivity is decreased throughout the spatial fre-
quency spectrum.63 Glare sensitivity measurements also 
detect early epithelial edema. A mildly edematous epithe-
lium is roughly equivalent to an increase of 10 percent in 
stromal thickness, whereas moderate to significant epithelial 
edema has a profound effect on glare and contrast sensitivity.

Contact lens wear
The wearing of contact lenses may reduce contrast sensitivity 
in a number of subtle ways. Patients with significant corneal 
astigmatism who wear thin soft contact lenses experience 
blur that affects their contrast sensitivity. Aging of the plastic 
material itself or surface-deposit accumulations can affect 
soft lens hydration and ultimately influence acuity, glare, 
and contrast sensitivity. Most important, contact-lens-
induced epithelial edema produces increased glare disability 
and reduced contrast sensitivity.63

Keratoconus
Patients with keratoconus demonstrate attenuation of con-
trast sensitivity with relative sparing of low spatial frequen-
cies despite normal Snellen visual acuity. However, once 
scarring develops in the keratoconic cornea, all frequencies 
become attenuated. In addition, glare sensitivity acutely 
increases as soon as scarring develops. Thus contrast sensitiv-
ity testing at a number of spatial frequencies, with or without 
a glare source, may be an excellent way of following the 
progression of keratoconus.63

Nephrotic cystinosis
In a study of patients with infantile-onset cystinosis, con-
trast sensitivities were reduced at all frequencies, although 
the loss at high frequencies was the greatest. Of 12  
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bigger than the size of the receptor. Because a point of light 
is focused as an Airy disc, a cluster or two to five cones is 
considered the “limiting grain size.” Let us review two impor-
tant definitions:

Depth of focus: the amount of blur in diopters or millimeters 
from the retina that will be tolerated or go unnoticed

Depth of field: the distance range, in object space, that an 
object can move toward or away from a fixed focus optical 
system and still be considered in focus

Figure 1.14 is a schematic of the eye. For simplicity, we 
used a reduced eye, with a biconvex lens representing the 
cornea and lens. Let:

• () = the object that can move from infinity to a near 
point N

• ρ = pupillary diameter
• f = focal length of the model eye
• x = distance from the retina that near point remains in 

focus
• c = limiting photoreceptor cluster size (i.e. limiting 

grain size or pixel size)
• N = refractive index of the model eye
• D1 = n/f (i.e. dioptric power of eye when viewing a 

finite object)
• D2 = n/f (i.e. dioptric power of eye when near object 

at N)

(In this case, the eye can be considered to have length-
ened (theoretically) by a distance x.)

Depth of focus is as follows: 

D D n f n f x nx n x nx x1 2− = − + = +( ) − +( ) = +( )� f x f f f f f  

(but by similar triangles). Thus 

D D nc1 2− = fr

This equation tells us that the depth of focus in diopters 
(D1 − D2) is proportional to the index of refraction (n) and 
the limiting photoreceptor of grain size c. The depth of focus 
is also inversely proportional to the pupil size (ρ) or the 
focal length of the system (f).

For example, determine the depth of focus for a reduced 
human eye under the following conditions. Let:

Modulation transfer function
Optical engineers generally evaluate optical systems by 
means of a system similar to contrast sensitivity, called the 
modulation transfer function (MTF). The MTF is the ratio of 
image-to-object contrast as a function of spatial frequency, 
where the object is either a bar graph or a sinusoidal grating. 
It gives more information than the parameter of resolving 
power. For example, two systems may have the same resolv-
ing power, but one might be unable to form useful images 
of low-contrast objects, which the other could readily form. 
A smaller pupillary aperture introduces diffraction interfer-
ence, which makes it difficult to resolve fine detail (higher 
spatial frequencies). Thus the spatial frequency cutoff occurs 
sooner with the small aperture system. In an MTF plot, the 
vertical axis is akin to contrast sensitivity (see Figure 1.9). 
Because it represents the ratio of contrast of image against 
contrast of object, its values decrease from 1.0 to 0. The MTF 
is conceptually similar to the manner in which electronic 
engineers evaluate an amplifier. The performance of an 
amplifier is described by the output/input ratio, or the gain, 
for different sound frequencies. The MTF concept also may 
be useful in the comparison of the performance of the eye 
with that of optical and electronic instruments. Campbell & 
Green75 plotted the MTF of the human eye for various pupil-
lary diameters and found that a smaller pupil system has a 
better contrast ratio than a larger pupil system. This probably 
reflects the opposing factors of a somewhat better perform-
ance with greater illumination and the degrading effect of 
spherical aberration with a larger pupil. As noted earlier, a 
pupil size in the range 2.0–2.8 mm gives the maximum MTF 
for high spatial frequencies.

Depth of focus
How can an insect or a small animal like a rat see objects 
clearly from 10 m to 10 cm without an accommodating 
mechanism? How does a pinhole allow a patient with pres-
byopia to read the newspaper without a reading correction? 
The answer is that both situations rely on an optical system 
with an increased depth of focus.

Recall that an image can be thought of as being made up 
of an array of points. Thus the finite size of the pixels, the 
photographic grains, or the photoreceptor clusters ultimately 
determine the fineness of details of the recorded image. This 
means that a blur of a focused point is tolerated if it is no 

Figure 1.14 A schematic representation of a single 
refracting surface model eye where ρ = pupillary 
diameter, f = focal length distance from the retina 
where image of near object falls, c = limiting 
photoreceptor cluster size (i.e. similar to grain or 
pixel size), n = refractive index, D1 = n/f dioptric 
power of eye when viewing infinite object, D2 = 
n/(f + x) (i.e. dioptric power of an eye when viewing 
near object). Thus depth of focus = D1 − D2 = n/f 
− n/(f + x). Ultimately, we find D1 − D2 = nc/fρ.
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examples of light scattering, which can obscure the details 
of any object.

As noted earlier, the cornea is clear, but technically speak-
ing, it is not perfectly transparent. Its composition of fine 
collagen fibers, loaded into a watery matrix of gly-
cosaminoglycans and populated by fine cells that swim  
in the matrix, scatter a small percentage (10 percent of  
incident light) and create a slight haze. This is unques-
tionably a flaw, as opposed to the glass optical systems of 
cameras and telescopes. However, the “imperfect” corneal 
structure allows for healing. Thus we can appreciate that a 

• Pupil (ρ) = 3 mm, or 0.003 m
• Focal length (f) = 22.2 mm, or 0.0222 m
• Limiting cone cluster (c) = 5 cones (Assume each cone 

is 1.5 µm in diameter and spacing between cones is 
0.5 µm. The total cluster of 5 cones + 4 spaces = 
9.5 µm, or 0.0000095 m.)

• Index of refraction (n) = 1.333

Depth of focus D D1 2 1 33 0 0000095 0 0222 0 003
0 189

−( ) = × ×
=

. . . .
.

Our calculation of 0.189 for the reduced (hypothetical) 
eye with a pupil of 3 mm is about half of the 0.40 diopter 
(Fig. 1.15A), which is the average value from four (real) 
human studies.75–78 Thus we may conclude that the normal 
eye has a modest depth of focus.

Interestingly, Figure 1.15B represents a study in which 
artificial pupils (placed in front of the cornea) between 1 
and 2 mm were used. Within this range of apertures, a depth 
of focus between 2 and 4 diopters was obtained.31

Do we ever see the equivalent of pupillary apertures of 
between 1 and 2 mm in human patients? Yes, we do in cases 
of trauma, disease, or use of strong miotics. Figure 1.16 
demonstrates four examples of 1- to 2-mm clear areas within 
a corneal opacity. Actually, the patient shown in the upper 
left had an acuity of 20/20. Figure 1.17 shows four examples 
of 1- to 2-mm clear areas within traumatic cataracts or 1- to 
2-mm spaces between traumatic cataracts and iris tears. In 
Figure 1.18, we can see the equivalent of a reduced pupillary 
aperture produced by a ptosis or a conscious reduction of 
the palpebral fissure as a result of squinting. It is comforting 
to know that in cases of trauma, disease, or significant refrac-
tive error, the human eye can call on a 2- to 3-diopter depth 
of focus mechanism.

The clinical diagnosis of “corneal visual acuity” has been 
proposed, e.g. the “Holladay Diagnostic Summary,” first pre-
sented in the EyeSys corneal topography system. It predicts 
decreased visual acuity areas of the cornea that have irregular 
surfaces, assuming that there is a transparent media behind 
the corneal epithelium.

Optical aberrations
The famous nineteenth century German physiologist 
Herman von Helmholtz, in Volume 1 of his Treatise on 
Physiologic Optics,79 wrote that the optical aberrations of the 
human eye are “of a kind that is not permissible in well 
constructed instruments.” The implication is that the optical 
design of the human eye would receive low marks if evalu-
ated by someone from the optical industry. If we are to 
simply compare the optical quality of the living human eye 
with that of our best cameras and telescopes under ordinary 
static daylight conditions, then Helmholtz was correct. The 
optical imperfections noted by Helmholtz are discussed in 
the following sections.

Light scattering
Fingerprints on spectacle lenses scatter light, making small 
letters difficult to read. Raindrops or windshield wiper 
smears on the car windshield make the reading of street signs 
difficult. In a similar way, small bubbles from the warm 
water tap give a haze to a glass of water and make it difficult 
to see the details at the bottom of the glass. These are all 

Figure 1.15 (A) An averaged depth of focus versus pupil size function 
representing four different studies.24,62,80,81 (B) Plot of visual acuity versus 
pinhole diameters (between 1 and 2 mm) using different blurring lenses (i.e. 
+1 diopter, +2 diopters, +3 diopters, and +4 diopters). Thus, for example, the 
subject could achieve a visual acuity of 20/40 through a 1.8-mm pinhole, 
but vision would be blurred by a 3-diopter lens. (Modified from Miller D. Optics 

and refraction: a user friendly guide. St Louis: Gower Medical, 1991.)
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Figure 1.16 Four examples of small clear areas within corneal opacities that operated as pinholes.

A B

C D

Box 1.2 

Holladay diagnostic summary maps (Holladay JT. J Cataract 
Refract Surg 1997; 23(2):209–21). The patient’s refractive error was 
a −4.00 D, prior to a Lasik treatment 4 months earlier. Presently, 
the visual acuity is 20/15 in daylight (3mm pupil) and 20/25 in dim 
light (5 mm pupil). The upper maps include refractive power 
maps on standard and auto scales. The bottom left shows a 
profile difference map which demonstrates the patient’s corneal 
shape compared to ‘normal’ cornea. The bottom right represents 
a distortion map which displays the optical quality of the cornea. 
Note that the 20/16 central (3 mm pupil) visual acuity predicted 
by the distortion map was achieved by the patient.

Box 1.3 

The picture represents the cornea of a 51-year-old female patient 
who had an Acufocus Presbyopic inlay implanted 45 days earlier. 
Unaided near visual acuity changed from J9 to J2 after surgery. 
Distance vision changed from 20/20 to 20/25. (Courtesy of the 
Refractive Surgery Section – Department of Ophthalmology 
– Paulista School of Medicine, Sao Paulo, Brazil.)



19

The image of the human adult eye

10 percent level of light scatter is a fair price to pay for a 
self-healing system.

The lens of the eye is made up of tens of thousands of 
fine fibers (each a bag of clear protein solution) packed 
closely together. The living lens continually adds outside 
fibers and packs old cells in its nucleus throughout life, 
ultimately increasing its volume by a factor of 3 in the older 
eye. The refractive index of the fibers differs from that of the 

Figure 1.17 Four examples of 1- to 2-mm clear area within traumatic cataracts or 1- to 2-mm spaces between traumatic cataracts and iris tears.

A B

C D

Figure 1.18 The equivalent of a reduced aperture produced by a ptosis.

thin spaces between the fibers. Thus the young lens scatters 
about 20 percent of the incident light. Is there a practical 
advantage to the fiber structure of the lens? There are many 
ways that the lens may be injured, including inflammation 
from diseases inside the eye, blunt blows from fists or rocks, 
periods of malnutrition, poisoning, and osmotic upset from 
systemic disease. In all of these situations, the part of the 
lens being laid down at the time of the injury or disease loses 
transparency. This hazy section may also be lumpy in thick-
ness. However, in a short time, new transparent layers cover 
and compress the hazy ones, smoothing and reducing the 
blurring effect of the injury. Again, we now understand that 
a small level of light scattering resulting from this fiber layer-
ing system is a fair price to pay for a self-repairing lens 
system.

Natural defenses against light scattering
The reader may have been led astray in thinking that the eye 
has no defense against normal light scattering. In fact, it 
does. For example, the birefringent capacity of the collagen 
fibers in the cornea, in combination with the birefringence 
of the fovea, may cancel out some annoying glare caused by 
light scattering through a process known as destructive inter-
ference, somewhat akin to the way polarizing sunglasses 
cancel annoying glare.

The retina has three defenses against the image-degrading 
effects of scattered light. To appreciate one of the defenses, 
one first must recognize that not all colors (wavelengths) are 



20

SECTION 1 Focusing of an image on the retina   Chapter 1  Optics

Figure 1.19 The orientation of the retinal photoreceptors in the normal 
human eye. Note that they are directed to the second nodal point of the 
eye.

Figure 1.20 An illustration of the smearing of sharp focus created by 
spherical aberration. Note that the peripheral rays are bent more than the 
paraxial rays of light.

scattered equally. The fine components of eye tissue scatter 
blue light 16 times more than red light. This light produces 
lipofuscin-induced cell toxicity in in vitro experiments. It has 
also been proposed as a pathological mechanism for cataract 
formation and retinal damage.82 Yellow filter spectacles 
reduce chromatic aberration and sharpen the retinal image 
by reducing the number of wavelengths striking the retina. 
However, a yellow filter makes the sky look gray rather than 
blue. This effect, although unnatural, enhances the contrast 
of objects seen against the sky. There is presently insufficient 
evidence to prove or disprove the claim that a yellow IOL 
will prevent or slow down macular degeneration.

Therefore a defense that can reduce blue scattered light 
would be disproportionately helpful. Sprinkled throughout 
the ultrasensitive fovea and its immediate surround is yellow 
pigment. The yellow pigment is efficient at absorbing the 
scattered blue light, thus preventing much of it from degrad-
ing the retinal image.31

The second defense used by the retina involves the posi-
tioning of the rods and cones. Each rod or cone functions 
as a light guide. To enter the guide, light must enter at a 
specific angle. Interestingly, normally focused light enters a 
photoreceptor at a different angle than does scattered light.83 
The photoreceptors of the retina are directed so that they 
primarily receive focused light, but not scattered light (Fig. 
1.19). Stiles and Crawford established the fact that the 
human visual system has reduced sensitivity to light rays that 
enter near the edge of the pupil compared to those entering 
centrally. This effect, referred to as the psychophysical Stiles–
Crawford effect, is the result of the orientation of photore-
ceptors, which preferentially guide the central rays to the 
retina more efficiently than the peripheral rays.84

The dark brown pigment of the retinal pigment epithe-
lium and the choroid absorbs any stray light that has passed 
through the retina and prevents such light from backscatter, 
which would reverberate among the neighboring photore-
ceptors. None of these defenses is perfect, but all work to 
reduce the annoyance of scattered light.

The brow and eyelid may also be thought of as blocking 
annoying glare sources such as the overhead sun. Interest-
ingly, the Asian lid has a double fold and serves as a more 
effective thicker visor than the Caucasian lid, thereby more 
effectively blocking the glaring effect of the sun overhead.

Chromatic aberrations
A rainbow is produced by millions of tiny round droplets  
of water vapor that hover over the earth during or after a 
rain. Each water droplet functions as a tiny, powerful round 
lens. Such a powerful lens bends each wavelength of color 
differently. A rainbow is caused by the chromatic aberration 
of the water droplets. Thus, like Newton’s prism, the tiny 
droplets break up white light into the colors of the rainbow. 
The phenomenon of strong lenses producing colored fringes 
around a focused image is known as chromatic aberration.85,86 
The optical components of the eye (cornea and lens), like 
the fine water droplets, also produce chromatic aberration. The 
total chromatic aberration of the photopic human eye is 
about 3 diopters. However, we do not see colored fringes 
around objects because significant colored fringes of red and 
blue are less likely to be seen as a result of the cones’ relative 
insensitivity to the colors at the ends of the spectrum. Also, 

the visual processing in the retina and brain can sharpen the 
edges of the retinal image and “erase” the colored blur. 
Although we rarely consciously sense the chromatic aberra-
tion of the eye, some researchers believe that the retina may 
make use of the faint colored fringes around images to help 
accommodation reach a precise end point.36,87

Spherical aberration
A major distortion produced by many high-powered optical 
systems such as the cornea or lens is called spherical aberra-
tion. Figure 1.19 shows the results of this aberration. The rays 
at the edge of the lens are bent more than those going 
through the center of the lens, creating a smeared focus. The 
cornea (a strong optical element) is subject to spherical aber-
ration. Figure 1.20 shows that the cornea sits at the front of 
the eye like a small, strongly curved dome. The steeper the 
dome (the shorter its radius of curvature), the more spherical 
aberration created. We have known since the time of the 
French mathematician Descartes that spherical aberration 
can be controlled by flattening the curvature of the edge of 
a lens, thereby weakening the focusing power of the lens 
periphery. Descartes described such a surface as aspheric. 
Most cameras today use lenses with aspheric surfaces.

The average cornea is also somewhat aspheric. It becomes 
slightly flatter at its periphery, allowing it to more smoothly 
merge with the sclera. However, there are some real-world 
considerations that make it advantageous to keep the cornea 
steeply curved. In the event of a direct blow to the eye by a 
blunt object, presumably the steep protruding cornea can 
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an aspheric surface corrects the aberration in cameras and 
telescopes, nature has chosen a different approach for the 
crystalline lens. Recall that refraction, or the bending of light, 
can be controlled by either the curvature of the lens surface 
or the index of refraction of the composition of the lens. The 
high index of refraction of the crystalline lens is the result of 
a high concentration of protein. The lens has a lower refrac-
tive index near its edge than at its center. Therefore the lens 
periphery has a weaker focusing action and self-corrects 
spherical aberration, much as an aspheric surface.29

However, even with the aforementioned correction 
factors, the total spherical aberration of the human eye varies 
from 0.25 to 2.00 diopters. The corneal shape is the most 
important factor in the induction of spherical aberration.88

Abolition of spherical aberration not only sharpens focus 
but can be thought of as concentrating the light at the focus. 
Concentrating light energy at a focus makes it easier to see 
a dimly lit object. Therefore cameras, or creatures with an 
optical system of minimal spherical aberration, function 
well in low illumination.

Some intraocular lenses are aspheric. However, the degree 
of IOL asphericity must compensate for the patient’s indi-
vidual corneal asphericity in order to yield the sharpest 
retinal image of a distant object. On the other hand, the 
presence of some spherical aberration may blur a distant 
object but allow an object at an intermediate distance (1–2 
meters) to be in focus. As yet, there is no IOL that produces 
completely sharp images for both distant and intermediate 
objects.

Light absorption
The lens of a typical 20-year-old absorbs about 30 percent 
of incident blue light. At age 60, the typical lens absorbs 
about 60 percent of incident blue light.89 This increase in 
lens absorption of blue light results in both a decrease in 
subtle color discrimination and a decrease in chromatic 
aberration.

Summary – a compromise of eye function
The human eye (which is similar to the monkey eye) is a 
fairly good resolving optical instrument.20,90,91 Admittedly, 
the eyes of certain birds are even better optical instruments, 
reaching the outer limits of the constraints of the laws of 
physics. One must appreciate that the evolution of better 
and better optics had to be balanced against other useful 
functions, such as glare prevention, injury prevention, injury 
repair, and use of the eyes for non-verbal communication.

The aging eye

The components of human eyes usually last a lifetime. This 
was reinforced to me years ago when our eye team did a 
visual screening of residents in a housing project for older 
adults. On average, most residents were older than 80 years. 
The number of residents with 20/40 vision in at least one 
eye was more than 90 percent.92 This finding should not 
minimize the disability of people with cataracts (which 
affect 9.4 million people older than age 65 in the United 
States).93 However, it is important to recognize that a high 
percentage of people live their entire lives with good vision 

absorb the blow, much like a spring. The steeper the cornea, 
the more it vaults over the rest of the eye and the greater the 
spring effect (Fig. 1.21). Such a spring-dampening effect pro-
tects the deeper eye structures. How then does the eye satisfy 
both needs? In daylight, with the pupil being constricted, 
the iris tissue essentially blocks many of the light rays coming 
through the corneal periphery and effectively cancels most 
of the spherical aberration. Thus spherical aberration from 
the cornea has an important degrading effect only when 
illumination is dim and the pupil is large. Night myopia can 
develop in these situations and is more of a problem when 
the corneal asphericity is greater. Such greater asphericity is 
often found after corneal refractive surgery.

Happily, in dim light, the human eye switches to the rod 
retinal system in which seeing fine details takes a lower pri-
ority than simply seeing large shapes.

The crystalline lens is also a powerful optical element and 
therefore is also vulnerable to spherical aberration. Although 

Figure 1.21 Three-dimensional drawing of the cornea sitting atop the eye 
as a small dome, vaulting over the internal structures. The viscoelastic 
material injected into the anterior chamber should remind the reader that 
the vitreous humor (similar properties) serves as a second damping element 
in the event of blunt trauma.

Box 1.4 

A practical example is the comparison between the optical 
properties of the +20D trial frame lens and the aspheric indirect 
binocular ophthalmoscope (IBO) +20D lens. Both lenses focus 
light coming from infinity to a focal point of 5 centimeters 
behind the lens. However, when analyzing the quality of the 
entire image, one can observe a deformity in the periphery of the 
image formed by the trial frame lens, which is not present with 
the aspheric lens. The higher the power of a lens , the more the 
distortion produced by spherical aberration. The figure on the 
right demonstrates the spherical aberration (i.e. peripheral 
distortion) produced by a typical + 20D spectacle lens. The figure 
on the left demonstrates the reduced spherical aberration 
produced by an aspheric +20D indirect ophthalmoscopy lens.
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– thanks to a number of positive compensations that help 
the aging eye. For example, the human macula is particularly 
vulnerable to damage from ultraviolet and blue light. Fortu-
nately, a yellow pigment effectively absorbs or scatters away 
most of these harmful wavelengths, thus diminishing the 
potential damage to the macula.94

One of the more remarkable aspects of the aging eye is 
that the eye lens continually acquires new layers of fibers, 
becoming both progressively thicker and steeper. These 
changes would normally lead to an increase in lens focusing 
power and a tendency toward nearsightedness in older eyes. 
In fact, this does not happen universally because the index 
of refraction of the cortex of the lens decreases in a perfectly 
compensatory fashion,95 so the lens power often stays 
constant.

Evolution of ocular components
Human eyes are fascinating examples of a potpourri of com-
ponents seen all along the evolutionary trail. Indeed, human 
eyes contain components previously developed for other 
uses. For example, our retinal rhodopsin may have come 
from an ancient bacterium, which may have used the rho-
dopsin for photosynthesis. Our rounded corneal curvature 
originally comes from primitive fish. As noted earlier, when 
a person is under water, the corneal refractive power is can-
celed by the surrounding water. However, rounded shape 
helps decrease water resistance because the eye is then more 
streamlined. Finally, and most difficult to explain, many of 
the special crystalline proteins that have been identified in 
animal eye lenses are similar to metabolic enzymes found 
elsewhere in the body. For example, lactic dehydrogenase-β 
is similar to E-crystalline found in the lens: arginosuccinate 
lyase is similar to γ-crystalline found in the lens.96 
Non-lenticular enzymes have been adapted to also function 
as special lens proteins, a process known as gene sharing. The 
term gene sharing simply names the phenomenon without 
giving us an idea of which function came first or what evo-
lutionary pressures forced the new use of the molecules. In 
summary, one might think of this entire process of nature 
as reaching into its dusty attic to find new uses for old crea-
tions as the ultimate in recycling efficiency.

Non-optical brain mechanisms that enhance 
the retinal image
There is a group of visual phenomena in which the retinal 
image is enhanced or made complete by the brain.97 They 
represent ways of improving the retinal image in non-optical 
ways. One might think of these brain-processing effects as 
examples of methods of going beyond the limits of the laws 
of optics to bring out visual information.98

Contrast enhancement
The visual brain has the ability to sharpen the contrast of 
elements in the retinal image. Figure 1.22 presents two faces 
with the same degree of grayness. In the right figure, the face 
is seen against a black background, whereas in the left figure, 
it is seen against a white background. The gray face on the 
black background looks lighter (enhancing its contrast), 
whereas the gray face looks darker on the white background. 
This effect is reduced when the edges of the faces are fuzzy. 

Figure 1.22 Right: Gray face is seen against a black background. Left: Same 
gray face is seen against a white background. A contrast enhancement 
function makes the gray face look lighter on the black and darker on the 
white side. (Illusion created by R. Miller, F. Miller, and D. Miller.)

One might speculate that a sharper edge on an object brings 
out a stronger contrast enhancement response.

Computer graphics professionals (the Joint Photographic 
Experts Group) have taken advantage of the knowledge of 
the physiology of human vision and released an image data 
compression format named after the group, i.e. JPEG. The 
JPEG compression process first separates the image into 
luminance and color signals. This step doesn’t reduce the 
inherent quality of the image. The JPEG process then per-
forms a variety of arithmetic procedures which separate out 
and remove small differences (in luminance and color) 
between adjacent pixels which would not be noticed by the 
human visual system. This process involves dividing the 
picture up into 8 × 8-pixel blocks, and analyzing details 
contained in each block. The high-frequency (fine details) 
information is than discarded. Such a process eliminates a 
great deal of data. The final process results in a very high 
compression ratio (i.e. often a 95 percent reduction in file 
size). As expected, such a trade-off results in a loss of high-
frequency information (i.e. sharp transitions become 
blurred). Fortunately, our visual system accepts the slightly 
reduced image contrast.99

Edge sharpening
If an ametrope looks in the distance at a framed picture, the 
details within the picture will be fuzzy, yet the edges of the 
frame will be seen as a distinct boundary against the wall. 
The visual system places a priority on sharpening the edge 
of the retinal image, even though the details within remain 
hazy. One might suppose that in the case of the picture on 
the wall, recognizing the edges of the frame tells one that 
the fuzzy blob on the wall is a picture rather than a swarm 
of insects.

There is a second way that the brain processes the edge of 
a retinal image. If two objects of similar brightness are placed 
next to each other, they normally appear to merge into one 
object. However, if the connecting edge of one of these 
similar objects is slightly darker than the connecting edge of 
the other, the entire side with the darker edge appears darker 
than the lighter one. The greater contrast at the edge has 
spread across the whole panel.
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Box 1.5 

subtense. Interestingly, it was said that Ted Williams, the 
great outfielder of the Boston Red Sox, had a visual acuity of 
20/10 (could detect a half minute of angular separation). 
However, there is a visual task (Vernier acuity), which has  
a threshold of about 5 seconds of arc (1/12th of a minute 
of arc). Indeed, as seen in Fig. 1.24 most normal-sighted 
people can line up dots or notice a discrepancy in the  
alignment of dots or lines as small as 5 seconds of arc or 
less. We know that the brain is involved in the processing 
because the experiment can be redesigned so that one eye is 

A

B

C

Figure A is an example of the “completing the picture” illusion. 
Because of our previous visual experience, we assume that the 
partially covered words represent “THE EYE.” Wrong!

(A) Because of our previous visual experience, we assume the line 
covered words will spell “THE EYE.” On removal of the cover,  
we see we were wrong. If there is a discontinuity in an object,  
we almost always assume that the object is partially covered. We 
simple create a full impression of the covered object in our mind. 
In Figure B, we are made to think that one geographic form covers 
the other, although the artist simply fitted the outline of one 
triangle next to the other.

(B) A group of triangles with some seeming to cover the others. 
In fact, the edges of the shapes simply abut each other. These 
illusions illustrate the ability of our visual processing system to fill 
in all sorts of blanks and incongruities within the retinal image to 
create a coherent story.

Suppose that the object of regard is not covered but that the 
observer has a brain lesion that has produced a small scotoma in 
the visual field. When such a patient is presented with a circle or 
square in which part of the figure resides inside the scotoma, after a 
brief period, the patient reports that the gap has filled in and the 
figure looks whole. The same phenomenon takes place if part of an 
image falls on the physiologic blind spot. It suggests that the visual 
system, faced with a gap in the information, hypothesizes (gambles) 
that the region surrounding the scotoma has the needed data and 
places that data within the scotoma to produce a complete scene.100

There is another series of illusions known as gap figures.101 Figure C 
shows an example of a gap illusion. The defect (gap) is strongly 
highlighted by the radiating lines as a footprint might appear 
highlighted to a skilled guide.

(C) A gap figure (modified from an Ehrenstein illusion). Note that 
the radiating lines seem to create the outline of a foot. A related 
phenomenon is presented in Conan Doyle’s story The Adventure of 
Silver Blaze, in which Sherlock Holmes identifies the murderer when 
he concludes that the watchdog must have known the murderer 
because no barking was heard on the night of the murder. As in 
the gap figure, the gap in the expected pattern of the dog’s 
behavior takes on a heightened importance. Hearst appropriately 
called this phenomenon “getting something for nothing.”102

Vision suppression is present in pediatric patients with strabismus 
in order to avoid diplopia. Vitreous floaters (mostly seen in bright 
environments) are another example of the nervous system 
suppressing annoying visual effects. The floaters are structures 
which have a different index of refraction than the surrounding 
vitreous and so can cast a shadow onto the retina. Floaters can be 
called a time domain phenomenon. They are often seen in post op 
refractive surgery patients, and usually disappear in 3 to 6 months.

Finally, mention should be made of a related temporal blocking  
of a visual scene, that is, our failure to notice the fleeting 
disappearance of an image during a blink, a twitch, a flicker, or a 
saccade.

This phenomenon, known as the Craik–Cornsweet–
O’Brien illusion, is seen in Figure 1.23. If a pencil is 
placed between the two vertical rectangles (occluding the 
boundary), it becomes clear that they are actually the same 
brightness.

Vernier acuity
Earlier in this chapter, it was noted that a normal-sighted 
human being (with 20/20 visual acuity) can detect a separa-
tion between two objects as small as 1 minute of angular 
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of Vernier acuity. In fact, the adult monkey averages a thresh-
old of about 13 seconds of arc.103 Thus it is possible that 
monkeys and early humans used Vernier acuity to detect the 
presence of an animal or an enemy hiding behind a stalk or 
a tree by noting a misalignment between the edge of the tree 
or stalk and the protruding body of the enemy. If that pos-
sible scenario was true, normal Vernier acuity might save a 
life. Once again, brain enhancement of the retinal image 
brings out details well beyond the limits of the best optical 
resolution.

Removing distractions
In Figure 1.25, a deer is hidden in the high grass. Almost 
completely closing the eyes creates a blurring of the overly-
ing fine grass, making the animal more vividly seen. A 
similar effect can be achieved through a heavy rain. Again, 
almost closing the eyes allows figures to be seen more easily 
through the rain. This is an example of erasing the distrac-
tions that have a high spatial frequency.

Refractive errors
Thus far, when pertinent, this chapter has covered the  
physiologic optics of the average, emmetropic eye. However, 
the average refractive error in certain populations is  
not emmetropia. For example, in many Asian groups the 
incidence of myopia may be between 80 and 90 percent.

Therefore, for a broader review of physiologic optics, this 
last section covers some of the essential epidemiologic 
aspects of the refractive errors other than emmetropia.

Prevalence
Studies that tabulate the distribution of refractive errors 
often are taken from data on young army recruits,81,104 which 
show the incidence of myopia to be about 10 percent. 
However, this group of healthy young men is not repre-
sentative of the general population. Stenstrom’s study in 
Uppsala, Sweden, consisted of clinic patients, colleagues, 
nurses, and cadet officers, which is a group more reflective 
of the general population.81 His study showed that about 
20 percent of the population has low myopia (less than  

Figure 1.25 Note the deer hidden in the bush. By almost closing one’s 
eyes, the distraction of the high grass is canceled and the animal is easier to 
see. (From: Osborne C, Tanner O, eds. Animal defenses. New York: Time-Life Films, 

1978.)

Figure 1.23 The Craik–Cornsweet–O’Brien illusion. The perceived 
difference in the darkness of the vertical panels disappears if one places a 
pencil or finger along the border between panels. The effect persists even if 
the panel details are blurred.

Figure 1.24 Two typical targets for measuring vernier acuity. The subject 
either notes misalignment of the vertical lines or of the three dots.

(?)

presented with the top and bottom dots (which are in align-
ment), while the other eye is allowed to see only the middle 
dot. Subjects show similar thresholds whether the experi-
ment is done this way or done monocularly. Clearly, the 
brain must be where the ultimate processing occurs in these 
experiments. Because a threshold of less than 5 seconds is 
well beyond the optical diffraction limit of the eye, Vernier 
acuity represents a special example of sophisticated brain 
processing. The challenge is to try to conceptualize some 
important task necessary for the survival of our Homo sapiens 
ancestors that required such precision. Incidentally, we also 
know that the macaque monkey demonstrates a high level 
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cases of physiologic myopia result from a combination of an 
inherited predisposition and excessive close work during the 
student years.

Astigmatism
About 50 percent of term infants in their first years of life 
show astigmatism of more than 2 diopters.113–115 This may 
arise from the influence of the recti muscles that pull on the 
delicate infant sclera, because the astigmatism seems to 
change in different gaze directions. Howland et al114 sug-
gested that the high astigmatism helps the infant bracket the 
position of best focus while learning to accommodate. By 
adulthood, this high incidence of astigmatism has disap-
peared. Studies show that about 15 percent of the adult 
population has astigmatism greater than 1 diopter and only 
2 percent have astigmatism greater than 3 diopters. It is pos-
sible that much of the high astigmatism in this last group is 
related to some form of intraocular surgery (e.g. corneal 
transplants, cataract surgery, repair of corneal lacerations).

Presbyopia
Although presbyopia is age related, its age of onset varies 
around the world. For example, presbyopia develops earlier 
in people who live closer to the equator.80,116 Specifically, the 
age of onset of presbyopia was noted to be 37 years in India, 
39 years in Puerto Rico, 41 years in Israel, 42 years in Japan, 
45 years in England, and 46 years in Norway. Further studies 
show the important variable to be ambient temperature 
rather than latitude. Thus the higher the ambient tempera-
ture, the earlier the onset of presbyopia.

On the other hand, life expectancy is lower in developing 
countries where the ambient temperatures are usually high. 
Thus, although presbyopia starts at a young age in the devel-
oping world, fewer persons with presbyopia are found in the 
general population. For example, in Haiti the prevalence rate 
of presbyopia is about 16 percent for the normal population, 
whereas in the United States it is 31 percent.117 The lower rate 
of presbyopia in Haiti is paradoxical. The reason is probably 
that the average life span in Haiti is much shorter than in 
Western countries. Seen in perspective, presbyopia consti-
tutes about 65 percent of all those who wear glasses in 
developed Western countries. Thus it is of little surprise that 
the first spectacles produced sometime in the fourteenth 
century were created for persons with presbyopia.

Components of ametropia
The overall refractive state of the eye is determined by four 
components:

• Corneal power (mean, 43 diopters)
• Anterior chamber depth (mean, 3.4 mm)
• Crystalline lens power (mean, 21 diopters)
• Axial length (mean, 24 mm)

Figure 1.26 shows the distribution of total refraction and 
the four components just mentioned for 194 eyes.118 The 
most striking conclusion drawn from Figure 1.26 is that, 
although each of the individual optical components may be 
considered randomly distributed, the overall refractive status 
does not show a normal distribution of refractive errors, but 
rather a skew in the region of emmetropia. It seems that the 

2 diopters), 7 percent has moderate myopia (2–6 diopters), 
and another 2.5 percent has high myopia (greater than  
6 diopters). The great majority of this population (just  
less than 70 percent) clustered between emmetropia and 2 
diopters of hyperopia; the rest were high hyperopes and 
aphakes.

The spectacle-wearing population of a typical Western 
country provides a different focus on emmetropes. Bennett105 
surveyed the distribution of spectacles dispensed in England. 
His study of refractions carried out by the average eye clini-
cian showed that about 20 percent are myopic refractions 
and 75 percent of all refractions require prescriptions from 
−0.5 to +8.00 diopters. Subtraction of Stenstrom’s estimate 
of the percentage of high hyperopes shows that about 65 
percent of all refraction prescriptions are for presbyopia. 
Interestingly, Indians from the Amazon rainforest have an 
extremely low incidence of myopia. From an overall sample 
of 486 people, 259 indigenous people and 78 Brazilians 
between 12 and 59 years of age, only 2.7 percent of eyes 
showed myopia of −1.00 D or more and 1.6 percent had 
bilateral myopia of −1.00 D or more.106

Myopia

Pathologic myopia
Curtin107 estimates that 2–3 percent of the population has 
pathologic myopia (a condition in which there is a signifi-
cant enlargement of the eyeball with a lengthening of the 
posterior segment). This group falls into Stenstom’s group 
of patients with myopia of greater than 6 diopters. The  
term pathologic is used because these patients show signifi-
cant choroidal and retinal degenerative changes, a high  
incidence of retinal detachment, glaucoma, and increased 
occurrence of staphyloma development. At present, high 
myopia (greater than 6 diopters) is regarded as hereditary, 
either autosomal dominant, autosomal recessive, or X-linked 
recessive. Some high myopia might be inherited in a complex 
fashion. So far, eight loci for high myopia have been 
reported, including MYP1 (Xq28), MYP2 (18p11.31), MYP3 
(12q21-q23), MYP4 (7q36), MYP5 (17q21-q22), MYP11 
(4q22-q27), MYP12 (2q37.1), and MYP13 (Xq23-q25). Dif-
ferent genetic loci have been mapped in different popula-
tions, but none of the responsible genes has yet been 
identified.108–110

Physiologic, or school, myopia
As noted by Stenstom,111 most patients have myopia that is 
less than 2 diopters; this type of myopia is called physiologic, 
or school, myopia. The word physiologic implies that this 
form of myopia is a normal, physiologic response to a  
stress. In fact, substantial evidence exists that increased  
time spent reading from early teenage to the mid-twenties is 
that stress.4,108

However, near work is not the sole cause of physiologic 
myopia. Racial and ethnicity studies show that myopia is 
more prevalent among Asian and Jewish persons and less 
prevalent among African–Americans.50 The results of a study 
in Taiwan showed the incidence of myopia to be about 12 
percent in children 6 years of age or younger, 55 percent in 
children 12 years of age or younger, 75 percent in children 
15 years of age or younger, and 84 percent in those older 
than 18 years of age.112 Thus it appears that many if not most 
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of the retinal image, such as the suturing of the lids together 
or induction of a corneal opacity during the early growth 
period, influence the axial growth process. Surprisingly, 
these types of opacification significantly increase the axial 
length and produce states of myopia of up to 12 diopters. 
Such excessive image degradation seems to override the 
emmetropization process and result in high levels of axial 
myopia.

In conclusion, it appears that a genetic bias underscores 
the refractive state of the eye. However, this genetic program 
can be tuned by environmental and intrinsic (i.e. intraocu-
lar) factors. Koretz et al,121 Laties & Stone,122 and Stone 
et al8,111,121,123–126, have provided further insights into the bio-
physical and biochemical controls of emmetropization and 
their failure.
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various components cooperate to achieve a higher-than-
expected incidence of refractive state between 0 and +2 
diopters.

This cooperation of components to produce a higher-
than-expected incidence of emmetropia and low hyperopia 
has been called emmetropization.118 The process of emmetropi-
zation seems to be fully effective during the infantile growth 
of the eye. As noted earlier, the average sagittal diameter of 
the eye is approximately 18 mm at birth. By the age of 3 
years, the axial length increases to about 23 mm. Such elon-
gation of the eye theoretically yields a state of myopia of 
about 15 diopters. However, during this period, the data 
show that almost 75 percent of these young eyes are hyper-
opic.119 Between 3 and 14 years of age, the elongation 
increases, on average, an additional millimeter. Again, this 
should theoretically produce another 3 diopters of myopia. 
However, at 14 years of age, the average refractive state 
shows a strong clustering in the emmetropic neighborhood. 
Because the cornea and anterior chamber depth change little 
during these periods of eye growth, it appears that the power 
of the crystalline lens must change to maintain emmetropia. 
It seems possible that the process is coordinated by the  
retina–brain complex, which might tune each component to 
ensure a sharp image. However, studies of infant monkeys 
who were raised in the dark or who have had their optic 
nerve sectioned suggest that emmetropization is largely pro-
grammed on a genetic basis.120 The experiments further 
showed that procedures that result in significant degradation 

Figure 1.26 Curves of distribution of refraction and its components in 194 
eyes. (Adapted from Sorsby A, Sheridan M, Leary GA: BMJ 1960; 1394; and Sorsby A 

et al: Med Res Counc Special Rep Serv Rep 1959; 293.)
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C H A P T E R 2 

Optical Aberrations and 
Wavefront Sensing

Ricardo N. Sepulveda & Ron Krueger

Introduction
Myopia, hyperopia and cylinder are refractive errors known 
as second-order aberrations. These aberrations result in the 
inability of the eye to focus images appropriately on the 
retina. In myopia, light rays entering the eye focus anterior 
to the retina. This is most often seen in an elongated eye. In 
contrast, hyperopia occurs in a short eye where light rays 
tend to focus behind the retina. Astigmatism results from an 
irregular-shaped cornea or early cataractous lens, which 
causes the light rays to focus at multiple points along the 
pathway to the retina. With regular astigmatism, the rays 
focus into a line oriented in the same axis of the cylinder, 
and yet another oriented 90° away. These basic optical errors 
related to the eye are what we have been correcting for the 
past 200 years with the aid of spectacles, contact lenses and 
even refractive surgery (Fig. 2.1).

With the advent of wavefront technology, we have discov-
ered a new way of conceptualizing how light rays behave 
when entering the eye. This technology allows us to visualize 
in two-dimensional images, the complex profile of refracted 
light as it passes through the cornea and the crystalline lens. 
We are able to now detect higher-order aberrations such as 
coma, trefoil and spherical aberrations. Laser technology for 
refractive surgery has evolved significantly over the past 
years. It now permits us to correct higher-order aberrations 
by performing a “customized” ablation of the cornea accord-
ing to the data provided by wavefront sensors, improving 
the visual performance significantly. What is also exciting is 
how wavefront technology may be applied to customize 
contact lenses and even intraocular lenses.

This chapter intends to provide the reader with a basic 
understanding of optical aberrations, wavefront sensing 
technology and the benefit of correcting higher-order aber-
rations in the human eye.

Optical aberrations

In a perfect optical system, such as one free of aberrations, 
emerging image-forming rays are planar and converge onto 

a single point. In reality, however, we have learned that this 
is not true for our optical system, the human eye. In this 
section, we will review basic concepts of wavefront optics 
and explain the different types of optical aberrations.

Wavefront optics
In geometric optics, we study the relationships between 
refractive error and pupil size, which have an impact on the 
blur of an image. By reducing the pupil size of an eye with 
a given refractive error, the blur of an image improves by 
increasing the depth of focus. This can be understood by 
looking through a pin-hole, in which images appear to be 
sharper, but at the same time we decrease light and image 
resolution by inducing diffraction.

In physical optics, we describe light as energy which is 
transmitted in the form of a wave. The properties of a wave 
are wavelength, frequency, and velocity. In air, the speed of 
light remains relatively constant. When the light passes 
through a higher index of refraction, its properties change 
and aberrations are formed. This can be explained by the 
following equation:1 

F Vn= λ

where F = frequency, V = velocity, n = index of refraction, 
λ = wavelength.

The waves of light are joined at a single point in time by 
what is called a wavefront and always travel perpendicular 
to it. When the light waves emerge from a point source, the 
wavefront takes on a spherical shape. As the light waves 
move on, the wavefront becomes progressively more flat or 
planar. When light waves pass through an aberration-free 
optical system, they emerge from it perpendicular to the 
wavefront, forming a spherical shape which is either con-
verging or diverging as if coming from a single point. When 
the wavefront is interrupted by an optical media with an 
irregular surface, the emerging wavefront is not planar, the 
light waves are irregular and unparallel to the wavefront. The 
distorted shape that a wavefront takes after emerging from 
an irregular optical media is called a wavefront aberration 
(Fig. 2.2).1
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Figure 2.1 Refractive states. (A) In emmetropia, 
light rays focus on the retina. (B) In myopia, light 
rays focus anterior to the retina. (C) In hyperopia, 
light rays focus behind the retina. (D) In astigmatism, 
variations in the surface of the cornea and lens 
cause light rays to focus at two different points. 
When one focal line is located anterior to the retina 
and the other on the retina, it is termed myopic 
astigmatism. When one focal line is located on the 
retina and the other behind it, it is termed hyperopic 
astigmatism.A Emmetropia
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Figure 2.2 Wavefront aberrations. (A) The aberrated 
wavefront for light coming from an object at distance. 
The light emerging does not converge on a single 
point, but rather multiple different points. (B) Light 
diverging from a single point source forms an 
aberrated wavefront as it emerges from an irregular 
optical media unable to form a parallel beam of light.
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human eye, the pupil. In 1896, the German physicist, Arnold 
Sommerfeld, defined diffraction as “any deviation of light 
rays from a rectilinear path which cannot be interpreted as 
a reflection or refraction”.12 Diffraction is important in image 
quality because it sets limits to the resolution of an image.13 
When a wavefront propagates without interruption, the 
array of point sources combine and interfere to form a new 
wavefront of similar shape as the previous one. When the 
same wavefront is interrupted by an aperture, the waves 
from the array of point sources combine and form a different 
shape. As the aperture’s diameter increases, light is diffracted 
less.14,15 This principle was described by Huygens & Fresnel.16

The Stiles–Crawford effect17 is another factor which influ-
ences image quality. This is the effect of light entering the 
cones transversely from the pupil margin, which is perceived 

Optical limitations to vision
We cannot discuss the limitations that a human eye’s optics 
impose on the image quality without introducing the con-
cepts of point spread function (PSF) and modulation trans-
fer function (MTF). To further understand this, we must 
think of the eye as a camera. Where the cornea, crystalline 
lens and vitreous are the optical lenses of a camera, the pupil 
is the aperture, and the retina is the photographic film on 
which the images will be imprinted (Box 2.1).

PSF is the intensity with which an optical system distrib-
utes an image from a point source onto the retina. The point 
source is influenced by the pupil size. The larger the pupil, 
the more irregular the shape of the point source imaged on 
the retina (Fig. 2.3).2–4

MTF is the ability of the eye’s optics to focus a sharp image 
on the retina with high contrast. As light passes through 
optical structures of the eye, it undergoes a process of  
“degradation” which can be measured by MTF. If we  
present an optical system with patterns of light and dark  
bars and measure their luminance, we are measuring the 
“modulation” or contrast of the light.5–7

M
Maximum Luminance Minimum Luminance

Maximum Luminance M
= −( )

+ iinimum Luminance( )

MTF involves spatial frequency and measures the sine 
waves (Fourier transformation) of the light source in cycles 
per degree (c/deg), which is similar to sound frequency 
being measured in Hertz (cycles per second). MTF is defined 
as the modulation of the image, Mi, divided by the modula-
tion of the stimulus (the object), Mo, giving rise to the  
following equation:5–7 

MTF v Mi Mo( ) =

Low spatial frequency corresponds to large angular 
spacing between white bars (wide grating) and high spatial 
frequency corresponds to fine grating (Fig. 2.4). The spatial 
frequency of the images entering the eye can be influenced 
by the pupil size – the wider the pupil, the higher the spatial 
frequency of an object that can be perceived by the eye. 
However, the highest spatial frequency that can be detected 
by the visual system is also limited by the number of pho-
toreceptors densely packed in the fovea also known as the 
Nyquist Sampling Limit. The Nyquist Sampling Limit states 
that spatial frequencies are only detected when they are less 
than one half the sampling frequency. The human eye 
cannot detect sampling frequencies higher than 60 c/deg, 
because the cones on the fovea provide a sampling rate of 
about 120 c/deg (Fig. 2.5).8–11 Our brain compensates for 
much of this retinal undersampling, making us interpret 
images as being sharp.11

Diffraction is a phenomenon which occurs when light 
waves are bent as they enter an aperture – in the case of the 

Figure 2.3 Point spread function and pupil size. Point spread function is 
the intensity with which an optical system focuses an image from a point 
source on the retina. Note how the blurring of the point source increases as 
the size of the pupil increases. (Modified from Azar D. Refractive surgery, 2nd edn. 

New York: Mosby. Copyright Elsevier 2006)
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• Pupil size
• Nyquist sampling limit
• Diffraction
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index of refraction of the media is not the same for all wave-
lengths. It can be longitudinal or transverse. In longitudinal 
chromatic aberrations, the wavelengths focus at a different 
distance from the lens.18 The index of refraction of a medium 
is higher for shorter wavelengths. This explains why the 
cornea focuses blue light (455–492 nm) in front of the 
retina when the eye is corrected for green light (492–
577 nm). Transverse chromatic aberrations occur when 
wavelengths focus at different positions of a focal plane, 
such as seen when a pupil is de-centered.

Monochromatic aberrations
Monochromatic aberrations are defects of an image caused 
by the nature of a lens. An irregular-shaped cornea or an 
aging crystalline lens (e.g. cataract) produce monochromatic 
aberrations (Box 2.2).

Piston and tilt are not considered true optical aberrations, 
as they do not represent a curvature of wavefront. Piston and 
tilt are monochromatic aberrations which are not visually 
significant. Defocus and astigmatism are the lowest-order 
true optical aberrations.

Helmholtz19 theorized the existence of these aberrations 
by observing a point source of light with his own eyes.  
He proposed that the human eye perceived aberrations 
which were not seen through conventional lenses. Liang & 
Williams20 later would develop a technique to objectively 
measure the wavefront aberrations of the eye up to 10 radial 
orders using a Shack–Hartmann device.21 The wavefront 
aberrations captured by the device are then transmitted to a 
computer which uses Zernike polynomials to calculate and 

half as bright as the light entering the center of the pupil. In 
simpler terms, light that passes through the edge of the pupil 
contributes less to image quality than light entering the 
center of the pupil.17

Aberrations
Aberrations are dictated by the performance of any given 
optical system. They occur when light from one point of an 
object after transmission through the system does not con-
verge into (or does not diverge from) a single point causing 
image blur. There are two classes of aberrations: chromatic 
and monochromatic. Theoretically, correcting both chro-
matic and monochromatic aberrations increases the contrast 
of images focused on the retina (contrast sensitivity).

Chromatic aberrations
Chromatic aberration is also known as “achromatism”. It is 
defined as the inability of a lens to focus all colors of light 
on a single point. A rainbow is formed by droplets of water 
which bend color wavelengths differently producing chro-
matic aberration. Chromatic aberration arises because the 

Figure 2.4 Modulation transfer function. MTF is the 
ratio of image to object contrast as determined by  
the spatial frequency of a sinusoidal grating. Curve A 
(blue) represents the MTF of an aberration-free optical 
system and curve B (purple) that of an aberrated optical 
system. Notice how image contrast is less at all spatial 
frequencies for the aberration-free optical system when 
compared to the aberrated optical system when looking 
at the images to the left. (From Azar D. Refractive surgery, 2nd 

edn. New York: Mosby. Copyright Elsevier 2006)
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(Fig. 2.7). This, of course, provided a subjective way of meas-
uring aberrations, but is nonetheless a bright idea. In 1900, 
Hartmann developed a device, based on the principle of 
Scheiner’s Disk, which constructed wavefront aberrations 
based on ray-tracing.30 In the late 1970s Howland et al devel-
oped a different aberroscope and discovered that higher-
order aberrations, specifically coma, were the principal 
aberrations present in normal eyes at every pupil diameter. 
They were also the first to introduce Zernike polynomials to 
measure wavefront aberrations.30,31

In the field of astrophysics, wavefront technology emerged 
from the need to perfect telescopic devices used to view 
distant stars, planets, and galaxies. The Hubble telescope 
uses the Shack–Hartmann wavefront sensor and adaptive 
optics in the form of deformable mirrors to compensate for 
monochromatic aberrations induced by the atmosphere as 
light enters the earth and increasing image resolution. In 
1978, Josef Bille was the first to develop this type of wave-
front technology for the eye at the University of Heidelberg, 
Germany. A Shack–Hartmann sensor device works by detect-
ing aberrated light waves reflected by the retina emerging 
from the eye on an array of tiny lenses (lenslets) (Fig. 2.8).32 

represent them as a two-dimensional image. It is the correc-
tion of these monochromatic aberrations by spectacles, 
contact lenses, intraocular lenses and refractive surgery, 
which have been proved to result in improvement of visual 
performance.22

Measuring optical aberrations

The interest in measuring wavefront aberrations in ophthal-
mology grew as refractive surgery became more and more 
popular in the last 20 years. Coma and spherical aberrations 
are secondary effects of standard laser corneal ablations. In 
normal eyes, wavefront aberrations are not a significant 
source of image quality degradation. In post-refractive 
surgery eyes, the induction and worsening of pre-existing 
higher-order aberrations worsens as pupil size increases. The 
effect of “starbursts” and “glare” are the product of induced 
higher-order aberrations, which become more problematic 
for patients while functioning under poor light conditions. 
Modern technological advances in the field have enabled us 
to detect these aberrations and create “customized” corneal 
ablations to reduce them.

Aberrometry and wavefront sensing devices
The term “aberrometry” is used to describe the science of the 
detection and analysis of wavefront aberrations. To interpret 
optical aberrations, we must become familiar with the 
concept of optical path length (OPL). Earlier in this chapter, 
we learned how waves of light are slowed down as they 
travel through the higher index of refraction present in the 
ocular media compared to air for the same length. This 
results in higher oscillations of the waves within the eye. 
Thus, OPL is defined by the number of oscillations of these 
light waves from a point source of light, traveling through a 
media of x index of refraction at any given length.23,24 To 
measure aberrations in any optical system, we compare the 
OPL of a light ray passing through any point (x,y) present 
at the plane of the pupil with the chief ray passing though 
the center of the pupil (0,0). This results in what is then 
called the optical path difference (OPD),25 and its variation 
across the pupil is represented in a two-dimensional map.24 
Thus, optical aberrations represent differences in OPL which 
are influenced by the integrity of the optical media (i.e. tear 
film quality,26 corneal defects and irregularities (i.e. kerato-
conus),27 opacifications in the crystalline lens,28 vitreous 
abnormalities, and decentering or tilting of any ocular 
component).

Christopher Scheiner, a German astronomer from the 
1600s, set the platform for modern aberrometry and wave-
front sensing devices with the invention of the Scheiner 
Disk. He reasoned that an optically imperfect eye would 
form two separate images on the retina when looking at a 
distant light source through a disk containing two pinholes 
(Fig. 2.6).

In 1895, Tscherning29 developed an instrument to measure 
aberrations of the eye consisting of a grid with 1-mm squares 
on a +5 diopter lens. He called his instrument an “aberro-
scope”, and it worked by placing the instrument in front of 
an individual’s eye while viewing a light source. The indi-
vidual would then interpret the shadows and draw them 

Figure 2.6 Scheiner’s disk. An ammetropic eye forms two separate retinal 
images when viewing a distant light source through a disk with two 
pinholes.
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Figure 2.7 Tscherning aberroscope. This aberroscope used a +5 diopter 
lens with a grid composed of 1-mm squares. The subject views a distant 
light source through the grid and draws the distortions on paper.
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termed higher-order aberrations. Each Zernike mode has a 
value expressed as the root mean square in microns (RMS) 
or as a standard deviation across the pupil40 and serves as a 
means of quantifying the severity of the aberrations present 
in an eye.

There are multiple wavefront sensing devices commer-
cially available thanks to the increase in demand of custom-
ized laser refractive surgery in the past years. Companies like 
Alcon, Visx, Bausch and Lomb, Meditec, Schwind and 
Topcon use the Shack–Hartmann device as a basis for wave-
front analyses. Only WaveLight utilizes a device named after 
Tscherning (Tscherning Aberrometer) in their systems. The 
Tscherning device detects wavefront patterns by shining a 
laser through a grid into the eye and analyzing the pattern 
imprinted on the retina (Fig. 2.10). A modification of this 
method using a rapidly placed, sequential pattern of rays is 
utilized by Tracey. These two methods are a form of “ray 
tracing” and the former was introduced by Theo Seiler (Fig. 
2.11).41,42 Emory University has developed an aberrometer 

This technology has also been employed by scientists from 
the University of Rochester to experimentally image the cone 
photoreceptors of the fovea in real time.1

In the eye, the cornea and the crystalline lens act much 
as the earth’s atmosphere in inducing monochromatic aber-
rations. Because these structures have a circular form, the 
aberrations may be mathematically described by a series of 
polynomials called Zernike polynomials, named after Frits 
Zernike. Zernike polynomials are the preferred method of 
representing wavefront aberrations for various reasons.33–36 
They are mathematically stable, they are based on circular 
geometry, and they are continuously orthogonal over a unit 
circle.33,37,38 They are reported as a single- or double-indexing 
scheme, or as a system of coordinates.39 Figure 2.9 shows the 
first five radial orders of the Zernike pyramid used to describe 
the eye’s wave aberrations.

Lower-order aberrations are simple refractive errors such 
as defocus and astigmatism, which can be corrected by con-
ventional refraction. Third-order aberrations and higher are 

Figure 2.8 The Shack–Hartmann sensor. Light is reflected on the retina from a point source and the emerging wave from the eye is transmitted through 
an array of lenslets which focus the wavefront on a CCD device and processed in a computer to produce a two-dimensional image. In an aberration free eye 
(A) a planar wave emerges from the eye showing no distortion of the spots focused by the array of lenslets. In an aberrated eye (B), the wavefront emerging 
from the eye is distorted and the focused spots are deviated. (From Azar D. Refractive surgery, 2nd edn. New York: Mosby. Copyright Elsevier 2006)

A Planar WF

B
Distorted WF Spots deviation
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Wavefront sensing devices
See Box 2.3.

Correcting higher-order aberrations

The main focus of laser refractive surgery nowadays is to not 
only correct refractive errors such as defocus and astigma-
tism, but to create customized ablations which compensate 
for induced higher-order aberrations (HOA) such as spheri-
cal aberration (optimized ablation) and also correct pre-
existing aberrations (customized ablation). It has been 
proven by experimental correction of ocular aberrations 
with adaptive optics that the image quality improves by 
increasing contrast sensitivity.45

Visual disturbances associated with HOA
Because an aberrated eye generally has multiple kinds of 
aberrations present, it is difficult to pinpoint exactly which 
aberration causes a certain kind of symptom. We know that 

(Ingoing Adjustable Aberrometer) which measures light rays 
manually focused on the retina by the subject being tested. 
Nidek (Nidek OPD) uses a mechanism to measure aberra-
tions called Slit Skiascopy,43 in which a slit of light scans the 
eye along different axes. Photodetectors then determine the 
timing and scan rate of the light reflected to construct  
the wavefront.

Wavefront sensing devices not only measure aberrations 
but also function as refractometers, giving us an idea of the 
patient’s spherocylindrical refractive error. The refraction 
provided by these devices is not entirely accurate and should 
be complemented by a proper manifest and cycloplegic 
refraction44 before transferring these numbers to the laser 
device.

Figure 2.9 Zernike pyramid. The Zernike functions up to the fifth radial 
order are represented. n represents the radial order and f the meridional 
frequency. Lower-order aberrations are those of the 2nd radial order 
(astigmatism and defocus). 3rd radial order and higher are considered 
higher-order aberrations. Clinically significant HOAs such as coma and  
trefoil are of the 3rd radial order, and spherical aberrations are of the 4th 
radial order.

Figure 2.10 Tscherning aberrometer. Laser light is shined through a grid into the eye. The aberrated waves focused on the retina are then captured and 
analyzed.
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Box 2.3 Wavefront sensing devices

Type of device Companies

Shack–Hartmann Alcon

VisX

Bausch & Lomb

Meditec

Schwind

Topcon

Tscherning aberrometer WaveLight

Laser ray tracing Tracey Technologies

Slit skiascopy Nidek OPD
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visual perception and the quality of the retinal image. The 
task of assessing visual perception is challenging because of 
the complex neural and cognitive processing involved. 
Retinal image quality can be assessed using aberrometers.

Most of the results highlighting the benefit of customized 
corneal ablations use the Snellen acuity chart, root mean 
square (RMS) wavefront values and contrast sensitivity. Data 
on the benefit of HOA correction varies between the differ-
ent excimer laser platforms used for customized corneal 
ablations. Studies have shown stability of contrast sensi-
tivity under mesopic conditions and less induction of HOA 
after customized LASIK when compared to conventional 
LASIK.48,49 But wavefront guided treatments require greater 
corneal tissue ablation than conventional LASIK, thus 
putting the cornea at risk for biomechanical instability (i.e. 
keratectasia).50 The studies suggest, however, that spherical 
aberrations are reduced almost 50% in custom treatments vs 
only 12% in conventional treatments. Thus, it is safe to 
conclude, that under the right conditions, customized treat-
ments are superior to conventional treatments when using 
laser vision correction. Later in this chapter, the clinical 
application of HOA correction will be discussed in more 
detail.

Factors which limit the benefit of  
HOA correction
Customized corneal ablations are intended to correct the 
overall aberrations of the eye. The treatment not only reduces 
the aberrations induced by the cornea, but it is also designed 
to shape the cornea in a way to compensate for other aber-
rations that may be induced by the tear film quality, pupil 
or the crystalline lens. The tear film contributes to up to 70% 

Figure 2.11 Wavefront analyses using the ray tracing method. Using the laser ray tracing method, a laser beam is reflected by a mirror (M) to enter the eye, 
and a camera (C) rapidly scans and registers the deviation of light emerging from the retina. (From Azar D. Refractive surgery, 2nd edn. New York: Mosby. Copyright 

Elsevier 2006)
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Box 2.4 Visual effects of aberrations

• Glare
• Starbursts
• Haloes
• Ghost images
• Poor image contrast
• Poor night vision

in general, patients with significant higher-order aberrations, 
such as a side effect of conventional refractive surgery, com-
plain of glare, starbursts, haloes, ghost-images, poor contrast 
and poor night vision (see Box 2.4). Fortunately, these symp-
toms do not happen frequently, and they tend to occur 
under con ditions of dim illumination because of the result-
ing pupil dilatation. The extent to which these limit a per-
son’s ability to function normally, however, may vary from 
mild to severe.

Visual performance after correcting HOA
We are yet to develop an ideal system to clinically assess 
visual performance pre-operatively and post-operatively in 
patients undergoing refractive surgery. The Snellen acuity 
chart is the standard clinical form of assessing visual acuity 
and is far from perfect. A dim illuminated chart and “crowd-
ing” phenomenon limit the test’s ability to accurately esti-
mate visual acuity.46 Furthermore, studies have shown poor 
reliability with up to 13% of subjects tested showing discrep-
ancies of two lines or more.47 The ideal method for testing 
visual acuity would be one that clearly defines the quality of 



SECTION 1 Focusing of an image on the retina   Chapter 2  Optical Aberrations and Wavefront Sensing

36

formation of cataracts in the crystalline lens and its change 
in radius of curvature as it ages, also produce aberrations in 
the eye, with coma being predominant.28,59 In Figure 2.14, 
we can appreciate the aberrations caused by different types 
of cataracts. The group concluded that coma aberrations 
predominated in cortical cataracts, and spherical aberrations 
predominated in nuclear cataracts.28 Interestingly, in a study 
by Lee et al59 the amount of spherical aberrations present 
was found to be inversely proportional to the degree of 
nuclear sclerosis. This discordance may be caused by the 
different aberrometers used and difference in pupil sizes 
used to collect the data. Thus, this topic remains controver-
sial. It is helpful to keep in mind that even though we correct 
HOAs in a patient at a certain age, these will change with 
time due to changes in the internal optics of the eye.

to the corneal refractive power.51 Dry eyes, for example, 
have greater coma and spherical aberrations compared to 
non-dry eyes.52

Diffraction caused by the pupil causes a great impact on 
the quality of the retinal image, and is directly proportional 
to the pupil size. These changes in image quality may be 
assessed by measuring PSF and optical transfer function 
(OTF). Figure 2.12 shows how pupil size affects the PSF at 
different pupil diameters in a typical eye compared to a 
diffraction-limited eye (free of aberrations). We can observe 
how at smaller pupil sizes, diffraction is the main source of 
poor image quality. But as the pupil diameter increases, 
aberrations degrade the image more than diffraction. As pre-
viously discussed in this chapter, pupil diameter also affects 
MTF. Figure 2.13 displays the ratio of image contrast to 
object contrast as a function of the spatial frequency of a 
sinusoidal grating.

Accommodation also plays a role in correcting HOAs. In 
young subjects accommodating on near targets, MTF 
decreases because of the miosis which occurs during accom-
modation,53–57 and also because aberrations also increase 
during accommodation. As the patient ages, the correction 
of aberrations becomes less efficient because the initial cor-
rection plan is based on the patient’s accommodative status 
at the time of examination.

It is well known and documented in the literature that 
ocular aberrations change as the eye ages.57 Age-related 
corneal and crystalline lens changes alter the aberrated status 
of the eye.58 In young subjects, the cornea usually has “with-
the-rule” astigmatism, with the vertical meridian being 
steeper. In older subjects, the steepening of the cornea shifts 
horizontally, causing “against-the-rule” astigmatism. The 

Figure 2.12 (A) Point spread function in an aberration free optical system. 
(B) Point spread function in an optical system with higher-order aberrations. 
(From Azar D. Refractive surgery, 2nd edn. New York: Mosby. Copyright Elsevier 2006)

Optical system with NO optical aberrations

Optical system with high-order optical aberrations

High order aberrations: advanced or retarded phases

PSF

PSF

0o180o

Figure 2.13 Pupil diameter and MTF. This graph represents the importance 
of pupil diameter and MTF in an aberration free optical system. As pupil 
diameter increases the MTF ratio (contrast) increases as a function of spatial 
frequency.
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Figure 2.14 Higher-order aberrations in the aging crystalline lens. 
Wavefront analyses of patients with cortical, nuclear and posterior 
subcapsular cataracts measured at pupil diameters of 6.0 mm (Data from 
Rocha KM, Nose W, Bottos K, et al., Higher-order aberrations of age-related 
cataract. J Cataract Refract Surg 2007. 33(8): 1442-6.28).
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ensure proper functioning of eye tracker, and calculate 
enough residual stromal bed to prevent ectasia.

Correcting HOA with spectacles, contact 
lenses and intraocular lenses
What happens to those individuals who are poor candidates 
for customized refractive surgery? These patients are obli-
gated to correct their refractive errors with spectacles or 
contact lenses, or undergo corneal cross-linking with ribo-
flavin and ultraviolet light prior to refractive surgery. Since 
there are inherent problems with how these devices are ade-
quately aligned and synchronized to the eye, it has been 
challenging to apply wavefront technology to them. We will 
discuss HOA correction with intraocular lenses in the latter 
part of this section.

For wavefront-customized spectacles to work, they would 
have to be stable enough to not decenter with head move-
ments, and they would have to be designed in such a way 
that the aberrations would be corrected in all fields of  
gaze and at different pupil sizes. Ophthonix, Inc. (Vista, CA), 
has designed a lens available for commercial use, which 
consists of a three-layer structure with a refractive index  
of 1.6. The middle layer consists of a patented photo- 
polymer in between two coated lenses. The lens corrects 
HOAs from the 2nd to 6th order using wavefront guided 
technology. The company’s aberrometer measures both 
lower- and higher-order aberrations using the “Talbot” 
effect.63 Thibos & Miller, from the University of Indiana, are 
working on developing an electronic spectacle device which 
may potentially compensate for HOA. It consists of using 
transparent liquid-crystals embedded on glass providing it 
with the capability of varying its refractive index.64 This 
would potentially provide patients with the advantage of 
electronically adjusting the spectacle according to their 
visual demands.

The use of customized contact lenses that would correct 
HOAs has also been proposed.25 As we know, there are rigid 
gas permeable (RGP) and soft contact lenses. In a clinical 
setting, RGP lenses are helpful in correcting refractive errors 
in highly irregular corneas. The smooth contour of their 
anterior and posterior curvatures, coupled with the tear film 
formed within the interface, provide a new refracting surface 
for the eye. These lenses are designed to move freely, reach-
ing up to 1mm of decentration from the referent visual axis 
of the eye with every blink.65 Needless to say, a wavefront-
customized RGP would have to sit on the eye in a stable 
manner such that its movement relative to the visual axis 
would be minimal. This property makes RGP lenses difficult 
for correcting HOAs such as coma and trefoil. These aberra-
tions are present in higher magnitude in the general popula-
tion66 and are also the most sensitive to rotational 
misalignment. Soft contact lenses, on the other hand, are 
much more stable and less likely to undergo misalignment 
relative to the visual axis. This is especially true for prism-
ballasted lenses, currently available for the correction of 
spherical and cylindrical errors (e.g. toric lenses). These 
lenses rotate less than 5° with every blink, which is ideal for 
HOA correction because coma, trefoil, and astigmatism are 
tolerant to mis-rotations of up to 60°.67

The most common surgical procedure in ophthalmology 
in patients over 60 years of age is cataract surgery with 

Clinical applications of wavefront 
aberration correction

In the previous sections of this chapter, we have attempted 
to provide the reader with a basic science knowledge of 
wavefront optics and how the correction of HOAs could 
potentially improve image quality overall. With an increas-
ing market and demand for super sharp vision (i.e. “super-
vision”), scientists have worked hard at making this 
technology clinically available in many different forms. We 
will review the different types of wavefront guided corneal 
ablations and the future of HOA correction with spectacles, 
contact lenses and intraocular lenses.

Corneal ablations
There are several laser platforms utilized for corneal abla-
tions. These range from the simple conventional treatments 
to the more sophisticated topographical guided and wave-
front customized ablations. Differences in these treatment 
modalities lie in the type of beam delivery, spot size, treat-
ment zone, and amount of tissue ablated for each diopter  
of refractive error treated. For the purpose of this chapter,  
we will only discuss the wavefront customized corneal 
ablations.

There are two types of wavefront customized ablations: 
wavefront guided ablations (WGA) and wavefront opti-
mized ablations (WOA). Let us first discuss the differences 
between these two.

Both types of treatment aim to correct for HOAs in the 
eye. In WGA, the treatment is aimed to correct the pre-
operative HOAs, while in WOA, the treatment attempts to 
reduce HOAs generated during surgery. The WOA profile 
corrects expected HOAs for an average eye, and those  
that are anticipated as a result of the surgery. This means  
that an eye with higher than normal HOAs, will end up  
with near equally high HOAs after treatment.60,61 Wave-
front guided ablations may be better at correcting high  
pre-operative HOAs because new post-treatment HOAs  
may be less than HOAs present pre-treatment. Studies  
comparing the two profiles have concluded that WGA may 
be the preferred method in eyes with RMS errors >0.3 µm. 
Padmanabhan et al61 found that WGA induced fewer HOAs 
and had better contrast sensitivity after surgery. Another 
study found higher total RMS errors in patients after WOA 
than in those after WGA.62 After statistical analyses, however 
these differences were not statistically significant. With new 
programs available, there is the possibility of combining 
both treatment algorithms to make a better ablation profile 
(Allegretto Wave, WaveLight Laser Technologie AG).60 Such 
programs are currently undergoing FDA trials and awaiting 
approval.

Excimer lasers used to treat wavefront-customized abla-
tions typically use a small-diameter and circular flying spot 
laser. The cornea is ablated by delivering multiple pulses, 
and the energy used by each spot is generally Gaussian in 
order to obtain smooth surfaces. Because these ablation pro-
files can be used to treat very irregular corneas, many techni-
cal aspects must be addressed. In order to achieve adequate 
outcomes, the surgeon should obtain reliable wavefront 
analysis, compensate for cyclotorsion during treatment, 
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removal of the natural crystalline lens and implantation of 
an intraocular lens (IOL) in the remaining capsular bag. 
Since nearly 3 million cataract surgeries are performed in the 
US each year, one can infer that a significant amount of 
research is currently being focused on designing customized 
intraocular lenses. Studies have shown that implanted 
monofocal spherical IOLs induce positive spherical aberra-
tions.68,69 To compensate for positive spherical aberration, 
aspheric IOLs were designed and are commercially available, 
such as the Tecnis-Z9000 (Pfizer, New York, NY) and 
SN60WF (Alcon, Fort Worth, TX). These lenses are designed 
with a prolate anterior surface, hence the term aspheric, and 
have the same radius of curvature at every point on the 
surface. Clinical studies have shown that implanted aspheric 
IOLs markedly increase the MTF with a resultant improve-
ment in image contrast in comparison to monofocal spheri-
cal IOLs.70 Also commercially available are toric IOLs such 
as the STAAR toric IOL (STAAR Surgical, Monrovia, CA) and 
the Acrysof SA60TT (Alcon, Fort Worth, TX), which correct 
corneal astigmatism. The benefit of both aspheric and toric 
IOLs depends largely on their centration and stability within 
the capsular bag. In the future, we may encounter light 
adjustable IOLs, which once implanted in the eye, may be 
altered to compensate for residual refractive errors and even 
HOAs by irradiating the optic with blue light to polymerize 
monomers and set up a diffusion gradient to alter the lens 
shape (Calhoun Vision, Pasadena, CA).

In conclusion, the “Quest for Super-Vision”, as described 
by leading investigators in the field of wavefront technology, 
holds a promising and exciting future. In the last decade, 
large contributions to the field have been made and con-
tinue to flourish. The clinician must be aware of these rapid 
changes to provide patients with state-of-the-art technology 
to improve their quality of vision and life. Currently there is 
no perfect way to treat HOAs. Customized corneal ablations, 
however, offer the most stable form of HOA correction, and 
the industry is working diligently at perfecting customized 
soft contact lenses and intraocular lenses.
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C H A P T E R 3 

Accommodation
Adrian Glasser

Introduction
“There is no other portion of physiological optics where one finds 
so many differing and contradictory ideas as concerns the 
accommodation of the eye where only recently in the most recent 
time have we actually made observations where previously 
everything was left to the play of hypotheses”

H Von Helmholtz (1909)

It is primarily due to Helmholtz1 that we owe our current 
understanding of the accommodative mechanism of the 
human eye (Fig. 3.1). His insight came from his own work 
and from pioneers before him. Thomas Young2 was instru-
mental in demonstrating that accommodation occurs, not 
through changes in corneal curvature or axial length as those 
before him believed,3 but through changes in the curvature 
of the lens. Young’s painstaking anatomical investigations 
were insufficient for him to rule out the possibility that the 
crystalline lens received direct innervation from a branch of 
the ciliary nerves to allow it to contract as a muscle. It was 
only after the work of Crampton,4 who first described the 
ciliary muscle from his investigation of bird eyes, that a 
mechanistic description of how the ciliary muscle might 
alter lens curvatures was proposed by Müller.5 Understand-
ing of human accommodation was mired by confusion from 
numerous investigations of the eyes of birds and other ver-
tebrates, studied for their comparatively large size to gain 
insight into the human accommodative mechanism (Box 
3.1). However, these species are now known to accommo-
date through mechanisms quite different from humans.6–8 
Current understanding of accommodation stems from the 
work of many early investigators including Brücke,9 Cramer,10 
Hess,11 Müller,5 Helmholtz and Gullstrand.1 This path was 
made tortuous by the diversity of accommodative mecha-
nisms of the various vertebrates studied. Possibly the most 
ancient of accommodative mechanisms is that of the sau-
ropsidae (lizards, birds and turtles). Although these eyes 
differ from the primate eye, these species share many unusual 
ocular characteristics among themselves including striated 
intraocular muscles, bony plates or ossicles in the sclera, 
attachment of the ciliary processes to the lens equator, the 
absence of a circumlental space, a lens annular pad, and  
in some species at least, corneal accommodation and iris-
mediated lenticular accommodation.

The wide diversity of avian visual habitats (aerial, aquatic, 
terrestrial), eye shapes (tubular, globose and flattened), and 
feeding behaviors in all likelihood dictates their accommo-
dative needs. Corneal accommodation, of considerable 
value to terrestrial birds, is of no value to aquatic birds where 
the corneal optical power is neutralized under water. The 
evolutionarily divergent accommodative mechanisms, or the 
absence of accommodation in other vertebrates is, by rea-
sonable conjecture, determined by feeding behaviors. Her-
bivorous animals (sheep, horses, cows, etc.), those which 
forage and dig for food primarily using olfactory cues (pigs), 
or those with nocturnal eyes and relatively poor visual abili-
ties (mice, rats, rabbits) have little need for accommodation. 
Carnivores have better-developed ciliary muscles than these 
other species, but still have relatively little accommodative 
ability; the raccoon is the only non-primate terrestrial 
mammal with substantial accommodative amplitude.12 Cats 
are suggested13–15 and raccoons12 and fish shown to translate 
the lens forward without lenticular thickening.16–18 Other 
adaptations in the lens, iris, or retina allow other lower ver-
tebrates functional near and distance vision, although these 
cannot be classified as true accommodation since they rely 
on static optical adaptations.

Among the vertebrates that do accommodate, amplitudes 
vary considerably. Diving birds have among the largest 
amplitudes with cormorant having ~50 D11 and diving 
ducks suggested to have 70–80D.19 Among the mammals, 
vervet and cynomolgus monkeys have approximately 
20 D,20–22 young rhesus as much as 40 D23 and raccoons 
about 20 D.12 Humans, for only a few short childhood years, 
may have a maximum of about 10–15D measured subjec-
tively24 or about 7–8 D measured objectively,25 but find 
much less accommodation adequate for most visual tasks. 
Although accommodative amplitude gradually declines 
until completely lost by about age 50 years, to most indi-
viduals the deficit appears to be of sudden onset when the 
accommodative amplitude is diminished to a few diopters 
as presbyopia develops. Although presbyopes may read at 
intermediate distances, this is almost certainly due to depth 
of field (see below) resulting from pupil constriction rather 
than active accommodation. The word presbyopia (Greek, 
presbys meaning an aged person and opsis meaning vision) 
possibly derives from Aristotle’s use of the term presbytas to 
describe “those who see well at distance, but poorly at 
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near”.26 Historically the term was used to describe the condi-
tion where the near point has receded too far from the eye 
due to a diminution in the range of accommodation.27 
Despite the wealth of studies of accommodation on verte-
brates, only primates are shown to systematically lose the 
ability to accommodate with increasing age. It may be no 
coincidence that although absolute life spans differ consider-
ably, the relative age course of the progression of presbyopia 
is similar in humans and monkeys (Fig. 3.2).

Accommodation

Accommodation is a dynamic, optical change in the dioptric 
power of the eye allowing the point of focus of the eye to 
be changed from distant to near objects. In primates this is 

Figure 3.1 Diagram showing the mechanism of accommodation of the human eye as described by Helmholtz. The left half depicts the eye in the 
unaccommodated state and the right half depicts the eye in the accommodative state. Helmholtz described an increase in lens thickness, an increase  
in the anterior surface curvature, an anterior movement of the anterior lens surface, but no posterior movement of the posterior lens surface. Key: S, sclera,  
s, Schlemm’s canal; h, cornea; F, side for far vision; m, unaccommodated lens; n, accommodated lens; q, iris; p, trabecular meshwork; f, clear cornea;  
g, limbus; N, side for near vision; C–D, optical axis). (From Helmholtz von HH. Helmholtz’s Treatise on Physiological Optics. Translation edited by Southall JPC in 1924 

(original German in 1909). New York: Dover, 1962: vol. 1, ch. 12.)
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Figure 3.2 Progression of presbyopia in humans (Duane, 1912, small solid 
black symbols) as measured subjectively using a push-up test, and in rhesus 
monkeys (Bito et al, 1982, larger gray symbols and solid line) as measured 
objectively with a Hartinger coincidence refractometer following topical 
application of the cholinergic agonist pilocarpine. The horizontal axis is in 
human years and the rhesus data are scaled to human years such that 25 
rhesus years is equivalent to 52 human years. The vertical axis is scaled such 
that the mean amplitudes of 14 D in humans is equivalent to 37 D in rhesus. 
In humans and rhesus monkeys, presbyopia progresses at the same rate 
relative to the absolute age span of each species. (From Bito LZ et al. Invest 

Ophthalmol Vis Sci 1982; 23:23; and Duane A. J Am Med Assoc 1912; 59:1010. 

Reproduced with permission from Association for Research in Vision and 

Ophthalmology.)
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Box 3.1 Accommodative mechanism

•	 Accommodation	is	a	dioptric	change	in	optical	power	of	the	
eye	due	to	ciliary	muscle	contraction

•	 Accommodation	occurs	largely	in	accordance	with	the	
mechanism	originally	proposed	by	Helmholtz

•	 Ciliary	muscle	contraction	moves	the	apex	of	the	ciliary	body	
towards	the	axis	of	the	eye	and	releases	resting	zonular	
tension	around	the	lens	equator

•	 When	zonular	tension	is	released,	the	elastic	lens	capsule	
molds	the	young	lens	into	a	more	spherical	and	
accommodated	form

•	 During	accommodation,	lens	diameter	decreases,	lens	
thickness	increases,	the	anterior	lens	surface	moves	anteriorly,	
the	posterior	lens	surface	moves	posteriorly	and	the	lens	
anterior	and	posterior	surface	curvatures	increase,	the	
thickness	of	the	nucleus	increases,	but	without	a	change	in	
thickness	of	the	cortex

•	 The	increase	in	curvature	of	the	lens	anterior	and	posterior	
surfaces	results	in	an	increase	in	optical	power	of	the	lens

•	 The	physical	changes	in	the	lens	and	eye	result	in	an	increase	
in	optical	power	of	the	eye	to	focus	on	near	objects
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cortex to about 1.406 at the center of the nucleus of the lens. 
The gradient refractive index of the lens adds additional 
optical power to the lens because the gradient results in 
refraction of light throughout the lens. This results in light 
taking a curved path rather than a straight path through the 
lens. For simplified optical calculations, the more complex 
gradient refractive index of the lens is often substituted with 
a single equivalent refractive index value.

The extent to which the gradient refractive index adds 
additional optical power to the lens is evident when it is 
realized that for an equivalent refractive index lens to have 
the same shape and optical power as a gradient refractive 
index lens, the equivalent refractive index value must be 
greater than the highest refractive index value at the center 
of the gradient refractive index lens. The posterior surface of 
the crystalline lens has a radius of curvature of about 
–6.50 mm. Although the posterior lens surface has a nega-
tive radius of curvature, it is still a convex surface which adds 
optical power to the eye, and relatively more so than does 
the anterior lens surface since the lens posterior surface is 
more steeply curved than the lens anterior surface. The lens 
anterior and posterior surface curvatures (as well as the lens 
gradient refractive index) are important to the optical power 
of the eye and it is these surfaces that become more steeply 
curved to allow the accommodative increase in optical power 
of the lens to occur. Historically it was suggested that the 
posterior lens surface does not move1 and that the posterior 
lens surface curvature does not change appreciably with 
accommodation.1,29,30 However, it is now known that the 
posterior lens surface does undergo an increase in curvature 
and moves posteriorly during accommodation as the lens 
thickness increases.31–38 Gullstrand suggested that the lens 
equivalent refractive index must change during accommoda-
tion.39 Since the lens shape, axial thickness and equatorial 
diameter change during accommodation, this dictates that 
the form of the gradient refractive index of the lens must also 
change during accommodation.40,41 Although the form of the 
lens gradient refractive index changes as the lens changes 
shape during accommodation, this does not require a change 
in the equivalent refractive index of the lens during accom-
modation, at least to the extent that resolution limits of 
currently available technology permit this to be discerned.42

The optical requirements for 
accommodation

The optical power of the crystalline lens increases (i.e. the 
lens focal length decreases) during accommodation. As a 
consequence, the eye changes focus from distance to near so 
the image of a near object is brought to focus on the retina. 
The dioptric change in power of the eye defines accommoda-
tion and accommodation is measured in units of diopters 
(D). A diopter is a reciprocal meter and is a measure of the 
vergence of light. Light rays from a point object diverge and 
are by convention designated to have negative vergence. 
Light rays converging towards a point image are designated 
to have positive vergence (see Chapter 1). An object at 
optical infinity subtends zero vergence at the cornea. The 
optical interfaces of the eye (the cornea and lens) add posi-
tive vergence to draw light rays towards a focus on the retina 
(Fig. 3.3). When an object is moved from infinity to a point 

mediated through a contraction of the ciliary muscle, release 
of resting zonular tension around the lens equator, a decrease 
in lens diameter and a “rounding up” of the crystalline lens 
through the force exerted on the lens by the lens capsule. 
The increased optical power of the lens is achieved through 
increased anterior and posterior surface curvatures and 
increased thickness. In an unaccommodated, emmetropic 
eye (an eye without refractive error) distant objects at or 
beyond what is considered optical infinity for the eye (6 m 
or 20 ft) are focused on the retina. When an object is brought 
closer to the eye, the eye must accommodate to maintain a 
clearly focused image on the retina. Myopic eyes, typically 
too long for the optical power of the lens and cornea com-
bined, are unable to attain a sharply focused image for 
objects at optical infinity unless optical compensation is 
provided such as through negative powered spectacle lenses. 
Myopes can focus clearly on objects closer to the eye  
than optical infinity without accommodation (i.e. objects at 
their far point). Young hyperopes are only able to focus 
clearly on objects at optical infinity through an accommoda-
tive increase in the optical power of the eye provided  
their accommodative amplitude exceeds the amount of 
hyperopia.

Optics of the eye

Light from the environment enters the eye at the cornea and, 
in an emmetropic eye, is brought to a focus on the retina 
through the combined optical power of the cornea and the 
lens (see Chapter 1). When light from an object is focused 
on the retina, a clear, sharp image is perceived. This enables 
the performance of near visual tasks such as reading. If the 
image is not focused on the retina, these tasks become dif-
ficult or impossible to perform without optical compensa-
tion to bring the image to focus on the retina.

The optical elements of the eye, cornea, the aqueous 
humor, the crystalline lens and the vitreous humor all con-
tribute to the optical power of the eye (see Chapters 1 & 2). 
Specific details for schematic eyes are given in Bennett & 
Rabbetts.28 In the adult human eye an average, normal 
cornea has a radius of curvature of about +7.8 mm, a thick-
ness of about 0.25 mm near the optical axis and the cornea 
provides about 70 percent of the optical refracting power of 
the eye. Light passes from an air environment, with a refrac-
tive index of approximately 1.00, through the tear film and 
into the cornea. The cornea is composed largely of fluid and 
proteins and therefore has a refractive index greater than air 
of about 1.376. The optical power of the cornea is due to a 
combination of the positive radius of curvature and the 
higher corneal refractive index than the surrounding air. 
Light then passes through the cornea and into the aqueous 
humor. Since the refractive index of the aqueous humor is 
close to that of the cornea (about 1.336) there is relatively 
little optical effect at the posterior cornea/aqueous interface. 
Light then enters the anterior surface of the crystalline lens. 
The surface of the crystalline lens has a refractive index 
slightly higher than that of the aqueous humor (about 
1.386). The lens anterior surface has a radius of curvature of 
about +11.00 mm which adds to the optical power of the 
eye. The crystalline lens has a gradient refractive index that 
progressively increases from about 1.362 at the surface of the 
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Depth of field is defined as the range over which an object 
can be moved towards or away from the eye in object space 
without a perceptible change in the blur or focus of the 
image. The depth of field of an eye depends on many factors. 
For example, depth of field is dependent on pupil size. A large 
pupil results in a wide and steep cone of light converging 
towards the retina. A small error in image focus with respect 
to the position of the retina therefore results in a large change 
in image blur. A large pupil results in a relatively small depth 
of field. A small pupil results in a narrow and flat cone of light 
converging towards the retina. Small errors in image focus 
with respect to the position of the retina result in relatively 
small changes in image focus. A small pupil therefore results 
in a relatively larger depth of field.

The depth of field of an eye is dependent on the level of 
illumination because of the effect that illumination has on 
pupil diameter. For a brightly illuminated object, pupil size 
will decrease resulting in an increase in depth of field. The 
presence of optical aberrations such as astigmatism, coma 
and spherical aberration also act to increase the depth of 
field of an eye. The presence of ocular aberrations results in 
an image that is not in sharp focus on the retina. Therefore, 
small movements of the object in object space would not 
perceptibly alter the focus of the image on the retina in an 
eye with aberrations. With accommodation and with increas-
ing age the pupil size decreases. An effort to focus at near 
therefore increases the depth of field of the eye due to pupil 
constriction. When the nearest point of clear vision is 
assessed using subjective methods, such as the push-up or 
push-down method, the depth of field of the eye results in 

closer to the eye, the near object subtends divergent rays on 
the cornea. To focus on the near object, the optical power 
of the eye must increase to add positive vergence to the now 
divergent rays to bring the refracted rays to a focus on the 
retina. When an emmetropic eye is focused on a distant 
object the eye is considered unaccommodated. If the eye 
accommodates from an object at optical infinity to an object 
1.0 m in front of the eye, this represents 1.0 D of accom-
modation. If the eye accommodates from infinity to 0.5 m 
in front of the eye, this is 2 D of accommodation; from 
infinity to 0.1 m is 10 D, and so on. The accommodative 
response is therefore the increase in optical power that the 
eye undergoes to change focus from an object at optical 
infinity to the near object.

Depth of field

Clinically, the nearest point of clear vision is typically meas-
ured subjectively in an eye corrected for distance vision. This 
is done by moving a near reading chart towards the eyes while 
the subject is asked to report when they can no longer sustain 
clear vision on the near target or when the near target first 
becomes blurred. Although the reciprocal of this near reading 
distance expressed in meters is clinically referred to as the 
accommodative amplitude, this is technically inaccurate. The 
push-up test is a subjective measure of the difference between 
the far point and the near point expressed in units of diopt-
ers. However, this is not a measure of the true dioptric change 
in power of the eye because of the depth of field of the eye. 

Figure 3.3 The accommodative optical changes in the 
eye occur through an increase in optical power of the 
crystalline lens. (A) The unaccommodated emmetropic 
eye is focused on a distant object with the lens in an 
unaccommodated state. (B) A near object subtends 
divergent rays and in the unaccommodated eye the 
image would be formed behind the retina and is therefore 
out of focus when the lens remains unaccommodated.  
(C) In the accommodated eye, the in focus image of the 
near object is formed on the retina when the lens is in an 
accommodated state.
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constitute the suspensory elements of the crystalline lens. 
Posterior zonular fibers extend between the tips of the ciliary 
processes and the pars plana of the posterior ciliary body 
near the ora serata. The crystalline lens consists of a central 
nucleus and a surrounding cortex. This lens is surrounded 
by the collagenous elastic lens capsule.

The	ciliary	body
The ciliary body is a triangular-shaped region bounded on 
its outer surface by the anterior sclera and on its inner surface 
by the pigmented epithelium. It lies between the scleral spur 
anteriorly and the retina posteriorly. The anterior ciliary 
body begins at the scleral spur at the angle of the anterior 
chamber. The base of the iris inserts into the anterior ciliary 
body. Posterior to the iris, the ciliary processes are found  
at the anterior-innermost point of the ciliary body and form 
the corrugated pars plicata of the ciliary body. Posterior to 
the pars plicata the smooth surface of the ciliary body is 
called the pars plana. The vitreal surface of the pars plana is 
spanned by longitudinally oriented posterior zonular 
fibers.56–58 The most posterior aspect of the ciliary body 
joins to the ora serrata of the retina. The outer surface of  
the ciliary body beneath the anterior sclera is the supra-
choroidal lamina or supraciliarus, formed by a thin layer of 
collagen fibers, fibroblasts and melanocytes.59 Ultrastruc-
tural differences exist between the ciliary non-pigmented 
epithelial cells at the tips of the processes and those in the 
valleys, the former being adapted for fluid secretion and  
the latter for mechanical anchoring of the zonule.60 The 
length of the ciliary body from the tips of the ciliary proc-
esses to the ora serrata is longest temporally and shortest 
nasally.61

The	ciliary	muscle
The ciliary muscle occupies a triangular-shaped region 
within the ciliary body beneath the anterior sclera (Fig. 3.5). 
It has an anterior origin at the scleral spur in close proximity 
to Schlemm’s canal.61,62 Anterior ciliary muscle tendons 
insert into the scleral spur and the trabecular meshwork, 
which serve as a fixed anterior anchor against which the 
ciliary muscle contracts.59 Posterior to the scleral spur, the 
outer surface of the ciliary muscle is attached only loosely to 
the inner surface of the anterior sclera. The posterior attach-
ment of the ciliary muscle is to the stroma of the choroid. 
The anterior and inner surfaces of the ciliary muscle are 
bounded anteriorly by the stroma of the pars plicata and 
posteriorly by the pars plana of the ciliary body. The ciliary 
muscle fiber bundles beneath the sclera are oriented such 
that a contraction of the ciliary muscle results in a forward 
and inward redistribution of the mass of the ciliary body and 
a narrowing of the ciliary ring diameter due to sliding ciliary 
muscle movement along the inner surface of the sphere 
formed by the anterior sclera. This causes the anterior 
choroid to be pulled forward. The ciliary muscle is a smooth 
muscle, with a dominant parasympathetic innervation 
causing contraction mediated by M3 muscarinic receptors 
and a sympathetic innervation causing relaxation mediated 
by β2-adrenergic receptors. The ciliary muscle is atypical for 
smooth muscles, in its speed of contraction, the large size of 
its motor neurons, the distance between the muscle and the 

an overestimation of the dioptric change in optical power of 
the eye. When the near point of clear vision is measured 
using a subjective push-up method, this overestimates the 
objectively measured accommodative response amplitude 
by about 1–2 D.43–46 Subjective testing of this nature in com-
plete presbyopes might lead one to believe that about 1 D 
of accommodation is present, but this is not a true change 
in optical power of the eye and is therefore called 
pseudoaccommodation.

Visual acuity

In addition to the depth of field of the eye, acuity or contrast 
sensitivity of the eye also affect the subjective measurement 
of the near point of clear vision. The subjective push-up 
measurement relies heavily on the subject perceiving when 
the object can no longer be seen in sharp focus. As a near 
reading target is brought closer to the eye, the subject must 
decide at what point an object is no longer in acceptable 
focus. As mentioned, the level of illumination of the target 
can affect the depth of field of the eye, but illumination also 
affects the contrast and the brightness of the image. If the 
target is viewed in dim illumination, it is more difficult to 
detect when it is in clear and sharp focus. A brightly illumi-
nated reading target will be seen more clearly. The increased 
illumination provides higher contrast on the target and so 
smaller changes in focus or blur of the target are more easily 
detected. While increasing the level of illumination will help 
to improve the contrast sensitivity and acuity, this will also 
decrease the pupil size and will thereby increase the depth 
of field of the eye and so result in a nearer point of perceived 
clear vision. Further, in cases of cataract or other opacities of 
the ocular optical media, the image of a near object is not 
seen clearly and so small changes in the focus of the image 
are less readily detected. With increasing age the optical 
clarity of the lens decreases and the prevalence of cataract 
increases. Retinal disease can also affect visual acuity. Elderly 
patients often have reduced visual acuity and/or reduced 
contrast sensitivity, although not solely due to decreased 
optical performance.47 If the near point of clear vision is 
measured using the subjective push-up test in presbyopes or 
in patients with cataracts or retinal disease, this will overes-
timate the true objectively measured accommodative 
amplitude.44,46,48

The anatomy of the accommodative 
apparatus

The accommodative apparatus of the eye consists of the 
ciliary body, the ciliary muscle, the choroid, the anterior and 
posterior zonular fibers, the lens capsule and the crystalline 
lens (Fig. 3.4). Theoretical suggestions for a role for the vitre-
ous in accommodation49–52 and empirical evidence against 
a need for the vitreous in accommodation53–55 exist. The 
ciliary muscle is located within the ciliary body beneath the 
anterior sclera. The ciliary muscle is comprised of three 
muscle fiber groups oriented longitudinally, radially 
(obliquely) and circularly. The anterior zonular fibers span 
the circumlental space extending from the ciliary processes 
to insert all around the lens equator. These zonular fibers 
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Figure 3.4 Schematic representation of a sagittal section of 
the anatomy of the accommodative apparatus at the ciliary 
region of the eye (A), in relation to a mid-sagittal section of the 
eye as a whole (B). The schematic shows that the lens capsule, 
zonule, ciliary muscle and choroid constitute a single elastic 
“sling” anchored at the posterior scleral canal where the optic 
nerve leaves the globe, and anteriorly at the scleral spur.  
The action of accommodation results in a movement of the 
ciliary body forward and towards the axis of the eye against 
the elasticity of the posterior attachment of the ciliary  
muscle and the posterior zonular fibers. With a cessation  
of an accommodative effort, the ciliary muscle is returned  
to its unaccommodated configuration through the elasticity  
of choroid and posterior zonular fibers.
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anteriorly in the ciliary body and closest to the lens are the 
equatorial or circular fibers or Müller’s muscle. These consti-
tute the smallest proportion of the ciliary muscle.

The division of the ciliary muscle into three muscle fiber 
groups is somewhat artificial. In reality, there is a gradual 
transition from the outermost longitudinal muscle fibers to 
the radial fibers to the innermost circular muscle fibers with 
some intermingling of the different fiber types. A contraction 
of the ciliary muscle results in a contraction of all three 
muscle fiber groups together. With a contraction of the 
ciliary muscle there is a gradual rearrangement of the muscle 
bundles, with an increase in thickness of the circular portion 
and a decrease in thickness of the radial and longitudinal 
portions.59 A contraction of the entire ciliary muscle as a 
whole pulls the anterior choroid forward, moves that apex 
of the ciliary processes towards the lens equator and serves 
the primary function of releasing resting zonular tension  
at the lens equator to allow accommodation to occur.

The zonular fibers
The zonular fibers are a complex meshwork of fibrils. Fibrils 
70–80 nm in diameter64 are grouped into fiber bundles 

motor neurons, and the unusual ultrastructure of the ciliary 
muscle cells which in some ways resemble skeletal muscles 
(indeed, in birds it is a striated skeletal muscle).

There are also regional differences in ultrastructure and 
histochemistry of the primate ciliary muscle, suggesting that 
the longitudinal portion may be acting like a fast skeletal 
muscle to “set” or “brace” the system rapidly, for the contrac-
tion of the inner portion to be most effective.63 The ciliary 
muscle is comprised of three muscle fiber groups identified 
by their relative positions and orientations, forming a mor-
phologically and functionally integrated three-dimensional 
structure.59 The major group of muscle fibers is the periph-
eral meridional or longitudinal fibers or Brücke’s muscle.9 
They extend longitudinally between the scleral spur and the 
choroid adjacent to the sclera. Located inward to the longi-
tudinal fibers are the reticular or radial fibers. These consti-
tute a relatively smaller proportion of the ciliary muscle. The 
radial fibers are branching V- or Y-shaped fibers. These radial 
fibers are attached anteriorly to the scleral spur and the 
peripheral wall of the anterior ciliary body at the insertion 
of the iris. They attach posteriorly to the elastic tendons of 
the choroid. Beneath the radial fibers and positioned more 
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to be much more elastic than the lens capsule. Their primary 
function is to stabilize the lens and allow accommodation 
to occur. Since the zonule is not a continuous tissue, but is 
composed of fibers, it also allows fluid flow from the poste-
rior chamber behind the iris through to the vitreous chamber 
(see Chapter 11).

The attachment of the zonular fibers to the lens capsule 
is superficial with few fibers penetrating into the capsule to 
form a mechanical (possibly similar to Velcro) or chemical 
union.68 From scanning electron microscopy this anterior 
zonule crossing the circumlental space and extending to the 
lens is alternatively described as:

(i) consisting of three fiber strands running to the 
anterior, equatorial and posterior lens surfaces,66 or

(ii) fibers that insert along a circular line on the anterior 
and posterior surface of the lens with some fibers 
inserting directly on the equator,64,65,67 or

(iii) a zonular fork with two main fiber groups extending 
to the lens anterior and posterior surfaces with finer 
bundles seemingly of relative unimportance running 
to the lens equator,57 or

(iv) successive sagittal lines of insertion from lens anterior 
to posterior surface and two coronal lines of 
insertion, one where the fibers insert onto the capsule 
around the anterior surface and another where the 
fibers insert onto the capsule around the posterior 
surface.69

Although no systematic crossing of anterior zonular fiber 
was observed by McCulloch,69 crossing of anterior zonular 
fibers has been observed in other preparations54,64,65 and 
was documented in early diagrams from histology of this 
tissue (Fig. 3.6). From histological preparations, when an 
appropriate plane of section is obtained, a continuous line 
of zonular insertion into the entire lens equator is seen.69 
Unfixed, dissected human eye specimens show a continuous 
meshwork of fibers uniformly covering the entire lens 
equator, and show crossing of zonular fibers.54

Observations of the ciliary region during accommodation 
show that the posterior ciliary body slides forward against 
the curvature of the anterior sclera, moving the posterior 
insertion of the posterior zonular fibers forward. However, 
contraction of the ciliary muscle stretches the posterior 

Figure 3.5 Drawing of the ciliary muscle showing a sequential dissection 
following removal of the outer layers of the globe to reveal the orientation 
of the underlying ciliary muscle fibers. After removal of the overlying sclera 
(right) first the meridional or longitudinal fibers, then the reticular or radial 
fibers and finally the equatorial or circular fibers (left) of the ciliary muscle 
are revealed. (Reproduced with permission from Hogan MJ, Alvarado JA, Weddell JE. 

Histology of the human eye. An atlas and textbook. Philadelphia: WB Saunders, 1971.)
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Figure 3.6 Due to the delicate nature of the zonule and the difficulties in 
observing it, descriptions of the insertion of the anterior zonule onto the 
lens equator differ. Early anatomists with relatively crude methods 
produced remarkably accurate diagrams of the structure of the anterior 
zonule showing crossing of zonular fibers, fiber bundles of varying 
thickness and insertion into a thickened region of the capsule at the lens 
equator. Some clumping of zonular bundles is evident in this depiction 
which is not seen in unfixed specimens. (From Helmholtz von HH. Treatise on 

Physiological Optics. Translation edited by Southall JPC in 1924 (original German in 

1909). New York: Dover, 1962: vol. 1, ch. 12.)
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estimated to be between 4–6 to 40–50 micrometers in diam-
eter.64,65 The zonule is composed of the non-collagenous 
carbohydrate-protein mucopolysaccharide and glycoprotein 
complexes that are secreted by the ciliary epithelium. The 
zonular fibers are elastin-based elastic fibers and are thought 



The	anatomy	of	the	accommodative	apparatus

47

attachment of the ciliary muscle due to a forward and inward 
movement of the tips of the ciliary muscle and ciliary pro-
cesses. This suggests that the posterior zonular fibers may 
similarly assist in pulling the ciliary muscle back to the unac-
commodated configuration after cessation of an accommo-
dative effort.

The lens capsule
The crystalline lens is surrounded by the lens capsule (Fig. 
3.6). This is a thin, transparent, elastic membrane secreted 
by the lens epithelial cells largely composed of collagen  
type IV.70 Fincham was the first to attribute the accommo-
dative change in shape of the lens to the forces exerted on 
the young lens by the lens capsule.71 Fincham studied the 
capsule in histological section and found it to be of relatively 
uniform thickness in non-accommodating mammals. 
However, in primates Fincham found it to be thickest at the 
mid-peripheral anterior surface, thinner towards the lens 
equatorial region with a posterior peripheral thickening, but 
thinnest at the region of the posterior pole of the lens31 (Fig. 
3.7). Several aspects of Fincham’s idealized description of 

Figure 3.7 (A) Fincham’s idealized depiction of the regional variations in 
thickness of the human lens capsule showing the anterior mid peripheral 
thickening. The equatorial region of the capsule, to which the zonular  
fibers insert show regional thinning. This idealized depiction is supported  
by more recent results, although with some age-related regional variations. 
(B) Appearance of the anterior (A) and posterior (P) capsule in the eye of a 
patient in whom the lens was displaced and lost from the eye after ocular 
injury. When the patient focused with the contralateral eye on a distant 
object (left) the capsule was relatively taught. When the patient focused on 
a near object, (middle) capsule became more flaccid. After contraction of 
the ciliary muscle (right) with eserine, the capsule became completely 
flaccid. Observation by Graves of the behavior of the empty capsule in this 
aphakic patient eye served as the basis for Fincham’s recognition of  
the role of the capsular tension holding the lens in a flattened and 
unaccommodated state when the ciliary muscle is relaxed and the capsule 
rounding the lens into a more spherical and accommodated form when  
the ciliary muscle contracts. (From Fincham EF. The mechanism of accommodation. 

Br J Ophthalmol 1937; Monograph VIII:7–80.)
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Figure 3.8 Average regional thickness of human capsules from lenses of 
three different age groups. Symbols connected by vertical lines depict the 
most anterior positions of the capsules to which the zonular fibers insert. 
Note regional thinning of the capsule at and posterior to this region is more 
pronounced in the older lenses. A pronounced anterior mid peripheral 
thickening of the capsule is evident in all age groups. (From Barraquer RI, 

Michael R, Abreu R, et al. Invest Ophthalmol Vis Sci 2006;47:2053–60. Reproduced with 

permission from The Association for Research in Vision and Ophthalmology.)
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the capsule have been largely confirmed in a more recent 
study, although with some age-related changes in thick-
ness.70 The capsule is about 11–15 µm thick at the anterior 
pole. There is an anterior, mid-peripheral thickening of the 
capsule that is about 13.5–16 µm thick. This is located more 
central to the region of zonular insertion into the capsule 
around the lens equator. The equatorial region of the capsule, 
to which the anterior zonular fibers insert, is about 7 µm 
thick at the lens equator and does not appear to change 
systematically with age. The posterior capsule thickness 
decreases to a minimum at the posterior pole of about 4 µm, 
without a posterior mid-peripheral thickening70 (Fig. 3.8).

The crystalline lens
The lens consists largely of lens fiber cells composing the 
nucleus and cortex. On the anterior lens surface beneath the 
capsule is a layer of lens epithelial cells. The embryonic 
nucleus remains present at the center of the lens throughout 
life as the cortex grows progressively around it by the addi-
tion of an increasing number of layers of lens fiber cells. The 
deeper layers of lens epithelial cells on the lens anterior 
surface differentiate to become lens fiber cells. The prolifera-
tion of lens epithelial cells and their differentiation into lens 
fiber cells continues throughout life. Because the lens is con-
tained within the capsule, lens epithelial cells do not slough 
off as do epithelial cells in other organ systems such as those 
lining the skin and gut. Therefore, the lens continues to grow 
throughout life. After adolescence the human lens undergoes 
a linear increase in mass with increasing age.72 In vivo, with 
increasing age, lens thickness increases73,74 with a resulting 
increase in the anterior surface and posterior surface curva-
tures.75 Although lens thickness and surface curvatures 
change systematically with increasing age, this occurs without 
a systematic age-related change in lens diameter.74,76,77
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accord with those originally described by Helmholtz. When 
the young eye is unaccommodated and focused for distance, 
the ciliary muscle is relaxed. Resting tension on the zonular 
fibers spanning the circumlental space and inserting around 
the lens equator (collectively called the anterior zonular 
fibers57) apply an outward directed tension around the lens 
equator through the lens capsule to hold the lens in a rela-
tively flattened and unaccommodated state. For the eye to 
focus at near, the ciliary muscle contracts, the inner apex  
of the ciliary body moves forward and towards the axis of 
the eye79 (Fig. 3.11). This inward movement of the apex of 
the ciliary muscle stretches the posterior attachment of the 
ciliary muscle and releases resting tension on all zonular 
fibers around the lens equator. The lens capsule then molds 
the lens into a more accommodated form.54,71 The capsule 
provides the force to cause the lens to become accommo-
dated.54,71,72 A clear role for the lens capsule in accommoda-
tion stems from observations by Graves of the effect of 
accommodation on the empty lens capsule in an otherwise 

The crystalline lens has a gradient refractive index, with a 
refractive index of 1.385 near the poles and a higher refrac-
tive index of 1.406 at the center of the nucleus. The lens is 
not optically homogeneous and when viewed through a slit-
lamp, several optical zones of discontinuity are observed 
which allow visual differentiation of the lens nucleus from 
the surrounding lens cortex (Fig. 3.9). The unaccommodated 
young adult human lens is roughly 9.0 mm in diameter and 
3.6 mm thick. The lens thickness increases by approximately 
0.5 mm with 8 D of accommodation.33

The mechanism of accommodation

Current understanding of the accommodative mechanism  
is largely in accord with the description provided by Helm-
holtz in 18551,78 (Fig. 3.10). Although Fincham71 and more 
recent investigations have added further to understanding 
the accommodative mechanism, the basic tenets are in 

Figure 3.9 Scheimpflug slit-lamp images of a dilated human 
eye focused at distance (top left) and to a 7.5 D 
accommodative stimulus (top right). Each optical interface 
posterior of the anterior corneal surface is progressively 
distorted by the optical effects due to the preceding optical 
interfaces. Optical correction of this distortion applied to  
the images in the unaccommodated (lower left) and 
accommodated (lower right) eye shows the true dimensions 
and dimensional changes in anterior chamber depth, lens 
thickness and lens surface curvatures during accommodation. 
(From Dubbelman M, van der Heijde GL, Weeber HA. Vision Res 2005; 

45:117–32. Reproduced with permission from Elsevier Science Ltd.)
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Corrected Corrected



Accommodative	optical	changes	in	the	lens	and	eye	

49

the zonular tension will allow the lens to become accom-
modated through the forces exerted by the capsule on the  
lens (Fig. 3.12). Such in vitro mechanical stretching studies 
reliably and reproducibly produce accommodative optical 
changes in the lens that match the accommodative optical 
changes in vivo in the living eye.54,55,83–85

During accommodation, lens diameter decreases system-
atically in response to voluntary accommodation, brain 
stimulated accommodation or pharmacologically stimu-
lated accommodation77,86–89 (Figs 3.13, 3.14 & 3.15). Lens 
thickness increases33–35,38,90 and the central anterior surface 
curvature and to a lesser extent the central posterior surface 
curvature increases.36–38 These physical changes in the lens 
are relatively linearly correlated with the accommodative 
optical changes in the eye (Fig. 3.16). The increased lens 
surface curvature results in an increase in the optical power 
of the crystalline lens. Anterior chamber depth decreases due 
to the forward movement of the anterior lens surface and 
the vitreous chamber depth decreases due to the posterior 
movement of the posterior lens surface33,34,38 (Fig. 3.16). 
About 75 percent of the increase in lens thickness is 
accounted for by the anterior movement of the anterior lens 
surface and about 25 percent of the increase in lens thickness 
is accounted for by a posterior movement of the posterior 
lens surface.33,34

When the accommodative effort ceases, the ciliary muscle 
relaxes and the elasticity of the posterior attachment of the 
choroid pulls the ciliary muscle back into its flattened and 
unaccommodated configuration. The outward movement of 
the apex of the ciliary body once again increases the tension 
on the anterior zonular fibers around the lens equator to pull 
the lens via the capsule into a flattened and unaccommo-
dated form.

Variants on the Helmholtz accommodative mechanism 
have been suggested to include an essential role for the vitre-
ous and differential pressure changes in the eye.51,52,91 
However, accommodation still occurs after vitrectomy53 and 
mechanical stretching studies of dissected eyes in which the 
vitreous is absent and no pressure differential can exist, 
results in normal accommodative optical changes to the 
lens,54,83,85 thereby obviating a role for the vitreous or for 
differential pressure changes in the eye. A revisionist theory 
of accommodation originally proposed by Tscherning92 has 
been espoused.93–95 This theory is opposite to the Helmholtz 
accommodative mechanism in that it paradoxically requires 
an increase in lens equatorial diameter during accommoda-
tion, a flattening of the peripheral lens surfaces and an 
increase in curvature of the lens central surfaces. However, 
there exists no experimental evidence in support of the sup-
posed accommodative increase in lens diameter. In fact, 
numerous studies demonstrate that lens diameter decreases 
systematically during accommodation.76,77,79,86,87,89

Accommodative optical changes  
in the lens and eye

For the unaccommodated emmetropic eye to focus on a near 
object requires an increase in optical power of the eye. This 
occurs through an increase in optical power of the lens. The 

healthy aphakic eye in which the lens was absent.80,81 When 
the patient looked at a distant object, the anterior and  
posterior capsule was taught and flat. When the patient 
focused on a near object, the capsule became mildly flaccid 
and the surfaces separated. An eserine stimulated contrac-
tion of the ciliary muscle resulted in a completely slack 
capsule (see Fig 3.7). Fincham concluded that resting zonular 
tension at the lens equator pulls outward on the capsule to 
hold the lens in the unaccommodated state and when the 
eye is accommodated, the resting tension on the zonular 
fibers is released to allow the capsule to mold the lens into 
the accommodated form.71

Further evidence of the role of the capsule comes from in 
vitro experiments. In dissecting a young human or monkey 
eye, when the zonular fibers around the lens equator are cut, 
the isolated young lens with the intact capsule assumes a 
maximally accommodated form. If the capsule is then cut 
and carefully removed from the isolated lens, the young 
decapsulated lens substance assumes a maximally unaccom-
modated form.71,72,82 Further, mechanical stretching studies 
of partially dissected young human and monkey eyes show 
that applying an outward directed stretching force to the lens 
via the capsule and anterior zonular fibers will pull the lens 
into a flattened and unaccommodated state and releasing 

Figure 3.10 Diagram showing the Helmholtz accommodative mechanism. 
In the upper half of the diagram the eye is in the unaccommodated state.  
In the lower half the eye is in the accommodated state. The left side shows 
a sagittal section and the right side a frontal section through the anterior 
segment of the eye. In the unaccommodated state resting tension on the 
zonule at the lens equator holds the lens in a relatively flattened and 
unaccommodated state. When the ciliary muscle contracts, this resting 
zonular tension is released and the lens is allowed to round up through the 
force exerted on the lens substance by the lens capsule. Lens axial thickness 
increases, lens equatorial diameter decreases, anterior chamber depth 
decreases and vitreous chamber depth decreases with accommodation  
The lens anterior and posterior surface curvatures increase to increase the 
optical power of the lens. (Redrawn from Koretz JF, Handelman GH. Sci Am 1988; 

July:92–99.)
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Figure 3.11 Gonioscopy images of an iridectomized rhesus monkey eye: (A) unaccommodated and (B) accommodated state. (C) The subtracted difference 
image shows the accommodative movements of the lens equator and ciliary processes as well as the relative stability of the eye. The lens equator and the 
ciliary processes move away from the sclera with accommodation to roughly the same extent. Key: c, cornea; gl, gonioscopy lens; su, suture; cp, ciliary 
processes; le, lens; z, zonule; pi, lens Purkinje images. Ultrasound biomicroscopy images of an iridectomized rhesus monkey eye in the (D) unaccommodated 
and (E) accommodated states. (F) The subtracted difference image shows the accommodative movements of the ciliary muscle and the lens equator. 
The apex of the ciliary muscle and the lens equator (short horizontal line and identified with arrows) move away from the sclera with accommodation. 
(Reprinted from Glasser A, Kaufman PL. Ophthalmology 1999: 106:863–72, with permission from Elsevier Science Ltd.)
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Figure 3.12 (A) The anterior segment of a partially dissected 54-year-old human donor eye glued to (B), the arms of a mechanical stretching apparatus. 
The zonule can be completely relaxed (C) allow the lens to become maximally accommodated, or (D) the zonule stretched to disaccommodate the lens. 
(E) Scanning laser measurements of the focal length of a 10-year-old human lens measured in the unstretched, accommodated state (focal length = 
34.39 mm) and (F) in the maximally stretched and unaccommodated state (focal length = 57.69 mm). Parallel laser beams enter the lens, are refracted by the 
lens (at red symbols, left), and cross the optical axis (dark horizontal line) at the position identified (yellow symbols, right). The distance from the lens (red 
symbols, left) to the average focus of all rays (blue symbol) represents the lens focal length. (G) The change in focal length converted to diopters (red line 
and circles) as a function of the applied stretch shows that young lenses undergo 12–16 D of change in power with stretching, but that by age 60, the same 
extent of applied stretch results in no change in lens power. The data from the human lenses are plotted in the inset in G, together with Duane’s (1912) data 
(blue lines, diamonds) showing the range of accommodative amplitudes from some 1500 subjects as measured with a push-up technique. (Reprinted from 

Glasser A, Campbell MCW. Vision Res 1998; 38:209–29, with permission from Elsevier Science Ltd; and from Duane A. J Am Med Assoc 1912; 59:1010.)
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Figure 3.13 Goldmann lens images of an iridectomized rhesus monkey eye in the (A) unaccommodated and (B) accommodated states. Key: c, conjunctiva; 
cp, ciliary process; le, lens; pi, lens Purkinje images; Gl, Goldmann lens. (C) Subtracted difference image to show the accommodative movements of the lens. 
The lens undergoes a concentric decrease in diameter and the ciliary processes move concentrically inward with accommodation. There is a virtual absence 
of eye movements as evident from the absence of additional detail in the difference image. (D) The outlines of the accommodated and unaccommodated 
lens diameter are shown superimposed on the difference image demonstrating a concentric decrease in lens diameter with accommodation in accordance 
with the Helmholtz accommodative mechanism. Key: acc, accommodated; rel, relaxed. (From Glasser A, Kaufman PL. Ophthalmology 1999: 106:863–72, with permission 

from Elsevier Science Ltd.)
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increases, the lens anterior surface moves anteriorly to reduce 
anterior chamber depth and the lens posterior surface moves 
posteriorly to increase anterior segment length. The lens 
asphericity changes and the pupil constricts. In addition, 
because the lens has a gradient refractive index, the form of 
which is constrained by the shape and size of the lens, since 
the lens changes shape, so too must the form of the lens 
gradient refractive index. All of these accommodative physi-
cal changes in the eye and lens result not only in an increase 
in optical power, but also in other changes in the ocular 
aberrations of the eye.

Simple paraxial vergence calculations show that for paral-
lel rays incident on a simple biconvex lens, if lens thickness 
alone is increased, lens power decreases. In an eye, however, 
if the lens thickness increases, this must occur in conjunction 
with either a decrease in anterior chamber depth or an 
increase in anterior segment length consequent to the 
increase in lens thickness. For a distant object, the lens  
inside the eye does not have parallel light incident on it, but 
rather convergent light due to refraction by the cornea. 
Simple paraxial schematic eye calculations show that if lens 
thickness alone is increased without a change in lens curva-
tures but with a resultant decrease in anterior chamber 
depth, the result is an overall increase in power of the eye. 
The accommodative increase in optical power of the lens 
however is primarily due to an increase in the lens surface 
curvatures.

Since the lens anterior surface is flatter than the lens pos-
terior surface, for a given change in curvature the anterior 
surface will undergo a relatively greater increase in optical 
power than the posterior surface. The accommodative  
optical increase in power of the eye is therefore ultimately 
due to a complex combination of optical and physical 
changes in the lens and the eye. This results not only in an 

accommodative increase in optical power of the lens comes 
about from an increase in the lens anterior and, to a lesser 
extent, posterior surface curvatures. Several other physical 
changes in the eye and lens also occur during accommoda-
tion that have optical effects on the eye. Lens thickness 

Figure 3.14 (A) Dynamically recorded accommodative refractive changes 
in response to two different stimulus current amplitudes applied to the 
Edinger–Westphal nucleus of the brain in an anesthetized rhesus monkey. 
(B) Dynamically measured accommodative decreases in lens diameter in 
response to the same two current stimulus amplitudes for which 
accommodation was measured in panel A. (C) Correlation of the optical 
refractive changes and decreases in lens diameter during accommodation 
from panels A & B. Lens diameter decreases linearly by about 600 µm for 
about 12 D of accommodation. (From Glasser A, Wendt M, Ostrin L. Invest 

Ophthalmol Vis Sci 2006; 47:278–86. Reproduced with permission from The Association 

for Research in Vision and Ophthalmology.)
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Figure 3.15 Time-course of topical pilocarpine stimulated accommodative 
changes in lens diameter in the eyes of anesthetized, iridectomized rhesus 
monkey and from a control experiment in which saline was applied to the 
eye. Pilocarpine stimulated accommodation causes a systematic and 
progressive decrease in lens diameter, the magnitude of which is larger for 
younger monkeys with higher accommodative response amplitudes. (From 

Wendt M, Croft MA, McDonald J, et al. Exp Eye Res 2008; 86:746–52. Reproduced with 

permission from Elsevier Science Ltd.)
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Figure 3.16 (A) Continuous a-scan ultrasound recordings of the changes 
in the anterior segment of the eye and the accommodative refractive 
change in a rhesus monkey eye in response to Edinger–Westphal stimulated 
accommodation. As the eye accommodates, the anterior lens surface (solid 
symbols) moves anteriorly towards the cornea and the posterior lens surface 
(open symbols) moves posteriorly towards the retina. The calculated 
geometric center of the lens (midway between the lens anterior pole and 
the lens posterior pole – thin line) shows a slight anterior movement 
towards the retina. (From Vilupuru AS, Glasser A. Exp Eye Res 2005; 80:349–60. 

Reproduced with permission from Elsevier Science Ltd.) (B) Objective 
accommodative refractive changes measured with infrared photorefraction 
and anterior segment biometric changes measured with partial coherence 
interferometry simultaneously during visual stimulus driven accommodation 
in humans show changes similar to those recorded in the monkey eye. In 
this case, the accommodative refraction is graphed as negative numbers. 
The anterior surface of the lens moves anteriorly and the posterior surface 
of the lens moves posteriorly during accommodation. (From Bolz M, Prinz A, 

Drexler W, Findl O. Br J Ophthalmol 2007; 91:360–5. Reproduced with permission from 

the BMJ Group.)
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Figure 3.17 Accommodative changes in ocular wavefront aberrations in 
vivo in an iridectomized rhesus monkey eye. (A) Graphs show the wavefront 
maps with the defocus term removed calculated for an 8 mm entrance 
pupil diameter. (B) Images show the corresponding retinal point spread 
functions calculated with the defocus term removed. As accommodation 
increases progressively (top to bottom: 0 D, 1.41 D, 3.88 D, 5.93 D, and 
10.91 D), there is a progressive increase in the ocular wavefront error 
resulting in an increase in the size of the retinal point spread function.  
There is a marked increase in negative spherical aberration with increasing 
accommodation with a relatively greater change in overall optical power of 
the eye towards the center than at the periphery. There is relatively little 
change in optical power near the periphery of the eye which is normally 
occluded by the iris. (From Vilupuru AS, Roorda A, Glasser A. J Vis 2004; 4:299–309. 

Reproduced with permission from The Association for Research in Vision and 

Ophthalmology.)
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increase in optical power of the eye, but also accommodative 
changes in ocular aberrations of the eye. In particular, 
accommodation is accompanied by an increase in negative 
spherical aberration of the eye and lens83,84,96–98 (Figs 3.17 & 
3.18). In addition, the iris constricts during accommodation, 
to decrease the optical entrance pupil of the eye. This too 
has optical effects. Simply decreasing the entrance pupil 
diameter results in an overall reduction in optical aberra-
tions of the eye.84 Further, in an eye with negative spherical 
aberration, in which the paraxial rays are focused closer to 
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Figure 3.18 Accommodative optical changes during in vitro mechanical stretching of a rhesus monkey lens. (A) Optical scanning laser measurements of 
the rhesus monkey lens. A total of 241 laser beams are sequentially passed through the lens parallel to the optical axis. Reconstruction of the laser scans 
permits the optical wavefront aberrations of the lens to be calculated. (B) The optical accommodative change in lens power as a function of stretch applied 
to the lens. Position 1 corresponds to the unstretched, maximally accommodated lens. Position 6 corresponds to the maximally stretched, unaccommodated 
lens. (C) Wavefront aberration contour plots with the defocus term removed showing the decrease in wavefront error of the lens in going from the 
maximally accommodated, unstretched lens in position 1 to the maximally stretched and unaccommodated lens in position 6. (D) Graph showing the 
changes in the terms of the Zernike coefficients of the wavefront as the lenses are stretched. In particular, Zernike term Z[4, 0] shows a systematic increase in 
4th order negative spherical aberration (SA) of the lens as the lens progresses from the unaccommodated to the maximally accommodated state. (From 

Roorda A, Glasser A. J Vis 2004; 4:250–61. Reproduced with permission from The Association for Research in Vision and Ophthalmology.)
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the lens than the peripheral rays, a pupil constriction alone 
would result in an overall increase in optical power of the 
eye simply due to the constricted iris occluding the more 
weakly refracted peripheral rays.84 In a young eye, when 
accommodation occurs, all these various optical changes 
occur in concert.

The stimulus to accommodate

At rest, the eyes have some residual or resting level of accom-
modation amounting to approximately 0.5–1.5 D. This is 
called tonic accommodation or a lead of accommodation. 
In a young eye, an effort to focus at near causes three physi-
ological responses; the eyes accommodate, the pupils con-
strict and the eyes converge (Fig. 3.19). Together these three 
physiological functions are referred to as the accommodative 
triad or the near reflex. These three actions are neuronally 
coupled through the preganglionic parasympathetic innerva-
tion extending from the Edinger–Westphal (EW) nucleus in 
the brain. The intraocular muscles (iris and ciliary muscle) 
are innervated by the postganglionic ciliary nerves entering 

the sclera. The extraocular muscles of the eyes are innervated 
by the oculomotor (III), the trochlear (IV) and abducent (VI) 
nerves, the axons of which originate from motor nerve nuclei 
in the brainstem, which receive impulses from the EW 
nucleus. Accommodation and convergence and the accom-
panying pupil constriction are neuronally coupled in the 
brain and therefore in the two eyes. An accommodative 
stimulus such as minus lens induced blur or a proximal 
stimulus presented monocularly to one eye results in bin-
ocular accommodation, convergence and pupil constriction. 
Similarly, a convergence stimulus presented monocularly to 
one eye results in pupil constriction, convergence and 
accommodation in both eyes.

Accommodation can be stimulated in a variety of ways. 
It can be driven by blur cues alone – if myopic blur is pre-
sented to one or both eyes by placing a negative powered 
lens in front of the eye(s), both eyes will accommodate  
to attempt to overcome the imposed defocus (Fig. 3.20). 
If convergence is stimulated in a young eye, such as by 
having the subject fixate a distant target and placing base- 
out prisms in front of the eyes, pupil constriction and  
accommodation will also occur. In an emmetropic eye,  
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Figure 3.19 Infrared photorefraction of the eyes 
showing the accommodative triad of 
accommodation, pupil constriction and 
convergence as the subject changes fixation from  
A, a distant object to B, a near object held a few 
centimeters beyond the nose. The accommodative 
optical change in power of the eye is evident from 
the photorefraction images by virtue of the brighter 
crescents of light in the lower parts of the pupils 
when the eyes are focused on the near object.

A

B

blur and vergence driven accommodation can be induced 
simultaneously with a proximal stimulus. If a near object is 
presented, coupled accommodation and convergence occur. 
As the accommodative stimulus increases, the objectively 
measured accommodative response is typically less than  
the magnitude of the stimulus. This is called the lag of 
accommodation.

Studies in which the accommodative response is meas-
ured with a wavefront aberrometer show that calculated 
retinal image quality for the near object actually improves 
when the lag of accommodation is taken into account.99 
Therefore, although the overall refraction of the eye lags the 
accommodative stimulus the lag may serve to maximize 
retinal image quality for near objects due to the ocular aber-
rations of the eye. As the stimulus amplitude increases, there 
is a linear increase in the accommodative response, which 
due to the lag of accommodation has a slope less than 1. As 
the stimulus is increased further, lag increases as the 
maximum accommodative response amplitude is reached. 
The accommodative stimulus function is therefore “S” 
shaped with the initial lead, the intermediate linear region 
with some lag, and the final plateau region. Studies aimed 
at addressing how the eye detects defocus have shown that 
the longitudinal chromatic aberration (LCA) of the eye plays 
a role. The imperfect optics of the eye cause considerable 
LCA with the result that shorter wavelengths of light are 
focused closer to the lens than longer wavelengths. Remov-
ing the LCA by using monochromatic light or optically neu-
tralizing or reversing the LCA disrupts the normal reflex 
accommodative response.100–103

Accommodation can also be pharmacologically stimu-
lated. Topical application of muscarinic cholinergic agonists, 
such as pilocarpine, results in direct pharmacological stimu-
lation of the ciliary muscle.46,48,104 In rhesus monkeys 

pharmacologically stimulated accommodation is of higher 
amplitude than centrally stimulated accommodation.105–107 
This is attributed to a supramaximal pharmacological con-
traction of the ciliary muscle and iris which is greater than 
the contraction due to a parasympathetically driven stimulus 
from the brain.108 In addition, drug stimulated accommoda-
tion ultimately produces a net forward movement of the 
natural lens that does not occur with centrally stimulated 
accommodation in monkeys109 or voluntary accommoda-
tion in humans.110 Rapid and strong pupil constriction also 
occurs with pharmacological stimulation, but convergence 
does not. Anticholinesterases, such as echothiophate iodide, 
when applied topically produce a resting tonus of accom-
modation.22 This is due to the spontaneous release of acetyl-
choline at the neuromuscular junction, normally broken 
down by cholinesterases, inducing an accommodative tonus. 
Accommodative esotropia, often occurring in uncorrected 
hyperopes due to the need to accommodate to focus on 
distant objects, can be treated with topical echothiophate. 
By producing increased accommodative tonus without 
increased neuronal input, the stimulus for convergence is 
reduced, and the accommodation convergence /accommo-
dation (AC/A) ratio is reduced, helping to alleviate the 
accommodative esotropia.111 Anticholinesterases produce a 
long response to a single administration and so are more 
therapeutically useful than shorter-acting cholinomimetics 
like pilocarpine.

The pharmacology of accommodation

Accommodation occurs when the post-ganglionic parasym-
pathetic innervation to the ciliary muscle releases the neu-
rotransmitter acetylcholine at the neuromuscular junctions. 
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Acetylcholine is a muscarinic agonist which binds with the 
ciliary muscle muscarinic receptors to cause the muscle to 
contract. Topically applied muscarinic agonists, such as pilo-
carpine also bind to the muscarinic receptors and cause 
ciliary muscle contraction. Thus accommodation can be 
stimulated by topically applied pilocarpine.46,48,104,110 This 
results in an involuntary monocular accommodative 
response which in some individuals can be of higher  
amplitude than voluntary accommodation and is greater in 
eyes with lighter colored irides than in eyes with darker 

Figure 3.20 Two techniques for objective measurement of 
accommodation in humans. (A) The accommodative response of the right 
eye is measured with a Hartinger coincidence refractometer as increasingly 
powered negative trial lenses are placed in front of the left eye of a 
35-year-old subject viewing a distant letter chart. As the letter chart is 
viewed through increasing powered negative trial lenses, the 
accommodative response increases towards the maximal accommodative 
amplitude of about 6 D. A further increase in lens power results in no 
further increase in accommodation. (B) The right eye is dilated with one 
drop of phenylephrine and the baseline resting refraction is measured 4 
times in both eyes. The left eye (blue symbols) is then cyclopleged with 1 
percent cyclopentolate and accommodation is stimulated in the right eye 
(red symbols) with one drop of 6 percent pilocarpine. Refraction is 
measured in each eye three times at the end of each 5-minute interval with 
a Hartinger coincidence refractometer. The pilocarpine stimulated 
accommodative response in the right eye of the same 35-year-old subject 
as in (A) reaches a maximum of 11 D approximately 30 minutes after 
instillation of pilocarpine. In this subject, the pilocarpine stimulated 
accommodative response is greater than the voluntary accommodative 
response elicited from negative lens induced defocus.
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Box 3.2 Measurement of Accommodation

•	 Subjective	measurement	of	accommodation	relies	on	a	
subject’s	perception	of	the	clarity	of	focus	of	a	visual	target	as	
the	target	is	moved	towards	the	eyes

•	 Subjective	estimation	of	near	reading	distance	overestimates	
the	accommodative	response	amplitude,	largely	due	to	depth	
of	field	of	the	eye

•	 Depth	of	field	of	the	eye	increases	as	the	pupil	constricts	and	
since	the	pupil	constricts	during	accommodation,	this	will	
further	increase	the	depth	of	field	of	the	eye

•	 Objective	measurement	of	accommodation	can	be	
accomplished	by	measuring	the	refractive	change	in	optical	
power	of	the	eye	with	an	objective	instrument	such	as	an	
autorefractor	or	an	aberrometer	as	the	eye	changes	focus	
from	a	distant	target	to	a	near	target

colored irides.48 Individuals with dark irides (brown) are less 
sensitive to topically applied drugs because of increased 
pigment epithelium in the iris and ciliary muscle which 
binds topically applied agents and decreases their bioavail-
ability. The effect of ocular pigmentation on the ocular hypo-
tensive response to pilocarpine through the action of the 
drug on the ciliary muscle, is well known.112 Accommodation 
can also be pharmacologically blocked. This is accomplished 
by temporary pharmacological paralysis of the ciliary muscle 
and is called cycloplegia. Cycloplegia can be induced by 
topical application of muscarinic antagonists such as atro-
pine, cyclopentolate or tropicamide. These agents competi-
tively bind to and block the muscarinic receptors, thereby 
preventing the agonists from causing accommodation.

Measurement of accommodation

Although objective methods are available for measurement 
of accommodation (Box 3.2), unfortunately, clinically the 
subjective measurement of the near point of clear vision is 
most often used. Subjective measurements overestimate the 
true accommodative optical change in power of the eye (Fig. 
3.21). The subjective push-up method requires the patient 
to gradually move a near letter chart towards the eyes and 
report when a near letter chart can no longer be maintained 
in clear, sharp focus. The reciprocal of the distance from the 
eyes and the near reading chart is then used as a measure of 
accommodative amplitude in diopters. There are many 
reasons why subjective measurement of accommodation 
should be avoided. The endpoint of the subjective push-up 
test requires a subjective evaluation of best image focus by 
the subject and this endpoint varies between individuals. 
Subjective evaluation of the point of best focus can be influ-
enced by depth of focus, visual acuity, contrast sensitivity of 
the eye, and contrast of the image, for example. A dimly 
illuminated reading chart may provide a poor stimulus to 
accommodate or may not allow an accurate recognition of 
defocus. Different levels of illumination alter pupil diameter 
and therefore depth of focus of the eye thus influencing the 
near point of clear vision. Subjective push-up measurements 
are also confounded by the increasing angular subtense of 
the object. As a reading chart is brought closer to the eye, 
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this results in an increased retinal image size and hence 
increased legibility of the letters as they are brought closer. 
Although this can be avoided by carefully controlling the 
image angular magnification with scaled letter sizes, this is 
not done with the subjective push-up test.

Subjective measurement of accommodative amplitude 
can also be done by placing negative powered trial lenses in 
front of one or both eyes to blur a distant letter chart. The 
optically induced blur stimulates accommodation in an 
attempt to maintain a sharp focused image on the retina. 
The negative lens power is progressively increased until the 
smallest legible letter line of a distance Snellen letter chart 
can no longer be maintained in clear focus.113 Accommoda-
tive amplitude is determined by the strongest powered nega-
tive lens through which the smallest legible Snellen letter 
line can still be read clearly. This is still a subjective test and 
prone to the same sources of errors as the subjective push-up 
test. Subjective push-up tests are also an inaccurate measure 
of accommodative amplitude because of the lag of accom-
modation. It is well known that the accommodative optical 
response of the eye lags behind the stimulus and that this 
lag increases as the stimulus amplitude increases. Therefore 
the dioptric vergence of the stimulus is expected to be less 
than the accommodative response. Subjective methods tra-
ditionally used for evaluating accommodative amplitude are 
inherently inaccurate and overestimate true accommodative 
amplitude. Near vision can be improved through non-
accommodative optical means. Multifocal intraocular lenses 
or multifocal contact lenses for example allow some degree 

Figure 3.21 Comparison of subjectively measured and objectively 
measured accommodative amplitudes in 15 human subjects ranging in age 
from 38 to 49 years. Subjectively measured accommodation was assessed 
with the push-up test in which the subjects report the nearest point of clear 
vision. Accommodative amplitude is determined as the reciprocal of the 
distance between the eyes and the near reading chart in meters. This is 
compared with objective measurements of the dioptric change in power of 
the eye as measured with two objective instruments – the WR-5100K 
Grand-Seiko autorefractor and the iTrace aberrometer. For the objective 
tests, first distance refraction was measured and then the near stimulus was 
pushed-up towards the eyes as the objective instruments measured the 
refraction of the eyes. Objectively measured accommodative amplitude is 
determined as the maximum dioptric change in spherical refraction of the 
eyes. The subjective push-up test significantly overestimates the objectively 
measured accommodative response amplitudes. (From Win-Hall DM, Glasser A. 

J Cataract Refract Surg 2008; 34:774–84. Reproduced with permission from Elsevier 

Science Ltd.)
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of functional near vision to presbyopes, but through static, 
non-accommodative, optical means. Similarly, astigmatism 
or ocular aberrations provide some degree of multifocality 
to the eye. The ability to read at near does not unequivocally 
imply that accommodation occurs, and subjective methods 
to measure accommodation cannot differentiate between 
true accommodation, depth of field or optical compensation 
such as with multifocal optics.

Since accommodation results in a change in the optical 
refractive power of the eye, accommodation can readily be 
measured objectively. Objective methods provide a true 
measure of accommodative amplitude of the eye. Accurate 
objective measurement of accommodation can be done 
statically44,113,114 or dynamically.115–119 Autorefractors, refrac-
tometers or aberrometers are suitable instruments for objec-
tive accommodation measurements. These instruments 
provide a measure of the refraction of the eye as the eye 
changes focus between a distant and a near target. The 
accommodative response amplitude is then determined as 
the difference between the refraction when looking at a 
distant target and the refraction when looking at a near 
target. Subjective measurements in presbyopes may suggest 
some accommodation is present, but it is only when objec-
tive methods are used that a complete loss of active accom-
modation is demonstrated at the endpoint of presbyopia.45,46 
The success of objective instruments to measure maximal 
accommodation relies on the accuracy of the instrument as 
well as on the ability to elicit the maximum accommodative 
response from the subject. If the subject does not produce 
an accommodative response, no accommodation can be 
measured.

Objective instruments differ in whether they measure 
statically or dynamically. If a single static measurement is 
made, this may miss the point of maximum accommoda-
tion. Dynamic measurements can provide an indication of 
how much the accommodative response varies over time. 
Dynamic optometers provide a real-time graphic display of 
the accommodative response and record data from which a 
reliable measure of true accommodative amplitude can be 
calculated. The success of these instruments at measuring 
maximal accommodation also depends on how well a dis-
tance and near target can be presented to the subject and 
whether the near target can be viewed monocularly or  
binocularly by the subject. To stimulate accommodation, the 
subject must be presented with a compelling accommoda-
tive stimulus and the subject must elicit an accommodative 
response.

Accommodation can be stimulated in a number of ways. 
If a negative powered trial lens is placed in front of one eye 
while viewing a distant letter chart, the consensual accom-
modative response can be measured in the contralateral 
eye.46,48 This method of measuring the accommodative 
response suffers the disadvantage that the convergence 
response accompanying accommodation occurs entirely in 
the eye being measured since the eye being defocused with 
the trial lenses maintains primary gaze position as it fixates 
on the distant letter chart. Unless the instrument being used 
to measure accommodation is realigned with the optical axis 
of the converged eye, an off-axis refraction measurement will 
result which can introduce inaccuracies. Accommodation 
can also be stimulated by topically applied muscarinic  
agonists (pilocarpine, for example) and the resulting  
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normal physiological functions undergo such a profound 
and systematic deterioration so soon and with such certainty 
in so many. Presbyopia is likely a consequence of age-related 
changes in the accommodative apparatus that begin early in 
life and continue beyond the point at which accommoda-
tion is ultimately completely lost, possibly continuing until 
death. Since two-thirds of human accommodative ampli-
tude is lost between ages 15 and 45, this is the age group 
that may be of most interest in trying to understand the 
progression of presbyopia. However, while what happens 
after the age of 45–50 may not be of particular relevance as 
far as causes of presbyopia, these age-related changes may 
well represent a part of the continuum that earlier in life 
leads to presbyopia. The causes of presbyopia may be best 
understood by studying how and why accommodation is 
lost, but understanding the age-related changes that con-
tinue beyond 50 years of age may also provide important 
insights.

Factors contributing to presbyopia

Since the accommodative apparatus is composed of many 
different tissues and systems and accommodation is a 
complex interaction of these components, there are poten-
tially many factors that contribute to the loss of accommoda-
tion. Aging affects many of these tissues and systems to 
differing extents and so the reasons why accommodation is 
lost as a consequence of aging are potentially many and 
complex. Although several fundamental changes occur, such 
as stiffening of the lens, which must have a profound impact 
on the ability of the eye to accommodate, other aspects of 
ocular aging may also impact accommodative amplitude. 
Further, many studies show age-related changes in the 
accommodative structures that progress well beyond that age 
at which accommodation is lost. Ultimately, at its endpoint, 
presbyopia is due to a loss of the fine balance of forces that 
permit the accommodative structures to cause a change in 
optical power of the lens in the young eye. In the following 
sections, age-related changes in the ciliary muscle, lens, lens 
capsule, zonule and associated tissues are considered in 
terms of their possible roles in presbyopia.

Age-related	changes	in	rhesus	ciliary	muscle
Since accommodation is lost with increasing age, and accom-
modation is mediated by the ciliary muscle, the question 
arises whether presbyopia is due to a loss in ability of the 
ciliary muscle to contract. Since pupillary constriction and 
convergence are part of the near reflex but do not decrease 
with increasing age, this suggests that loss of muscle contrac-
tility is not a normal part of presbyopia.121 The iris, like the 
ciliary muscle, is an intraocular muscle and the iris continues 
to contract with light stimulus and with an accommodative 
effort even in presbyopes, therefore it is likely that the ciliary 
muscle continues to contract with an accommodative effort 
in presbyopes. Accommodative excursion of the ciliary 
muscle is reported to be reduced in presbyopic rhesus 
monkeys, as seen from both direct observation in surgically 
aniridic animals in which accommodation is stimulated by 
an electrode placed in the Edinger–Westphal nucleus,122 and 
from histologic study of ciliary muscle topography in eyes 

accommodative response measured periodically over 30–45 
minutes using a refractometer or an autorefractor until the 
maximal accommodative response is attained46,48 (see Fig. 
3.20B). This is a slow time-course for an accommodative 
response, but if the refraction is measured frequently enough, 
the maximum accommodative response amplitude can be 
determined. The accommodative amplitude measured in 
this way is independent of a visual accommodative stimulus 
and of patient subjectivity since the application of the drug 
produces the accommodative response. However, the mag-
nitude of the accommodative response does depend on drug 
concentration, intraocular pharmacokinetics, iris pigmenta-
tion and other non-accommodative factors that influence 
how much drug or how quickly the drug reaches the ciliary 
muscle.

Presbyopia

Presbyopia (Box 3.3) is the gradual age-related loss of accom-
modative amplitude which begins early in life and ultimately 
culminates in a complete loss of accommodation by about 
50 years of age.45,46,120 Subjective measurements of accom-
modation may suggest that about one diopter of accommo-
dation remains after about 50 years of age.24,45,46 However, 
this small remaining apparent response is due to depth of 
field effects that are inherent in the subjective measurement 
of accommodation. Objective measurement shows a linear 
decline of accommodation by about 2.5 D per decade to 
zero at about 50–55 years of age.45,46,120

Presbyopia results in the complete loss of the normal 
physiological function of accommodation roughly two-
thirds of the way through the human life-span. Few other 

Box 3.3 Presbyopia

•	 Presbyopia	is	the	age-related	loss	of	accommodative	
amplitude

•	 The	accommodative	optical	change	in	power	of	the	eye	with	
an	effort	to	focus	at	near	is	completely	lost	by	about	55	years	
of	age

•	 Many	aspects	of	the	accommodative	apparatus	of	the	eye	
change	with	increasing	age

•	 Lens	thickness	increases,	the	lens	anterior	surface	curvature	
increases,	anterior	segment	length	increases,	the	apex	of	the	
unaccommodated	ciliary	body	progressively	moves	inward	
towards	the	axis	of	the	eye,	the	elastic	modulus	of	the	capsule	
increases

•	 Lens	stiffness	increases	exponentially	with	increasing	age
•	 The	stiffness	gradient	of	the	human	lens	increases	with	

increasing	age.	In	the	young	lens,	the	nucleus	is	softer	than	
the	cortex,	but	with	increasing	age	the	nucleus	undergoes	a	
greater	increase	in	stiffness	than	the	cortex	such	that	in	the	
older	lens	the	nucleus	becomes	stiffer	than	the	cortex

•	 Ultimately,	the	human	lens	completely	loses	the	ability	to	
undergo	accommodative	changes	in	optical	power

•	 The	ciliary	muscle	retains	the	ability	to	contract	and	to	
undergo	accommodative	movements	in	the	presbyopic	eye

•	 Presbyopia	is,	at	its	endpoint,	due	to	a	complete	loss	in	
accommodative	ability	of	the	lens
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movement in presbyopic monkey eyes is due to a loss  
of elasticity of the posterior attachment of the ciliary  
muscle and choroid. This tissue is normally elastic and  
is stretched during accommodation in the young eye. If  
the tissue becomes less extensible with advancing age, the 
ciliary muscle must work harder to move forward during 
accommodation. Studies comparing the accommodative 
movements of the ciliary processes and lens equator in  
iridectomized monkeys show that both ciliary process and 
lens edge movements are reduced with increasing age and 
the loss of accommodation. However, accommodative 
movements of the ciliary processes are always greater  
than accommodative movements of the lens edge, irrespec-
tive of age128,129 (Fig. 3.24). Ciliary process movements are 
also greater than lens edge movements even in young 
monkeys.128 Together this suggests that lens movement 
limits the accommodative amplitude at all ages, not ciliary 
body movement. Ultimately at the endpoint of presbyopia 
ciliary process movement still occurs even in the absence 
of accommodative movements of the lens.129 Thus, although 
accommodative movement of the ciliary muscle/ciliary  
body may be systematically reduced with increasing age  
in rhesus monkey eyes, it is not the reduced ciliary body 

fixed in the presence of pilocarpine or atropine123 (Fig. 3.22). 
The posterior attachment of the rhesus ciliary muscle, com-
prising elastic tendons continuous with Bruch’s membrane, 
shows structural changes with increasing age.124 While the 
elastic tendons of the young monkey eye stain strongly for 
actin and desmin, in the aging eye this region exhibits 
increased collagen fibers that adhere to the elastic fibers, 
thickening of the elastic tendons and increased microfi-
brils.124 These anatomical changes may lead to decreased 
compliance of the posterior attachment of the ciliary muscle 
and the choroid. This is supported by the observation that 
in aged rhesus monkey eyes in which the posterior attach-
ment of the ciliary muscle is severed prior to pilocarpine 
stimulation, a configurational change occurs that is other-
wise absent.125 However, the contractile force of isolated 
rhesus ciliary muscle strips to pilocarpine stimulation is  
not reduced with increasing age126 (Fig. 3.23). Although 
there is some loss of ciliary muscle mass, there is no loss of 
muscarinic receptor number or binding affinity, and no 
change in cholineacetyltransferase or acetylcholinesterase 
activity.127

These histological, histochemical and ultrastructural 
studies show that the reduced ciliary muscle accommodative 

Figure 3.22 (A) Diagrams of the configuration of the 
ciliary muscle from an 8-year-old (left pair of images) 
and a 34-year-old (right pair of images) enucleated 
rhesus monkey eye after each globe was bisected 
with one half (left) placed in an atropine solution and 
the other half (right) placed in a pilocarpine solution. 
Representative sections based on histologic 
specimens. In the young, but not the old eye, the 
pilocarpine treated ciliary muscle showed a 
configurational accommodative change. The ciliary 
muscle from the older eye fails to undergo an 
accommodative configurational change due to the 
loss of elasticity of the posterior attachment of the 
ciliary muscle to the choroid. The 8-year-old rhesus 
monkey exhibits essentially no intramuscular 
connective tissue whereas the 34-year-old rhesus 
monkey exhibits connective tissue (arrows) only 
anteriorly between longitudinal and reticular zones of 
the ciliary muscle. (B) Diagram of the posterior 
attachment of the ciliary muscle (CM) in rhesus 
monkeys. The meridional muscle fiber bundles 
(arrows) are attached to the elastic layer of Bruch’s 
membrane via the elastic tendons. Smaller elastic 
fibers connect (arrowheads) the tendons of different 
bundles to the elastic network that surrounds the 
vessels of the pars plana. (Panel B from Tamm, 

Lutjen-Drecoll, Jungkunz & Rohen. Invest Ophthalmol Vis Sci 

1991; 32:1680, with permission from the Association for 

Research in Vision and Ophthalmology and from the author.)
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pseudophakic eyes.76,135,136 Histological study of the atropi-
nized human ciliary muscle shows that total area, area of 
longitudinal and reticular portion, and length of the muscle 
decrease with age. In addition, there is a decrease in ciliary 
ring diameter76 and the inner apex of the unaccommodated 
ciliary muscle resides further forward and inward towards 
the anterior–posterior axis in the aging eye so that the con-
figuration of the older unaccommodated ciliary muscle 
appears more like that of the young accommodated ciliary 
muscle125 (Fig. 3.25). Whether this is a cause or a conse-
quence of the anterior zonule gradually pulling the ciliary 
muscle inward is not clear. Based on this result it has been 
suggested that, at rest, the aged human ciliary muscle may 
be less able to hold or pull the crystalline lens into its flat-
tened and unaccommodated configuration.121

Age-related	changes	in	the	zonule
The anterior zonular attachment all around the equatorial 
region of the lens serves a fundamental role in the accom-
modative process. It is the outward force directed through 
these zonular fibers and the resulting tension on the lens 
capsule that maintains the unaccommodated lens in its flat-
tened state. The release of this resting tension during accom-
modation allows the capsule to mold the lens into its more 
spherical and accommodated form.71 Thus any age-related 
changes that may affect this zonular attachment are likely to 
impact the accommodative process and so may contribute 
to presbyopia. This is a very fine, delicate network of fibers 
and is especially difficult to study, and thus relatively few 
studies have been done on this tissue. Zonular spring con-
stants determined indirectly by stretching human tissues 
show no correlation with age.137 Scanning electron micro-
scopic studies of human eyes over a range of ages show an 
anterior zonular/capsular shift on the lens with increasing 
age.138 The distance from the zonular/capsule insertion to 
the lens equator increases, the distance from the zonular/
capsule insertion to the ciliary processes is unchanged, the 
circumlental space decreases with age (see below), and the 
rate of increase in distance from zonular/capsular insertion 
to lens equator remains relatively constant until the 5th 
decade and then increases dramatically.138 Based on the con-
stancy of the distance between the zonular/capsular inser-
tion and the ciliary body, it is suggested that there would be 
no change in zonular length or zonular tension with increas-
ing age provided zonular elasticity remains unchanged.

It is therefore possible that the decreased circumlental 
space described above is due to centripetal pulling of the 
ciliary body by the zonule as the zonule/capsular shift occurs 
with increasing lens thickness or due to the inward expan-
sion of the ciliary muscle.125 The decreased circumlental 
space is not due to an age-related increase in equatorial 
diameter of the lens since lens diameter does not increase 
systematically with age (see below). Farnsworth & Shyne138 
theorized that the anterior zonular shift occurs because the 
capsule is thinner on the posterior lens surface and is 
stretched more than the anterior capsule as the lens contin-
ues to grow within the capsule. A zonular/capsular shift 
could reasonably occur since the posterior capsule is 
thinner70,71 and therefore likely to stretch more than the 
anterior capsule as lens thickness increases. As a consequence 
of this zonular/capsular shift, in older eyes the attachment 

movements that limits accommodative amplitude in rhesus 
monkeys.

Age-related	changes	in	human	ciliary	muscle
With increasing age, the human ciliary muscle shows a loss 
of muscle fibers and an increase in connective tissue.125,130,131 
Despite this, studies using impedance cyclography132,133 or 
modeling134 to indirectly infer force of contraction of the 
human ciliary muscle, suggest that human ciliary muscle 
contractile force does not decrease, but indeed may increase 
and reach a maximum at the age at which presbyopia is 
manifest. These findings are consistent with observations  
of continued accommodative movement of the ciliary  
body with accommodative effort in human presbyopes and 

Figure 3.23 (A) Force of contraction and (B) percent increase in force of 
contraction over baseline of longitudinal (circles) and coronal (squares) 
strips of isolated rhesus monkey ciliary muscle strips stimulated with 
muscarinic agonists aceclidine (50 µM) or carbachol (1 µM). No age 
dependence in force of contraction of the isolated ciliary muscle was 
observed. (Graphs adapted with data from Poyer JF, Kaufman PL, Flügel C. Curr Eye 

Res 1993; 12:413–22, with permission from Swetz & Zeitlinger Publishers.)
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of the anterior zonular fiber to the lens is anterior to the 
equator, the fine zonular fibers which reside at the lens 
equator in the young eye are found anterior to the equator, 
and there are fewer zonular fibers at the equator.138 This 
would result in diminution of the outward directed force on 
the lens equator by the anterior zonular fibers as a whole 
and is suggested as a contributing factor in the age related 
loss of accommodation.138 Measurements on unfixed human 
eyes from which the lens substance was removed by phaco-
emulsification also show an age-dependent increase in the 
distance from the anterior zonular/capsular insertion to the 
equatorial edge of the capsular bag, a decrease in circumlen-
tal space, and an age-dependent increase in the distance 
from the anterior zonular/capsular insertion to the ciliary 
body.139 However absence of the lens substance from 
the capsular bag complicates interpretation of these 
measurements.

Age-related	changes	in	the	capsule
The thickness of the anterior lens capsule has been reported 
to increase from about 11 microns at birth to approximately 
20 microns at 60 years of age and then decreases slightly 

Figure 3.24 Graphs showing the accommodative excursions of the ciliary processes (solid symbols) and lens edge (open symbols) from the eyes of 
iridectomized rhesus monkeys. Quantitative goniovideographic analysis of the accommodative movements from the nasal (left) and temporal (right) sides of 
the monkey eyes for Edinger–Westphal stimulated accommodative responses to either maximal (top) or supramaximal (bottom) stimulus amplitudes. 
Accommodative movements of the lens and ciliary processes are reduced with the age-related loss of accommodative amplitude, but in all eyes, the 
magnitude of ciliary process movement exceeds the magnitude of the lens edge movements. With supramaximal stimulation there is a greater ciliary 
process movement than with the stimulus required to elicit maximum accommodation, and more so in the older eyes. This demonstrates that although 
increasing ciliary body movements can be produced even in the oldest eyes, this is without an increase in accommodative lens movements. (From Croft MA, 

Glasser A, Heatley G, et al. Invest Ophthalmol Vis Sci 2006; 47:1076–86. Reproduced with permission from The Association for Research in Vision and Ophthalmology.)
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Figure 3.25 Age-related changes in the configuration of the atropinized 
human ciliary muscle. Histologic sections from (A) a 34-year-old, (B) a 
59-year-old and (C) an 80-year-old human donor eye. The aging, atropinized 
human ciliary muscle looks more like a young accommodated ciliary muscle 
with the inner apex of the ciliary muscle moving forward and towards the 
axis of the eye. (Reprinted from Tamm S, Tamm E, Rohen JW. Mechanisms Ageing 

Development 1992; 62:209–21, with permission from Elsevier Science Ltd.)
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However, lens equatorial diameter in the unaccommodated 
state does not increase systematically with increasing 
age74,76,77,145 (Figs 3.28 & 3.29). Scheimpflug slit-lamp pha-
kometry and MRI measurements show that the anterior lens 
surface curvatures increase systematically with increasing 
age, but posterior lens surface curvature is found to increase 
in some studies and not in others.38,145,146 The increase in 
axial thickness of the lens results in a decrease in anterior 
chamber depth and an increase in anterior segment length145 
(Fig. 3.30). The distance between the cornea and the center 
of the lens does not change with increasing age.147 Qualita-
tively similar age-related changes have been described in the 
anterior segment of the rhesus monkey eye.148 Since the 
thickness and anterior and posterior surface curvatures of  
the lens increase with increasing age, but without an increase 
in lens equatorial diameter, the external shape of the aged 
lens begins to look more like that of an accommodated lens. 
However, the increased axial thickness with age is due to an 
increase in thickness of the anterior and posterior cortex 
whereas accommodation in a young lens is due to an increase 
in thickness of the nucleus.29,146,147 In addition, with increas-
ing age, the cortical layers of the lens increase to a greater 
extent than the nucleus.147 Although the surface curvatures 
in the aging lens appear to be more like an accommodated 
lens, the presbyopic eye is clearly not focused for near since 
presbyopia results in a loss of near vision.

The incongruity between the increasing lens surface cur-
vatures and the gradual loss of near vision has been termed 
the lens paradox.149 The reason the presbyopic eye does not 
become nearsighted despite the increasing lens surface cur-
vatures is due to a gradual age-related decrease in the equiva-
lent refractive index of the lens.75,145,150 The optical changes 
in the lens with accommodation and aging differ in several 
respects. While accommodation results in an increase in the 
extent of the negative spherical aberration of young lenses, 

Figure 3.26 Age-related changes in the elastic modulus of the human 
anterior lens capsule in the 0–10 percent range of strain, the level of strain 
relevant for accommodation. Data are obtained from stretching isolated 
rings from the anterior capsular surface. (From Krag S, Andreassen TT. Prog Retin 

Eye Res 2003; 22:749–67. Reproduced with permission from Elsevier Science Ltd.)
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Figure 3.27 The human lens continues to grow throughout life as evident 
from an increase in mass of the isolated human lens. The wet weight of 18 
human lenses was measured after isolating the lenses from human 
eye-bank eyes ranging in age from 5 to 96 years of age. (Reprinted from 

Glasser A, Campbell MCW. Vision Res 1999; 39:1991–2015, with permission from 

Elsevier Science Ltd.)
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thereafter.140 Krag141 found an increase from 11 to 33 microns 
up to age 75 and then a slight decrease thereafter. More 
recent results show an increase in thickness of the anterior 
mid peripheral capsule with increasing age and a thinning 
of the mid peripheral posterior capsule.70 Fisher140 measured 
the extensibility of the human lens capsule by applying a 
fluid pressure behind the central part of the anterior lens 
capsule clamped between two rings and found it to be 29 
percent and age independent. Despite the increased capsular 
thickness with increasing age, Fisher140 showed a decrease in 
Young’s modulus of elasticity of the capsule from 6 × 107 
dyn/cm2 in infancy to 2 × 107 dyn/cm2 in old age. Fisher 
suggests that the force that can be transmitted per unit thick-
ness of the capsule decreases by half by age 60, but that the 
increased thickness offers some compensation for the loss of 
elasticity. Age-related change in lens volume may account 
for the variations in thickness of the capsule at a specified 
region on the lens. Krag et al’s141 measurements of extensibil-
ity of a ring cut from the anterior capsule show that while 
the young capsule can be stretched to 108 percent of its 
unstretched length, there is a linear decline in strain to 40 
percent at age 98. The force required to break the capsular 
ring remained constant until age 35 and decreased linearly 
thereafter. In the 0–10 percent strain level, the level of strain 
relevant for accommodation, there is a linear increase in 
elastic modulus of the anterior lens capsule up to about 35 
years of age and a slight decrease after this age (Fig. 3.26). 
With increasing age the capsule gets thicker, less extensible 
and more brittle.141,142

Growth	of	the	crystalline	lens
The crystalline lens continues to grow throughout life. In 
humans, this results in a linear increase in mass of the  
isolated lens between age 5 and 96 years of age72 (Fig. 3.27). 
The human lens also undergoes an increase in axial thickness 
as a consequence of the addition of lens fiber cells.45,143–145 
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Smith in 1883 in which lens equatorial diameter was meas-
ured in isolated human lenses.154 Smith and others54,71,72 
recognized that when the zonular fibers are cut and the lens 
is isolated and removed from the eye and from external 
zonular traction forces, younger lenses tend to become 
accommodated and undergo a decrease in equatorial diam-
eter while older presbyopic lenses do not undergo any 
change in shape upon removal from the eye.54,71,72 Therefore, 
the diameter of isolated lenses is relatively smaller in young 
isolated lenses than in older isolated lenses. Measurements 
of lens equatorial diameter of isolated lenses, therefore 
compare young accommodated lenses with older unac-
commodated lenses. Although such studies show an age-
dependent increase in lens diameter, this trend is not due to 
age, but is due to the different accommodative states of 
isolated lenses.154 Measurements from isolated adult lenses, 

aging results in a systematic change in sign of spherical aber-
ration from negative to positive.54,72 The increased axial 
thickness of the lens would also tend to reduce the lens 
refractive power if no other changes occurred in the  
lens. Although the refractive index value at the center of  
the lens does not change systematically with increasing  
age, the shape of the lens gradient refractive index changes 
with increasing age – resulting in a larger plateau in the 
refractive index in the central regions of the lens and a 
steeper change in the gradient refractive index in the more 
peripheral lens cortical regions41 (Fig. 3.31).

It has been suggested that lens equatorial diameter 
increases systematically with increasing age94,151,152 and this 
has been suggested to be the primary cause of presbyopia.153 
The only evidence cited in support of an age-related increase 
in lens diameter is data from an original study by Priestly 

Figure 3.28 MRI measurements of resting, unaccommodated lens thickness (A), lens diameter (B) and ciliary ring diameter (C) in human eyes as a function 
of age. Subjects viewed a near target (8 diopters of accommodative demand) and MRI measurements were repeated to determine the change in lens 
thickness (D), the change in lens diameter (note: the change in lens diameter is graphed as positive values, but this actually represents a decrease in lens 
diameter with accommodation) (E) and the change in ciliary ring diameter (F) with accommodation. The accommodative changes in lens thickness and lens 
diameter reach zero (horizontal lines) by approximately 50 years of age, while the accommodative change in ciliary ring diameter, although reduced with 
increasing age, does not. (From Strenk SA, Semmlow JL, Strenk LM et al. Invest Ophthalmol Vis Sci, 1999; 40:1162–9. Reproduced with permission from The Association for 

Research in Vision and Ophthalmology.)
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Fisher’s calculated Young’s modulus of polar and equatorial 
elasticity show a more than three-fold increase over this age 
range.155 From these studies Fisher suggested that a decrease 
in elastic modulus of the capsule, an increase in elastic 
modulus of the lens substance and a flattening of the lens 
are sufficient to account for the loss of accommodation by 
the age of 61 years.156 However Fisher’s assumptions of no 
age-related change in lens shape or zonular insertion onto 
the lens are inaccurate138,146 and the theoretical assumptions 
on which the calculations are based are questioned.157 
Although Fisher’s calculated Young’s modulus values may be 
inaccurate, his experiments do demonstrate reduced deform-
ability of the aging human lens due to rotational forces.

Mechanical stretching experiments show that young 
human lenses undergo 12–16 D of changes in optical power 
from stretching forces applied through the intact zonular 
apparatus.54 These mechanically induced changes in optical 
power of the lens correspond well with the accommodative 
dioptric change in power of the young eye in vivo. The 
change in optical power that the human lens undergoes with 
mechanical stretching gradually decreases with increasing 
age54,134 (see Fig. 3.12). By about 55 years of age, human 
lenses are unable to undergo any change in optical power 
with the same degree of stretching that produces 12–16 D 
of change in optical power of young lenses.54 Phakoemulsi-
fication and aspiration of the presbyopic lens and injection 
of a soft silicone polymer to refill the capsule restores the 
ability of the refilled lens to undergo accommodative changes 
in optical power with mechanical stretching.85 These experi-
ments show that regardless of what other age-related changes 
may occur in the human accommodative apparatus, the 
human lens ultimately completely loses the ability to 
undergo accommodative optical changes and that this is due 
to the increased stiffness of the lens. Presbyopic human 
lenses are unable to undergo any change in optical power 
from forces exerted on the lenses either through zonular 
traction or rotational forces.54,155

After the zonule is cut, and the young lens is removed 
from the eye, the young isolated lens is in a maximally 
accommodated form due to the forces exerted on the lens 
by the lens capsule.71,72,154 When the lens capsule is removed 
from the isolated young lens, the decapsulated lens sub-
stance takes on an unaccommodated form71,72 (Fig. 3.32). 
Removing the capsule from young lenses results in a decrease 
in optical power. However, removing the capsule from 
lenses over about 50 years of age results in no change in 
optical power.72 This, together with the results from mechan-
ical stretching experiments,54 shows that the lens substance 
of older human lenses ultimately is incapable of undergoing 
capsule-induced optical alterations required for accommo-
dation and disaccommodation.

High resolution magnetic resonance imaging (MRI) 
studies in living human eyes provide insights on aging of the 
accommodative apparatus.76 When subjects are presented 
with an 8D accommodative stimulus, in the young subjects 
there is an accommodative increase in lens thickness and 
decrease in lens equatorial diameter, but with increasing  
age, these accommodative changes in the lens decline to  
zero by about age 50 (see Fig 3.28). However, an accom-
modative decrease in ciliary ring diameter still occurs even 
in the oldest subjects. This shows that in presbyopes, an 
effort to focus at near results in a ciliary muscle contraction 

therefore, do not reflect the equatorial diameter of the lens 
in vivo. Recent studies have measured lens thickness and 
equatorial diameter in the living human74,76,145 and monkey77 
eye. These studies show that although lens growth occurs as 
is evident from an increase in lens axial thickness, the pro-
gression of presbyopia occurs without a systematic increase 
in lens equatorial diameter.

Loss	of	ability	of	the	human	lens		
to	accommodate
In vitro studies show that the human lens progressively loses 
the ability to undergo accommodative changes. Fisher sub-
jected isolated human lenses to high-speed rotational forces 
designed to simulate the forces that act on the lens to hold 
the lens in an unaccommodated state in the living eye.155 
The results show an age-dependent decline in deformability 
of the human lens. For a given rotational stress, the equato-
rial and polar strain (change in lens diameter and thickness) 
decrease by about one-third between the ages of 15 and 65. 

Figure 3.29 In rhesus monkeys in which (A), there is an age-related 
decrease in accommodative amplitude, (B), there is no systematic 
age-related change in unaccommodated lens equatorial diameter (circles) 
and accommodative decrease in lens diameter decreases with increasing 
age (squares). (Wendt M, Croft MA, McDonald J, et al. Exp Eye Res 2008; 86:746–52. 

Reproduced with permission from Elsevier Science Ltd.)
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and accommodative movements of the ciliary body, but 
without the required accommodative changes in the lens. 
Presbyopia, therefore results in a failure of the crystalline 
lens to undergo accommodative changes.

Age-related	increase	in	stiffness		
of	the	human	lens
The human lens undergoes an exponential age-related 
increase in stiffness.72,158,159 In the young lens, the nucleus is 
softer than the cortex, but with increasing age, there is a rela-
tively greater increase in the stiffness of the cortex158,159 (Fig. 
3.33). In the young eye, accommodation occurs through an 
increase in thickness of the lens nucleus, but not the cortex. 
In the young eye, it may be that the relatively stiffer cortical 
layers surrounding the nucleus mold the nucleus to change 
its shape during accommodation. With increasing age as the 
rate of stiffening of the nucleus exceeds that of the cortex, 
the cortical stiffness begins to exceed that of the nucleus by 
about 35 years of age.158 There is a stiffness gradient to the 
lens (Fig. 3.34). In the young lens, stiffness progressively 

Figure 3.30 Age-related changes in the human lens. (A) Lens axial thickness as measured with A-scan ultrasound (red symbols) and MRI (blue symbols) 
increases with increasing age. (B) Anterior segment length as measured with A-scan ultrasound (red symbols) and MRI (blue symbols) increases with 
increasing age. (C) Lens anterior radius of curvature as measured from phakometry (red symbols) and MRI (blue symbols) decreases with increasing 
age, but lens posterior radius of curvature does not change systematically. (D) Calculated lens equivalent refractive index decreases with increasing age. 
(From Atchison DA, Markwell EL, Kasthurirangan S, et al. J Vis 2008; 8:29–30. Reproduced with permission from The Association for Research in Vision and Ophthalmology.)
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Figure 3.31 Since lens thickness increases systematically, but the refractive 
index at the center of the lens does not change systematically, the overall 
form of the gradient refractive index of the lens changes with increasing 
age. The refractive index profile becomes steeper near the lens surfaces and 
it becomes flatter near the lens center. (From Moffat BA, Atchison DA, Pope JM. 

Optom Visi Sci 2002; 79:148–50.)
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the lens substance must remain sufficiently pliable for cap-
sular and zonular forces to flatten the lens to hold it in an 
unaccommodated form and for capsular forces to increase 
the surface curvatures to mold the lens into an accommo-
dated form. Since accommodation relies on forces exerted 
by the capsule on the lens, a small change in the fine balance 
of capsular and lens nuclear and cortical elastic forces would 

decreases from the surface of the cortex to the center of the 
nucleus, whereas in older lenses the stiffness gradient 
increases from the surface of the cortex to the center of the 
nucleus. It may be this change in stiffness gradient that leads 
to an age-related change in the fine balance of forces that 
ultimately results in a loss of accommodation.159,160 It is an 
essential requirement that if accommodation is to occur,  

Figure 3.32 Effect of removing the capsule (blue profile) on (A) 5-year-old, (B) 23-year-old, and (C) 84-year-old isolated human lenses. In the youngest lens, 
the capsule causes the isolated lens to become maximally accommodated. Removing the capsule results in the isolated lens substance taking on a more 
unaccommodated form. This effect of the capsule is reduced in the intermediate aged lens and removal of the lens capsule has no effect on the shape of 
the oldest lens. (From Glasser A, Croft MA, Kaufman PL. In: Friedlander MH, ed. International Ophthalmology Clinics. Philadelphia, PA: Lippincott Williams & Wilkins, 2001; 

vol. 41(2), ch. 1.)
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Figure 3.33 Age-related increase in stiffness of human lenses. (A) Nineteen human lenses ranging in age from 5 to 96 years show an exponential increase 
in stiffness with an over four-fold increase in stiffness over the human life-span which continues well after the age at which accommodation is completely 
lost. (B) The nuclear regions of young lenses have a lower sheer modulus than the cortex, but there is an exponential increase in stiffness of both the nucleus 
and the cortex of the lens with a relatively greater increase in sheer modulus of the nucleus. (Panel A from Glasser A, Campbell MCW. Vision Res 1999: 39:1991–2015, 

with permission from Elsevier Science Ltd. Panel B from Heys KR, Cram SL, Truscott RJ. Mol Vis 2004; 10:956–63.)
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eye – aging of the anterior segment. Vision Res 1989; 29:1685.
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population. J Cataract Refract Surg 2004; 30:1435.

47. Calver RI, Cox MJ, Elliott DB. Effect of aging on the monochromatic aberrations of the 
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48. Wold JE, Hu A, Chen S et al. Subjective and objective measurement of human 
accommodative amplitude. J Cataract Refract Surg 2003; 29:1878.

49. Koretz JF, Handelman GH. A model for accommodation in the young human eye: the 
effects of lens elastic anisotropy on the mechanism. Vision Res 1983; 23:1679.

50. Coleman DJ, Rondeau MJ. Current aspects of human accommodation II. Heidelberg: 
Kaden Verlag, 2003.

51. Coleman DJ, Fish SK. Presbyopia, accommodation, and the mature catenary. 
Ophthalmology 2001; 108:1544.

diminish the accommodative ability of the lens. Although 
presbyopia results in a complete loss of accommodation by 
the age of about 50 years, the stiffness of the human lens 
continues to increase beyond this age throughout the remain-
ing years of the human life-span. The age-related stiffening 
of the lens may simply represent a continuation of the age-
related changes that ultimately lead to cataract.

The progressive loss of compliance of the lens from early 
in life parallels the decline in accommodative amplitude. If 
no other age-related changes were to occur in the accom-
modative apparatus of the eye, increased stiffness of the lens 
and a change in the stiffness gradient of the lens could com-
pletely account for the loss of accommodation with advanc-
ing age. Presbyopia has classically been attributed to the 
hardening or “sclerosis” of the lens. Some confusion may 
exist regarding the meaning of the term “lenticular sclerosis”. 
Evidence suggests that there is a gradual and progressive 
increase in stiffness of the lens with a relatively greater 
increase in stiffness of the nucleus than the cortex that  
occurs throughout life to ultimately lead to an inability of 
the lens to undergo the optical changes required for 
accommodation.
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Cornea and Sclera
Daniel G. Dawson, John L. Ubels & Henry F. Edelhauser

Introduction
The outermost, fibrous tunic of the human eye is the cornea 
and the sclera (Fig. 4.1A,B).1–5 Both are soft connective 
tissues designed to provide structural integrity of the globe 
and to protect the inner components of the eye from physi-
cal injury. The clear, transparent cornea (Fig. 4.1A,C) covers 
the anterior 1/6th of the total surface area of the globe, while 
the white, opaque sclera (Fig. 4.1A) covers the remaining 
5/6ths. The cornea and the lens are the eye’s primary refrac-
tive structures and both have two key optical properties to 
this end – refractive power (light refraction) and transpar-
ency (light transmission). The presence of a healthy cornea 
is essential for good vision as it is basically the window of 
the eye. The cornea is most analogous to the external lens of 
a compound lens camera. By comparison, the sclera pre-
dominantly serves more of a biomechanical function and is 
analogous to the housing of the camera and lens.

The cornea is 540 to 700 µm thick and is arranged in five 
basic layers – epithelium, Bowman’s layer, stroma proper, 
Descemet’s membrane, and endothelium (Fig. 4.1D); each 
having distinctly different structural and functional charac-
tistics.6 It also is composed of three major cell types – epi-
thelial, stromal keratocyte, and endothelial cells. Two of 
these, epithelium and endothelium, form cellular barrier 
layers to the stroma. Thus, their resistance to diffusion of 
solutes and bulk fluid flow are of considerable importance 
to maintaining normal corneal function (resistance to diffu-
sion of solutes and fluid flow: epithelium [2000] >> endothe-
lium [10] > stroma [1]). All 3 can replicate through mitosis, 
but vary considerably in their in vivo proliferative capacity 
with epithelial cells having the highest rates of cell division 
and endothelial cells being the least renewable. This fact is 
seen clinically since epithelial cells can completely regener-
ate after injury (e.g. corneal abrasions), while endothelial 
cells, as a result of limited in vivo proliferation, are most 
commonly involved in age-related (e.g. Fuchs’ dystrophy) or 
injury-related disease (e.g. pseudophakic bullous keratopa-
thy – PBK) ultimately resulting in corneal edema and bullous 
keratopathy. Corneal stromal keratocytes are a middle 
ground compromise between these two extremes. One major 
disadvantage of the epithelium’s high proliferative potential 
is that it can occasionally go unchecked, resulting in cancer 
(e.g. squamous cell cancers of the cornea), whereas kerato-
cytes and endothelial cells do not have this risk.

The sclera is 0.3 to 1.35 mm thick and is arranged into 
three layers – episclera, scleral stroma proper, and lamina 
fusca; each having distinctly different structural and func-
tional characteristics. The sclera is composed of only one 
major cell type, the sclera fibrocyte, which has moderate 
proliferative potential, like that of the corneal stromal kera-
toctye. As the sclera has no cellular barrier layers, its perme-
ability properties are quite similar to that of the corneal 
stroma. The sclera is an excellent example of a tissue made 
for biomechanical stability as it is stiff, strong, and tough. 
As such, disease of the sclera commonly results in loss of 
tectonic support, abnormal size due to dysregulated growth 
as well as inflammatory conditions that commonly also 
affect the joints in the body. Many animals have a very rigid 
sclera that is often supported by bone or cartilage. Humans 
deviate from this extreme in that their sclera is a less rigid 
fibrous connective tissue, perhaps reflecting its need to main-
tain an even blood flow to the choroid and retina during 
large excursions in eye motility.

This chapter reviews and explains the structure and func-
tion of the cornea and sclera, providing a framework for 
understanding normal health and disease of each tissue with 
an emphasis on function.

Cornea

Embryology, growth, development, and aging
The foundations of contemporary corneal embryology and 
development stem from pioneering embryonic chick studies. 
Since few such detailed studies have been carried out in 
primates or other mammals, the information that follows 
has potential gaps in knowledge since species-related differ-
ences may exist. Following lens vesicle formation between 4 
to 5 weeks’ gestation (27–36 days), surface ectodermal cells 
cover the defect left by lens vesicle invagination and become 
the primitive, undifferentiated corneal epithelium, com-
posed initially of two cell layers.7 Similar to the avian cornea, 
the primitive corneal epithelium of primates and higher 
mammals immediately produces a primary acellular corneal 
stroma, or post-epithelial layer.8,9 In primates, this is seen as 
the gradual subepithelial addition of diagonal and then ran-
domly oriented fibrillar elements, which later thicken into 
collagen fibrils that are slightly smaller in diameter than 
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remnant, the Bowman’s layer, is indistinct and rather thin.12 
Around 12 weeks’ gestation, a time period between eyelid 
fusion at 8 weeks’ gestation and eyelid opening at 26 weeks’ 
gestation, the epithelium differentiates to become a strati-
fied, squamous epithelium 4 cell layers thick, which then 
produces an epithelial basement membrane. It remains 4 

stromal collagen fibrils.9 The Bowman’s layer is thought to 
be a distinct, dense anterior-most remnant of this embryo-
logic layer, which is first detectable by light microscopy 
around 20 weeks’ gestation.9–11 In contrast to humans, lower 
mammals, such as rabbits and rodents, have an underdevel-
oped primary acellular corneal stroma and its residual 

Figure 4.1 (A) Diffuse illumination slit-lamp image of the human cornea and sclera. (B) Main anatomical components of the globe with detailed emphasis 
on the corneal and scleral components. (C) Slit-beam illumination slit-lamp image of the human cornea shows an optical section of the tissue. Notice the 
slight light scattering that occurs in the tissue, mainly from cellular components in cornea. (D) Histologic section of the human cornea labeling the five main 
cellular and extracellular matrix layers (toluidine blue ×25).
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cell layers thick until approximately 6 months after birth 
when it reaches adult levels of 4–6 cell layers thick. Early in 
gestation, the epithelial basement membrane and anchoring 
complexes on the basal surface of the epithelium are absent. 
Rudimentary epithelial basement membrane and anchoring 
complexes only become detectable by 17 weeks of gestation. 
With further development in utero, the thickness and 
number of these structures gradually increases.

A first wave of neural crest-derived mesenchymal cells 
begins to extend beneath the corneal epithelial cells from 
the limbus around 5 weeks’ gestation (33 days); these cells 
form the primitive endothelium. The primitive endothelium 
is initially composed of two-cell layers. By 8 weeks’ gestation, 
it becomes a monolayer that starts to produce Descemet’s 
membrane, which becomes recognizable on light micros-
copy at 3–4 months’ gestation. The epithelium and endothe-
lium remain closely opposed until 7 weeks’ gestation (49 
days), when a second wave of mesenchymal cells begins to 
migrate centrally from the limbus between the epithelium 
and endothelium invading below and into most of the 
primary acellular stroma. The cells do not enter the anterior-
most 10 µm of stroma, which lacks keratocan, a proteoglycan 
core protein signal thought to be required for cellular inva-
sion.10 This second wave of cells forms the stroma proper, or 
secondary cellular corneal stroma, as production of lamellar 
collagen begins within a few days in a posterior-to-anterior 
fashion. It is believed that the invading mesenchymal cells, 
destined to become keratocytes, use the primary acellular 
stroma as a scaffold, primarily in the anterior third of stroma 
proper. This concurs with the significant lamellar interweav-
ing and oblique lamellar orientation in the anterior third of 
post-natal human corneal stroma as well as the fact that each 
successive lamellar layer is rotated 1–2 degrees clockwise. 
This directional rotation is the same in both right and left 
eyes. In the posterior two-thirds of the stroma, the corneal 
stroma is composed of essentially orthogonal lamellae. By 3 
months’ gestation, corneal nerves invade the stroma and 
eventually penetrate through the Bowman’s layer so that 
nerve endings develop in the epithelium. Studies also suggest 
that by 5 months’ gestation, tight junctions form around all 
the corneal endothelial cells and, by 5 to 7 months’ gesta-
tion, the in utero cornea becomes transparent as the density 
of functioning endothelial Na+/K+-ATPase metabolic pump 
sites increase to adult levels.13,14 By 7 months’ gestation, the 
cornea resembles that of the adult in most structural charac-
teristics other than size. At birth in the full-term infant, the 
horizontal corneal diameter is about 9.8 mm and the corneal 
surface area is around 102 mm2. The cornea of the newborn 
infant is approximately 75–80 percent of the size of the adult 
human cornea (Fig. 4.2A,B,C), while the posterior segment 
is < 50 percent of adult size (Fig. 4.2D).15 At birth, the cross-
sectional thickness of the 4-cell layer epithelium averages 
50 µm, the Bowman’s layer averages 10 µm, the central 
stroma proper averages 500 µm, Descemet’s membrane 
averages 4 µm, and the endothelium averages 6 µm thick 
(total mean central corneal thickness ∼ 570 µm).16–18

During infancy, the cornea continues to grow, reaching 
adult size around 2 years of age with a horizontal diameter 
of 11.7 mm, surface area of 138 mm2, anterior surface cur-
vature of 44.1 D (Fig. 4.2A), and mean central corneal thick-
ness of 544 µm (Fig. 4.2C).15,17,18 Thereafter, it changes very 
little in size, shape, transparency, or curvature, although a 

shift from with-the-rule to against-the-rule astigmatism has 
been associated with aging (Fig. 4.2B).19–22 Post-natal aging 
is associated with several structural changes to the corneal 
tissue including: (1) epithelial basement membrane growth 
or thickening of an additional 100 to 300 nm or a rate of 
approximately 30 nm per decade of life; (2) decreased kera-
tocyte, sub-basal nerve fiber, and endothelial cell density, 
presumably from stress-induced premature senescence; (3) 
increased stiffness, strength, and toughness of the stroma, 
from enzymatic maturation- and non-enzymatic age-related 
glycation-induced cross-linking of collagen fibrils; (4) 
Descemet’s membrane thickening of an additional 6–11 µm 
or a rate of approximately 1 µm per decade of life; and (5) 
possible degeneration of extracellular matrix structures.19,20,23 
These structural and cellular changes, however, minimally 
affect the optical and barrier functions of the cornea and 
perhaps improve the mechanical function. For example, 
corneal ectasia from natural causes, like keratoconus, is 
rarely seen after 40 years of age. Only three documented 
negative functional consequences are associated with aging 
– impaired corneal wound healing, decreased corneal sensa-
tion, and decreased extensibility of its tissue.19–31 In elderly 
individuals or younger individuals with lipid abnormalities, 
the cornea often becomes yellowish in the periphery of the 
cornea due to a fine deposition of lipid. This condition is 
called arcus senilis.

Major corneal reference points and 
measurements
When viewed anteriorly in the living eye, the adult human 
cornea appears elliptical (Fig. 4.3A) as the largest diameter 
is typically in the horizontal meridian (mean 11.7 mm) and 
the smallest is in the vertical meridian (mean 10.6 mm).1 
This elliptical configuration is brought about by anterior 
extension of the opaque sclera superiorly and inferiorly. 
When viewed from the posterior surface, the cornea is actu-
ally circular (Fig. 4.3A), with an average horizontal and verti-
cal diameter of 11.7 mm. The average radius of curvature of 
the anterior and posterior corneal surface is 7.8 mm and 
6.5 mm, respectively, which is significantly less than the 
11.5 mm average radius of curvature of the sclera. This 
results in a small 1.5–2 mm transition zone that forms an 
external and internal surface groove, or scleral sulcus, where 
the steeper cornea meets the flatter sclera (Fig. 4.3A). This 
sulcus typically is not obvious clinically because it is filled 
in by overlying episclera and conjunctiva externally. The 
tissue in this transition zone is known as the limbus (Fig. 
4.3B), which averages 1.5 mm wide in the horizontal merid-
ian and 2 mm wide in the vertical meridian. It is important 
because it contains adult corneal stem cell populations, con-
tains the trabecular meshwork, which is the conventional 
outflow pathway for the aqueous humor, and is the inciting 
site of pathology in a few immunologic diseases.32 The 
limbus is also a major anatomic reference point for planning 
surgical entry into the anterior segment because it appears 
clinically as a blue transition zone. Therefore, an incision 
placed anterior to the blue zone is anatomically in the 
peripheral cornea, safely inside the trabecular meshwork and 
stem cells. The cornea is thinner in the center, measuring on 
average 544 ± 34 µm (range: 440–650 µm) with ultrasound 
pachymetry, and increases in thickness in the periphery to 
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Figure 4.2 (A) Keratometry values plotted with respect to age on a logarithmic scale. Negative numbers represent months of prematurity; dot = mean 
value for each age group and bar = standard deviation. (From Gordon RA, Donzis PB. Arch Ophthalmol 1985; 103:785–9.) (B) Changes in corneal shape associated 
with aging showing the shift from with-the-rule astigmatism to against-the-rule astigmatism. (From Hayashi K, Hayashi H, Hayashi F. Cornea 1995; 14:527–32.) 
(C) Scatterplot showing the relationship between age and central corneal thickness from various studies in the published literature. (From Doughty MJ, 

Laiquzzaman M, Muller A, et al. Ophthalm Physiol Optics 2002; 22:491–504.) (D) Axial length plotted with respect to age. Dots = mean values for age group; bars = 
standard deviation. (From Gordon RA, Donzis PB. Arch Ophthalmol 1985; 103:785–9.)
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Figure 4.3 (A) Coronal views show the elliptical shape of the right cornea when viewed anteriorly (upper left) and the circular shape when viewed 
posteriorly (lower left). Superior axial view (right) illustrates how the right globe deviates from a perfect sphere. Dashed lines = theoretical spherical globe; 
solid lines = actual contour of the globe. ES = external sulcus; TB = temporal bulge. (Modified from Bron AJ, Tripathi R, Tripathi B. In: Wolff’s anatomy of the eye and 

orbit, 8th edn. London, UK: Chapman & Hall, 1997.) (B) Locations of the peripheral cornea, limbus, sclera, episclera, and conjunctiva (PAS ×20). (C) The cornea 
overlying the entrance pupil, known as the central or effective optical zone, directly impacts foveal vision, whereas the cornea peripheral to the entrance 
pupil, known as the peripheral optical zone, primarily impacts peripheral vision. (Modified from Uozato H, Guyton D. Am J Ophthalmol 1987; 103:264–75.). (D) The 
clinically definable and practically useful principal axes of the eye (left), line of sight and pupillary axis, and major corneal reference points of the cornea (right 
[right cornea shown]), corneal sightening center (CSC), corneal apex, and thinnest corneal point (TCP) are illustrated in reference to the theoretical, but not 
practically useful visual axis. The line of sight is the line from the fixation target to the corneal sighting center (CSC) that typically continues through the cornea 
into the eye, at or near the center of the entrance pupil, where it is refracted by the cornea and lens to finally reach the fovea. The light rays from the fixation 
target (shown by shaded areas) are usually centered on or near the entrance pupil, E, and are nearly symmetric around the line of sight. The line of sight is 
often confused with a theoretical principle axis of the schematic eye called the visual axis. Technically, there is no visual axis of the real human eye because 
the non-centered optics of the real eye do not allow a single straight line to describe this theoretical pathway of chief light rays, defined as an undeviated line 
from the fixation target that passes through the nodal points of the eye and ultimately onto the fovea. The visual axis is used for calculating the relation 
between object and image sizes using Gaussian optics and Gullstrand’s schematic eye, but it has no meaning or usefulness in the real eye. The pupillary 
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axis is an easily definable line from the center of the real pupil to the perpendicular or normal surface of the cornea, which is aligned with the center of 
curvature of the cornea, C1. Angle kappa is the angle between real pupillary axis and theoretical visual axis; angle lambda is the angle between the real 
pupillary axis and real line of sight. In the clinical setting, it is the angle lambda that is measured by observing the displacement of the coaxially viewed 
corneal reflex from the pupil center of a fixating eye, even though it is erroneously called angle kappa. Usually angle lambda measures between 3° to 6°.  
The visual axis and line of sight are often assumed to be parallel, but this is only true for very distant objects near infinity. Pink dot = pupillary axis intercept 
with cornea; blue dot = line of sight intercept with cornea or CSC; yellow dot = corneal apex; violet dot = imaging device’s axis point (DAP); gray dot = TCP. 
(E) The standard alignment position for all imaging devices occurs when a patient directly looks at a luminous fixation point centered in the circular rings of 
the imaging device and its reflected image is then aligned by the examiner so that it is centered in the operator’s screen of the device. When in standard 
alignment position, the imaging device’s optical axis is aimed perpendicular or vertex normal to the surface of cornea and directed toward the center of 
curvature of the cornea, C; it also is approximately twice the distance from the pupillary axis as the line of sight. The anterior corneal surface intercept with 
the device axis is the device axis point (DAP). The center of the circular rings of the imaging device’s operator screen and the reflected first Purkinje image of 
the luminous fixation target are perfectly aligned in the standard alignment position. Only if angle lambda is zero will standard alignment position coincide 
with the line of sight and the corneal sighting center. E = center of entrance pupil. (Modified from Mandell R, Horner D. In: Gills J, Sanders D, Thornton S, et al, eds. 

Corneal topography. The state of the art. Thorofare, New Jersey: Slack, 1995.)
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approximately 700 µm as it reaches the limbus.1–4,6 A meta-
analysis of all cross-sectional and longitudinal corneal thick-
ness studies over a 30-year time period showed that no 
significant age-related change in central corneal thickness 
occurred beyond the infant years.18

The central cornea overlying the entrance pupil, which is 
a virtual image of the real pupil and is typically located 
0.5 mm anterior to and 14 percent larger than the real pupil, 
contains the central or effective optical zone of the cornea 
(Fig. 4.3C). The central optical zone is the portion of the 
cornea that can successfully refract a cone-like bundle of 
light from a distant or near fixation target through the pupil 
of the eye and then directly refracts it onto the fovea. The 
central location and size of this central optical zone dynami-
cally changes according to the location of the fixation target 
in relation to the cornea (e.g. more distant fixation target = 
larger-diameter central optical zone, off-center fixation target 
= off-center central optical zone) and the aperture of the real 
pupil in various lighting conditions since the bundle of light 
has the same cross-sectional shape (e.g. an oval pupil results 
in an oval central optical zone) as the pupil and its diameter 
are defined by the pupil’s diameter as well as the location of 
fixation target. The central optical zone’s diameter typically 
averages 3.6 ± 0.8 mm in photopic lighting and 5.8 ± 
0.9 mm in scotopic light with a range between 1.5 to 9.0 mm 
depending on the lighting condition.33–36 The remaining 
cornea peripheral to this central optical zone is the periph-
eral optical zone, which can refract light through the entrance 
pupil, but it does so at such an acute angle that it only affects 
the more peripheral aspects of the retina including the 
macula (Fig. 4.3C); it rarely directly impacts foveal vision.

Within the central optical zone are three major corneal 
reference points (Fig. 4.3D) that are extremely useful in 
determining the shape, refractive power, and biomechanical 
properties of the cornea, since they are statically fixed refer-
ence points.37 The first is called the corneal apex; it is defined 
as the steepest point or area of the cornea. It typically is 
measured using a corneal keratographer, topographer, or 
tomographer and thus its exact location on the cornea is 
referenced in relation to the corneal intercept of the imaging 
device’s optical axis (Fig. 4.3E).38 The corneal intercept of the 
imaging device’s optical axis is termed the device’s axis point 
(DAP). On average, the corneal apex usually is located 
0.8 mm temporal and 0.2 mm superior to the DAP or 
0.5 mm temporal and 0.5 mm superior to the corneal inter-
cept of the line of sight of the eye (Fig. 4.3D), but consider-
able inter-individual variability is found in the location of 
the corneal apex in comparison to the average.39 The clinical 
utility of the corneal apex is that it is of paramount impor-
tance in the selection and fitting of contact lenses and in 
determining the geometric aspheric shape of the cornea.37 
Significant decentration of the corneal apex from the DAP 
may give a false interpretation of corneal shape (e.g. asym-
metric shape). The easiest way to clarify whether this is real 
or due to artifact is to aim the imaging device’s optical axis 
directly at the corneal apex, which is more cumbersome and 
difficult to do than standard alignment position.

The second major corneal reference point is the corneal 
intercept of the line of sight, also known as the corneal sight-
ing center (CSC).37,40 The line of sight is an actual principal 
axis of the real eye as opposed to a theoretical construct of 
a schematic eye (e.g. visual axis) and it is defined as the 

principal axis joining a distant fixation point to the fovea. It 
theoretically is always thought to cross the center of the 
entrance pupil, which may not be true in the real eye since 
it is known that the center of the entrance pupil dynamically 
and unpredictably shifts up to 0.7 mm in direction with 
changes in pupil diameter, whereas the line of sight is a stati-
cally fixed axis line. Thus, it perhaps is best thought of as a 
line connecting the fixation target to the CSC on the anterior 
surface of the cornea and then via an unknown non-linear 
pathway is refracted in the cornea and by the lens to focus 
on the fovea. The location of the line of sight and CSC are 
of utmost importance to know in certain clinical situations 
for getting the best visual results with keratorefractive surgery, 
particularly with retreatments and customized ablations, 
and for calculating the proper posterior chamber intraocular 
lens (PCIOL) power to put in during cataract extraction 
(CE), especially after previous refractive surgery or with ante-
rior surface irregularities, since subclinical decentrations  
≥ 0.5 mm or torsional misalignments ≥ 15° can yield 
unwanted visual symptoms (e.g. coma or other higher-order  
aberrations [HOAs]).37,40–43 On average, the CSC is 0.4 mm 
nasal and 0.3 mm superior to the dynamically, unfixed 
pupillary axis or 0.5 mm inferior and 0.5 mm nasal to the 
static, fixed corneal apex reference point (Fig. 4.3D), but its 
location overall is highly variable between different indi-
viduals.40 Using a keratographer, topographer, or tomogra-
pher in non-standard alignment position, the CSC can be 
directly determined by having the patient directly look at a 
luminous fixation point centered in the circular rings of the 
imaging device and then it is marked in reference to the 
center of the operator’s screen. Because of practical difficul-
ties in non-standard alignment, some clinicians approxi-
mate the CSC’s position using the coaxially sighted corneal 
reflex, where the patient looks directly at a luminous fixation 
point centered in the circular rings of the imaging device and 
the anterior corneal surface’s first Purkinje image is used to 
approximate the location of the CSC.40 This approximation 
method reportedly locates a point on average 0.02 ± 0.17 mm 
(range: −0.43 mm to +0.68 mm) from the actual CSC in 
normal eyes; this, however, may not be the case in diseased 
or surgically altered corneas.40

The third major and newest corneal reference point is 
called the thinnest corneal point (TCP), defined as the thin-
nest point or zone of the entire cornea. It is measured using 
various tomography instruments, which enable a mathe-
matical 3D reconstruction of the in vivo pachymetric distri-
bution map, allowing one to evaluate the spatial variation 
of the thickness profile over the entire cornea. In the normal 
cornea, the average location and value of the TCP is 0.4 mm 
inferior and 0.4 mm temporal to CSC and 5 µm less thicker 
than the central corneal thickness at the CSC. The location 
and value of TCP is important because it allows clinical  
differentiation of corneas with normal biomechanical pro-
perties from those with current or previous keratectasia since 
no normal cornea was found in a group with a TCP more 
than 1 mm distance from the CSC and less than 500 µm of 
thickness.

If the central optical zone of the anterior corneal surface 
is regular, yet not uniformly spherical in each meridian, the 
condition of astigmatism usually results. With astigmatism, 
a distant fixation point is refracted by the cornea and lens to 
become two focal lines rather than a sharp image point. On 
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best and has a measured Q of −0.4 in adulthood when 
the central 10 mm of cornea is best fit to this formula.50 A 
few reports on the posterior corneal surface suggest it also 
has a prolate contour too with a Q of −0.4, but its contribu-
tion to the total optical aberrations of the eye are less well 
known.46,48

The actual total corneal dioptric power of the central 
4.0 mm of cornea reportedly averages 42.4 ± 1.5 D (range: 
38.4–46.3) of the eye’s total dioptric power of 60 D.35,45,51 
The location of the corneal apex compared to the CSC (gen-
erally less than 1 mm from the CSC and on average 0.7 D 
steeper than that at the CSC), the degree of asphericity of 
the anterior corneal surface, and the degree of anterior 
corneal surface-to-posterior corneal surface ratios can vary 
widely from one individual to another or even change with 
age in an individual.48,52–54 For these reasons, it is difficult to 
take these general population-averaged results as an empiri-
cally useful value. An individual’s total corneal power along 
the line of sight of the eye should probably best be measured 
using the Gaussian optics formula:
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Where Ptotalcornea equals diopters of optical power; nair, nc, 
and na are the indices of refraction in air (1.000), cornea 
(1.376), and aqueous humor (1.336), respectively; rant and 
rpost are the radii of curvature of the anterior (0.0078) and 
posterior (0.0065) corneal surface in meters, respectively; 
and d is the central corneal thickness (0.00054) in meters.
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Therefore, the calculated total optical power of the cornea 
using known average major reference values is 48.21 − 6.15 
+ 0.12 = 42.18 D, which agrees closely with the actual mean 
of 42.4 D found in the study above.

Because the cornea is thinner in the center than in the 
periphery, it should act as a minus lens, but functions as a 
plus lens because the aqueous humor neutralizes most of 
the minus optical power on the posterior corneal surface. If 
we compute the power of the posterior corneal surface in 
air, we find the following:
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The resulting calculated total optical power of the cornea 
would then be 48.21 − 57.85 + 1.12 = −8.52 D, which is a 
minus lens.

From the foregoing calculations, it is obvious that the 
most important refractive surface for humans is the anterior 
corneal surface. However, if a large air bubble is placed in 
the anterior chamber so that it contacts the corneal endothe-
lium or if the anterior surface of the cornea is submerged in 
water, tremendous changes in the refractive power of the eye 
occur. For example, when the eye is open underwater during 
swimming, the optical imagery is extremely blurred; the 
index of refraction of water (1.333) is quite similar to that 
of the tear film and cornea (1.376). Thus, most of the optical 
power of the anterior corneal surface is lost. If the air–tear 

the other hand, if the central optical zone is irregular, then 
irregular astigmatism usually results. In adult humans, the 
conjunctival surface area has been measured at approxi-
mately 17.65 cm2 and the corneal surface area measures 
1.38 cm2, giving a conjunctival-to-corneal surface area ratio 
of 12.8, which is important for drug delivery calculations.1

Optical properties

Light refraction
The main optical measurements that determine the total 
refractive power of the eye are the anterior and posterior 
curvatures of both the central cornea and lens, the depth of 
the anterior chamber, and the axial length of the eye (Fig. 
4.4A).35 As this chapter is strictly about the cornea and sclera, 
we will focus only on the optical properties of the cornea. 
Refractive power and aberrations induced by the optics of 
the cornea are primarily due to corneal curvature and 
contour, respectively. Both are descriptors of corneal shape. 
The contour of the anterior corneal surface is basically of an 
aspheric geometry with the corneal apex defining the point 
of greatest refractive power or steepest curvature and then it 
gradually and variably flattens from the apex to the periph-
ery.44 Corneal asphericity has been known for over 100 years 
and has been modeled by various mathematical formulas in 
order to derive a quantitative approximation of contour.45,46 
The central optical zone of the anterior corneal surface best 
corresponds to that of a conic section using the following 
formula, which requires only knowing two conic fit param-
eters – Q and R:47
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Q is a unitless asphericity factor or expression of the rate 
of curvature change from the apex of the cornea to the 
periphery (Fig. 4.4B); p is a geometric form factor; a and b 
are horizontal and vertical semi-meridian hemi-axes; R is the 
apical radius of curvature; and e is the eccentricity. Q aver-
ages −0.4 in early childhood, but then gets gradually slightly 
less negative with age such that the central optical zone has 
a mean Q of −0.2 in adulthood (range: −0.81 to +0.47).47–49 
Q < 0 describes a prolate contour where the rate of curvature 
change from the apex is less than that of a sphere (Fig. 4.4C); 
most normal corneas are prolate as it is advantageous in that 
it compensates for spherical aberrations induced by larger 
pupil sizes, which project misaligned peripheral rays of light 
on the fovea. Q = 0 describes a spherical contour where the 
rate of curvature change from the apex to the periphery is 
zero, while Q > 0 describes an oblate contour where the rate 
of curvature change from the apex is more than that of a 
sphere (Fig. 4.4C). Oblate contours are typically present in 
≤ 20 percent of the normal population. Interestingly, 
asphericity can significantly change after surgery, especially 
excimer laser keratorefractive surgery, usually resulting in 
various oblate contours. Although the contour of the central 
optical zone of the anterior corneal surface is the most 
important for directly impacting foveal vision and on-axis 
aberrations (spherical aberrations, coma, and other HOAs), 
recent study has also shown that the peripheral optical zone 
is important for off-axis aberrations (e.g. glare, halos, star-
bursts). This peripheral optical zone does not fit a conic 
section well, but rather fits a ninth-order polynomial formula 
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Figure 4.4 (A) Diagram of the schematic eye with 
representative average dimensions in millimeters and 
refractive indices of the relaxed, non-accommodating 
eye. The starred values change with accommodation. 
These dimensions are average values used to construct  
a representative or schematic eye – in real life, all 
dimensions of the eye can vary greatly between 
individuals and from these average values. Upper-right 
diagram shows that the principle of corneal contact lens 
wear is to make the anterior corneal surface ineffective as 
it is now bathed with aqueous tears and the new 
anterior refractive surface is the air–anterior contact lens 
interface. Middle-right diagram shows that the principle 
of myopic correction using the excimer laser is based  
on a graded removal of central anterior corneal tissue  
to decrease the central anterior corneal curvature, 
analogous to the removal of a biologic contact lens that 
is thicker in the center. Lower-right diagram shows that 
the principle of hyperopic correction using the excimer 
laser is based on a graded removal of a peripheral and 
paracentral concave lenticule of tissue to increase the 
central anterior corneal curvature (i.e. a donut-shaped 
trough) analogous to the removal of a biologic contact 
that is thicker in the periphery and of no or minimal 
thickness in the center. (B) Variations in conicoid shape 
for different asphericities, or Q-factors, with the same 
radius of curvature. (C) Schematic diagrams showing the 
three possible anterior corneal surface contours with ray 
tracings from a distant fixation point being refracted 
onto the retina. Upper left diagram is of a prolate cornea 
(Q factor < 0), which has a larger peripheral radius of 
curvature than at the apex (Rp > Ra). Lower middle 
diagram is of a spherical cornea (Q factor = 0), which has 
equal peripheral and apical radii of curvature (Ra = Rp). 
Upper right diagram is of an oblate cornea (Q factor > 0), 
which has a smaller peripheral radius of curvature than at 
the apex (Ra > Rp). As a prolate cornea reduces spherical 
aberrations, its image is more tightly or precisely focused 
than spherical or lastly oblate corneas. The mean value of 
the Q factor for normal healthy adult corneas is −0.2, 
which reduces natural spherical aberration by about half; 
a Q factor of −0.50 eliminates all spherical aberration. 
Thus, the human cornea typically is not designed to 
induce zero spherical aberrations. In fact, the human  
lens is optically coupled to cornea in such a way that 
spherical aberrations are reduced close to zero in youth 
since during childhood and young adulthood the lens 
has negative asphericity. Lens asphericity dynamically 
changes with aging, usually resulting in a Q of zero 
around age 40 and then has positive asphericity after 
age 40. The overall effect on the optical properties of the 
human eye is that it gains progressively more spherical 
and other optical aberrations with increasing age,  
which perhaps best explains the direct association of 
deterioration of visual performance and quality with 
aging. Most degradation of image quality is due to 
age-related changes in the lens. (Modified from Gatinel D, 

Haouat M, Hoang-Xuan T. J Fr Ophthalmol 2002; 25:81–90.)
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film interface is maintained by the use of a mask or goggles, 
then underwater vision is as sharp and clear as normal ter-
restrial vision.

Light transmission
The cornea is an excellent example of the structural charac-
teristics that a tissue needs to fulfill its dual role of transpar-
ency and mechanical support. Tissue transparency is rarely 

seen in the animal kingdom outside the eye.2–3 In fact, the 
only structures in humans where this property is seen are in 
the eye (e.g. cornea, lens, and vitreous). Corneal transpar-
ency has occupied scientists for over half a century and 
initial transparency theories focused on the extracellular 
stromal matrix while ignoring the cells of the stroma.66 
Corneal transparency is now thought to be attributable to 
both the lattice-like arrangement of collagen fibrils in the 
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(400–700 nm) and infrared (IR) light up to a wavelength of 
2500 nm, with its peak transmission rate of 85–99 percent 
in the visible spectrum (Fig. 4.5A).74,75 The remaining portion 
(1–15 percent) is scattered in all directions by the cornea in 
a wavelength-dependent fashion with violet light being most 
affected.76 Clinical slit-lamp examination and in vivo confo-
cal microscopy suggest that most of the light scatter is due 
to cellular components in the cornea rather than extracel-
lular matrix. Relative amounts of light scattering due to each 
stromal constituent are the following: endothelial cells > 
epithelial cells > nerve cells > keratocytes >> collagen fibrils 
or extracellular matrix (Fig. 4.5B).77,78 In fact, the in vivo 
confocal microscope shows that the highest area of the light 
scatter occurs where differences in the indices of refraction 
are high, such as at the air–tear film interface of the epithe-
lium.71,77 Within the corneal stroma, light scatter predomi-
nantly comes from the stroma–plasma membrane interface 
of nerve cells and the cytoplasm–nuclear interface of kerato-
cytes. With corneal edema or corneal scarring, loss of corneal 
transparency has been found to be primarily due to changes 

Box 4.1  Keratometry, corneal topography, and 
corneal tomography

Until recently, total corneal power was usually derived clinically 
from keratometric or topographical measurements of anterior 
corneal radius of curvature.35,51 The cornea was regarded as a 
single refractive surface with an effective refractive index of 
1.3375, also known as the keratometric index of the cornea, 
because no accurate measurement of an individual’s posterior 
corneal radius of curvature could be measured clinically. 
Although not individualized for each patient, this mathematical 
approximation was used primarily for its convenience in the 
clinical setting; however, with the advent of clinical Scheimpflug 
tomography (e.g. Pentacam, Oculus Inc., Lynnwood, WA, USA) 
and other new tomography instruments soon to come on the 
market, the problems of accurately measuring an individual’s 
actual posterior corneal surface curvature and corneal thickness 
along the line of sight in the clinical setting have been 
predominantly resolved, although finding the exact location of 
the line of sight is still sometimes cumbersome, particularly in 
post-refractive surgery patients.55 Alternatively, total corneal 
power can still be approximated using these older devices, but at 
least now more accurately since the keratometric index has been 
calculated to be around 1.328.51

Box 4.2  Contact lenses

The principle of using contact lenses to correct refractive errors  
is that one essentially replaces the powerful anterior corneal 
refractive surface to that of the anterior contact lens surface (Fig. 
4.4A, right top diagram). Upon application of a contact lens, the 
cornea’s anterior surface is rendered ineffective as it is bathed 
with aqueous tears and the air–contact lens interface now 
becomes the predominate refractive surface of the eye.56,57 Soft 
contact lenses typically are used to treat spherical and regular 
astigmatism and rarely cause any permanent pathologic changes 
or alterations to the cornea unless there is a complication, such 
as corneal infection, infiltrate, or toxic conjunctivitis.

The prevalence of complications in contact lens wearers is 
currently about 5 percent per year of wear.56,57 Soft contact 
lenses, however, have been noted to cause some acute 
physiologic changes to the cornea, including epithelial thinning, 
hypoesthesia, superficial punctate keratitis, epithelial abrasions, 
stromal edema, and endothelial blebs. They also cause chronic 
changes including corneal neovascularization, stromal thinning, 
corneal shape alterations, and endothelial cell polymegathism 
and pleomorphism (signs of endothelial cell stress).58 These are all 
thought to result from the contact lens-induced hypoxia and/or 
hypercapnia of the tissue.

Most of these physiologic alterations, particularly the chronic 
ones, are markedly less common now with the introduction of 
daily-wear high oxygen transmissibility lenses, like silicone 
hydrogel contact lenses. In contrast, hard contact lenses treat 
spherical, regular astigmatism, and even some cases of irregular 
astigmatism. Hard contact lenses cause the same acute and 
chronic physiologic changes to cornea as soft contact lenses, 
although they do more commonly cause corneal shape 
alternations to occur because they induce more mechanical 
pressure on the anterior corneal surface.57 In fact, this is the 
basis for the practice of deliberately fitting tight, overly flat rigid 
gas-permeable contact lenses with the aim of flattening the 
central cornea to reduce myopia in a technique known as 
orthokeratology.59 The fitting of contact lenses is highly empirical. 
Considerable trial and error can be involved in adjusting variables 
such as contact lens material, size, curvature, and other patient-
related factors that are used to arrive at an appropriate correction 
and comfort level for each individual contact lens wearer.

corneal stroma and the transparency of cells that reside in 
the cornea.66–71 In summary, all currently viable transparency 
theories agree with these major points:

1. Each corneal collagen fibril is an ineffective scatterer of 
light. Although inefficient, based on the large number 
of fibrils in the human corneal stroma, destructive 
interference of scattered light must occur due to the 
short range order of collagen fibrils in the stroma.

2. Each keratocyte nucleus mildly scatters some light, but 
since the cell body is an ineffective scatterer of light 
because of transparent intracellular cytoplasmic 
water-soluble corneal crystallins, its thinness, and 
because keratocytes are evenly distributed in the 
corneal stroma through a clock-wise circular 
arrangement, light transmission is hardly affected.

3. Scattering of light is minimal in the cornea because it 
is thin.

4. If an increased refractive index imbalance occurs 
between fibrils, keratocytes, or extrafibrillar matrix, 
light scattering can increase tremendously in the 
corneal stroma resulting in loss of transparency.

In order to understand these theories and generalized 
principles, one needs to start with the structure of the corneal 
stroma.

The corneal stroma accounts for 90 percent of the corneal 
thickness. It is predominantly composed of water (3.5 gram 
H2O/gram dry weight) that is stabilized by an organized 
structural network of insoluble and soluble extracellular and 
cellular substances (Table 4.1).72 The dry weight of the adult 
human corneal stroma is made up of collagen, keratocyte 
constituents, proteoglycans, corneal nerve constituents, glyc-
oproteins, and salts (Table 4.1).72,73 Overall, these corneal 
components work together to maintain and establish a 
transparent cornea. Although the cornea primarily absorbs 
most ultraviolet (UV) light, it transmits almost all visible 
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in the light-scattering characteristics of keratocytes rather 
than alterations in the extracellular matrix.71,77 In these con-
ditions, the cell body of keratocytes scatters considerably 
more light than normal corneas, particularly their cell bodies 
and dendritic processes.

Collagen
Collagen is a structural protein organized into a relatively 
inextensible scaffold of water-insoluble fibrils that form the 
basic structural framework of a connective tissue. The corneal 
collagens are functionally important in establishing tissue 
transparency and in resisting tensile loads, ultimately defin-
ing the size and shape of the tissue. Collagen molecules 
measure 1.5 nm in width by 300 nm in length and are com-
posed of a triple helix of three alpha chains.79 Of the 28 
different types of collagen, there currently are 13 known 
collagen types in the human cornea.80,81 Upon secretion 
from the cell, the propeptide form of the collagen molecule 
is cleaved and the monomer of the collagen molecule is 
assembled into fibril-forming, non-fibril-forming, or fibril-
associated collagens with interrupted terminals (FACIT) in a 
surface recess on the keratocyte or, sometimes, begins assem-
bly inside the cell.

The most common collagen molecule in the cornea is 
type I (58 percent), which usually aggregates into structural, 
banded fibrils (Fig. 4.6B), as seen on transmission electron 
microscopy, by ordering themselves into a quarter-staggered 
parallel arrangement that is further stabilized in position by 
covalent intramolecular and head-to-tail intermolecular 
immature divalent cross-links in a post-translational enzy-
matic step using lysyl oxidase (Fig. 4.6A and 4.6C, top 
diagram).82 With increasing maturity, a spontaneous conver-
sion to mature cross-links occurs where intramolecular, 
intermolecular, and interfibrillar mature trivalent cross-links 
replace the immature divalent ones resulting in corneal  
collagen fibrils resulting in more optimal mechanical pro-
perties (Fig. 4.6C, middle diagram). Both immature and 
mature cross-links occur between lysine and hydroxylysine  

Box 4.3  Refractive surgery

Several keratorefractive surgical procedures have been 
developed to permanently alter the curvature of the anterior 
corneal surface, thereby reducing refractive errors.60,61 The 
procedures most commonly performed today use the 193-nm 
argon fluoride (ArF) excimer laser and include laser in situ 
keratomileusis (LASIK), a thin-flap variant of LASIK known as 
sub-Bowman’s keratomileusis (SBK) as well as the surface ablation 
techniques, photorefractive keratectomy (PRK), laser-assisted 
subepithelial keratectomy (LASEK), and EpiLASIK.60 The excimer 
laser reshapes the curvature and contour of the anterior corneal 
surface by removing anterior corneal stroma in a microscopically 
precise process known as ablative photodecomposition. This 
results in non-thermal, photochemical breakage of carbon–
carbon covalent molecular bonds in the corneal tissue with 
submicron accuracy. Thus, excimer laser-based keratorefractive 
surgery is a very accurate, precise, and safe means to 
permanently change the curvature and contour of the anterior 
cornea surface. In fact, it has become the most commonly 
performed refractive procedure performed in the US since it  
was approved by the US Food and Drug Administration (FDA)  
in 1995.

The main reason that photoablation of stroma is effective is  
that the corneal stroma does not regenerate after it is ablated.  
It only undergoes reparative stromal scarring that at most 
replaces 5–20 percent of the ablated stromal tissue.62 Excimer 
laser-based keratorefractive surgery has been used to  
successfully treat myopic and hyperopic refractive errors with 
mild to moderate degrees of astigmatism resulting in stable 
long-term (at least 12 years) uncorrected visual outcomes. 
However, it still is known to potentially deteriorate visual quality 
due to induction of on- or off-axis aberrations.63 This occurs 
mainly because:

(1) the actual laser ablation profile is sometimes different from 
the intended profile

(2) the laser ablation profile is based on spherical geometry 
whereas the preoperative anterior corneal surface is an 
aspheric ellipse

(3) the myopic ablation profile makes the cornea more oblate in 
shape with a flatter curvature in the center and a steeper one 
in the periphery

(4) visually significant subclinical lateral decentrations or torsional 
misalignments occasionally occur

(5) the ablation zone is sometimes less than the diameter of  
the entrance pupil, particularly under low lighting 
conditions.64,65

The basic principle of myopic correction using the excimer laser 
is based on the graded removal of central tissue to flatten or 
increase the radius of curvature of the anterior corneal surface 
(Fig. 4.4A, right middle).65 In contrast, the correction of spherical 
hyperopia involves the graded removal of peripheral and 
paracentral tissue to steepen or decrease the radius of curvature 
of the anterior corneal surface (Fig. 4.4A, right bottom).65 Finally, 
the goal behind various astigmatic ablations is to reshape the 
anterior corneal surface to bring the two focal points of the eye 
to the same plane and then ultimately onto the retina with a 
subsequent second spherical treatment step, if needed.65 The first 
step requires selective flattening of the steep meridian and/or 
steepening of the flat meridian, usually using plus or minus 
cylinder formats depending on which one removes the least 
amount of tissue.

Table 4.1 Composition of cornea and sclera

Component Wet weight (percent) Dry weight (percent)

Cornea

Water 78 –

 Matrix 66

 Cellular 12

Collagen 15 71

Proteoglycans 1 9

Keratocytes 1 10

Other 5 10

Sclera

Water 68 –

Collagen 27 77

Elastin 1 2

Proteoglycans 1 3

Fibrocytes 1 3

Other 2 6
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Type I fibrils usually reach certain specific diameters 
based on their composition and ratio of heterotypic colla-
gen molecular types, are restricted from further lateral accre-
tion or growth, and are permitted to fuse and grow axially 
due to interactions with small leucine-rich proteoglycans 
covalently bound to its external surface, and through surface 
inter actions connect to various other fibril-forming, non- 
fibril-forming, or FACIT collagens, which overall links dif-
ferent levels of structural organization (Fig. 4.6).83 Thus, 
the surface properties of type I fibrils are a major determi-
nant of intrafibrillar and interfibrillar biomechanical prop-
erties of the tissue. The other major determinants are the 
direction of the fibrils and the suprafibrillar architectures of 
the tissue, which overall defines the hierarchical structure 
of the tissue. They typically form uniform 25 nm diameter 
fibrils in the stroma proper with only slight variability (note: 
the diameters used in this chapter are based on transmission 

side-chains.82 After maturation, the turnover or half-life of 
collagen molecules and fibrils becomes very slow; the con-
centration of mature cross-links, however, remains stable, 
whereas high levels of random intramolecular, intermolecu-
lar, and interfibrillar non-enzymatic glycation cross-links 
accumulate, predominantly between lysine and arginine 
residues (Fig. 4.6C, bottom diagram).81,82 These non-
enzymatic age- or diabetes-related glycation cross-links ini-
tially enhance the mechanical properties of fibrils resulting 
in stiffer, stronger, and tougher fibrils than normal, but occa-
sionally they can go too far, making the tissue too brittle or 
inextensible to function normally. Type I fibrils are generally 
heterotypic (type I and type V [15 percent] collagen mole-
cules) since they are composed of two or more types of col-
lagen molecules (Fig. 4.6B). This may serve as a fine-tuning 
mechanism for controlling a fibril’s structural characteristics, 
such as fibril size and interfibrillar connectivity.

Figure 4.5 (A) Experimental values for the percentage of light 
transmitted through normal and edematous rabbit corneas as a 
function of wavelength. The ratio of the thickness of the edematous 
corneas to normal thickness values and the number of corneas 
used for each curve are given in the key. (From Farrell RA, McCally RL, 

Tatham PE. J Physiol 1973; 233:589–612). (B) In vivo confocal microscopy 
back-scattered light intensity profile from the central and temporal 
portions of a 25-year-old normal, healthy human cornea. Intensity 
peaks correspond to the (A) epithelium, (B) sub-basal nerve plexus, 
(C) most anterior keratocyte layer, and (D) endothelium. (From Patel 

S, McLaren J, Hodge D, Bourne W. Invest Ophthalmol Vis Sci 2001; 42:333–9.)
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the central cornea (mean: 20 ± 5 nm; range: 5–35 nm), 
then gradually increases another 5 nm at about 4.5 to 
5 mm from the center of the cornea before increasing even 
more rapidly up to the limbus.86 Type I fibril diameters and 
interfibrillar spaces do not seem to vary significantly with 
depth in the cornea.86 Although the refractive index of type 
I fibrils (1.47) is different from that of the extrafibrillar 
matrix (1.35), the highly uniform small size and highly 
uniform small interfibrillar spaces along with the predomi-
nantly parallel directionality of these fibrils results in a 
highly ordered, lattice-like arrangement. This arrangement 
is not a true crystalline lattice, but more of a short-range 

electron microscopic (TEM); x-ray scattering of ex vivo 
unprocessed human tissue suggests that a 24–36 percent 
shrinkage artifact occurs by fixing and processing tissue for 
TEM studies).84–86 Bowman’s layer is the main exception as 
it has uniform 22 nm diameter type I fibrils, which are epi-
thelial in origin as opposed to keratocyte in origin. The 
diameter of type I fibrils remains constant across most of 
the central cornea (mean: 25 ± 2 nm; range: 18–32 nm), 
but then gradually thickens another 4 nm at about 5.5 mm 
from the center of the cornea, eventually increasing to up 
to 50 nm at the limbus.86,87 Similarly, interfibrillar spacing 
between nearest neighbor type I fibrils remains constant in 

Figure 4.6 (A,B) Cross-sectional oblique view of a 25 nm diameter, heterotypic, banded (periodicity = 65 nm) corneal stromal collagen fibril composed of 
type I (white) and V (blue) collagen molecules (bottom). The amino-terminal domains on the type V collagen molecules appear to be important in regulating 
collagen fibril diameter as they project externally to the fibril surface and presumably block further accretion of collagen molecules through steric and/or 
electrostatic hindrance effects. The collagen molecules on longitudinal view are aligned in a parallel, quarter-staggered (68 nm) arrangement with 40 nm 
gaps between molecules (middle). The longitudinal view also clearly shows that the ends of the alpha chains in each collagen molecule form intermolecular 
cross-links with adjacent collagen molecules as well as intramolecular cross-links (top). (C) With maturity, these immature divalent cross-links become mature 
trivalent cross-links with the addition of interfibrillar cross-link branches. Finally, with aging, intramolecular, intermolecular, and interfibrillar non-enzymatic 
glycation cross-links form.
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order that allows transparency of the cornea due to destruc-
tive interference (Fig. 4.7).66

Type VI collagen (24 percent) is the second most common 
type of collagen in the corneal stroma. It is present in an 
unusually high amount compared to most other connective 
tissues in the body, but it is also unique in that it is only 
able to aggregate into repeating tetramers of type VI mole-
cules that are stabilized by disulfide cross-links (Fig. 4.8A).88,89 
Thus, it forms 10–15 nm diameter, non-banded filaments 
with 20–30 nm diameter beaded ovals having a periodicity 
of 100 nm. Functionally, type VI filaments act as a bridging 
structure in the interlamellar space since it binds corneal 
lamellae together diffusely throughout the stroma where 
they directly cross one another (Fig. 4.8B,C). Along with type 
XII and XIV FACIT collagens, it also may bridge fibrils 
together in the interfibrillar space (Fig. 4.8D).89 Overall, this 
suprafibrillar architecture results in a one-dimensionally-
ordered Bowman’s layer and a three-dimensionally ordered 
stroma proper.6,90–92

Although difficult to count precisely, the central corneal 
stroma reportedly consists of approximately 300 corneal 
lamellae, while the peripheral cornea consists of approxi-
mately 500.90 Although most corneal stromal lamellae 
extend from limbus to limbus and cross adjacent lamellae 
at various angles, randomly in the anterior stroma and 
nearly orthogonal to one another in the posterior two-thirds, 
various regional differences in lamellar size, directionality, 
and amount of interweaving are also found (Figs 4.9 & 
4.10). The anterior third of the stroma proper has thinner 
(0.2–1.2 µm thick), narrower (0.5–30 µm wide), and mostly 
obliquely oriented lamellae (mean 18° ± 11° [range 0–36°]) 
with extensive vertical and horizontal interweaving (Fig. 
4.9A,B), while the posterior two-thirds has thicker (1–2.5 µm 
thick), wider (100–200 µm wide), and mostly parallel-
oriented lamellae (mean 1° ± 2° [range 0–5°]) with only 
slight horizontal interweaving (Figs 4.9C & 4.10B,C).90,93 In 
the most superficial layers of the stroma, the interwoven 
lamellae actually attach or possibly seem to originate from 
the posterior surface of Bowman’s layer in a polygonal 
fashion creating an anterior corneal mosaic pattern (Fig. 
4.9A, inset) that can be seen on the anterior corneal surface 
under certain circumstances (the attached fibrils to Bow-
man’s layer seem to be homologous to sutural fibers in the 
shark cornea and embryologically may be remnants of the 
primary acellular stroma).1 Those attaching or originating 
fibril bundles usually are oriented obliquely to Bowman’s 
layer, but sometimes are noted to be almost perpendicular 
to it.94 Finally, except those fibrils and lamellae in the 
anterior-most region of the stroma that attach to Bowman’s 
layer, the remaining type I fibrils and corneal lamellae stretch 
across the cornea from limbus to limbus in a belt-like 
fashion where they turn and form a circumferential annulus 
approximately 1.0–2.5 mm wide around the cornea. This 
annulus is thought to maintain the curvature of the cornea, 
while blending with limbal collagen fibrils.95,96

Keratocytes
Keratocytes make up the second major component of the 
corneal stroma’s dry weight. They are sandwiched between 
collagenous lamellae forming a closed, highly organized 
syncytium. They function as modified fibroblasts during 
neonatal life forming most of the extracellular matrix of the 

Figure 4.7 (A) Low-magnification (×4750) TEM of predominantly 
orthogonally stacked lamellae in the middle third of stroma proper.  
(B) Higher magnification (×72,500) TEM of two lamellae in the middle third 
of stroma proper. One lamella is in longitudinal view (top portion) and the 
other is in cross-sectional view (bottom portion). Notice the uniform 25 nm 
diameter type I collagen fibrils and uniform 20 nm diameter interfibrillar 
spaces, which demonstrates only a short-range order, but not a true 
crystalline lattice arrangement. (C) Cross-sectional diagram of collagen fibrils 
arranged in a true crystalline lattice arrangement. Size of a wavelength of 
light is shown above for comparison. (Modified from Maurice DM. J Physiol 1957; 

136(2):263–86).
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Figure 4.8 (A) Diagram of a type VI collagen molecule showing how it assembles 
into filaments by aggregating into repeating tetramers of type VI molecules with a 
periodicity of 100 nm. (B) Low-magnification (×6200) SEM showing bundles of (type 
VI) collagen filaments extending between lamellae (arrows) and a loose meshwork 
of collagen filaments on the posterior surface of a corneal lamella where an 
adjacent lamella crosses it (arrowheads). Bar = 5 µm. (From Komai Y, et al. Invest 

Ophthalmol Vis Sci 1991; 32: 2244–58.) (C) High-magnification (×115,000) quick-freeze, 
deep-etched electron micrograph showing a loose meshwork of interlamellar 
beaded (type VI) filaments with a periodicity of 100 nm (thick arrows) that appear  
to bind to collagen fibrils (long arrow) by their beads (arrowhead) and bridge fibrils 
from separate lamellae together. (D) Very-high-magnification (×185,000) quick-
freeze, deep-etched electron micrograph of intralamellar collagen fibrils (long 
arrows) with beaded (type VI) filaments (thick arrows) criss-crossing between fibrils 
in the interfibrillar space and projecting three finger-like structures (FACIT collagens) 
(arrowheads), which both appear to function in joining neighboring fibrils together.  
(C and D are from Hirsch M et al. Exp Eye Res 2001; 72:123–35.)
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Figure 4.9 (A) The acellular Bowman’s layer and anterior-most portion of 
the stroma proper are shown. The type I fibrils and interweaving lamellae 
in this region branch extensively and some insert into the posterior 
surface of the Bowman’s layer. This arrangement causes an anterior 
corneal mosaic pattern to occur on the anterior corneal surface after 
applying digital pressure through the eyelid and instilling fluorescein.  
(B) The anterior third of the stroma proper has predominantly oblique 
lamellar orientation and extensive vertical lamellar branching and 
interweaving. (C) The posterior third of the stroma proper along with 
Descemet’s membrane and endothelium is shown. The parallel-oriented, 
orthogonal arrangement of lamellae in this region of corneal stroma is 
clearly apparent. Although some collagen fibrils randomly insert into 
Descemet’s membrane, no interweaving or significant attachment occurs 
in this region of the cornea. BEC = basal epithelial cells. BL = basal lamina. 
AS = anterior stroma. MS = mid-stroma. PS = posterior stroma. BDM = 
banded portion of Descemet’s membrane. NBDM = non-banded portion 
of Descemet’s membrane. E = endothelial cells. IS = intercellular space of 
the endothelium. (TEM ×4750).
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stroma. Subsequently, they remain in the cellular stroma 
throughout life as modified fibrocytes, where they maintain 
the extracellular matrix of the corneal stroma. Keratocytes 
can become metabolically activated or fibroblastic again if 
the corneal stroma is wounded. The adult human corneal 
stroma has approximately 2.4 million keratocytes commu-
nicating with each other through gap junctions present on 
their long dendritic processes (Figs 4.11A & 4.12A,B).97,98 In 
adulthood, keratocytes occupy 10 percent of the stromal 
volume, decreasing from 20 percent in infancy, and on  

Figure 4.10 (A) The acellular Bowman’s layer in cross-section (main photo) 
and tangential section (inset). Notice the random directionality of the 22 nm 
diameter collagen fibrils in Bowman’s layer. (B) The transition zone between 
the anterior third and mid-third of the stroma proper in cross-section (main 
photomicrograph) and tangential section (inset). The thin and more 
obliquely oriented lamellae in this region of the corneal stroma and its 
lattice-like arrangement of 25 nm diameter type I collagen fibrils are shown. 
(C) The posterior third of the stroma proper in cross-section (main 
photomicrograph) and tangential section (inset). The thick and parallel-
oriented lamellae in this region of the cornea stroma and its lattice-like 
arrangement of 25 nm diameter collagen fibrils are shown. Compare the 
orthogonal nature of crossing lamellae (inset) to that in the inset B.  
(TEM ×72,500).
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two-dimensional, cross-sectional views appear to be sparse,  
flattened, and quiescent (scant intracytoplasmic organelles) 
cells lying between corneal lamella (Fig. 4.11B).73,99 In actual-
ity, keratocytes are three-dimensional, stellate-shaped cells 
composed of a 15 to 20 µm diameter cell body with numer-
ous dendritic processes that extend up to 50 µm from the 
cell body. Tangential sections of the normal cornea suggest 
that these cells more densely populate the stroma than origi-
nally thought and are more metabolically active in the 
resting state than initially presumed since in tangential 
section an abundance of cytoplasmic organelles are com-
monly seen (Fig. 4.11C,D).100

Tangential sections show that the anterior stromal kera-
tocytes contain twice the number of mitochondria as the 
posterior two-thirds of the stroma, which correlates with the 
higher oxygen tension of the anterior stroma. It also has 
been demonstrated that a higher stromal cell density occurs 
in the anterior stroma than in the mid- or posterior stroma 
(Fig. 4.12A), whereas a higher cell volume-to-extracellular 
matrix ratio occurs in the posterior stroma compared to the 
anterior- or mid-stroma.19,26,99 These views also show that in 
all levels the keratocytes are highly spatially ordered as they 
turn in a clock-wise direction like a cork-screw. In vivo confo-
cal microscopy of normal human corneas has shown stromal 
cell densities averaging around 20,000 keratocytes/mm3 with 
a focal zone of increased cell density directly under Bow-
man’s layer, averaging 35,000 keratocytes/mm3 in the ante-
rior-most layer that gradually tapers to 20,000 keratocytes/
mm3 over the initial 60–100 µm in depth (Fig. 4.12C).19,26 
Confocal microscopy also has shown that stromal cell 
density decreases with age at a rate of approximately 0.5 
percent per year of life with the anterior stroma declining 
0.9 percent per year, mid-stroma 0.3 percent per year, and 
posterior stroma 0.3 percent per year.

Studies using immunohistochemistry or electron micros-
copy suggest that not all the cells in the corneal stroma are 
actually keratocytes, but some are one of three types of bone 
marrow-derived immune cells: “professional” dendritic 
cells, “non-professional” dendritic cells, and histiocytes (Fig. 
4.13).100–102 Recent studies also found evidence of a small 
resident subpopulation of adult stromal stem cells, also 
known as keratocyte progenitor cells, in the corneal stroma, 
primarily in the periphery of the corneal stroma near the 
limbus.103,104 The immune cells appear to play a pivotal role 
in the induction of immune tolerance versus immune initia-
tion in cell-mediated immunity, and the stromal histiocytes 
have a role in innate immunity as phagocytic effector cells. 
The presence of adult stromal stem cells helps explain how 
the slow replacement and renewal of keratocytes occurs after 
injury, surgery (e.g. epikeratophakia or penetrating kerato-
plasty [PK]), or toxicity to the central corneal stroma (e.g. 
mitomycin C).

Proteoglycans
Proteoglycans make up the third major component of the 
corneal stroma’s dry weight. They are water-soluble glyco-
proteins made up of a core protein with a covalently attached 
anionic polysaccharide side chain called a glycosamino-
glycan (GAG). The core proteins are non-covalently attached 
to collagen fibrils uniformly throughout the tissue, whereas 
the GAG side-chains extend into the interfibrillar space  
where it acts as a pressure-exerting polyelectrolyte gel.105–107 
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cationic dye called cupromeronic blue and a critical electro-
lyte concentration of 0.1 M MgCl2 were used in combination 
to specifically stain for the sulfate-ester groups on corneal 
proteoglycans that the shape, size, arrangement, and loca-
tion of this material were observed with light and electron 
microscopy (Fig. 4.14B).108

Since that discovery, it has become apparent that corneal 
proteoglycans are not amorphous, but rather tadpole-shaped 
molecules composed of a 10–15 nm diameter globular core 
protein with a covalently attached 7 nm wide × 45–70 nm in 
length. The latter of which is where GAG sidechain attaches 
to. They are arranged in the corneal stroma perpendicular to 

The cornea collapses to approximately 20 percent of its origi-
nal volume if the proteoglycans in the corneal stroma are 
precipitated out with cetylpyridinium.105 It has become 
apparent that the primary functions of proteoglycans are to 
provide tissue volume, maintain spatial order of collagen 
fibrils, resist compressive forces, and give viscoelastic proper-
ties to the tissue as well as having a secondary role in regulat-
ing collagen fibril assembly.105 Corneal proteoglycans 
previously were referred to as extrafibrillar amorphous 
ground substance since their water-soluble state made it dif-
ficult to fully delineate them with light and electron micro-
scopy (Fig. 4.14A). It was not until an electron-dense, 

Figure 4.11 Light and TEM photomicrographs showing in cross-section and tangential-section the keratocytes in the stroma. (A) Cross-sectional light 
microscopy view shows that keratocytes are primarily obliquely aligned to corneal surface in the anterior-third of cellular corneal stroma or are aligned 
parallel to the corneal surface in the posterior two-thirds. (B) Cross-sectional TEM view shows that keratocyte nuclei occupy most of the area of the 
keratocyte seen in this perspective with only a thin rim of surrounding cytoplasm that contains only small numbers of cytoplasmic organelles. (C) Tangential-
section light microscopy view shows that keratocytes are arranged in a circular fashion. (D) Tangential-section TEM view shows that the supposedly 
quiescent keratocytes may actually be more active in the base-line state than initially thought as an extensive amount of cytoplasmic organelles can be seen 
in this view. M = mitochondria, RER = rough endoplasmic reticulum, V = vacuoles, * = main portion of nucleus that contains nucleolus. (Modified from Muller LJ 

et al. Invest Ophthalmol Vis Sci 1995; 36:2557–67.)
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proteins have been cloned and four types of corneal stromal 
proteoglycan core proteins have been identified: decorin, 
lumican, keratocan, and mimecan.110 Decorin contains a 
single dermatan sulfate GAG side-chain (Fig. 4.14D), while 
lumican and mimecan have a single keratan sulfate GAG side-
chain and keratocan has three keratan sulfate GAG side-chains 
(Fig. 4.14D). Thus, there are four known types of proteogly-
can core proteins and only two types of GAGs, keratan sulfate 
(60 percent) and dermatan sulfate (40 percent), found in the 
human corneal stroma. GAGs are polymers of repeating disac-
charide units of galactose and N-acetylglucosamine or idu-
ronic acid and N-acetylgalactosamine, respectively.109

collagen fibrils with a constant spacing of around 65 nm 
between each other along the collagen fibrils. Their core pro-
teins non-covalently bind to collagen fibrils in specific gap 
zones along the peripheral portions of the collagen fibril. The 
core proteins with dermatan sulfate side-chains bind to ‘d’ 
and ‘e’ gap zones and those with keratan sulfate side chains 
bind to ‘a’ and ‘c’ gap zones.109 GAGs are highly negatively 
charged, stiff polymers that extend into the interfibrillar 
space and form antiparallel duplexes with adjacent GAG 
side-chains (Fig. 4.14C), thereby, linking different next-
nearest-neighbor collagen fibrils together by forming  
dumbbell-like structures. The genes that produce the core 

Figure 4.12 (A) Reconstruction of keratocyte 
outlines seen in tangential-section in the anterior and 
posterior third of the corneal stroma proper.  
(Modified from Muller LJ et al. Invest Ophthalmol Vis Sci 

1995; 36:2557–67.) (B) Fluorescent dye spreading 
between many adjacent keratocytes in rabbit 
(center-left) and human corneas (center-right), which 
demonstrates the intimate importance of gap 
junctions in communication of keratocytes with one 
another. (From Watsky MA. Invest Ophthalmol Vis Sci 1995; 

36:S22.) (C) Mean stromal cell density associated with 
depth in the corneal stroma is shown. The highest 
zone of increased cell density was closest to the 
Bowman’s layer. Perhaps this is due to baseline, 
normal epithelial–stromal interactions. (From Patel SV 

et al. Invest Ophthalmol Vis Sci 2001; 42:333–9.)
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and temperature stimuli, and are derived from the ophthal-
mic branch of the trigeminal nerve (CN III1) (Fig. 4.16A).116 
Refer to Chapter 16 (Sensory innervation of the eye) for full 
details of the innervation pathway of the cornea. Although 
all mammalian species have been found to receive variable 
proportions of nerve fibers in the cornea from the sympa-
thetic and parasympathetic autonomic nervous system, 
human corneas appear to be on the extreme end of this 
spectrum as their corneas have a very small proportion of 
their nerve fibers derived from the autonomic nervous 
system.116

Electrophysiological studies have shown that the cornea’s 
receptive nerve field primarily is composed of polymodal 
nociceptors (70 percent) followed by mechano-nociceptors 
(20 percent) and then cold-sensitive nociceptors (10 
percent).117 Using in vivo laser confocal microscopes, one 
can only evaluate morphologically the corneal nerves from 
the main nerve trunks up to sub-basal plexus (SBP) as the 
resolution and contrast of these images is not capable of 
visualizing the final nerve branches and free nerve terminals 
in the corneal epithelium.118

Since corneal nerve fibers ultimately terminate in the 
brainstem, it appears that interneuron intermediate path-
ways must relay the information to the sensation areas of 
cerebrum. Additionally, there must also be intermediate 
relays to efferent systems that trigger the reflex pathways of 
involuntary blinking via orbicularis motor innervation from 
CN VII and reflex tearing via parasympathetic innervation of 
lacrimal gland. The intricate central nervous system (CNS) 
details of these specific pathways are currently unknown.

Corneal sensitivity is a valuable clinical measure of 
corneal health since corneal nerves directly maintain the 
health of corneal epithelium through direct trophic factors 
as well as serve a protective role in warning the host of  
possible dangers to the normal healthy state and maintain 
an adequate basal tear secretion rate.116,119 It is usually tested 
clinically in a semi-quantitative fashion with a Cochet and 
Bonnet esthesiometer, which is a thin (0.12 mm diameter), 
flexible, nylon filament of variable length (0–6 cm).119–121 
When the filament is long, it applies very little pressure to 
the corneal surface because it bends easily, while when short 
it applies a proportionally higher pressure before bending. 
The length is converted into pressure using a conversion 
table with a range of touch pressures between 11 and  
200 mg/mm2. Corneal sensitivity is defined as the reciprocal 
of corneal touch threshold and it can be evaluated subjec-
tively by asking the patients when they feel touch upon the 
cornea or objectively when a reflexive blink response is trig-
gered. Refer to Chapter 16 for full details on the subjective 
and objective threshold in normal healthy corneas and those 
with disease or after surgery.

Corneal sensation also variably decreases with corneal 
disease (e.g. herpes simplex keratitis, diabetes, corneal dys-
trophies, keratoconus), following surgical procedures on the 
anterior segment of the eye and sometimes the posterior 
segment (e.g. panretinal photocoagulation), after applica-
tion of certain topical medications (e.g. anesthetics, non-
steroidal anti-inflammatory drugs), and even after contact 
lens wear.119,122 As nerve regeneration occurs at the rate of 
approximately 1 mm per month, it may take up to 3–12 
months or longer for corneal re-innervation and sensation 
to maximally recover, depending on the type and degree of 

Because the core protein tail and their associated GAG 
side-chains are post-translationally added to core proteins in 
the Golgi apparatus, there seems to be some flexibility in 
how long or how sulfated they can become depending on 
the function of the connective tissue producing them. The 
human cornea is unique in that the core protein tail and 
their associated GAG sidechains are fibril-associated and 
small in length (KS ∼45 nm and DS ∼70 nm) with a higher 
amount being over-sulfated than in other connective tissues. 
A comparative study of corneas from 12 mammalian species 
suggests that dermatan sulfate is the preferred proteoglycan 
in oxygen-rich environments, such as in the thin cornea of 
mice, or is seen predominantly in the anterior portion of the 
thicker cornea of mammals, such as humans or rabbits. 
Keratan sulfate is a functional substitute produced through 
an alternate metabolic pathway in thicker corneas, especially 
in the posterior portion where oxygen levels may drop pre-
cipitously.111 Functionally, this duality is quite useful because 
dermatan sulfate appears to be more efficient at holding 
water; it absorbs less water than keratin sulfate, but holds 
most of it in a tightly bound, non-freezable state.112 This is 
consistent with the fact that dermatan sulfate is more abun-
dant in the anterior corneal stroma in humans, which is the 
region of highest oxygen tension and most affected by evap-
oration. In contrast, keratan sulfate is more abundant in the 
posterior corneal stroma (Fig. 4.15). This is the region of 
lowest oxygen tension, least affected by evaporation, and the 
area where the need for loosely bound water is required for 
transport across the endothelium via the metabolic pumps.

Corneal nerves
The epithelium of the cornea is the most richly innervated 
tissue of the body with about 16,000 nerve terminals/mm2 
(∼2.2 million nerve endings), about 300–400 times more 
dense than skin.113–115 Most of the nerve fibers in the cornea 
are sensory in origin, responding to mechanical, chemical, 

Figure 4.13 The mouse cornea suggests that 5–10 percent of the cells in 
the cellular corneal stroma are actually one of three types of bone 
marrow-derived immune cells. The anterior-third of the cellular corneal 
stroma contains professional (MHC-positive) dendritic antigen-presenting 
cells in periphery of the cornea, while non-professional (MHC-negative) 
dendritic cells are present in both the periphery and center of the anterior 
cornea. The posterior-most regions of the cellular corneal stroma appear to 
contain macrophages in the periphery and center of the cornea. (Modified 

from Hamrah P et al. Invest Ophthalmol Vis Sci 2003; 44:581–9.)

Mature DC

Immature DC

Macrophage Corneal epithelial
stem cell

Corneal endothelial
stem-like cell

Corneal stromal
stem cell



Cornea

89

after surgery, yet are not actually due to actual dryness or 
irritation of the cornea. These undesired, unpleasant sensa-
tions may best respond to ion channel antagonists rather 
than dry eye lubricating medications.123

The mechanisms by which corneal nerves maintain the 
ocular surface and promote healing after eye injuries are 
currently under active research in several laboratories. 
Corneal nerves secrete neuropeptides, such as substance P 
and calcitonin gene-related protein, and neurotransmitters, 
such as acetylcholine, vasoactive intestinal polypeptide, and 
neurotensin, which are believed to be important in corneal 
epithelial function and proliferation.116,117

Corneal stromal wound healing
The first published report specifically addressing the cellular 
reactions in the corneal stroma after injury appeared in 
1958.124 It described the morphologic changes of stromal 

surgical injury.119 After maximal recovery, the sensitivity in 
the portion of the cornea involved by the procedure often is 
variably less than that which was present prior to surgery, 
which means there is a potential long-term as well as short-
term neurotrophic keratitis.

It has been recently discovered that after corneal nerve 
injury, microneuromas can develop during the regeneration 
process.117,123 These microneuromas, as well as injured 
corneal nerves themselves, exhibit altered functional proper-
ties where responsiveness to normal stimuli is impaired, yet 
paradoxically display abnormal intrinsic electrical excitabil-
ity (i.e. spontaneous impulses or even abnormal responsive-
ness to normally minimal stimuli).117 Overall, this may 
produce hyperalgesia and/or dysesthesia, which may con-
tinue long-term after surgery despite some attenuation. 
These neuropathic pain impulses are often perceived by the 
patient as dryness, foreign body sensation, and irritation 

Figure 4.14 Tangential-section TEM views (×90,000) of longitudinally running type I corneal stromal collagen fibrils in a lamellae without (A) and with 
(B) cupromeronic blue staining. Notice the scattered “amorphous ground substance” in the interfibrillar spaces in (A), while in (B) duplexes of proteoglycans 
are clearly seen bridging next-nearest neighbor collagen fibrils. (C) Diagram of how proteoglycans attach along the periphery of type I fibrils 
via their core proteins (P) and how the core protein tail/GAGs duplex in an anti-parallel fashion in the interfibrillar space between next-nearest neighbor 
collagen fibrils. (D) Diagram of the polymer backbones of keratan sulfate and dermatan sulfate. The top portion shows the primary structure of the repeating 
disaccharide units of keratan sulfate (top left) and dermatan sulfate (top right). The bottom portion of the diagram shows the secondary structures of each 
proteoglycan. In the human cornea, ∼50 percent of keratan sulfate is in the normal-sulfated state (left), while the other ∼50 percent is in the over-sulfated 
state (center). All three displayed proteoglycan polymers have similar backbones and, therefore, form similar secondary structures of a two-fold helix (right). 
Anionic charges = sulfate esters (X) and carboxylic acid (−). (C and D are modified from Scott JE. Biochem Soc Trans 1991; 19:877–81.)
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importance of each specific factor in cornea wound healing, 
since it was known clinically and experimentally that epithe-
lial–stromal interactions increase the number of prolifera-
tory and migratory keratocytes within the stromal wound 
compared to deeper corneal stromal injury, some of which  
differentiated beyond the activated keratocyte stage into 
myofibroblastic cell type.133,139–142 Some studies focused even 
more specifically on strictly epithelial or tear-related 
cytokines or growth factors since the epithelium and aqueous 
tears were found to be a major source of cytokines and 
growth factors.143–147 The major cytokines and growth factors 
studied to date include epithelial growth factor (EGF), 
fibroblast growth factor (FGF), interleukin-1, nerve growth 
factor (NGF), transforming growth factor-beta (TGF-β), 
insulin, retinol, and LPA. TGF-β is currently thought to 
be the most important growth factor of this group in regard  
to stimulating a fibrotic reparative stromal scar pheno-
type.130,139,142,147,148 A recent study, however, has shown that 
local cytokine and growth factor-related influence on normal 
corneal stromal wound repair is predominantly an early 
wound healing phenomenon as cell–matrix interactions 
seem to take over in the later stages of wound healing.147 For 
example, integrity or return of a complete epithelial cell 
basement membrane after stromal injury seems to regulate 
epithelial–stromal interactions long-term as it decreases the 
production and, more importantly, the release of TGF-β 
from epithelial cells into the stroma.147 One gap in this area 
of research is how mechanotransduction pathways (mechan-
ical load-induced intracellular signals) fit into this scheme, 
particularly in maintaining myofibroblast differentiation 
long-term and thus corneal haze. Other cytokines and 
growth factors of this group were also found to have  
some minor complementary or even competing roles with 
TGF-β, and in other cases they had no role at all in corneal 
wound healing. For example, NGF is complementary to 
TGF-β as it too is known to stimulate myofibroblastic 

cells after different types of trauma and found that stromal 
cells lose their interconnecting, dendritic processes immedi-
ately after injury with many cells subsequently developing 
signs of degeneration. That report also described the appear-
ance of morphologically unique, spindle-shaped corneal 
fibroblastic cells invading into the wound region during later 
stages of stromal healing. Since that time, many excellent 
animal model corneal wound healing studies have further 
addressed the changes in the extracellular matrix and the 
stromal cells after stromal injury.125–133 They suggest that 
corneal stromal injury is immediately followed by keratocyte 
apoptosis in the zone around the site of stromal injury with 
a subsequent influx of transient mixed acute and chronic 
inflammatory cells, proliferation and migration of surviving 
keratocytes, and finally differentiation of the keratocytes into 
transiently metabolically activated cell types called activated 
keratocytes. This latter cell type is functionally important 
because it synthesizes and deposits the extracellular matrix 
of the stromal scar, while also degrading and remodeling  
the damaged cellular and extracellular tissues around the 
wound. Epithelial injury alone can also cause transient  
cellular injury to the underlying stroma presumably from 
exposure of stroma to tear-related factors, resulting in  
apoptosis, proliferation, and differentiation into migratory 
keratocytes as well as resulting in some anterior stromal 
edema.134–136 It, however, does not appear to cause differen-
tiation into activated keratocytes, hypercellularity, differen-
tiation into myofibroblasts, or stimulate extracellular matrix 
production – all of which are seen with corneal stromal 
injury whether by incision or excision.134–136 Myofibroblasts 
are characterized by the intracellular cytoplasmic appearance 
of α-smooth muscle actin, which helps impart contractile 
properties to the cell.131

A number of studies have looked into the expression of 
cytokines and growth factors in normal and injured 
corneas.137,138 These studies tried to assess the relative 

Figure 4.15 (A) The regional differences in the corneal stroma for the proportion of the two types of corneal GAGs and the water-absorbing properties in 
these regions are shown. (B) Diagram of the metabolic pathways for dermatan sulfate and keratan sulfate production. The supply of oxygen is the primary 
factor determining whether dermatan sulfate is made through an aerobic pathway or whether keratan sulfate is made through an anaerobic alternative 
pathway. (Modified from Scott JE. TIBS 1992; 17:340–3.)
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including increased tritiated thymidine uptake (indicating 
increased proliferation); initiation of protease and colla-
genase activity; phagocytosis; interferon, prostaglandin and 
complement factor 1 production; and fibronectin, collagen, 
and proteoglycan secretion.130,141,151–159

Human studies of stromal wound healing concur  
with animal studies on most issues with the following 
notable differences: adult human corneas heal less aggres-
sively, more slowly, and not as completely as animal 
corneas.62,133,160–163 However, both animal and human studies 
show that corneal stromal wounds heal in two distinct 

cellular transformation independent of TGF-β, but it does so 
without enhancing keratocyte proliferation or extracellular 
matrix deposition.146 In another example, all-trans retinol 
(vitamin A), which is reflexively secreted in the aqueous tears 
from its storage location in the lacrimal gland, has a com-
pletely different role than wound healing as it maintains the 
moist, mucosal ocular surface phenotype via gene transcrip-
tion regulation; thus, it ultimately controls the rate of ocular 
surface cell proliferation and differentiation (i.e. prevents 
keratinization and squamous metaplasia).149,150 Once acti-
vated, keratocytes exhibit a wide range of cellular responses, 

Figure 4.16 (A) The nerves of the cornea and sclera are mixed (motor, sensory, and autonomic) and come from the nasociliary branch of the 1st division of 
the Vth cranial nerve, which branch to form two long (LPCN) and several short posterior ciliary nerves (SPCN). The SPCN supply the posterior sclera, whereas 
the LPCN supply the cornea and equatorial and anterior sclera. The nerve supply of the cornea is the richest in the body and the sclera also has numerous 
nerves, commonly with many free nerve terminal endings found in the most vascular portions of the episclera, presumably to regulate blood flow in the 
anterior segment and to influence aqueous humor outflow. (Modified from Watson PG, Hazelman B, Pavesio C, Green WR. The sclera and systemic disorders, 2nd edn. 

Edinburgh, UK: Butterworth Heinemann, 2004.). (B) and (C) Distribution of corneal nerves in the stroma including the subepithelial plexus (SEP) and the sub-basal 
plexus (SBP). (Modified from Muller LJ et al. Exp Eye Res 2003;76: 521–42; Patel DV, McGhee CN, Patel DV, McGhee CNJ. Invest Ophthalmol Vis Sci 2005; 46(12):4485–8). (D) The 
architecture of the nerve bundles in the SBP (arrow) contain both straight and beaded fibers. The straight C fibers branch and turn upwards to extend into 
the epithelium. (Modified from Guthoff RF, Wienss H, Hahnel C et al. Cornea 2005; 24(5):608–13.)
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phases: (1) an active phase – results in the production of a 
stromal scar over the first six months after injury in humans, 
and (2) a remodeling phase – improves corneal transparency 
and increases wound strength. This 2nd phase occurs up to 
3–4 years after injury in humans. Overall, the long-term 
result in human corneas is the production of a hypercellular 
fibrotic stromal scar in wound regions where epithelial–
stromal interactions occur and a hypocellular primitive 
stromal scar in wound regions where keratocyte injury path-
ways occur. These two histological wound types have func-
tional differences as the hypercellular fibrotic stromal scar is 
strong, but can look clinically hazy because of myofibrob-
lastic cells populating this scar type.69,131 In contrast, the 
hypocellular primitive stromal scar is transparent, but it is 
very weak in tensile and cohesive strength and serves as a 
potential space for fluid, inflammatory cells, and microbes.164 
An additional variable to consider in this scheme is the fact 
that more precisely re-aligned wounds, such as sutured and 
unsutured wounds with minimal gaping and no epithelial 
cell plugging, heal better than poorly aligned wounds, such 
as wounds with wide wound gaping, epithelial plugging, or 
incarceration of Bowman’s layer, Descemet’s membrane, or 
uvea.164–167

Barrier properties

Low-permeability barrier: the corneal epithelium
The external surface of the human cornea is covered by a 
stratified squamous epithelium (see Fig. 4.1D).1,2 Unlike 
other epithelial surfaces, the corneal epithelium is special-
ized to exist over a moist, transparent, refractive, avascular 
surface and thus it is smooth and non-keratinized. The 
corneal epithelium is composed of 4–6 cell layers about 
50 µm in total thickness across the entire anterior corneal 
surface (Fig. 4.18). It is continuous with the epithelium of 
the limbus (see Fig. 4.3B). The basal epithelial cells actively 
secrete a basement membrane, around 90 nm thick at birth, 
composed of type IV collagen fibrils, laminin, heparin 
sulfate, and fibronectin. The corneal epithelial basement 
membrane, or basal lamina, increases in thickness with age 
measuring around 300 nm thick in late adulthood.23 By elec-
tron microscopy, the basal lamina appears to be composed 
of two distinct layers: a 20–30 nm thick more anterior 
lamina lucida and a 30–60 nm thick more posterior lamina 
densa. Its function is similar to most basement membranes 
in that it serves as a scaffold for epithelial cell movement and 
attachment.

The cytoplasm of all epithelial cells contains mainly 
cytoskeletal intermediate filaments and has sparse cytoplas-
mic organelles. This aids in maintaining transparency. The 
predominant cytoplasmic protein is keratin, while actin fila-
ments and microtubules are the other major ones. The basal 
cell layer stores large glycogen granules as a source of meta-
bolic energy for times of stress during hypoxia or wound 
healing. The epithelial cells are held together by desmo-
somes, while the basal surface of the epithelium adheres to 
the basal lamina and underlying Bowman’s layer through an 
anchoring complex composed of hemidesmosomes, type VII 
collagen anchoring fibrils, and anchoring plaques (Fig. 
4.19). The epithelial cells differentiate from the basal layer 
to form one to three mid-epithelial layers of wing cells and 
finally to form one to two superficial squamous cell layers 

Box 4.4  Wound healing variability after common 
ophthalmic surgeries

The location of scar types along with the variable degree of 
wound healing responses in the human cornea is best 
exemplified when one reviews published human histopathology 
studies that describe findings in corneas that have had common 
ophthalmic procedures such as cataract extraction (CE), PK, radial 
keratotomy (RK), astigmatic keratomy (AK), PRK, or LASIK (Fig. 
4.17). It is also apparent from these cases that acellular barrier 
layers, like Bowman’s layer, are not reformed if damaged or 
excised, whereas acellular basement membranes, like the 
epithelial basement membrane and Descemet’s membrane, can 
be regenerated.168 Sutured and unsutured clear corneal CE 
wounds are corneal stromal incisions constructed at oblique 
angles to the corneal surface so that they self-seal. They usually 
heal with well-aligned external wound margins and wound 
edges, which results in a small (50–75 µm in depth) subepithelial 
zone of hypercellular fibrotic stromal scarring and a remaining 
deeper zone of hypocellular primitive scarring (Fig. 4.17A).62

Occasional small epithelial plugs are found in the external wound 
of unsutured clear corneal cataract wounds and sometimes 
Descemet’s membrane is found partially detached or poorly 
re-aligned along the internal wound margin so that stromal 
ingrowth occurs. In marked contrast, limbal and scleral tunnel CE 
incisions heal because fibrovascular granulation tissue from the 
episclera completely grows into the wound by 15 days after 
surgery with remodeling up to 2.5 years after surgery (early 
wound repair mechanisms in vascularized tissue are controlled by 
bioactive substances released by platelets at the wound site, such 
as platelet-derived growth factor and TGF-β, as opposed to 
epithelial-derived factors, such as TGF-β, seen in the avascular 
cornea).147,169–171 PK wounds heal similarly to sutured clear corneal 
cataract wounds with the notable differences of having 
significant wound compression because of the oversized nature 
of the donor button (usually 0.25–0.5 mm) and wound edge 
mismatch caused by the irregular, asymmetric nature of the 
trephine wound found between donor and host wound edges. 
Additionally, a high percentage of PK cases have overriding 
external or internal wound edges with Bowman’s layer or 
Descemet’s membrane incarceration, which serves to cause weak 
areas in the hypercellular fibrotic scar or regenerated Descemet’s 
membrane.166,167,172,173

Although of partial thickness (70–95 percent depth) and being 
constructed perpendicular to the corneal surface, RK and AK 
incisions heal similarly to unsutured clear corneal cataract 
wounds.174–178 The most notable difference from unsutured CE 
wounds is the more commonly present and more widely variable 
degree of external wound gaping found in these corneas, which 
commonly leads to epithelial ingrowth or plugging that rarely 
goes away long-term (Fig. 4.17B).178 PRK heals entirely under the 
influence of epithelial–stromal interactions. Therefore, a disk-
shaped hypercellular fibrotic stroma scar is produced (Fig. 4.17C), 
which usually is 12–20 percent in thickness of the amount initially 
ablated.179,180 In contrast, LASIK heals similar to that of unsutured 
clear corneal cataract incisions (Fig. 4.17D). A sub-epithelial zone 
of hypercellular fibrotic scarring occurs at the flap wound margin 
and the remainder heals by producing a hypocellular primitive 
stromal scar usually with a thickness around 5–10 percent of the 
amount initially ablated.181–183 However, a notable difference from 
unsutured CE wounds was that approximately 50 percent of the 
LASIK corneas were found to have at least some microscopic 
epithelial plugging present.
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microvilli (Fig. 4.18) that are covered with a wettable, 
smooth glycocalyx layer, consisting of membrane-associated 
mucins (Fig. 4.20), MUC 1, MUC 4, and MUC 16.187–189 
These mucins are produced by surface epithelial cells and 
conjunctival goblet cells forming a 1.0 µm thick mucinous 
layer of the tear film.2,190 The healthy total tear film typically 
measures 7 µm in thickness and contains three layers: muci-
nous, aqueous, and lipid layers (Fig. 4.20B). Recently, the 
aqueous layer of the tear film has also been found to contain 
other membrane-spanning, gel-forming mucins, MUC 5AC 
and 2, along with lysozyme, immunoglobulin A, transferrin, 
defensin, and trefoil factor.189 Overall, the tear film functions 
in maintaining a healthy ocular surface by preventing evapo-
ration, friction during eye blinking, and ocular infections. It 
also is of paramount importance in forming a moist, smooth 
optical surface on the cornea required for clear vision. Defi-
ciencies in the components of tear film potentially can cause 
ocular surface disease. For example, loss of the lipid layer, 

(Fig. 4.18). The most superficial squamous cells at the exter-
nal surface form a high-resistance (8–16 kΩ·cm2) barrier to 
the external environment since they are all surrounded by a 
continuous band of apical zonula occludens tight junctions 
at their peripheral intercellular margins (Fig. 4.20).184,185

Zonula occludens tight junctions are characterized by 
fusion of the adjacent cell membranes resulting in oblitera-
tion of the intercellular space over variable distances and are 
made up of the tight junction proteins ZO-1, JAM-A, occlu-
din, and claudin-1, as well as some other claudin sub-
types.186 This barrier prevents the movement of ions and thus 
fluid from the tears into the stroma, reduces some evapora-
tion, and protects the cornea from infectious pathogens. A 
clinical test to determine if this barrier is disrupted uses the 
vital dye fluorescein, which is topically instilled on the exter-
nal surface of the cornea and stains the corneal surface if 
there is a breakdown in the epithelial tight junctions. The 
apical surface of the corneal epithelium has microplicae and 

Figure 4.17 Long-term wound healing findings of corneas that had undergone sutured, temporal, clear-corneal cataract extraction surgery (A), astigmatic 
keratotomy (B), photorefractive keratectomy (C), and laser in situ keratomileusis (D). All corneas shown are greater than 4 years after surgery. (toluidine blue 
×15 for A, ×25 for B, and ×100 for C and D). (Modified from reference 62.)
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Figure 4.18 (A) Transmission electron micrograph (×3500) of the central corneal epithelium with a summary diagram (B). Microvilli project from the anterior 
corneal surface into the tear film. S = squamous cells. W = wing cells. B = basal epithelial cells. (B modified from Hogan MJ et al. Histology of the human eye. 

Philadelphia: WB Saunders, 1971.)
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corneal epithelium is maintained by a balance among the 
processes of limbal cell horizontal proliferation and migra-
tion, basal corneal epithelial cell horizontal migration and 
vertical terminal proliferation, and shedding of superficial 
squamous corneal epithelial cells.201,202 This concept has 
been coined the X, Y, Z hypothesis by Thoft, where X (basal 

which is produced by the meibomian glands, results in the 
condition of evaporative dry eye disease due to increased 
evaporative loss from the anterior corneal surface (from the 
normal baseline rate of 3 µl/hr cm2 up to a maximum of 
40 µl/hr cm2).191 In another example, loss of the aqueous 
layer, which is produced by the lacrimal glands, results in 
the condition of aqueous tear-deficiency dry eye disease. For 
more information about dry eye disease including the patho-
physiology, classification, diagnosis, and management, see 
references or refer to Chapter 15.192–194

The corneal epithelium is in a state of constant renewal 
as the most superficial squamous cells are continuously shed 
into the tear film. It is estimated that the cell layers of the 
corneal epithelium turn over every 7–10 days. The epithelial 
surface is maintained by basal epithelial cells, which can 
usually undergo mitosis one time resulting in two daughter 
cells that are found anterior to the basal cell layer, resulting 
into two wing cells and eventually into two squamous cells 
(Fig. 4.21).195–197 A delicate balance of shedding followed by 
proliferation is critical in maintaining a smooth and uniform 
epithelial surface. The shedding step is primarily induced by 
friction that occurs from involuntary or voluntary eyelid 
blinking, which happens on average every 7 seconds or 6–15 
times/minute. The signal for basal epithelial cell prolifera-
tion probably comes via the gap junctions, especially in the 
basal cell layer since they express the gap junction protein 
connexin 43.187,198 In addition to basal epithelial cell mitosis 
(vertical proliferation), the corneal epithelium is maintained 
by migration of new basal epithelial cells into the cornea 
from the limbus (horizontal proliferation). The cells migrate 
centripetally at a rate of approximately 120 µm/week and 
originate from a subpopulation of proliferative limbal pro-
genitor epithelial cells (Fig. 4.21).199–201 It appears that the 

Figure 4.20 (A) Transmission electron micrograph (×10,000) of surface epithelium from a specimen specially preserved in glutaraldehyde and cetylpyridium 
chloride and specially stained with tannic acid to show the mucinous layer of the tear film (glycocalyx + membrane-bound mucins). (B) Summary diagram 
showing how the tear film layers interact with the microvillae of the surface squamous epithelial cells and mucinous layer. S = squamous cells. W = wing 
cells. Arrows = zonula occludens tight junctions.
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Figure 4.21 The basal epithelial cells of the cornea, which undergo vertical 
proliferation (both daughter cells move into the middle layers of the 
epithelium) are continually replenished by a stem cell population that 
resides in basal layer of the limbus. The transient amplifying (TA) basal 
epithelial cells, which are two horizontal progeny from the stem cells, 
migrate forward from the limbus to the periphery of the cornea and 
commonly to reach the center of the cornea. The TA undergo mixed (one 
daughter cell retained in the basal cell layer and the other moves into the 
middle layers of the epithelium) proliferation. The final or terminal cell cycle 
of mitosis is the vertical proliferation step, where the two daughters 
continually move toward the surface eventually being shed in the tear film. 
(Modified from Thoft RA et al. Invest Ophthalmol Vis Sci 1983; 24:1442)
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High-permeability barrier: the corneal 
endothelium
The primary function of the corneal endothelium is to main-
tain corneal transparency by regulating corneal hydration 
and nutrition through a “leaky” barrier and metabolic pump 
function first described by David Maurice.72 The “pump-
leak” hypothesis basically suggests that an equilibrium is 
needed in the amount of passive fluid flow into the cornea 
and energy expended pumping out excess fluid for mainte-
nance of corneal transparency and relative dehydration of 
the corneal stroma. Secondarily, it is also known to secrete 
an anteriorly located basement membrane called Descemet’s 
membrane and a posterior-located glycocalyx layer.1

The endothelium of the infant cornea is composed of a 
monolayer of approximately 500,000 neural-crest-derived 
cells, each measuring around 6 µm in thickness by 20 µm 
in diameter, or covering a surface area of 250 µm2 (Figs 
4.22A & 4.23A).6,215 The cells lie on the posterior surface of 
the cornea and form an irregular polygonal mosaic. The 
tangential apical or inner surface of each corneal endothelial 
cell is uniquely irregular, usually uniform-in-size to one 
another, and typically six-sided hexagons. The hexagon is 
the most energy-efficient geometric shape in order to cover 
a surface completely without leaving gaps; thus, minimizing 
intercellular boundary exposure to the aqueous humor.215,216 
They abut one another in an undulating, interdigitating 
fashion with a 20 nm wide intercellular space between each 
other, which serves to increase the internal surface area of 
the lateral cell membranes, making the length of the inter-
cellular space sometimes at least ten times the width of the 
cell itself (Fig. 4.22A,B).44,217 This is clearly seen on the 
endothelium’s tangential basal or outer surface as corneal 
endothelial cells form an extremely complex jig-saw shape 
here as opposed to the six-sided hexagon on the inner 
surface.218 The intercellular space is known to contain apical 
macula occludens tight junctions and lateral gap junctions 
(Fig. 4.22C,D); thereby forming an incomplete barrier with 
a preference to the diffusion of small molecules (Fig. 
4.23B,C). The corneal endothelial cells have numerous cyto-
plasmic organelles, particularly mitochondria, and thus 
have been inferred to have the second highest aerobic meta-
bolic rate of all the cells in the eye next to the retinal pho-
toreceptors (Fig. 4.22B).6

At birth, the central endothelial cell density (ECD) of the 
cornea is around 5000 cells/mm2.215 Postnatally, the corneal 
endothelium of primates and higher mammals including 
humans, mature and lose most of their proliferative capacity, 
whereas lower mammals do not lose this proliferative capac-
ity and thus can regenerate a normal endothelial cell mon-
olayer after injury or disease as compared to humans. 
Because the human corneal endothelium has very limited 
innate in vivo proliferative capacity due to contact inhibi-
tion, high aqueous humor concentrations of TGF-β, and 
age-related gradual cellular senescence, particularly in the 
central regions of the cornea in part through the activity of 
the cyclin-dependent kinase inhibitor p21, there is a well-
documented decline in central ECD with age that typically 
involves two phases: a rapid and a slow component.24,25,219–221 
In fact, recent studies suggest that an adult stem cell popula-
tion of corneal endothelial cells exists near Schwalbe’s  
line of the limbus, which is a transition zone between the 

corneal epithelial cell proliferation) + Y (limbal cell prolif-
eration) = Z (epithelial cell loss on the anterior surface from 
eyelid blinking).203 When this equilibrium is disrupted, 
corneal epithelial cell wound healing typically begins. After 
injury, these processes typically return to equilibrium with a 
degree of flexibility. For instance, after epithelial and stromal 
injury, if a stromal deficit occurs (e.g. a healed corneal ulcer) 
then the epithelium can still maintain a smooth anterior 
corneal surface either by developing elongated hypertrophic 
basal epithelial cells in mild defects and/or by developing 
epithelial hyperplasia (> 6 cell layers) in moderate to severe 
defects.204

The subpopulation of limbal basal progenitor epithelial 
cells are called adult corneal epithelial stem cells.201,205 Epi-
thelial stem cells have the characteristics of being undiffer-
entiated, slow cycling, and extremely long lived with a high 
proliferative potential. They are an excellent source for 
corneal epithelial cell reconstruction. The stem cells are 
located in a well-defined, protective niche microenviron-
ment called the palisades of Vogt (see Fig. 4.3B), and are 
controlled via delicate regulatory mechanisms.206–208 The 
progeny of these epithelial stem cells are referred to as tran-
sient amplifying (TA) cells, which are the basal epithelial 
cells of the limbus or peripheral cornea that migrate centrip-
etally (Fig. 4.21). These TA cells divide more frequently than 
stem cells and undergo mixed (horizontal or vertical) pro-
liferation. They do, however, have a finite proliferative 
potential, usually replicating at least twice, which is in 
marked distinction to the stem cells from which they are 
derived. Once TA cells reach the end of their proliferative 
capacity, usually when near the center of the cornea, they 
become basal epithelial cells, which terminally differentiate 
just once into two daughter wing cells (vertical prolifera-
tion). Limbal stem cell theory forms the basis for several 
surgical procedures using transplanted or cultured limbal 
stem cells to restore vision in patients with limbal stem cell 
deficiency.209,210

Finally, it has been shown in both animal and human 
specimens that the corneal epithelium is devoid of melano-
cytes, but does contain immune cells (see Fig. 4.13). The 
basal epithelial cell layer of the peripheral cornea along with 
the limbus and conjunctiva appear to have a subpopulation 
of cells that are bone-marrow-derived immune surveillance 
cells with high constitutive expression of major histocom-
patibility complex (MHC) type II antigen and co-stimulatory 
molecules.211 This type of immune cell has previously been 
termed a Langerhans cell, which functions as a “profes-
sional” antigen-presenting cell with an extraordinary capac-
ity to initiate T-cell lymphocyte-dependent responses.212,213 
The functional steps of this cell type include the up-take and 
processing of antigens and migration out of the cornea to 
lymph nodes where they stimulate naïve T-lymphocyte-
mediated immune responses by presenting antigens and 
overexpressing co-stimulatory molecules. Recently, the 
central corneal epithelium also has been found to have a 
similar subpopulation of immune cells that are apparently 
all “immature” Langerhans cells because their constitutive 
expression of MHC type II antigen and costimulatory  
molecules is low.214 These “immature” Langerhans cells or 
“non-professional” antigen-presenting cells under certain 
circumstances, such as inflammation or trauma, may develop 
the requisite signals for T-cell priming.214
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corneas have lower central ECDs (Table 4.2).224–227 It is 
hypothesized that this ethnic variance of central ECDs may 
be predominantly due to population differences in mean 
corneal diameter and thus mean endothelial surface area 
between these groups (Japanese, Caucasian, and Indian hor-
izontal corneal diameters averaged 11.2, 11.7, and 12.0 mm, 
respectively), but genetic and environmental factors cannot 
be excluded and thus need further study. Additionally, these 
data apply only to central ECD since a recent study has 
shown that higher ECDs can typically be found in the 
periphery of the cornea (Figs 4.23A & 4.24B).228 This finding 
has been previously reported, but the recent study was the 
only one that was thorough enough in detail to document 
how the variance applies to the entire posterior corneal 
surface.229–232 Therefore, it appears that total corneal endothe-
lial cell numbers and ECDs decrease on average about 50 
percent from birth to death in normal subjects without 
causing corneal disease or pathology. Because corneal 
decompensation typically doesn’t occur until central ECDs 
reach 500 cells/mm2 (Fig. 4.25A,B), which is a 90 percent 
decrease in central ECD from birth or an 80 percent decrease 

trabecular meshwork and the corneal endothelial periphery, 
and proliferates in a limited fashion, particularly after 
injury.222,223 Due to corneal growth and developmentally 
selective cell death, during the fast component, the central 
ECD decreases exponentially to about 3500 cells/mm2 by 
age 5 and 3000 cells/mm2 by age 14–20 (Fig. 4.24A).25,221 
Thereafter, a slow component occurs where central ECD 
decreases to a linear steady rate of 0.3–0.6 percent per year, 
resulting in central ECDs around 2500 cells/mm2 in late 
adulthood (Fig. 4.24A).24,25,221 Because the corneal endothe-
lium maintains its continuity by migration and expansion 
or thinning of surviving cells to cover a larger surface area, 
it is not surprising that the percentage of hexagonal cells 
decreases (pleomorphism) and the coefficient of variation of 
cell area increases (polymegathism) with age.221

When reviewing normal physiologic variability of the 
corneal endothelium, realize that these average central ECDs 
are primarily from Caucasian US populations. Several studies 
reveal that important ethnic differences exist as Japanese, 
Filipino, and Chinese corneas have been found to have 
higher central ECDs than Caucasians at all ages, while Indian 

Figure 4.22 (A) Scanning electron micrograph (×1000) of the posterior surface of the corneal endothelium from a 65-year-old patient with healthy corneas. 
Note how the hexagonal endothelial cells form a uniform monolayer with small 20 nm intercellular spaces between adjacent endothelial cells. E = 
endothelial cells. IS = intercellular space. (B) Transmission electron micrograph (×4750) of the posterior corneal stroma, Descemet’s membrane, and corneal 
endothelium from a 65-year-old patient with healthy corneas. PS = posterior stroma. BDM = banded portion of Descemet’s membrane. NBDM = non-banded 
portion of Descemet’s membrane. E = endothelial cells. IS = intercellular space. (C) Immunofluorescent laser confocal microscopic photomicrograph (×2000) 
of human corneal endothelial macula occludens tight junctional complexes stained with immunolabeled monoclonal antibodies to junctional adhesion 
molecule-A (green). Nuclei are counterstained with TO-PRO (blue). (Courtesy of Kenneth J. Mandell, MD, PhD.) (D) Photomicrograph (×400) of fluorescein dye 
spreading between many adjacent endothelial cells in a human cornea, which demonstrates the intimate importance of gap junctions in how endothelial 
cells communicate with one another. (Courtesy of Mitchell A. Watsky, PhD.)
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10 nm wide intercellular space.217 Clinically, the barrier func-
tion of the cornea can be assessed by using the specular 
microscope or the confocal microscope to measure ECD, 
and fluorophotometry to measure permeability.233 In healthy 
human corneas, this barrier prevents the bulk flow of fluid 
from the aqueous humor to the corneal stroma, but it does 
still allow moderate diffusion of small nutrients, water, and 
other metabolites to cross into the stroma through the 
10 nm wide intercellular spaces.44

The leakiness of the endothelial barrier may initially seem 
inefficient and counterproductive; however, most nutrients 
for all layers of the cornea come from the aqueous humor. 
Thus, leakiness of the endothelial cell monolayer is essential 
for corneal health due to the fact that the cornea is avascular 
and contains no lymph vessels or other channels for bulk 
fluid flow. Despite the loss of endothelial cells that occurs 
with aging, there appears to be no significant increase in the 

from healthy adulthood levels, there appears to be plenty of 
cellular reserve remaining after an average human lifespan 
of 75–80 years of life.25,221 Estimates suggest that healthy, 
normal human corneal endothelium should maintain 
corneal clarity up to a minimum of 224–277 years of life – if 
humans could live that long.25

Leaky barrier function
The barrier function of the corneal endothelium is depend-
ent upon a sufficient number of endothelial cells to cover 
the posterior surface of the cornea (Fig. 4.23A) and intact 
macula occludens tight junctions (Fig. 4.23B,C) between the 
endothelial cells resulting in a low electrical resistance 
(25 Ω·cm2) barrier to the aqueous humor flow. Macula 
occludens tight junctions are characterized by partial oblit-
eration of the intercellular space and partial retention of a 

Figure 4.23 (A) The normal barrier function of corneal endothelium is due to endothelial cells covering the entire posterior corneal surface without gaps 
and the focal, discontinuous tight junctions in its apical intercellular space. (B) shows the normal permeability of the human endothelial cell monolayer to 
carboxyfluorescein (2.26 × 10−4 cm/min) compared to that without endothelium (12.85 × 10−4 cm/min), which resulted in a six-fold increase in permeability. 
(Modified from Watsky MA et al. Exp Eye Res 1989; 49:751–67.) (C) The opposing forces of the leaky corneal endothelial barrier and the metabolic pump sites 
are shown. When the leak rate equals the metabolic pump rate, the corneal stroma is 78 percent hydrated and the corneal thickness and transparency is 
maintained. (Modified from Waring GO et al. Ophthalmol 1982; 89:531).
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Metabolic pump function
In the early days of corneal transplantation, it was observed 
that when donor corneas were refrigerated, corneal thickness 
increased and transparency decreased.236 When the cornea 
was brought back to its normal temperature of 35°C, a tem-
perature reversal occurred during which the cornea returned 
to its normal thickness and regained clarity. In vitro perfusion 
studies of the cornea showed that temperature reversal can 
take place in the absence of the epithelium, leading to the 
conclusion that active metabolic processes in the endothe-
lium are responsible for maintaining corneal dehydration.236 
Subsequent studies demonstrated that transporters, located 
primarily in the endothelial cell’s basolateral cell membrane 
transport ions, principally sodium (Na+) and bicarbonate 
(HCO3

−), out of the stroma and into the aqueous humor (Fig. 
4.23C).236,237 An osmotic gradient is created and water is thus 
osmotically drawn from the stroma into the aqueous humor. 
This osmotic gradient can be maintained only if the endothe-
lial barrier is intact. A major transport protein found to  
be essential for endothelial metabolic pump function is  

permeability of normal, healthy aged corneas.234,235 Only 
when the endothelial cell junctions are disrupted does per-
meability increase, usually up to a maximum of 6-fold 
higher than baseline (Fig. 4.23B).234 Corneal endothelial 
permeability does, however, gradually increase as central 
ECD decreases below 2000 cells/mm2, but compensatory 
metabolic pump mechanisms keep the cornea at its normal 
dehydrated state until a central ECD of 500 cells/mm2 is 
reached.

A number of factors are known to acutely affect the barrier 
function of the endothelium including reversible disruption 
of cell junctions during irrigation with calcium-free solu-
tions or glutathione-restricted solutions, mechanical damage 
during intraocular surgery, or chemical injury due to intro-
duction of non-physiologic or toxic solutions into the ante-
rior chamber. Fortunately, the remaining viable cells are 
oftentimes able to migrate and re-cover the posterior corneal 
surface by spreading out over a larger surface area, re- 
establishing the intercellular cell junctions. Thus, the barrier 
function of the corneal endothelium is efficiently restored.

Figure 4.24 (A) Scatterplot with best fit curve 
showing the average central corneal endothelial 
cell density (ECD) for normal, healthy eyes of 
different ages. (From Williams KK et al. Arch Ophthalmol 

1992; 110:1146–9.) (B) Graph illustrating the central, 
paracentral, and peripheral corneal ECDs for 
healthy, normal subjects of different ages. (From 

Edelhauser HF. Cornea 2000; 19:263–73; and Edelhauser 

HF. Invest Ophthalmol Vis Sci 2006; 47:1755–67.)
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Na+/K+-ATPase.238,239 The number and density of Na+/K+-
ATPase sites have been quantified using [3H]-ouabain, which 
binds specifically in a 1-to-1 ratio to Na+/K+-ATPase pump 
sites.240 These studies have shown that approximately 3 
million Na+/K+-ATPase pump sites are present in the basola-
teral membrane of a single corneal endothelial cell. This cor-
responds to an average pump site density of 4.4 trillion sites/
mm2 along the lateral plasma membrane of an intact endothe-
lial cell.240 Clinically, the metabolic pump function of the 
corneal endothelium can be assessed in vivo using pachyme-
try to measure how quickly the corneal thickness recovers  
after being purposefully swollen by wearing an oxygen- 
impermeable contact lens or, secondarily, by measuring the 
degree of diurnal fluctuation in corneal thickness.233,241

A number of factors are known to alter endothelial pump 
function including pharmacologic inhibition of Na+/K+-
ATPase, decreased temperature, lack of bicarbonate, carbonic 
anhydrase inhibitors, and a chronic reduction in ECD from 
mechanical injury, chemical injury, or disease states. Fortu-
nately, with regard to the latter, compensatory metabolic 
pump mechanisms prevent corneal edema from occurring 
to a certain degree when central ECDs are between 2000 and 
750 cells/mm2 (Fig. 4.25A, B). This occurs by either increas-
ing the metabolic activity of pump sites already present, 
which requires more ATP production by the cell, and/or by 
increasing the total number and density of pump sites on 
the lateral membranes of endothelial cells.240 A similar phe-
nomenon occurs in the proximal tubule of the human 
kidney to adjust for an increased salt load. For example, in 
Fuchs’ endothelial dystrophy, the cornea has been found to 
remain clear and of normal thickness despite having focal 
areas of very low ECD and increased endothelial monolayer 
permeability to fluorescein.242 Apparently, this occurs because 
the metabolic activity and density of the Na+/K+ pump sites 
increase in adjacent healthier areas to compensate for the 
focal areas of increased permeability.242 The point at which 
compensatory mechanisms ultimately fail is when the 
central ECD reaches approximately 500 cells/mm2 or 
less.215,243 At this low ECD, the permeability has increased to 
a point where the endothelial cells are spread so thin that 
they do not have enough room on their lateral cell mem-
branes for more metabolic pump sites and all the existing 
pump sites are maximally active (Fig. 4.25A,B). At this point, 
the metabolic pump fails to balance the leak and corneal 
edema results.

A summary of the entire corneal endothelial cell transport 
system was recently reviewed by Bonanno.244 When 
the corneal endothelial barrier and metabolic pump are 
functioning normally, the corneal stroma has a total Na+ 
concentration of 179 mM (134.4 mM free and 44.6 mM 
bound to stromal PGs), while the aqueous humor has a  
total Na+ concentration of 142.9 mM (all free).245 
Therefore, after accounting for chloride activity and stromal 
imbibition pressure, an osmotic gradient of +30.4 mmHg 
exists causing water to diffuse from the stroma into the 
aqueous humor.

Corneal edema
Corneal edema is a term often used loosely and non- 
specifically by clinicians, but it literally refers to a cornea  
that is more hydrated than its normal physiologic state of 
78 percent water. The Donnan effect states that the swelling 

Figure 4.25 (A) and (B) The relationship between central ECD, barrier function, 
metabolic pump sites, and pachymetry is shown. Note that the pump sites are 
not all maximally used in the normal state (5000–2000 cells/mm2). With 
increased permeability (2000–750 cells/mm2), there is an adaptive phase in 
which the endothelial cells can maximally use all their pump sites or can make 
more pump sites to offset the leak up to a certain point. When the surface area 
of the corneal endothelial cell’s lateral membranes becomes too small (750–0 
cells/mm2), these adaptations max out and eventually decline. The point where 
endothelial cell pump site adaptations intersect with permeability (500 cells/
mm2) is typically when corneal decompensation occurs. (Modified from Dawson DG 

et al. In: Duane’s Foundation of Clinical Ophthalmology on CD-ROM. 2006;v. 2 c. 4:1–76.)
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of corneal barrier function, an IOP ≥ 55 mmHg, or a com-
bination of the two typically results in the clinical appear-
ance of corneal edema (Fig. 4.26).23,249,250

The topic of corneal edema is important for clinicians to 
understand because it affects the function of the corneal 
stroma and the epithelium. With minor (< 5 percent) hydra-
tion changes, the corneal thickness changes with slight to no 
effect on the refractive, transparency, and mechanical func-
tions of the cornea. For example, during sleep, a diurnal 
increase in hydration occurs causing on average a 6 ± 3 
percent increase in corneal thickness of the cornea (range: 
2–13 percent; stromal = 6 percent and epithelial = 8 percent), 
mainly because of reduced oxygen levels (from 155 to 
55 mmHg) caused by eyelid closure and secondarily from 
decreased evaporative loss (from 3 µl/hr cm2 to 0 µl/hr cm2) 
caused by eyelid closure.191,251,252 Upon awakening and eyelid 
opening, the corneal hydration and thickness reverts back to 
normal within 1–2 hours.

If the cornea becomes hydrated by 5 percent or more 
above its normal physiologic level of 78 percent, it begins 
to scatter significant amounts of light and loses its transpar-
ency. Some loss of refractive function may also occur, par-
ticularly if the epithelial surface becomes too irregular. 
Epithelial edema clinically causes a hazy microcystic appear-
ance to occur in the epithelium in mild to moderate cases, 
significantly decreasing vision and increasing glare. It also 
can cause the development of large painful, sub-epithelial 
bullae in severe cases. These changes correlate histopatho-
logically with hydropic basal epithelial cell degenerative 
changes due to intraepithelial fluid accumulation and the 
development of interepithelial cellular fluid-filled spaces, 
known as cysts and bullae. If bullae are chronically present, 
a fibrocollagenous degenerative pannus will often times  
form in the subepithelial space decreasing vision further, 
but, paradoxically, this reduces the pain. In comparison, 
corneal stromal edema clinically appears as a painless, hazy, 
thickening of the corneal stroma resulting in a mild to mod-
erate reduction in visual acuity and an increase in glare. At 
the same time, Descemet’s membrane folds commonly 
appear on the posterior corneal surface. Histopathologically, 
these changes correlate with the light microscopic findings 

pressure in a charged gel, like the corneal stroma, results 
from ionic imbalances. The fixed negative or anionic charges 
on the corneal stromal proteoglycan GAG side-chains have 
a central role in this effect. The anti-parallel GAG duplexes 
(tertiary structure) produce long-range electrostatic repulsive 
forces that induce an expansive force termed swelling pres-
sure (SP). Because the corneal stroma has cohesive and 
tensile stiffness (elasticity) that resists expansion, the normal 
SP is around +55 mmHg.246,247 If the stroma is compressed 
as occurs with increasing IOP or mechanical applanation or 
is expanded as occurs with corneal edema, the SP will cor-
respondingly increase or decrease. Conversely, the negatively 
charged GAG side-chains also form a double-folded helix in 
aqueous solution (secondary structure) that attracts and 
binds Na+ cations, resulting in an osmotic effect, leading to 
the diffusion and subsequent absorption of water. Thus, the 
central corneal thickness is maintained at an average value 
of 544 µm because the fixed negatively charged proteogly-
cans induce a constant swelling pressure through anionic 
repulsive forces, yet it still tends to imbibe more water via 
its cationic attractive forces.105

Under normal circumstances, the negative pressure 
drawing fluid into the cornea, called the imbibition pressure 
(IP) of the corneal stroma, is approximately −40 mmHg.248 
This implies that the negative charges on corneal proteogly-
can GAG side-chains are just over one-quarter saturated or 
bound with Na+, and that the remaining unbound pro-
portion is still available to bind more Na+ and absorb 
more water if given the opportunity. Normally, the highly 
impermeable epithelium and the mildly impermeable 
endothelium keep the diffusion of electrolytes and fluid flow 
in the stroma to such a low level that the endothelium’s 
metabolic pumps can maintain stromal hydration in the 
normal range of 78 percent without significant effort. 
Although IP = SP when corneas are in the ex vivo state, IP is 
lower than SP in the in vivo state because the hydrostatic 
pressure induced by intraocular pressure (IOP) must now be 
accounted. This is best represented by the equation IP = IOP 
− SP and explains why the hydration level of a patient’s 
cornea is not only dependent on having normal barrier func-
tion, but also on having a normal IOP.248 Therefore, a loss 

Figure 4.26 The delicate balance between stromal 
swelling pressure, endothelial barrier, metabolic pump 
function, and intraocular pressure are illustrated. 
Usually if endothelial cell pump function fails and IOP 
remains at normal physiologic levels, both stromal and 
epithelial edema occur (center right). Only when IOP 
increases above the swelling pressure of the stroma 
and the endothelium functions normally, does 
epithelial cell edema occur by itself (center left); and 
only when IOP is around zero and the endothelium 
functions abnormally, does stromal edema occur by 
itself (farther right). (Modified from Hatton MP et al. Exp Eye 

Res 2004; 78:549–52.)
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of thickening of the corneal stroma in the posterior  
cross-sectional direction with loss of the normally present 
artifacteous interlamellar stromal clefting.253 Ultrastructural 
and biochemical studies have further shown that stromal 
edema results in an increase in the interfibrillar distance and 
disruption of the spatial order between collagen fibrils, a 
decrease in the refractive index of the extracellular matrix, 
loss of proteoglycans, and, perhaps most importantly, 
hydropic degenerative changes or cell lysis in the resident 
keratocyte population.250,254–256

Although depth-related differences in the concentration 
of the two types of negatively charged proteoglycans may 
account for the higher hydration levels in the posterior 
stroma compared to the anterior stroma, it appears that the 
directional orientation of the collagen fibrils and the degree 
of lamellar interweaving have the greatest influence on the 
amount of regional stromal thickening from edema-related 
swelling.106,257 Because the collagen fibrils in the cornea run 
from limbus to limbus, the corneal stroma highly resists 
circumferential expansion; however, it can expand anterior-
posteriorly, mostly in the posterior direction. The depth-
related differences in lamellar interweaving explain why the 
anterior third of the cornea mildly swells and actually main-
tains the anterior corneal curvature even when the remaining 
posterior two-thirds swells up to three times its normal 

thickness.250 Because fibrotic corneal scars have random 
directionally oriented collagen fibrils, they too have been 
found to resist swelling under edematous conditions.258 
Therefore, although it is commonly stated that corneal  
thickness and interfibrillar spacing increase linearly with 
increasing hydration of the corneal stroma, this relationship 
mainly applies to the posterior two-thirds of the corneal 
stroma.247,250

Finally, while epithelial and stromal edema commonly 
co-exist together, there are two notable exceptions. As the 
epithelium has much weaker cohesive and tensile strengths 
than the corneal stroma, its state of hydration is mainly 
dictated by IOP levels.259 Conversely, because collagen fibrils 
in the corneal stroma are anchored at the limbus for 360°, 
they exert increasing or decreasing cohesive strength on the 
corneal stroma (i.e. compression or decompression of 
stromal tissue) as the IOP elevates above or decreases below 
normal, respectively. This results in the transmission of 
stromal edema to the epithelial surface in cases of high IOP 
or into the stroma in cases of low IOP. Therefore, if IOP is 
≥ 55 mmHg with normal endothelial barrier and metabolic 
pump function, epithelial edema usually occurs by itself. In 
comparison, if endothelial cell dysfunction and hypotony 
(IOP ∼0 mmHg) occur together, then stromal edema occurs 
alone (Fig. 4.26).

Box 4.5  Endothelial cell injury

There are many exogenous stresses that could potentially damage 
the corneal endothelium (Fig. 4.27). Although accidental trauma 
and infection are perhaps the most common, they usually are 
preventable or are difficult to prognosticate since so many 
variables need to be considered. Several common, more 
predictable intentional interventions that might stress a person’s 
corneal endothelium are contact lens wear, excimer laser-based 
keratorefractive surgery, and intraocular surgery.

Contact lenses

Contact lens wear does not cause loss of ECD, but it can cause 
acute reversible corneal edema and, in the long-term, increased 
polymegathism and decreased pleomorphism.215,260 The corneal 
endothelium utilizes the same carbohydrate metabolic pathways 
as the corneal epithelium. However, the transport function of the 
endothelial cell is higher than that of the epithelial cell due to its 
high baseline metabolic rate, which requires oxidative activity that 
is 5–6 times that of the epithelial cell.261 Atmospheric oxygen is the 
primary source of oxygen to the endothelium. Interruption of this 
oxygen supply by low oxygen transmissibility contact lenses or a 
low oxygen environment (e.g. eyelid closing) will result in a shift to 
anaerobic metabolism, a concurrent increase in stromal lactic acid 
and CO2 production, and a drop in stromal pH.262 Hypoxia can also 
stimulate epithelial production of 12(R)HETE, a potent inhibitor of 
the endothelial Na+/K+-ATPase pump sites.263,264 Acute reversible 
endothelial changes observed with hypoxia include stromal 
swelling, endothelial dysfunction, and endothelial blebbing. 
Chronic hypoxia can eventually lead to irreversible endothelial 
polymegathism and pleomorphism. In fact, Polse and associates 
have shown that chronic corneal hypoxia in humans alters the 
endothelium’s ability to reverse induced swelling.265

Surgical injury

Excimer laser-based keratorefractive surgery has been found to 
induce acute loss of barrier function and reversible endothelial cell 

stress (increased polymegathism and decreased pleomorphism) 
only if performed on a cornea with a residual stromal bed thickness 
≤ 200 µm due to the shockwave effect from photoablation. As 
refractive surgeons rarely or never ablate to this depth due to 
concerns for the risk of ectasia, there appear to be no short- or 
long-term endothelial effects from this type of surgery in the 
current clinical setting.215

By comparison, all intraocular surgeries have been found to cause 
varying degrees of both acute and, perhaps more importantly, 
chronic damage to the corneal endothelium. Modern small incision 
cataract surgery (≤ 1.5 mm incisions for microincision cataract 
surgery [MICS] ; ∼3.5 mm incisions for Kelman phacoemulsification 
[KPE]) is the preferred technique in the USA, Europe, and other 
more developed countries as randomized studies have shown that 
it results in better clinical outcomes compared to larger incision 
techniques (∼7–12 mm incisions for extracapsular cataract 
extraction [ECCE]).266 However, KPE does cause significant 
endothelial cell injury due to a number of factors, such as corneal 
distortion, ricocheting of nuclear fragments, intraocular lens or 
intraocular instrument contact, and release of free radicals.267 A 
recent randomized controlled trial showed that KPE caused an 
exponential reduction in central ECD up to 1 year after surgery 
with ECD loss averaging 10.5 percent.267 However, no significant 
changes in polymegathism or pleomorphism were found.267 This 
fast component period of cell loss is statistically similar to that 
observed following ECCE, another common surgical alternative 
technique used for performing cataract surgery, particularly in 
developing countries, which results in an average 9.1 percent 
reduction in ECD at 1 year after surgery.267 Long-term slow 
component cell loss data are currently unknown for KPE as it has 
not been well studied beyond 1 year postoperatively, whereas 
ECCE data show that an annual cumulative cell loss rate of 2.5 
percent exists from 1 to 10 years after surgery (four-fold higher 
than normal physiologic annual cell loss rates).25,260,267,268 There 
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Box 4.5  Endothelial cell injury—cont’d

currently is no significant evidence to support MICS over KPE or to 
support one cataract technique over another (e.g. divide-and-
conquer vs. phaco-chop) from an ECD loss standpoint as they all 
seem to be statistically similar.269,270

Recent data on the two phakic refractive IOL procedures 
commercially available in the USA, Verisyse (Ophthec, Gronigen, 
The Netherlands/AMO, Santa Ana, California) and the foldable 
Visian Implantable Collamer Lens (ICL, Visian ICL 4; STAAR Surgical 
Co., Monrovia, California), show less acute component damage 
than standard cataract surgery (Verisyse: ∼7 percent ECD loss and 
Visian ICL: ∼3 percent ECD at 1 year after surgery).271,272 However, 
just as with ECCE, a chronic, slow component annual cumulative 
cell loss rate is found from 1 to 5 years postoperatively, which is 
approximately 4–5-fold higher than normal physiologic cell loss 
rates (Verisyse: ∼2.7 percent ECD loss/year and Visian ICL: 2.5 
percent ECD loss/year between 1 and 5 years after surgery).

Corneal transplantation surgery (e.g. PK) has been found to cause 
the greatest long-term decrease in central ECDs of all the 
commonly performed intraocular anterior segment surgeries, 
perhaps because of the peripheral loss of stem-like cells or the 
peripheral storage zone (Fig. 4.23A).223,228 Long-term longitudinal 
studies up to 20 years after PK surgery show that ECD loss occurs 
in two phases: a fast and a slow component.273 During the fast 
component, the central ECD decreases exponentially with 36.7 
percent ECD loss at 1 year and 8.4 percent ECD loss/year up to 5 
years after surgery.266 Thereafter, a slow component occurs where 
central ECD loss decreases to a linear rate of 4.2 percent ECD loss/
year.273 Concurrently, polymegathism gradually increases and 
pleomorphism gradually decreases throughout the longitudinal 
follow-up period.

Over the last decade, surgical techniques for corneal 
transplantation have changed markedly as techniques such  
as posterior lamellar keratoplasty (PLK), deep lamellar  
endothelial keratoplasty (DLEK), Descemet’s stripping endothelial 
keratoplasty (DSEK), Descemet’s stripping automated  
endothelial keratoplasty (DSAEK), and Descemet’s membrane 
endothelial keratoplasty (DMEK), have evolved to take the place of 
PK for endothelial cell disorders.274,275 Currently, the simplest and 
most efficient technique is DSAEK surgery, which is preferred by  
patients and surgeons compared to the more traditional full-
thickness PK surgery.276 The preferred approach of DSAEK, 
however, may soon be supplanted by DMEK.277,278 One of the major 
concerns with DSAEK surgery, second only to the high dislocation 
rate, is how the endothelium survives long-term in these grafts. 
Surgeons commonly fold the ∼8 mm diameter DSAEK graft and 
insert them through small incisions (∼3.5–5 mm incisions) using 
various grasping forceps, injectors, or insertion devices, and then 
inject air in the anterior chamber to keep the graft in place for 1 
hour to up to 2 days in duration after the surgery. Long-term 
studies show similar short-term rates of ECD loss (35–39 percent 
central ECD cell loss at 1 year postoperatively) to those observed 
after PK.279,280

Finally, there are other surgical adjuvants or new procedures on 
the horizon that could affect the corneal endothelium. The surgical 
adjuvant that is currently of most interest is topical mitomycin C 
(MMC) application, which is applied after excimer laser-based 

keratorefractive surface surgery to prevent or treat corneal haze 
caused by subepithelial scarring. Currently, there appears to be no 
evidence of short- or long-term ECD loss or keratocyte toxicity, if a 
single local application of MMC is used at a concentration of 0.02 
to 0.002 percent for an exposure duration of 12 s to 2 min.281–285 
The medical procedure that is currently of most interest is corneal 
collagen cross-linking with riboflavin and UVA light (CXL), which  
is a promising treatment option for the disease of corneal 
ectasia.286,287 Currently, no evidence of endothelial cell damage has 
been found, but most of the studies to date are preliminary, 
short-term, small in number, and are under strict research 
protocols.23,288,289

Pharmacologic toxicity

In addition to surgical injury, the corneal endothelium can also be 
influenced by pharmacologic toxicity.215,290,291 Past studies that 
helped guide the development of intraocular irrigating solutions 
found that the best were those most similar to aqueous humor in 
composition. BSS Plus (Alcon Laboratories, Ft Worth, TX, USA) is 
currently the most physiologically compatible intraocular solution 
(Table 4.3); BSS is probably the next best alternative (Table 4.3).  
The main ingredients required for intraocular solutions to be 
biologically compatible with the corneal endothelium are 
electrolyte levels matching those in the aqueous humor, glucose as 
an energy source, bicarbonate as a buffer, and glutathione as an 
antioxidant/free radical scavenger. Intraocular tissues, particularly 
the corneal endothelium, require a pH between 6.7 to 8.1 and an 
osmolality between 270 and 350 mOsm. Furthermore, any 
medication used intraocularly needs to be at a non-toxic 
concentration and contain no preservatives. Pharmacologic toxicity 
to the anterior segment tissues of the eye, including the corneal 
endothelium, has become better understood through the 
discovery of a condition known as toxic anterior segment 
syndrome (TASS).290 TASS is a sterile postoperative inflammatory 
reaction caused by a non-infectious substance that enters the 
anterior segment, resulting in toxic damage to intraocular tissues. 
Most cases are severe, resulting in >50 percent loss of central ECD. 
The injury typically starts 12–48 hours after cataract or anterior 
segment surgery and is limited to the anterior segment of the eye. 
It is always Gram stain and culture negative and usually improves 
with steroid treatment. The primary differential diagnosis is 
infectious endophthalmitis.

The possible causes of TASS include intraocular solutions with an 
inappropriate chemical composition, drug concentration, pH, or 
osmolality. It can also be caused by preservatives, enzymatic 
detergents, bacterial endotoxin, oxidized metal deposits and 
residues, and factors related to intraocular lens processing, such as 
retained residues from polishing or sterilizing the lenses (Table 
4.4).290 Since TASS is an environmental and toxic control issue, it 
has made anterior segment surgeons and surgical staff more aware 
that maintaining the health of the corneal endothelium requires a 
thorough understanding of all medications and fluids used during 
surgery. Additionally, it has helped all involved in surgical eye care 
understand the importance of proper cleaning and sterilization of 
intraocular instruments since most cases of TASS appear to be 
directly caused by retained detergents or contaminated water 
sources.
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the posterior stroma since it is primarily composed of type 
IV and VIII collagen fibrils as well as the glycoproteins 
fibronectin, laminin, and thrombospondin. At birth, it  
averages 4 µm thick.6 On electron microscopy, the fetal 
Descemet’s membrane is composed of many wide-spaced, 
110-nm banded collagen fibrils (see Fig. 4.22B).292 Postnatally, 
collagen is gradually added posterierly to this initial fetal layer 
throughout life, being notably different in morphology from 
the fetal layer as it is non-banded and contains small-diameter 
collagen fibrils that are arranged into a hexagonal lattice (see 
Fig. 4.22B).292 Typically, at the end of a normal lifespan, 
Descemet’s membrane measures around 10–15 µm thick 
(4 µm thick banded layer and a 6–11 µm thick non-banded 
layer). With disease (e.g. Fuchs’ dystrophy) or injury (e.g. 
trauma or surgery), Descemet’s membrane may become 

Basement membrane and glycocalyx
A secondary function of the corneal endothelium is its 
ability to secrete a basement membrane along its basal 
surface called Descemet’s membrane, which is continuously 
deposited throughout life (Fig. 4.22B).1,6 Although some 
collagen fibrils from the posterior stroma are embedded in 
the Descemet’s membrane, it really has no major junctional 
or adhesional complexes to the posterior stroma other than 
a 0.5 µm thick layer of fibronectin.1 Descemet’s membrane 
is highly extensible and tough, but less strong and stiff than 

Figure 4.27 The normal decrease in central ECD that occurs 
with aging is shown. Located along the line graph are major 
endothelial cell stressors that commonly may occur in a person’s 
lifetime, which potentially could decrease the central ECD greater 
than normal.
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Table 4.3 Composition of aqueous humor compared to various 
intraocular irrigating solutions

Ingredient Human aqueous humor BSS Plus BSS

Sodium 162.9 160.0 155.7

Potassium 2.2–3.9 5.0 10.1

Calcium 1.8 1.0 3.3

Magnesium 1.1 1.0 1.5

Chloride 131.6 130.0 128.9

Bicarbonate 20.15 25.0 –

Phosphate 0.62 3.0 –

Lactate 2.5–4.5 – –

Glucose 2.7–3.7 5.0 –

Ascorbate 1.06 – –

Glutathione 0.002–0.010 0.3 –

Citrate – – 5.8

Acetate – – 28.6

pH 7.38 7.6 7.4

Osmolarity 
(mOsm)

304 305 298

Protein 0.135–0.237 – –

All concentrations are expressed in millimoles per liter or millequivalents per 
liter of solution.

Table 4.4 Causes of toxic anterior segment syndrome

1. Irrigating solutions or viscoelastic devices
• Incomplete chemical composition
• Incorrect pH (<6.7 or >8.1)
• Incorrect osmolality (<270 mOsm or >350 mOsm)
• Preservatives or additives (e.g. antibiotics, dilating medications)

2. Ophthalmic instrument contaminants
• Detergent residues (ultrasonic, soaps, enzymatic cleaners)
• Bacterial LPS or other endotoxin residues
• Metal ion residues (copper and iron)
• Denatured viscoelastics?

3. Ocular medications
• Incorrect drug concentration
• Incorrect pH (<6.7 or >8.1)
• Incorrect osmolality (<270 mOsm or >350 mOsm)
• Vehicle with wrong pH or osmolality
• Preservatives in medication solution

4. Contaminated water sources
• Water baths
• Autoclave reservoirs
• Non-sterile or non-pyrogen-free water

5. Intraocular lenses
• Polishing compounds
• Cleaning and sterilizing compounds



106

SECTION 2 Physiology of optical media  Chapter 4  Cornea and Sclera

of the material’s micro- and nano-structure to dissipate 
deformation energy without initiation or propagation of a 
critical crack. Toughness is a common characteristic of a 
tissue that deforms to dissipate energy on impact (i.e. not 
brittle) and/or has natural crack-stopping mechanisms so 
that it avoids initiation and/or propagation of a critical crack 
(i.e. work of extension [work per volume or work per unit 
mass] or work of fracture [work per surface area created]). In 
essence, toughness describes the characteristics of a tissue’s 
durability and unbreakability. The area under the stress–
strain curve or the energy needed to elongate a pre-existing 
crack both correspond to the toughness of the material, with 
the former describing crack initiation and the latter crack 
propagation. Strength and toughness are both highly influ-
enced by internal defects in a tissue’s structure or material 
components, whereas stiffness and extensibility are not.

Corneal stress
The dome-like cornea encounters three types of loads or 
stresses: transmural pressure, piercing, and crushing. The 
static net internal pressure constantly stressing the cornea in 
an outward direction is the IOP (16 ± 3 [S.D.] mmHg above 
external atmospheric pressure [760 mmHg] and the external 
resting tension from the eyelids).307–309 Additional dynamic 
stressors that can occur as a result of normal variability or 
external environmental stress include various causes of 
increased IOP, such as accommodation (4 mmHg), turning 
the eyes (10 mmHg), arterial pulsation (1–2 mmHg), 
diurnal changes (5 mmHg), respiration (5 mmHg), Valsalva 
maneuver (8 mmHg) and recumbent or inverted positions, 
external eyelid blinking (normal blinks = 5–10 mmHg; hard 
squeeze blinks = 50–110 mmHg), eye rubbing (increases 
IOP [light digital rubbing = 5–20 mmHg; hard knuckle 
grinding/rubbing, = 25–135 mmHg], induces shear and 
transverse compression on the corneal stroma, and may 
actually indent the cornea), or accidental eye impact.307–311 
An increase in internal pressure causes the cornea’s stress 
behavior to be dominated by transmural longitudinal 
tension, which is usually very well tolerated since the net 
vector direction of stress is essentially parallel to the direc-
tion of most of the collagen fibrils in the structure. In con-
trast, external pressure, such as from eye rubbing (back and 
forth or circular pressure and friction), nocturnal external 
eye pressure, or direct blunt impact trauma, causes radial 
compressive stress, circumferential tensile stress, and/or 
deformation. Since the net vector direction of stress is 
oblique to the direction of most collagen fibrils in the 
cornea, external stress is more likely to initiate or propagate 
internal defects due to fatigue-related damage in the corneal 
stroma than internal stress. Moreover, eye rubbing’s often 
repetitive or oscillatory ECM shearing and subsequent cel-
lular damage results in both transmural pressure and crush-
related injury.

Using a basic understanding of mechanical physics, the 
cornea should theoretically obey Pascal’s Principle, which 
states that the pressure is the same everywhere inside an 
enclosed system or vessel at equilibrium in addition to con-
tributions already caused by static fluid pressure. Despite this 
constant IOP, differences in wall tension exist because 
according to the Law of LaPlace – the tension in the walls 
of an enclosed vessel are directly dependent on the pressure 
in the system and its radius of curvature and inversely 

focally (corneal guttae) or diffusely thicker than normal 
from abnormal collagen deposition. This newly deposited 
abnormal basement membrane is called the posterior col-
lagenous layer of the Descemet’s membrane and is classified 
into one of three types: banded, fibrillar, or fibrocelluar.293 
Excess basement membrane deposition is a common strat-
egy used by cells attempting to recover from injury, allowing 
them to remain attached to a tissue’s scaffolding. Finally, the 
endothelium is also known to secrete a 0.7 µm thick glyco-
calyx layer on its apical or posterior surface.215 Functionally, 
it is thought that the glycocalyx layer may protect the internal 
(or posterior) surface membrane of the endothelium.

Mechanical properties
As the cornea is a pressurized, thick-walled, partially woven, 
unidirectionally fibril-reinforced laminate biocomposite, it 
represents an excellent compromise between stiffness, 
strength, extensibility, and therefore toughness to withstand 
internal and external forces that may stress it, distort its 
shape, or threaten its integrity.1,90,294,295 The biologic behavior 
of a soft fibrous connective tissue, like the human cornea, 
usually is much stronger in the direction of its collagen 
fibrils than perpendicular to it and these fibrils are assem-
bled into various hierarchical structures, which give the 
tissue anisotropic mechanical properties.296–298 Maturity and 
age-acquired covalent collagen cross-links serve to bolster 
the stiffness, strength, and toughness of these hierarchical 
structures, usually without significantly compromising 
extensibility (Fig. 4.6C). As the biomechanical properties of 
the cornea are dominated by the stroma, the macro-, micro-, 
and nano-mechanical behaviors of the cornea is primarily 
due to the hierarchical structure of essentially four  
composite-like regions: Bowman’s layer, the anterior third of 
the stroma proper, the posterior two-thirds of the stroma 
proper, and Descemet’s membrane (Fig. 4.28).93,299–306 Like 
most composites, the cornea is biomechanically strong, light 
in weight (when dehydrated), and has an extraordinary 
capacity to absorb energy by material destruction due to its 
fluid-like matrix gel; however, it also has a composite’s short-
comings in that its dynamic three-dimensional state of stress 
is difficult to definitively quantify and its biomechanical 
failure process is complex since it appears to break down at 
the nano- and micro-mechanical level.

When a biologic tissue is subjected to force (or load), it 
typically will deform (elongate, compress, or shear) in the 
direction of the applied force. The force divided by the cross-
sectional area of the applied stress (N/m2) is called the stress 
acting on the material, while the degree of deformation in 
the direction of the applied stress is called strain. The ratio 
of the stress and strain (i.e. the slope of the stress–strain 
curve) is called the elastic modulus or Young’s modulus of 
the tissue, which basically describes the stiffness of the mate-
rial. Stiff materials are needed to transmit forces and are 
especially crucial in resisting bending or buckling from  
compression. The strength of a material is defined as the 
maximum stress it can sustain before breaking. Strong mate-
rials are needed to carry a load. The extensibility of a tissue 
is defined as the maximum strain it can sustain before rup-
turing. Extensible materials are needed to reversibly change 
elastic shape instantaneously and then return to its original 
shape without damage. Toughness is defined as the ability 
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(Fig. 4.28). Thus, one can see that although the static stress 
can be approximated (Fig. 4.29A), the dynamic temporal 
stresses acting upon the corneal eye wall are quite complex 
and perhaps too difficult to definitively characterize, particu-
larly since they overlap one another in real-time.312,313

Corneal stiffness, strength extensibility, and toughness
The two principal structural characteristics of the human 
cornea that help maintain its stiffness (rigidity or elasticity), 
strength (ultimate fracture stress), extensibility (ultimate 
fracture strain), and toughness (durability or unbreakability) 
are its thickness and its innate biomechanical properties 
(hierarchical structure and degree of collagen fibril  
cross-linking). While corneal thickness can be directly meas-
ured accurately in vivo, a major difficulty in the field of 

dependent on the thickness of the vessel wall. For example, 
in an isotropic, thin-walled (wall thickness to cavity  
diameter ratio ≤ 0.1) elastic vessel, the Law of Laplace would 
be simplified to the following equation:

T PR t= 2

where T equals the radial wall tension or stress of a spherical 
vessel wall, P equals the internal pressure in the vessel (IOP), 
R equals the radius of curvature of the wall (the curvature of 
the posterior corneal surface), and t equals the thickness of 
the wall in meters (corneal thickness). Unfortunately, the 
Law of Laplace is not a perfect approximation of stress in the 
corneal eye wall in the real world since the cornea is actually 
anisotropic, inhomogeneous, asymmetric, and thick-walled 

Figure 4.28 The hierarchical structure of the cornea showing that it is basically composed of three composite-like regions. A fourth composite-like region, 
the Descemet’s membrane, is included for completion’s sake. The macroscopic to microscopic to nanoscopic features are emphasized (from left to right) to 
help illustrate the various interactions between the tissue components. The Bowman’s layer is essentially a random fibril, woven mat composite, which 
maximizes multiaxial stiffness and strength. The underlying anterior third of the stroma proper is a lamellar interwoven fabric composed of unidirectionally 
(UD) fibril-reinforced lamellae. This architectural hierarchy is much more reinforced against z-axis deformations compared to non-woven UD-laminates. In the 
human body, it is most similar to that of pericardium, which serves in mechanically preventing aneurysm formation of the heart. The posterior two-thirds of 
the stroma is essentially a non-woven, UD-fibril-reinforced lamellar composite, which maximizes longitudinal x- and y-axis stiffness and strength, but has 
weak transverse z-axis stiffness and strength. In the human body, it is most similar to that of the annulus fibrosis of intervertebral disk, which functions 
efficiently as a cushioning mechanism for the spine, but is prone to chronic biomechanical failure. The UD-orientation of collagen fibrils in each lamellae is 
important because this arrangement prevents fibril undulation and thus maximizes the initial axial tensile strength of each individual fibril. Descemet’s 
membrane forms a hexagonal lattice. In toto, these composite-like regions characterize the overall stiffness, strength, extensibility, and toughness of the 
cornea. They also help explain how the cornea biomechanically behaves normally after surgery, disease, or injury.
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Figure 4.29 The stress on the coats of the eye wall (red lines with double-
headed arrows are shown in (A)) and the preferential orientation of the collagen 
fibrils (solid gray and blue lines) are shown in (B) and (C). (A) The lowest radial 
stress is in the cornea due to its smaller radius of curvature; the largest radial 
stress is under the rectus muscle insertion sites or at the equator of the globe 
due to its large radius of curvature and the fact that these are the thinnest 
regions of the sclera. The largest circumferential stress is at the limbus due to the 
sudden change in curvature going from the cornea to the sclera, which doubles 
the stress in the circumferential direction compared to the radial direction.  
(B) The central 4–5 mm of the cornea has collagen fibrils that are relatively 
uniformly directed in either the superior–inferior or the nasal–temporal direction. 
These fibrils appear to bend in the periphery of the cornea to coalesce and form 
the circumferential annulus. The diamond-shaped appearance of the central 
orthogonal collagen fibrils suggests that additional anchoring collagen fibrils 
come in from the sclera and limbus at one of the principal meridians (inferior, 
nasal, etc.), then curve within the peripheral cornea to exit an adjacent principal 
meridian 90° away. Overall, this arrangement would aid in maintaining the 
peripheral flattening of the cornea and resisting the higher stress in that region 
of the cornea. It secondarily would not interfere with the central optical zone of 
the cornea. (C) The preferential direction of the sclera’s collagen fibrils is radial in 
the anterior sclera, particularly in relation to the muscle insertion sites, whereas 
those at the equator are circumferential and those at the posterior sclera form 
circular whirls. The deep layers of sclera, which are not shown, form a net- or 
rhomboid-like layer diffusely throughout all regions of the sclera. (Modified from 

Meek KM. In: Frazl P, ed. Collagen: structure and mechanics. New York: Springer, 2008:359–

96; Aghamohammadzadeh H, Newton RH, Meek KM et al. Structure 2004; 12(2):249–56; and 

Watson PG, Hazelman B, Pavesio C, Green WR. The sclera and systemic disorders, 2nd edn. 

Edinburgh, UK: Butterworth Heinemann, 2004.)
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ophthalmology has been an adequate actual direct measure-
ment or even an accurate approximation of its innate bio-
mechanical properties.314 The current understanding of the 
cornea’s biomechanical properties still mainly relies on ex 
vivo experiments, primarily strip extensiometry and inflation 
testing.315

The cornea is an important biological mechanotransducer 
of stress due to its viscoelastic properties (i.e. solids with 
some characteristics of a fluid), which helps prevent prema-
ture biomechanical failure via energy dissipation. The prop-
erty of viscoelasticity complicates our understanding of 
corneal biomechanical behavior since it contains both elastic 
and viscous component properties that overlap one another 
over time when forming the stress–strain curve. Elasticity is 
related to time-independent energy storage due to stretching 
or strain of the flexible domains of collagen molecules 
(potential energy) and deformation or transfer of energy to 
the sclera and other portions of the eye due to the rigid 

domains of collagen molecules (kinetic energy). In essence, 
elasticity is a time-independent physical property of a solid 
that allows the cornea to return to its original shape after 
stress or, if significantly damaged, to be permanently altered 
in shape. Viscosity is related to time-dependent energy dis-
sipation due to the sliding of interfibrillar collagen fibrils, 
filaments, and lamellae past one another in a hydrated pro-
teoglycan matrix (mechanicothermal energy transduction). 
In essence, viscosity is a time-dependent physical property 
of a fluid that allows the cornea to deflect some input energy 
away from its elastic components and it allows the cornea 
the possibility to reversibly or permanently change its elastic 
shape with time.

Ex vivo experiments show that the human cornea has 
J-shaped, non-linear, stress–strain loading and unloading 
curves. The cornea’s stress–strain curves have an immediate 
elastic response dominated initially by the low strain behav-
ior of its non-collagenous matrix and the act of removing 
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slack from its collagen fibrils (fibril uncrimping) as well as 
re-orienting its collagen fibrils to the direction of the stress 
(fibril recruitment) at the lower part of the J and then later 
by the high strain behavior of collagen fibrils that are maxi-
mally taught and oriented in the direction of stress in the 
upper part of the J.316 Finally, a slower, time-dependent 
viscous response occurs in addition to the immediate 
J-shaped response due to interlamellar and interfibrillar slip-
page resulting in time-dependent strain (creep) or stress 
(stress relaxation) curves.316 Creep is defined as a time-
dependent elongation that occurs in three stages: (1) primary 
creep with its associated decelerating strain rate, (2) second-
ary creep with its associated constant strain rate, and (3) 
tertiary creep with its accelerating strain rate until rupture.317

Primary and secondary creep are reversible viscoelastic 
responses without accompanying damage, whereas tertiary 
creep is associated with an irreversible reduction in the 
strength and toughness of the structure due to damage by 
irreversible slippage or cracking. The cornea’s unloading 
stress–strain curve does not overlap with the loading curve, 
being variably less dependent on the load or strain rate. The 
difference in area between the two curves represents the 
energy dissipated via viscous friction (i.e. hysteresis) during a 
single mechanical cycle. As the cornea has very small collagen 
fibril diameters and lengths compared to other connective 
tissues, like tendon and bone, and has biomechanical proper-
ties between skin and ligament, it is reported that the cornea 
converts approximately 35 percent of its total input energy 
into energy dissipation and the other 65 percent into energy 
storage, energy transmission, or deformation. It should be 
pointed out though that a single stress–strain curve has 
limited meaning when evaluating a material’s or structure’s 
total dynamic, temporal biomechanical properties since each 
curve is either load or strain rate dependent over a specific 
time interval and each represents only one of several different 
material components and orientations of the structure.

Based on the hierarchical structure of the corneal stroma 
(Fig. 4.28), it has been inferred that the anterior woven 
portion of the cornea is much stiffer and stronger than the 
posterior non-woven portion. In fact, this inference has been 
qualitatively supported by both clinical and experimental 
studies, which show that the posterior two-thirds of the 
corneal stroma is easier to bluntly dissect in a lamellar 
fashion than the anterior third and that the anterior corneal 
curvature remains relatively constant at various physiologic 
IOPs and stromal hydration levels compared to the posterior 
corneal curvature.318–322 After induction of corneal edema in 
an ex vivo setting, ultrastructural studies by Muller and asso-
ciates showed that the 10 µm thick Bowman’s layer and the 
underlying anterior 100–120 µm of the stroma proper are 
the most stiff regions of the cornea since they did not swell 
significantly, even when stromal edema resulted in total 
central stromal thicknesses of up to 1200 µm.255 Quantita-
tive ex vivo direct measurements of human corneal stiffness 
are very consistent with these initial observations and infer-
ences. Seiler and associates showed, using uniaxial strip 
extensiometry, that removing the Bowman’s layer with the 
excimer laser reduced the longitudinal (x- and y-axis length-
wise dimension) Young’s modulus on average by 4.75 
percent.302 This was similar to findings discussed in a 1989 
National Eye Institute-sponsored corneal biophysics work-
shop that described the longitudinal Young’s modulus of 

Bowman’s layer as about 50 MPa/mm2 and that of the stroma 
proper as ranging between 2 to 10 MPa/mm2.323

Uniaxial strip extensiometry further demonstrated that 
the anterior third of the corneal stroma is 2–3-fold stiffer 
and stronger than the posterior two-thirds.303,324,325 Using 
inflation tests, Descemet’s membrane was measured to have 
a longitudinal Young’s modulus of 0.5–2.6 MPa/mm2 
depending on the physiologic stress levels used during 
testing, which overall is less than that of the corneal 
stroma.304,326 Recent uniaxial strip extensiometry measure-
ments show considerable regional and directional anisot-
ropy in the longitudinal cornea as vertical and horizontal 
strips were stiffer (53 percent and 40 percent, respectively) 
and stronger (25 percent and 13 percent, respectively) than 
diagonal strips.327 Cohesive or transverse (z-axis thickness-
wise dimension) strength measurements, using modified 
strip extensiometry techniques, showed that Bowman’s layer 
averages 50 g/mm, the anterior third of stroma proper aver-
ages 34 g/mm, the posterior two-thirds of stroma proper 
averages 20 g/mm, and Descemet’s membrane averages 7 g/
mm.28,93 This same study importantly documented a depth-
dependent decrease in the cohesive strength in the corneal 
stroma, with a maximum at Bowman’s layer and then an 
exponential decrease until reaching a plateau at approxi-
mately 40–80 percent in depth into the stroma before 
decreasing again in the posterior-most 20 percent. An 
approximately 2-fold increase in cohesive strength was also 
found comparing the peripheral cornea to central cornea. 
Interestingly, these z-directional cohesive strength measure-
ments were quantitatively 5–50-fold less than the longitudi-
nal x- and y-direction tensile strengths.

Inflation studies have further shown that cutting or ablat-
ing Bowman’s layer down to approximately 150 µm depth 
into the anterior corneal stroma results in anterior corneal 
flattening and peripheral corneal thickening; in comparison, 
deeper cuts or ablations into the stroma result in progres-
sively more anterior corneal steepening rather than flatten-
ing.328–330 According to Hjortdal, after taking into account 
load-induced volume change, shallow ablations resulted in 
anterior corneal flattening because of similar inward inner 
and outer corneal wall strains.331 In contrast, deeper abla-
tions result in anterior corneal steepening because outward 
outer corneal wall strains occur up to 2-fold higher than 
inward inner corneal wall strains.331 Their conclusion was 
that the difference between outer and inner corneal wall 
strains was due to less shear resistance in the posterior two-
thirds of the corneal stroma. Finally, using inflation testing, 
increasing age and increasing IOP have both been associated 
with increased stiffness of the human cornea, presumably 
due to age-related cross-linking of the collagen fibrils and 
the changes in the viscoelastic properties of the interfibrillar 
matrix with increasing IOP, respectively.330 Clearly, further 
information about the innate biomechanical material prop-
erties of the human cornea are still needed since the current 
information is far from complete.

Chronic biomechanical failure of the cornea – ectasia
In classical mechanics, acute damage and rupture occur 
when the stress reaches a critical value, which in tension is 
called the ultimate tensile stress (UTS). In addition to over-
load-induced acute rupture, if you dissect a tendon and hang 
a lesser load (below the UTS) from it while keeping it moist, 
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in a chronic, time-dependent fashion the tendon will become 
damaged or fatigued and eventually ruptures. This occurs 
because of tertiary creep and its associated micro- and nano-
structural pathogenesis of interfibrillar crack initiation and 
propagation (known as slippage for biologic tissues). In fact, 
susceptibility to fatigue is a universal phenomenon in bio-
logical tissues, which typically fail through constant static 
load (time-dependent damage due to magnitude of the con-
stant load and time of application of this load). In compari-
son, man-made structural materials typically fail through 
dynamic oscillatory loads (cycle-dependent damage due to 
magnitude of the load and frequency of the cycling time). 
Cycling of the load may also accelerate the time-to-rupture 
of biological tissues.

The human cornea’s innate biomechanical properties 
depend on the composition and organization of collagen 
fibrils and the matrix structures involved in force transmis-
sion between successive lamellar and fibrillar layers of col-
lagenous tissue. This framework is essentially composed of 
25-nm diameter, heterotypic type I collagen fibrils. The exact 
mechanical properties of these individual corneal collagen 
fibrils have not been evaluated or measured specifically. 
However, rat tendon studies found that individual 50-nm 
diameter, heterotypic type I collagen fibrils are moderately 
stiff, strong, and tough with only slight (∼10 percent) exten-
sibility, which is usually only evident when loaded under 
extreme physiologic stress.332 Therefore, it can be assumed for 
practical purposes that corneal type I collagen fibrils do not 
stretch much under normal physiologic conditions or stres-
sors. This seems to imply, at least from a theoretical perspec-
tive, that the matrix structures involved in force transmission 
between lamellar and fibrillar layers (analogous to mortar in 
brickwork masonry) are the primary structures of the corneal 
stroma that are vulnerable to fatigue (tertiary creep or  
irreversible slippage) under normal physiologic circum-
stances.333 Ultrastructural and x-ray scattering studies of 
human corneas with natural ectasia, like keratoconus, or 
iatrogenic ectasia, like post-LASIK or post-PRK ectasia, show 
that a chronic two-phase biomechanical matrix failure 
process of the stroma proper probably is the initiating and 
evolving pathophysiology, resulting in irreversible interla-
mellar slippage and subsequent irreversible inter fibrillar slip-
page as opposed to collagen fibril failure (Fig. 4.30).334–341

In the scientific field of composite sciences, man-made 
laminate polymer matrix composites that are most similar 
to that of the human cornea (e.g. woven and non-woven, 
UD fiber-reinforced laminate composites made of ductile 
matrix material) are known to undergo two similar chronic 
types of biomechanical matrix (or resin) failure processes 
known as delamination and interfiber fracture (IFF), whereby 
breakdown of the matrix between lamina or fibers occurs, 
respectively, causing redistribution of stresses within the 
laminate structure.294,342–345 The quantitative amount of stress 
that causes this damage is the sum of the cycling rate of  
the stresses acting on the structure, the duration of time 
exposed to this stress, the temperature of the structure,  
the curvature and thickness of the structure, the laminate 
stacking sequence of the individual plies, and the innate 
biomechanical properties of the fibers and binding  
matrix. As a consequence of nano- and micro-mechanical 
damage, usually resulting from transverse compression or 
transverse shear stresses as opposed to transverse tension or 

longitudinal shear, further damage to other plies can occur, 
eventually resulting in macroscopic interlaminar delamina-
tion between two plies and full-thickness intralaminar frac-
tures of a ply. In essence, delamination and IFF cause internal 
stress concentration sites throughout the laminate compos-
ite and accumulation of too many of these damage sites can 
considerably reduce the strength and toughness of the mate-
rial without detectable thinning or bulging.339

Eventually, once the biomechanical failure process 
progresses to at least a moderate stage, the structure usually 
thins to measurable or detectable levels. It typically only 
begins to bulge or undergo pathologic shape changes due to 
a significant reduction in stiffness or significant increase in 
extensibility in late moderate or severe stages before ulti-
mately undergoing total structural failure during the end 
stage. Moreover, during the redistribution of stress phase, 
further damage to other adjacent plies may occur even 
without significant external or internal increases in wall 
stress. Thus, from a composite science perspective, corneal 
ectasia essentially is the biologic equivalent of both delami-
nation and IFF in the stroma proper and is essentially a 
stereotypic, non-specific chronic biomechanical failure 
response to multiple different specific stimuli, such as eye 
rubbing, LASIK surgery, family history (genetic conditions 
associated with environmental or behavioral eye rubbing), 
or possibly external nocturnal eye pressure.334,342 The irrevers-
ible slippage caused by delamination and IFF can either be 

Box 4.6  Clinical biomechanical testing

Because reliable in vivo biomechanical tests have not yet been 
developed, the clinical setting currently relies on placido disk 
topography and tomography (2- and 3-dimensional 
reconstruction of thickness profiles) studies to indirectly infer 
information about the innate biomechanical properties of the 
cornea based on shape and thickness changes, respectively.55,346 
This is the unfortunate reality for clinical ophthalmology and 
presumably explains why we have trouble predicting the ectasia 
risk or susceptibility before keratorefractive surgery in some cases 
and also have trouble predicting the probability of ectasia 
progression in keratoconus patients (i.e. time-dependent 
thickness profile changes or shape changes are moderate to late 
stages in the chronic biomechanical failure process). Only with a 
proper understanding of the cornea’s innate biomechanical 
properties can an accurate predictor of material behavior be 
developed, which would help predict ectasia risk and/or 
progression, optimize refractive surgery, improve accuracy of 
tonometry measurements, or improve the design of contact 
lenses. Recently, Reichert introduced an instrument, the Ocular 
Response Analyzer (ORA; Reichert Corporation; Depew, USA), that 
measures the corneal response to indentation with an air pulse 
(principally similar to air pulse non-contact tonometry).347,348 This 
is the first instrument that purportedly directly measures the 
innate biomechanical properties of the cornea in vivo. The two 
biomechanical properties that it currently measures are corneal 
hysteresis (CH) and corneal resistance factor (CRF). CH is reported 
to be IOP-dependent and predominantly reflects the viscous 
properties of the cornea, whereas the CRF correlates with the 
elasticity of the cornea. However, discrepancies compared to 
expected results with these measures (e.g. a decrease in these 
properties with aging and no change in these properties after 
CXL treatment) suggest that further work is needed to determine 
precisely what these two properties measure or represent so that 
they are clinically meaningful to the clinician.349–351
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Figure 4.30 Diagram illustrating how the four composite-like regions of the cornea biomechanically fail when undergoing ectasia. In essence, ectasia 
appears to be a stereotypic chronic biomechanical failure response to multiple different stimuli. According to Alfred Puck’s theory, laminated fiber polymer 
matrix composites, like the corneal stroma, biomechanically fail through three pathways: fiber fracture (FF), interfiber fracture (IFF), and/or delamination. 
Although FF is seen in Bowman’s layer and Descemet’s membrane in late stages of ectatic disease, both are not the cause for the ectasia, but rather are 
secondary events to the biomechanical failure process going on in the stroma proper. The initiating and evolving pathology causing the ectasia is due to 
delamination and subsequent IFF, which is seen in the stroma proper, particularly in the posterior-most regions of the cornea. This two-step biomechanical 
failure process leads to ectasia through gradual cumulative damage rather than an acute event. Interestingly, delamination and subsequent IFF can also occur 
in benign fashion, depending on type and degree of stress. Although delamination and IFF both take place and are clearly seen using ultrastructure studies in 
the posterior two-thirds of the corneal stroma, it does progress to the anterior third of the stroma proper. However, in the anterior third of the stroma proper, 
ultrastructurally IFF appears to dominate since the interlamellar slippage resulting from the delamination step is minimized by crack stopping mechanisms 
due to the interwoven nature of lamellae in this region of the stroma proper. FF usually is associated with acute ultimate failure of its individual composite-like 
layer, which results in acute loss of biomechanical and barrier function in that specific layer. For example, FF of Bowman’s layer results in the clinical 
appearance of subepithelial fibrotic scarring, which is seen histopathologically as full-thickness breaks in Bowman’s layer with outgrowth of hypercellular 
fibrotic stromal scar tissue. In another example, FF of Descemet’s membrane results in the acute clinical appearance of corneal hydrops due to loss of 
endothelial barrier function, which is seen histopathologically as full-thickness Descemet’s membrane breaks with curled outward fracture edges and 
endothelial cell discontinuity. Delamination may be seen clinically at the slit lamp as Vogt’s striae, which are often found during early to moderate stages of 
ectasia in the posterior-most regions of the corneal stroma. (Adapted from Knops M. Analysis of failure in fiber polymer laminates: the theory of Alfred Puck. Heidelberg, 

Germany: Springer, 2008; and Reifsnider K. In: McNicol L, Strahlman E, eds. Corneal biophysics workshop. Corneal biomechanics and wound healing. Bethesda, MD: NEI, 1989.)
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vasculature due to drainage in the nasolacrimal duct. Moreo-
ver, on average, a drug resides in the conjunctival cul-de-sac 
for only about 5–6 minutes before being removed by the 
precorneal tear clearance mechanism (tear turnover rate of 
0.5–2.2 µL/min). Even if the topical drug does get into the 
anterior or posterior chamber via the transcorneal or 
transconjunctival route, respectively, it usually only stays 
there briefly unless it is retained in depot form on the exter-
nal surface or binds to proteins in the tissues it traverses since 
the aqueous humor removes it through the trabecular mesh-
work (aqueous humor turnover rate 2–3 µL/min) or venous 
blood flow removes it through the porous anterior uvea.

After topical drug instillation, the peak concentration in 
the aqueous humor, or even the corneal stroma, is usually 
reached 30 minutes to 3 hours after application, but the 
bioavailability or concentration of drug in the corneal stroma 
or aqueous humor is reduced to approximately 1/1500th for 
lipophilic drugs and 1/150,000th for hydrophilic drugs com-
pared to the original concentration of the eye drop.352,353 
From the aqueous humor, the drug does have easy access to 
the uvea (iris and ciliary body). Here the drug may bind  
to melanin, which may form a reservoir source that gradu-
ally releases the drug to the surrounding cells, thereby pro-
longing the drug activity (e.g. beta-blockers).353–355 Drug 
distribution to the lens is much slower than to the uvea since 
it is composed of tightly packed lens proteins without 
melanin; however, sequestration of lipophilic drugs in  
cell membranes of the lens may serve as another potential 
depot reservoir source.353 Topical drugs also reportedly 
can sometimes reach the vitreous cavity, most likely via the 
conjunctival–scleral–choroid–RPE–retina or possibly the 
conjunctival–orbital–optic nerve head routes, where bio-
availability is approximately one-millionth of the original 
concentration of the eye drop (Fig. 4.31B).353 Various modi-
fications can be made to topical drugs in order to increase 
their corneal absorption and bioavailability, and most fall 
into one of two categories: (1) drug formulations made to 
increase residence time in the conjunctival cul-de-sac (e.g. 
gels, suspensions, ointments, and inserts) or (2) compounds 
are added to topical drug solutions to increase corneal pen-
etration (e.g. benzalkonium chloride [BAK], other preserva-
tives, epithelial scraping [when treating fungal ulcers with 
antifungal drops]).

In addition to dynamic clearance mechanisms, topical 
drug delivery is also hampered by various anatomical and 
physiological barriers that affect the static permeability prop-
erties of the tissue.354,356 Topical drug delivery via the 
transcorneal route (Fig. 4.31A) is challenging because the 
drug needs to be small (< 5 kDa) and lipophilic (e.g. pred-
nisolone acetate) to bypass the intercellular zonula occludens 
tight junctions of the most superficial squamous corneal epi-
thelial cells. In fact, on average, 90 percent of the corneal 
barrier to hydrophilic drug penetration is due to the resistance 
of the paracellular (intercellular) pathway. In contrast, on 
average, the corneal epithelium accounts for only 10 percent 
of the resistance to lipophilic drug permeation since these 
drugs can penetrate the epithelium easily via the transcellular 
(intracellular) pathway. In comparison to the epithelium, the 
corneal stroma is highly permeable to most lipophilic and 
hydrophilic drugs, although the main rate-limiting criterion 
is having a small molecular radius (size), reflecting the 20 nm 
wide interfibrillar spaces used for drug diffusion.30,357 
Although no significant changes in permeability have been 

benign or harmful to overall cornea, with the latter causing 
a gradual, progressive biomechanical failure process eventu-
ally leading to the ultimate failure of the structure through 
loss of shape and loss of refractive function. Although both 
delamination and IFF are universally seen in the non-woven 
posterior two-thirds of the stroma proper, it can progress 
into the woven anterior third of the stroma proper. However, 
the woven anterior third of the stroma has a natural crack-
stopping mechanism due to the highly interwoven nature of 
its lamellae. This perhaps also explains why keratoconus 
rarely results in spontaneous rupture of the eye.

Other functions

Drug delivery
Although there are several drug delivery routes into the ante-
rior segment of the eye (Fig. 4.31A), topical instillation of 
ophthalmic drugs is the most common method used to 
administer treatments for ocular disease – evidenced by the 
fact that 90 percent of ophthalmic drug formulations are 
geared for topical drop use. The barriers to productive topical 
absorption of drugs into the anterior chamber are well docu-
mented and the two major pathways to permeate these bar-
riers are the transcorneal and transconjunctival pathways. 
The primary absorption pathway for small, lipophilic drugs 
is the transcorneal route and the primary absorption pathway 
for large, hydrophilic drugs is the transconjunctival (con-
junctiva–sclera–ciliary body) route. In order to understand 
these pathways, and therefore predict the drug’s biological 
effects on targeted anterior segment tissues, knowledge of 
the physicochemical properties of the drug and the pharma-
cokinetics of the tissues the drug must traverse is essential. 
Physicochemical properties describe the relationship 
between the chemical structure of the drug and its biological 
effects. Various physicochemical properties of a drug – such 
as its molecular size (radii, weight, and shape), lipophilicity 
or hydrophilicity, degree of ionization – may optimize its 
biological effects in the targeted tissue and/or may improve 
its pharmacokinetic profile. Pharmacokinetics describes the 
process of absorption, distribution, metabolism, and elimi-
nation of a drug in a tissue, organ, or entire body, depending 
on the drug delivery route and its absorption pathways. It is 
a function of the intrinsic physicochemical properties of the 
drug being applied, the applied concentration and dosing 
frequency of the drug, the static permeability properties of 
the tissue, the dynamic metabolic and elimination mecha-
nisms of the tissues it permeates, and the bioavailability of 
the administered drug at its target tissue site. Bioavailability 
describes how much of an instilled concentration of a drug 
actually reaches the target tissue.

The advantages of topical drug delivery are its convenience 
and non-invasiveness, its avoidance of first-pass metabolism 
in the liver, and its ability to locally target cornea and ante-
rior segment tissues with high drug concentrations. The main 
disadvantages of this route are its high dynamic drug clear-
ance rates and its static anatomic and physiologic permeabil-
ity barriers to drug absorption, both of which contribute to 
low bioavailability. On average, usually less than 5–10 
percent of instilled topical drugs reach the aqueous humor 
or even the corneal stroma (Fig. 4.31B), whereas the major 
portion (50–99 percent) goes to the systemic circulation, 
primarily via absorption in the conjunctiva vasculature  
and lymphatics and/or via absorption in the nasal mucosal 
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slightly less than that of the lipophilic drugs, reflecting the 
10 nm wide intercellular spaces or discontinuities in the 
macula occludens tight junctions. The static permeability 
properties of the corneal endothelium and stroma are actu-
ally quite similar. Therefore, the corneal epithelium is the 
main anatomic and physiologic static permeability barrier for 
drug absorption using the transcorneal route. However, this 

reported with aging, the interfibrillar space of the corneal 
stroma does decrease 15 percent with aging.30 Also, interfibril-
lar spacing in the corneal stroma dynamically changes 
depending on tissue hydration and IOP levels of the eye. 
Although it too shows a preference for lipophilic drugs, like 
the corneal epithelium, the corneal endothelium has static 
permeability properties for hydrophilic drugs that are only 

Figure 4.31 (A) Diagram of the eye with common drug delivery routes (solid arrows) and clearance pathways (dotted arrows) illustrated. The numbers refer 
to the following processes: (1) transcorneal route from the tear film across the cornea into the anterior chamber, (2) transconjunctival route across the 
conjunctiva, sclera, and anterior uvea into the posterior chamber, (3) intrastromal route directly into corneal stroma, (4) intracameral route directly into 
anterior chamber, (5) subconjunctival route from the anterior subconjunctival space across the sclera and anterior uvea into the posterior chamber or across 
the sclera, choroid, RPE, and retina into the anterior vitreous, (6) intravitreal drug injection directly into the vitreous, (7) sub-Tenon route from the posterior 
sub-Tenon space across the sclera, choroid, RPE, and retina into the posterior vitreous, (8) elimination of drug in the aqueous humor across the trabecular 
meshwork and Schlemm’s canal into the systemic vascular circulation, (9) elimination of drug in the aqueous humor across the uvea into the systemic 
vascular circulation, (10) elimination of drug in the vitreous humor across the blood-retinal barrier to the systemic vascular circulation, (11) drug elimination 
from the vitreous across anterior hyaloid face to the posterior chamber or vice versa , (12) drug elimination from subconjunctival and/or episcleral space to 
systemic lymphatic or vascular circulation. (Modified from Urtti A, Urtti A. Advanced Drug Deliv Rev 2006; 58(11):1131–5.) (B) Pharmacokinetics of topical eye 
drop drug delivery. (Modified from Cruysberg L. Novel methods of ocular drug delivery. Ph.D thesis. University of Maastricht, 2008.)
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individual knowing it. This can cause acute photokeratitis of  
the epithelial surface or chronic irreversible keratopathies to 
the epithelium and anterior parts of the corneal stroma. The 
cornea absorbs 100 percent of incident UV-C, 90 percent of 
incident UV-B and 60 percent of incident UV-A radiation 
(Fig. 4.32).359 It, therefore, is the major filter of UV light for 
wavelengths of 200–300 nm, protecting the lens and retina 
from damage.361 All UV-C radiation is absorbed in the 
corneal epithelium due to its high ascorbic acid content. 
UV-B is absorbed primarily in the anterior 100 µm of the 
human cornea, especially the epithelium and Bowman’s 
layer, due to high amounts of tryptophan residues in the 
proteins of the Bowman’s layer and anterior stroma and the 
previously mentioned high ascorbic acid content in the epi-
thelium.362–366 UV-A (315–400 nm) is only partially attenu-
ated by the cornea (Fig. 4.32), but the transmitted portion 
is nearly all absorbed by the lens so that only a minor per-
centage (<3 percent) reaches the retina. Short visible wave-
lengths, such as violet (∼400 nm) and blue (∼475 nm) light, 
pass through the cornea and lens predominantly unattenu-
ated (85–90 percent transmittance) before being absorbed 
by the retina and RPE. These wavelengths are less harmful 
to biological tissues than UV light, but are still capable of 
photochemical injury and damage, particularly if the dura-
tion of exposure is long or cumulative. Evidence to support 
the detrimental health effects of UV light on the eye contin-
ues to expand.367,368 The acute and chronic ocular conditions 
for which UV light has been suggested to be a causative agent 
are listed in Table 4.5 and includes several conjunctival, 
corneal, iris, lens, and possible retinal disorders.359

Acute overexposure to UV-B and UV-C damages the 
corneal epithelium by causing apoptosis, or programmed 
cell death.369–371 UV-B and UV-C exposure directly activates 
signaling molecules and enzymes in corneal epithelia, 
including JNK, SEK, p53, caspase 9 and caspase 3, all of 
which lie in the pathway that leads to classic apoptotic 
events, such as DNA fragmentation and formation of apop-
totic bodies.372–374 This culminates in massive shedding of 
corneal epithelial cells within hours of exposure. Studies of 
corneal epithelial cells in culture show that a very early event 
leading to apoptosis is activation of K+ channels by UV. This 
activation of channels occurs within minutes of exposure 
and apoptosis can be prevented by K+ channel blockers. In 

can be overcome quite easily if drugs are small and lipophilic. 
Interestingly, ophthalmic topical drug formulations consist 
of drugs with low molecular radii that are relatively lipid 
soluble.

The transconjunctival route (Fig. 4.31A) allows passive 
diffusion of larger (< 20–40 kDa) or more hydrophilic mol-
ecules (e.g. beta-blockers, carbonic anhydrase inhibitors) 
than the transcorneal route because of its diffusely scattered 
goblet cell population, which contains leakier tight junc-
tions, and a surface area is nearly 18 times greater than that 
of the cornea.357,358 Thus, the static permeability properties 
of the conjunctival epithelium are 50–100-times greater than 
the corneal epithelium.353

Other possible anterior segment drug delivery options 
include intrastromal, intracameral, and subconjunctival 
injections (Fig. 4.31A). Although all three of these routes 
produce the highest peak concentrations of drugs in the 
cornea or anterior segment, the major disadvantage is that 
the peak is often followed by low and persistent trough 
concentrations, unless given repeatedly and frequently.357 
Thus, the overall biologic efficacy of the drug may be less 
than optimal using these routes compared to topical drug 
delivery’s moderate, but sustained, drug concentrations in 
the targeted tissues. For example, sustained concentrations 
of drug are definitely needed for full biological effect against 
corneal or anterior segment infection. For a full review on 
this topic, see the following references.354,356,357

Ultraviolet light filtration
The external surface of the human body is exposed to  
terrestrial sunlight that contains UV (∼295–400 nm 
wavelengths), visible (400–800 nm), and infrared (IR; 800–
1200 nm) light.359 Solar UV light undergoes significant scat-
tering and absorption in the Earth’s atmosphere such that 
most of the harmful, shortest wavelengths (< 290 nm), or 
all of the UVC rays (100–280 nm) and 70–90 percent of the 
UVB rays (280–315 nm) do not reach the Earth’s surface. UV 
light contains more energy than visible or IR light and  
consequently has more potential to cause a photochemical 
injury or damage. When this radiation reaches the eye, the 
proportion absorbed by different structures depends on the 
wavelength and angle of incidence, with maximal absorp-
tion occurring when UV light rays are parallel to the pupil-
lary axis.75 Although the cornea is more sensitive to UV light 
injury than the skin since it has no melanin, individuals 
seldom experience acute UV sunburns unless direct high 
exposure occurs. Such injuries occur in “snow blindness” 
(this is common when skiing at mid-day without goggles as 
snow reflects 85 percent of incident UV light as opposed to 
only 1–2 percent from grass) or when welding without UV 
eye protection since welding arcs emit harmful UV-C and 
UV-B radiation.

There also is considerable variability in UV light exposure 
to the eye since the terrestrial UV-B exposure spectrum varies 
enormously with solar elevation in the sky and other expo-
sure-related factors, such as the albedo ratio (percentage 
reflectance of UV light) from the ground surface, and the 
anatomy of the eyebrow and upper eyelid, which shields the 
eye from the expected terrestrial UV light dosage.360 Since 
human photoreceptors and corneal nerves cannot detect UV 
light, suprathreshold and, more importantly, repeated  
subthreshold UV light injury can take place without the 

Figure 4.32 The UV light absorption spectra for different structures in the 
eye. (From Johnson GJ. Eye 2004; 18:1235–50.)
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contrast, chronic overexposure to UV-B and UV-A best 
explains the high frequency and variable degree of acquired 
cytogenic DNA damage found in the keratocytes of normal 
adult corneas.375

A second injury mechanism by which UV, violet, and blue 
light works is through the generation of reactive oxygen 
species (ROS), such as hydrogen peroxide, singlet oxygen, 
and oxygen free radicals (superoxide anions and hydroxyl 
radicals), which cause cellular and extracellular damage by 
reacting with lipids, proteins, and DNA. Under normal phys-
iological conditions, the cornea and anterior segment protect 
themselves from ROS by producing and maintaining suffi-
cient antioxidant levels, including several low-molecular-
weight (ascorbic acid, glutathione and alpha-tocopherol) 
and high-molecular-weight (catalase, superoxide dismutase, 
glutathione peroxidase, and reductase) antioxidants.361 
Ascorbic acid is thought to be the primary antioxidant in the 
cornea and anterior segment of the human eye since it is 
produced in such high concentrations in the aqueous 
humor.376 The danger to the cornea from ROS appears to 
stem from excessive UV-B exposure as opposed to UV-A or 
UV-C exposure since experiments have shown that only 
UV-B excess leads to profound decreases in corneal antioxi-
dants. Thus, an imbalance in the pro-oxidant to antioxidant 
ratio takes place in the anterior 100 µm of the cornea, which 
is very likely to lead to oxidative eye injury and inflamma-
tion since the tissue components of the cornea then become 
the predominant absorbers and detoxifiers of UV light.361,366,377

Table 4.5 Ocular diseases potentially due to ultraviolet radiation 
exposure

Strength of evidence

EXTERNAL:

Photokeratitis High

Climatic droplet keratopathy Medium

Pterygium Medium

Pinguecula Low

Carcinoma in situ/conjunctival squamous 
cell carcinoma

Low

IRIS:

Melanoma Low

LENS:

Cataract Medium

Exfoliation (more likely related to infrared 
light)

None

Anterior lens capsule changes Medium

CHOROID/RETINA:

Solar retinopathy High

Photomaculopathy (more likely related 
to blue or visible violet light)

None

Uveal melanoma Low

Age-related macular degeneration 
(ARMD)

Low

Sclera

The human sclera is a roughly spherical, relatively avascu-
lar, white, rigid, dense connective tissue that covers the  
globe posterior to the cornea (see Figs 4.1A,B, 4.3A, & 
4.33A).6,32,378–380 Little interest was shown in the sclera in 
the past primarily because infections and tumors did not 
penetrate it easily and foreign material was well tolerated  
in it, giving it the unjustified reputation for inertness.  
Evidence now demonstrates that although the sclera has  
low baseline metabolic requirements, it constantly remodels 
throughout life to maintain its functions and thus is far  
from inert.381 In comparison to the cornea, major differences 
in the sclera are that it has variably larger collagen fibril 
diameters and interfibrillar spaces (compare Fig. 4.34B to 
4.10A,B,C); is more opaque, interwoven (Fig. 4.34D), and 
rigid; has a regional zone of vascularity in the episclera  
(Fig. 4.35D); and does not have adjacent external or internal 
cellular barrier layers. The color of the sclera is opaquely 
white because it scatters all frequencies of visible light  
due to spatial fluctuations in the refractive index of the 
tissue, which have dimensions that are greater than a half-
wavelength of visible light (Fig. 4.34B,C).382,383 The opaque-
ness reduces internal light scattering, but some light actually 
does transmit through the sclera, evidenced when transillu-
minating the globe for locating intraocular tumors. The 
interwoven rigidity helps maintain a stable shape since 
deformation of the sclera could lead to poor vision or inter-
nal injury (Fig. 4.34D). It also is notable for containing a 
moderately rich nerve supply (Fig. 4.16A), predominantly 
around episcleral blood vessels, and for having no lymphatic 
channels, albeit the overlying conjunctiva has two well-
formed lymphatic layers (Fig. 4.35C,D). The principal func-
tions of the sclera are to provide a strong, tough external 
framework to protect the delicate intraocular structures and 
to maintain the shape of the globe so that the retinal image 
is undisturbed. Secondarily, it serves as a stable expansive-
resistant semi-spherical structure to the forces generated by 
IOP, facilitates appropriate aqueous outflow, provides stable 
attachment sites for the extraocular muscles to rotate the 
globe and for the ciliary muscle to accommodate the lens, 
provides a conduit for vascular and neural pathways to go 
from inside-to-outside the eye and vice versa, and plays a 
critical role in determining the absolute size of the eye and 
thus the refractive error of the eye. For this latter function, 
the scleral wall must have a mechanism in place for control-
ling its growth.

Embryology, growth, development, and aging
The sclera is predominantly neural-crest-derived, except for 
a small temporal portion that comes from the mesoderm.6 
The development of the sclera begins by 6.5 weeks of gesta-
tion and proceeds in an anterior-to-posterior and inside-to-
outside fashion as the anterior periocular mesenchyme, 
derived from the 2nd wave of neural crest cell invasion, 
condenses anteriorly on the optic cup. This anterior mesen-
chyme subsequently differentiates into an inner vascular 
layer that develops into the uvea (iris, ciliary body, and 
choroid) and an outer fibrous layer that develops into the 
sclera. The retinal pigment epithelium (RPE) and/or the 
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Figure 4.33 (A) Gross photo of the superior section of a horizontally 
bisected normal globe demonstrating the cross-sectional appearance of the 
sclera, limbus, and cornea. (B) Photomicrograph of a normal globe showing 
the cross-sectional appearance of the sclera, limbus, and cornea (PAS, ×2). 
(C) Line graph summarizing the average scleral thickness (± SD) vs. distance 
from the limbus in normal eyes (n = 55). (From Olsen TW et al. Am J Ophthalmol 

1998; 125:237–41.)
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choroid, is directly responsible for embryonic scleral devel-
opment since if the RPE or choroid is absent or not in 
contact with the sclera, the sclera does not develop (e.g. 
chorioretinal colobomas) or will not grow, respectively.32 
The anterior sclera fully differentiates by 7 weeks’ gestation 
followed by the equatorial sclera at 8 weeks’ gestation and 
the posterior sclera by 11 weeks’ gestation. It gradually 
increases in thickness and extracellular matrix denseness 
during the remaining months of gestation. It initially is pri-
marily composed of scleral fibroblasts, collagen fibrils, and 
proteoglycans; elastin fibers are acquired mainly after birth, 
perhaps in response to IOP.32 At birth, the sclera is relatively 
thin, highly distensible (in infancy, the sclera is on average 
one-quarter as stiff as it is in adulthood), and translucent 
(explaining why the blue color from the underlying uvea 
often times shows through the infant sclera).384

Post-natal growth and maturation continue in a similar 
anterior-to-posterior fashion. During the first 3 years of life, 
the sclera grows rapidly in diameter and thickness, gradually 
losing some of its high distensibility (perhaps due to 
increased thickness, decreased cellularity, increased extracel-
lular matrix denseness, or proportionally increased type I 
collagen fibril deposition), but it still remains relatively 
translucent. This early loss of distensibility explains why the 
sclera can expand from increased IOP (e.g. infantile glau-
coma) only from birth to around an age of 3 years old, 
resulting in a buphthalmic “ox” eye. Thereafter, the sclera 
distends only slightly from increased IOP, mainly in the 
lamina cribosa. After age 3, the sclera thickens further, 
becomes more opaque, and grows in diameter at an expo-
nentially slower rate than the first 3 years of life, reaching 
adult size by 13–16 years of age.15,385 During this growth 
period, the anterior sclera develops and matures much more 
quickly (adult size by 2 years of age) than the equatorial 
(adult size by 13 years of age) and the posterior sclera (adult 
size by 13–16 years of age). The sclera continues to become 
less distensible and more rigid with advancing age, primarily 
due to maturation and age-related glycation-induced cross-
linking of collagen fibrils (scleral stiffness reportedly 
increases 2–3-fold from age 3 to 20, and then another 2-fold 
from age 20 to 78), typically resulting in no further eye or 
scleral growth after age 16.32,386–388

Normal eye growth is thought to be controlled in part by 
a visual feedback mechanism that depends on the quality of 
the retinal image. This feedback influences the scleral fibro-
cytes and thus the extracellular matrix of the sclera to undergo 
constant remodeling during childhood eye growth, continu-
ing to some extent into adult life – albeit to a lesser degree.381 
This visual feedback mechanism serves to guide childhood 
eye growth toward emmetropia and the attainment of adult 
eye size, resulting in the majority of the human adult popu-
lation being free of significant refractive errors. Interestingly, 
this visual feedback mechanism is not dependent on the 
CNS. In animal studies, transection of the optic nerve or 
blocking ganglion cell action potentials does not prevent the 
development or the recovery of experimentally induced 
myopia.381 Rather, it is directly dependent on paracrine 
cytokine or growth factor pathways (e.g. dopamine, acetyl-
choline) originating from the retina and/or RPE.381 Animal 
experiments that pharmacologically damage the retinal  
photoreceptors or RPE prevent visual deprivation myopia.32 
Epidemiological studies suggest that environmental visual 
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A minority of the population may actually have significant 
breakdown of this normal visually guided emmetropization 
process resulting in severe refractive errors or even refractive 
error progression outside the normal period of eye growth, 
such as adolescent-onset (16–20 years of age) or adult-onset 
(2nd to 4th decades of life) myopia, due to further axial length 
and posterior scleral elongation.389,390 The exact pathogenesis 

stimuli (e.g. lengthy periods of near work or accommoda-
tion; visual deprivation – particularly early in life), develop-
mental delay in the maturation of the posterior sclera, or 
genetic factors may alter this visual feedback mechanism 
resulting in physiologic or pathologic myopia. In contrast, 
genetic or developmental delay in overall globe growth may 
result in hyperopia.32

Figure 4.34 (A) Low- (×4750) and (B) high-magnification (×72,500) transmission electron micrographs of the human sclera in the region of the stroma 
proper. Compare these to Figs 4.9 and 4.10A,B&C to see how much more variably larger or irregular the collagen fibril diameters, interfibrillar spaces, 
and collagen bundles of the scleral stroma proper are to the corneal stroma. CB = collagen bundle. E = elastin fibers. CF = collagen fibril. (C) Diagram 
comparing the collagen fibril diameters (s) and densities (n) in the cornea, limbus, and sclera. (Modified from Borcherding MS et al. Exp Eye Res 1975; 21:59–70). 
(D) Diagram illustrating the greater degree of interweave of collagen bundles in the sclera than collagen lamellae in the corneal stroma. Additionally, the 
sclera has larger and more varied in collagen fibril diameters and interfibrillar spacing. (Modified from Bron AJ, Tripathi R, Tripathi B. In: Wolff’s anatomy of the eye and 

orbit, 8th edn. London, UK: Chapman & Hall, 1997.)
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Figure 4.35 (A) The arterial supply of the anterior segment comes from the anterior ciliary arteries (ACA) and from the terminal branches of the long 
posterior ciliary arteries (LPCA). These vessels form two sagittal arterial circles (between superior or inferior ACA and LPCA arteries) and also anastomose 
together superficially and deeply to form two coronal arterial circles, called the episclera arterial circle (EAC) superficially and the greater circle of the iris (GCI) 
deeply. In the anterior episclera (inset), the deep perforating branches of the LPCA anastomose with the ACA, together forming the EAC. The blood flow in 
the EAC typically comes from LPCA (inside outwards) rather than from ACA. The EAC supplies both a superficial and a deep episcleral plexus (deep plexus 
not shown). The conjunctival artery derives from the EAC, passing posteriorly, while also giving off an anteriorly directed branch called the limbal artery, 
which subsequently forms the limbal arcade. Blood flow in the EAC (inset) is continuous near the rectus muscle insertion sites, but oscillates rather than 
flows between the rectus muscle insertion sites. (Modified from Watson PG, Hazelman B, Pavesio C, Green WR. The sclera and systemic disorders, 2nd edn. Edinburgh, UK: 

Butterworth Heinemann, 2004.). (B) Diagram shows a schematic of the arterial circulation of the episclera and conjunctival, which both have superficial and deep 
components that supply capillary plexi. (Modified from Meyer PAR et al. 1987; 71: 2–10.) (C) Schematic diagram showing the distribution of lymphatics (green) in 
relation to the blood vessels in the conjunctiva. Centripetal branches collect into a larger circular lymphatic ring, called the pericorneal lymphatic ring, which 
then drains medially or laterally into regional lymph nodes. (D) A cross-sectional representation of the conjunctiva, episclera, and sclera shows that episclera 
and sclera are devoid of lymphatic networks, while the conjunctiva has two lymphatic plexi – a superficial plexus (below the epithelium) and a deep plexus 
(within Tenon’s fascia, but just above the episclera). Blood vessel plexi are found in the superficial and deep conjunctiva and episclera. (Modified from Robinson 

M, Lee S, Kim H, et al. Exp Eye Res 2006; 82:479–87.) (E) Exponential approximations of trilinear stress–strain curves for sclera, cornea (stroma), and lamina cribosa 
(optic nerve). (From Woo SL, Kobayashi AS, Schlegel WA, Lawrence C. Exp Eye Res 1972;14(1):29–39.)

of myopia is still not completely understood, but myopia 
induction in mammalian animal models using various visual 
deprivation stimuli suggests that the earliest biochemical and 
structural remodeling changes begin with reduced scleral 
fibrocyte proliferation and altered metabolism resulting in 
reduced type I collagen fibril synthesis, increased collagen 
degradation (increased matrix metalloproteinase-2 expres-
sion), reduced proteoglycan synthesis, scleral tissue volume 
loss (loss of both scleral wet and dry weight), and posterior 
scleral thinning.381,391 Late or more chronic biochemical and 
structural remodeling changes include reduction of mean 
type I collagen fibril diameters, particularly in the outer layers 
of the sclera, and, in advanced end stages, localized areas of 
ectasia or staphyloma formation of the posterior sclera, espe-
cially at the optic nerve or the macula.381,391

All of these biochemical and structural changes appear to 
be guided by a retino–RPE–scleral visual signaling pathway, 
which dynamically controls scleral extensibility under the 
stress of normal IOP and thus controls the innate biome-
chanical properties of the sclera. Biomechanical testing of 
myopic human eyes by Avetisov and associates supports this 
theory since the thinned posterior sclera was 30–40 percent 
biomechanically weaker in tensile strength than normal 
eyes.386 Animal studies by McBrien and associates have also 
shown that posterior scleral creep rates during acute periods 
of myopia induction are significantly higher in myopic eyes 
compared to normal control eyes.381 Interestingly, using 
animal models, after removal of the myopia-inducing visual 
deprivation stimulus, recovery to normal eye size is quite 
rapid and is thought to be due to scleral keratocyte differen-
tiation into contractile myofibroblasts and possibly due to 
resumption of normal proteoglycan synthesis.381 In contrast 
to animals allowed to recover naturally, some myopic 
animals had their myopia corrected with optical devices 
(analogous to spectacles in humans). The myopic biome-
chanical scleral phenotype persisted and thus recovery from 
the induced myopic state was aborted – although the eyes 
did return to a more normal stable growth rate.381 Such a 
finding may have important implications for the correction 
of myopia in humans since prevention or recovery from the 
aberrant remodeling process seems to be the key to any 
potentially successful medical or optical therapy for myopia. 
Another alternative promising medical treatment option is 

that of cross-linking the sclera in a manner that might serve 
to stabilize or halt myopic progession.392

In elderly individuals, the sclera often becomes somewhat 
yellowish due to a fine deposition of lipid. Another common 
finding is a small rectangular area of grayish-blue translu-
cency just anterior to the insertion of the medial and lateral 
rectus muscles. These changes are known as senile scleral 
plaques and are associated with deposition of calcium in 
scleral regions that are under strain and exposed to the envi-
ronment.6,378–380 They never are found adjacent to unexposed 
superior or inferior rectus muscles.

Major scleral reference points and 
measurements
The sclera is an incomplete sphere (Fig. 4.33A,B) resulting 
in an average outer surface area of 16.3 cm2, an average outer 
diameter of 24 mm, and an average inner diameter of 
23 mm (mean radius of curvature = 11.5 mm).6 Knowing 
the topographic curvature of the sclera is important for 
fitting scleral contact lenses, which have certain advantages 
over corneal contact lenses including the ability to optically 
neutralize almost any corneal topographical shape since the 
lens is borne solely by the sclera and not the cornea; being 
more comfortable than some corneal contact lenses since the 
edge of the lens does not touch the eyelids; and being better 
for some forms of aqueous dry eye deficiency states since a 
large precorneal tear film reservoir is trapped between the 
lens and the entire corneal surface. On average, the sclera is 
thickest posteriorly near the optic nerve (1.0–1.35 mm), 
decreasing gradually as it approaches the equator of the 
globe (0.4–0.6 mm), before typically becoming thinnest 
under the rectus muscles just before it reaches its insertion 
sites (0.3 mm) (Fig. 4.33C).378,393 It then gradually increases 
in thickness at the actual muscle insertion sites (0.6 mm) 
and continues getting thicker up to the limbus (0.8 mm), 
where it blends with the cornea (Fig. 4.33C).378,393 These 
average scleral thickness measurements are subject to great 
variation. For example, the equatorial sclera is sometimes 
found to be < 0.1 mm thick.

There are two major openings in the sclera: the anterior 
scleral foramen (13.7 mm diameter; circumscribes the area 
of the cornea and limbus) and the postero-nasally located 
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300 nm), more irregularly spaced (mean center-to-center 
interfibrillar distances: 150 ± 40 nm; range: 30–375), and 
arranged in variably sized (0.5–6 µm thick; 1–50 µm wide), 
highly interwoven, irregularly directed lamellar collagen 
bundles.6,87,379 The arrangement of collagen fibrils in the 
individual bundles is more random and they intermingle in 
a more wavy fashion than that of the cornea. Also, the 
bundles do not form a plywood-like stacking sequence, like 
that seen in the posterior two-thirds of the corneal stroma. 
Topographically, the sclera varies not only in thickness, but 
also in size, compactness, and angle of weave of its collagen 
bundles.395 The anterior sclera consists of medium- to small-
sized, moderately compact collagen bundles with wide-angle 
weave, while the equatorial sclera consists of small-sized, 
very compact collagen bundles with narrow-angle weave.395 
Finally, the posterior sclera consists of medium- to large-
sized, loose collagen bundles with a wide-angle weave.395

No significant differences in the number of collagen 
bundles or elastin fibers have been reported when compar-
ing these three topographic regions. There also are depth-
related changes in the scleral stroma proper as the more 
superficial collagen fibrils are on average further apart from 
one another and are larger in diameter than the deeper layers 
where they are more compact and smaller in diameter. Addi-
tionally, the collagen bundles are thinner, narrower, and 
form whorl-like patterns superficially, whereas they are 
thicker, wider, and form a net- or rhomboid-like pattern in 
the deeper layers.32 The scleral proteoglycans and their cova-
lently linked GAG side chains differ markedly from the 
corneal stroma as they are about one-fourth the concentra-
tion and consist of the following: core proteins – decorin, 
biglycan, and aggrecan; GAGs – dermatan sulfate (36 
percent), chondroitin sulfate (35 percent), hyaluronic acid 
(23 percent), and heparin sulfate (6 percent).378,379 The 
scleral stroma proper also contains a syncytium of fibrocytes, 
like the corneal stroma; albeit at a much lower level of cel-
lularity. Although the scleral stroma proper is traversed by 
ciliary blood vessels and nerves, it has no direct blood, 
lymph, or nerve supply.378 It derives its nutrition solely by 
diffusion from the overlying episcleral and underlying 
choroidal vascular networks.

The most superficial layer of the sclera, called the epi-
sclera, differs from the scleral stroma proper in that its  
collagen bundles are more loosely arranged; it contains 
melanocytes and a few residential histiocytes. It also has a 
rich nerve supply with many unmyelinated and myelinated 
free nerve terminals (see Fig. 4.16A), which are most densely 
populated near the rich direct blood supply in the episclera 
(Fig. 4.35A) and lymph vasculature in the overlying conjunc-
tiva (Fig. 4.35D), presumably to help regulate blood supply 
and to influence aqueous outflow.6 The episcleral vascula-
ture drains aqueous humor from the conventional outflow 
route via anastomosis with the aqueous collector channels 
to the episcleral venous system. Thus, outflow and IOP are 
dependent on the pressure gradient between IOP and epi-
scleral venous pressure (EVP). Finally, the lamina fusca 
appears to merely serve as a transition zone from the sclera 
to the choroid.6

Although the sclera is constantly under stress from the 
IOP, which dynamically varies considerably as noted previ-
ously in this chapter, it acts in a similar manner to systemic 
muscular arteries in the body. It also typically displays a 

fenestrated posterior scleral foramen or scleral canal (1.5–
2.0 mm internal diameter and 3.5 mm external diameter). 
The inner third of the sclera forms a fenestrated scaffold in 
the scleral canal called the lamina cribosa that supports the 
optic nerve axons, whereas the outer posterior two-thirds of 
the sclera merge with the dura mater of the optic nerve 
leaving the outer posterior two-thirds of the scleral canal 
essentially free of any scleral support. Since the lamina 
cribosa is the least stiff and strong point of the adult human 
globe to expansile forces, diseases that cause chronically 
high IOP, like glaucoma, preferentially cause lamina cribosa 
ectasia and subsequent glaucomatous optic nerve cupping 
and optic neuropathy. There are also other numerous minor 
openings in the sclera, including 30–40 emissary channels 
for ciliary arteries, veins, and nerves, and 4–7 vortex vein 
channels. The outer surface of the sclera is smooth, except 
for where the tendons of the extraocular muscles insert 
(spiral of Tillaux and oblique muscle insertion sites) and 
where Tenon’s capsule adheres (within 1 mm of limbus, 
over rectus muscle insertion sites, and around the optic 
nerve). The superficial layer of the sclera, called the episclera, 
is a thin, highly vascularized, dense connective tissue. It is 
around 15–20 µm thick near the limbus, progressively thin-
ning as it extends into the posterior aspect of the eye. The 
scleral stroma proper is a white, avascular, dense connective 
tissue accounting for more than 95 percent of the total 
scleral thickness. Finally, the inner surface of the sclera is a 
brown, avascular, 5 µm thick layer called the lamina fusca, 
which contains a large number of elastin fibers and melano-
cytes. In fact, these melanocytes sometimes pass through an 
emissary channel with nerve loops producing dark spots on 
the surface of the sclera. This can be mistakenly confused 
with a melanoma.

Mechanical properties
The mechanical behavior of the sclera is most dependent on 
its thickness and innate biomechanical properties (hierarchi-
cal structure of collagen and its associated cross-links). 
Because of its toughness, cohesiveness, and tightly interwo-
ven architecture, the sclera is not easily dissected in a blunt 
fashion. The sclera is predominantly composed of water (68 
percent) that is stabilized in a disorganized structural 
network of insoluble and soluble extracellular proteins with 
fewer fibrocytes than the cornea (see Table 4.1).378 The pos-
terior sclera is more hydrated than the equatorial and ante-
rior sclera (71 percent vs. 62 percent).394 The dry weight of 
the adult human sclera (see Table 4.1) is comprised of col-
lagen, proteoglycans, fibrocyte constituents, elastin, blood 
vessel constituents, and other substances (lipids, salts, glyco-
proteins, etc.).379 The biomechanical properties of the sclera 
are dominated by the scleral stroma proper, which has a 
similar composite-like structure to that of the anterior third 
of the corneal stroma, albeit it is even more disorganized 
and highly irregular (Fig. 4.34D).6

Collagen is the major water-insoluble extracellular protein 
of the scleral stroma proper (80 percent type I, 5 percent type 
III, and minor amounts of types V, VI collagen); elastin is a 
minor component.378 In contrast to the cornea, the sclera’s 
heterotypic type I collagen fibrils are composed of types I, 
III, and V collagen molecules, and are larger and more vari-
able in diameter (mean diameter: 100 ± 30 nm; range: 25–
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decreases with time due to creep. The viscoelastic properties 
of the sclera also mean the loading or unloading stress–
strain curves do not overlap, with the unloading curve being 
less than the loading curve – depending on the loading rate. 
This allows energy dissipation via viscous friction during the 
mechanical cycle and, ultimately, the return of the original 
shape of the material in a slow, time-dependent fashion. 
Therefore, the amount of distension of the sclera is not fixed, 
but determined by the level of the pressure changes and how 
long they have acted on the sclera and on the innate biome-
chanical properties and thickness of the sclera.397

A good example of this is when measuring IOP by inden-
tation methods. The pressure measurement recorded by 
indentation initially increases the IOP of the eye by indent-
ing the cornea inward (immediate elastic response), but by 
the time the measurement is made several seconds later it is 
typically back to normal levels (slow viscous response). 
However, in some individuals (e.g. high myopes or severely 
thinned sclera from scleral malacia perforans), the sclera will 
distend much more than normal because of the lower innate 
biomechanical properties or thinner sclera – resulting in 
false low readings. In contrast, false high readings may occur 
in the cases of more rigid scleras (e.g. scleral buckles). There-
fore, most people choose to use applanation (e.g. Goldman 
applanation tonometry) over indentation (e.g. Schiotz 
tonometry) to measure IOP since it is more accurate as it 
eliminates artifacts caused by the sclera.

Scleral dehydration and edema
Hydration of the sclera is most closely associated with the 
extracellular proteoglycan concentrations in the sclera. Since 
the normal, healthy sclera has one-fourth the concentration 
of proteoglycans (scleral swelling pressure of 20–30 g/cm) 
between collagen fibrils than the cornea, it is not surprising 
that it contains less water (68 percent) than the cornea (78 
percent).379 However, if the normal water content of sclera is 
reduced to < 40 percent, it becomes somewhat translucent. 
This is a common observation made during long surgical 
procedures on the sclera when scleral flaps are dissected and 
sometimes inadvertently exposed to air for prolonged time 
periods, which reduces the hydration level through evapora-
tion. Similarly, if the water content is increased to > 80 
percent, the sclera again becomes somewhat translucent due 
to the hydration of scleral proteoglycans.

Episcleral vasculature
The blood supply of the episclera is particularly prominent 
along a 4 mm zone anterior to the rectus muscle insertion 
sites, while being markedly less vascular in more posterior 
aspects. The former area is called the episcleral arterial circle 
(EAC) (see Fig. 4.35A), which is fed by seven anterior ciliary 
arteries (ACA) and several (≤ 12 per principal meridian) 
anastomotic terminal branches from the long posterior 
ciliary arteries (LPCA), which are more commonly found 
superiorly and inferiorly than medially or laterally.378 This 
unusual dual artery-to-artery anastomosis typically flows 
inward to outward, but it can change direction if needed and 
thus ensures that the anterior segment of the eye is always 
supplied with adequate blood flow. The EAC has both  
superficial and deep branches (Fig. 4.35B,D) that directly 
nourish the episclera through corresponding superficial  
or deep episcleral capillary plexi. The EAC also has separate 

limited ability to distend in adulthood (range: 0.58–6.68 
percent strain), termed scleral distensibility. Considering the 
different possible topographical thicknesses and internal 
curvatures of the sclera, marked regional differences in wall 
stress can occur depending on each individual globe (see 
Law of LaPlace, previously described in this chapter). Thus, 
accurately calculating regional wall stress of the sclera is very 
complex and perhaps even more difficult to do than for the 
cornea. In general, the anterior sclera under the rectus muscle 
insertion sites and the equatorial sclera should have the 
highest internal wall radial stress since they are the thinnest 
areas with comparable internal curvatures to the rest of the 
sclera, whereas the limbus should have the highest circum-
ferential wall stress since a two-fold higher amount of stress 
is required to sustain the curvature change from the cornea 
to the sclera (see Fig. 4.29A).86 Thus, when under acute 
extreme stress, such as direct blunt impact to the globe, there 
is a tendency for the globe to rupture in these areas. However, 
these regions also have the highest innate biomechanical 
properties, which were measured using ex vivo strip extensi-
ometry or inflation tests, perhaps explaining the chronic 
lengthening of the posterior sclera in myopia or the chronic 
ectasia of the lamina cribosa seen in glaucoma that have no 
effect on these regions. In fact, structural alterations in the 
sclera caused by myopia or glaucoma may considerably 
change the expected normal stress distribution in the scleral 
eye wall (e.g. posterior scleral stress may increase up to four-
fold with severe myopic globe elongation).

Using inflation testing and finite element modeling, the 
longitudinal Young’s modulus of the adult human sclera 
averages 1.7 × 107 dyne/cm2 (Fig. 4.35E).396 This is approxi-
mately 3.7-fold stiffer than the cornea and 5.3-fold stiffer 
than the lamina cribosa (Fig. 4.35E).396 Using uniaxial strip 
extensiometry, cohesive strength measurements of the ante-
rior sclera averaged 55 g/mm, which was approximately 
two-fold stronger than the cornea.93 Human uniaxial strip 
extensiometry testing has also shown topographical differ-
ences in the sclera’s longitudinal Young’s modulus as the 
equatorial sclera was the stiffest at 23 ± 8 g/mm2, the poste-
rior sclera was the least stiff at 3 ± 1 g/mm2; the anterior 
sclera was between these at 4 ± 1 g/mm2.395 The greater 
extensibility of the posterior sclera had previously led to a 
“dual function” theory of the sclera where the anterior and 
equatorial sclera were thought to be essential for the rigid 
support and stability of the globe, whereas that of the pos-
terior sclera served to act as a mechanical buffer or cushion 
against acute increases in IOP, which could be injurious to 
the delicate globe.395

Like most biological systems, the sclera’s elastic stress–
strain curve exponentially or non-linearly increases with 
higher elevations in IOP or stress and then, because of vis-
cosity, shows a time-dependent decrease with time. The 
J-shaped stress–strain curve of the sclera involves an imme-
diate elastic response dominated initially by elastin, non-
collagenous matrix, and collagen fibrils at the lower part of 
the J and then later by collagen fibrils in the upper part of 
the J. Overall, the non-linearity arises from the gradual 
loading of highly extensible elastin fibers and the wavy col-
lagen fibrils that take up slack initially, followed by gradually 
increasing in resistance to stress as maximal recruitment is 
attained. Finally, a slower, time-dependent viscous response 
results over time, where the resistance to stress gradually 
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diffusion into the choroidal vasculature or can travel extra-
ocularly via the trans-scleral pathway (see Fig. 4.31A). The 
trans-scleral pathway is very intriguing to researchers and 
clinicians since it may serve as a potential route for non-
invasive delivery of medications into the eye.399 Currently, 
the medical treatment for posterior segment disease is to a 
large extent limited by the difficulty in delivering therapeuti-
cally effective doses of drugs to the posterior segment tissues 
(vitreous and retina). Unfortunately, the topical drug deliv-
ery route does not consistently or even efficiently yield thera-
peutic drug levels in posterior segment tissues. Although 
systemic administration (oral or intravenous routes) can 
deliver drugs to the choroidal vasculature at therapeutic 
levels, the duration of choroidal drug delivery is too brief 
(usually less than 30 minutes) to result in meaningful 
intraocular drug levels and the large systemic doses necessary 
are often associated with significant systemic side effects or 
toxicities.

Intravitreal injection delivers agents directly into the vitre-
ous and next to the retina (Fig. 4.31A). Thus, it has the 
advantages of achieving the highest intraocular peak drug 
levels, while minimizing systemic exposure. However, it also 
has the disadvantages of being the most invasive or trau-
matic technique available and can lead to persistent trough 
levels unless given repeatedly and frequently since drugs 
usually are rapidly eliminated via anterior segment and/or 
posterior segment bulk flow. In fact, the intravitreal route is 
often poorly tolerated and places patients at risk for high 
IOP, floaters, transient blurry vision, retinal hemorrhage, 
retinal tears, retinal detachment, endophthalmitis, and cata-
ract. The acceptability of such an invasive direct approach is 
likely more a function of the poor visual state of the eye due 
to the disease and the change in prognosis due to interven-
tion (e.g. endophthalmitis and intravitreal antibiotic injec-
tions, wet age-related macular degeneration [AMD] and 
intravitreal anti-angiogenic drugs).

Periocular drug delivery is an alternative, minimally inva-
sive approach to drug delivery to the posterior segment as it 
commonly delivers moderately sustained concentrations of 
drugs.357 The various periocular techniques include subcon-
junctival, retrobulbar, peribulbar, and sub-Tenon’s injections 
(see Fig. 4.31A). They are far less invasive than the direct 
intravitreal route, but they do have notable shortcomings, 
mainly from having to permeate more static anatomical bar-
riers and from encountering enhanced dynamic clearance 
mechanisms. In general, periocular drug delivery involves 
placing the drug, usually by needle injection, into the tissue 
surrounding or adjacent to the posterior segment of the eye. 
Corticosteroids are the most common drugs given by these 
techniques (e.g. sub-Tenon’s triamcinolone injection). The 
feasibility of using these techniques depends, to a large 
extent, on the permeability of the sclera to the drugs and the 
accuracy of the clinician in injecting the drug to the desired 
location. In fact, although three possible absorption path-
ways exist (trans-scleral, systemic hematogenous circulation, 
and anterior routes) for the various periocular drug delivery 
techniques, the trans-scleral pathway has been proven to be 
the main route for delivering sufficient drug concentrations 
into the choroid, RPE, retina, and vitreous.400 A recent in vivo 
dynamic periocular drug delivery study by Ghate and associ-
ates (clearance mechanisms were all fully functional and 
active as well as the static permeability properties of the 

conjunctival or limbal artery branches that have their own 
capillary plexi (Fig. 4.35B,D). For example, during internal 
eye infection or inflammation or with severe corneal infec-
tion or inflammation, the limbal plexus is notable for dilat-
ing and causing a limbal ciliary flush pattern to appear 
around the periphery of the cornea on slit lamp examina-
tion, usually indicating more serious disease is present than 
just a simple conjunctivitis.

Wound healing
Although injury converts scleral fibrocytes to metabolically 
active fibroblasts, similar to the cornea, superficial lacera-
tions of the sclera heal more aggressively and completely 
than the cornea because episcleral fibrovascular granulation 
tissue migrates into and fills the wound.6 Similarly, lacera-
tions involving the inner portion of the sclera also heal 
predominantly through fibrovascular granulation tissue, 
which grows outward from the choroid.6 Penetrating scleral 
lacerations typically heal because fibrovascular granulation 
tissue grows from both of these sites. Such healing is usually 
very strong since it causes fibrovascular scarring. As time 
passes, a gradual remodeling or reorganization occurs to this 
scar; however, it can always be identified histologically by 
the abrupt change in scleral collagen fibril orientation, the 
persistent vascularity, or the disorganization of the sur-
rounding tissue architecture.

Drug delivery
Although most of the bulk transport of fluid out of the eye 
takes place through the anterior segment’s trabecular mesh-
work/Schlemm’s canal system or via uveoscleral outflow, an 
appreciable amount is also drained transretinally to the 
choroid where it can get into the systemic circulation by 

Box 4.7  Immune disease and the sclera

The pre-capillary arterioles and post-capillary venuoles of the 
superficial and deep episcleral, limbus, and conjunctiva capillary 
plexi are notable for having continuous non-fenestrated 
endothelium without intercellular tight junctions (20 nm 
intercellular spaces).398 Therefore, these vessels are leaky and are 
highly permeable to small molecules, but do at least resist bulk 
fluid flow. Since the pre-capillary arterioles of the anterior 
segment do not have a smooth muscle wall, they tend to be 
thrown into tortuous folds resulting in areas of turbulent blood 
flow. When you combine this with the fact that a notable 
disadvantage to having artery-to-artery anastomosis is that 
regions between the rectus muscles may not have continuous 
high arterial perfusion pressures, but rather oscillatory blood flow 
due to being further away from the feeding ACA and LPCA 
vessels, then it should not be surprising that extravasation of 
fluid or stagnation of cells commonly occurs in these regions. If 
the individuals have systemic infections or autoimmune diseases 
(such as hepatitis viral infections, systemic lupus erythematosus, 
rheumatoid arthritis, or Wegener’s granulomatosis), deposition of 
antigens or immune complexes occurs in this region of 
stagnation, resulting in inflammatory microangiopathy (e.g. 
peripheral ulcerative keratitis, episcleritis, scleritis, Mooren’s 
ulcers).378 Moreover, since some of these regions (sclera and 
peripheral cornea) are far from lymphatic drainage sites, which 
are efficient mechanisms for removal of unwanted antigens or 
immune complexes, chronic problems often follow.378
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administered by either subconjunctival or retrobulbar injec-
tion.402,403 Anders Bill further demonstrated that albumin or 
dextran injected into the suprachoroidal space of the rabbit 
eye could diffuse across the sclera and accumulate in extraoc-
ular tissues.404 In vitro permeability studies on human sclera 
by Olsen and associates further demonstrated that the tissue 
was permeable to drugs up to a molecular weight of 70 kDa.405 
Scleral permeability is expressed as a pharmacokinetic 
volume transfer coefficient known as its Ktrans (cm/sec), which 
reflects the tissue’s surface area permeability to a specific per-
fusion flow of the drug.405 A number of permeability studies 
have been published, using essentially comparable methods, 
and have shown that the sclera is quite permeable to a wide 
range of drugs (Table 4.6).352,399,406 Collectively, the results 
indicate that scleral permeability is 5–15 times better than 
that of the corneal stroma, depending on the molecular 
radius of the drug studied. The sclera shares a similar 
ultrastructure and composition to corneal stroma, albeit the 
sclera has variably larger interfibrillar spaces (50 nm [range: 

tissue) using rabbits found that sub-Tenon’s injection 
resulted in the highest and most persistent vitreous concen-
trations with the least systemic exposure of the various peri-
ocular techniques. Subconjunctival injection resulted in the 
highest and most persistent anterior segment concentrations 
with slightly less vitreous concentrations than that of sub-
Tenon’s injection – with the caveat of some higher risk for 
systemic exposure.400

Although preliminary studies several decades ago sug-
gested that it might be possible to exploit the trans-scleral 
route for drug delivery to intraocular tissues in the posterior 
segment, it has only recently seen renewed interest and 
focused detailed attention – probably based more on the 
success of anti-vascular endothelial growth factor (VEGF) 
drug therapy for wet AMD and the risk involved with  
frequent repeated intravitreal injections required to keep  
the disease in check.401 Of these initial studies, Barza was the 
first to clearly establish that drugs could permeate through 
various ocular tissues including the sclera when they were 
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8. Kim ES, Lee SJ, Zaffos JA et al. Transscleral delivery of doxorubicin: a comparison of hydrophilic and lipophilic nanoparticles. ARVO E-Abstract A590.

Table 4.6 Known scleral permeability values for certain drugs or agents

Drug Molecular weight (g/mol) Ktrans (cm/sec) Source

Polymyxin B 1800 3.90 ± 0.59 × 10−7 2

Doxil 580 4.74 ± 0.73 × 10−7 8

Vancomycin BODIPY 1723 6.66 ± 1.46 × 10−7 2

SS fluorescein-labeled oligonucleotide 7998.3 7.67 ± 1.8 × 10−7 3

Dexamethasone-fluorescein 841 1.64 ± 0.17 × 10−6 4

Rhodamine 479 1.86 ± 0.39 × 10−6 4

Penicillin G 661.46 1.89 ± 0.21 × 10−6 2

Methotrexate-fluorescein 979 3.36 ± 0.62 × 10−6 4

Doxorubicin hydrochloride 580 3.50 ± 0.31 × 10−6 8

Nanoparticle doxorubicin 580 4.97 ± 0.19 × 10−6 8

Fluorescein 332 5.21 ± 0.71 × 10−6 4

Vinblastine BODIPY FL 1043 5.88 ± 1.2 × 10−6 -

Cisplatin in collagen matrix 300.05 8.3 ± 1.2 × 10−6 5

Carboxyfluorescein 317 9.93 ± 3.5 × 10−6 6

Carboplatin in fibrin sealant 371.25 13.7 ± 2.3 × 10−6 7

Cisplatin in BSS 300.05 20.1 ± 1.8 × 10−6 5

Carboplatin in BSS 371.25 27.0 ± 1.7 × 10−6 7

Water (H2O) 18 51.8 ± 18 × 10−6 6
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While drug metabolism does not appear to be a major 
source of drug removal in the posterior segment, dynamic 
drug clearance mechanisms via orbital blood vessels and 
lymphatics, conjunctival blood vessels and lymphatics, epi-
scleral blood vessels, and the choroidal vasculature are 
another confirmed inhibitory factor for successful periocular 
drug delivery.412 Currently, animal studies show that the 
orbital (∼25 percent drug removal rate using retrobulbar 
injection since drugs disperse throughout the orbit) and 
conjunctival (∼5–80 percent drug removal rate using sub-
Tenon’s injection since drugs disperse circumferentially 
around the eye, but not into the orbit; the clearance rate for 
triamcinolone is estimated to be between 8 and 13 µg/hr) 
clearance mechanisms are of more importance than that of 
the choroid (∼2–20 percent drug removal rate using sub-
Tenon’s injection).400,412,413 Therefore, for large, hydrophilic 
drugs, the major barrier to drug entry into the retina or vitre-
ous is the RPE, whereas small, lipophilic drugs are relatively 
unaffected since it transverses RPE quite easily using the 
intracellular (transcellular) route. Overall then, the rate- 
limiting factors for posterior segment drug delivery using 
this drug delivery route come down to avoiding or abrogat-
ing the dynamic physiologic clearance mechanisms and the 
individual physiochemical properties of the drug itself – pre-
dominantly the molecular radius (≤ 8 nm molecular radii 
drugs) and the lipophilicity of the drug, and, secondarily, the 
shape, MW, protein-binding properties, and ionic charge of 
the drug. Other issues on these various periocular drug deliv-
ery routes still need to be worked out and, as such, the 
information on this topic is far from complete.

In summary, there is now definitive in vitro and in vivo 
evidence to suggest that periocular drug delivery is the most 
efficient means to treat choroidal and RPE disease without 
significant systemic or intraocular risk since it diffuses 
through the static permeability barriers in the sclera and 
choroid quite easily. However, one caveat is that the drug 
depot site must have a drug release rate that exceeds the 
dynamic tissue clearance rates stated above. The feasibility 
of treating retinal or vitreous diseases is less certain, but is 
promising, likely depending more on the molecular size and 
lipophilicity of the drug being administered. Due to recently 
published data on static permeability properties of the sclera, 
choroid, Bruch’s membrane, and RPE, we can at least now 
understand how the posterior segment is amenable to phar-
macologic intervention other than direct, invasive intravit-
real injection and should follow these periocular treatment 
modalities more closely as it may change the way retinal or 
posterior segment disease is treated since it basically is a 
crossroads between nanomedicine and ophthalmology. One 
promising offshoot drug delivery technology from the peri-
ocular drug delivery research efforts is that of minimally 
invasive drug-eluting microneedles (<1 mm diameter) that 
deliver drugs into the cornea, sclera, or suprachoroidal 
space.414–416 Preliminary animal studies suggest that by cir-
cumventing the subconjunctival/episcleral clearance mecha-
nism microneedle-based drug delivery markedly improves 
(80-fold) the intraocular bioavailability and moderately 
improves (3-fold) the duration of action over periocular 
drug delivery techniques. Because of our improved under-
standing of the pharmacokinetics involved in periocular 
drug delivery, attention should probably now shift more 
toward optimizing the physiochemical properties of existing 

5–120 nm] vs. 20 nm [range: 5–35 nm]) one-fourth the 
ground substance, one-fifth the cellularity, a 10 percent less 
hydration level, and a much more variable thickness profile.352

Like the corneal stroma, the primary transportation route 
through the sclera is by passive diffusion through the inter-
fibrillar spaces. Also, as in corneal stroma, sclera permeabil-
ity was found to be primarily dependent on the molecular 
radius of the drug (scleral permeability declines roughly 
exponentially with increasing molecular radius; 8 nm 
molecular radii drugs or less have been successfully shown 
to permeate the sclera) and secondarily dependent on the 
shape and molecular weight of the drug.405,407 As the sclera 
stroma proper is hypocellular and is essentially devoid of 
melanin, it has no intercellular barriers, few proteolytic 
enzymes, and few protein-binding sites to interfere with  
drug permeation and, thus, shows no preference for 
hydrophilic or lipophilic drugs. Although several studies 
have not found significant changes in scleral permeability to 
small molecules when associated with aging, tissue hydra-
tion, or various IOP levels, the hydration level and interfi-
brillar space of the scleral stroma have been found to decrease 
35 percent and 20 percent with age, respectively, due to the 
effects of age-related collagen fibril cross-linking rather  
than an age-related change in the concentration of proteo-
glycans. The interfibrillar spaces also dynamically change 
based on the IOP of the eye (i.e. high IOP compresses  
the sclera and narrows the interfibrillar spaces, and vice 
versa).30,394,405,406,408,409 Thus, the effect of aging, tissue hydra-
tion, or IOP may be more important for drugs in the size 
range of large macromolecules (e.g. monoclonal antibodies, 
vectors for gene-based therapy).394

Periocular drug delivery using the trans-scleral diffusion 
route is proven to consistently deliver drugs to choroid effi-
ciently since this pathway is highly permeable to most oph-
thalmic drugs. However, this comes with one important 
caveat in that the clearance mechanisms in the subconjunc-
tival space near the limbus appear to be superb (Fig. 4.31A), 
which can affect the amount and retention time of depot 
drug that is available for absorption trans-sclerally – espe-
cially when given via subconjunctival injection. Only recently 
has how the drug permeates through the inner tissue layers 
of the eye directly adjacent to the sclera to eventually reach 
the targeted tissues of the retina or vitreous been exam-
ined.407,410 In fact, knowing a specific drug’s scleral permea-
bility properties is now known to be insufficient information 
to accurately predict the drug delivery rate to the retina or 
vitreous humor, particularly for large, hydrophilic drugs. The 
permeability properties of the choroid and Bruch’s mem-
brane have recently been studied and they are rather porous 
as their permeation properties are better than that of the 
sclera.411 Nonetheless, the permeability properties of Bruch’s 
membrane did gradually decline with age due to lipid accu-
mulation. The major rate-limiting step for retinal or vitreous 
targeted drug delivery via the periocular route has recently 
been determined to be the RPE (10–100-fold less permeable 
than the human sclera and 14–16-fold less permeable than 
the choroid or Bruch’s membrane for large, hydrophilic 
drugs; comparably similar to sclera, choroid, or Bruch’s 
membrane for lipophilic drugs), which forms the outer part 
of the blood–retinal barrier due to the apical zonula occlu-
dens tight junctions found in its intercellular space (most 
similar to that of the corneal epithelium).358,410
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C H A P T E R 5

The Lens
David C. Beebe

The lens is a remarkably specialized epithelial tissue that is 
responsible for fine-tuning the image that is projected on the 
retina. To perform this function it must be transparent, have 
a higher refractive index than the medium in which it is 
suspended, and have refractive surfaces with the proper cur-
vature. Because the refractive power of the lens is variable, 
it permits the diopteric apparatus to focus on objects that 
are near or far.

To maintain transparency and a high refractive index, lens 
fiber cells are precisely aligned with their neighbors, have 
minimal intercellular space, and accumulate high concentra-
tions of cytoplasmic proteins, the crystallins. Disruption of 
the precise organization of the lens fiber cells or aggregation 
of the proteins within them can destroy the transparency of 
the lens – a process known as cataract formation. Cataracts 
are the leading cause of blindness worldwide and the 
removal of cataracts is the most common surgical procedure 
in the aged population.

This chapter provides an overview of the structure, devel-
opment, biochemistry, physiology, and pathology of the 
lens. Information about the human lens is emphasized, 
although studies using animals are included when data are 
not available for humans. Information is provided on the 
causes of cataracts and the mechanisms that are thought to 
protect the lens from cataract. The unsolved issues in the 
biology and pathology of the lens are highlighted through-
out. References to comprehensive reviews and original 
source material are included to assist the reader. The cita-
tions provided are not meant to be inclusive, but to highlight 
articles of special relevance.

The anatomy of the adult lens

The lens is formed from two populations of specialized epi-
thelial cells (Fig. 5.1). A sheet of cuboidal cells, the lens 
epithelium, covers the surface of the lens closest to the 
cornea. The bulk of the lens consists of concentric layers of 
elongated fiber cells. The outer shells of fiber cells extend 
from just beneath the epithelium to the posterior lens 
surface, a distance of over 1cm in adults. An elastic extracel-
lular matrix, the lens capsule, which is secreted by the epi-
thelial and superficial fiber cells, surrounds the entire lens. 
In the adult lens, most epithelial cells and all fiber cells are 

not dividing. Cells near the equatorial margin of the lens 
epithelium, in a region called the germinative zone, prolifer-
ate slowly. Most of the cells produced by mitosis in this 
region migrate towards the posterior of the lens and differ-
entiate into fiber cells at the lens equator.1 These new fiber 
cells elongate and accumulate large amounts of crystallins. 
During elongation the posterior (basal) ends of the fiber 
cells move along the inner surface of the capsule and their 
anterior (apical) ends slide beneath the epithelium until 
they meet elongating cells from the other side of the lens 
near the posterior and anterior midlines (Fig. 5.1). The junc-
tions between the ends of cells from the opposite sides of 
the lens are called the sutures. Once fiber cells reach the 
sutures they stop elongating and their basal ends detach 
from the capsule (Fig. 5.1, inset). Soon after reaching the 
sutures, fiber cells degrade all intracellular membrane-bound 
organelles, including their nuclei, mitochondria, and endo-
plasmic reticulum.2–5 Mature fiber cells are gradually buried 
deeper in the lens as successive generations of fibers elongate 
and differentiate. In this way the lens continues to increase 
in size and cell number throughout life.6 Because protein 
synthesis ceases just before organelle degradation,7 the com-
ponents of mature fiber cells must be much more stable than 
those in cells found in other parts of the body. In fact, since 
the fiber cells in the center of the lens are present at birth 
and persist until death (or cataract surgery), their constituent 
proteins and membranes may last for more than 100 years.

The lens is suspended in the anterior of the eye by a band 
of inelastic microfibrils, the zonules, which insert into the 
lens capsule near the equator (Figs 5.1 & 5.2). These fibrils 
originate in the non-pigmented layer of the ciliary epithe-
lium, a tissue that is located just posterior to the iris. They 
are composed of the protein fibrillin, one of the components 
of elastic fibrils in many connective tissues throughout the 
body.8,9 However, the zonules do not stretch appreciably. 
Changes in the tension applied to the zonules are responsi-
ble for the alterations in lens curvature that occurs during 
accommodation, the process by which the lens focuses on 
objects nearby or at a distance.

The basics of lens refraction and transparency
The refractive properties of the lens are the result of the high 
concentration and graded distribution of crystallin proteins 



SECTION 2 Physiology of optical media   Chapter 5 The Lens

132

error, myopia or hyperopia is often caused by abnormalities 
in corneal curvature or the length of the globe, but rarely by 
defects in the curvature or refractive index of the lens.

Transparency depends on minimizing light scattering  
and absorption. Light passes smoothly through the lens as 
a result of the regular structure of lens fibers (Fig. 5.3), the 
absence of membrane-bound organelles in the deeper  
fiber cells, and the small and uniform extracellular space 
between the fiber cells. Paradoxically, the high crystallin 
concentration of the lens fiber cell cytoplasm is an essential 

in the cytoplasm of the lens fiber cells and the curvature of the 
lens refractive surfaces. Lens crystallins accumulate to con-
centrations that are up to three times higher than in typical 
cells.10 This gives the fiber cells a significantly higher refrac-
tive index than the fluids around the lens. In the emmetropic 
eye the curvature of the refractive surfaces of the lens focuses 
light at the photoreceptors of the retina. The curvatures of the 
lens surfaces are the result of the tension on the zonules, the 
elasticity of the capsule, and the growth properties of the lens 
fibers and epithelial cells. In younger individuals refractive 
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forming the thickened lens placode (Fig. 5.4B).29 Soon after-
ward, the lens placode and the adjacent cells of the optic 
vesicle buckle inward to form the lens pit (Fig. 5.4C).30 This 
morphological transformation is accompanied by the for-
mation of the bi-layered optic cup. The invaginated lens 
placode soon separates from the surface ectoderm by a 
process involving the death of the cells in the connecting 
stalk between the cells of the surface ectoderm and the lens 
(Fig. 5.4D).31 The Pax6-expressing ectodermal cells adjacent 
to the lens placode that remain on the surface of the eye 
become corneal and conjunctival epithelial cells.32

During lens invagination, the extracellular matrix between 
the optic vesicle and the lens begins to diminish and the two 
tissues separate (Fig. 5.4E).28,33 The space that is formed 
between them is rapidly filled with a loose extracellular 
matrix, the primary vitreous body, that is secreted by the cells 
of inner layer of the optic cup (Fig. 5.4E).34

The epithelial cells that give rise to the lens vesicle origi-
nally lie on a thin basal lamina. In the process of invagina-
tion, this basal lamina comes to surround the lens vesicle. It 
gradually thickens by the deposition of successive layers of 
basal lamina material to form the lens capsule.35–37

Soon after the lens vesicle separates from the surface ecto-
derm, the cells in the portion of the vesicle that are closest 
to the retina begin to elongate. The elongation of these 
primary fiber cells soon obliterates the lumen of the vesicle 
as their apical ends contact the apical ends of the anterior 
epithelial cells (Fig. 5.4E,F). Primary fiber cell formation 
establishes the fundamental structure of the lens, with epi-
thelial cells covering the anterior surface and elongated fiber 
cells filling the bulk of the lens.

At early stages of lens formation, most of the lens epithe-
lial cells are actively proliferating. Cells at the margin of the 
epithelium are pushed or migrate towards the equator and 
are stimulated to differentiate into secondary fiber cells by 
factors present in the vitreous body.38–41 As the secondary 
fibers elongate and their basal and apical ends curve towards 
the center of the lens, they displace the central primary fibers 
from their attachments with the capsule and the lens epithe-
lium. This process buries the primary fiber cells in the center 
of the lens (Fig. 5.1). In the adult lens these cells comprise 
the “embryonic nucleus.” Deposition of successive layers of 
secondary fiber cells continues throughout life. The rate of 
fiber cell formation, and therefore lens growth, is rapid in 
the embryo and slows greatly after birth (Fig. 5.5).6

In addition to Pax6, at least one additional transcription 
factor may be essential for lens formation.21 In chicken 
embryos, prospective lens cells express L-maf, a member of 
the maf family of b-ZIP transcription factors, soon after they 
contact the optic vesicle.42 When modified forms of this 
protein that bind to DNA but do not activate transcription 
are expressed in the prospective lens-forming region of 
chicken embryos, the formation of the lens placode and lens 
vesicle is suppressed. Expression of L-maf in regions of the 
head ectoderm outside of the lens placode (but within the 
area expressing Pax6) leads to the formation of extra lenses.42 
Although members of the maf family of transcription factors 
are expressed during lens formation in mammals, there is 
no factor comparable in function to chicken L-maf. Since 
deletion of individual members of the maf family does not 
prevent lens formation in mice, multiple maf family 
members may assume the function of L-maf in mammals.

component of lens transparency. Reduced light scattering is 
due to short-range interactions between the highly concen-
trated crystallins.11,12 Although it absorbs increasing amounts 
of the shorter wavelengths of visible light as it ages, giving 
the lens a pale yellow to brown color, the young human lens 
is nearly colorless.13,14

The early development of the lens

The cells that form the lens are originally part of the surface 
ectoderm covering the head of the embryo. Interactions 
between the future lens cells and nearby tissues during early 
development give these cells a “lens forming bias.”15 As a 
result of these interactions, patches of cells that lie on either 
side of the head are marked by expression of the transcrip-
tion factor, Pax6.16 At the same time, neural epithelial cells 
on either side of the diencephalon in the embryonic fore-
brain bulge laterally to form the optic vesicles, which eventu-
ally contact the surface ectoderm cells (Fig. 5.4A). The cells 
of the optic vesicle also express Pax6 and Pax6 function in 
these cells is essential for eye formation.17,18 Some of the 
genes that regulate and are regulated by Pax6 at early stages 
of eye formation are now known, although the number of 
genes involved and knowledge about their interactions is 
likely to increase.19–25

Members of the bone morphogenetic protein (BMP) 
family of secreted factors play an essential role in lens forma-
tion. Deletion of the genes encoding BMP4 or BMP7 in the 
mouse embryo prevents lens formation in most cases (a 
minority of BMP7 null animals make a small, abnormal 
lens).20,26–27 Deletion of BMP4 leads to decreased expression 
of the transcription factor Sox2 in the lens placode, while 
loss of BMP7 is associated with absence of Pax6 expression. 
BMP4 appears to be derived primarily by the optic vesicle; 
implantation of a bead containing BMP4 into the lumen of 
the vesicle can rescue lens formation in BMP4 knockout 
embryos.27 BMP7 mRNA mainly localizes in the pre-lens 
surface ectoderm, suggesting that BMP7 acts as an autocrine 
or paracrine factor to promote lens formation.

After they make contact, the optic vesicles and the pro-
spective lens ectoderm cells secrete an extracellular matrix 
that causes these cell layers to adhere tightly to each other 
(Fig. 5.4B).28 The surface epithelial cells then elongate, 

Figure 5.3 Scanning electron micrograph showing the orderly arrangement 
of hexagonal lens fibers in the vertebrate lens. (Courtesy Dr. J. Kuszak.)
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Targeted disruption of the genes encoding three addi-
tional transcription factors that are normally expressed 
during primary fiber cell differentiation, c-Maf, Sox1, and 
Prox1, causes failure of elongation of primary lens fiber 
cells.46–49 In mice lacking any one of these genes, lens 
fiber cells do not elongate or express the high level of  
lens crystallins that are characteristic of primary fiber  
cells. The diffusible factors that trigger fiber cell formation 
and the mechanisms responsible for fiber cell elongation 
and the regulation of crystallin synthesis are discussed below 
(see Box 5.1).

The proper separation of lens vesicle from the overlying 
presumptive corneal epithelium is defective in the mouse 
mutant, dysgenetic lens (dyl). A mutation was identified in the 
gene encoding the “forkhead” transcription factor, Foxe3, in 
the dyl strain. Foxe3 is selectively expressed in the lens 
placode and developing lens epithelium.24,43 Lenses lacking 
Foxe3 show severe defects in lens epithelial cell proliferation 
and subsequently degenerate.44 A similar phenotype is seen 
in lenses lacking the transcription factor, AP-2α. These also 
fail to separate from the surface ectoderm and show defects 
in epithelial cell differentiation.45
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Figure 5.4 The early stages of lens formation. (A) The lens vesicle contacts the surface ectoderm. (B) The optic vesicle adheres to the surface ectoderm and 
the prospective lens cells elongate to form the lens placode. (C) The lens placode and the outer surface of the optic vesicle invaginate to form the lens pit 
and the optic cup, respectively. (D) The lens vesicle separates from the surface ectoderm. (E) The primary lens fibers elongate and begin to occlude the 
lumen of the vesicle. The posterior of the lens vesicle separates from the inner surface of the optic cup. Capillaries from the hyaloid artery invade the primary 
vitreous body. (F) The configuration of the lens as it begins to grow. Secondary fiber cells have not yet developed and organelles are still present in all fiber 
cells. (Modified from McAvoy J, Developmental biology of the lens. In Duncan G (Ed), Mechanism of cataract formation. Academic Press, pp 7-46. Copyright Elsevier 1981480)
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fiber cells withdraw from the cell cycle, elongate greatly, 
express large amounts of proteins (the crystallins), acquire 
several specializations of their plasma membranes, and 
eventually degrade all membrane-bound organelles.

In mature lenses, the first evidence of fiber cell differentia-
tion is the withdrawal from the cell cycle of epithelial cells 
near the lens equator. After their last mitosis, these cells move 
in a posterior direction into the transition zone (Fig. 5.6). 
This movement has been termed “migration,” but it may 
simply result from displacement caused by the proliferation 
of cells in the germinative zone, a kind of “mitotic pressure.” 
Cells in the transition zone are postmitotic, but have not yet 
begun to elongate. As they move posteriorly they are exposed 
to factors that stimulate their elongation. Studies in chicken 
embryos and newborn mice, in which the lens was rotated 
so that the epithelial cell faced the vitreous body, first dem-
onstrated the existence of these factors.38,55 Epithelial cells 
exposed to vitreous humor in this manner elongated like 
primary fiber cells. Furthermore, chicken embryo lens epi-
thelial cells stopped progressing through the cell cycle within 
9 hours after lens rotation, indicating that suppression of 
lens cell proliferation at the initiation of fiber cell differentia-
tion is dependent on factors from outside the lens.56

Mice homozygous for the aphakia mutation form lens 
vesicles, but the lens cells degenerate soon after.50 The 
aphakia mutation was mapped close to the gene encoding a 
homeodomain transcription factor, Pitx3, that is expressed 
early in lens development.51,52 Two families were described 
in which affected individuals have hereditary congenital 
cataracts and point mutations in Pitx3.53 Deletions were 
found in the region upstream and in the coding sequence of 
Pitx3 in the aphakia strain.51,54 A microarray study indicated 
that Pitx3 mRNA expression is decreased in lenses lacking a 
single copy of Pax6.25

Lens fiber cell differentiation

Lens fiber cell differentiation is characterized by an excep-
tional degree of specialization. During their differentiation, 
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Figure 5.5 Changes in lens width and height from birth to 90 years of age. 
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Figure 5.6 A montage of photomicrographs showing the organization of 
cells in the pre-germinative zone (curly brackets), germinative zone (square 
brackets) and transitional zone (curved brackets) of the equatorial lens 
epithelium. The image on the right is a continuation of the one on the left 
showing the change in cell morphology as the cells of the transitional  
zone elongate (asterisk) to form lens fiber cells. The images were obtained 
using a scanning electron microscope (magnification ×780). (Courtesy of 

Dr. J. Kuszak.)

Box 5.1 Mutations in genes involved in lens 
formation contribute to the formation of congenital 
cataracts and anterior segment dysgenesis

Several genes have been identified that are required for the 
formation of the normal lens. The proteins encoded by these 
genes, including Pax6, Pitx3, c-Maf and Foxe3, are transcription 
factors; they control the expression of batteries of genes required 
to make a lens. Most of these mutations are dominant and result 
from “haploinsufficiency;” loss of the function of one copy has a 
severe effect on lens development. Defects may range from mild 
cataracts to absence of the lens. Many of these mutations are 
associated with defects in the development of the anterior 
segment, including the corneal endothelium and stroma and  
the aqueous humor outflow pathway. Anterior segment defects 
can be secondary to Peters anomaly, the failure of the lens to 
separate from the surface ectoderm, or to less obvious 
interactions between the developing lens and the mesenchymal 
cells that form the structures of the outflow pathway.
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cell differentiation in chicken embryos.41,73–83 Studies using 
mouse lenses deficient in three of the four FGF receptors 
have conclusively demonstrated that FGF signaling is 
required for the formation of lens fiber cells.84 Other soluble 
factors, especially members of the BMP family, appear to 
modulate or potentiate the effects of FGFs on lens fiber cell 
differentiation.85–87

Lens crystallins
The synthesis and accumulation of very large amounts of 
crystallin proteins is a major characteristic of lens fiber cell 
differentiation. As much as 40 percent of the wet weight of 
the lens fiber cell can be accounted for by crystallins,10 a 
protein concentration that is about three times higher than 
in the cytoplasm of typical cells. Crystallin proteins can be 
classified as either “classical” or “taxon-specific”. The classi-
cal crystallins are comprised of two α-crystallins and several 
members of the beta/gamma (β/γ)-crystallin superfamily. All 
vertebrate lenses accumulate large amounts of classical crys-
tallins in their fiber cells. In many species, fiber cells also 
produce large amounts of taxon-specific crystallins (see 
reviews88,89). As the name implies, different taxon-specific 
crystallins are found in the lenses of different taxonomic 
groups. Taxon-specific crystallins are functional enzymes or 
proteins that are structurally very similar to enzymes, but with 
little or no enzymatic activity. The levels of taxon-specific 
crystallins sometimes exceed those of the classical crystallins. 
Adult human lenses do not produce taxon-specific crystal-
lins, although the enzyme betaine-homocysteine methyl-
transferase is present at high levels in the embryonic nucleus 
of the rhesus macaque lens, suggesting that this enzyme may 
serve as a taxon-specific crystallin during the early develop-
ment of the primate lens (see Box 5.2).90

Many of the transcription factors that promote the abun-
dant expression of the crystallin genes in lens fiber cells have 
been identified. The details of these studies are described  
in comprehensive reviews and will not be considered  
further here.21,23,91–96

Human lenses express two α-crystallin genes, αA and αB. 
Examination of the protein structure of the α-crystallins 
revealed that they are members of the widely distributed 
family of small heat shock proteins.97–99 An important func-
tion of small heat shock proteins is to stabilize proteins that 
are partially unfolded and prevent them from aggregating 
(this is termed their “chaperone” activity). The role of the 
α-crystallins in preventing protein aggregation and precipita-
tion has been demonstrated in experiments performed in 
vitro.100 A similar, in vivo role for αA crystallin has been 
inferred in mice in which αA crystallin gene was disrupted.101 
The function of the α-crystallins in preventing protein aggre-
gation has obvious importance for the lens, because the 
proteins in lens fiber cells must persist for the life of the 
individual and excessive protein aggregation could lead to 
light scattering and cataract formation (see below).

Alpha-crystallins are also enzymes, since they possess 
serine-threonine auto-kinase activity.102 It is not yet clear 
whether the α-crystallins phosphorylate other proteins in 
lens fiber cells. The α-crystallins are, themselves, normally 
phosphorylated in vivo and can be phosphorylated in  
vitro in a cyclic AMP-dependent manner.103,104 The factors 
that regulate the phosphorylation of α-crystallins and the 

Proteins that are known to be involved in regulating the 
cell cycle in many cell types appear to play an essential role 
in the cessation of lens fiber cell proliferation. Included in 
this group are the cyclin-dependent kinase inhibitor protein, 
p57 (KIP2) and the retinoblastoma protein (pRb). Progres-
sion through the cell cycle requires the phosphorylation of 
regulatory proteins, called cyclins, by cyclin-dependent 
kinases. The cyclin-dependent kinase inhibitor protein, p57, 
an inhibitor cell cycle progression, is expressed in the early 
stage of lens fiber cell differentiation, where it is found 
bound to cyclins.57,58 In lenses that lack the gene for pRb, a 
well-known regulator of the cell cycle, p57 levels are low and 
lens fiber cells do not withdraw from the cell cycle.59,60 This 
finding suggests that pRb is required for the expression of 
p57 and that at least one function of p57 is to maintain lens 
fiber cells in the non-proliferating state by complexing with 
cyclins. Absence of the two main cyclin-dependent kinase 
inhibitors expressed in the lens, p27 and p57, leads to exten-
sive lens fiber cell proliferation, even in the presence of pRb, 
confirming that these molecules play an essential role in the 
withdrawal of fiber cells from the cell cycle.61 Lenses lacking 
both p27 and p57 also do not make detectable levels of 
crystallins, suggesting that the function of these molecules is 
essential for normal gene expression during fiber cell dif-
ferentiation.61 In addition to the requirement for pRb, the 
transcription factor Prox1 is also required for high levels of 
p57 accumulation in the nuclei of lens fiber cells.62 Prox1 is 
present in lens epithelial cells, but localizes to the cell 
nucleus at the onset of fiber cell differentiation.63

Some of the basic mechanisms responsible for the exten-
sive cell elongation that characterizes lens fiber cell differen-
tiation have been described, but this process is still not well 
understood. Early studies suggested that the microtubules of 
the lens fiber cytoskeleton are required for fiber cell elonga-
tion.64,65 However, later experiments showed that fiber-like 
cells could elongate in the absence of microtubules.66 
Whether other components of the cytoskeleton play an 
essential role in fiber cell elongation in vivo has not been 
demonstrated.

In chicken embryo lenses, the early stages of lens fiber cell 
elongation may be driven by an increase in cell volume.67 In 
these cells, initiation of fiber cell elongation is accompanied 
by changes in the ionic permeability of the plasma mem-
brane. The resulting accumulation of potassium and chlo-
ride ions in the cytoplasm leads to an osmotically driven 
increase in cell volume.68 Continued cell elongation depends 
on sustained protein synthesis.69,70 In mouse lenses, second-
ary fiber cells appear to initiate elongation without increas-
ing in volume.71 The mechanism by which fiber cell 
elongation is regulated at later stages of their differentiation, 
especially when fiber cells reach the sutures and stop elon-
gating, has not been studied.

Several growth factors are capable of initiating lens fiber 
cell differentiation when added to cultured lens epithelia or, 
in some cases, when over expressed in the lens in vivo. 
Among these are members of the fibroblast growth factor 
(FGF) and insulin-like growth factor (IGF) families. Studies 
in chicken embryos identified IGF-1 as a potent activator of 
fiber cell differentiation.72 However, experiments in rats and 
mice showed that, although IGFs may play some role in fiber 
cell differentiation, members of the FGF family appear to be 
more important in mammals and also contribute to fiber 
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in the “drusen” that accumulate at the basal surface of the 
retinal pigmented epithelial cells in age-related macular 
degeneration.112–114 A naturally occurring mutation in the αB 
crystallin gene (CRYAB) leads to the formation of cataracts 
and “desmin-related” myopathy.115 In vitro tests showed that 
the mutant form of the protein had no chaperone activity 
and even enhanced the aggregation of test proteins.116 These 
studies suggest that αB crystallin has important chaperone 
functions in the lens and in other cells of the body. However, 
the fact that the mutant protein accelerated the denaturation 
of test proteins leaves open the possibility that the mutant 
is a gain-of-function. In this case, the cataracts and myopathy 
seen in individuals harboring this mutation could be due to 
the destabilizing function of the protein, rather than loss of 
its function as a chaperone. However, additional mutations 
in CRYAB, which do not have myopathy as part of their 
phenotype, support the view that loss of its chaperone func-
tion contributes to cataract.117

The β/γ crystallin superfamily is more diverse than the 
α-crystallins and the function of its members in the lens is 
less evident. The β- and γ-crystallins were originally thought 
to be two distinct protein families. However, once the 
protein sequences of representative members of these fami-
lies were available, it was clear that they were closely 
related.118 The major difference in these proteins is the 
tendency for most of the β-crystallins to form multimers, 
while the γ-crystallins exist as monomers. Solving the three-
dimensional structure of these molecules confirmed their 
close structural relationship. It also confirmed that the N- 
and C-terminal extensions of the β-crystallins provided a 
structural rationale for why these family members form 
higher-order aggregates.119,120 There are six beta crystallin 
polypeptides (βA1, βA3, βA4, βB1, βB2, βB3), and three 
gamma crystallins (γS, γC, γD) expressed in the human 
lens,121 although the βA1 and βA3 polypeptides are derived 
from the same gene (βA3/A1).122 Beta- and gamma-
crystallins bind calcium in vitro and may buffer this impor-
tant cation in the lens fiber cell cytoplasm.123–125

The lens fiber cell cytoskeleton
Microtubules are abundant beneath the plasma membranes 
of lens fiber cells where they probably play an important role 
in stabilizing the fiber cell membrane.126 Microtubules may 
also be important for transporting vesicles to the apical and 
basal ends of elongating fiber cells, although neither func-
tion has been demonstrated in vivo. In addition to microtu-
bules, there is an abundant network of actin-containing 
microfilaments beneath the plasma membrane of lens fiber 
cells. These microfilaments associate with the cytoplasmic 
surfaces of the adhesive junctions between lens fibers and 
are also likely to interact with the spectrin-containing sub-
membrane meshwork.127,128 This sub-membrane scaffold 
also contains tropomyosin and tropomodulin, proteins that 
may modulate the structure of the microfilaments.129

Lens fiber cells also contain an unusual complement  
of intermediate filaments, including those composed of 
vimentin.130 This is unusual, because vimentin intermediate 
filaments are usually restricted to cells of mesodermal, not 
epithelial origin. The function of vimentin-containing  
intermediate filaments in the lens is not evident, because 
mice lacking vimentin appear to have normal lenses.131 

importance of this phosphorylation for the function of  
the α-crystallins in the living lens have not been 
determined.105–107

Alpha-crystallin proteins normally associate in the lens 
cell cytoplasm to make high-molecular-weight complexes 
containing approximately 30 subunits. The structure of these 
complexes has been revealed by cryoelectron microscopy.108 
These observations show that native α-crystallin complexes 
can be assembled in a number of configurations, indicating 
that there is substantial flexibility in the way the subunits 
associate. Alpha-crystallin monomers also readily exchange 
between high-molecular-weight complexes, further support-
ing the view that α-crystallin complexes are quite plastic.109

The phenotype of αA-crystallin knockout mice provides 
insight into the function of α-crystallins in vivo.101 The 
lenses of these animals are slightly smaller than normal, but 
structurally quite similar to the normal lens. Mature fiber 
cells contain aggregates of proteins that lead to the forma-
tion of cataracts, beginning a few weeks after birth. Analysis 
of these aggregates shows that they contain large amounts 
of αB crystallin and smaller amounts of other proteins. 
These results suggest that, in the fiber cell cytoplasm, αA 
crystallin is partly responsible for preventing αB from aggre-
gating. In addition, when lens epithelial cells from these 
animals were cultured in vitro, they grew more slowly than 
normal cells, were more sensitive to stress, and had a higher 
rate of apoptosis, accounting for the smaller size of the 
knockout lenses.110 Therefore, αA crystallin appears to be 
important for the normal function of lens epithelial and 
fiber cells.

In addition to being expressed at very high levels in the 
lens, αB crystallin is present in a variety of cells throughout 
the body, especially in heart and skeletal muscle.111 The 
protein is also found in damaged areas of the central nervous 
system in a variety of neurodegenerative diseases, including 

Box 5.2 Mutations in genes that are expressed  
at high levels in the lens often underlie  
congenital cataracts

Lens fiber cells accumulate high concentrations of lens-preferred 
crystallin proteins. Their plasma membranes also have large 
amounts of protein that form lens-specific gap junctions, water 
channels or cell–cell adhesions. Mutations in the genes encoding 
these abundant proteins are responsible for many of the 
hereditary congenital cataracts that have been identified over the 
past decade. Most mutations that cause hereditary congenital or 
juvenile cataracts show a dominant mode of inheritance. 
Experimental studies in animal models and study of the mutant 
proteins in cultured cells suggest that the defective proteins 
encoded by these genes cause cataracts by interfering with the 
normal function of lens fiber cells or by promoting their own 
aggregation and, perhaps, the aggregation of normal lens 
proteins. Therefore, these cataracts are not caused by loss of the 
normal function of the mutant proteins, but by the acquisition of 
an abnormal function. This conclusion is supported by studies in 
experimental animals in which complete removal of one copy of 
these genes has no effect on lens transparency. Interestingly, 
mutations in crystallin genes are sometimes associated with 
microcornea. Since most of these genes have not been detected 
in the cornea, it appears that defects that originate in the lens 
lead to alterations in the size of the cornea.
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cells may be associated with a complex that is not an integral 
component of the plasma membrane. There is also a high 
percentage of sphingomyelin in lens membrane phospholi-
pids.143 The presence of high concentrations of cholesterol 
and sphingomyelin is likely to cause lens fiber cell mem-
branes to be quite rigid.142 The functional significance of 
these biochemical specializations is not known.

In addition to its unusual lipid content, lens fiber cell 
plasma membranes contain several unique proteins. The 
most abundant of these is the “major intrinsic polypeptide” 
(MIP). MIP accounts for as much as 50 percent of the total 
protein of the lens fiber cell membrane and has not been 
detected in any other cells in the body. When the MIP cDNA 
was first cloned and sequenced it encoded a protein sequence 
that was unrelated to any known protein.144 Later, when the 
aquaporin family of water channel proteins was identified, 
MIP was recognized to be its “founding” member.145 In spite 
of its strong structural resemblance to the other aquaporins, 
MIP is a relatively inefficient water channel and may play a 
more important role in cell–cell adhesion.146,147 Mutations 
in the MIP gene lead to cataracts in mice and humans.148,149 
These mutations could cause cataracts because they reduce 
MIP function, or because they interfere with the formation 
or function of lens fiber cell membranes.148

The gap junctions of the lens are assembled from a unique 
set of subunits, or connexins. The cell-to-cell transport of 
small molecules (< 1 kDa) mediated by these gap junctions 
is likely to be important for the function of the lens, since 
most of the fiber cells are far from the nutrients supplied by 
the aqueous and vitreous humors.150 Not surprisingly, lens 
fiber cells have the highest concentration of gap junction 
plaques of any cells in the body (Fig. 5.8).

There are three connexins found in lens cells, α1, α3, and 
α8. Connexin α1 (also known as Cx43) is found in many 
tissues in the body. In the lens, it is present only in the  
epithelial cells.151 Connexins α3 (Cx46) and α8 (Cx50) 
are abundant in fiber cells, but α8 is also expressed in lens 

Over-expression of vimentin in the lens leads to cataract 
formation and defects in fiber cell differentiation.132 Whether 
this is a specific effect of excessive vimentin levels in the lens, 
or the response of the lens to protein over-expression in 
general, has not been demonstrated.

In addition to vimentin, the lens contains intermediate 
filaments composed of the proteins filensin and phakinin 
(see reviews133,134). These filaments have an unusual 
“knobby” structure, leading to the name “beaded fila-
ments.”135 Beaded filament proteins have only been found 
in lens fiber cells, suggesting that they have a specialized role 
in these cells.135 Mutations of both genes are associated with 
the formation of human cataracts, often involving the 
sutures.136,137 Deletion of the phakinin gene (Bfsp2) in mice 
caused a mild, progressive cataract that was associated with 
decreased levels of its binding partner, filensin, but no 
obvious defects in fiber cell differentiation.138

Other cellular and biochemical specializations 
found in lens fiber cells
In fiber cells at early stages of elongation the lateral plasma 
membranes are smooth. However, as fiber cells reach the 
sutures, the membranes become progressively more inter-
digitated, forming interlocking “ball-and-socket” junctions 
(Fig. 5.7).139–141 Ball-and-socket junctions may stabilize the 
lateral membranes of the fiber cells and assure that the cells 
remain tightly connected during accommodation. The 
mechanisms responsible for the formation of these unusual 
membrane specializations have not been identified.

The membranes of mature fiber cells have an unusual 
lipid composition. Human lens fiber cells have the highest 
proportion of cholesterol of any plasma membrane in the 
body and the amount of cholesterol increases as the fiber 
cells mature.142,143 The cholesterol/phospholipid ratio of 
nuclear fiber cells is nearly three-fold greater than in cortical 
fiber cells. Partially purified fiber cell membranes have sub-
stantially lower cholesterol/phospholipid ratio than was 
found in the whole tissue, although membranes from 
nuclear fibers still have proportionally higher cholesterol 
content than membranes from the cortex.142 This finding 
suggests that some of the cholesterol in mature lens fiber 

Figure 5.7 Visualization of the ball-and-socket interdigitations at the lateral 
surfaces of lens fiber cells. The tissue was fractured to show the surface 
morphology of the cells and viewed with a scanning electron microscope. 
(Courtesy of Dr. J. Kuszak.)

Figure 5.8 Scanning electron micrograph showing the abundant gap 
junction plaques on the surface of young lens fiber cells (magnification 
×270,000). (Reproduced with permission from FitzGerald, P.G., D. Bok, and J. Horwitz, 

The distribution of the main intrinsic membrane polypeptide in ocular lens. Curr Eye 

Res, 1985. 4(11): p. 1203-18. p 1204482)
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and the actin cytoskeleton. Membrane complexes at the 
basal ends of the lens fiber cells, along the posterior capsule, 
probably attach the fiber cells to the capsule, since they 
contain a rich actin cytoskeleton, the contractile protein 
myosin, and integrin extracellular matrix receptors.169,171 It is 
possible that the basal membrane complex also plays a role 
in the migration of the basal ends of the lens fiber cells 
towards the sutures.169

The lens grows by progressively adding new layers of fiber 
cells to its outer surface. These new fiber cells elongate, grad-
ually extending their apical and basal ends towards the 
sutures. Once the tips of an elongating fiber cell reach the 
sutures they meet a fiber cell coming from the opposite side 
of the lens. The cells then form new junctions at the apical 
and basal ends and detach from the posterior capsule (see 
Fig. 5.1). After they detach from the capsule, the fiber cells 
are gradually buried deeper within the lens by successive 
layers of “younger” fiber cells.

Soon after they detach from the posterior capsule, fiber 
cells suddenly degrade all of their membrane-bound 
organelles, including their mitochondria, endoplasmic retic-
ulum, and nuclei.2,3,5,172 Organelle degradation is complete 
within a few hours.3 The mechanism responsible for 
organelle degradation in lens fiber cells is not known, 
although it has been suggested that the enzyme 15- 
lipoxygenase mediates organelle loss in the lens, as it does 
during the maturation of erythrocytes.173

Numerous studies have pointed to the similarity between 
organelle degradation in the lens and the initiation of apop-
tosis (programmed cell death) in many other cell types. 
Although several biochemical similarities are striking, mice 
lacking the “executioner” caspases 3, 6 and 7 (which are 
critical mediators of apoptosis) showed normal organelle 
degradation.174 Knockout of the lysosomal enzyme, DNase 
IIβ, revealed that it plays a role in the removal of DNA frag-
ments remaining after nuclear membrane fragmentation, 
but is not required for the initiation of organelle break-
down.175 Mice lacking the heat shock transcription factor, 
HSF4, have cataracts and failure of proper organelle loss, 
raising the possibility that HSF4 controls this process.176,177

In primates, the outer shell of fiber cells that contain 
organelles is only about 100 microns wide. These organelle-
containing cells are located, for the most part, outside of the 
optical axis of the lens (see Fig. 5.1).4 The absence of 
organelles in most lens fibers increases transparency by 
reducing light scattering.175 However, organelle loss also 
makes the fiber cells in the center of the lens dependent on 
the superficial fiber cells, an arrangement that may contrib-
ute to age-related cataract formation (see below).

The control of lens growth
The human lens grows rapidly in the embryo and during the 
first postnatal year. The rate of lens growth slows between 
ages 1 and 10, then continues at a much slower, nearly linear 
rate throughout life (see Fig. 5.5).6,178 The factors that regu-
late lens growth in humans are not known. Many growth 
factors have been shown to stimulate lens epithelial cell 
proliferation in vitro and the receptors for several families 
of growth factors have been identified in the human lens and 
in the lenses of other species. These include the fibro-
blast growth factor family,179 the insulin-like growth factor 

epithelial cells.152,153 In mice, epithelial α8-containing gap 
junctions are required for maximal proliferation of the epi-
thelial cells in the first weeks of postnatal life.154,155 Gap 
junction plaques containing both connexins α3 and α8 are 
present along the lateral membranes of lens fiber cells.156 
Mutations in α3 or α8 are responsible for dominant con-
genital cataracts in several families.157

While the presence of a large number of gap junctions 
would seem to be essential for the normal function of the 
lens, recent studies have shown that the lenses of mice 
lacking either the connexin α3 or α8 gene are relatively 
mildly affected. In the case of the α3 knockouts, fiber cell 
differentiation proceeds normally, although nuclear cata-
racts appear shortly after birth.152 However, no cataracts form 
when the disrupted α3 connexin gene is bred onto a differ-
ent genetic background, indicating that genetic modifiers 
can compensate for the absence of this connexin in main-
taining lens transparency.158 The lenses of the α8 knockouts 
develop diffuse nuclear cataracts.154 Considering the abun-
dance of specialized connexins in the lens, these phenotypes 
seem surprisingly mild. Mouse lenses lacking α3 and α8 
have more severe cataracts, suggesting that the functions of 
these proteins partially overlap.159

A second pathway, which mediates the diffusion of larger 
molecules between lens cells has also been described. In 
chicken embryos, fiber cells fuse with their neighbors late  
in their differentiation, just before they degrade their 
organelles.160 Fiber cell fusions have been described in previ-
ous morphological studies in the lenses of several species.161,162 
Examination of fiber cell fusions in postnatal mouse lenses 
suggests that they mainly mediate the diffusion of proteins 
between fiber cells at a similar depth in the lens, rather than 
providing a diffusion pathway between more superficial and 
deeper fiber cells.163

The second most abundant protein in the lens fiber cell 
membrane is MP20 (Lim2). The sequence of MP20 places 
in the tetraspanin family of proteins, with diverse functions 
in many cell types. Mutations in this gene lead to the forma-
tion of congenital cataracts in mice and humans. Knockout 
of Lim2 causes cataracts and defects in the lens refractive 
gradient.164,165 The fiber cells in these lenses fail to fuse with 
their neighbors to establish the normal intercellular macro-
molecular diffusion pathway.166

Lens fiber cells are linked to their neighbors all along their 
lateral membranes by N-cadherin, a calcium-dependent, 
homophilic cell adhesion molecule.167,168 N-cadherin is typi-
cally linked to the actin cytoskeleton by a complex of pro-
teins that includes α- and β-catenin. As the lens changes 
shape during accommodation, the lateral membranes of the 
fiber cells are held together tightly by interlocking ball-and-
socket junctions and N-cadherin-containing cell–cell adhe-
sion complexes. These adhesion complexes, along with 
Lim2, which has a role in cell–cell adhesion in the lens, are 
likely to contribute to the close association between the 
lateral membranes of lens fiber cells. Minimizing the extra-
cellular space is important for reducing light scattering to 
maximize transparency.

In addition to the lateral cell adhesion complexes, lens 
fiber cells are joined tightly to each other at their apical and 
basal ends.168–170 These complexes contain abundant N-
cadherin and vinculin, a protein that plays an important role 
in regulating the interaction between adhesion molecules 
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each other near the lens equator. It has been assumed the 
fetal vasculature is important for normal lens development, 
although similar vessels are never present around the lenses 
of non-mammalian species. Deletion of vascular endothelial 
growth factor (VEGF-A) from the lens prevented the forma-
tion of the fetal vasculature, resulting in smaller lenses with 
transient nuclear cataracts.183 Since mouse lens cells express 
functional VEGF receptors,197 further studies are required to 
determine whether these cataracts were due to loss of VEGF 
signaling to lens cells, to the absences of the fetal vascula-
ture, or both.

During the second trimester of human development, the 
capillaries of the tunica vasculosa lentis and the anterior 
pupillary membrane regress.198 Decreasing levels of plasma-
derived vascular endothelial cell growth factor may be one 
of the factors involved in the normal regression of these 
vessels.199 Macrophages in the vitreous body also appear to 
play an essential role in capillary regression.198,200 In mice, 
these macrophages cause the programmed death of the 
endothelial cells by secreting the morphogen, Wnt7b.201

A number of hereditary and acquired ocular diseases are 
accompanied by persistence of the fetal vasculature (see 
review202). At present, it is not clear why the fetal vasculature 
fails to regress in so many different syndromes and heredi-
tary diseases. Better understanding of the factors that regu-
late vascular regression in normal ocular development is 
needed to address this question.

The lens as the organizer of  
the anterior segment
Studies performed in the 1960s and extended in the last decade 
show that the lens plays an important role in the develop-
ment of the other tissues of the anterior segment.51,203–206 
Absence of the lens at an early stage of embryogenesis leads 
to the absence of the corneal endothelium, abnormal dif-
ferentiation of the corneal stroma, and absence of the iris, 
ciliary body, and anterior chamber.51,204–207 Therefore, the 
lens not only receives signals from its environment, but 
sends signals to nearby tissues that are essential for their 
normal development. The nature of these signals is unknown.

Special problems of lens  
cell metabolism

Overview
The lens, like all biological systems, is subjected to oxidative 
stress. Oxidation can be caused by molecular oxygen or free 
radicals. Oxygen free radicals are generated by the normal 
activity of mitochondria,208 by other metabolic processes, 
and by the absorption of light. To counteract the effects of 
oxidation, all cells maintain a reducing environment in their 
cytoplasm. The generation of reducing equivalents requires 
the expenditure of energy and, therefore, presents an espe-
cially difficult problem for the deeper lens fiber cells, which 
lack mitochondria. Enzyme systems in these deeper cells are 
also less active or inactive, since, in older lenses, they would 
have been synthesized decades earlier. For this reason, 
central fiber cells maintain a precarious balance between the 
catastrophic damage that would be caused by the unchecked 

family,179 the epidermal growth factor family,179,180 platelet-
derived growth factor,180,181 hepatocyte growth factor,180,182 
and vascular endothelial cell growth factor.183 In addition to 
these growth factor receptors, there are a variety of other 
kinds of receptors, including muscarinic acetylcholine recep-
tors and purinergic receptors.184,185 It is not known whether 
any of these signaling systems is essential for lens growth in 
vivo. In this regard, deletion of EGF, PDGF, FGF or IGF 
receptors has not been associated with defects in lens growth 
or development.84,186

Recent studies revealed an endogenous system regulating 
the growth of rodent lenses in vivo. The environment around 
the lens is severely hypoxic. When mice or rats breathed 
increased amounts of oxygen, oxygen levels increased in the 
eye. In older animals, oxygen treatment was associated with 
a more than three-fold increase in lens epithelial cell prolif-
eration and long-term treatment led to greater lens wet 
weight.187 Younger lenses were not affected by oxygen levels 
and breathing lower oxygen did not alter lens growth at 
either age. These results suggest that the low oxygen levels 
that normally exist in the eye are required for the decline in 
lens growth that normally occurs with age. Subsequent 
studies showed that this decline probably required the  
oxygen-regulated transcription factor, HIF-1, since express-
ing oxygen-insensitive forms of HIF in lens epithelial cells 
suppressed the effect of oxygen on their rate of prolifera-
tion.188 Since lens size is an important risk factor for age-
related cataracts,189–192 understanding how HIF-1 suppresses 
lens growth is likely to have clinical relevance.

Communication between lens epithelial  
and fiber cells
The apical ends of the lens epithelial cells abut the apical 
ends of elongating fiber cells. It has been suggested that 
nutrients are provided to the underlying fiber cells through 
gap junctions linking the apposed ends of these cells.150,154,193 
Other studies have questioned this interpretation, since gap 
junctions are rarely detected at the apical ends of central 
epithelial cells.153,194 Since the peripheral fiber cells contain 
a full complement of organelles, it is unclear whether  
transport from the epithelium is necessary for lens viability. 
The possibility that the lens does not require gap junction 
communication between the epithelial and fiber cells is  
supported by studies in which the main lens epithelial  
connexin, Cx43, was deleted in the lens and ciliary body. 
Although loss of this connexin in the ciliary epithelium 
reduced the production of aqueous humor, the lenses 
appeared normal.195 However, damage to lens epithelial cells 
compromises the viability of underlying lens fibers.196 
Whether this is due to the absence of metabolites provided 
by the epithelium, or to some other role of the epithelium 
has not been determined.

Vascular support during lens development
Soon after it is formed, the lens becomes covered with a 
meshwork of capillaries. In the posterior of the lens this 
network, the tunica vasculosa lentis, arises from the hyaloid 
artery. The capillaries at the anterior of the lens arise from 
blood vessels of the developing iris stroma to form the ante-
rior pupillary membrane. These capillary networks join with 
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Hydrogen peroxide is another molecule that has been 
suggested to cause oxidative stress to the lens. Hydrogen 
peroxide is produced in mitochondria by the enzyme super-
oxide dismutase acting on superoxide anion, a byproduct of 
oxidative phosphorylation. Hydrogen peroxide can also be 
produced during the oxidation of ascorbic acid, which is 
present at high levels in the aqueous and vitreous humors 
(approximately 1.5–2.5 mM). Both processes may contrib-
ute to the hydrogen peroxide that has been reported within 
the intraocular fluids and lens.226,227 The level of hydrogen 
peroxide in the aqueous humor has been reported to average 
over 30 µM and to exceed 200 µM in about one-third of 
cataract patients.226,228 However, recent studies have sug-
gested that, for methodological reasons, the level of hydro-
gen peroxide in aqueous humor was overestimated in these 
earlier studies.229–231 Ascorbate interferes with some assays of 
hydrogen peroxide and aqueous humor produces hydrogen 
peroxide when exposed to air.229,231 Careful re-examination 
of the levels of hydrogen peroxide around and within the 
human lens using methods not subject to these errors is 
needed.

The lens is exposed to solar irradiation throughout its life. 
Although the most energetic and potentially harmful ultra-
violet light that reaches the eye is absorbed by the cornea, 
the remaining solar radiation could have harmful effects, 
especially on the metabolically vulnerable fiber cells.232 If 
light is not absorbed, it produces no damage. However, 
ultraviolet light is readily absorbed by a number of cel-
lular constituents, including DNA, proteins, nucleoside- 
containing metabolites, flavinoids and pigments. Flavinoids 
and pigments also absorb visible light, especially the shorter 
wavelengths of visible light. All of these interactions are 
potential sources of free radicals. Free radicals oxidize DNA, 
lipids, and proteins. Whether or not free radicals are pro-
duced by the absorption of light depends upon the chemical 
nature of the molecule that is interacting with light and the 
molecular environment.

In spite of its exposure to light throughout life and the 
presence of abundant targets for light damage, there is no 
evidence for the photo-oxidation of proteins in the central 
region of the lens, even in lenses from older individuals.233,234 
It is likely that lens constituents are protected against the 
harmful effects of light-generated free radicals by the high 
intracellular concentration of reducing substances (see 
below), and by the low concentration of oxygen around and 
within the lens.221,222,224,225

Protection against oxidative damage
Glutathione, a tripeptide of the amino acids glutamine, 
cysteine, and glycine, provides most of the protection against 
oxidative damage in the lens. It can prevent the oxidation of 
components of the lens cytoplasm because its concentration 
in the lens is very high, approximately 4–6 mM, and its 
sulfhydryl group is readily oxidized. When glutathione levels 
have been lowered in lens epithelial cells or whole lenses, 
cell damage and cataract formation follow rapidly.235–237

Lens epithelial and superficial fiber cells can synthesize 
glutathione and glutathione can be transported into lens 
from the aqueous humor.237–239 Reduced glutathione (GSH) 
is regenerated from oxidized glutathione (GSSG) by glutath-
ione reductase and NADPH (Fig. 5.9).237 Much of the 

oxidation of membrane lipids and cytoplasmic proteins and 
the diffusion from the more superficial cells in the lens of 
molecules that protect against oxidative damage.209,210

The unique structure of the lens creates special problems 
for the majority of fiber cells that do not contact the lens 
epithelium or capsule. Nutrients must reach these cells  
by diffusion, either between cells or through specialized 
cell–cell junctions. To reduce light scattering and maintain 
transparency, lens fiber cells must maintain a very small 
extracellular space. Therefore, nutrient and metabolite trans-
port is more likely to occur through cells, rather than between 
them. This predicts that metabolites will accumulate in the 
center of the lens and that diffusion will limit the availability 
of nutrients and essential metabolites to cells deeper in the 
lens. Mature fiber cells do not synthesize proteins and must 
deal with the consequences of molecular senescence without 
the capacity for repair.

The lens derives much of its energy from glycolysis.211,212 
The end product of glycolysis is lactic acid. As a result of 
lactate accumulation, intracellular pH drops significantly 
from peripheral to deeper fiber cells.213,214 As a result, pH-
sensitive processes will be differentially affected in different 
regions of the lens.215 Gap junction conductance is one of 
the systems in the lens that could be affected, since gap junc-
tion permeability is generally decreased at low pH. Interest-
ingly, lens connexins do not decrease their conductance in 
response to the decreased pH in the mature fiber cells of the 
mouse lens.216,217 This adaptation preserves a diffusion 
pathway from the lens periphery to its center.217 Other struc-
tural and metabolic adaptations to the standing pH gradient 
in the lens are likely to exist.

Another problem that the lens faces is the need to main-
tain protein stability for many decades. Once the lens is 
formed, proteins are synthesized only in the superficial fiber 
cells. Therefore, proteins made during embryogenesis in 
humans may have to last for more than 100 years. Accumu-
lated damage leads to loss of enzymatic activity. Altering the 
structure of the crystallins, cytoskeletal proteins, and enzymes 
also increases their propensity for aggregation, a process that 
can lead to cataract formation.

Oxidants within and around the lens
All of the cells of the body exist in an oxidizing environment. 
Molecular oxygen is, directly or indirectly, the source of most 
oxidative damage. If cells could survive in an atmosphere 
free of oxygen, most oxidative damage could be avoided. For 
most cells this is not possible. However, human lenses can 
be maintained in an atmosphere of pure nitrogen for some 
time, as long as adequate amounts of glucose are provided.218 
This is possible because the lens obtains much of its energy 
from glycolysis.211,212

The oxygen tension around the lens in the living eye is 
quite low, <15 mmHg (~2% O2) just anterior to the lens and 
<9 mmHg (~1.3% O2) near its posterior surface.219–224 
Oxygen levels within the human lens are even lower 
(<2 mmHg).225 The low oxygen tension around and within 
the lens helps to protect lens proteins and lipids from oxida-
tive damage. Even with this low level of oxygen, the lens 
normally derives a proportion of its ATP from oxidative 
phosphorylation,211 a process that, of necessity, generates 
free radicals.208
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glutathione, ascorbate is readily oxidized, forming dehy-
droascorbic acid in the process. Therefore, ascorbate can 
react with free radicals and other oxidants in the aqueous 
humor and the lens, preventing these molecules from dam-
aging lens lipids, proteins, and nucleic acids. On the other 
hand, if dehydroascorbate accumulates in the lens, its 
metabolites can react with lens proteins, increasing lens 
color and decreasing protein stability.245 The high GSH levels 
in the lens are likely to maintain most ascorbate in its 
reduced state, thereby avoiding much of this potential 
damage.

The lens has two enzyme systems to detoxify hydrogen 
peroxide. Lens epithelial cells have abundant levels of cata-
lase, which converts hydrogen peroxide to water,247 and glu-
tathione peroxidase, an enzyme that couples the reduction 
of hydrogen peroxide to the oxidation of glutathione. Studies 
on cultured lenses and lens epithelial cells suggest that glu-
tathione peroxidase provides most of the protection against 
the potential damaging effects of physiological levels of 
hydrogen peroxide, as catalase is only effective against rela-
tively high concentrations of peroxide.248

Energy production in the lens

Due to the lack of blood supply, the oxygen concentration 
within and around the lens is much lower than in most other 
parts of the body.219,221,222,224,225 The lens, therefore, depends 
on glycolytic metabolism to produce much of the ATP and 
the reducing equivalents required for its metabolic activi-
ties.211,218 The glucose required for glycolytic metabolism is 
derived from the aqueous humor. Aqueous humor glucose 
levels are maintained by facilitated diffusion across the 
ciliary epithelium.

However, lens epithelial cells and superficial fiber cells 
also contain mitochondria. Therefore, cells near the surface 
of the lens use both glycolytic and oxidative pathways to 
derive energy from glucose. About 50 percent of the ATP 
produced by rabbit lens epithelial cells is derived from oxi-
dative metabolism, while glycolysis accounts for nearly all 
the ATP produced in lens fiber cells.211

Water and electrolyte balance

Due to its high protein concentration and the lack of a blood 
supply, the lens faces special problems in regulating its water 
content and in providing nutrients and antioxidants to cells 
deeper in the lens.249 Protein concentration increases as one 
goes from the more superficial fiber cells to fiber cells deeper 

NADPH in the lens is produced by the hexose monophos-
phate shunt, the activity of which is important for the con-
tinued production of reduced glutathione.212

However, fiber cells deeper in the lens have minimal 
capacity for the synthesis or reduction of glutathione. They 
must obtain most of their reduced glutathione by diffusion 
from more superficial fiber cells.237,240 Glutathione can form 
disulfide bonds with the oxidized sulfhydryl groups of pro-
teins. These glutathione-protein mixed disulfides can then 
be reduced by a second molecule of glutathione, a process 
that is facilitated by the enzyme thioltransferase.241 This 
regenerates the protein sulfhydryl and forms GSSG (two 
molecules of glutathione linked by a disulfide bond). The 
GSSG that results from this process must then diffuse to 
more superficial layers of the lens where it can be reduced 
to regenerate GSH (Fig. 5.10). It is likely that this two-way 
diffusion is the rate-limiting step in maintaining a reducing 
environment in the center of the lens.209,210 The rate of dif-
fusion between the superficial and deeper layers of the lens 
diminishes with age.240 Therefore, proteins and lipids in the 
nuclei of older lenses may be more susceptible to oxidative 
injury than those in younger lenses.

Ascorbic acid is also likely to protect the lens against 
oxidative damage. Ascorbate is actively transported from the 
blood to the aqueous humor by a sodium-dependent trans-
porter located in the ciliary epithelium242 and reaches con-
centrations in the aqueous humor that are 40–50 times 
higher than levels in the blood.243 The ascorbate levels in the 
lens and other intraocular tissues are also substantial.244,245 
Dehydroascorbate, the oxidized form of ascorbic acid, enters 
lens cells by way of the glucose transporter, where it is 
reduced by glutathione-dependent processes.243,246 Like 

Glutathione
peroxidase

GSSG

GSH

H2O

H2O2

NADPH

NADP

CO2

Glucose 6-
PO4

Glutathione
reductase

Hexose
monophosphate shunt

Figure 5.9 Diagram showing the major reactions 
responsible for the reduction of glutathione  
(right side) and the use of glutathione to reduce 
hydrogen peroxide (left side).

     GSH + GSSG GSH + GSSG

Figure 5.10 Diagrammatic representation of the distribution of reduced 
glutathione (GSH) and oxidized glutathione disulfide (GSSG) in the adult 
human lens. An increased fraction of glutathione is in the oxidized form in 
the center of the lens, a situation that is often increased in the aging lens.
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calcium levels measured in fiber cell cytoplasm are substan-
tially higher than the levels in epithelial cells.255,257 In addi-
tion, there appears to be a gradient of free calcium that 
decreases from the posterior to the anterior ends of lens fiber 
cells.257 These observations are consistent with the view that 
calcium slowly leaks into lens fiber cells and is removed by 
membrane pumps at the lens surface. The activity of these 
pumps in maintaining low cytoplasm calcium concentra-
tions is important, because treatments that abruptly raise 
free calcium levels lead to rapid degradation of the lens fiber 
cell cytoskeleton, uncontrolled proteolysis, cell swelling, and 
opacification.256,258–262

Lens epithelial cells transport nutrients into their cyto-
plasm from the aqueous humor. Although the transport of 
small molecules from epithelial cells to fiber cells has been 
demonstrated,154,193 the relative importance of this pathway 
in providing nutrients to the fiber cells, compared to trans-
port directly across the surface membranes of superficial 
fiber cells, has not been determined. When metabolite trans-
porters have been examined in lens fiber cells, these mole-
cules have usually been found. The distribution of glucose 
transporters in the lens illustrates this issue. Lens epithelial 
cells express abundant levels of the glucose transporter, 
glut1, that is presumably used for the uptake of glucose from 
the aqueous humor.263 Although fiber cells express little 
glut1, they express large amounts of the higher-affinity 
glucose transporter, glut3. Therefore, fiber cells can transport 
glucose into their cytoplasm from the extracellular milieu, a 
finding that raises questions about the relative importance 
of the epithelial cells in providing glucose to the fiber cells.

Lens transparency and refraction

Vertebrate lenses are remarkably effective optical devices. An 
efficient lens must be transparent to the wavelengths of light 
that can be detected by the photoreceptors, have a focal 
point that is appropriate for the optical system in which it 
functions, and have a minimum of spherical and chromatic 
aberration. Lens transparency depends on the organization 
of the cells of the lens and of the distribution of the proteins 
within them. The precise organization of the fiber cells, their 
high protein concentration, and the absence of organelles 
from the fiber cells that lie in the optical axis assures that  
a minimum of scattering occurs as light passes through  
the lens.

The cellular and molecular interactions responsible for 
establishing and maintaining the curvature of the lens sur-
faces are not known. Studies in chicken embryos demon-
strated that influences from outside the lens normally 
regulate its shape and rate of growth.39 Lenses in different 
species range from nearly spherical (rodents) to an axial 
ratio of more than 2:1 (humans). As the human lens grows, 
the radii of curvature of its anterior and posterior surfaces 
decrease significantly.264 In spite of this, the focal point of 
the lens remains remarkably constant, suggesting that the 
refractive power of the lens cytoplasm changes in a way that 
compensates for the change in curvature of the refractive 
surfaces. Control of lens shape is one of the most fascinating 
unanswered (and little explored) aspects of lens biology.

The high protein concentration of the lens fiber cells 
causes the refractive index of the lens to be higher than that 

in the lens.10 However, this protein gradient is not associated 
with a reciprocal gradient in the osmotic activity of water, 
because there is no tendency of water to flow into the cells 
of the lens nucleus. The mechanism by which this large 
potential osmotic gradient is neutralized is not known. 
Decreased protein osmotic activity might result from the 
increase in the short-range interactions between protein 
molecules that contributes to lens transparency.12 The mech-
anism by which proteins can be concentrated in osmotically 
neutral manner remains an important unsolved question in 
the biophysics of the lens.

Several studies provide evidence for an ionic circulation 
within and around the lens. Vibrating electrodes detect gra-
dients of electrical potential around the lens.250,251 Positive 
charges flow into the lens near the anterior and posterior 
sutures and out at the equator. Like most cells, the mem-
branes of lens epithelial and superficial fiber cells contain 
sodium, potassium-activated ATPase activity. This Na+, K+-
ATPase generates an electrochemical gradient across the 
surface membranes of the lens, with the interior of the lens 
more negative than the extracellular space. The electrochem-
ical potential tends to drive positive charges, largely sodium 
ions, into lens cells. This appears to be the origin of the 
inward positive current at the sutures.250–252 The positive 
current flowing out at the lens equator is likely to be carried 
by potassium ions.252

A model that takes into account the electrical and bio-
physical properties of the lens predicted that water will 
follow the flow of ions into and out of the lens, creating an 
internal circulation system.253 While this is an appealing 
theory, direct evidence for water flow through the lens fiber 
cell cytoplasm has not been provided. Numerous studies in 
which fluorescent dyes were injected into fiber cells have, so 
far, failed to detect the directed, bulk movement of water 
that would be predicted by this model. Other studies detected 
inward flow of water across the lens epithelium and the 
whole lens, suggesting net flow of water from the anterior 
chamber to the vitreous body.254 The importance to lens 
physiology of this potential flow has not been tested.

The transmembrane potential of the human lens decreases 
steadily with age.255 This decrease is caused by an increase in 
the permeability of the fiber cell membranes to sodium and 
calcium ions through non-selective cation channels. It is not 
clear whether the increased cation permeability is due to 
increased numbers of these channels, to the appearance of 
the new type of channel, or to an increase in the activity 
(open probability) of pre-existing channels. The increase in 
cation permeability is balanced by an increase in the activity 
of membrane ATPases, which remove sodium and calcium 
from lens cells. In spite of the increased pump activity, free 
sodium and calcium levels increase in the cytoplasm of older 
lenses.255 Since the transmembrane potential of all cells indi-
rectly provides the driving force for the transport of many 
metabolites and nutrients, the age-related decrease in the 
transmembrane potential of the lens may have important 
consequences for lens metabolism and ionic homeostasis. 
Elevated calcium levels can also lead to metabolic distur-
bances and destruction of cell components through the acti-
vation of calcium-sensitive proteases.256

Like all cells, lens epithelial and fiber cells maintain a 
much lower concentration of free calcium ions in their cyto-
plasm than is found in the extracellular space. However, free 
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fraction. In addition, when one separates the water-soluble 
crystallins by size, an increasing proportion is found in high 
molecular aggregates. Therefore, there is a general tendency 
for proteins to become aggregated and less soluble in the 
older fiber cells.274,275 Alpha-crystallin is a good example. In 
the lens nucleus from individuals of increasing age, one 
finds decreasing amounts of soluble α-crystallin. By age 45, 
no α-crystallin is detectable in the water-soluble fraction 
from the lens nucleus.276,277

The gradual insolubilization of α-crystallin is likely to be 
related to its function as a molecular chaperone.100 When 
lens proteins are partially unfolded, hydrophobic domains 
are exposed. Alpha-crystallin binds to these hydrophobic 
regions, presumably preventing uncontrolled protein aggre-
gation. It seems likely that accumulated damage to the crys-
tallins and other proteins leads to increased association with 
α-crystallin. Interestingly, in spite of the loss of soluble 
α-crystallin, one does not see a precipitous increase in the 
rate of protein aggregation in the lens nucleus after age 45.

Another age-related change seen in crystallin structure is 
the increasing racemization of aspartic acid, methionine and 
tyrosine, and the deamidation of glutamine and asparag-
ine.272,273,278–280 Racemization and deamidation alter protein 
structure and/or charge. These changes correlate well with 
age, but do not differ significantly in clear and cataractous 
lenses of the same age.

Some components of the lens fiber cell cytoskeleton are 
disassembled in older fiber cells. Vimentin intermediate fila-
ments are degraded in the deeper lens cortex, well after the 
loss of membrane-bound organelles.281 Beaded filaments 
composed of phakinin and filensin persist into the lens 
nucleus and may last for the life of the lens.133 Actin micro-
filaments also appear to survive in the oldest fiber cells, 
although the persistence and continued association of these 
filaments with the plasma membrane has been ques-
tioned.282–284 Proteolysis and insolubilization of the compo-
nents of the cytoskeleton appear to contribute to their 
disassembly.133,281,284

The structure and development  
of the lens sutures

Sutures form at the anterior and posterior poles of the lens 
where fiber cells growing from opposite sides of the lens 
abut at their apical and basal ends. In some species all fiber 
cells meet near the midline of the lens, forming an “umbili-
cal” suture.285 In most species, the sutures form along planes. 
In human embryos, elongated lens fiber cells meet at three 
planes, forming an upright “Y” at their anterior ends (with 
respect to the superior–inferior axis of the eye) and an 
inverted “Y” posteriorly (Fig. 5.11A). As the human lens 
grows, the suture planes formed by more superficial shells 
of fibers become increasingly complex. The first evidence of 
this typically occurs soon after birth, when two new suture 
planes form at the ends of each of the three branches of the 
Y sutures (Fig. 5.11B). As new fibers are added during lens 
growth, the branch points of the newly formed sutures grad-
ually “migrate” towards the center, eventually forming a six-
pointed “star” suture (Fig. 5.11C).285 Branching again occurs 
at the tips of each of these six planes, eventually forming  
a total of 12 suture planes at the anterior and posterior  

of the fluid around it. Fiber cells close to the surface of the 
lens have a lower protein concentration than fiber cells 
deeper in the lens, creating a gradient of refractive index that 
at least partially corrects for spherical aberration.265–267

Although the human lens is transparent to most wave-
lengths of visible light, it produces and accumulates chromo-
phores that absorb the shortest wavelengths of the visible 
spectrum. At birth, the human lens is a pale yellow color. 
With increasing age the amount of yellow pigmentation in 
the lens increases. This pigmentation absorbs the shorter, 
more energetic wavelengths of light, preventing them from 
reaching the retina. The predominant yellow chromophores 
in the young human lens are metabolites of tryptophan, 
especially N-formyl kynurenine glucoside.14 With aging, an 
increasing variety of soluble and protein-bound chromo-
phores are found in the lens fiber cells.268,269 When especially 
high concentrations of these chromophores accumulate, 
they can reduce visual acuity by increasing light absorbance, 
leading to the formation of what is termed a “brunescent” 
cataract. The factors responsible for the excessive accumula-
tion of chromophores in some lenses are not known, 
although recent studies have suggested that the oxidative 
modification of proteins may play a significant role.268 Bru-
nescent cataract is more common in rural areas and in devel-
oping countries, a factor that suggests that nutritional or 
environmental factors, like cooking smoke, may also be 
important.270

Changes in the lens with aging

Fiber cells in the center of an adult lens were produced 
during early embryonic life, while those at the surface of the 
lens may be weeks or months old. Many have touted the 
lens as a valuable model system for studying aging. However, 
unique properties of the lens, especially the lens fibers, make 
it an inappropriate model for aging in most cell types. Gene 
expression and protein synthesis cease at about the time that 
the fiber cells degrade their organelles.7 In nearly all other 
cell types, RNA and protein synthesis and turnover continue 
throughout life.

To follow changes in the composition of the lens that are 
related to age, one must correlate changes in fiber cells from 
lenses of different ages and from different layers of the same 
lens. Using this approach it was shown that, in the human 
lens, many of the soluble crystallins are sequentially trun-
cated by proteolysis over a period of months to years.271 
Some of the β-crystallins are degraded relatively rapidly, 
while other crystallins much more slowly. However, by the 
end of the first 20 years of life, most of the crystallins appear 
to reach a steady state after which little additional degrada-
tion occurs. Therefore, in older lenses, crystallins in the 
center of the lens and crystallins a short distance from the 
surface of the lens show similar degrees of proteolysis.271–273 
These studies only examined changes in soluble crystallins. 
Further studies may show that crystallins in the insoluble 
fraction are more extensively degraded.

The proteins of the lens are often characterized by their 
relative solubility, typically being separated into fractions 
that are water-soluble, urea-soluble, and “insoluble”. As one 
goes from more superficial to deeper fiber cells, an increasing 
percentage of the crystallins are found in the insoluble  
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In certain cases, foreign materials may be deposited in the 
capsule during its synthesis. These deposits can be viewed in 
slit lamp or Scheimpflug images.289 Eventually, these depos-
its disappear from the lens. One interpretation of this obser-
vation is that, as new layers are laid down on the inner 
surface of the capsule, capsular material is lost from the 
surface of the lens. If this interpretation is correct, the rate 
of synthesis of components of the capsule at its inner surface 
and the rate of degradation at its outer surface regulate its 
thickness. The capsule also must be remodeled during 
embryonic life, when the surface area of the lens is increasing 
rapidly.290 The enzymes that are responsible for the degrada-
tion or remodeling of the capsule have not been identified.

In keeping with its similarity to typical basal laminae, the 
lens capsule is composed predominantly of type IV collagen, 
laminin, entactin (nidogen), and heparan sulfate proteogly-
cans.33,37,287,291 However, studies have shown that some com-
ponents of the capsule differ in the anterior, posterior, and 
equatorial regions of the lens.288,290,292 In the adult lens the 
capsule is significantly thicker over the epithelium and 
thinner over the basal ends of the superficial fiber cells. The 
factors that regulate the differential distribution and accu-
mulation of the components of the lens capsule remain to 
be identified. Several diseases are associated with defects in 
the components of the capsule, including pseudoexfoliation 
syndrome (lysyl oxidase polymorphisms), Pierson syndrome 
(laminin-β2 mutations) and Alport syndrome (collagen IV 
mutations).37

The zonules

The zonules (suspensory ligament, zonules of Zinn) are 
composed of thin fibrils that suspend the lens in the anterior 
of the eye. Zonular fibers insert into the lens capsule near 
the equator and into the basal lamina of the non-pigmented 
layer of the ciliary epithelium (Fig. 5.12).293 It is likely that 
the ciliary epithelial cells synthesize the components of these 
fibrils.8 The primary structural protein in zonular fibers is 
fibrillin.8,9,294 Mutations in the fibrillin gene are responsible 
for Marfan syndrome, in which dislocation of the lens is a 
common clinical finding.295,296

Examination of the insertion of zonular fibers into the 
lens capsule shows that these fibers are intimately inter-
woven with the components of the capsule.8,293,297 If, as 
suggested above, the capsule is continuously degraded at  
its outer surface, it is unclear how the zonular fibers and 
capsular fibers maintain their connections.

This is only one of the topological paradoxes associated 
with the synthesis and maintenance of the zonules. For 
example, it is also not clear how the components of the 
fibrils are originally inserted into the lens capsule, especially 
when they are under tension, or how the zonular fibers  
are physically attached to the basal lamina of the ciliary 
epithelial cells while being synthesized by these same  
cells. Presumably, the zonular fibers establish their attach-
ment between the lens capsule and ciliary epithelium early 
in development when these basal laminae are in direct 
contact. If this assumption is correct, it would predict that 
the number of zonular fibers should not change throughout 
life. If it is not correct, a mechanism must exist for these 
fibrils to be assembled across the space between the ciliary 

surfaces of the lens (Fig. 5.11D, E).285 The increasing geomet-
ric complexity of the suture patterns in older human lenses 
results in lenses with better optical properties than in species 
that maintain a simple Y suture pattern throughout life.286

The formation and orientation of the sutures provides a 
challenging problem for developmental, cell, structural and 
theoretical biologists. The lens appears to be radially sym-
metrical about the optical axis. Yet, the sutures form in a 
pattern that breaks this symmetry. The spatial cues that lead 
to the precise alignment of the suture planes with respect to 
the axes of the eye and body are not known.

The lens capsule

When the lens placode invaginates from the surface ecto-
derm early in embryonic life, it is already supported by a 
thin basal lamina.35 This extracellular matrix surrounds the 
lens vesicle after it detaches from the surface ectoderm. The 
lens epithelial and superficial fiber cells continue to secrete 
the components of the basal lamina, which thickens to 
become the lens capsule.35,36 Examination of the lens capsule 
in the electron microscope shows that it is composed of 
multiple laminae, as if the basal lamina had been replicated 
many times.287 Studies of the synthesis of the lens capsule in 
experimental animals showed that newly synthesized capsu-
lar materials are originally deposited close to the basal ends 
of epithelial and fiber cells.288 With time, the labeled com-
ponents of the capsule move farther away from the surface 
of the cells, as they are displaced by successive layers of 
newly synthesized capsular material.

Clinical observations have also supported the view that 
the human lens capsule is synthesized from the inside out. 
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Figure 5.11 Diagram illustrating the increasing complexity of the sutures 
as the lens grows. The sizes of the lenses depicted are to scale. (A), (B), (C) 
The tripartite “Y” suture that forms during embryogenesis as a result of 
secondary fiber cell formation is converted into a six-pointed star suture by 
the continued deposition of new fiber cells. If one were to peel away the 
fibers from the lens depicted in (C), the initial tripartite suture pattern would 
be revealed. (D), (E) Further growth results in the formation of additional 
suture planes.
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of age-related cataracts are nuclear, cortical, and posterior 
subcapsular. Nuclear cataracts occur in the oldest fiber cells 
near the center of the adult lens – those formed during 
embryonic and fetal life. Cortical cataracts occur in cells 
formed later in life. These cataracts typically begin in a sector 
of the lens cortex, affecting mature cells that have already 
degraded their organelles. Posterior subcapsular cataracts 
result from light scattering by a plaque of swollen cells at 
the posterior pole of the lens.

In addition to age-related cataracts, there is a wide variety 
of less common cataracts that are usually classified based on 
their etiology. These include the opacification of the poste-
rior lens capsule that sometimes occurs following cataract 
surgery, referred to as secondary cataracts, after cataracts, or 
posterior capsular opacification (PCO).

Cataract epidemiology
The risk factors associated with different types of age-related 
cataracts provide clues to the environmental factors that 
promote cataracts or protect against them. Therefore, before 
considering the mechanisms that may cause age-related cata-
racts, it is useful to consider the factors that influence the 
risk of cataracts in human populations. Although epidemio-
logic factors are often difficult to identify with certainty, 
especially for a disease that occurs late in life, those factors 
that are frequently associated with cataracts in human popu-
lations are likely to be relevant to the disease mechanism.

General risk factors
Not surprisingly, age is the primary risk factor for the most 
common kinds of cataract. There is an exponentially increas-
ing incidence of cataract after age 50. One risk factor common 
to most kinds of cataract is lower socioeconomic status and/
or lower education. Since lower socioeconomic status may 
predispose to nutritional deficiencies, increased exposure to 
diseases, poor general health status, and increased occupa-
tional exposure to cataractogenic agents, it is difficult to 
determine the specific aspects of lower socioeconomic status 
that are important for cataract formation.

Sex is also an important influence on the incidence of 
cataract. Women are at increased risk for most kinds of cata-
ract.298–304 Conversely, studies have suggested that estrogen 
protects against cataract formation in humans and animals 
and that cataracts may be delayed by late menopause.305–310 
Lowering estrogen function with the anti-estrogen tamoxifen 
increased the risk of cataracts when used for long dura-
tion.311,312 The protective effect of estrogen suggested by these 
studies makes the increased overall levels of cataract in 
women harder to understand. If estrogen is protective, other 
factors, as yet unknown, must strongly predispose women 
to cataract formation. Alternatively, higher levels of male sex 
steroids may be protective against cataract.

When the influences of age, sex and socioeconomic status 
are removed, specific risks for different types of cataracts are 
revealed. Smoking and high alcohol consumption have been 
identified in several studies as dose-dependent risk factors 
for nuclear and, in some cases, cortical cataracts.304,313–315 
Dark iris color is often associated with a higher incidence  
of all types of lens opacities,304,316,317 a finding that may also 
be related to higher levels of cortical cataract in blacks  
than whites.300 Exposure to anti-inflammatory steroids and 

epithelium and the lens capsule, a remarkable feat of 
bioengineering.

As the lens grows, the position of insertion of the zonules 
shifts anteriorly.297 Since the zonules are believed to main-
tain a fixed point of insertion into the lens capsule, this shift 
has been interpreted as evidence for a relative increase in 
capsule synthesis at the lens equator.297 It is possible that the 
age-related anterior shift in the zonular insertion point alters 
the forces applied on the lens during accommodation and 
may contribute to presbyopia.297

Cataracts

A cataract is any opacification of the lens. Cataracts are con-
sidered to be clinically significant when opacification inter-
feres with visual function. Loss of lens transparency can be 
due to an increase in light scattering or light absorption. 
Increased light scattering can be caused by disruption of the 
structure of lens fiber cells, increases in protein aggregation, 
phase separation in the lens cell cytoplasm, or by a combina-
tion of these processes.

Age-related cataracts are classified based on the region of 
the lens that is affected (Fig. 5.13). The most common types 

Figure 5.12 Scanning electron micrograph showing tapering bundles 
of zonular fibers inserting into the lens capsule (magnification ×780). 
(Reproduced with permission from Streeten, B.W., The zonular insertion: a scanning 

electron microscopic study. Invest Ophthalmol Vis Sci, 1977. 16(4): p. 364-75. 

Reproduced with permission from Association for Research in Vision and 

Ophthalmology293)
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variables, including smoking, age, race, and sex were 
removed, the presence of clinically significant cataracts 
remained as a strong, independent predictor of mortality, 
especially in younger patients with cataract.318–321 These find-
ings suggest a connection between cataracts and systemic 
phenomena influencing survival. Considered in another 
way, behavioral, nutritional and biochemical factors that 
prevent age-related cataract formation may lengthen life 
span. However, other studies failed to find an association 
between cataract and increased mortality.320,322 A recent 
5-year follow-up of patients undergoing cataract surgery in 
the UK in 2000–2001 revealed lower mortality than in the 

ionizing radiation are well-recognized risks for posterior 
subcapsular cataracts. Few additional risk factors have been 
consistently identified for PSCs. However, this could be the 
statistical consequence of the generally lower frequency of 
PSCs than of other types of cataract. Numerous epidemio-
logical studies have identified additional risk factors for cata-
racts. These are not detailed here, either because their 
association with cataract was not especially strong, or because 
they have not been seen in the majority of epidemiological 
studies of cataract.

Several studies have found an interesting association 
between cataracts and increased mortality. When confounding 
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Figure 5.13 Photographs taken using a 
Scheimpflug camera of the anterior portion of 
human eyes. Light scattering from the cornea, 
the lens capsule-epithelium and any opacity in 
the lens can be seen in the photographs. 
Scattering intensity is shown in scans of  
the photographs made with a densitometer.  
(A) Normal lens. (B) Cortical cataract. 
(C) Nuclear cataract. (D) Posterior subcapsular 
cataract.
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in their visual acuity and decreases in the amount of light 
scattering in their lenses. This result suggests that, even in 
older individuals, the lens has the capacity to reverse oxida-
tive damage to the components of the nucleus.331

The onset of nuclear cataract formation is often associated 
with an increase in the refractive power of the lens.332 For 
hyperopic patients this “myopic shift” temporarily causes an 
improvement in their near visual acuity, a phenomenon that 
is often called “second sight.” This increase in refractive 
power is associated with hardening of the lens nucleus. It is 
not surprising that the term “nuclear sclerotic cataract” is 
used to describe the opacities that soon follow.

Patients treated with hyperbaric oxygen also experience 
significant myopic shift. As with the light scattering described 
above, these increases in lens refractive power usually 
reversed during treatment or soon thereafter.331,333,334 This 
suggests that the hardening of the lens and its increased 
refractive power, as occurs in nuclear sclerotic cataracts, are 
caused by oxidative damage to the proteins and lipids of 
central lens fiber cells. In this case, reducing the source of 
oxidative damage (hyperbaric oxygen) permitted the lens to 
recover much of its normal refractive properties.

Isolated lenses and experimental animals have also been 
treated with hyperbaric oxygen. The results of these studies 
are in general agreement with the findings in patients receiv-
ing hyperbaric oxygen therapy, although frank nuclear opac-
ities are rarely seen. These animal models provide useful 
tools to study the earlier biochemical effects of oxidative 
stress on cataract formation.335–337

Studies of patients treated with hyperbaric oxygen suggest 
that molecular oxygen or a metabolite derived from molecu-
lar oxygen contributes to nuclear sclerosis and nuclear cata-
ract formation. Studies of the effect of hyperbaric oxygen on 
the lens also provide some of the strongest evidence that the 
cells of the lens nucleus are in a delicate balance between 
their ability to prevent or reverse oxidative damage and the 
tendency for oxidation to occur. The fact that hyperbaric 
oxygen leads to opacification of the lens nucleus, but not the 
more superficial lens fiber cells, shows that the central fibers 

general population.322 This paper also provides a thorough 
compilation of previous studies of cataract and mortality.

Several studies found an association between lens thick-
ness and the most common types of age-related cataract. In 
the Beaver Dam Eye Study, a comprehensive evaluation of 
ocular disease in a US population of northern European 
ancestry, cortical cataracts correlated with thinner and 
nuclear cataracts with thicker lenses.189 Five-year follow-up 
of subjects that initially had clear lenses revealed that having 
a thinner lens was a risk for developing cortical cataract. 
Thicker lenses at baseline were associated with increased risk 
of developing nuclear cataract.190 Studies in Singapore and 
India subsequently found similar associations between lens 
thickness and age-related cataract.191,192 Possible reasons for 
these associations are discussed below in the sections on 
nuclear and cortical cataracts.

Age-related nuclear cataracts
In the US and most Western countries, nuclear cataracts are 
most often associated with increased light scattering in the 
nuclear fiber cells. In many developing countries brunescent 
nuclear cataracts are more common. These opacities are 
associated with increased lens color and light absorption. 
Whether due to light scattering or absorption, nuclear cata-
ract is the most common type in most countries or regions, 
typically accounting for more than 60 percent of cataract 
surgery. However, cortical cataracts predominate in some 
countries or regions, particularly in Asian populations living 
in temperate climates.

There is abundant evidence that nuclear cataracts are asso-
ciated with increased oxidative damage to lens proteins and 
lipids.228,237,323–325 The formation of disulfide bonds between 
protein subunits can lead to aggregation and increased light 
scattering,237 although other forms of protein–protein inter-
actions also occur. There is also evidence that crystallins may 
associate with lens fiber cell membranes in increased amount 
in nuclear cataracts.326–329 The factors responsible for 
increased oxidation in nuclear cataracts are not fully under-
stood. However the marked age dependence of nuclear cata-
racts and the concurrent increase in oxidized glutathione in 
the lens nucleus suggests that the balance between protein 
and lipid oxidation and glutathione-dependent reduction 
are likely to be involved (see Box 5.3).237,240,330

Persuasive evidence for an association between oxidation, 
age, and cataract formation was provided by studies of 
patients treated with hyperbaric oxygen to alleviate the com-
plications of peripheral vascular disease.331 These individuals 
were exposed to 2.0–2.5 atmospheres of pure oxygen for one 
hour each day for up to three years. Of the 25 patients 
treated in this study, all but one had increased light scatter 
in the lens nucleus and nearly half developed frank nuclear 
cataracts. All of the individuals who showed increased light 
scattering or opacification in the nucleus were over 50 years 
old. The individual who did not show increased light scatter 
was 24 years old. Patients of slightly older average age with 
the same presenting symptoms, but not treated with hyper-
baric oxygen, served as the control group. None of the indi-
viduals in the control group developed cataracts over the 
study period. After the termination of treatment, some of the 
patients who had been treated with hyperbaric oxygen and 
had developed increased light scatter showed improvements 

Box 5.3 Nuclear sclerotic cataracts; oxidation  
is the key

Nuclear cataract is associated with the oxidative damage to the 
proteins and lipids, leading to hardening of the lens nucleus and 
increased light scattering. Hardening of the lens nucleus 
increases its refractive power, causing a “myopic shift” which is 
later followed by cataract formation. The lens normally exists in 
an extremely hypoxic environment. Patients treated with 
long-term hyperbaric oxygen therapy develop a myopic shift and, 
eventually, nuclear cataracts. Removal of the vitreous body 
during retinal surgery increases oxygen levels at the posterior of 
the lens and leads to rapid-onset nuclear cataracts. Retina surgery 
performed without vitrectomy avoids cataract formation. The 
high level of ascorbate (vitamin C) that is present in the ocular 
fluids reacts with oxygen, reducing oxygen exposure to the lens. 
Age-related degeneration of the vitreous body is associated with 
lower ascorbate levels, slower oxygen consumption and 
increased risk of nuclear cataract. Protecting the lens from 
exposure to oxygen or preserving the gel structure of the 
vitreous body could prevent the formation of nuclear cataracts.
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with increased granularity of the fiber cell cytoplasm  
(Fig. 5.15).352–354 Techniques aimed at detecting subtle alter-
ations in the organization of the fiber cell cytoplasm did not 
detect significant differences between clear lenses and the 
majority of lenses with nuclear cataracts.354 More subtle 
changes in the organization of the cytoplasm, whether they 
are due to protein aggregation or microscopic phase separa-
tion, cannot be ruled out. It is important to recognize that 
only a small fraction of the protein in the lens fiber cell 
cytoplasm needs to be aggregated in order to increase light 
scattering dramatically.355 This makes it difficult to identify 
the changes that lead to opacification among the many alter-
ations of lens proteins that occur with aging.

are more susceptible to oxidative damage, even though they 
are farther away from the source of oxygen. Age-associated 
decrease in the rate of diffusion of glutathione to the lens 
nucleus is likely to be part of the reason for this increased 
susceptibility.209,210,237,240,330,338

Nuclear cataracts occur frequently in older patients within 
6 months to 3 years after vitrectomy. Several studies have 
reported that the incidence of cataracts is as high as 95% 2 
years after the removal of the vitreous body.339–347 Evidence 
is accumulating which suggests that study of post-vitrectomy 
cataracts may help to understand the general mechanism 
responsible for the formation of age-related nuclear cataracts.

The appearance of the lens in post-vitrectomy nuclear 
cataracts is similar to typical age-related nuclear cataracts, the 
only difference being the rapidity of onset of cataracts after 
vitrectomy. If one assumes that the etiology of the cataracts 
in both cases is the same, there is likely to be an increase in 
oxidative damage in the lens following vitrectomy. The lens 
is usually not touched during vitrectomy and the time 
between surgery and cataract formation is at least several 
months. Therefore, the high incidence of nuclear cataracts 
after this procedure is probably due to changes in the envi-
ronment around the lens, not to direct damage to the lens 
during surgery. Measurement of oxygen near the lens after 
vitrectomy showed that oxygen levels increased greatly 
during surgery and remained significantly elevated in the 
eyes of patients who returned for a second retinal surgery 
months or years later.222 When retinal surgery could be per-
formed without damaging the vitreous gel, cataract was pre-
vented, even 5 years after the initial surgery.348 In a related 
study, eye bank eyes with a greater degree of vitreous degen-
eration (liquefaction) were more likely to have nuclear opac-
ities than eyes with a more intact vitreous gel. In eyes between 
50 and 70, the extent of vitreous liquefaction was a stronger 
predictor of nuclear opacification than age. Diabetics, who 
have lower levels of oxygen in the vitreous,224 also progress 
to cataract surgery more slowly after vitrectomy than non-
diabetics.349 These studies suggest that the vitreous gel pro-
tects against nuclear cataract, probably by protecting the lens 
from exposure to oxygen from the retinal vasculature.

The high concentration of ascorbate in the vitreous body 
also appears to protect the lens from exposure to oxygen.350 
There is usually ~2.0 mM ascorbate in the human vitre-
ous.350,351 Degeneration of the vitreous body or prior vitrec-
tomy was associated with a ~40 percent decrease in the mean 
ascorbate concentration. An endogenous catalyst enabled 
the ascorbate in the vitreous to react with oxygen. Presum-
ably, ascorbate-dependent oxygen consumption reduces the 
exposure of the lens to oxygen. When the level of ascorbate 
or the catalyst in the vitreous fluid decreased, the ability  
of the vitreous to consume oxygen also decreased.350 There-
fore, excessive vitreous degeneration or vitrectomy lowers 
the concentration of ascorbate in the vitreous, which would 
be expected to increase the exposure of the lens to oxygen 
(Fig. 5.14).

The increased light scattering associated with nuclear cata-
ract formation could be due to protein aggregation or to 
changes in the organization of the fiber cell structure. Exami-
nation of the fiber cells in the lens nucleus with the electron 
microscope suggests that nuclear cataract formation is 
usually not associated with a gross disruption of cell mem-
branes, obvious protein aggregation, phase separation, or 
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Figure 5.14 Diagram illustrating the role of the gel vitreous body and 
ascorbate in the vitreous fluid play in protecting the lens from excessive 
exposure to oxygen from the retinal vasculature. The gel state of the 
vitreous body prevents stirring of the contents of the vitreous chamber, 
allowing the uptake of oxygen by adjacent retinal cells. Increased mixing of 
the vitreous fluids after vitreous degeneration or vitrectomy increases 
exposure of the fluids to oxygen, which increases the degradation of 
ascorbate, allowing more oxygen to reach the lens. The chemical reactions 
summarized in the figure show the initial reactants (ascorbate and oxygen) 
and the end products (dehydroascorbate and water). Hydrogen peroxide is 
an intermediate product in this reaction, which is degraded to water and 
oxygen by the enzyme, catalase. If not taken up by cells, dehydroascorbate 
is rapidly hydrolyzed to yield several additional degradation products.
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The superficial lens fiber cells that are involved in cortical 
cataracts, like all mature lens fiber cells, span the thickness 
of the lens from the posterior to the anterior suture. There-
fore, the peripheral opacities that are characteristic of early-
stage cortical cataracts occur only in the central part of the 
affected fiber cells, with the apical and basal ends of these 
cells remaining transparent.360,361 The spread of the cortical 
cataract around the lens circumference involves progressive 
damage to an increasing number of lens fiber cells of similar 
age, while the extension of a cortical cataract into the visual 
axis involves progressive opacification of the extremities of 
the same cohort of fiber cells. It is remarkable that the central 
region of a group of fiber cells can be opaque while the tips 
of these same cells remain transparent. Extension of the 
opacity along the lengths of a small cluster of fiber cells leads 
to the formation of the “cortical spokes” that are frequently 
described in these cataracts.362

In contrast to the subtle morphological changes that 
occur during nuclear cataract formation, the damage found 
in cortical cataracts is catastrophic. Examination of the 
affected regions of lens fiber cells in a cortical cataract reveals 
almost complete disruption of cell structure.361,363,364 Plasma 
membranes are ruptured and many whorls and vesicles of 
membrane-like material can be found in the cytoplasm. 
Cytoplasmic proteins are typically aggregated to such an 
extent that the cytoplasm takes on a chalky appearance when 
the cataractous region of the lens is disrupted during cataract 
surgery or during dissection of the lens postmortem.

Only a small group of cells is affected in the early stages 
of cortical cataract formation. One can imagine several 
mechanisms that could lead to the formation of this initial 
opacity, including physical or chemical damage to the fiber 
cell plasma membrane, inhibition of the ion pumps or trans-
porters in these membranes, damage to the system respon-
sible for calcium homeostasis or the local loss of protective 
molecules like glutathione. Any one of these damaging 
occurrences would be likely to lead to all the others, making 
it particularly difficult to identify the initiating event in corti-
cal cataract formation.

No matter what the initiating event, loss of calcium 
homeostasis could underlie the radial and circumferential 
spread of opacification. Cytoplasmic calcium levels are 
abnormally high in the damaged cells of cortical cata-
racts.364–366 As mentioned above, lens fiber cells typically 
maintain their intracellular calcium concentration in the low 
micromolar range. Experimental elevation of lens cytoplas-
mic calcium levels leads to widespread proteolysis.365 If adja-
cent fiber cells are joined by membrane fusions, it may be 
difficult to prevent the eventual spread of high levels of 
calcium into adjacent cells.

The mechanism that initially prevents the spread of 
damage from the central portion of the lens fiber cell towards 
its basal and apical ends must involve the creation of a 
barrier between the central, cataractous region of the cell and 
the transparent, distal regions. Numerous membrane blebs 
and vesicles are seen in the opaque regions of cortical cata-
racts, a phenomenon that has been termed “globular degen-
eration.”367 If, during cataract formation, the cytoplasm were 
to fragment into such vesicles, it is likely that the proximal 
ends of the fiber cells, adjacent to the damage, would be 
sealed by fusion of the plasma membrane. This could “wall 
off” the damaged region of the cell, thereby slowing the 

During life, the nuclei of clear human lenses become up 
to 1,000 times harder or stiffer than at the time of birth.356,357 
The increased hardness that typically accompanies nuclear 
cataract formation is superimposed upon this age-related 
increase.356 As described above, since nuclear cataract 
involves increased oxidative damage, oxidation of the com-
ponents of the nucleus is likely to contribute to the stiffen-
ing of the lens cytoplasm that characterizes these “sclerotic” 
cataracts. Whether oxidative modification of crystallins is 
also involved in the age-related stiffening of clear lenses is 
not known.

In summary, it is likely that the aging lens is susceptible 
to oxidative damage, due to the increased difficulty in  
maintaining the cytoplasm of the lens nucleus in the reduced 
state.209 Any increase in oxidative load or further decrease 
in the ability of the lens nucleus to cope with the normal 
level of oxidation is likely to lead to nuclear cataract forma-
tion. In addition, experiments with animals, mentioned in 
the section on lens growth, showed that exposure of the lens 
to increased oxygen increased the rate of lens growth.187 
Since larger lenses are associated with increased risk of 
nuclear cataracts, exposure to oxygen may indirectly increase 
nuclear cataracts formation by increasing the size of the lens. 
Therefore, increased exposure of the lens to oxygen, as a 
result of hyperbaric oxygen therapy, after vitrectomy, or fol-
lowing age-related degeneration of the vitreous body, is 
likely to play a significant role in the formation of nuclear 
cataracts.

Age-related cortical cataracts
The cells that are affected in cortical cataracts are mature fiber 
cells that lie close to the surface of the lens. Cortical cataracts 
most often occur in the inferior half of the lens, with a ten-
dency for these cataracts to occur in the inferior nasal quad-
rant.358,359 Cortical opacities usually begin in small regions 
of the lens periphery and may spread around the circumfer-
ence of the lens over a period of years. Early stage cortical 
cataracts are usually not clinically significant, since the 
opacity does not impinge on the visual axis. As the cataract 
progresses and the opacity spreads towards the visual axis, it 
may eventually interfere with vision. However, an individual 
may have a superficial cortical opacity for years without 
experiencing a diminution of visual function.

Figure 5.15 Scanning electron micrograph of the lens fiber cells in the 
embryonic nucleus of a lens from an 80-year-old. The fiber cells are still well 
organized and intact. (Courtesy of Dr. J. Kuszak.)
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of the lens, just beneath the capsule.374–376 Because the 
opacity produced by these cells is in the optical axis, poste-
rior subcapsular cataracts are particularly disabling. Careful 
examination has shown that, in lenses with PSCs, the most 
superficial fiber cells are disorganized in localized regions at 
the lens equator. A “stream” of epithelial-like cells leads 
from the affected region of the equator to the opacity at the 
posterior pole.374 This suggests that PSCs result from the 
abnormal migration of lens epithelial cells or the aberrant 
differentiation of fiber cells.

Opacities can also occur at the posterior pole due to  
swelling of the posterior ends of the fibers along the suture 
planes. These “sutural” cataracts can sometimes resemble 
PSCs. However, sutural opacities are typically associated 
with inherited cataracts and are not common in age-related 
cataract.

“Pure” PSCs (PSCs not associated with another kind of 
cataract) are less common than either age-related nuclear or 
cortical cataracts, typically accounting for less than 10 
percent of cataracts in humans. However, PSCs may occur 
in conjunction with nuclear or cortical opacities.

Although specific risk factors associated with PSC forma-
tion are known, we have less information about the cellular 
or molecular defects that lead to the formation of these cata-
racts in humans. An animal model of steroid-induced cata-
ract provided some insight into this process, suggesting that 
defects in the adhesion of differentiating fiber cells may lead 
to PSC formation.377 Experimentally induced radiation cata-
racts also provide a relevant model. Cortical and posterior 
subcapsular opacities develop over weeks to months after 
exposure to sufficient levels of ionizing radiation.378–381 
These opacities are preceded by increased death in the ger-
minative zone epithelial cells and disorganization of the 
fiber cells that develop from those epithelial cells that survive 
the radiation damage.382–384 Increasing use of intravitreal 
steroids has led to an increase in PSCs. These cataracts may 
provide useful material for further study of the mechanisms 
underlying this disease.

Mixed cataracts
Cataract patients sometimes have a combination of nuclear, 
cortical, and/or posterior subcapsular cataracts. It is not  
clear whether having one kind of cataract predisposes  
a person to developing an additional kind of cataract, 
although it seems likely that such an association would  
have been noticed. This is particularly likely in the case of a 
pre-existing cortical cataract, which may be detectable, but 
clinically insignificant for many years. However, the author 
is not aware of studies showing that the presence of a cortical 
cataract is a risk factor for the later formation of a nuclear 
cataract or PSC. In the case of mixed cataracts, it is possible 
that the factors that led to the formation of one kind of  
cataract also contributed to the formation of the second or 
third type.

In most developed countries cataracts are removed as 
soon as they become visually disabling. However, if a cata-
ract is not removed, it may progress to a “total,” “white” or 
“Morgagnian” cataract. There is no specific etiology for total 
cataracts. They are simply the result of the progression of a 
more localized cataract to the point at which it affects the 
entire lens.

spread of damage.364 Since fiber cells are connected to their 
neighbors by gap junctions all along their lateral mem-
branes, “walling off” the central region of the cell would not 
isolate the tips of the cell from the rest of the lens, permitting 
the passage of nutrients and antioxidants into and out of the 
transparent portions of the fiber cells.

The presence of a protective mechanism to prevent the 
spread of damage along the length of a fiber cell in typical 
age-related cortical cataracts is also evident in traumatic cata-
racts. Local physical damage to the lens, caused by traumatic 
injury to the eye or by touching the lens during surgery, 
usually leads to the formation of a local opacity. Such opaci-
ties may be restricted to the affected cells for many years, 
becoming buried deeper in the lens as new fiber cells are 
added, or the opacity may slowly spread to adjacent fiber 
cells in a manner that appears similar to the progression of 
non-traumatic cortical cataracts.368

The strong association between thinner lenses and 
increased risk of cortical cataract suggests a physical mecha-
nism for the initiation of cortical cataracts.189–191 Cortical 
cataracts typically occur after the lens has lost most or all of 
its ability to accommodate. However, even in older individu-
als accommodative stimuli cause contraction and relaxation 
of the ciliary muscle and, therefore, changes in the tension 
on the zonules, even though the lens may not change shape 
appreciably. Presbyopia is accompanied by continued hard-
ening of the lens nucleus, while the cortex remains relatively 
soft. This results in lenses with increasingly steep gradients 
of stiffness between the nucleus and cortex.357,369,370 It is 
likely that the forces generated during accommodation are 
focused at the interface between these layers, close to the 
location at which cortical cataracts occur.362,371–373 In smaller 
lenses, there may be increased tension on the zonules during 
disaccommodation, due to the greater distance between the 
lens equator and the ciliary body. Influences that increase 
the stiffness of the lens nucleus, including higher levels of 
protein glycation in diabetics or increased sunlight exposure, 
could account for some of the increased risk of cortical cata-
ract associated with these factors (see Box 5.4).

Posterior subcapsular cataracts
Posterior subcapsular cataracts (PSCs) are caused by light 
scattering in a cluster of swollen cells at the posterior pole 

Box 5.4 Cortical cataracts; common opacities of 
obscure etiology

Cortical cataracts occur in mature fiber cells near the lens 
equator. These opacities only impair vision when they extend 
into the visual axis. Although they are a common cause of 
age-related cataracts, the mechanisms responsible for their 
formation are not clear. Cortical cataracts first appear after the 
onset of presbyopia. It has been suggested that they may be 
caused by physical damage occurring at the interface between 
the stiffer lens nucleus and softer cortex. Physical stresses  
may be focused in this region of the lens during attempted 
accommodation. Factors that increase the risk of cortical 
cataracts, like greater sunlight exposure, poorly controlled 
diabetes or having a thinner lens, could increase the stiffness of 
the lens nucleus, weaken fiber cell membranes or increase the 
force exerted on the lens during accommodation.
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express the contractile protein α-smooth muscle actin and 
secrete an abundant collagenous extracellular matrix, prop-
erties that may be important in wound healing. In addition 
to the light scattered by the cells and matrix in these plaques, 
the contractile cells wrinkle the posterior capsule, further 
contributing to light scattering.

The cytokine TGF-β has been implicated as a stimulant of 
the capsular fibrosis seen in secondary cataracts.391,392 Lenses 
and lens epithelial cells treated with activated TGF-β form 
plaques of myofibroblast-like cells similar to those seen in 
secondary cataracts.393–395 However, there are no published 
studies showing that TGF-β is required for lens fibrosis and 
cataract formation.

Other studies have suggested that the migration or spread-
ing of lens epithelial cells on the posterior capsule may, by 
itself, contribute to myofibroblast differentiation.396 Since 
active TGF-β is likely to be found in the eye after cataract 
surgery and cataract surgery always provides a surface on the 
posterior capsule for the migration of lens epithelial cells, it 
is possible that both of these conditions contribute to the 
formation of myofibroblasts after cataract surgery.

Less common types of cataract
Congenital cataracts are cataracts that are present at birth or 
that appear soon after birth. They can include early-onset 
hereditary cataracts or cataracts caused by infectious agents. 
Most congenital cataracts are total, although some may affect 
specific regions of the lens. In most cases, the etiology of 
congenital cataracts is not known, although the presence of 
a family history of congenital cataracts suggests a genetic 
component.

One infectious cause of congenital cataracts is rubella 
infection in early pregnancy.397 The rubella virus has been 
isolated from the lenses of affected individuals and experi-
mental infection of early-stage human lens tissue with the 
rubella virus has been demonstrated. It is likely that the lens 
is susceptible to infection only early in gestation, prior to the 
separation of the lens vesicle from the overlying ectoderm. 
After this stage of lens development, the capsule appears to 
prevent the entry of the virus into the lens tissue.398 Immu-
nization against rubella in industrialized countries has 
reduced the incidence of rubella cataracts and the other types 
of birth defects associated with this disease. However rubella 
cataracts are still common in non-immunized populations.

One of the cytological characteristics of lenses infected 
with the rubella virus is the failure of organelle degradation 
in lens fiber cells.399 The mechanism by which the rubella 
virus prevents organelle loss is not understood. However, 
several genetic and transgenic mouse models of cataract also 
show a failure of organelle degradation,132,400 suggesting that 
inhibition of organelle loss may be a non-specific side effect 
of a variety of factors that perturb fiber cell differentiation.

Anterior polar cataract (APC) is another type of congeni-
tal or early-onset cataract. Anterior polar cataracts typically 
involve the formation of an opaque plaque near the center 
of the lens epithelium. Although they are usually rare, a 
recent hospital-based study found that prevalence of anterior 
polar cataracts in Koreans was 6 percent. The mean age in 
this study was 53 and 87 percent were male.401 It is unclear 
whether the early onset, high risk in males and overall high 
prevalence is due to genetic or environmental effects.

Secondary cataracts
There are two general strategies for the removal of cataracts. 
The most common approach taken is to remove a portion 
of the anterior lens epithelium and capsule exposing the 
underlying fiber mass, extract the nuclear and cortical fiber 
cells, often using instruments for “phacoemulsification,” 
and implant a plastic intraocular lens (IOL) in the capsular 
bag. This method of cataract removal is a form of “extracap-
sular” cataract extraction. Before intraocular lenses were 
available, the entire lens was removed to remove the cata-
ract. This is called “intracapsular” cataract extraction.

A frequent complication of extracapsular cataract extrac-
tion is the formation of secondary cataracts, also called “after 
cataracts” or “posterior capsular opacification” (PCO). 
Removal of the cataractous fiber mass leaves the posterior 
capsule free of cells. Lens epithelial cells near the lens equator 
persist after cataract surgery and can migrate beneath the IOL 
onto the denuded posterior capsule. Epithelial cells that 
remain close to the equator may differentiate into a mass of 
fiber-like cells, forming a band called “Soemmering’s ring” 
around the equator.385 If the epithelial cells migrate further 
onto the posterior capsule they may differentiate into small 
“lentoid bodies,” also called “Elschnig’s pearls,” or they may 
form fibrotic plaques. Both Elschnig’s pearls and fibrotic 
plaques scatter light, degrade the visual image, and result in 
secondary cataract formation (see Box 5.5).

The cells found in Elschnig’s pearls resemble the large, 
swollen cells seen in posterior subcapsular cataracts.386 They 
are likely to result from lens epithelial cells that were stimu-
lated to undergo aberrant fiber cell differentiation. Instead 
of forming precisely organized, elongated lens fibers, they 
form small, rounded clumps of cells that act as miniature 
lenses, thereby degrading the image produced by the 
implanted intraocular lens.

Fibrotic plaques are the most common cause of PCO. 
They contain contractile, myofibroblast-like cells in an  
abundant extracellular matrix, thereby resembling in many 
ways the fibrosis seen in anterior polar cataracts (see 
below).387–390 Myofibroblasts are contractile cells found 
during wound healing in many parts of the body. They 

Box 5.5 Posterior capsular opacification (PCO),  
a possible barrier to the introduction of  
advanced intraocular lenses (IOLs)

The opacities that sometimes form on the posterior capsule after 
cataract surgery are caused by the migration of lens epithelial 
cells across the newly denuded posterior capsule and their 
differentiation to “myofibroblast-like” cells. The migration and 
transdifferentiation of these cells is a kind of wound healing 
response. Opacification is caused by the excessive amount of 
extracellular matrix secreted by these cells and their tendency to 
cause wrinkling of the posterior capsule. PCO can be greatly 
reduced by preventing the migration of the cells onto the 
capsule by incorporating a square edge at the posterior of the 
IOL. However, newer types of “accommodating IOLs” do not 
effectively block the migration of lens epithelial cells and are 
subject to high rates of PCO. New biological or technical 
solutions to this problem are needed to permit advances in IOL 
technology.
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aldose reductase, which converts galactose to galactitol. 
Accumulation of galactitol leads to osmotic swelling of lens 
fiber cells, damage to fiber cell membranes, and cataract 
formation. The possible role of aldose reductase in the  
formation of cataracts seen in diabetics will be discussed 
further below.

Exposure of the eye to several kinds of electromagnetic 
radiation can lead to cataract formation. The best studied of 
these are cataracts caused by ionizing radiation.418 In experi-
mental animals, x- or γ-irradiation causes characteristic 
changes in the cells of the lens, leading to posterior subcap-
sular and cortical cataracts. The initial insult in the catarac-
togenic process may be damage to the proliferating cells in 
the germinative zone of the lens epithelium, which leads to 
extensive cell death in this region.380,382,419–421 Exposure of 
only the central epithelial cells and mature fibers to very high 
levels of x-irradiation does not lead to cataract formation, as 
long as the germinative zone is protected from irradiation.422 
Furthermore, animals in which cell division in the lens can 
be stopped by environmental or experimental means are 
resistant to radiation cataracts.423,424 Cell death in the germi-
native zone is followed by a delay in cell division and a wave 
of compensatory mitosis. When the epithelial cells that 
resulted from this increased proliferation begin to differenti-
ate, the usually precise organization of the fiber cells is dis-
rupted.421 As they elongate, these fiber cells become distorted 
and may appear swollen, although their average cell volume 
is unchanged.382 The appearance of fiber cell swelling may 
be due to the presence of distended and attenuated regions 
along the length of a fiber, instead of the uniform geometry 
of normal fiber cells. The nuclei of these elongating fibers, 
instead of remaining in a compact arc (the “lens bow”), 
move posteriorly. The posterior movement of the nuclei 
probably reflects the flow of the entire cytoplasm of these 
cells. Eventually, these abnormal fibers form “balloon cells” 
or “Wedl cells” at the posterior pole, resulting in the forma-
tion of a posterior subcapsular cataract. During the later 
stages of this process there is evidence of increased mem-
brane permeability in the affected lens fibers. Glutathione 
levels decrease, the potassium concentration in the cyto-
plasm declines, the sodium concentration increases, and the 
synthesis of proteins slows.425,426

Exposure to x- or γ-radiation is a risk factor for cortical 
and PSC formation in humans. Radiologists routinely seek 
to minimize the exposure of the lens to ionizing radiation. 
In cases in which this is not possible or advisable, cataracts 
often follow and must be dealt with surgically.

Non-ionizing radiation can also contribute to cataract 
formation. The effects of UV light on the eye have been most 
intensively studied. Epidemiological studies have linked 
high lifetime exposure to UV light with the formation of 
cortical cataracts in humans.359,427–430 The effects of UV light 
have been most clearly demonstrated in individuals who are 
exposed to high levels of UV as a consequence of their occu-
pation.427,431 The risk of developing cortical cataracts is only 
slightly increased in individuals who receive higher than 
normal levels of UV, but whose occupation does not rou-
tinely expose them to high levels of ultraviolet light (see Box 
5.6).429 The same studies have suggested that the shorter 
wavelengths of UV light reaching the eye, UV-B, and not the 
longer, less energetic UV-A, is likely to be responsible for 
increased risk of cortical cataract.431 However, studies in 

Microscopic examination of the anterior plaques in APC 
shows spindle-shaped lens epithelial cells embedded in  
a large amount of extracellular matrix, the plaque taking  
on the appearance of a connective tissue. The fiber cells  
that lie beneath these plaques are often disrupted, a factor 
that may contribute to the opacity. The spindle-shaped  
lens cells in these plaques express several of the proteins 
characteristic of myofibroblast cells, including α-smooth 
muscle actin, fibronectin, type I collagen, transforming 
growth factor-β (TGF-β) and connective tissue growth factor 
(CTGF).391,392,402 Experimental studies have shown that 
exposing lenses to TGF-β in vivo or in vitro can trigger the 
formation of myofibroblast-like cells and plaques that 
resemble those seen in anterior polar cataracts,394,395 although 
it has not yet been shown that anterior polar cataracts in 
humans are associated with exposure of the lens to high 
levels of TGF-β.

Mutations in several lens-specific genes have been impli-
cated in hereditary cataracts in humans. These include genes 
encoding αA- and αB crystallin,115,403 members of the β/γ-
crystallin superfamily,404–406 the lens-specific connexins α3 
and α8,407,408 and the lens-specific intermediate filament pro-
teins, phakinin and filensin.136,137 To date, nearly all muta-
tions identified in these genes have a dominant mode of 
inheritance.

The association of cataract and mutations in these genes 
does not necessarily demonstrate that the proteins they 
encode are essential to the function of the lens. For example, 
deletion of one copy of the genes encoding either of the two 
lens-specific connexins in mice does not result in cataract 
formation.152,154 However, if one allele of these genes is 
mutated in humans, cataract can result.407,408 Similarly, one 
mutant allele of any of several of the genes encoding 
members of the β-γ superfamily of crystallins is sufficient to 
cause cataracts.400,404,406,409 In these cases, the mutant allele 
produces a protein that interferes with the function of the 
normal protein or other proteins in the lens, thereby disrupt-
ing their function and leading to cataract formation.

There are numerous hereditary syndromes that include 
cataracts as one of their characteristic features. The genes 
responsible for these syndromes are known in several cases, 
including the ocular-cerebral-renal syndrome of Lowe (a 
protein similar to inositol polyphosphate 5-phosphatase),410 
neurofibromatosis type 2 (a member of the ERM family  
of cell membrane-associated proteins),411 galactokinase 
deficiency (galactokinase 1),412 galactosemia (galactose-1-
phosphate uridyltransferase),413 hyperferritinemia (ferritin 
light chain),414 Werner syndrome (recQ-related helicase),415 
and myotonic dystrophy (six-5 homeobox gene),416,417 and 
several others. For most of these diseases, knowing the gene 
responsible has not provided an obvious explanation for 
why cataracts are part of the phenotype. Understanding the 
molecular and biochemical mechanisms underlying cataract 
formation in these syndromes may provide information 
about the mechanisms of age-related cataract formation and 
the importance of these genes in other tissues that are part 
of the disease syndrome.

Exceptions to this generalization include galactosemia 
and galactokinase deficiency, in which galactose accumu-
lates to high levels in the body. High levels of galactose lead 
to the accumulation of the polyol galactitol in the lens fiber 
cell cytoplasm. This is due to the activity of the enzyme 
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of cataracts. They also suggested that the role of UV-A light 
in human cataract formation is worthy of further study.

One of the paradoxical findings concerning the role of UV 
light in cataract formation is that the cells that are affected 
are those that are best protected from light exposure. As 
indicated above, epidemiological studies have associated UV 
light with the formation of cortical, not nuclear cataracts. 
Cortical cataracts form in superficial fiber cells. Superficial 
fiber cells and the peripheral epithelial cells that give rise to 
them, because they lie behind the densely pigmented iris 
epithelium, are better protected from light exposure than 
any other part of the lens. This is especially true in bright 
light when the iris is maximally constricted and the size of the 
pupil is small. Conversely, epidemiological and experimen-
tal studies indicate that the fiber cells in the center of the 
lens, those directly exposed to light entering the eye through 
the pupil, are not damaged by exposure to light.234,427,429

Studies using model eyes have suggested that light enter-
ing the eye from the temporal side of the head may be 
focused by the curvature of the cornea onto the cortical fiber 
cells on the opposite (nasal) side of the lens.358,434 While this 
hypothesis might provide an explanation for the higher fre-
quency of cortical cataract formation on the naso-inferior 
side of the lens, it would not appear to account for the higher 
frequency of cortical cataracts in the remainder of the infe-
rior half of the lens.435 Studies are needed to explain the 
selective effects of light exposure on cortical fiber cells and 
to better understand the proposed role of ocular sunlight 
exposure in cortical cataract formation. As discussed above, 
it seems possible that sunlight exposure may increase the 
hardness of the lens nucleus, indirectly promoting cortical 
cataracts by focusing the stress of accommodation in the 
cortex. Modeling studies and non-invasive measures of lens 
hardness may be helpful in testing this possibility.369,436,437

Long-term exposure to infrared light and focused, high-
energy microwaves can also cause cataracts. Evidence that 
infrared light can cause cataracts comes mostly from epide-
miological studies in individuals exposed as a result of their 
occupation.438,439 This type of cataract is also called “glass-
blowers cataract.” High-energy microwaves appear to cause 
cataracts by directly damaging lens fiber cell membranes.440–442 
It seems unlikely that either kind of cataract will provide 
significant insight into the etiology of more common types 
of cataracts, although lifetime exposure to increased ambient 
temperature has been suggested as a risk factor for nuclear 
cataracts.443

Diabetics are at increased risk for early-onset cataracts and 
the lens has provided a useful system with which to study 
diabetic complications. Like other organ systems affected in 
diabetes, damage to the lens seems to be due entirely to high 
levels of glucose. It is the mechanism by which elevated 
glucose leads to cellular damage that remains as the central 
question. Investigators studying diabetic cataracts have been 
leaders in illustrating the potential importance of the enzyme 
aldose reductase in diabetic complications.444,445 Aldose 
reductase catalyzes the reduction of a wide variety of alde-
hydes, including glucose and galactose. These sugars are rela-
tively poor substrates for the enzyme, but their metabolism 
by aldose reductase may become significant when concentra-
tions exceed normal levels. Species that have high levels  
of aldose reductase in the lens seem to be particularly  
susceptible to diabetic cataract formation.446 Inhibitors of 

diurnal animals exposed to UV-A suggest that these longer 
wavelengths can also contribute to cataract formation (see 
below).

The mechanism by which UV exposure leads to cataract 
formation in humans has not been identified. Studies in 
experimental animals, on lenses cultured in vitro, and on 
isolated lens proteins, have been used to examine the poten-
tial damaging effects of UV light on the lens or lens compo-
nents. While these studies have suggested that UV-generated 
free radicals can damage components of the lens in a similar 
manner to that seen in cataract formation, these studies 
often do not fully take into account the biology of the 
human lens. For example, most studies of the effects of UV 
light on the lens in experimental animals have been per-
formed in rodents or rabbits. These are nocturnal animals 
that are not adapted to high levels of light exposure. Many 
potential protective mechanisms found in the human eye, 
like the high ascorbic acid content of the aqueous humor, 
are not present in these species. Furthermore, treatment of 
the isolated lenses or lens proteins with UV light has usually 
been performed at ambient oxygen concentrations (21 
percent), not the low levels of oxygen that are typically 
found around the lens in vivo (less than 2 percent).221 Exper-
iments performed under these conditions may yield results 
that are substantially different from what is found as the 
result of light exposure in the eye. Finally, UV exposure in 
experimental animals is often acute, employing high levels 
of UV light. This differs significantly from the chronic, lower 
level of exposure over a lifetime that is typical in humans.

In a few cases, the effects of UV light on the lens were 
tested in diurnal species chronically exposed to more physi-
ological levels of light over a substantial proportion of their 
lifetime. In contrast to epidemiological studies of human 
populations, these experiments indicated that UV-A light 
might also be a risk for cataract formation.432 UV-A light can 
be absorbed by several chromophores into the lens, a process 
that may lead to the generation of free radicals.268,433 These 
studies suggest that protection against free radical generation 
or the effects of free radicals might help reduce the incidence 

Box 5.6 Sunlight exposure and cataract; not as 
important as often believed

Sunlight exposure is widely thought to be a major contributor to 
cataract. Careful epidemiological studies have demonstrated 
increased risk of cataracts in individuals with higher lifetime 
sunlight exposure. However, most studies have found that only 
cortical cataracts are associated with increased exposure to 
sunlight, not nuclear or posterior subcapsular opacities. In a 
typical population, the increased risk of cortical cataracts 
attributable to sunlight is only about 10%. That added risk can be 
avoided by relatively simple means: wearing plastic glasses or a 
brimmed hat. Many other variables, like sex or a family history of 
cataracts, are more significant risk factors for cortical cataract 
than sunlight. The mechanism by which sunlight increases the 
risk of cortical cataracts is not understood. For example, the 
region of the lens most often affected in cortical cataracts is the 
part that is best protected from direct exposure to sunlight. 
Therefore, while exposure to excess sunlight is an avoidable risk 
factor, avoiding sunlight protects against only a small part of the 
total risk of age-related cataracts.
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difficult to identify the initiating insult for this type of  
cataract, since the wreckage that ensues obscures the early 
damage. While many possible inciting factors have been 
suggested, a comprehensive hypothesis that explains the 
subcellular and anatomical location of the damage in corti-
cal cataracts (initial involvement of only the center of 
affected fiber cells, preferential location in inferior half of 
the lens) is lacking. While epidemiological studies suggest 
that light exposure contributes to cortical cataract formation, 
there is no evidence to indicate whether the damage to the 
lens results from the interaction of light with the affected 
cells or with other parts of the eye. For example, light could 
cause the release of substances from the iris that contribute 
to cortical cataract formation,454 a possibility that seems con-
sistent with the increase in cataract in persons with dark iris 
color.304,316,317 It seems increasingly likely that physical forces 
acting on the aging lens, like those generated during accom-
modation, could rupture fiber cell membranes and initiate 
the formation of cortical cataracts (see Box 5.6).

Perspectives for preventing  
cataract blindness

One of the most unusual aspects of the lens is its continued 
growth throughout life. Since fiber cells are not replaced once 
they differentiate and epithelial cells continue to divide to 
produce new lens fibers, the number of fiber cells in the lens 
increases steadily with age, approximately doubling between 
birth and age 90. Although the rate of addition of new fiber 
cells is slow in postnatal life, most of the cells in the outer 
part of the lens, including the fiber cells that are involved in 
cortical cataract formation, are produced after childhood.

There is strong epidemiologic evidence supporting the 
possibility that the rate of growth of the lens plays a role in 
cataract formation. Individuals with larger lenses are more 
likely to have nuclear cataracts and those with smaller lenses 
are much more likely to have cortical cataracts.189 Individuals 
with clear lenses at initial observation were more likely to 
develop nuclear or cortical cataracts over 5 years if they ini-
tially had larger or smaller lenses, respectively.190 Could 
nuclear cataract formation be prevented or slowed by reduc-
ing the rate of lens cell proliferation? Recent studies support 
this view, since the rate of lens growth can be accelerated by 
supplying the adult lens with more oxygen and increased 
lens size and exposure to oxygen are likely to contribute to 
the formation of nuclear cataracts.187,190,222,224,455 Would 
slowing the growth of larger lenses delay the onset of pres-
byopia? Why are smaller lenses at increased risk of cortical 
cataracts? These questions could be approached if there were 
an experimental means to slow or stop the formation of new 
lens fiber cells.

It is presently not possible to effectively slow lens growth 
in most mammals. However, in amphibians, removing the 
pituitary gland stops lens cell division. This approach was 
used to show that x-ray-induced cataracts could be avoided 
if cell division were halted, even if the pituitary gland were 
removed after the lens had been irradiated.384,423,456 Restora-
tion of lens cell growth by hormone supplementation led  
to cataract formation if the lenses had been irradiated prior 
to hypophysectomy.384,457 These studies provide tantalizing 
support for the possibility that reducing the rate of lens 

aldose reductase protect these animals against diabetic  
cataracts.444,446,447 Mice, which have low levels of aldose 
reductase in the lens, are not susceptible to diabetic cataracts. 
However, when aldose reductase is over expressed in the 
lenses of transgenic mice, these animals become very suscep-
tible to hexose-induced cataract formation.448 These studies 
convincingly show that a high level of aldose reductase in 
the lens is sufficient to cause diabetic cataracts in this species. 
Humans have relatively low levels of aldose reductase in the 
lens, a situation that has led to controversy about the relative 
role of aldose reductase in human diabetic cataracts.

It has been suggested that aldose reductase causes cata-
racts in diabetics because of the accumulation of the polyol 
sorbitol in lens fiber cells. Sorbitol accumulation could lead 
to osmotic damage. However, since aldose reductase uses 
reducing equivalents from NADH to produce polyols, it is 
possible the high glucose flux through the polyol pathway 
could also create oxidative stress in lens fiber cells.

There are three hypotheses that are currently favored to 
explain diabetic complications in affected organs. Increased 
flux through the polyol pathway mediated by aldose reduct-
ase is one of these. The second mechanism is the glucose-
mediated activation of a specific isoform of protein kinase 
C.449 A third mechanism is the generation of increased 
amounts of advanced glycation end products (AGEs).450 
AGEs are produced by the non-enzymatic reaction of alde-
hydes, like glucose, with a wide variety of chemical species. 
Diabetics and animals with experimental diabetes accumu-
late increased levels of AGEs in connective tissues and within 
cells. Treatments that block each of these three biochemical 
pathways have been shown to reduce or prevent diabetic 
complications in one or more experimental systems. A recent 
study suggested that the three major pathways thought to be 
responsible for diabetic complications might be explained 
by a single mechanism – the effect of high glucose on mito-
chondrial oxidative phosphorylation.451

In spite of the long association between diabetes and 
cataracts, more recent studies suggest that patients with rea-
sonable control of blood glucose are not at increased risk for 
age-related cataract and that the types of cataracts that occur 
in these patients are similar to age-matched non-diabetics in 
the same population.452 More effective management of this 
disease may reduce its impact on cataract prevalence and 
other systemic complications.

Overview of age-related cataract 
formation

As described above, excessive oxidative damage to lens crys-
tallins and fiber cell membranes remains an attractive expla-
nation for nuclear cataract formation. Increased oxidative 
damage in the lens nucleus must result from an imbalance 
between the factors that protect lens proteins from oxidative 
damage and increases in oxygen and free radicals that may 
occur with age. The age-related decrease in the diffusion of 
glutathione to the center of the lens is likely to be of central 
importance in this balance,209,240 while degeneration of the 
vitreous body is an age-related change that appears to 
increase the delivery of oxidants to the lens.453

Cortical cataracts are associated with gross disorganiza-
tion and disruption of fiber cells. This makes it even more 
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be essential to the goals of this project, concomitant improve-
ment of basic living conditions may reduce the rate of cata-
ract formation, and along with it, a host of other diseases.

There are numerous epidemiological studies suggesting 
that nutrition plays an important role in cataract formation 
(see review468). There have been several interventional 
studies to test whether supplementation with specific nutri-
ents can protect against cataract formation or progression. 
The AREDS study, a large-scale clinical trial of the effects of 
selected vitamin and nutrient supplementation on the pro-
gression of eye diseases, found that supplementation with 
known antioxidant vitamins did not provide measurable 
protection against cataract.469 However, an interesting 
follow-up paper revealed that the multivitamin supplement 
offered to about two-thirds of the participants in this trial 
was associated with protection against “all cataracts” and, in 
subgroup analysis, nuclear cataracts.470 This result is similar 
to that obtained in the Linxian Cataract Study, which pro-
vided supplements to a nutritionally deprived population in 
China.471 In this case, supplementation was associated with 
a substantially decreased risk of nuclear, but not other types 
of cataract. However, supplementation with beta-carotene 
and vitamins C and E in a nutritionally deprived population 
in India demonstrated no protection against cataract.472 
Nuclear opacities were less common in a large group of older 
subjects receiving a multivitamin/mineral supplement in 
Italy.473 However, this benefit was accompanied by increased 
incidence of posterior subcapsular opacities.

These and other clinical trials caution that consumption 
of higher levels of selected nutrients are likely to have mar-
ginal benefit and may even have adverse consequences.474 
Studying the importance of individual components of the 
diet on cataract incidence and progression may even obscure 
the larger picture. The message that seems to underlie most 
studies of the relationship between nutrition and cataract is 
one that is echoed in many studies of nutrition and disease; 
a moderate diet with abundant fruits and vegetables is likely 
to provide an effective foundation for good visual health and 
good health in general.

Secondary cataracts, the opacities that appear on the pos-
terior capsule following extracapsular cataract surgery and 
IOL implantation, remain an important clinical problem. 
These opacities are routinely treated by ablating the posterior 
capsule with a laser – a procedure that is costly, depends on 
advanced technology, and is associated with increased risk 
of serious complications.475 The frequency with which sec-
ondary cataracts develop depends on the age of the patient 
and the type of IOL that is implanted. Children have a high 
incidence of secondary cataract formation, a fact that com-
plicates and limits the options for treating congenital or 
traumatic cataracts in children. Designs that limit the ability 
of lens epithelial cells to migrate behind the IOL can prevent 
this complication, but may require more complicated surgi-
cal procedures.476 In older patients, the composition and 
design of the IOL can significantly influence the need for 
laser surgery after cataract extraction.477–479 However, changes 
in IOL design to achieve other goals (smaller incision size, 
accommodative IOLs, for example) may increase the fre-
quency of secondary cataracts. Further understanding of the 
biologic factors responsible for secondary cataract and its 
prevention could simplify pediatric cataract surgery and 
reduce the need to treat secondary cataracts in adults.

growth could slow or prevent some kinds of cataract 
formation.

Another area that is likely to provide important informa-
tion about cataract formation is the study of the genetics of 
human cataracts. Some of the genes responsible for congeni-
tal cataracts were described in a previous section. It is not 
surprising that the known genes that cause cataracts without 
affecting other parts of the body encode proteins that are 
expressed selectively and at high levels in the lens. Once a 
hereditary cataract is mapped close to one of these “lens-
specific” genes it is relatively easy to connect the disease to 
a change in the sequence of that gene. However, several loci 
responsible for hereditary cataracts do not map close to the 
genes encoding known lens-specific proteins.458–460 Identifi-
cation of these genes and study of their function in the lens 
may give important clues about the factors required to main-
tain lens transparency.

Of even greater potential significance will be the identifi-
cation of genes that predispose the lens to cataracts in middle 
or later life. Some of these adult-onset hereditary cataracts 
are likely to be caused by mutations in genes that protect the 
lens from cataract-causing damage over a lifetime. Studies of 
twins have suggested that heredity accounts for about 50 
percent of the factors responsible for age-related cortical 
cataracts and 35 percent of the risk of nuclear cataracts.461,462 
Other statistical analyses of epidemiological data support 
these conclusions and suggest that a relatively small number 
of genes determine the probability of developing nuclear 
and cortical cataracts.463,464 One recent study found a muta-
tion in the cell-recognition receptor, EPHA2, to be associated 
with a rare, recessive form of juvenile cataracts. Further anal-
ysis showed that single nucleotide polymorphisms in the 
EPHA2 gene were significantly associated with age-related 
cortical cataracts, suggesting that variants of this protein may 
predispose individuals to cortical cataract formation.465 
Interestingly, deletion of the ephrin-A5, the ligand for Epha2 
in the mouse, causes disruption of lens fiber cell organiza-
tion.466 These studies are among the first to identify candi-
date genes that may increase susceptibility to age-related 
cataracts.

Since degeneration of the vitreous body is a risk factor for 
nuclear cataracts,453 it seems reasonable to broaden attention 
from lens-specific genes to the genetic variations that are 
responsible for maintaining the normal environment around 
the lens in older individuals. If one were to identify genes 
that alter stability of the vitreous gel, for instance, it might 
be possible to develop therapies to delay cataractogenesis by 
altering the pathways in which these genes work.

Cataract blindness is a serious and growing problem in 
the countries of the developing world. The early onset and 
higher incidence of cataracts in these populations suggests 
that basic nutritional, environmental, and hygienic factors 
contribute to cataract formation. Elimination of these pre-
disposing conditions could preserve the vision of millions 
of individuals who would otherwise be deprived of their 
sight and productivity for a substantial proportion of their 
lifetime. The World Health Organization, through its 
program “Vision 2020: The Right to Sight,” has developed 
plans to eliminate preventable blindness by the year 2020. 
Cataract blindness will be addressed in this program by 
providing increased access to affordable cataract surgery.467 
Although greatly increased numbers of cataract surgeries will 
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New technologies, such as accommodating IOLs, are 
likely to provide valuable advances in cataract surgery. Such 
improvements could increase the demand for replacement 
of the lens even before cataract formation. Although cataract 
surgery is now a relatively simple surgery, new technologies 
are likely to further simplify and speed this common proce-
dure. Drugs to prevent or delay cataract formation have not 
been widely sought by the pharmaceutical industry. This 
may be due to the relatively low cost of cataract surgery 
coupled with the cost and potential risk of anti-cataract 
medications that may need to be taken for many years.  
Better understanding of the etiology of cataracts may point 
to therapies that are effective, minimally invasive, and 
inexpensive.

Cataract has been thought to be inevitable if one is fortu-
nate enough to live a long life. However, better understand-
ing of the cell biology, genetics, biophysics and physiology 
of the lens is beginning to suggest strategies to prevent or 
significantly delay this most common disease.
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C H A P T E R 6 

The Vitreous
Henrik Lund-Andersen & Birgit Sander

Introduction
The vitreous body makes up approximately 80% of the 
volume of the eye and thus is the largest single structure of 
the eye (Fig. 6.1). In the anterior segment of the eye, it is 
delineated by and adjoins the ciliary body, the zonules, and 
the lens. In the posterior segment of the eye, the vitreous 
body is delineated by and adjoins the retina.

The vitreous body has many normal physiological func-
tions. This chapter focuses on the most important physio-
logic relationships, especially those that have a close clinical 
correlation. As background for the understanding of the 
physiology and the pathophysiology of the vitreous body, 
we focus on the main features of the anatomy, biochemistry, 
and biophysics.

The investigation of the vitreous body and its structure 
and function is hampered by two fundamental difficulties. 
Firstly any attempts to define vitreous morphology are in fact 
attempts to visualize a tissue, which by design is intended to 
be invisible. Secondly the various techniques that have previ-
ously been employed to define the structure of the vitreous 
body are combined with artifacts that make interpretations 
difficult in terms of the true in vivo physiological  
situation.

Anatomy

Embryology

Structural considerations of embryology
In the early stages the optic cup is mainly occupied by the 
lens vesicle. As the cup grows the space formed is filled by a 
system of fibrillar material, presumably secreted by the cells 
of the embryonic retina. Later, with the penetration of the 
hyaloid artery, more fibrillar material apparently originating 
from the cells of the wall of the artery and other vessels 
contribute to filling the space. The combined mass is known 
as primary vitreous.22,23,39,110,127

The secondary vitreous develops later, appearing at the end 
of the sixth week, and is associated with the increasing size 
of the vitreous cavity and the regression of the hyaloid vas-
cular system. The main hyaloid artery remains for some 
time, but it eventually disappears and leaves in its place a 

tube of primary vitreous surrounded by the secondary vitre-
ous, running from the retrolental space to the optic nerve 
(area of Martegiani). The tube is called Cloquet’s canal (Fig. 
6.1); this is not a liquid-filled canal, but simply a portion of 
differentiated gel devoid of collagen fibrils.

The term tertiary vitreous is related to the fibrillary mate-
rial, which develops as the suspensor fibrils, the zonules, of 
the lens. During childhood the vitreous undergoes signifi-
cant growth. The length of the vitreous body in the newborn 
eye is approximately 10.5 mm, and by the age of 13 years, 
the actual length of the vitreous increases to 16.1 mm in the 
male.107 In the absence of refractive changes, the mean adult 
vitreous is 16.5 mm.30,91

Molecular and cellular considerations  
of embryology
The two main components of the vitreous, collagen and 
hyaluronic acid, are produced in the primary and secondary 
vitreous. In the primary vitreous, however, there is initial 
production of substances other than hyaluronic acid, such 
as galactosaminoglycans; later hyaluronic acid becomes the 
predominant constituent.27,41,111,127

The primary vitreous contains cells which in the second-
ary vitreous differentiate as hyalocytes and fibroblasts. The 
hyalocytes are believed to be involved in the production of 
glycosaminoglycans, especially hyaluronic acid, a non- 
sulfated glycosaminoglycan.111

Although the function of the fibroblasts is not known 
exactly, they are probably involved in the formation of col-
lagen. The retina may also be a source of collagen synthe-
sis.88,108 The hyalocytes are found in the vitreous cortex, 
approximately 30 µm from the internal limiting membrane 
(ILM), with the highest density near the vitreous base and 
the posterior pole.9

Anatomy of the mature vitreous body
The mature vitreous body is a transparent gel which occupies 
the vitreous cavity. It has an almost spherical appearance, 
except for the anterior part, which is concave, corresponding 
to the presence of the crystallin lens. The vitreous body is a 
transparent gel; however, it is not completely homogeneous 
(Fig. 6.2). The outermost part of the vitreous, called the 
cortex, is divided into an anterior cortex and a posterior 
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cortex, the latter being approximately 100 µm thick (Fig. 
6.3). The cortex is also called the anterior and the posterior 
hyaloid. The cortex consists of densely packed collagen 
fibrils (Fig. 6.4). The vitreous base (see Fig. 6.1) is a three-
dimensional zone. It extends approximately from 2 mm 
anterior to the ora serrate to 3 mm posterior to the ora 
serrata, and it is several millimeters thick. The collagen fibrils 
are especially densely packed in this region.

The vitreoretinal interface
The vitreoretinal interface can be defined from electron 
microscopy as the outer part of the vitreous cortex (posterior 
hyaloid), including anchoring fibrils of the vitreous body 
and the ILM of the retina (Fig. 6.5).29,34,44–46,93 The ILM is a 
retinal structure between 1 and 3 µm thick, consisting 
mainly of type IV collagen and proteoglycans.117 It contains 
several layers and can be considered the basal lamina of the 
Müller cells, the foot processes of which are in close contact 
with the membrane.

The vitreous cortex is firmly attached to the ILM in the 
vitreous base region, around the optic disc (Weiss ring), at 
the vessels, and in the area surrounding the foveola at a 
diameter of 500 µm.48,106 Under normal conditions, the con-
nection between the fibrils of vitreous cortex and the ILM is 
looser than in the rest of the vitreoretinal interface. The 
adhesion is strong in young individuals, and dissection of 

Figure 6.1 Sketch of the primate eye showing the vitreous body and its 
relations. Wieger’s ligament is the attachment of the vitreous to the lens. 
Berger’s space and the Cloquet’s canal are the former sites of the hyaloid 
artery. (From Heegaard 1997.45)
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Figure 6.2 Human vitreous dissection. (A) Vitreous of a 9-month-old child. The sclera, choroid and retina were dissected off the vitreous, which remains 
attached to the anterior segment. A band of gray tissue can be seen posterior to the ora serrata. This is peripheral retina that was firmly adherent to the 
posterior vitreous base and could not be dissected. The vitreous is solid and although situated on a surgical towel exposed to room air maintains its shape 
because at this age the vitreous is almost entirely gel. (B) Human vitreous dissected off the sclera, choroid and retina are still attached to the anterior 
segment. The specimen is mounted on a lucite frame using sutures through the limbus and is then immersed in a lucite chamber containing an isotonic, 
physiologic solution that maintains the turgescence of the vitreous and avoids collapse and artefactual distortion of vitreous structure. (Reprinted with 

permission from Sebag & Balazs 1984.114)
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Ultrastructural and biochemical aspects
The vitreous contains more than 99% water; the rest is com-
posed of solids. The vitreous acts as a gel (i.e. an intercon-
nected meshwork) that surrounds and stabilizes a large 
amount of water compared with the amount of solids. The 
gel structure of the vitreous results from the arrangement of 
long, thick, non-branching, collagen fibrils suspended in  
a network of hyaluronic acid, which stabilize the gel struc-
ture and the conformation of the collagen fibrils (Figs 6.6 
and 6.7).8,10,107

In the human eye the major part of the glycosaminogly-
can is hyaluronic acid, with a molecular weight of 3–4.5 × 
106.111 The volume of non-hydrated hyaluronic acid is 
0.66 cm3/g, in contrast with the volume of the hydrated 
molecule, which is 2000–3000 cm3/g.8 The molecule forms 
into large, open coils, with the anionic sites spread apart. 
This arrangement of small-diameter fibers, separated by 
highly hydrated glycosaminoglycan chains, permits the 
transmission of light to the retina with minimal scattering.11 
The collagen fibrils in the vitreous are thin, with diameters 
of approximately 10–20 nm. Collagen fibrils are mostly of 
collagen type II. They are composed of three identical 
α-chains, which form a triple helix. The helix is stabilized by 
hydrogen bonds between opposing residues in different 
chains.111 Collagen type IX is also present and may function 
as a bridge, linking type II collagen fibrils together.10,32,120 
Collagen V/XI is integrated with collagen II in the collagen 
fibers.81 The collagen fibrils seem to interconnect with the 
hyaluronic acid, most likely via bridging glucoproteins.111 
The viscoelastic properties of the vitreous gel are neither due 
to hyaluronic acid or collagen alone but to the combination 
of the two molecules.128

Dissolved in the water of the vitreous gel are inorganic 
and organic substances as shown in Table 6.1, where plasma 
values are given for comparison.

According to Table 6.1, it appears that gradients exist in 
both directions between vitreous and plasma.3,79,82,97,98 These 
gradients are a result of several mechanisms: presence of the 
blood–ocular barriers (i.e. active and passive passage across 
the barriers), metabolism in retina and ciliary body, and 
diffusion processes in the vitreous body (Box 6.1).

The values in Table 6.1 represent mean values for the 
whole vitreous. The methods used to quantitate vitreous 
concentrations are difficult and may differ between studies 
in absolute numbers. However, regional differences within 
the vitreous have been measured for some substances.12 

Figure 6.3 Human vitreous structure during childhood. This view of the 
central vitreous from an 11-year-old child demonstrates a dense vitreous 
cortex with hyalocytes. The posterior aspect of the lens is seen below, 
though dimly illuminated. No fibers are present in the vitreous.

Figure 6.4 Ultrastructure of human vitreous cortex. Scanning electron 
microscopy demonstrates the dense packing of collagen fibrils in the 
vitreous cortex. To some extent this arrangement is exaggerated by the 
dehydration that occurs during specimen preparation for scanning electron 
microscopy (magnification = ×3750).

Figure 6.5 Sketch of the vitreoretinal interface / 
vitreoretinal border region (VBR). The VBR consists of 
two major components: the anchoring fibrils of the 
vitreous body and membrana limitans interna (MLI). 
The MLI is composed of three structures: the fusing 
point of the anchoring vitreous fibrils, lamina densa 
and lamina lucida. M = Müller cell. (From Heegaard 

1997.45)
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M M M
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the retina from the vitreous often leaves ILM tissue adherent 
to the vitreous cortex.47,60,108,109 Under pathologic conditions, 
the tight connections between the vitreous cortex and the 
ILM play an important role, as is discussed later in this 
chapter.
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Figures 6.8 to 6.10 show the regional difference for glucose 
(Fig. 6.8), lactate (Fig. 6.9), and oxygen (Fig. 6.10). The fall 
in vitreous oxygen tension towards the center, correspond-
ing to the upper curve in Figure 6.10, was also found by 
Sakaue100 and seems to result from an oxygen flux from 
the retina towards the vitreous corresponding to arterioles; 
the flux goes in the opposite direction corresponding to the 
venules (lower curve). Several studies have found an increase 
in preretinal oxygen after photocoagulation, indicating that 
the oxygen supply to the inner retina improves after destruc-
tion of the outer retina and a concomitant decrease in tissue 
metabolism and oxygen needs.40,85,94,122–124

Figure 6.6 Ultrastructure of hyaluronic acid/collagen interaction in the 
vitreous. Specimen was fixed in glutaraldehyde/paraformaldehyde and 
stained with ruthenium red. Collagen fibrils (C) are coated with amorphous 
material (A) believed to be hyaluronic acid. The amorphous material may 
connect to the collagen fibril via another glycosaminoglycan, possibly 
chondroitin sulfate (see inset). Interconnecting filaments (IF) appear to 
bridge between collagen fibrils, inserting or attaching at sites of hyaluronic 
acid adhesion to the collagen fibrils (bar = 0.1 µm). (Reprinted with permission 

from: Asakura A. Histochemistry of hyaluronic acid of the bovine vitreous body as 

studied by electron microscopy. Acta Soc Ophthalmol J 1985; 89:179.)
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Figure 6.7 Ultrastructure of human vitreous. (A) Specimens were centrifuged to concentrate structural elements, but contained no membranes or 
membranous structures. Only collagen fibrils were detected. There were also bundles of parallel collagen fibrils such as the one shown here in cross-section 
(arrow). (B) Schematic diagram of vitreous ultrastructure, depicting the dissociation of hyaluronic acid (HA) molecules and collagen fibrils. The fibrils 
aggregate into bundles of packed parallel units. The HA molecules fill the spaces between the packed collagen fibrils and form “channels” of liquid vitreous. 
(Reprinted with permission from Sebag & Balazs 1989.113 Reproduced with permission from Association for Research in Vision and Ophthalmology.)
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Box 6.1 Vitreous – aging and ocular pathology

• The concentration of salts and organic substances of the 
vitreous differ substantially from plasma due to the blood–
aqueous and blood–retinal barrier

• Small molecules move through the vitreous gel by diffusion
• Vitreous fluorometry is useful for evaluation of the vitreal 

morphology, the fluorescein profile is an indicator of 
physiologic aging such as vitreous liquefaction

• The aging process leads to posterior vitreous detachment, 
easily visualized by optical coherence tomography (OCT)

• Vitreoretinal traction may lead to formation of a macular hole 
and the traction can be conducted through the retinal layers

• Vitreoretinal traction is also implicated in some cases of 
macular edema

• In diabetes, the high glucose speeds up metabolism before 
visible retinopathy

• Increased demand for oxygen and capillary closure leads to 
retinal ischemia and an increased production of VEGF

• Increased leakage through the blood–retinal barrier leads to 
macular edema

• VEGF inhibition and steroids decrease macular edema
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Biophysical aspects
The gel structure acts as a barrier against movement of 
solutes. Basically, substances may move by two different 
processes: diffusion or bulk flow. The diffusion process can 
be illustrated in humans by using fluorescein as a tracer 
substance for the biophysical behavior of the gel. The fluo-
rescein concentration in the vitreous body can be estimated 
by vitreous fluorophotometry. After intravenous (IV) injec-
tion of fluorescein, a certain amount (in healthy humans 
only a very small amount) passes through the ocular barriers 

Figure 6.8 Glucose concentration in different parts of the vitreous body 
and in plasma. All values are in µmol/g tissue weight (mean ± standard 
deviation, n = 20). (From Bourwieg et al 1974.12 Reproduced with permission from 

Association for Research in Vision and Ophthalmology.)

2,75
± 0,23

2,97
± 0,08

Glucose
n = 20

2,92
± 0,08

Plasma: 3,77
± 0,14
n = 18

Figure 6.9 Lactate concentration in different parts of the vitreous body 
and in plasma. All values are in µmol/g tissue weight (mean ± standard 
deviation, n = 20). (From Bourwieg et al 1974.12 With kind permission of Springer 

Science + Business Media.)
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Figure 6.10 Heterogeneity of the PO2 in the preretinal vitreous of a 
non-photocoagulated eye. Graphic representation of the PO2 (± SEM) 
recorded when the O2-sensitive microelectrode was withdrawn from the 
vitreal surface of the retina (x = 0) towards the vitreous. Curve A: opposite 
an arteriole: curve I: opposite an intervascular zone: curve V: opposite a vein. 
These results are averages of measurements made on one or both eyes of 
11 miniature pigs. (From: Mohar I. Effect of laser photocoagulation on oxygenation 

of the retina in miniature pigs. Invest Ophthalmol Vis Sci 1985; 26:1410. Reproduced 

with permission from Association for Research in Vision and Ophthalmology.)
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All other values are rabbit data from Reddy & Kinsey 1960;97 with modification from Kinsey 1967.59

Table 6.1 Concentration of various substances in the vitreous (weighted averages in mmol/kg H2O)

Inorganic substances

Sodium Potassium Calcium Magnesium Chloride Phosphate pH

Vitreous 134 9.5 5.4* 2.3* 105 2 7.29**

Plasma 143 5.6 9.9* 2.2* 97 0.4 7.41**

*Human data from McNeil et al 1999.82

**Porcine data from Andersen 1991.3
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Figure 6.11 Simplified model of the eye used for the computerized 
calculation of a blood–retinal barrier permeability and vitreous body 
diffusion coefficient for the substance fluorescein. Co(t): concentration of 
free (not protein-bound) fluorescein in plasma at time (t): C (r,t): 
concentration of fluorescein in the vitreous body at time (t) and at the 
position (r) from the center of the eye. P: permeability of the blood–retinal 
barrier, symbolized by a single spherical shell: D: diffusion coefficient in the 
vitreous body. (From Lund-Andersen et al 1985.78 Reproduced with permission from 

Association for Research in Vision and Ophthalmology.)
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Figure 6.12 Concentration of free (non-protein bound) fluorescein in 
ultrafiltrate of plasma versus time after IV injection of the dye. The data were 
obtained in a normal subject. Fluorescein was injected at time 0. The first 
blood sample was obtained at 5 min, then 15, 30, 60 and 120 min after the 
injection. The concentration during the first min of injection was not directly 
measured, but calculated (dotted line) – see method. (From Lund-Andersen 

et al 1982.75)
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Figure 6.13 Vitreous fluorophotometry scan along the optical axis of the 
eye obtained 60 min after injection of fluorescein. The black arrow indicates 
the retina, the open arrow the fluorescein concentration in the anterior 
chamber. The autofluorescence signal from the lens has been removed. 
Note a small peak behind the lens (∼15 mm from the retina) due to 
fluorescein leaking from the anterior chamber into the vitreous body.  
(From Sander et al 2001.102 Reproduced with permission from Association for Research 

in Vision and Ophthalmology.)
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Figure 6.14 Diffusion coefficient for fluorescein in the vitreous body 
and fluorescein permeability of the blood–retinal barrier in diabetic 
patients with three different degrees of retinopathy. (Redrawn with 

permission from Lund-Andersen et al 1985.77)
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into the anterior chamber and into the vitreous body. The 
ILM, the vitreoretinal interface, and the vitreous cortex 
cannot be regarded as a diffusion restriction to smaller mole-
cules (Box 6.1). In the vitreous the distribution versus time 
occurs according to the diffusion properties of a particular 
molecule in the vitreous gel.

An analysis of the fluorescein concentration gradient in 
the posterior part of the vitreous can be made with the aid 
of a simplified mathematical model of the relationship 
between the vitreous body and the blood–retinal barrier, as 
shown in Figures 6.11–6.14.78

In the model the vitreous body is considered as a globe 
with an outer delineation corresponding to the blood– 
retinal barrier (Fig. 6.11). Fluorescein passes the barrier 
passively with permeability P. Diffusion in the vitreous  
gel takes place with a diffusion coefficient D. The time-
dependent plasma fluorescein concentration is given by 
Co(t) and the concentration in the vitreous body dependent 
on time (t) and distance (r) from the center of the eye is 
given by C(r,t).
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gel; experimentally, the diffusion coefficients for mannitol 
and inulin have been found to be 2.4 and 2.0 × 10−6 cm2/sec 
respectively.74,76

The diffusion coefficient for fluorescein in the vitreous in 
diabetic patients with different degrees of retinopathy is 
shown in Figure 6.14. Although the permeability of the 
blood–retina barrier increases in relation to the degree of 
retinopathy, the diffusion coefficient is unchanged, indicat-
ing that the spread of fluorescein in the vitreous gel occurs 
with the same kinetics and rate during the earlier phases of 
diabetic retinopathy.

The permeability for the blood–retinal barrier relates to 
low-molecular-weight substances and ions; is low in the 
healthy eye, as shown here for fluorescein; and is close to 
the permeability of the blood–brain barrier.13,131 The blood–
aqueous barrier (i.e. the barrier in the ciliary body and the 
iris) is looser, although it is still tighter than capillaries else-
where, such as in the muscles.19

The presence of the ocular barriers and the “slow” diffu-
sion process have the consequence that transient changes in 
the bloodstream are reflected slowly in the total vitreous 
body (Fig. 6.13). The slow change of the vitreous body con-
centration can be used in some aspects of legal medicine 
regarding postmortem diagnosis.82 The time constants for 
many substances (Figs 6.15 and 6.16) are of the same mag-
nitude as those describing glucose transport between blood 
and brain; that is, half of the maximum is achieved in 
approximately 10 minutes.73

Bulk flow through the vitreous cavity as a result of a pos-
sible pressure gradient from the anterior part of the eye 
toward the posterior pole does not play any significant role 
in the distribution of low-molecular-weight substances in the 
intact vitreous; this aspect was not included in the mathemat-
ical model. However, high-molecular-weight substances or 
large particles are moving through the vitreous as a result of 
bulk flow (i.e. the flow of liquid that enters the vitreous body 
from the retrozonular space and leaves through the retina, as 

The basic equations and the mathematical formalisms are 
as follows:78
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In equation (2), G is given by
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where k P D D/a= −( ) ( )  and erfc is the complementary 
error function. Radius [a] of the eye is determined experi-
mentally. P and D are calculated from a set of experimental 
data by minimizing

 S w C r , t C r , ti m i i
2

i

N

= ( )− ( )[ ]
=
∑

1

 (4)

where Cm [ri, t] is the measured value at r = ri, and c is the 
corresponding value given by equation (1).

Equation (4) indicates that each point of the vitreous 
concentration profile is weighed equally during the fitting 
procedure. In the paper by Larsen et al67 another weighing 
procedure was suggested. However, this procedure adds too 
much weight to the low values towards the center of the eye 
and, accordingly, the present equal weighting procedure is 
preferred.

Figure 6.12 shows the fluorescein concentration in the 
bloodstream versus time after IV injection.75 Figure 6.13 
shows the fluorescein concentration in the vitreous body 
and the anterior chamber 60 minutes after the injection as 
determined by vitreous fluorophotometry. A combination of 
plasma and vitreous values by aid of the simplified mathe-
matical model results by curve fitting in a diffusion coeffi-
cient of approximately 6 × 10−6 cm2/sec. This is close to a 
diffusion coefficient that would be expected in an unstirred 

Figure 6.15 Entry of 14C-glucose from the blood into the 
aqueous (A.C.) and vitreous (V.C.) humors. Blood and aqueous 
humor samples were fractionated on Sephadex columns 
before counting to separate glucose from its metabolic 
products. Curves are hand-fitted to the data; 6 animals were 
used. (From Riley 1972.98 Reproduced with permission from 

Association for Research in Vision and Ophthalmology.)
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Figure 6.16 Entry of H-lactate from the blood into the 
aqueous (A.C., anterior chamber; P.C., posterior chamber) and 
vitreous humors. The two lower curves in this figure are best 
fit lines obtained by analog computer analysis in accordance 
with the theory of aqueous humor dynamics derived by 
Kinsey & Reddy. (From Riley 1972.98 Reproduced with permission 

from Association for Research in Vision and Ophthalmology.)
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described by Fatt28). If such a compound is placed in the 
anterior part of the vitreous, it moves slowly toward the 
retina; the diffusion process is virtually zero for large mole-
cules. In contrast, diffusion is more rapid for the movement 
of small molecules. Low-molecular-weight substances move 
faster, diffusing in all directions, and are virtually unaffected 
by bulk flow; if placed in the vitreous, a low-molecular-
weight substance will also be found in the anterior chamber.

Aging of the vitreous

The vitreous body goes through considerable physiological 
changes during life; changes that have great significance for 
its function. There is a sliding transition between the phy-
siological aging changes and actual degenerative changes 
(retinitis pigmentosa, Wagner’s disease).

The normal postnatal vitreous body is a homogeneous gel 
developed and biochemically composed as described above. 
The fundamental aging change is a disintegration of the gel 
structure, the so-called liquefaction or synchysis, especially 
notable in the center of the vitreous where the collagen 
concentration is lowest.119,127,128 Liquefaction starts early in 
life, and a linear increase in the volume of vitreous liquid is 
found with age.8,118

Molecular mechanisms in aging
The mechanisms behind the liquefaction are not known 
exactly but could be linked to conformational changes in the 
collagen.2 The apparent molecular weight of vitreous colla-
gen increases with age because of the formation of new  
covalent cross links between the peptide chains equivalent  
to the aging process in collagen elsewhere in the body.1 
Bundles of collagen fibrils become biomicroscopially  
visible as coarse fibrous opacities.113 The common aging 

pro  cesses, such as the cumulative effect of light exposure and 
non-enzymatic glycosylation, seem to be important. Both 
hyaluronic acid and collagen may be affected by free radicals 
in the presence of a photosensitizer such as riboflavin (which 
is present in the eye) after irradiation with white light.2 
Enzymatic and non-enzymatic cross-linking have also been 
demonstrated.115,116,134 Non-enzymatic glycosylation is well 
known from other tissues with a slow turnover of proteins, 
such as the lens.58,125 Proteins are cross-linked due to the 
Maillard reaction with formation of a covalent binding 
between an amino group and glucose leading to insolubi-
lized proteins (advanced glycation end-products – AGEs). 
The process is modulated by ultraviolet light and acceler-
ated in persons with diabetes mellitus.101 The vitreous 
glucose concentration is doubled in persons with diabetes 
compared with that of healthy subjects.79 Sebag et al have 
found that collagens in the vitreous are cross-linked due to 
non-enzymatic glycolysation.111,116,133

Other mechanisms are probably involved. The network 
density of collagen decreases in childhood due to the  
growth of the eye, which could destabilize the gel. On the 
other hand, the hyaluronic acid concentration is increased 
and leads to gel stabilization.111 The concentration of 
electrolytes, soluble protein and other substances such as 
metalloproteinase may change.15,52 The soluble protein con-
centration increases with age due to an increase in the 
leakage through the blood–retina barrier, which may play a 
role both in the normal aging process and in pathologic 
conditions such as diabetic retinopathy.127

Structural changes
Regardless of the exact nature of the molecular changes, the 
structure of the gel is dissolved and replaced with aqueous 
lacunae, which melt together over time. The hyaluronic  
acid is redistributed from the gel to the liquid vitreous with 
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Figure 6.17 Schematic illustration of the vitreous body with laquena. (From 

Kanski J 1989.57)

Figure 6.18 Schematic picture of the fine 
structure of the vitreous gel showing network 
reinforced with hyaluronic acid molecules. Left: 
Random distribution of the structural elements. 
Right: Formation of liquid pool and partial collapse 
of the network. From: Davson H, ed. The eye, vol. 1A. 

New York: Academic Press, 1984.)
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concomitant conformational changes.5 The liquefaction is 
qualitatively shown in Figures 6.17 and 6.18 and quantita-
tively in Figure 6.19.

Human vitreous structure can be observed using dark-
field microscopy.108,110,113,116 With this technique, the vitreous 
is optically empty in the young apart from the vitreous 
cortex. With time, fine parallel fibers appear, with anterior–
posterior fibers attached to the vitreous base and ora serrata. 
Peripheral fibers are circumferential with the vitreous. The 
fibers probably correspond to aggregated collagen fibers no 
longer separated by hyaluronic acid and with increasing age 
the fibers become thickened and associated with pockets of 
liquid vitreous (lacunae).

In a series of investigations using India ink injection in 
the vitreous body, Worst argued that the adult vitreous body 
is composed of a number of cisterns (Fig. 6.20),54,55,137 the 
lining of the cisterns corresponding to the fibers found by 
Sebag. A funnel-shaped cavity, the bursa premacularis, was 
found in front of the macula. Using fluorescein staining, 
Kishi has described a similar structure termed the posterior 
precortical vitreous pocket (PPVP).61 In this study the ante-
rior part was found to be lined by the vitreous gel proper 
and the posterior part by the posterior hyaloid membrane. 

Sebag et al113–116 found a premacular hole in the cortex and 
observed herniation of the vitreous gel through the hole. The 
presence or absence of vitreous cortex in close apposition to 
the fovea is disputed and might be dependent on the age  
of the donor eye and the technique used.41,60,61,112,127 Worst 
proposed that anterior–posterior traction of the collagen 
fibrils lining the cisternae is significant for the formation of 
macular holes.137

Vitreo–retinal interface imaging
Optical coherence tomography (OCT) is a clinical technique 
that is suitable both for measurement of retinal thickness 
and for imaging of the vitreo–retinal interface (Fig. 
6.21).6,80,42,43,96 Measurements of retinal thickness are com-
parable to stereoscopic viewing and reproducible, even in 
the presence of cataract.49,80,126 The axial resolution of the 
technique is 3–10 µm and the distinction between high-
reflectivity intravitreal membranes and non-reflective vitre-
ous is favorable,18,136 although the exact nature of intravitreal 
strands cannot be deduced from the image. Anterior–poste-
rior membranes will theoretically be more difficult to detect 
due to the minimal backscatter from the small cross-section 
of such fibers.

The aging process of the vitreo–retinal interface has been 
studied with the OCT in 209 healthy subjects (age 31–74 
years).132 Preretinal strands, presumably posterior cortex, 
were found in 60 percent of these non-symptomatic cases 
without biomicroscopic evidence of posterior vitreous 
detachment (PVD). Persistent attachment was found to the 
fovea, optic nerve head and mid-periphery. The study dem-
onstrates that partial PVD demonstrated by OCT is frequent 
in healthy subjects.

Diffusion kinetics as an indicator of  
the biophysical status of the vitreous
Using fluorophotometry examination of the fluorescein dif-
fusion profile in the vitreous reveals three different profiles. 
These profiles provide information on how the vitreous 
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Figure 6.19 The formation of liquid vitreous (expressed as a percentage of 
the total vitreous space) during postnatal development and aging in the 
human eye. (From Seery 1994.119)
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Figure 6.20 Schematic diagram of Worst’s interpretation of vitreous 
structure. “Cisterns” are visualized using white India ink to fill areas of the 
vitreous that take up this opaque dye. There are retrociliary, equatorial,  
and perimacular cisternal rings and a bursa premacularis. (From Jongebloed 

& Worst 1987.55)

body behaves during aging from a diffusion-kinetic point of 
view.77,83 The three different diffusion kinetic relationships 
are shown in Figures 6.22 to 6.24 from a study of patients 
with retinitis pigmentosa in different stages of the disease. 
The upper curve (see Fig. 6.22) shows a diffusion profile 
comparable to a normal vitreous body, in which the shape 
of the diffusion profile corresponds to the diffusion in an 
intact gel, and the diffusion coefficient corresponds to diffu-
sion in a gel (see above). Figure 6.23 shows that there is no 
diffusion profile, as is the case when degeneration and liq-
uefaction of the vitreous body are present, as observed in 

Figure 6.21 Optical coherence tomography scan from a healthy subject 
(6 mm scan through the fovea). The optically empty vitreous is in the top of 
the picture. The thin foveal center is seen in the middle of the scan and 
facing the vitreous, the retinal nerve fiber layer is visible (stippled arrow).  
The signal from the photoreceptors is relatively low (black or blue) while  
the reflectance from the retinal pigment epithelium is high and seen as  
red/white (repeated arrow). Also the junction of the inner and outer 
photoreceptor segments gives a highly reflecting line (full-drawn arrow). 
The vessels in choriocapillaris are partly visible.

Figure 6.22 Pre-retinal vitreous concentration profiles for fluorescein in a 
patient with retinitis pigmentosa measured after 30 min and 7 h, which 
enables determination of passive permeability and outward, active 
transport. (From Moldow et al 1998.83 With kind permission of Springer Science + 

Business Media.)
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Figure 6.23 Fluorescein profile in the vitreous recorded at 30 min after 
fluorescein injection from a patient with retinitis pigmentosa. The absence 
of a preretinal gradient after 30 minutes indicates a significant vitreous 
detachment/liquefaction and the patient was excluded from the study. 
(From Moldow et al 1998.83 With kind permission of Springer Science + Business 

Media.)
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central degeneration is sufficiently large, this leads to a col-
lapse of the rest of the vitreous body, which causes the cortex 
to sink into the center of the vitreous body. This leads to the 
condition PVD (Figs 6.25 and 6.26).

PVD is the most common pathophysiologic condition of 
the vitreous body and is considered a normal physiologic 
aging phenomenon that might be related to a decrease in 
anchoring fibrils at the vitreoretinal interface.46,47,132,139 Vitre-
ous detachment leads to opacities in the vitreous body, but 
otherwise it typically has no clinical consequences. However, 
if there is a strong attachment between the posterior hyaloid 
and the ILM, a PVD can result in a retinal tear. This is the 
first step in a rhegmatogenous retinal detachment.

PVD can also induce traction on the retina, especially in 
the foveal region, if there is a strong attachment between the 
vitreous cortex and the ILM. This is seen especially in eyes 
with diabetic retinopathy. A shrinking of the posterior cortex 
when it is attached to the ILM can induce various forms of 
surface retinopathy, such as macular holes or macular edema.

Perifoveal vitreous detachment has been argued as a 
primary pathogenic event in idiopathic macular hole forma-
tion. However, this phenomenon may be secondary to the 
formation of the macular hole.

Gass35,36 has postulated a centrifugal retraction of retinal 
receptors as an early event that might be caused by an early 
vitreoretinal degeneration of foveal Müller cells and the 
overlying vitreous cortex with subsequent split of the Müller 
cells. According to this hypothesis, the photoreceptors are 
still present in the cuff around the hole and the large 
improvement in visual acuity often found after vitrectomy is 
to be expected.

Other studies, using OCT and B-scan ultrasonography, 
indicate that vitreous change is the primary event.37,53 Both 
techniques show a partial PVD, with attachment to the fovea, 
optic nerve and midperiphery in early stages of macular 
holes. As the vitreous shrinks, a traction develops in the 
anterior–posterior direction from the vitreous cortex to the 
fovea. An OCT image from the fellow-eye of a patient with a 
full-thickness macular hole in the other eye is shown in 
Figure 6.27A&B and clearly demonstrates the attachment 
sites of the posterior cortex. Discrete changes and a small 
break are seen in the outer retinal layers and the anterior–
posterior traction might be conducted to the outer retinal 
layers through the thin, vertical fiber (probably Henle’s fibers) 
in the middle of the central cyst. A similar picture, now with 

cases of retinitis pigmentosa. Figure 6.24 gives a diffusion 
profile interrupted by a convex hump, which can be related 
to a lacuna in the vitreous with high fluorescein concentra-
tion in the center (Box 6.1).

In studies where the diffusion kinetic relationships were 
compared with a clinical evaluation of the vitreous body,  
a good correlation between the diffusion kinetic and the 
clinical evaluation was reported.95,99

Physiology of the vitreous body

In the following the most essential physiological and patho-
physiological relationships of the vitreous body will be illus-
trated. The normal physiology of the vitreous body can be 
divided into four main groups:

A. Support function for the retina and filling up function 
of the vitreous body cavity

B. Diffusion barrier between the anterior and the 
posterior segments of the eye

C. Metabolic buffer function
D. Establishment of an unhindered path of light

A. Support function for the retina and filling 
up function of the vitreous body cavity

Normal conditions
An intact vitreous body, which fills up the entire vitreous 
cavity, may retard or prevent the development of a larger 
retinal detachment. Presumably, the vitreous body can also 
absorb external forces and reduce mechanical deformation 
of the eye globe. The intact vitreous body supports the lens 
during trauma to the eye. However, this mechanical support 
is only of limited significance. Thus eyes in which the vitre-
ous has been removed during vitrectomy can still have a 
normal function, and the retina is not detached.

Pathological/pathophysiological correlations

Posterior vitreous detachment
As previously mentioned, degeneration of the vitreous body 
is a normal physiologic aging phenomenon. When the 

Figure 6.24 Vitreous profile recorded from a patient with retinitis 
pigmentosa 30 minutes after injection. The figure illustrates a typical “camel 
hump” which has no visual influence on the pre-retinal gradient. (From 

Moldow et al 1998.83 With kind permission of Springer Science + Business Media.)
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Figure 6.25 Schematic illustration of the vitreous body cavity with a 
posterior vitreous detachment. (From Kanski 1989.57)
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Figure 6.26 Posterior vitreous detachment as shown schematically in 
Fig. 6.25. (A) Ultrasound B-scan of a posterior vitreous detachment in a 
diabetic patient, in this case the partial detachment is located just anteriorly 
to the fovea (arrow). (B) OCT of the same case, the vitreous cortex is thick 
and reflects strongly (arrow). The retina is stretched out, giving a false 
impression of a strong curvature of the posterior cortex. Epiretinal fibrosis  
is seen on the right side of the foveal center.

B

A

dehiscence of the photoreceptors, is seen in Figure 6.27C. 
Though clearly seen in Figure 6.27, PVD is not found in all 
cases and the etiology may not be the same in all patients 
(Box 6.1).38,43,50,62,63,89

Intravitreal string formation may also be implicated in 
macular hole or retinal edema formation and a vitreal schisis 
may represent a type of anomalous PVD as described by 
Sebag.18,108,118

Tangential forces cannot be excluded in the pathogen-
esis of macular holes.6,86 Traction is well known from 
proliferative diabetic retinopathy, and the posterior vitreous 
is often attached to the optic nerve and to the midperiphery. 
A slack shape of the posterior cortex may present evidence 
for an argument in favor of an antero-posterior traction and 
against tangential traction.17,37,53,86

Figure 6.27 (A) Optical coherence tomography scan from the fellow eye in 
a patient a with full-thickness macular hole in the other eye. The posterior 
vitreous cortex is clearly attached to the fovea (arrows), though the signal 
intensity from anterior–posterior structures as usual in OCT is weaker then 
for nearby transversal structures. A cystic formation is seen in the fovea, the 
vertical lines may originate from Henle’s fibers or remaining Müller cells. 
Beneath the cyst, a discrete break seems to be present in the outer 
photoreceptor layer and the otherwise highly reflecting line from the 
junction of inner and outer segments. (B) A 3D picture of the same eye. The 
vitreo-retinal traction clearly forms a circular ring, attaching to the foveal 
center. (C) Prehole in another patient than in (A). The vitreo-retinal traction 
is very similar to the case shown in the previous figure, with vitreo-retinal 
traction (arrows) and a vertical line within the central cystic area (repeated 
arrow), indicating a conduction of the vitreo-retinal traction through the 
neuroretina. The cystic area expands into a split at the level of the outer 
plexiform layer. A dehiscence is seen of the photoreceptors (stippled arrow).

B

C

A

Development of macular edema
The basic principles behind the pathogenesis of macular 
edema are illustrated in Figure 6.28. The factors involved are 
related to the blood–retina barrier, that is, the passive  
permeability and the active transport correlated to blood 
flow and metabolic dysfunction with formation of osmotic 
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equivalents. Under normal conditions, the blood–retinal 
barrier is tight (low passive permeability). An increase in the 
passive permeability or a decrease in the outward active 
transport may lead to edema formation (see Table 6.2 
below), and an increased passive permeability is predictive 
for later photocoagulation as well as substantial visual loss, 
though an increased leakage may not lead to an immediate 
increase in retinal thickening (Box 6.1).104,105 Retinal ischemia 
seems to be a major cause of the pathophysiological changes 
leading to macular edema. As shown by Linsenmeyer, the 
oxygen tension in the inner retina of diabetic cats is nearly 
zero even before visible capillary dropout.72 In diabetic 
patients without retinopathy, an acute increase in glucose 
leads to a faster impulse transduction (implicit time), as 
shown by electrophysiology, and the blood flow is increased, 
indicating an increased metabolism and oxygen demand.16,64 
In addition, in cases of capillary closure and drop out of the 
retinal vessels, the inner retina will be in a hypoxic state, 
which in turn induces production of vascular endothelial 
growth factor (VEGF) and an increased permeability. As a 
consequence, long-standing severe edema is now treated 
with VEGF inhibitors or steroid injection; both treatments 
decrease vascular permeability (Box 6.1).7,31,135

Vitreous traction is probably involved in some cases of 
macular edema and in diabetic patients OCT tomograms 
might have patterns similar to those seen in eyes with a 
macular hole (Fig. 6.29) (Box 6.1).56 In several studies, eyes 
with otherwise untreatable edema have been shown to have 
partial PVD and vitrectomy seems to improve visual acuity in 
these eyes.6,71,129,130,138 However, vitrectomy has also been 
helpful in cases without evidence of vitreomacular traction.66

As indicated above, the clinical significance of the tractional 
forces is complicated and difficult to quantitate, and the patho-
genesis of these maculopathies is still a matter of debate.

B. Diffusion barrier between the anterior and 
the posterior segments of the eye

Normal conditions
The vitreous body is, as previously mentioned, a gel and in 
that context it has a considerable barrier function for bulk 

Figure 6.28 Factors related to the development of diabetic macular 
edema: vitreous traction, passive permeability, active transport (from the 
retina to the blood) and metabolism.

Vitreous traction

Active transportPassive permeability

Metabolism

Figure 6.29 Optical coherence tomogram of a diabetic patient. The 
vitreous cortex is firmly attached to the fovea and the vascular arcades (not 
shown). After vitrectomy, normal anatomy and visual acuity were restored.

movements of substances between the anterior and posterior 
parts of the eye.

Substances that are liberated from the anterior segment 
of the eye will have difficulty reaching high concentrations 
in the posterior part of the eye when the vitreous body is 
intact because diffusion is slow and movement by bulk flow 
is very limited in a gel. An intact vitreous gel will also prevent 
topically administered substances reaching the retina and 
the optic nerve head in significant concentrations. Entrance 
of antibiotics from the bloodstream to the center of the vitre-
ous will also be impeded by the normal vitreous.

Pathological/pathophysiological correlations
If the vitreous body is partly removed/degenerated/collapsed 
the exchange between the anterior and posterior part of the 
eye will be much faster and easier. This is the case when the 
lens is removed and anterior vitrectomy has been performed. 
Substances that are produced in the anterior segment of the 
eye or given topically enter the vitreous body through the 
less tight barrier systems in the anterior part of the eye 
(blood–aqueous barrier) and can be expected to reach the 
retina in higher concentrations than in eyes with an intact 
vitreous and an intact irido-lenticular barrier (Figs 6.30 and 
6.31). The same is the case for topically administered phar-
macologically active substances. Whether this has any clini-
cal significance or not is not known, but the condition of 
the vitreous should always be taken into consideration in 
discussions on ocular pharmacokinetics, both for topically 
and systemically applied substances.

The preretinal oxygen tension is improved in diabetic 
patients after vitrectomy, indicating that oxygen transport 
increases with faster fluid currents.122 This is of clinical 
relevance because retinal neovascularization and macular 
edema regress.

C. Metabolic buffer function

Normal conditions
The ILM and the posterior cortex do not act as diffusion 
barriers for smaller molecules. Because of the close anatomic 
relationship to the ciliary body and the retina, the vitreous 
body can act as a metabolic buffer and, to a certain degree, 
a reservoir for the metabolism of the ciliary body and espe-
cially the retina, as indicated in the oxygen profiles in Figure 
9.10. Because of the tight blood–retina barrier, water-soluble 
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However, the condition of the vitreous may play a role for 
the effect of pathogenic factors produced in the retina. The 
concentration of vasoproliferative factors (produced in the 
retina and appearing in the vitreous body) near the retina 
depends on the condition of the vitreous body. If the vitre-
ous acts as a diffusion barrier to these substances, they are 
retained in high concentrations close to the retina. Accord-
ingly, one can speculate that vitrectomy can cure this condi-
tion, as can be seen in some aggressive cases of proliferative 
diabetic retinopathy. In other cases vitrectomy can lead to 
rapid movement of vasoproliferative factors from the poste-
rior pole to the anterior pole, thus leading to neovasculariza-
tion in the anterior segment of the eye (neovascular 
glaucoma).

D. Establishment of an unhindered  
path of light

Normal function
The normal physiological function of the vitreous body 
allows an unhindered passage of light to the retina, when 
visible light passes through the vitreous body. An important 
function for the vitreous body is to maintain this optimal 
transparency, which is primarily due to the low concentra-
tion of structural macromolecules (<0.2 % w/v)118 and 
soluble proteins.33 The transparency may also be maintained 
by the specific collagen/hyaluronic acid configuration, in 
analogy with the cornea. The scattering properties of the 
vitreous are anisotropic and the scatter decreases when the 
vitreous swells.11

Pathological/pathophysiological correlations
Degeneration of the vitreous body (as described in the 
section “Aging of the vitreous” above) with generation of 
opacities, so-called muches volantes, interferes with the path 
of light. This is also seen in connection with PVD as has 
already been mentioned. Synchysis scintillans, asteroid 
degeneration, hemorrhages, inflammatory material, fibrous 
tissue in the vitreous body, and lack of regression of the 
hyaloid artery are examples of pathological conditions which 
all interfere with the normal path of light through the vitre-
ous body.121

The vitreous body as a sensor for the 
physiology of surrounding structures

As previously described neither the posterior cortex nor the 
internal limiting membrane can be regarded as diffusion 
barriers for smaller molecules. Due to the close anatomical 
relationship between the vitreous, the retina and the ciliary 
body, changes in concentrations of substances in the vitreous 
body will mirror processes in these tissues. Typically, fluo-
rescein is used as a tracer of salt (and water) movement. In 
vitro studies have shown both passive and active outward 
transport through the blood–retina barrier (from the retina 
to the blood).20,65,140,141 The passive movement (permeabil-
ity) is bidirectional and probably due to fenestrations and/
or leakage through tight junctions.4,51 The outward transport 
from the retina to the blood, measured with fluorescein,  
is significantly reduced by metabolic and competitive  
inhibitors and is considered an active, carrier-mediated 

substances located in the retina have easier access to the 
vitreous cavity than to the bloodstream if the transport 
across the barrier is limited.

Substances present in or produced in the retina are thus 
diluted by diffusing into the vitreous body. Likewise glucose 
and glycogen in the vitreous body can supplement the meta-
bolism of the retina, especially during anoxic conditions. The 
foot plates of the Müller cells also have close contact with the 
vitreous body. The vitreous body can thus act as a buffer in  
the physiological function of the Müller cells, for example in 
the potassium homeostasis of the retina.10,14,87

Vitamin C is also present in the vitreous body in relatively 
high concentrations, where it can act as a reservoir of anti-
oxidants in stress situations, protecting the retina from  
metabolic- and light-induced free radicals (see Table 6.1).

Pathological/pathophysiological correlations
Because normal function of the retina can be obtained  
after total vitrectomy, the metabolic buffer functions of  
the vitreous do not seem to play an important role. 

Figure 6.30 Fluorophotometric scan (30 minutes) in a patient after 
extracapsular cataract extraction with posterior chamber pseudophakos. 
Note the falling concentration of dye from the anterior and posterior 
towards the central vitreous. (From Ring et al 1987.99)
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With a cylindrical model (Fig. 6.33) the match to experimen-
tal curves improved. In the final model a correction for dif-
fusion of fluorescein from the anterior chamber was also 
included, as the concentration in anterior chamber often 
exceeds the posterior concentration up to several hours after 
injection and diffuses into the vitreous. The concentration 
profiles versus time with the final model are shown in Figure 
6.34. By curve fitting it is possible to estimate the outward, 
active transport of fluorescein transport in the individual 
patient. The results are shown in Table 6.2.

It appears that the permeability for fluorescein in the 
normal person is very low and that the capacity of active 
transport process from vitreous to the blood is much larger 
than the passive permeability.20,25,65,102,103,141 The passive 
permeability for fluorescein glucuronide equals that of  
fluorescein despite a large difference in lipid solubility 
between these two substances, indicating that the transport 
is related to water-filled pores.

transport from the retina to the blood.24,25,65,140 The active 
transport thus could be related to the metabolic activity of 
the pigment epithelium.

Determination of the blood–retinal barrier, 
passive permeability and active transport  
for fluorescein in humans, based upon 
concentration changes in the vitreous body
Mathematical models that are able to determine the blood–
retinal barrier permeability in passive or active transport 
have been developed. The models are based on the assump-
tion that the vitreous body is a globe surrounded by a  
homogeneous blood–retinal barrier. The following assump-
tions are made: The diffusion of fluorescein in the vitreous 
body takes place in accordance with conventional diffusion 
kinetics with a diffusion coefficient (D) the passive perme-
ability of fluorescein through the blood–retinal barrier  
(Ppassive) follows the usual passive permeability rules, and 
the active transport (Tout,active) is carrier mediated and non-
saturable within the concentration range expected to be 
found in the vitreous body.

After IV injection of fluorescein, the concentration of fluo-
rescein is determined in the bloodstream as the ultrafiltrated 
part in the plasma, and the concentration of fluorescein in 
the vitreous body is determined by vitreous fluorophotom-
etry. The passive permeability and the diffusion coefficient 
are calculated as described earlier, based on diffusion pro-
files obtained up to 60 minutes after fluorescein injec-
tion.21,67,68,69,70,74,77 The outward, active transport is calculated 
from the preretinal fluorescein concentration curve 8–10 
hours after fluorescein injection (Fig. 6.22). The basic equa-
tion is as follows:

J P Cp t T Cr tpassive out,active= ∗ ( )− ∗ ( )

where J is the flux, Ppassive the permeability, T is the outward, 
active transport and C is the fluorescein concentration in the 
plasma and vitreous.

Many hours after fluorescein injection, the plasma con-
centration is low and the first term small. Thus the outward 
(active) transport may be estimated from the preretinal 
gradient:

D dC dx Cr
1∗( )∗ −

where dC/dx is the pre-retinal fluorescein gradient and Cr
−1 

is the fluorescein concentration at the retina.25,26,102

The calculation of outward transport is not possible 
earlier than approximately 5–7 hours after fluorescein  
injection, when the preretinal gradient is reversed (Fig. 6.22). 
The time of reversal will vary according to the passive and 
active transport in the individual patient, and the equation 
above does not take into account the non-steady state of the 
whole diffusion process. With a mathematical model, the 
vitreous concentration curves can be simulated despite  
the non-steady state of the system.102 In contrast to earlier 
studies,90,92,140–143 the system is based on in vivo measure-
ments of fluorescein isolated from the contribution of the 
fluorescent metabolite fluorescein-glucuronide. The model 
in Figure 6.32 is based on a spherical geometry of the eye; 
however the experimental and theoretical curves with this 
model did not fit in patients with high passive permeability. 

Figure 6.32 Simplified spherical model of the blood–retina barrier. The 
distance from the retina to the center of the eye is divided into a large 
number of conical cells. The fluorescein concentration in the cell next to the 
retina is estimated from the plasma fluorescein concentration curve and 
passive and active transport estimates. (From Sander et al 2001.102 Reproduced 

with permission from Association for Research in Vision and Ophthalmology.)

Figure 6.33 Simplified cylindrical model of the blood–retina barrier. 
Assuming diffusion from the anterior part of the eye into the vitreous  
and low leakage in the peripheral of the retina compared to the posterior 
pole, the concentration gradients will form ellipsoid curves in the vitreous 
(thin lines). The major direction of fluorescein flux is orthogonal to the 
concentration. (From Sander et al 2001.102 Reproduced with permission from 

Association for Research in Vision and Ophthalmology.)
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that topically applied drugs will induce effects or side effects 
in the posterior segment of the eye.
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The Extraocular Muscles
Linda McLoon

The extraocular muscles (EOM) are found within the bony 
orbit. They function in conjugate eye movements, mainte-
nance of primary gaze position, and motor fusion – main-
taining corresponding visual elements within the binocular 
field on corresponding retinal loci. In addition, the eyes 
must be able to follow moving objects (smooth pursuit) and 
accomplish rapid changes in fixation (saccades). This is 
accomplished by a very complex oculomotor control system, 
and the EOM are the final effector tissues. Understanding 
how the EOM adapt to changing visual demands is critical 
to the development of improved treatment strategies to 
realign the eyes when the system fails, as in strabismus or 
nystagmus.

The EOM have many distinct and complex properties that 
distinguish them from non-cranial skeletal muscles, many 
of which are normally associated with developing or regen-
erating muscle. This includes a population of multiply- and 
polyneuronally innervated myofibers, and retained expres-
sion of the immature subunit of the acetylcholine receptor, 
neural cell adhesion molecule, and “immature” myosin 
heavy chain isoforms. The EOM also have the capacity to 
continuously remodel throughout life. From a clinical per-
spective, the EOM have a distinct propensity for or sparing 
from a number of skeletal muscle diseases. EOM share some 
of their unusual characteristics with other craniofacial 
muscles, such as the laryngeal muscles, and the potential 
developmental basis for their unusual properties and disease 
profiles is presented.

The bony orbit

The eyes are protected in deep bony orbits that are roughly 
pyramidal in shape (Fig. 7.1). The orbit is largest just inside 
the orbital margin at its anterior extent and smallest at its 
posterior extent, the apex. The orbital margins are composed 
of the frontal bone superiorly, the zygomatic process of the 
frontal bone and the frontal process of the zygomatic bone 
laterally, the zygoma and the maxillary bone inferiorly, and 
the frontal process of the maxillary bone, the lacrimal bone 
and the maxillary process of the frontal bone medially (Fig. 
7.1). However, direct impact to the bony margin can result 
in fracture (see Box 7.1). The orbit has a thick bony roof 
composed of frontal bone and a portion of the lesser wing 
of the sphenoid bone. The lateral wall is composed of the 
zygomatic bone and the greater wing of the sphenoid. A 

relatively thin floor is composed of the maxillary bone, a 
small and variable part of the palatine bone, and the zygo-
matic bone. The thin medial wall is composed of the maxil-
lary, the lacrimal, ethmoid, and sphenoid bones.1 As a result 
of this bony configuration, the globe is somewhat protected 
from injury caused by direct impacts to the face, particularly 
if there are no bony fractures.

An understanding of the geometry of the bony anatomy 
relative to maintenance of eye position is critically impor-
tant. The medial walls are parallel to each other, while the 
plane of the lateral wall in each orbit is 45° from the sagittal 
plane formed by the medial wall (Figs 7.1 and 7.2). Addi-
tionally, the geometry of the orbital bones requires that both 
globes be partially adducted in primary gaze. Maintenance 
of eye position in primary gaze requires a constant steady-
state resting level of tension in all the EOM, referred to  
as tonus.2

The apex of the bony orbit has three major foramina: the 
optic foramen, and the superior and inferior orbital fissures. 
The nerves and blood vessels to the majority of structures 
within the orbit enter through these foramina. A number of 
small foramina also open into the orbit, allowing entry and 
exit of nerves and vasculature to a wide array of structures 
in the orbit and head.3

Normal extraocular muscles

Gross anatomy
There are six EOM in each orbit whose function is to move 
the eyes: four rectus muscles, superior, medial, inferior, and 
lateral; and two oblique muscles, inferior and superior (Fig. 
7.3). In addition there is a seventh skeletal muscle in each 
orbit, the levator palpebrae superioris, which inserts into the 
upper eyelid and functions in elevating the palpebral fissure. 
While its cranial nerve innervation is similar to the EOM, 
functionally and metabolically it is distinct, and will not be 
discussed further in this chapter.

The four rectus muscles take their origin in part from the 
bones at the apex of the orbit, but also from the tendinous 
annulus. They course anteriorly to insert into the sclera ante-
rior to the equator of the globe, a key factor when consider-
ing their functional effects on eye movements. Classically 
this insertion is described as external to the ora serrata; 
however, recent studies demonstrate that insertions of the 
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patient, and does not correlate with primary position of the 
eye or surgical success for strabismus patients.11 Thus, there 
is a significant amount of variation in rectus muscle inser-
tions, and this variability has important consequences for 
incisional surgery of the EOM.

The superior and inferior oblique muscles have distinct 
paths compared to the rectus muscles. The superior oblique 
takes its origin from the dense connective tissue periosteum 
lining the orbit just superior and medial to the attachment 
of the tendinous annulus, and courses anteriorly along the 
border between the orbital roof and the medial orbital wall. 
Approximately 10–15 mm posterior to the orbital margin it 
becomes tendinous and enters the trochlea, a cartilaginous 
and dense connective tissue structure attached to the orbital 
periosteum. Emerging from the trochlea, the superior 
oblique muscle passes posteriorly at a 51° angle to the axis 
of the eye in primary position and inserts into the sclera.  
The trochlea thus serves as the “de facto” origin, creating the 
vector of force that moves the globe. The insertion of the 
superior oblique is on the superior pole deep to the superior 
rectus muscle, but in contrast to the rectus muscles, posterior 
to the equator of the globe (Fig. 7.3). The inferior oblique 
muscle is the only EOM that does not take its origin from 
the apex of the orbit; instead originating from the anterome-
dial orbital floor. The inferior oblique muscle courses pos-
teriorly and inferior to the inferior rectus and inserts into the 
sclera posterior to the equator of the globe.

The shape, size, and orientation of the EOM from origin 
to insertion form the basis for the eye movements that result 
from their contraction (Table 7.1). While the effect of con-
traction of each EOM will be described separately, it is 
important to remember that they work in a coordinated 
fashion, maintaining significant tension or “tonus” even 
when the eye is in primary position and thus presumably  
“at rest”.2,12

rectus muscles range from 2.25 mm posterior to 2.25 mm 
anterior to the ora serrata, with 90 percent of the insertions 
within 1 mm.4 Generally considered to be tendinous at the 
insertion site, the medial and lateral rectus muscles in 
humans may contain myofibers that extend directly to the 
sclera,5 an important consideration for incisional strabismus 
surgery. The insertions of the four rectus muscles increase in 
distance from the corneal limbus circumferentially, with the 
medial rectus closest and the superior rectus furthest. The 
distances were originally determined on cadaveric material;6 
however, recent analyses on living adult patients during stra-
bismus surgery show that the average distances from the 
corneal limbus to the rectus muscle insertions have large inter- 
individual variations.7–10 In part, this explains the disparate 
measurements seen in the literature. One typical study meas-
ured the distances from the limbus to muscle insertion as 
6.2 ± 0.6 mm for the medial rectus, 7.0 ± 0.6 mm, for the 
inferior rectus, 7.7 ± 0.7 mm for the lateral rectus, and 8.5 
± 0.7 mm for the superior rectus.10 Distances can vary up to 
4 mm, even between the same muscles in both eyes of one 

Figure 7.1 Bony orbit (anterior view). Medial walls of the two orbits are 
parallel to each other and in the sagittal plane (blue vertical lines). The walls 
form a pyramidal shape with the apex pointing posteriorly. f, frontal bone; 
lws, lesser wing of the sphenoid; gws, greater wing of the sphenoid; m, 
maxillary bone; l, lacrimal bone; e, ethmoid bone.

Figure 7.2 Geometry of the orbit. The orbit is a pyramidal-shaped structure 
with the base anterior and the apex posterior. The medial walls of the two 
orbits are parallel to each other and in the sagittal plane. The lateral walls 
are angled 45° relative to the medial wall. The lateral walls of both orbits 
form a 90° angle. The optic nerve emerges at an angle of 22.5° from the 
medial wall. The eyes in the primary gaze position results in adduction of 
the globe 22.5°. The orbital volume is 30 ml, with 6.5 mL filled by the globe.

90˚

4.5–5 cm

2.5 cm

22.5˚

45˚

Box 7.1  Blowout fractures

Bony fractures of the thin orbital walls can occur with blunt 
impact to the orbital margins. The increased force causes the 
bone to “blowout” into the sinuses, with the inferior and medial 
walls most susceptible to fracture. Sometimes the EOM become 
entrapped at the fracture site, as evidenced by restricted 
movements in the range of function of the entrapped muscle. 
These must be surgically repaired.1
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A

B

Trochlea

Superior oblique muscle

Superior rectus muscle

Lateral rectus muscle

Levator palpebrae
superioris muscle (cut)

Inferior oblique muscle

Lateral rectus muscle

Superior rectus muscle

Superior oblique muscle

Inferior oblique muscle

Medial rectus muscle

Inferior rectus muscle

Medial rectus muscle

Figure 7.3 (A) Anterior view of the EOM in situ. Note that the origin for the inferior oblique is in the inferomedial aspect of the orbit and not the apex. 
(B) Superior view of the EOM in situ. Note the parallel arrangements of the horizontal muscles (medial and lateral rectus); the vertical muscles (superior and 
inferior rectus); and the insertional tendons of the superior and inferior obliques. (Modified from Clinical Orbital Anatomy, Marcos T. Doxanas and Richard L. Anderson 

eds, Baltimore, William and Wilkins, 1984.) 
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muscle is elevation, but it also adducts and intorts the eye 
(Table 7.1, Fig. 7.4). Intorsion is where the superior pole of 
the eye rotates medially. Thus, if the superior rectus muscle 
was acting alone, the direction of gaze would be superior 
and medial, that is, up and in towards the nose. The inferior 
rectus is parallel to the superior rectus, but inserts on the 
inferior surface of the globe. Thus, it primarily depresses the 
eye, but also adducts and extorts (Fig. 7.4); extorsion is rota-
tion of the superior pole of the eye laterally.

Due to its insertion posterior to the equator of the globe, 
as well as the vector of force directed by the position of the 
trochlea in the superior and medial orbit, the superior 
oblique mainly intorts the eye (Table 7.1, Fig. 7.4). It also 
depresses and abducts. Thus, working unilaterally, gaze 
would be directed down and out. As the inferior oblique 
muscle parallels the superior oblique, but inserts on the 
inferior surface of the globe, its primary function is extorsion 
of the eye (Table 7.1, Fig. 7.4); it also elevates and abducts. 
In order for accurate positioning of the visual world on the 
fovea, activity of all the EOM must be tightly coordinated.

Cranial motor nerve innervation
The optic foramen is found within the lesser wing of the 
sphenoid bone at the orbital apex, through which runs the 
optic nerve (cranial nerve II, CNII) and ophthalmic artery. 
Between the greater and lesser wings of the sphenoid is the 
superior orbital fissure. The structures entering the orbit 
through this fissure are divided by the tendinous annulus 
(formerly the annulus of Zinn). Structures that enter the 
orbit superior to the annulus are the lacrimal and frontal 
nerves, both sensory branches of the ophthalmic division of 
the trigeminal nerve (CNV); the trochlear nerve (CNIV), 
motor nerve to the superior oblique muscle; and the supe-
rior ophthalmic veins (Fig. 7.5). Once through the annulus, 
structures enter what is referred to as the muscle cone, and 
are surrounded by the EOM and their connective tissue 
ensheathments. Within the annulus, the superior orbital 
fissure admits the superior and inferior divisions of the ocu-
lomotor nerve (CNIII) the motor nerve to the inferior rectus, 
inferior oblique, medial rectus, superior rectus and levator 
palpebrae superioris muscles; the nasociliary nerve which is 
a sensory branch of the ophthalmic division of the trigemi-
nal nerve (CNV), and the abducens nerve (CNVI), the motor 
nerve to the lateral rectus muscle.3 On the floor of the orbit 
is the inferior orbital fissure, which admits the zygomatic 
nerve, a sensory nerve innervating the lateral mid-face; com-
munications of the inferior ophthalmic vein with the ptery-
goid plexus of veins inferiorly; and the lacrimal rami, carrying 
parasympathetic innervation from the facial nerve (CNVII) 
to the lacrimal gland.13

Once inside the bony orbit, the motor nerve branches of 
CNIII, CNIV and CNVI course anteriorly towards the muscles 
they innervate. The superior division of CNIII innervates the 
superior rectus muscle and continues superiorly to innervate 
the levator palpebrae superioris. The inferior division of 
CNIII innervates the medial and inferior rectus muscles, and 
the latter branch continues inferiorly to innervate the infe-
rior oblique. All nerve branches enter the muscles on their 
deep surfaces within the muscle cone. CNVI also enters the 
lateral rectus muscle on its deep surface. Of the motor nerves, 
only the trochlear nerve, CNIV, enters the orbit outside the 

Horizontal movements are controlled by the medial and 
lateral rectus muscles, agonist–antagonist pairs with oppos-
ing primary functions; the medial rectus adducts the eye, 
while the lateral rectus abducts the eye. Vertical movements 
are more complex. The superior and inferior rectus muscles 
have a more complex effect on the direction of eye move-
ments because the bony orbits are not parallel to each other 
(Fig. 7.2). In primary gaze, both the superior and inferior 
recti are angled laterally at approximately 22.5° from the 
sagittal plane. The primary action of the superior rectus 

(C) Cadaveric dissection of the orbit from the superior 
approach. The levator palpebrae superioris (lps) is elevated. The superior 
rectus (sr) is directly inferior to it. The motor innervation cannot be seen 
from this view, as the oculomotor nerve (CNIII) runs within the muscle cone 
deep to the muscles. The frontal nerve is the most superior element and is a 
sensory branch of the ophthalmic nerve of CNV. The four rectus muscles 
insert into the anterior half of the globe, at approximately the level of the 
ora serrata. Insertions are found at increasing distances from the corneal 
limbus, medial rectus closest and superior rectus the furthest. The two 
oblique muscles insert into the posterior half of the globe. g, globe; l, 
lacrimal gland. Anterior is at the top of the photograph, and medial is to  
the right.

C

Figure 7.3, cont’d 
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The acetylcholine receptor found within NMJs is com-
posed of 5 subunits, similar to skeletal muscle generally. In 
developing non-cranial muscle there are two alpha, 1 beta, 
1 gamma, and 1 delta subunits (α2βγδ), and in the adult the 
γ subunit is replaced with the epsilon (ε) subunit.17 In con-
trast, in adult EOM the majority of the “en grappe” endings 
express the “immature” gamma subunit, rather than the 
epsilon subunit of mature endings.18,19 Both the “en plaque” 
and “en grappe” endings in the EOM can co-express both 
the epsilon and gamma subunits;20 this appears to be unique 
to EOM. Due to the nature of EOM myofiber length, as dis-
cussed in a following section, NMJs can be seen throughout 
the origin-to-insertional length of EOM in most species 
where this has been examined.21,22 This is in contrast to most 
limb skeletal muscles, which have a motor endplate zone, 
an NMJ band that is fairly contained within a defined area 
in the midbelly region of the muscle.

It has generally been assumed that the multiply inner-
vated myofibers are innervated by a single motor neuron, 
but polyneuronally innervated myofibers are also present.23,24 
This means that more than one motor neuron can innervate 
a single myofiber. This has important implications for EOM 
physiology and will be discussed in that section.

Orbital connective tissue
A complex framework of connective tissue exists throughout 
the orbit, and this network has a clear structural organization 

tendinous annulus innervating the superior oblique muscle 
on its superior or lateral surface (Fig. 7.5). All motor nerves 
that innervate the EOM enter the body of the muscles at their 
posterior third (Fig. 7.5).

Neuromuscular junctions (NMJ) are the specialized sites 
of communication between a nerve and the myofibers it 
innervates. In non-cranial skeletal muscle, NMJs usually 
form in the middle one-third of each myofiber. The NMJs 
formed by the cranial motor nerves with individual EOM 
myofibers display some distinct differences compared to 
those in non-cranial skeletal muscle. Similar to body muscles, 
the EOM have singly innervated myofibers with NMJs 
referred to as “en plaque” endings (Fig. 7.6). However, the 
“en plaque” NMJs in EOM are smaller and less complicated 
structurally than those in non-cranial skeletal muscles.14 In 
addition, the EOM have multiply innervated myofibers with 
neuromuscular junctions referred to as “en grappe” endings 
(Fig. 7.6). These are a linear array of small synaptic contacts 
often found towards the ends of individual myofibers, but 
can be continuous along the length of individual myo-
fibers.15 The “en grappe” NMJ contacts are structurally 
simple.16 Thus, in EOM a single myofiber can have an “en 
plaque” NMJ somewhere along the middle one-third and 
also have multiple “en grappe” endings along the tapered 
ends (Fig. 7.6). Some myofibers in EOM that express the 
slow tonic myosin heavy chain isoform (MYH14) have “en 
grappe” endings along their entire myofiber length and do 
not have an “en plaque” ending.

Table 7.1 Extraocular Muscle Function: Primary and Secondary Actions

Muscle Primary action Secondary action Motor innervation Antagonists Synergists

Lateral rectus Abduction None Abducens n (CNVI) Medial rectus Superior and inferior oblique m

Medial rectus Adduction None Oculomotor n (CNIII, 
inferior division)

Lateral rectus Superior and inferior rectus m

Superior rectus Elevation Adduction
Intorsion

Oculomotor n (CNIII, 
auperior division)

Inferior rectus Medial and inferior rectus m
Superior oblique m

Inferior rectus Depression Adduction
Extorsion

Oculomotor n (CNIII, 
inferior division)

Superior rectus Medial and superior rectus m
Inferior oblique and superior rectus m

Superior oblique Intorsion Depression
Abduction

Trochlear n (CNIV) Inferior oblique Inferior rectus m
Lateral rectus and inferior oblique m

Inferior oblique Extorsion Elevation
Abduction

Oculomotor n (CNIII, 
inferior division)

Superior oblique Superior rectus m
Medial rectus and superior oblique m

Figure 7.4 Composite photograph showing a 
subject looking in the nine cardinal positions of 
gaze. Center panel: primary gaze straight ahead. 
Top panels: up-gaze. Bottom panels: down-gaze. 
Left panels: gaze to the right. Right panels: gaze 
to the left. (From Christiansen and McLoon, Extraocular 

Muscles: Functional Assessment in the Clinic, In; Elsevier’s 

Encyclopedia of the Eye, Ed. D. Dartt. 2010. Copyright 

Elsevier 2010)
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Figure 7.5 (A) Deep dissection of the orbit with the globe removed and the optic nerve sectioned, allowing visualization of the orbital nerves. All motor 
nerves except the trochlear nerve enter the muscles they innervate on their deep surfaces in the posterior third of their length. (Modified from Miller NR: Walsh 

and Hoyt’s Clinical Neuro-Ophthalmology (ed 4), Vol. 1. Baltimore, Williams & Wilkins, 1982.) 
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and constant pattern (Fig. 7.7).25 These connective tissue 
septa contain nerves, vessels and smooth muscle, and are 
postulated to play a role in supporting eye movements. 
Recent studies have confirmed and extended these initial 
detailed analyses of orbital connective tissue septa to include 
thickenings around individual EOM called orbital pulleys 
(Fig. 7.7).26 These connective and smooth muscle septa and 
bands constrain the paths of the EOM, changing the vector 
of force as the EOM contract and stabilize muscle position 
during movement.27

Histological anatomy and physiologic 
implications
The EOM have a complex anatomy at the microscopic level. 
The overall cross-sectional areas of their myofibers are 
extremely small compared to non-cranial skeletal muscle. 
Each EOM is composed of two layers: an outer orbital layer 
composed of myofibers of extremely small cross-sectional 
area and an inner global layer with myofibers larger than in 
the orbital layer but still extremely small compared to non-
cranial skeletal muscle (Fig. 7.8). Further descriptions will 
concentrate on human muscle, but the EOM of other 
mammals have the same general features despite some vari-
ations in detail.

In non-cranial skeletal muscles, two general fiber types  
are described, fast and slow, referring mainly to the myosin 

heavy chain isoforms (MyHC) they express, which in turn 
determines their shortening velocity.28 Whether a fiber is 
“fast” or “slow” is due, in part, to their complement of con-
tractile proteins. Non-cranial skeletal muscles that are largely 
fast MyHC-positive, such as the extensor digitorum longus, 
have an oxidative metabolism, rapid shortening velocities, 
and rapid fatigue with activation. Slow MyHC-positive 
myofibers in non-cranial skeletal muscle have a glycolytic 
metabolism, slower shortening velocities, larger force  
generation, and are fatigue-resistant. The EOM also have the 
two basic myofiber types. About 85 percent of the myofib-
ers in both layers in adult EOM are fast MyHC-positive  
(Fig. 7.8).29,30 The other 15 percent of the EOM myofibers 
immunostain for the slow MyHC. In contrast to non-cranial 
skeletal muscle, the EOM have extremely fast contractile 
characteristics yet are also extremely fatigue-resistant.31 
Several factors support these apparently contradictory char-
acteristics. While the vast majority of non-cranial skeletal 
muscles express one of four MyHCs, fast fiber types IIa, IIx, 
or IIb or slow type 1, EOM myofibers can contain up to nine 
MyHCs.32–35

The MyHC expressed in EOM include: fast types IIa 
(MYH2), IIx (MYH1), or IIb (MYH4); MyHCs associated 
with immaturity – embryonic (developmental) (MYH3) and 
neonatal or fetal (MYH8); slow or type 1 (which is the same 
as beta-cardiac myosin) (MYH7); alpha-cardiac (MYH6); 
EOM-specific (MYH13); and the slow tonic myosin (MYH14). 



188

SECTION 3 Direction of gaze  Chapter 7  The Extraocular Muscles

B

(B) The superior oblique muscle is innervated by CNIV 
on its superior surface in the posterior third of the muscle length. Anterior is 
at the top and medial is to the left.

Figure 7.5, cont’d 

This large array of expressed MyHC within the EOM helps 
explain why its dynamic physiologic properties are signifi-
cantly different than those in limb muscles.36 It should be 
noted that patterns of MyHC composition vary between each 
EOM, with lateral rectus being the most different.37 Support 
for the idea that the MyHC composition may be critical for 
understanding control of force generation is the physiologi-
cal demonstration that there are significant contractile dif-
ferences between muscles. For example, in the medial and 
lateral rectus muscles, motor units in the medial rectus gen-
erate faster twitch contractions and those in lateral rectus 
generate greater tetanic tensions.38 This concept is critical in 
understanding the CNS control of eye movements as well as 
eye movement disorders like strabismus.

The expression patterns of EOM myofibers for these 
MyHC differ significantly between the global and orbital 
layers (Fig. 7.8); for example, the vast majority of the orbital 
layer myofibers are positive for developmental myosin 
(MYH3), yet the global layer only has scattered fibers that 
immunostain for this isoform (Fig. 7.8). Distinct patterns of 
differential staining are seen for all other MyHC present in 
EOM. From a physiological perspective, this issue becomes 
even more complex. Approximately 25 percent of cat single 
lateral rectus motor units examined had myofibers in both 
the orbital and global layers.39 These bilayer motor units are 
stronger and faster than motor units contained within single 
EOM layers, and tend to be fatigable. Approximately 54 
percent of the global motor units examined were stronger 
and faster than orbital layer units, in part a reflection of the 
properties imbued upon the individual myofibers by their 
contractile proteins.

The expression of individual MyHC also varies along  
the origin-to-insertion length of each muscle.37,39,40 In part 
this is because many of the EOM myofibers do not run  
from origin to insertion in both the orbital and global 
layers;22,23,37,41–43 they can be arranged in parallel or in series, 
and many branched and/or split myofibers exist (Fig. 7.9).22 
These short myofiber lengths have functional consequences. 
For example, in a series of studies examining summation of 
motor forces, individual cat and monkey motor units were 
stimulated, and the forces each unit produced in the lateral 
rectus muscle were determined. Then, using simultaneous 
stimulation, the evoked unit force of other motor units was 
added to the single motor unit force. In about 25 percent of 
the cases in cat and about 85 percent of the cases in monkey, 
the forces did not add linearly.44,45 Thus, force is “lost” as 
multiple myofibers are activated, partly due to force dissipa-
tion laterally through myomyous junctions and myo- 
connective tissue connections formed by short myofibers.

In addition, the serial or parallel arrangement of myo-
fibers with different myofibrillar isoforms would signifi-
cantly affect contractile behavior. This was elegantly 
demonstrated using sets of single myofibers in vitro, one fast 
and one slow, that were tied together in series or in paral-
lel.46 In any given combination of one fast and one slow 
myofiber, the paired fibers showed a range of forces with 
greater or lesser fast or slow characteristics. In a fast/slow 
combination, the fast fiber begins to contract prior to the 
slow fiber, which is then slack and therefore not at its optimal 
length to generate full force. Serial or parallel arrangements 
of myofibers with disparate MyHC isoform composition 
would be expected, based on these results, to result in a 
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along the length of the fiber, with tonic characteristics at the 
fiber end and twitch characteristics in the central region  
near the endplate, the only location where fast MyHC was 
expressed.24

Thus, physiologic properties of the EOM motor units, 
when activated singly or collectively, reflect these MyHC 
isoform complexities, as well as differences in individual 
myofiber length and branching patterns.45 It should be noted 
that the EOM show significant activity at all times, even 
when the eye is directed in what would be considered the 
off-direction for muscle action.2 In addition, all motor units 
participate in all types of eye movements, and there appear 
to be no motor units that specialize in rapid saccades or slow 
vergence movements, for example.51 Presumably, the MyHC 
composition is a reflection of demands placed on the EOM 
by the oculomotor control system, supported by the observa-
tion that altering the stimulation frequency of a muscle 
causes significant changes in MyHC expression.52 Functional 
denervation also affects MyHC composition.53 It is reason-
able to suggest that a complex “conversation” is constantly 
occurring between EOM myofibers and the neurons innervat-
ing them, helping them to adapt to ever-changing physio-
logic demands.

Because of these complex MyHC expression patterns and 
physiological characteristics, past attempts to classify EOM 
myofibers into simple groups ultimately fail. Classically, 
myofibers in non-cranial skeletal muscles have been 

range, or continuum, of forces produced by their co- 
activation. This suggests that a distributed model of motor 
unit recruitment at the CNS level is needed to address  
the non-linearity of the effector arm of the system, the  
EOM themselves.47

Individual EOM myofibers are polymorphic and also can 
express more than one MyHC.31,40,41,48–50 This has been 
shown for a wide variety of species, including human 
muscle.31 For example, in both singly and multiply inner-
vated myofibers in the orbital layer in rats, the fiber ends 
express the neonatal MyHC (MYH8), but this isoform is 
completely eliminated at the position of the NMJ, where the 
fibers immunostained for fast MyHC.40 In the orbital layer, 
individual myofibers express the embryonic MyHC (MYH3) 
at their fiber ends and the EOM-specific MyHC (MYH13) in 
the NMJ region. Orbital multiply innervated myofibers were 
found that expressed slow MyHC (MYH7) along their entire 
length, but also expressed embryonic MyHC (MYH3) at the 
fiber ends.41 Single myofibers in the global layer were found 
that express EOM-specific MyHC (MYH13) at the NMJ 
region as well as fast myosins IIb and/or IIx.49 In human 
EOM, orbital layer myofibers were found that expressed type 
1 (MYH7), and of these (Fig. 7.10) some also expressed slow 
tonic (MYH14), alpha-cardiac (MYH6), and/or embryonic 
(MYH3) or EOM-specific (MYH13).31,50 Physiologic exami-
nation of individual multiply innervated myofibers from the 
orbital layer of rats showed that electrical activity varied 

Figure 7.6 Confocal laser scanning microscopy 
images showing singly innervated myofibers with 
en plaque motor endplates and multiply 
innervated myofibers with en grappe motor 
terminals. Nerve fibers are labeled with anti-ChAT 
(green), motor terminals with α-bungarotoxin 
(red), and myofibers with phalloidin (white).  
(A) A ChAT-positive axon supplying an en 
plaque endplate that is positive for ChAT/α-
bungarotoxin. (B) ChAT-positive axon supplying 
en grappe endings positive for ChAT/α-
bungarotoxin. (C) En plaque endplate and (D) en 
grappe terminals showing ChAT/α-bungarotoxin 
reactivity. (E, F) Motor terminals are labeled with 
anti-VAChT (green) and α-bungarotoxin (red), 
myofibers with phalloidin (white): (E) en plaque 
endplate and (F) en grappe terminals showing 
VAChT/α-bungarotoxin-reactivity. Scale bars, 
100 µm. (Reproduced from Blumer et al. IOVS 

50:1176-1186, 2009, with permission from the 

Association of Research in Vision and Ophthalmology.)
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Figure 7.7 (A) Connective tissue septa at different 
levels in the orbit. Top left, near the orbital apex.  
Top right, halfway between apex and rear surface of 
globe. Bottom left, near the rear surface of the globe. 
Bottom right, area near the equator of the globe.  
slp/sr: superior levator palpebrae/superior rectus 
complex; lrm: lateral rectus muscle; ion: inferior 
oblique muscle; irm: inferior rectus muscles; mm: 
Muller’s muscle; mrm: medial rectus muscles; som: 
superior oblique muscle; on: optic nerve. (Redrawn 

from Koornneef L: Spatial aspects of orbital musculo-fibrous 

tissue in man: a new anatomical and histological approach, 

Amsterdam, 1976, Swets and Zeitliinger.) (B) Diagrammatic 
representation of orbital connective tissues. IR, 
inferior rectus; SO, superior oblique; SR, superior 
rectus. The three coronal views are represented at 
the levels indicated by arrows in the horizontal 
section. (Modified from Demer et al. IOVS 36:1125–1136, 

1995, with permission from the Association of Research in 

Vision and Ophthalmology.)
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described by their MyHC expression profile (e.g. type IIa or 
type I). Even in non-cranial skeletal muscles, it is becoming 
increasingly clear that single myofiber MyHC polymorphism 
is more common than was previously believed.54,55 Another 
fiber type, called “mismatched”, has also been described in 
both non-cranial and cranial skeletal muscle.54,56 Mismatched 
myofibers include those with “mixed” fast and slow charac-
teristics, and can include fibers with mixtures of fast and 
slow MyHC or fast or slow MyHC with various regulatory 
proteins such as troponin57 or myosin-binding protein C58 
that are not of the same “type”. This complexity of protein 
expression and the heterogeneity of individual myofibers  
in EOM cannot be overstated. What these studies suggest is 
that rather than specific “types” of myofibers (Fig. 7.11), in 
EOM there is, in fact, a continuum of myofiber types. Each 
myosin heavy and light chain isoform results in a distinct 
shortening velocity,29 which allows for an incredible plas-
ticity in the control of muscle force generation. The  
modulation of the MyHC patterns with alterations in hor-
mones or innervational changes also compound the hetero-
geneity of the EOM myofibers. These adaptive protein 

Figure 7.8 Photomicrographs of two serial sections from a normal monkey 
lateral rectus muscle immunostained for (A) fast MyHC and (B) neonatal 
MyHC. The orbital layer is at the top (O) and global layer on the bottom (G). 
Arrows point to two myofibers, one positive for both fast and neonatal 
MyHC and one positive for fast but negative for neonatal MyHC. Bar is 
100 µm.
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changes are extremely rapid, and the control may be at the 
level of histone modifications59 or at the translational level 
controlled by microRNA – known to be up-regulated in the 
EOM.60 The EOM myofiber continuum hypothesis has been 
suggested previously for other skeletal muscles, including 
plantaris61 and masseter.62 This continuum of myofiber types 
in EOM combined with the non-linearity of eye muscle 
contractile properties45 would allow CNS control of eye 
movement position and velocity to be finely tuned as the 
eyes are moved into an infinite number of positions.

Metabolism
The physiological properties of the EOM derive their dynamic 
and unusual characteristics from (1) their expression of  
specific contractile proteins including, but not limited to, 
isoforms of MyHC, myosin light chains, tropomyosin, and 
troponin, (2) the presence of myofibers shorter than the 
total origin-to-insertional length of each EOM, resulting  
in fibers connected in parallel or in series, (3) the presence 
of singly, multiply and polyneuronally innervated individ-
ual myofibers and (4) adaptations of their metabolic 
pathways.

The most studied metabolic property in EOM is calcium 
handling. Calcium plays a critical role in controlling the 
duration of muscle contraction. In part this is controlled by 
the sarcoplasmic reticulum Ca2+ ATPases (SERCA1 and 
SERCA2 in fast and slow myofibers respectively in non- 
cranial skeletal muscle). In the EOM, SERCA1 and 2 are 
co-expressed in the majority of individual myofibers.63 
The EOM contain an abundance of mitochondria, and  
EOM myofibers appear to use their mitochondria as fast 
calcium sinks to aid in regulation of calcium.64 This effec-
tively widens the dynamic range of EOM force production. 
Due to their efficient calcium handling, EOM myofibers are 
also resistant to pathological elevations of intracellular 
calcium levels.65

EOM are resistant to injury and oxidative stress, and 
contain higher levels of superoxide dismutases and glutath-
ione peroxidase activity than limb skeletal muscle.66 This is 
concordant with the highly aerobic nature of the EOM. Only 
cardiac muscle has a higher blood flow rate.67 Despite their 
highly oxidative metabolism, they are also extremely fatigue-
resistant.68 Unlike non-cranial muscles, EOM do not depend 
on creatine kinase activity for their fatigue resistance;69 
instead, EOM can utilize lactate as a metabolic substrate 
during times of increased contractile activity.70 This further 
illustrates how the EOM can maintain a highly oxidative 
metabolism and fatigue resistance simultaneously. These 
two opposite metabolic demands are also met by the  
expression in individual EOM myofibers of both succinate 
dehydrogenase and alpha-glycerophosphate dehydrogenase, 
enzymes in the oxidative and glycolytic pathways, respec-
tively. In contrast, these two enzymes are fiber type specific 
in limb skeletal muscle (Fig. 7.12).71 This supports the view 
that skeletal muscles consist of distinct allotypes,72 the EOM 
representing the extreme end relative to its anatomy, innerva-
tion, metabolism, and physiologic function.

Another distinctive aspect of EOM function is their ability 
to undergo myonuclear addition and subtraction through-
out life73,74 while simultaneously maintaining their overall 
size, morphology and function. This is not seen in any of 
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Figure 7.9 (A) and (B) Cross-sections through rabbit superior rectus muscle immunostained for dystrophin. Arrows indicate a myofiber present in one 
section that ended before the next section 24 µm distant. Bar is 20 µm. (C) Interconnected myofibers (arrow) in normal EOM immunostained for dystrophin. 
Bar is 20 µm. (D) Physiological demonstration of non-additive muscle forces in EOM using (a) twitch and (b) tetanic responses after stimulation. (a) Muscle 
responses to stimulation of one motor neuron (bottom trace, 45.9 mg), muscle responses to stimulation of several motor units (middle trace, 209.5 mg), and 
activation of a single motor unit plus nerve responses (upper trace, 257.5 mg). The twitch responses are additive; no force is “lost”. (b) Muscle responses of 
the same motor unit to tetanic stimulation. Muscle responses from tetanic stimulation of a single motor unit (bottom trace, 398.7 mg), several motor units 
(middle trace, 4066 mg) and the single motor unit plus nerve responses (upper trace, 4226 mg). This unit’s loses 40 percent of its force upon tetanic 
stimulation. Horizontal bar, 50 msec. Vertical bar, 917 mg. (From Goldberg et al., Muscle Nerve 20:1229–1235, 1997.)
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the non-cranial muscles examined thus far. Using labeling 
with the thymidine analog bromodeoxyuridine, activated 
satellite cells, the myogenic precursor cells of adult muscle, 
are seen; with sufficient post-labeling intervals, labeled  
myonuclei are present within existing myofibers in normal 
adult EOM of rabbits and mice. These new myonuclei  
are located peripherally, not centrally, indicating that this 
process of myonuclear addition is different than what occurs 
during muscle regeneration, when myotubes form followed 
by fibers with central nucleation (Fig. 7.13). The process of 
myofiber remodeling appears to continue throughout life, as 
the presence of activated satellite cells, identified by the 
myogenic lineage marker MyoD,75 is seen in the EOM from 
elderly humans.76 Ongoing myofiber remodeling occurs in 
other craniofacial muscles as well,77 suggesting that the dif-
ferences in genetic control of cranial muscle formation may 
play a role in retention of this dynamic process in adult 
EOM.78 The control of this process in the adult EOM is 
unknown. In contrast to non-cranial skeletal muscles, EOM 
continue to express a number of myogenic growth factors 
and functional receptors for these growth promoting  
molecules (Fig. 7.13).79,80 Pitx2, a mitogen and repressor of 
differentiation,81,82 is a signaling factor expressed in adult 
EOM81 and may play a role in maintaining a proliferative 
state in adult EOM. A conditional knock-out of Pitx2 in 
adult EOM results in alteration of the adult EOM phenotype 
to more resemble that of limb skeletal muscle.201 This is 
further evidence of EOM’s unique allotype.

EOM are also set apart from non-cranial skeletal muscles 
in their resiliency to injury and/or denervation. Botulinum 
toxin, a muscle paralytic agent used to treat strabismus  
and focal dystonias such as blepharospasm,83 causes 
myofiber atrophy in limb skeletal muscle. However, botu-
linum toxin treatment in EOM actually causes some 
myofiber hypertrophy84 (Fig. 7.14), short-term activation of 
satellite cell proliferation,53 shifts in MyHC composition,53 
and few long-term effects except for loss of the EOM- 
specific MyHC isoform.85 Recalcitrance to injury also is 
seen after injection of the local anesthetic bupivacaine.  
In limb skeletal muscles, bupivacaine is a potent myotoxin 

Figure 7.10 Photomicrographs of five serial sections from the global 
layer of an adult human superior oblique. Sections are immunostained  
with (A) anti-MyHCI+IIa+eom, (B) anti-MyHCIIa, (C) anti-MyHCI, 
(D) anti-MyHCslowtonic, and (E) anti-MyHCeom. O represents two myofibers 
immunostained with anti-MyHCIIa; arrow represents a fiber stained with 
anti-MyHCI; * represents two MyHCeom-positive and MyHCIIa-negative 
fibers. (Reproduced from Kjellgren et al., IOVS 44:1419–1425, 2003, with permission 

from the Association of Research in Vision and Ophthalmology.)
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Figure 7.11 Schematic of human single myofiber co-expression of multiple 
MyHC isoforms. Myofiber can express MyHCIIa only, or it could co-express 
any one of the 6 MyHC isoforms shown, creating seven myofiber “types”. 
However, single myofibers can co-express three, four, or more MyHC 
isoforms, increasing the possible number of “types”, and this scheme only 
considers MyHC expression patterns. (Based on co-expression data found in 

Kjellgren et al, Invest Ophthalmol Vis Sci 44:1419–1425, 2003 and Stirn Kranjc et al, 

Graefes Arch Clin Exp Ophthalmol Epub July 17 2009.)
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Figure 7.12 (A) Serial cross-sections through the orbital (a, b) and global (c, d) layers of rat superior rectus muscle stained histochemically for (a, c) succinic 
dehydrogenase (SDH) and (b, d) α-glycerophosphate dehydrogenase (GPDH). Individual myofibers are indicated by numbers 1–6. Different proportions of 
both enzymes are present in many myofibers (Reproduced with permission from Asmussen et al., Invest Opthalmol Vis Sci 49:4865–4871, 2008.). 
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and causes massive myofiber degeneration, but in the EOM 
of primates minimal lesions were seen after retrobulbar 
injection.86,87 Surprisingly, denervation of adult EOM causes 
relatively little histological change;88–90 the multiply inner-
vated myofibers actually hypertrophy in the denervated EOM.88

Using a denervation/reinnervation animal model, previ-
ously denervated EOM actually has more myofibers than the 
non-operated control side.91 These data illustrate two very 
important features of the EOM: they are remarkably resistant 
to various forms of injury, and they are incredibly adaptable.
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(B) Scatterplots of global 
layer data showing the relationship between 
cross-sectional area and SDH (a), GPDH (c) and 
mATPase (d) activities and between GPDH and SDH 
(b) expressed as the mean absorbance of the final 
reaction product in the cells of the fast twitch types 
3 (), 4 (), and 5 () and the slow type 6 (). The 
regression lines of the type 3 to 5 twitch fibers are 
indicated; they do not segregate into different 
“groups”. (From Asmussen et al, Invest Ophthalmol Vis Sci 

49:4865–4871, 2008, with permission from the Association 

of Research in Vision and Ophthalmology.)

Proprioception and proprioceptors
Proprioception in limb skeletal muscle is largely the job of 
muscle spindles, sensory receptors that detect changes in 
muscle length; this information is conveyed to the CNS 
which responds by regulating muscle tension to resist stretch. 
In the EOM, the role of proprioception is a matter of some 
controversy. Primate EOM does not appear to have a stretch 
reflex.92 Deafferentation of the EOM bilaterally does not 
result in eye position or eye movement changes.93 However, 
when the EOM of a cat is stretched, neurons within the brain 
respond, despite the fact that cat EOM lack muscle spin-
dles.94 The brain has access to eye position, because even in 
total darkness humans perceive passive changes in eye posi-
tion.94 Visual cortex responses are modulated by changes in 
eye position also,95 and primary somatosensory cortex con-
tains proprioceptive representation of eye position.96 What 
are the sensory organs, then, that receive and transmit this 
proprioceptive input?

The presence of muscle spindles has been histologically 
demonstrated only in the EOM of man, monkey and even-
toed ungulates. Muscle spindles are composed of two types 
of specialized intrafusal myofibers within a connective tissue 
sheath (Fig. 7.15): nuclear chain and nuclear bag fibers. Only 
nuclear chain fibers are common in human EOM. Intrafusal 
fibers receive sensory innervation at their equatorial region 
and motor innervation at their spindle poles, and are sur-
rounded by an acidic mucopolysaccharide-containing  
fluid (Fig. 7.15).97 In human EOM, the number and 

placement of muscle spindles varies quite significantly in the 
different muscles.98 In general, they are higher in density 
in the more proximal and distal portions of the EOM and 
relatively devoid of spindles in the mid-belly region. The 
density varies between the individual EOM. Inferior rectus 
contains the most, with approximately 34 in the entire 
muscle. Superior oblique has two-fold more spindles than 
the other three rectus muscles. Inferior oblique has the 
fewest, averaging only four spindles which are located in the 
mid-belly region, rather than towards the origin and inser-
tion.98 Despite their well-described nature, the role muscle 
spindles play in the control of eye movements is unclear; 
one hypothesis suggests that they monitor static length and 
play no role in velocity monitoring, as no stretch reflex is 
seen in the EOM of monkey for example.92

A second organ associated with proprioception is palisade 
endings (formerly called myotendinous cylinders), present 
in all mammalian EOM examined thus far, including man 
(Fig. 7.16).99 These endings appear to be unique to the 
EOM.100 They are found in the distal myotendinous region, 
where nerve fibers exit the muscle and then turn back to 
form synaptic contacts on the distal muscle tips of multiply 
innervated myofibers (Fig. 7.16).101 The synapses of palisade 
endings have been definitively shown to be motor (Fig. 
7.16),102,103 supported by experiments lesioning the oculo-
motor nucleus which results in loss of both myofiber NMJs 
and those in the palisade endings.104 Thus, palisade endings 
have an effector function and would not appear to be able 
to provide sensory feedback on eye position.102,103

Figure 7.12, cont’d 
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Instead, EOM precursors arise from prechordal or paraxial 
mesoderm adjacent to the mes- and metencephalon, the 
future midbrain and hindbrain respectively, and migrate to 
their final locations.112 When the transcription factor Pax3 is 
knocked out in mice, despite a complete absence of body 
and limb skeletal muscle, EOM develop normally.108 Other 
myogenic regulatory factors such as Sonic Hedgehog (Shh), 
Wnt3a and bone morphogenetic protein 4 (BMP4), which 
turn on myogenesis in somitic mesoderm, have an inhibi-
tory effect on myogenesis in cranial mesodermal cells both 
in vitro and in vivo.105 These proteins are generated by the 
developing brain and surface ectoderm, delaying myogenesis 
onset. Soon after identifiable EOM anlagen form, neural 
crest-derived cells migrate into them,112 and this migration 
depends on BMP signaling.113

Recent studies show that the homeodomain transcription 
factor Pitx2 is required for EOM development (Fig. 
7.17A),114,115 and the absence of this gene in development 
causes ocular defects such as Rieger syndrome.116 EOM mor-
phogenesis is tightly regulated by Pitx2 gene dose, so if there 
is a small reduction in Pitx2, no superior and inferior oblique 
muscles form but the rectus muscles develop normally.117 If 
Pitx2 levels are reduced further, the rectus muscles become 
smaller and more disorganized, and a total deletion of Pitx2 
results in the complete absence of all the EOM (Fig. 7.17B). 
Pitx2 is a retinoic acid (RA) responsive gene, and RA controls 
neural crest movement.118 Neural crest infiltration into the 
EOM is required for their normal migration. In the absence 
of RA, the EOM form but do not successfully migrate.118 Other 
signaling factors such as barx2 and Lbx1 are differentially 
expressed in early developing EOM, but not universally110 
(Fig. 7.17C), and their role in EOM formation is unclear.

After precursor migration, on a molecular level myogen-
esis proceeds similarly to that seen in non-cranial skeletal 
muscle, but it differs quite significantly on a temporal level.109 
Muscles derived from somites express myf5 and MyoD  
transcripts, early markers of muscle-specific differentiation, 
earlier in development than in craniofacial muscle precur-
sors.119 There is a prolonged period prior to expression of 
MyHC in craniofacial muscles compared to times between 
MyoD and MyHC expression in developing limb muscle. 
Neural crest cells express a number of signaling factors, 
including BMP, Wnt, and Shh, thought to be responsible for 
this early repression of myogenesis in developing cranio-
facial muscles,105 whereas these same molecules promote 
muscle differentiation in somitic muscle precursors. The 
sequence and timing of MyHC expression also differs in 
cranial and non-cranial skeletal muscle.120

In the EOM from human fetuses, only primary myotubes 
are present at early gestational ages, and co-express two 
developmental isoforms of slow myosin (type I). In addition 
they express the two “immature” isoforms, embryonic 
(MYH3) and fetal (MYH8). These developmental stages con-
sistently lag behind limb skeletal muscle by 2–4 weeks.120 
When secondary myotube formation begins, the first type  
IIa (MYH2) is expressed.120,121 Even by 22 weeks of gestation 
in human fetuses, the alpha-cardiac (MYH6) and EOM- 
specific (MYH13) MyHC isoforms are not detected. This 
fiber type development and diversification in EOM occurs in 
the absence of morphologically mature endplates.122 Studies 
in mouse embryos show that EOM position is dependent on 
cues from the local environment, but early EOM myogenesis 

Development
The distinct embryological origin of EOM may explain reten-
tion of its many unusual characteristics. While much more 
is understood about the early development of non-cranial 
skeletal muscles, recent studies have shed light on the genetic 
control of myogenesis in extraocular and other craniofacial 
muscles.105–107 The early control of craniofacial myogenesis 
uses a distinct set of genes and proteins compared to non-
cranial muscles (Fig. 7.17A),108–110 and elucidating these dif-
ferences will help lay the foundation for understanding 
clinical problems involving the EOM.

The EOM are derived from two sources of cranial meso-
derm.111 These early mesodermal precursor cells are not seg-
mented, in contrast to the somites that give rise to non-cranial 
skeletal muscles. Additionally, cranial mesoderm does not 
separate into distinct dermamyotomes and sclerotomes. 

Figure 7.13 (A) Normal EOM incorporate the thymidine analog 
bromodeoxyuridine (brdU) into dividing satellite cells, and these are 
incorporated into apparently normal myofibers in adults. In this case, the 
rabbit was injected once daily with brdU for 7 days, followed by 14 days 
brdU-free. White arrow indicates brdU-positive nucleus. Myofibers are 
counterstained with an antibody to dystrophin for visualization of the 
sarcolemma. Bar is 20 µm. (B) Arrows indicate satellite cells positive for the 
insulin-like growth factor-1 receptor. The sections were counterstained for 
laminin for visualization of satellite cells. Bar is 20 µm.
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nystagmus, and congenital cranial dysinnervation disorders 
(CCDD).

Strabismus
One of the most common motor disorders involving the 
EOM is strabismus, defined as misalignment of the eyes such 
that disparate images reach corresponding parts of each 
retina, disrupting binocular vision (see Chapter 36).

Many studies have examined the oculomotor control of 
eye position in strabismus, but much less is understood 
about the EOM themselves in these conditions. Studies 
measuring EOM forces during eye movements in strabismic 
patients yielded quite disparate results.2,128,129 In one study 
of adults with concomitant strabismus, whether convergent 
(esotropia) or divergent (exotropia), no differences in 
mechanical or contractile properties were seen.2 All patients 
with superior oblique palsy showed reduced values for mean 
peak velocity in most directions of gaze compared with 
normal levels, whereas mean peak and steady state tension 
did not vary between normal EOM and patients with either 
congenital or acquired superior oblique palsy.129

Studies of muscle structure in strabismic patients and 
animal models also yielded quite different results. Horizon-
tal rectus muscle anatomy in naturally and artificially  
strabismic monkeys showed no differences in EOM size, 

is independent of neural crest cells, target tissues and 
nerves.123 Modern molecular biological tools are helping to 
answer the question of how EOM becomes EOM and what 
controls its collective unusual properties at the molecular 
level, yet there is much still unknown. This becomes rapidly 
apparent when congenital conditions involving the EOM are 
examined.

Disease propensity
From a clinical perspective, the preferential involvement or 
sparing of the EOM in disease represent critical unsolved 
questions. Diseases that involve the EOM can be divided 
into three basic categories: (1) clinical disorders related to 
the specific motor functions of EOM, (2) diseases with pref-
erential sparing of the EOM compared to limb skeletal 
muscle, and (3) diseases where the EOM are either primarily 
or preferentially involved compared to limb skeletal muscle. 
An exhaustive review of all these clinical entities is beyond 
the scope of this chapter; however, each of these general 
categories will be discussed.

Disorders of eye movements

Three examples of conditions that manifest with abnormal 
eye position and/or movements are discussed: strabismus, 

Figure 7.14 In (A, B) control or (C, D) botulinum toxin A (Botox)-treated (14 days post-injection) adult medial rectus muscle from primates, the orbital layer 
myofibers actually hypertrophy rather than atrophy. No change is seen in global layer fibers after Botox. Plastic sections stained with para-phenylenediamine. 
(From Spencer and McNeer Arch Ophthalmol 105:1703, 1987. Copyright 1987 American Medical Association. All rights reserved.)
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Nystagmus
Nystagmus is defined as a bilateral, involuntary, and conju-
gate oscillation of the eyes, and is primarily a problem of 
oculomotor control within the brain. Patterns of eye move-
ments in nystagmus patients are complex, and many differ-
ent forms exist including both congenital and acquired.137,138 
Nystagmus can be inherited genetically, and may have a 

structure, or innervation.130 Interestingly, there was much 
less uniformity in cross-sectional area in the natural esotropes 
compared to those artificially induced. EOM obtained during 
strabismus surgery showed minimal changes at the light 
level, but an array of myofiber structural changes at the  
electron microscopic level, including fiber vacuolization  
and mitochondrial changes.131,132 Others described minimal 
changes in the myofibers and their motor innervation, but 
significant pathology in the proprioceptive innervation at 
the myotendinous junctions.133 However, after examination 
of EOM from a number of different ocular motility disor-
ders, some of the unusual features in the strabismic muscles 
appeared in the control muscles also.134 Increased satellite 
cell numbers were present in the inferior oblique muscles 
from patients with inferior oblique overaction135 suggesting 
up-regulated myofiber remodeling. Similarly, underacting 
medial rectus muscles from exotropes had two-fold higher 
levels of activated satellite cells, while overacting medial 
rectus muscles from esotropes had fewer activated satellite 
cells compared to control.136 These studies suggest that 
adaptive changes occur in strabismic muscles. Current treat-
ments for strabismus can include patching and surgery (see 
Box 7.2). Future approaches to strabismus treatment may be 
able to tap into these processes.

Figure 7.15 (A) Cross-section through the equatorial 
region of a cow muscle spindle. The muscle spindle 
contains two nuclear bag fibers (bF) and five nuclear 
chain fibers (cF). In one nuclear bag fiber the bag 
region containing several nuclei is visible. In some 
nuclear chain fibers their central nuclei are seen. Bag 
fibers have a larger diameter than chain fibers. An 
inner capsule (I) surrounds the intrafusal myofibers. 
Capsule (C), nerve (N). Scale bar: 100 mm. (From Blumer 

et al, Exp Eye Res 77:447–462, 2003. Copyright Elsevier 2003) 
(B) Reconstructions from camera lucida drawings 
illustrating the exact positions and relative lengths of 
spindles projected into one plane for all six EOM of 
the same orbit (72-year-old woman). MR = medial 
rectus; LR = lateral rectus; SR = superior rectus; IR = 
inferior rectus; SO = superior oblique; IO = inferior 
oblique; n = nasal; t = temporal; s = superior; i = 
inferior; a = anterior; p = posterior. Scale = 1:2.5. 
(Modified from Lukas et al. IOVS 35:4317–4327, 1994, with 

permission from the Association of Research in Vision and 

Ophthalmology.)
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Box 7.2  Treatment of strabismus

Eye deviations are first treated by patching the “good” eye, the 
one aligned in primary gaze. If this is ineffective, incisional 
surgery is performed on the muscles. Recession surgery is 
thought to weaken an “overacting” muscle, performed by 
moving the muscle’s scleral insertion posteriorly. Resection 
surgery is thought to strengthen an “underacting” muscle, 
performed by removing a portion of the muscle and reattaching 
the muscle to its original site of insertion on the sclera.127 If this 
misalignment is not corrected in early childhood, amblyopia may 
develop. Amblyopia is a condition of functional blindness in an 
otherwise normal eye.124–126
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of one or more of the EOM resulting in a static eye posi-
tion or directional impairment. The genetic bases for  
several of the congenital cranial dysinnervation disorders 
(CCDD), as they are now called, have been instructive in 
understanding EOM and cranial motor neuron development 
(Box 7.4).146 Each identified genetic mutation causes distinct 
developmental defects of the oculomotor (CNIII), trochlear 
(CNIV) and/or abducens (CNVI) nerves.147 While patients 
with these CCDDs are rare, they demonstrate the incredible 
complexity in the genetic control of the EOM and their 
innervation.

Diseases where EOM are preferentially 
spared

There are many skeletal muscle diseases that spare the EOM 
(Table 7.2). Duchenne muscular dystrophy (DMD) is a  
devastating X-linked genetic disorder characterized by the 
absence of dystrophin, repeated cycles of degeneration and 
regeneration, progressive muscle weakness, and ultimately 
death. The EOM are spared, both morphologically153 and 
functionally.154 The mechanism that allows for this sparing 
is unknown. None of the potential structural or metabolic 
characteristics examined thus far has proven to be mechanis-
tic for this sparing including, but not limited to: calcium 
handling, antioxidative enzymes, nitric oxide location, 
cation handling, and utrophin up-regulation.65,81,156–159

sensory or motor origin.139,140 The complex waveforms of the 
oscillatory eye movements have been extensively studied,138 
but little is known about adaptive changes at the EOM level. 
Ultrastructural studies on human EOM from patients with 
congenital nystagmus show that myofibrillar orientation as 
well as mitochondrial structure are altered.141,142 While a 
variety of pharmacologic treatments have been suggested, 
controlled clinical trials are needed.143 Surgery also is a 
common treatment option for these patients (Box 7.3).

Congenital cranial dysinnervation disorders 
(CCDD)
Several rare, non-progressive inherited strabismic disorders 
have been described and characterized by congenital fibrosis 

Figure 7.16 Confocal laser scanning microscopy images of palisade endings. Nerve fibers are labeled with anti-ChAT (green), nicotinic acetylcholine 
receptors with α-bungarotoxin (red), and myofibers with phalloidin (white). The tendon not labeled continues from the myofiber to the right. Neuromuscular 
contacts which exhibit ChAT/α-bungarotoxin reactivity appear yellow in the overlay. (A) ChAT-positive nerve fiber running alongside the myofiber forms 
palisade ending at the myofiber tip. The same nerve fiber established multiple, ChAT/α-bungarotoxin positive neuromuscular contacts (arrows) on the same 
myofiber. (Details of the neuromuscular contacts are shown in the insets.) Preterminal axons and nerve terminals of the palisade ending are also ChAT-
positive. Palisade nerve terminals exhibit no α-bungarotoxin-binding, thus no neuromuscular contacts are present. (B) ChAT-positive nerve fiber forming a 
palisade ending at a myofiber tip and establishing ChAT/α-bungarotoxin-positive neuromuscular contacts on a neighboring myofiber outside the palisade 
complex. The palisade ending establishes neuromuscular contacts that are ChAT/α-bungarotoxin-positive. (C) Palisade endings with neuromuscular contacts 
exhibiting ChAT/α-bungarotoxin-reactivity. A detail of another palisade ending with a single ChAT/α-bungarotoxin-positive neuromuscular contact is shown 
in the inset. Scale bars, 100 µm. (Reproduced from Blumer et al. IOVS 50:1176–1186, 2009, with permission from the Association of Research in Vision and Ophthalmology.)
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Box 7.3  Surgery for congenital nystagmus

It has been suggested that tenotomy in congenital nystagmus 
patients, removal of the muscle from its scleral insertion and 
reattachment, results in reduced amplitude and intensity.144 
Other investigators found tenotomy increased the velocity and 
intensity of the nystagmus in a monkey model.145 Further studies 
are needed to clarify this issue; however, it is important to note 
that the myotendinous junctions thought to be disrupted by this 
procedure are motor, not sensory as originally proposed.102
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Figure 7.17 (A) EOMs do not have complementary 
regulatory pathways. MyoD expression is not rescued in 
the absence of Myf5 and Mrf4, and EOMs do not form. 
In pharyngeal (PA) muscles, Tbx1 cooperates with Myf5. 
In their combined absence, MyoD is not activated, and 
PA muscles are missing. In the body and EOMs, Mrf4 
determines embryonic but not fetal MPC fate. Pitx2 may 
cooperate with Tbx1 at this regulatory step in the PA. 
Pax3 acts as the complementary pathway for body 
myogenesis to rescue MyoD expression. (Modified from 

Sambasivan et al, Dev Cell 16:810–821, 2009. Copyright Elsevier 

2009.) 

The constitutive nature of EOM sparing is supported by the 
EOM being spared in other dystrophic diseases,159 including 
Becker muscular dystrophy,154 laminin alpha2-deficiency,160 
merosin-deficient muscular dystrophy,161 sarcoglycan defi-
ciency,162 and congenital muscular dystrophy, where, despite 
some ultrastructural changes,161 the EOM display full ocular 
motility.163 EOM sparing has even been documented for 
inflammatory autoimmune diseases of skeletal muscle such 
as dermatomyositis.164 This wide array of skeletal muscular 
dystrophies and degenerative disorders that spare the EOM 
suggests that the sparing mechanism must be intrinsic to 
EOM muscle. Two interesting hypotheses currently being 
tested as potential mechanisms for EOM sparing in dystro-
phies suggest that either the EOM are inherently able to resist 
the necrosis caused by the “hostile” tissue milieu within 
dystrophic muscle, or they have the capacity for increased 
regenerative potential, an idea supported by their ability to 
remodel and repair throughout life.165 Their inherent ability 
to survive denervation supports the first hypothesis.84,85,90 
The ability of the EOM to remodel even in aging muscle75 
and the relative absence in the EOM of the sarcopenia and 
other defects seen in aging non-cranial skeletal muscle166 
suggest that the intrinsic regenerative capacity in adult EOM 
is sufficient to provide functional EOM throughout the life-
time of these patients. An understanding of the mechanism 
of sparing may lead to new treatments for these fatal dys-
trophic diseases.

The EOM, and the motor neurons which innervate them, 
have long been considered spared in amyotrophic lateral 
sclerosis (ALS), with histopathologic examination of nerve 
roots as supporting evidence.167 However, many studies cast 
doubt on this hypothesis, suggesting instead that the overall 
time course of the disease plays a role in whether eye move-
ment disorders are apparent. Analysis of ocular movements 
and muscle pathology is made difficult by the heterogeneity 
of the patient populations relative to onset and speed of 
decline. In a longitudinal study of eight patients, all but one 
showed changes in electro-oculography of the EOM; some 
were subclinical but most were progressive over time.168 Dif-
ferential vulnerability of cranial motor neurons innervating 
the EOM occurs in several mouse models of ALS, with dif-
ferential loss or sparing of motor neurons in transgenic mice 
expressing the human mutation in the superoxide dismutase 
gene-1 compared to two spontaneous mouse models of 
ALS.169 Direct examination of the EOM post-mortem from 
two subsets of ALS patients, those with either a short- or 
long-time course of neuron loss, showed there were degen-
erative changes in the cranial motor nerves within the EOM 
from these patients, and differential sparing of myofibers in 
the two groups.170 The preferential sparing of the ocular 
motor neurons and the EOM in ALS patients may just be 
temporal; if an individual lives sufficiently long, the ocular 
motor neurons and associated EOM would show degenera-
tive changes. Alternatively eye movements may not be 
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(B) EOM morphogenesis 
correlates strongly with Pitx2 gene dose. Sagittal 
sections immediately medial to the optic cup 
taken from E14.5 mice embryos of the indicated 
genotypes. Sections were stained by hematoxylin 
and eosin (A–E) or developmental myosin 
heavy-chain (dMyh) immunofluorescence (A–E). 
Insets: medial rectus muscles. Superior and 
inferior oblique muscles (yellow ovals in A and B) 
are more sensitive to Pitx2 gene dose than rectus 
muscles (white ovals in C and D). All EOM, 
including rectus muscles (E, *), are absent in 
Pitx2neo-/- embryos. (F) Schematic key for EOM 
position. Only rectus and oblique muscles are 
shown; the retractor bulbi muscle has been 
omitted. Magnification, ×20; insets, ×40. 
(Reproduced from Diehl et al., Invest Ophthalmol Vis Sci 

47:1785–1793, 2006, with permission from the 

Association of Research in Vision and Ophthalmology.) 
(C) Genes expressed in all (barx2, pax2) or subsets 
of chick head muscles. Lbx1 is, like paraxis, 
expressed in glossal and laryngeal myoblasts 
derived from occipital somites, and in the lateral 
rectus (and lbx1 in the dorsal oblique). Tbx1 is in 
all branchial myoblasts and also the lateral rectus, 
and is expressed in other epithelial and 
mesenchymal cells of the head. Pitx2 is present in 
the 1st branchial arch muscle plate and also in 
several EOMs plus periocular neural crest cells. 
HGF is produced in the mandibular and dorsal 
oblique muscles, and serves as a neurotrophic 
factor for the mandibular and trochlear nerves. 
(From Noden and Francis-West. Dev Dyn 235:1194–1218, 

2006.)
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Figure 7.17, cont’d 
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matter of debate.175–180  Eye findings include exophthalmos, 
lid retraction, periorbital edema, pain, and diplopia.181,182 
Significant enlargement of the EOM can occur, and in severe 
cases causes compression of the optic nerve posteriorly, 
resulting in permanent vision loss (see Box 7.5). This is 
caused by the inability of the bony orbit to accommodate 
enlargement of soft tissues, resulting in compression injury.

abnormal in these patients because even in the absence of 
25 percent of cranial motor neurons, eye movements are 
completely unchanged.171 In addition, polyneuronal inner-
vation, where more than one neuron can control the same 
myofiber, may protect the eye movement system against 
disease; if one motor neuron is lost, there are others that can 
take over functionally.24

Diseases where EOM are preferentially 
involved

There are many diseases where the EOM are exclusively or 
preferentially involved. One disorder with primary EOM 
involvement is thyroid eye disease (TED) or Graves’ ophthal-
mopathy, an autoimmune disease with significant inflam-
matory cell invasion of the EOM (Fig. 7.19).172 Despite many 
studies, the autoantigen responsible for this disease is still a 

Box 7.4  Congenital fibrosis of the extraocular muscles

Figure 7.18 (A) Patient with congenital 
fibrosis of the EOM type 2 (CREOM2). In 
primary position, note eyelid ptosis and lack 
of fixation in either eye (center panel). 
Up-gaze (A) and down-gaze (C) show 
complete absence of vertical movement. 
Right gaze (D) and left gaze (E) show 
complete lack of adduction of the left eye 
with almost full abduction of the right eye 
but moderately reduced abduction of the left 
eye. (Reproduced with permission from Bosley et al., 

Brain 129:2363–2374, 2006.) (B) Child with 
Duane’s retraction syndrome, the congenital 
absence of CNVI resulting in a paralytic lateral 
rectus muscle. In primary position (center 
panel), the child is esotropic. Note limited 
abduction (middle row, far right). (From Morad 

et al., J AAPOS 5:158–163, 2001. Copyright Elsevier 

2001.)

B

A

Patients with congenital fibrosis of the EOM type 1 (CFEOM1) have 
a defect in the development of the superior division of the CNIII 
resulting in atrophic superior rectus and levator palpebrae 
superioris muscles.146 The mutation is in the KIF21A gene, a 
developmentally expressed kinesin which presumably delivers a 
molecule critical for early neurite survival.148 CFEOM2 has a 
recessive inheritance, and all EOM are missing except the lateral 
rectus, which is innervated by CNVI (Fig. 7.18). This disorder is due 
to mutations in the PHOX2A gene,149 a transcription factor 
restricted to several classes of differentiating neurons. Its role in 
development is unclear; however, in PHOX2A null mice, no 

oculomotor or trochlear neurons develop along with other brain 
abnormalities.150 Duane’s retraction syndrome is a congenital 
EOM disorder characterized by the lack of CNVI, and aberrant 
innervation of the lateral rectus from CNIII is often seen (Fig. 
7.18).151 The genetic mutation in this disorder is the CHN1 gene 
which encodes alpha1-chimaerin, a Rac guanosine triphosphatase-
activating protein signaling protein. This results in a gain-of-
function mutation causing increased α2-chimaerin on cell 
membranes152, and its over-expression in transgenic mice leads to 
pathfinding errors.

Box 7.5  Optic neuropathy of thyroid orbitopathy

Optic nerve compression in thyroid eye disease is a vision-
threatening condition, and if the severity of the inflammation 
does not abate on its own and cannot be reduced medically with 
oral or intravenous pulse corticosteroids173, surgical 
decompression of the orbit by surgically produced transpalpebral 
orbital floor removal or endoscopic decompression is required to 
prevent permanent vision loss.174
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mitochondrial function three to four times greater than limb 
skeletal muscles.186 Mitochondrial mutations reduce energy 
production, a problem for the oxidative EOM.187

Aging has been associated with the clonal expansion of 
defective mitochondria in this disorder,188 as mutated mito-
chondria can completely replace normal ones over time.189,190 
Interestingly, magnetic resonance imaging (MRI) of the 
EOM in CPEO patients demonstrates that the EOM are  

Primary EOM involvement occurs with some mitochon-
drial myopathies, such as chronic progressive external oph-
thalmoplegia (CPEO). CPEO is not one specific disorder but 
a clinical set of symptoms associated with mitochondrial 
DNA deletions or mutations and primarily defined by paral-
ysis or weakness of one or more of the EOM,183,184 with no 
current treatments (see Box 7.6). CPEO is one of many dis-
eases associated with clonal expansions of mitochondrial 
DNA mutations within myofiber segments.184 Some mito-
chondrial myopathies affect both the EOM and other organs, 
including Kearns–Sayre syndrome (KSS) and Myoclonic Epi-
lepsy associated with Ragged Red Fibers (MERRF).185 In KSS, 
patients have a more severe phenotype than seen with CPEO; 
in addition to ophthalmoplegia, patients have retinopathy, 
proximal muscle weakness, cardiac arrhythmia, and ataxia. 
In MERRF, chronic neurodegenerative changes also occur. 
While it is still unclear why mitochondria with deletions 
would preferentially increase in the EOM and/or EOM  
and brain, both tissues are highly oxidative, with rates of 

Diseases where EOM are primarily or 

preferentially involved Etiology EOM pathology and/or symptoms

Graves’ ophthalmopathy Autoimmune disease of the EOM, resulting 
in enlargement; presumably due to one or 
more shared antigens with the thyroid gland

Inflammatory orbitopathy, myopathy

CPEO (chronic progressive external 
ophthalmoplegia)

Mitochondrial DNA deletion, mutation of 
DNA polymerase-gamma gene

Accumulation of mutant mitochondria leads to 
muscle paralysis

Kearns–Sayre syndrome Longer mitochondrial DNA deletions than 
CPEO

Accumulation of mutant mitochondria leads to 
muscle paralysis

Ocular myasthenia gravis Autoimmune disease to either the 
acetylcholine receptor or MuSK

EOM and levator palpebrae superioris muscle 
weakness

Myotonic dystrophy type 1 Expansion of a CTG repeat within the DMPK 
gene

Saccadic slowing, optokinetic nystagmus

Myotonic dystrophy type 2 Expansion of a CCTG repeat expansion of the 
CNBP gene

Rebound nystagmus

Childhood strabismus Unknown. Complex genetic cause? Under- or overactive EOM with loss of 
binocularity and eye alignment in primary gaze

Congenital nystagmus Missense mutation in FRMD7 gene; function 
unknown. Clinically heterogeneous; multiple 
genes involved

Conjugate, horizontal eye oscillations, in primary 
or eccentric gaze

Miller-Fisher syndrome Autoimmune disease against ganglioside 
GQ1b/GT1a

EOM paralysis

Congenital cranial dysinnervation disorders Specific gene mutation for each type EOM weakness or absence

Table 7.2 Extraocular Muscles Have Different Disease Profiles Compared to Limb Skeletal Muscle

Diseases where EOM are spared Etiology Limb muscle pathology

Duchenne muscular dystrophy X-linked genetic mutation of dystrophin 
gene

Progressive. Muscle wasting and weakness

Becker muscular dystrophy X-linked genetic mutation of dystrophin 
gene, less severe phenotype than Duchenne

Progressive. Muscle wasting and weakness

α, γ and δ-sarcoglycan deficiency (limb 
girdle muscular dystrophy)

Mutation of the sarcoglycan gene Progressive. Muscle wasting and weakness

Laminin α2-congenital muscular dystrophy Mutation of the laminin α2 gene Progressive. Muscle wasting and weakness

Amyotrophic lateral sclerosis Mutations of the superoxide dismutase gene; 
mitochondriopathy

Progressive. Muscle wasting and paralysis

Box 7.6  Chronic progressive external 
ophthalmoplegia

Unfortunately there are no proven effective therapies for CPEO, 
KSS, and related mitochondrial cytopathies. In CPEO, for example, 
symptoms of strabismus, dry eye and ptosis can only be 
managed, as is true for those patients with concomitant cardiac 
defects.192
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alignment of the visual world on the retina causing diplopia, 
blur, vertigo, and other ocular symptoms (see Box 7.7).

The brain oculomotor control system cannot quickly 
adapt to the asymmetric or variable EOM weakness.198 There-
fore, EOM weakness is quickly discerned by patients. 
However, when patients with ocular myasthenia are exam-
ined, many have measurable, albeit subclinical, weakness  
in other muscle groups as well. Another hypothesis for  
EOM preferential involvement is the differences between 
their NMJ endplates compared to those in limb skeletal 
muscle.20 Differences in both classical and alternative 
complement-mediated immune response pathways in EOM 
may also increase their susceptibility to ocular myasthenic 
symptoms.199

Conclusion

The EOM are a specialized collection of craniofacial muscles 
with many distinct characteristics compared to non-cranial 
skeletal muscle. These muscles have a complex anatomy and 
physiology, which should be carefully considered when 
determining treatment of the motor disorders that affect 
them. The EOM are also highly adaptable, altering their 
protein expression and physiological characteristics in 
response to hormones, denervation, and toxins. This adapt-
ability should lend itself to pharmacologic manipulation of 
these muscles for the treatment of EOM motor disorders. 
Furthermore, understanding the mechanisms that result in 
EOM sparing or preferential involvement in diseases of skel-
etal muscle will hopefully suggest new treatments for EOM 
diseases and for skeletal muscle diseases in general.
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C H A P T E R 8 

Three-Dimensional  
Rotations of the Eye

Christian Quaia & Lance M. Optican

Eye motility

In principle the eyeball, like any rigid object, has six degrees 
of freedom: three for rotation, and three for translation. The 
adult human eyeball is about 24–25mm in diameter, and 
can rotate about ±50° horizontally, 42° up and 48° down, 
and about ±30° torsionally. In contrast, the amount of trans-
lation possible for the eye is very limited: over the whole 
horizontal range the eyeball translates no more than 2 mm 
along the antero-posterior axis and 0.7 mm in the frontal 
plane.1 Given the limited translational excursion, the globe 
can be treated as a spherical joint capable of rotating around 
its fixed center, and its motion has thus only three degrees 
of freedom.

Eye movements are easy to measure, in both the labora-
tory and the clinic. Technology for eye movement recording 
has been evolving for over 100 years, and although none are 
without their disadvantages, it is easy to find a commercial 
product to suit most needs (Box 8.1). Binocular recordings 
are especially important, because when both eyes fail to 
point in the same direction double vision (diplopia) results. 
Pathological conditions thus give rise to strabismus, the mis-
alignment of the two gaze axes. This is commonly measured 
in the clinic with a Hess chart (Box 8.2), which gives a static 
measure of the misalignment. Binocular recordings can give 
both static and dynamic accounts of the misalignment as 
gaze angle changes.

Quantifying eye rotations

Describing translations is simple and intuitive. Once three 
orthogonal axes (e.g. Cartesian coordinates) are defined, a 
translation of a rigid object can be specified by simply pro-
viding the amount of translation of any one point of the 
object along each of the three axes. Importantly, the final 
position reached is independent of the order in which the 
three axes are considered (e.g., x-axis followed by y-axis 
movement yields the same position as y followed by x, i.e. 
translations are commutative). This happens because the 
familiar Euclidean space of translations is flat.

In contrast, rotations and their resulting orientations can 
not be described by any simple (i.e. intuitive) set of three 

coordinates. One of the fundamental reasons for this com-
plexity is that the space of all rotations is curved. This can 
be easily noted by considering that if one keeps rotating an 
object around the same axis it will eventually (after 360°) 
get back to its initial orientation. One of the implications of 
this feature is that the final orientation, or attitude, reached 
after a sequence of rotations around different axes depends 
on their order. In the two panels of Figure 8.1 a camera, 
starting from the same initial orientation (left column), is 
rotated around the same pair of axes (arrows in the figure), 
but in different order. Clearly, the final orientation (right 
column) is different for the two sequences of rotations; 
unlike translations, rotations are non-commutative.

To address the inherent complexity of rotations, many 
mathematical tools have been developed over the last 150 
years, such as quaternions, sequences of rotations, rotation 
matrices, rotation vectors, spinors, rotors, motors, etc. 
Although all these methods must be equivalent (they all 
describe the same rotations), each method has both advan-
tages and disadvantages in different applications.2–4 Accord-
ingly, we can choose the mathematical formalism that best 
facilitates our thinking about eye rotations.

The first issue that must be addressed when describing 
rotations or orientations of the eye is the selection of three 
orthogonal axes. Obviously, they must pass through the 
center of the eye, but other than that there are few con-
straints. Of course, keeping the axes fixed in space, so that 
they point in the same spatial direction regardless of the 
movements of the eye or the head, would not be very useful, 
as the six extraocular muscles rotate the eye relative to the 
head. One reasonable arrangement is to fix them to the eye, 
so that their spatial orientation changes whenever either the 
eye or the head move. Alternatively, they could be fixed to 
the head, so that their orientation in space would change 
only when the head moves. These two possibilities might 
sound radically different, but they are tightly connected if 
the head is fixed: starting from an initial orientation, a 
sequence of two eye rotations within one system leads to the 
same eye orientation as the reversed sequence of rotations 
in the other system. A final possibility is represented by the use 
of nested axes, in which one axis is fixed to the head, the 
second one rotates with it, and the third one is fixed to the 
eye and thus rotates with the other two. Unfortunately, these 
nested systems are often inappropriately called eye-fixed.
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Box 8.2 3-D Effects of Muscle Weakness

3-D Hess chart of ocular alignment following unilateral trochlear 
(IVth) nerve damage. The denervated superior oblique muscle can 
only develop a passive force. The graph shows the effects of a 
superior oblique palsy (SOP) in a monkey. These measurements 
were made with 3-D eye coils in each eye. The normal eye views 
the target, but the palsied eye is covered. The monkey follows a 
light as it jumps to each of the nine target positions. The blue cross 
shows the attitude of the normal eye. The red cross shows the 
attitude of the palsied eye. Note that as the animal looks down in 
adduction (the main effect of the SO muscle), the deficit worsens. 
When the deviation between the two eyes is not constant with 
gaze angle, it is called an incomitant strabismus.

Note that the error is not only a displacement of the cross (up and 
out), but also includes a CCW twist. Similar recordings can be made 
in human patients with eye coils on a contact lens. In a lower 
technology method subjects wear (red or blue) colored filters over 
each eye. A blue cross is projected onto the screen, and is seen 
only by the normal eye. A red cross is also projected, which can 
only be seen by the affected eye. The subject moves and twists the 
red cross until it is aligned, perceptually, with the blue cross.
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Box 8.1 Clinical eye movement recording methods

Axes Range Bandwidth Resolution Advantages Disadvantages

Electro-oculography (EOG)

H, V ∼ ±25° H
∼ ±15° V
Not good for small 
movements (<5°)

∼ 30 Hz ∼0.5° Easy to use, low cost 1, 2, 3, 4.
EMG from scalp or jaw 
muscles can interfere

Infrared Reflection Device (IRD)

H, V ∼ ±30° H
∼ ±20° V

∼ 100 Hz ∼ 0.02° Easy to set up, moderate 
cost. Available for MRI, 
but limited range

1, 2, 5.
Risk of ocular drying from 
IR source

Video-oculography (VOG)

H, V, T ∼ ±30° H, +30° up,
−45 down, less for T

∼ 25 Hz – 1 kHz H, 
V, but less for T

∼ 0.05° H, V, 
∼ 0.1° T

Good for clinical use, 
good for children and 
infants, available for 
MEG & MRI

1, 2, 5, 6.
Limited range, high cost

Magnetic Field Scleral Coil

H, V, T > ±45° in monkeys, but
∼ ±30° in people 
because of eye coil 
limitations

>1 KHz ∼ 0.01° Coil can be permanently 
implanted in animals

6, 7.
Contact lens causes 
discomfort, so 
inappropriate for children. 
High cost

1. Eye closure or eye lid artifacts.

2. Blink artifacts.

3. Poor linear range.

4. Signal drifts over time.

5. Sensitive to translation of head relative to device.

6. Torsion bandwidth and/or range reduced.

7. Limited recording time (∼30 min) for people.
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SECTION 3 Direction of gaze   Chapter 8  Three-Dimensional Rotations of the Eye 

In oculomotor research only head-fixed and nested-axes 
systems have been extensively used. The decision of which 
one to use is affected by personal preference, and by the 
specific oculomotor task under study.

Nested-axes coordinates
Nested-axes coordinate systems are inspired by the classical 
mechanical method for mounting a rotating object, such as 
a camera. The simplest way to mount a camera is to have 
one axis for panning the camera left or right (yaw or Z-axis), 
one for tilting it up or down (pitch or Y-axis), and one for 
twisting it clockwise or counter-clockwise about the lens’s 
optical axis (roll or X-axis). These axes are nested, one within 
the other, in a system of gimbals (since there are three rota-
tion axes, there are six possible nesting sequences). As noted 
above, final orientation depends crucially on the order of 
rotations. However, in a gimbal system the mathematical 
order of the rotations is determined by the nesting order of 
the gimbals, and not by the order in which the mounted 
object is moved within the gimbals. Note that this mechani-
cal coupling of the axes does not render rotations commuta-
tive; the space of rotations is still curved.

Two such nested-axes systems have been extensively  
used in the field of oculomotor research.5 The Fick system 
starts with a horizontal rotation around the vertical axis, 
followed by a vertical rotation around the new horizontal 
axis, and finally a torsional rotation about the new line of 
sight. The Helmholtz system starts with a vertical rotation 
around the horizontal axis, followed by a horizontal rota-
tion around the new vertical axis, and finally a torsional 
rotation about the new line of sight. The leftmost column  
of Figure 8.2 shows a Fick gimbal system, and the right-
most column shows a Helmholtz gimbal system (torsional 
axes not shown). Initially (top row) the eye looks straight 
ahead, in primary position. When the eye rotates from 
primary position around the head-fixed horizontal or verti-
cal axis, it is said to move into a secondary position (note: all 
secondary positions lie along the horizontal or vertical 
meridian of the globe; cf. Fig. 8.5 below). This is shown in 

Figure 8.1 Non-commutativity of rotations. The 
image on the right of each arrow is obtained by 
rotating the image on its left around an axis 
collinear with the arrow. (A) The camera first rotates 
90° around a vertical axis, and then 90° around a 
horizontal axis. (B) The order of rotations is reversed. 
The final orientation of the camera is clearly 
different in the two cases. (Redrawn from Quaia C, 

Optican LM. Commutative saccadic generator is sufficient 

to control a 3-D ocular plant with pulleys. J Neurophysiol 

1998 Jun; 79(6):3197–3215. Used with permission.)

he middle row for Fick and Helmholtz gimbals: the first Fick 
rotation turns the eye to the left, whereas the first Helmholtz 
rotation turns the eye upward. The bottom row shows the 
eye rotated away from the horizontal or vertical meridian, 
into what is called a tertiary position. Note that, in spite of 
the magnitude of the two rotations being the same, the final 
orientation of the eye is different in the two cases.

Head-fixed coordinates
Over the years several different mathematical formalisms 
have been used to quantify eye rotations using head-fixed 
coordinate systems. The formalism that we prefer (because 
we consider it the most intuitive), and the only one that we 
describe here, is the so-called axis-angle form (Fig. 8.2, 
middle column), which follows from Euler’s theorem. This 
theorem states that any orientation of a rigid body with one point 
fixed can be achieved, starting from a reference orientation, by a 
single rotation around an axis (through the fixed point) along a 
unit-length vector n̂  by an angle Φ.6 Euler’s theorem highlights 
an aspect common to all the methods that can be used to 
represent rotary motion: the need to define a reference, or 
primary, orientation. Although its choice is totally arbitrary, 
the one most commonly adopted in eye movement research 
is the orientation with the head upright and the eye looking 
straight ahead. (Note: when eye orientations are discussed 
in the context of Listing’s law, a somewhat different reference 
orientation is chosen for convenience; this will be discussed 
below.) The three main axes of rotation then point straight 
ahead (X-axis, roll or torsional rotations), straight to the left 
(Y-axis, pitch or vertical rotations) and straight up (Z-axis, 
yaw or horizontal rotations). The X-, Y-, and Z-axes define a 
right-handed system of head-fixed coordinates (x, y, z), that 
describe, for each eye orientation, Euler’s axis of rotation. In 
a right-handed coordinate system, positive rotations are in 
the direction that the fingers of the right hand curl when the 
thumb points along the axis n̂.

With this convention, for example, after a 45° rotation to 
the left, the orientation is described by {(0, 0, 1), 45}, as 
that orientation is achieved, starting from the reference  
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interest. Because the eye can rotate about the line of sight 
without changing the direction of gaze, the latter has only 
two degrees of freedom, whereas eye orientation has three. 
This situation, called kinematic redundancy,7 implies that an 
infinite number of different eye orientations correspond to 
each direction of gaze. Despite this redundancy, observation 
of voluntary eye movements reveals that the brain constrains 
the torsion to be a function of the horizontal and vertical 
gaze direction. This reduces the number of degrees of 
freedom of eye orientation from three to two, so that each 
gaze direction (achieved with saccadic or smooth pursuit 
movements) corresponds to a unique eye orientation,  

orientation, by rotating 45° around the vertical axis (0,0,1) 
(Fig. 8.3A; note that we are looking at the camera from in 
front, so the X, Y, and Z axes point out of the page, to the 
right, and up, respectively). Similarly, after a rotation 45° up 
and to the left, the orientation is {(0, 0.707, 0.707), 45} 
(Fig. 8.3B, and Fig. 8.2 middle column, bottom row).

Listing’s law

The purpose of voluntary eye movements is to point the 
region of highest visual acuity (the fovea) at the object of 

Figure 8.2 Head-fixed and nested-axes coordinate systems. In the left column Fick’s nested-axes coordinate system is illustrated (torsion axis not shown). 
The axes can be represented by a gimbal system. The nesting order is: vertical axis, horizontal axis, torsional axis. In the middle column rotations are 
described in a head-fixed coordinate system, and Euler’s axis is shown. Any orientation is represented by a single axis, tilted appropriately. In the right column 
another nested-axes system is shown (Helmholtz). In the Helmholtz system, the nesting order is: horizontal axis, vertical axis, torsional axis. Orientations are 
referred to as primary (looking straight ahead, top row), secondary (on the horizontal or vertical meridian, middle row), or tertiary (off both the horizontal and 
vertical meridians, bottom row). In all three cases we applied a rotation of 31.8° around the vertical and horizontal axes. In Fick coordinates, that corresponds 
to (31.8, 31.8, 0), in Helmholtz coordinates to (31.8, 31.8, 0), and in head-fixed coordinates to {(0, 0.707, 0.707), 45}. NB: even when the coordinates in two 
systems are the same numerically, the final orientations are different because rotations do not commute. In Euler coordinates, these Fick and Helmholtz 
rotations would be {(−0.198, 0.693, 0.693), 44.7} and {(0.198, 0.693, 0.693), 44.7}, respectively (note the opposite sign for the torsional component).
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Figure 8.3 Representing orientation using the axis-angle 
form. For each panel, the reference orientation is shown on 
the left. (A) The camera is rotated 45° to the left, and the 
corresponding Euler’s axis points straight up, (0, 0, 1) in the 
XYZ coordinate system (see text). (B) The camera is rotated 
45° around the tilted axis (0, 0.707, 0.707). Note that the 
central cross on the camera’s lens appears twisted with 
respect to the vertical axis, even though the Euler axis has no 
torsional component. (Redrawn from Quaia C, Optican LM. 

Commutative saccadic generator is sufficient to control a 3-D ocular 

plant with pulleys. J Neurophysiol 1998 Jun;79(6):3197–3215. Used 

with permission.)
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regardless of previous movements and orientations. This 
observation is known as Donder’s law.8

Donder’s law states that the torsional component of the 
eye’s attitude is a function of the horizontal and vertical 
components, but does not specify the relationship. Listing 
extended Donder’s law, by specifying the torsional angle for 
any line of sight.8 Listing’s law states that if the Euler vectors 
describing the eye orientations attained by a subject looking 
around with his head fixed in space are plotted, they lie in 
or near a plane (the so-called Listing’s plane). In Figure 8.4 
orientations measured in a human subject are shown; each 

point indicates the orientation of the eye during a period of 
fixation. Figure 8.4A shows the vertical and horizontal com-
ponents of the Euler axis (from the subject’s point of view), 
whereas Figure 8.4B shows the vertical and torsional com-
ponents (the components of the unit-length axis are multi-
plied by the eccentricity). As an example, on top of the 
human data we have added two symbols indicating where 
the Euler axes for the camera orientations shown in Figure 
8.3A (blue disks) and Figure 8.3B (green disks) would be in 
this graph (note that the horizontal component is reversed, 
as in Figure 8.3 we were looking at the vectors from the front, 

Figure 8.4 Example of Listing’s plane in a human subject. 
Each small square represents the 3-D components of the 
tip of the Euler axis from one eye orientation. (A) Front 
view, vertical and horizontal components. (B) Side view, 
vertical and torsional components. The blue disks represent 
the orientation shown in Fig. 8.3A, while the green disks 
represent the orientation shown in Fig. 8.3B. Note that the 
horizontal component is reversed, as in Fig. 8.3 we were 
looking at the vectors from the front, whereas here they 
are plotted from the camera’s point of view. (Adapted, with 

the permission of Cambridge University Press, from Crawford,34 

1998.)
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False torsion
Listing’s law clearly puts a constraint on the normal orienta-
tion of the eyes, but the quantification of this constraint is 
closely intertwined with the coordinate system used. For 
example, with the head-fixed system we can simply say (with 
the above-mentioned caveats) that the Euler’s axis describing 
orientation should have no torsional component. However, 
it would be incorrect to say that in the Fick or Helmholtz 
systems Listing’s law means no rotation around the torsional 
axis. To demonstrate this fact, in Figure 8.5 we show a set of 
eye orientations. In this figure the orientation of the eye is 
indicated by a short line. Think of this line as a small piece 
of tape glued to the eye. With the eye in primary position 
this piece of tape, centered on the pupil, lies along the hori-
zontal meridian. In red we show orientations described by 
an Euler axis with zero torsional component. In green  
we show orientations that are reached through rotations 
about the horizontal and/or vertical, but not torsional,  
axes in the Fick system. The orientations shown in blue  
are reached through rotations about the horizontal and/or 

and not from the camera’s point of view). Obviously the 
points in Figure 8.4 form a thin cloud; Listing’s plane is 
defined as the plane that best fits this cloud.

With the head upright, Listing’s plane is normally tilted 
backwards (about 20°), i.e. it is not aligned with the vertical 
plane. However, the data are usually transformed to a new 
coordinate system so that the torsional axis is perpendicular 
to Listing’s plane (Tweed et al.9 show how to compute a 
unique reference position, called primary position, which is 
tilted away from straight ahead, and is perpendicular to List-
ing’s plane). This was done, for example, in Figure 8.4. The 
major advantage of using this transformation is that Listing’s 
law then simply states that only eye orientations with zero 
torsion are allowed.

It must be stressed that Listing’s law is enforced only when 
the head is fixed; it breaks down when the head is moving. 
When the head turns, the vestibulo-ocular reflex (VOR) 
counter-rotates the eye, so that the visual world is kept 
(approximately) stable on the retina (cf. Chapter 9). When 
this involves head motions with the eyes in an elevated  
or depressed position, accumulated VOR slow phases can 
carry the eye out of Listing’s plane by as much as 30°; this 
deviation is usually pre-compensated by adding a predictive 
torsional component to the innervation of the preceding 
VOR quick phase.10 Furthermore, when binocular orienta-
tions (cf. Chapter 9) are considered, Listing’s plane varies as 
a function of the distance to the target, so that Listing’s plane 
for each eye rotates outward as the eyes converge.11 This 
implies that Listing’s law cannot arise from a mechanical 
property of the peripheral oculomotor complex (e.g. by 
gimbals), but must be enforced by generating an appropriate 
set of innervation signals. (Note: Obviously the lack of a 
torsional component for movements in Listing’s plane does 
not imply that when the eye orientation is in Listing’s  
plane the brain sends no innervation to the oblique muscles; 
Table 8.1).

Table 8.1 Classic description of muscle actions with the eye in 
primary position

Muscle Primary Secondary Tertiary

Lateral rectus Abduction None None

Medial rectus Adduction None None

Superior rectus Elevation Intorsion Adduction

Inferior oblique Extorsion Elevation Abduction

Inferior rectus Depression Extorsion Adduction

Superior oblique Intorsion Depression Abduction

The axis of action is perpendicular to the plane formed by the center of the 
eye and the (functional) origin and insertion of the muscle. Each axis has 
some orientation, which can be described in head-fixed coordinates. The 
head-fixed axis where most of the force is generated by the muscle gives rise 
to its primary action. The axis with the next most force gives rise to the 
secondary action, and the axis with the least force projection gives rise to the 
tertiary action. Note that muscles work in pairs. From primary position, the 
lateral and medial recti move the eye horizontally, the superior rectus and the 
inferior oblique elevate the eye, the inferior rectus and the superior oblique 
depress the eye, and the superior oblique and the inferior oblique twist the 
eye. This classification is difficult to maintain once the eye moves away from 
primary position.

Figure 8.5 False torsion demonstrated by rotations in nested-axes and 
head-fixed axes coordinates (orthographic projection). Gray lines show the 
longitude and latitude lines of the globe (every 22.5°). A colored line (Euler: 
red, Fick: green, Helmholtz: blue) is drawn on an invisible eyeball to show its 
orientation. The eye is then rotated in the three coordinate systems so that 
the same gaze directions are achieved. If Listing’s plane were orthogonal to 
straight ahead, the eye would assume the orientation given by the Euler 
rotation (red line). In primary position (θ = 0° and ϕ = 0°) and in secondary 
positions (along the horizontal and vertical meridians, ϕ = 0° or θ = 0°) all 
three orientations are aligned. In tertiary positions (rotated ±45° around an 
axis tipped ±45°) the Fick lines (green) remain horizontal, but the others are 
twisted. This twist is called false torsion. Fick lines have always zero false 
torsion (unless a rotation around the torsional axis is imposed); for the 
eccentricity tested here Euler lines have ≈9.7° and Helmholtz lines have 
≈19.4° of false torsion. Rotations are not commutative, so the Euler 
axis-angle rotation {(0, 0.707, 0.707), 45} corresponds to Fick and Helmholtz 
rotations of about (35.3, 30, 0) and (30.0, 35.3, 0), respectively.
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consumed during a saccadic eye movement is dissipated by 
the muscles, and only the remaining 10 percent is actually 
used to rotate the eyeball (Fig. 8.6C&D, Pulse). Even during 
periods of fixation only 20 percent of the energy is trans-
ferred to the tendons, while the remaining 80 percent is used 
to maintain the length of the muscles (Fig. 8.6C&D, Step). 
In other words, to deliver the appropriate torque to the 
eyeball (Fig. 8.6D, note ten-fold gain increase for this graph), 
an extra, and much larger, innervation (Fig. 8.6B) must be 
supplied to account for the loss in the extraocular muscles 
(Fig. 8.6C).

The decomposition of the innervation signal into the 
force absorbed by the muscles and the force delivered to the 
tendons, as well as the decomposition of these forces into 
their basic components, follows from the properties of the 
eye plant, and thus holds for any movement, regardless of 
its dynamics or of the innervation pattern. However, it 
cannot be stressed enough that the only signal that must 
exist in the brain is the overall innervation command, which 
is carried by the motoneurons (Fig. 8.6B, bottom row). The 
various force/torque components described above (Pulse, 
Slide, and Step for the orbital tissues, and Pulse and Step for 
the muscles) are the result of an objective, but artificial, 
decomposition; these components do not need to have a 
corresponding neural signal in the brain. Nevertheless, each 
of these components is associated with different tissue prop-
erties, and thus their adaptation requirements are quite dif-
ferent. Accordingly, it would make sense to generate the 
innervational signals by computing separate neural signals 
for each of the physical signals described above, and then 
sum them together, with adaptable weights, at the level of 
the motoneurons (Fig. 8.6B, top row). The neural signals 
would thus have to be matched to the physical components. 
This does not however imply that these signals would have 
to be computed independently from each other. In fact, 
because they would be associated with physical signals that 
are related to each other (e.g. eye velocity and orientation 
are related, as the latter is a function of the history of the 
former), these neural signals would also have to be related 
to each other.

Robinson14 recognized these issues and proposed an 
elegant solution for the one-dimensional case, i.e. for rota-
tions around a single axis. In this simplified case, there is a 
direct proportionality between muscle length and eye orien-
tation, and between eye velocity and rate of change of muscle 
length. Robinson noted that the Step of innervation could 
then be computed by simply integrating (in the mathemati-
cal sense) the Pulse. Similarly, the Slide can be computed by 
low-pass filtering the Pulse (i.e. passing it through a leaky 
integrator). This works well because, for rotations around 
one axis, the orientation (associated, when matching is 
perfect, with the Step component) is equal to the integral of 
angular velocity (associated, also under matching condi-
tions, with the Pulse component).

If the three components are appropriately matched, the 
movement is fast and the eyes stop abruptly (Fig. 8.7A). 
However, if the neural Pulse, Slide and Step are not matched 
to the corresponding force/torque components, a fast move-
ment is still generated, but a slow post-saccadic ocular drift 
follows (Fig. 8.7B). Since the purpose of eye movements is 
to serve vision, and any drift after a movement degrades 
vision,15 perfect matching is very important.

vertical, but not torsional, axes in the Helmholtz system.  
The rotations applied are such that the direction of the  
line of gaze is the same regardless of the coordinate  
system used.

Obviously, the lines are identical in primary and second-
ary orientations, but they differ in tertiary orientations. More 
precisely, in tertiary positions the line is horizontal in the 
Fick coordinate system, but in the other two it is twisted. 
This last observation has led to a lot of confusion in the 
study of eye rotations. Remember that only the red lines 
represent orientations that obey Listing’s law. Saying that 
orientations in Listing’s plane have zero torsion is jargon for 
saying that the Euler vector describing an orientation in List-
ing’s plane has a torsional component equal to zero. But that 
obviously does not mean that the horizontal meridian is not 
twisted relative to the gravitational vertical. To distinguish 
these two measures of torsion, the twist shown in Figure 8.5 
is called false torsion. Three simple rules apply to false torsion. 
First, tertiary gaze directions reached using the two outer-
most gimbals in the Fick system always have zero false 
torsion. Second, gaze directions reached using the two 
outmost gimbals in Helmholtz systems always have values 
of false torsion larger (in magnitude) than if those same gaze 
directions were reached obeying Listing’s law. Third, orienta-
tions in Listing’s law are not characterized by zero false 
torsion. In Figure 8.5, the false torsion for the Euler lines 
(red) is about 9.7°, and for the Helmholtz lines (blue) it is 
about 19.4°.

Neural control of ocular orientation

The study of eye rotations is fundamental to identifying the 
patterns of innervation to the extraocular muscles that the 
brain must generate to accurately control the orientation of 
the eyes, suppress ocular drift, and (when necessary) enforce 
Listing’s law. Using as an approximation to plant mechanics 
the biomechanical model of the eye plant developed by 
Robinson12,13 it is possible to show that, because of the vis-
coelastic properties of the orbital tissues, the torque applied 
to the eyeball to generate an eye movement can be inter-
preted as the sum of three components: a Step (i.e. a signal 
proportional to the current eye eccentricity), a Slide (i.e. a 
low-pass filtered version of the velocity profile), and a Pulse 
(i.e. a signal proportional to the velocity of the eyes). This 
decomposition of the torque always holds, as it simply 
mirrors (a simplified representation of) the mechanical 
make-up of the orbital tissues.

The brain does not have direct control over this torque; 
instead, it indirectly controls it by generating the innerva-
tion signals that are delivered to the extraocular muscles. 
Unfortunately, the muscles are not very good actuators, espe-
cially at high speeds of shortening or lengthening, and the 
brain must take their properties into account when generat-
ing the innervation signals. More precisely, an analysis of 
Robinson’s linear model of the eye plant reveals that, in the 
process of transferring force to its tendon, each muscle 
absorbs both a Step and a Pulse of force. The former is a 
function of the length of the muscle, while the latter is  
proportional to its speed of shortening. The muscles behave 
so poorly that approximately 90 percent of the energy  
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Figure 8.6 Distribution of forces between extraocular muscles and orbital tissues. (A) Schematic saccadic eye movement. (B) The saccadic innervation 
consists of a Pulse, Slide, and Step, which generate corresponding forces in the muscles. (C) Most of the Pulse and the Step are used to change muscle 
length. Thus the muscle itself “eats up” most of the force. (D) The remaining force delivered to the tendon consists of a small piece of the Pulse, the Slide, 
and part of the Step (Note: the forces in D are magnified about 10 times). The ratio of the Pulse dissipated by the muscle and the Pulse delivered to the 
tendon is about 20. The ratio of the Step dissipated to that delivered is about 3.3 (Second row shows components of innervation and force; third row shows 
total innervation and force; the gray area indicates saccade duration).
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Figure 8.7 Components of the innervation signal. 
The innervation signal is the sum of three 
components: a Pulse, a Slide and a Step. (A) When 
the three signals are appropriately matched, the eyes 
move quickly to the target and stop abruptly. In this 
case the eye orientation follows the Step of 
innervation. (B) If the components are mismatched 
(in this case the Pulse is too large), the eyes drift back 
toward the target. The Step is no longer a faithful 
representation of eye orientation.
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Extending this line of reasoning to three dimensions, 
when rotations around arbitrary axes must be considered,  
is not trivial, because in general the derivative of eye orienta-
tion is not equal to eye angular velocity.6 This inequality, which 
is true for any rigid body rotating around a point fixed in 
space, is due to the non-commutativity of rotations (cf.  
Fig. 8.1). Thus, if the neural Pulse were proportional to the 
angular velocity, its integral would not be proportional  
to the orientation; if the neural Step were computed by  
integrating the neural Pulse, a post-saccadic drift would 
ensue. It turns out that, if the initial and final orientations 
are in Listing’s plane, this drift would be confined mostly, 
but not exclusively, to the torsional axis. It is important  
to realize that this drift has nothing to do with the match-
ing issue described for one-dimensional movements, as  
it is not due to an inappropriate weighting of the Pulse  
and the Step. To avoid such a drift the brain would need  
to perform a different, more complex, computation to 
produce the neural Step: the mathematical integral would 
not suffice.

To understand how the brain deals with this problem we 
must see whether such torsional drifts (usually referred to  
as blips) occur. As we noted above, Listing’s law specifies 
only the final orientation of the eye (the Euler axis for the 
orientation must lie in Listing’s plane), but it does not  
say anything about what happens during or around the 
movement. However, it was found that, for rotations in 
which the initial and/or final orientation is tertiary, the ori-
entation of the eye remains in Listing’s plane throughout 
saccadic and pursuit movements, i.e. torsional blips are very 
small.16,17 For this to occur, the angular velocity vector about 
which the eye rotates must tilt out of Listing’s plane.18 This 
tilt of the angular velocity axis is given by the so-called half-
angle rule,16 i.e. if the eyes are elevated 45° up, and you want 
to rotate the eyes from, say, left 10° to right 10°, the axis of 
angular velocity must be tipped back from the vertical by 
22.5° for the orientation to stay in Listing’s plane (Fig. 8.8B, 
dashed line). In other words, to ensure that the orientation 
vector has no torsional component throughout the move-
ment, the angular velocity vector must have a torsional com-
ponent whose amplitude is a function of the orientation of 
the eyes.

How does all this influence the task of generating the 
innervation command appropriate to rotate the eyes in 3-D? 
Obviously whenever a rotation to/from a tertiary orientation 
is required, if the Pulse of innervation determines the angular 
velocity of the eyes, it will need to have a torsional compo-
nent, or the eye orientation will not be confined to Listing’s 
plane. Furthermore, the neural Step would have to be com-
puted by passing the neural Pulse through a rotational oper-
ator: simply integrating it would not produce the correct 
signal. There is one caveat, though. Nothing of what we have 
said so far about the plant or the controller implies that the 
angular velocity of the eye is proportional to the neural 
Pulse. The innervation signal delivered to a muscle deter-
mines only the length and speed of length change of that 
muscle, not the orientation or angular velocity of the eye.  
It is the geometrical arrangement of the muscles that  
determines how the former set of signals is converted into 
the latter. Without a deeper understanding of the mechanics 
of the eye orbit it is not possible to make further infer-
ences about the neural processing required to control eye 
rotations.

Orbital mechanics can simplify neural 
control: extraocular pulleys

Clinically, muscle actions are described in terms of how 
much they rotate the eye around each of the head-fixed axes, 
when the eye is in primary position (cf. Table 8.1). A more 
accurate analysis considers that each muscle tends to turn 
the eye around a specific axis, called the axis of action of the 
muscle. By definition, the axis of action is the unit length 
vector that is perpendicular to the plane determined by the 
following three points: center of the eye, origin of the muscle, 
and insertion of the muscle.

If the axes of action of the muscles were fixed in the orbit 
(i.e. the axes did not change when the eye moved), there 
would be a one-to-one correspondence between shortening 
velocity of the muscle and angular velocity of the eye. 
However, it has been demonstrated that the axes of action of 
the extraocular muscle are not fixed in the orbit.19 Instead, 
they vary as a function of the orientation of the eye. The 
reason for this dependency is that the muscle’s path,  
which determines its axis of action, is constrained so that the 
belly of the muscle moves very little during eye rotations.19–21 
Anatomical studies22–24 have shed light on the underlying 
constraint mechanism, showing that each rectus muscle 
passes through a ring or sleeve just posterior to the equator 
of the globe (Box 8.3). The ring is made of collagen25 and is 
linked to Tenon’s fascia, adjacent muscles, and the wall of the 
orbit by bands consisting of collagen, elastin and smooth 
muscle. This anatomical structure thus forms a functional 
pulley.26,27

How does the presence of these pulleys affect oculomotor 
control? The mechanical effect of the pulleys is to make the 
axes of action of the extraocular muscles vary dramatically 
as a function of the orientation of the eye. Before the discov-
ery of the pulleys it was assumed that the axis of action of 
each rectus muscle was perpendicular to the plane formed 
by its origin on the annulus of Zinn, its insertion, and the 
center of the globe. Under these conditions (Fig. 8.8A), 
changing the orientation of the eye (e.g. from straight ahead 
to 45° up) would only minimally affect the axis of action of 
the muscles (horizontal recti shown). However, with orbital 
pulleys (Fig. 8.8B), the axis of action of each muscle is now 
perpendicular to the plane formed by the location of its 
pulley, its insertion on the globe, and the center of the globe. 
In other words, the pulley acts as the functional point of 
origin of the muscle. If we now consider what happens when 
the eye is elevated, we see that the axes of action of the 
muscles change considerably (Fig. 8.8B). As a consequence, 
heterotopy of the pulleys (being in the wrong location; Box 
8.4) can cause misalignment of the eyes.28

Quantitatively it can be shown29 that, if the orbital pulleys 
are properly located, the velocity of shortening of the muscles 
(which, as we pointed out previously, is associated with the 
viscous force that must be compensated by the Pulse of 
innervation) closely approximates the derivative of eye orien-
tation, and not eye angular velocity. The derivative of the eye 
orientation signal, unlike angular velocity, is confined to 
Listing’s plane whenever the orientation is. Accordingly, it 
becomes much easier to implement Listing’s law: all that is 
needed to keep the orientation of the eye in Listing’s plane 
is to generate the Pulse of innervation in that plane. If the 
Step is then computed by integrating the Pulse, the resulting 
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movement will have very small post-saccadic drifts, certainly 
small enough not to impede vision.30

This simplification must not be confused with a mechanical 
implementation of Listing’s law. If the brain generates a Pulse 
of innervation that has a non-zero torsional component, the 
eye will rotate out of Listing’s plane. Indeed, during head-
free gaze shifts, the vestibulo-ocular reflex (VOR) rotates the 
eyes opposite to the head’s rotation. If the head rotates out 
of Listing’s plane, the VOR will be constantly violating List-
ing’s law, and the saccade generator will need to compute 
torsional components to compensate for this.10 Thus, List-
ing’s law must be enforced by the brain, although the pulleys 
make the required computations much simpler than they 
would be if the muscle axes were fixed in the orbit.

It is important to realize that the mechanical configura-
tion in the orbit only simplifies the neural machinery because 
the orbital tissues are viscoelastic. If the orbital tissues had 
no viscous components (i.e. if they were purely elastic), 
pulleys would be unnecessary. Without viscosity there would 
be no Pulse of torque, and the eye orientation would 
instantly track the torque generated by the muscles; because 
torques are vectors (i.e. they are commutative) the non-
commutativity of rotations would become irrelevant.

Any confusion regarding the difference between a neural 
and a mechanical implementation of Listing’s law can be 
avoided by analyzing the sequence of events that lead to a 
refixation movement (Fig. 8.9). First, a sensory-to-motor 
transformation combines 2-D retinal information with 
ocular orientation to determine what 3-D rotation is required 
to foveate the target.31 Second, the brain generates the cor-
responding 3-D Pulse of innervation, which it integrates to 
get the Step. Third, the geometrical arrangement of muscles 
and pulleys converts the torque generated by the muscles 
into an angular velocity vector that will not induce post-
movement drift. It is in the second step that Listing’s law is 
enforced, whereas the third step takes care of the non- 
commutativity of rotations. So, for example, the control law 
for the Pulse could be changed, e.g. so that the eye uses Fick’s 
coordinates. The pulleys would still guarantee that there 

Figure 8.8 Axis of action of the horizontal recti for two different models of 
orbital mechanics. The schematics are a scaled version of an actual human 
orbit.12 (A) If the muscles can move freely in the orbit, the muscular path 
does not change much whether the eye is in primary position (red solid 
line) or elevated by 45° (blue solid line). Correspondingly, the axis of  
action (black solid and dashed lines) is approximately fixed in the orbit.  
(B) If the path of the muscles through the orbit is constrained by pulleys, 
the muscular path from the origin to the pulleys is essentially constant in 
the orbit, regardless of the orientation of the eye. However, the axis of 
action of the muscles changes dramatically with orientation; the magnitude 
of this change is clearly a function of the position of the pulleys. (Note: the 

axis of action is collinear with the angular velocity vector about which the eye would 

spin if moved by that pair of muscles.) (Redrawn from Quaia C, Optican LM. 

Commutative saccadic generator is sufficient to control a 3-D ocular plant with  

pulleys. J Neurophysiol 1998 Jun;79(6):3197–3215. Used with permission.29)
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Box 8.3 Scale Model of Orbital Geometry

Scale model of the human orbit (globe radius = 12.5 mm). The eye 
moves as if its center is (approximately) stationary in the orbit. The 
orientation of each eye is controlled by six muscles: lateral rectus 
(LR, blue), medial rectus (MR, purple), superior rectus (SR, orange), 
inferior rectus (IR, green), superior oblique (SO, greenish blue), 
inferior oblique (IO, magenta). The muscles act in push–pull, i.e. as 
agonist/antagonist pairs (LR/MR, SR/IR, SO/IO). The force generated 
by a muscle is a function of both its length and its innervation. For 
a given length, the higher the innervation the stronger the force. 
For a given innervation, the longer the muscle the stronger the 
force. Each muscle (dark color) is made up of two layers. The global 
layer is continuous with the tendon (light color), which inserts on 
the globe. The orbital layer inserts on fibromuscular connective 
tissue pulleys, which constrain the path of the muscle. These are 
analogous to the cartilaginous trochlea of the SO. Great circles 
drawn on the eye show the horizontal (red) and vertical (green) 
meridians of the eye. Primary position is where they cross. All 
secondary positions have the gaze axis on one of those meridians; 
all tertiary positions are not on them. NB: Pulleys are drawn as 
compact objects at the point of maximum muscle deflection, but 
they are actually more distributed in front and behind that point.
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range. However, if the pulleys were static, for large rotations 
the agonist muscles’ insertions would move behind the 
pulleys, and the muscle would stop being effective. Indeed, 
just 30° of adduction would cause the medial rectus muscle 
to lose tangency; it would then translate, rather than rotate, 
the eye.30 To avoid this situation, as a muscle contracts its 
pulley must be moved backwards. This behavior was indeed 
observed in high-resolution MRI studies of the human orbit.33

The mechanism proposed to achieve such a dynamic relo-
cation of the pulleys turns out to be quite simple, albeit 
surprising. It has been known for a long time that the fibers 

would be no post-saccadic drift, even though Listing’s law 
would clearly not hold.

Needless to say, the pulleys can play this simplifying role 
only if they are appropriately placed. More precisely, they 
have to be located between the equator and the posterior pole 
of the globe, in the position that causes the angular velocity 
vector to tilt half as much as the change in elevation, i.e., to 
enforce the half-angle rule. For this action to remain unaltered 
as the eye moves around, the pulleys would also have to move,32 
but simulations show that this would not be particularly  
critical, as ensuing drifts would be within the physiological 

Box 8.4 3-D Effects of Mislocated Pulleys
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Clinical photographs show the eyes of a patient with a “V” pattern 
of esotropia in nine diagnostic positions. Note under-elevation 
bilaterally when the eye is adducted (top row, eye towards the 
nose), but normal depression in adduction (bottom row). Graph 
shows average positions of the eye muscle paths in the coronal 
plane. Red spots show the average muscle positions of normal 
subjects (error bars show 95 percent confidence intervals). SR, LR, 
MR, and IR are superior, lateral, medial, and inferior rectus muscles. 

Blue spots show the muscle position for the right eye, and green 
squares show the muscle position for the subject’s left eye. This 
indicates that the pulley positions in this patient are deviated by 
from 0 to 2.5 mm. A “V” pattern of esotropia with under-elevation 
in adduction could be caused by an under action of the inferior 
oblique muscle. However, in this patient the misplaced pulleys 
caused the direction of action of the muscles to shift, giving rise to 
the strabismus. (Adapted, with permission, from Clark et al.28)
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that make up each extraocular muscle can be histologically 
differentiated into two groups: the global fibers and the 
orbital fibers.8 Whereas the global fibers of the rectus muscles 
go through the pulley and insert anterior to the globe’s 
equator, the orbital fibers insert directly on the pulley.33 
Thus, when the whole muscle contracts, part of its tension 
will be delivered to the globe, and part will be delivered to 
the pulley itself, moving it as required.

Summary

Our vision is poor when our eyes move relative to a subject 
of interest; consequently, movements of the eyes must be as 
fast as possible, and prolonged drifts must be avoided. Once 
a target of interest has been chosen, the innervation signal 
to the extraocular muscles required to point the foveae 
toward the target must be produced. Unfortunately, the vis-
coelastic nature of the orbital contents, and some basic prop-
erties of rotations, makes generating this signal a far from 
trivial proposition.

The first challenge that the brain faces is that gaze direc-
tion has only two degrees of freedom whereas the eye can 
move around three axes. The reduction in dimensionality is 
achieved by generating innervation signals that keep the eyes 
in Listing’s plane. There are many possible alternatives for 
reducing this kinematic redundancy, but Listing’s law is the 
evolutionary choice.

The non-commutativity of rotations, coupled with the 
viscoelasticity of the orbital tissues, adds further complexity 
to the process of producing drift-free movements, regardless 
of whether Listing’s law is obeyed or not. Fortunately, the 
brain does not need to take into account such complexity in 
its computations, because that problem is solved by the 
orbital pulley rig. It appears to be simpler, and perhaps more 
reliable, to control the location of the pulleys rather than to 
implement neural circuitry to perform non-commutative 
operations. This probably reduces the overall complexity of 
the system.
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Figure 8.9 Cartoon of transformations in visually guided 3-D eye movements. Retinal target information is combined with eye orientation to obtain the 
desired eye displacement (a sensory-to-motor transformation, or SMT). A control law is imposed to reduce the motor system’s degrees of freedom from three 
to two by generating the Pulse in Listing’s plane. The Pulse, which is the derivative of orientation, is integrated (neural integrator, NI) to obtain the Step, 
which is the orientation. The total innervation (Pulse + Step) specifies the forces applied by the muscles. The geometry of the muscles and pulleys 
mechanically shift the axes of action of the muscles according to ocular orientation (i.e., by the half-angle rule), which tilts this force so that the globe has the 
correct angular velocity vector.
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C H A P T E R 9

Neural Control of  
Eye Movements

Clifton M. Schor

Introduction

Three fundamental visual sensory-motor tasks
The neural control of eye movements is organized to opti-
mize performance of three general perceptual tasks. One task 
is to resolve the visual field while we move either by transla-
tion or rotation through space (self motion). Our body 
motion causes the image of the visual field to flow across 
the retina and reflexive eye movements reduce or stabilize 
this image motion to improve visual performance. The 
second task is to resolve objects whose position or motion 
is independent of the background field (object motion). Eye 
movements improve visual resolution of individual objects 
by maintaining alignment of the two foveas with both sta-
tionary and moving targets over a broad range of directions 
and distances of gaze. The third task is to explore space and 
shift attention from one target location to another. Rapid 
eye movements place corresponding images on the two 
foveas as we shift gaze between targets lying in different 
directions and distances of gaze.

Three components of eye rotation
All three perceptual tasks require three-dimensional control 
of eye position. These dimensions are controlled by separate 
neural systems. As described Chapter 8, three pairs of 
extraocular muscles provide control of horizontal, vertical, 
and torsional position of each eye. Eye movements are 
described as rotations about three principal axes as illus-
trated in Figure 9.1. Horizontal rotation occurs about the 
vertical Z-axis, vertical rotation about the horizontal X-axis, 
and torsion about the line of sight or Y-axis. As described in 
Chapter 8, the amount of rotation about each of the three 
principal axes that is needed to describe a certain direction 
of gaze and torsional orientation of the eye depends upon 
the order of sequential rotations (e.g. horizontal, followed 
by vertical and then torsional).1 Some oculomotor tasks, 
such as retinal image stabilization, utilize all three degrees 
of freedom whereas other tasks, such as voluntary gaze shifts, 
only require two degrees of freedom, i.e. gaze direction and 
eccentricity from primary position. As described by Donder’s 
law, torsional orientation of the eye is determined by hori-
zontal and vertical components of eye position. Ocular 
torsion is independent of the path taken by the eye to reach 

a given eye position and is constrained by the gaze direction. 
Listing’s law quantifies the amount of ocular torsion at any 
given eye position, relative to the torsion of the eye in 
primary position of gaze.

Binocular constraints on eye position control
Binocular alignment of retinal images with corresponding 
retinal points places additional constraints on the oculomo-
tor system. Because the two eyes view the world from slightly 
different vantage points, the retinal image locations of points 
subtended by near objects differ slightly in the two eyes. This 
disparity can be described with three degrees of freedom 
(horizontal, vertical, and torsional components) that are 
analogous to the angular rotations of the eye shown in 
Figure 9.1. The main task of binocular eye alignment is to 
minimize horizontal, vertical, and cyclodisparities sub-
tended by near targets on the two foveas. This requires a 
conjugate system that rotates the two eyes in the same direc-
tion and amount, and a disconjugate system that rotates the 
visual axes in opposite directions. As described by Hering,2 
a common gaze direction for the two eyes is achieved by a 
combination of conjugate and disconjugate movements that 
are controlled by separate systems. The version system con-
trols conjugate movements and the vergence system controls 
disconjugate movements.

Pure version and vergence movements are described 
respectively by the isovergence and isoversion contours 
shown in Figure 9.2. The isovergence circle describes the 
locus of points that stimulate the same vergence angle in all 
directions of gaze.3 A different isovergence circle exists at 
each viewing distance. The isoversion lines describe the 
locus of points that stimulate the same version angle over a 
range of viewing distances in a common direction of gaze 
relative to the head. Pure vergence movements occur along 
any of the isoversion lines and not just along the central or 
midsagittal plane. Fixation changes along any other contour 
result from a combination of version and vergence move-
ments. Both version and vergence movements are described 
as combinations of horizontal, vertical, and torsional rota-
tions. For example there can be horizontal and vertical 
version and vergence movements. Torsional rotations are 
usually referred to as cyclorotations (e.g. cycloversion or 
cyclovergence). Hering’s law implies that there is equal 
innervation of yoked muscle pairs: “one and the same 
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impulse of will directs both eyes simultaneously as one can 
direct a pair of horses with single reins.” The law should not 
be taken literally, because common gaze commands from 
higher levels are eventually parceled into separate innerva-
tion sources in the brainstem that control individual muscles 
in the two eyes.

Feedback and feedforward control systems
The oculomotor system requires feedback to optimize 
sensory stimuli for vision with a sufficiently high degree of 
precision. Feedback provides information about motor 
response errors based upon their sensory consequences, such 
as unwanted retinal image motion or displacement. This 
visual error information usually arrives too late to affect the 
current movement, because the time delays in the visual 
system are about 50–100 msec. Instead, it is used to adap-
tively adjust motor responses to minimize subsequent errors. 
Oculomotor systems use sensory information to guide eye 
movements in two different ways. Motor responses can be 
guided in a closed-loop mode with an ongoing feedback 
signal that indicates the difference between the desired and 
actual motor response, or they can operate without concur-
rent feedback in an open-loop mode. The closed-loop feed-
back mode is used to reduce internal system errors or external 
perturbations. A physical example of a closed-loop system is 
the thermostatic regulation of room temperature, e.g. if the 
outside temperature drops, the furnace will turn on so that 
the room temperature stays constant. Motor responses can 
also be controlled in an open-loop mode, without a concur-
rent feedback signal. A physical example of an open-loop 
system is a water faucet, e.g. if the pressure drops, the flow 
of water will also drop, because the valve does not compen-
sate for the pressure drop.
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Figure 9.1 The three principal axes of eye rotation. Horizontal rotation 
occurs about the vertical axis (Z), vertical rotation about the transverse axis 
(X), and torsion about the anterior–posterior axis (Y). (From Goldberg ME, 

Eggers HM, Gouras D: The ocular motor system. In: Kandel ER, Schwartz JH, Jessell TM 

(eds): Principles of Neural Science, 3rd ed, Appleton and Lange 1991.)
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Figure 9.2 Geometric representation of the two components of eye 
movements by locations of the intersections of the two visual axes. 
The value in degrees marked along each isovergence circle denotes 
the convergence angle and the value in degrees marked on the 
hyperbola isoversion lines denotes the visual direction when a line is 
not very close to the eyes.
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and executes motor activity. Three pairs of extraocular 
muscles that rotate each eye about its center of rotation are 
at the bottom of this hierarchy. The forces applied by these 
muscle pairs to the eye are controlled at the level above by 
the motor nuclei of cranial nerves III, IV, and VI. Motor 
neurons in these nuclei make up the final common pathway 
for all classes of eye movements. Axon projections from 
these neurons convey information to the extraocular muscles 
for executing both slow and fast eye movements. Above this 
level, premotor nuclei in the brainstem coordinate the com-
bined actions of several muscles to execute horizontal, verti-
cal, and torsional eye rotations. These gaze centers orchestrate 
the direction, amplitude, velocity, and duration of eye move-
ments. Interneurons from the premotor nuclei all converge 
on motor nuclei in the final common pathway. Premotor 
neurons receive instructions from supranuclear regions 
including the superior colliculus, the substantia nigra, the 
cerebellum, frontal cortical regions including the frontal eye 
fields (FEF) and supplementary eye fields (SEF), and extra-
striate regions including the medial temporal visual area 
(MT), the medial superior temporal visual area (MST), the 
lateral intraparietal area (LIP), and the posterior parietal area 
(PP). These higher centers plan the desired direction and 
distance of binocular gaze in 3-D space. Cortical–spatial 
maps of visual stimuli are transformed into temporal codes 
for motor commands between cerebral cortex and ocular 
motoneurons, to which the superior colliculus and cerebel-
lum contribute.6 They determine when and how fast to 
move the eyes to fixate selected targets in a natural complex 
scene or to return them to a remembered gaze location. The 
following sections will discuss the hierarchical control for 
each of three functional classes of eye movements. The next 
section describes the final common pathway that conveys 
innervation for all classes of eye movements.

Final common pathway

Cranial nerves: III, IV, & VI and motor nuclei
Cranial nerves III, IV, and VI represent the final common 
pathway as defined by Sherrington,7 for all classes of eye 
movements. All axon projections from these cranial nuclei 
carry information for voluntary and reflex fast and slow 
categories of eye movements.8 The oculomotor (III), troch-
lear (IV), and abducens (VI) nuclei innervate the six extra-
ocular muscles, iris and ciliary body. The abducens nucleus 
innervates the ipsilateral lateral rectus. Premotor interneu-
rons also project from VI to the contralateral oculomotor 
nucleus for control of the contralateral medial rectus, to 
produce yoked movements on lateral gaze that are consistent 
with Hering’s law. The trochlear nucleus innervates the con-
tralateral superior oblique. The oculomotor nucleus inner-
vates the ipsilateral medial rectus, inferior rectus, and inferior 
oblique, and the contralateral superior rectus. The anterior 
portion of the oculomotor nucleus also contains motor 
neurons that control pupil size and accommodation in a 
specialized region called the Edinger–Westphal nucleus.9 
Afferents from this nucleus synapse in the ciliary ganglion 
prior to innervating their target muscles.10 The regions of the 
oculomotor nucleus that control various eye muscles are 
illustrated in Figure 9.3.

The mode of the response depends on the latency of the 
response, its duration and velocity. In most examples, visual 
feedback in a closed-loop system is used to maintain or regu-
late a fixed position or slow movements of the eyes when 
there is adequate time to process the error signal. Errors in 
eye posture or movement are sensed from displacement of 
the object of regard from the fovea or slippage of the retinal 
image and negative feedback control mechanisms attempt 
to reduce the errors to zero during the response.

Feed-forward control systems do not utilize concurrent 
visual feedback and are described as open-loop. These 
systems can respond to non-visual (extra-retinal) stimuli, or 
they respond to advanced visual information with short 
latencies and brief durations. For example, brief rapid head 
movements stimulate vestibular signals that evoke compen-
satory eye movements to stabilize the retinal image. These 
head movements can produce retinal image velocities of 
300–400 deg/sec, yet the eyes respond with a counter rota-
tion within 14 msec of the movement.4 The oculomotor 
response to head motion must rely on vestibular signals 
since retinal image velocities produced by head rotation 
exceed the upper velocity limit for sensing motion by the 
human eye. Retinal image velocities that exceed this upper 
limit appear as blurred streaks rather than as moving images. 
Visual feedback is not available when the response to head 
rotation begins because the latency is too short to utilize 
concurrent visual feedback. A minimum of 50 msec is 
needed to activate cortical areas that initiate ocular follow-
ing,5 such that any motor response with a shorter latency 
must occur without concurrent visual feedback. Some open-
loop systems, such as brief rapid gaze shifts (saccades), 
respond to visual information sensed prior to the movement 
rather than during the movement. Their response is too brief 
to be guided by negative visual feedback. Accuracy of a feed-
forward system is evaluated after the response is completed. 
Visually sensed post-task errors are used by feedforward 
systems to improve the accuracy of subsequent open-loop 
responses in an adaptive process that calibrates motor 
responses. Calibration minimizes motor errors in systems 
that do not use visual feedback during their response. All 
feed-forward oculomotor systems are calibrated by adapta-
tion and this plasticity persists throughout life.

Hierarchy of oculomotor control 
The following sections present a functional classification of 
eye position and movement control systems used to facili-
tate three general perceptual tasks and a hierarchial descrip-
tion of their neuro-anatomical organization (Box 9.1). A 
hierarchy of neural control exists within each of the func-
tional categories of eye movements that plans, coordinates, 

Box 9.1 Hierarchy of motor control

Subcortical oculomotor disorders are classified by lesion sites in 
the hierarchy of motor control:

• Peripheral (cranial nerves and muscles)
• Nuclear (cranial motor nuclei making up the final common 

pathway)
• Premotor (coordinates combined actions of several muscles)
• Internuclear (connections between nuclear and premotor sites)
• Supranuclear (motor planning stage)
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Motor neuron response
The motor neurons control both the position and velocity 
of the eye. They receive inputs from burst and tonic cells in 
premotor nuclei. The tonic inputs are responsible for holding 
the eyes steady, and the more phasic or burst-like inputs are 
responsible for initiating all eye movements to overcome 
orbital viscosity and for controlling eye movements. All 
motor neurons have the following characteristics as illus-
trated in Figure 9.4.11

1. They have on–off directions (they increase their firing 
rate in the direction of agonist activity).

2. All cells participate in all classes of eye movements 
including steady fixation.

3. Each cell (especially tonic) has an eye position 
threshold at which it begins to fire. Motor neurons 
have thresholds that range from low to high. Cells 
with low thresholds begin firing when the eye is in the 
off field of the muscle that it innervates. Cells with 
higher thresholds can begin to fire after the eye has 
moved past the primary position by as much as 10 
degrees into the on field of the muscle. The graded 
thresholds of motor neurons are responsible for the 
recruitment of active cells as the eyes move into the 
field of action for the muscle.

4. Increasing the frequency of spike potentials for a given 
neuron increases contractile force. Once their threshold 
is exceeded all cells increase their firing rate as the eye 
moves further along in the on direction of the muscle 
until they saturate. Cells increase their firing rate 
linearly as the eye moves into their on field.
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on each side of the head in three orthogonal planes that are 
approximately parallel to a mirror image set of planes on the 
contralateral side of the head. These canals are stimulated by 
brief angular rotations of the head and the resulting reflexive 
ocular rotation is referred to as the vestibulo-ocular reflex 
(angular VOR). In addition, two otoliths (the utricle and 
sacculus) transduce linear acceleration caused by head trans-
lation as well as head pitch (tilt about the interaural axis) 
and roll (tilt about the nasal–occipital axis) into translation 
velocity and head orientation signals (linear VOR). Angular 
acceleration signals stimulate the semicircular canals and 
result in eye rotations that are approximately equal and 
opposite to the motion of the head. This stabilization reflex 
has a short 7–15-msec latency because it is mediated by only 
three synapses4 and is accurate for head turns at velocities in 
excess of 300 deg/s.14 Hair cells in the canals can be stimu-
lated by irrigation of one ear with cold water. This produces 
a caloric-vestibular nystagmus that causes the eyes to rotate 
slowly to the side of the irrigated ear.15 These slow-phase 

Functional classification into three 
general categories

I. Stabilization of gaze relative to  
the external world
Movements of the head during locomotion tasks such as 
walking are described by a combination of angular rotations 
and linear translations. The oculomotor system keeps gaze 
fixed in space during these head movements by using extra-
retinal and retinal velocity information about head motion. 
The primary extra-retinal signal comes from accelerometers 
in the vestibular apparatus.

A. Extra-retinal signals
The vestibular system contains two types of organs that 
transduce angular and linear acceleration of the head into 
velocity signals (Fig. 9.5).12,13 Three semicircular canals lie 

Vestibular nerve (VII)

Cochlea nerve (VIII)

Scala tympani

Scala media (cochlea duct)

Round window

Perilymphatic space

Utricle
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Left and
right LC

30o
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Figure 9.5 Vestibular end-organs in the human temporal bone. Three canals transduce angular head acceleration and two otoliths, the sacculus and utricle, 
transduce linear acceleration and head orientation. Right labyrinth and cochlea are viewed from horizontal aspect. (Drawings by Ernest W. Beck: courtesy Beltone 

Electronics Corp., Chicago, Ill.) The canals are in three orthogonal planes that are approximately parallel to a mirror image set of planes on the contralateral side 
of the head that lie roughly in the pulling direction of the three muscle planes. A, Lateral canals. B,C Anterior and posterior vertical canals. LC, lateral canal; 
AC anterior vertical canal: PC, posterior vertical canal. (Modified from Barber HO, Stickwell CW: Manual of electronystagmography, St Louis, CV Mosby, 1976).
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percent of the static head tilt caused by pitch and roll from 
vertical. Head pitch causes vertical eye rotations and head 
roll causes ocular torsion in the direction opposite to the 
head roll, “the ocular counterrolling reflex”.19,20 Head roll can 
also elicit skew movements. When the otolith membranes 
are displaced on their maculae by inertial forces during rapid 
linear acceleration, such as during takeoff of an aircraft, a 
false sense of body pitch called the somatogravic illusion can 
occur. This illusion results from perceiving vertical as the 
non-vertical combination of gravitational and acceleration-
inertial force vectors. The non-vertical gravitoinertial force 
causes pilots to perceive the aircraft as pitched upward during 
takeoff, and if the pilot corrects the false climb this can cause 
the aircraft nose to pitch downward with dangerous 
consequences.21

Disorders of the vestibular system can produce imbal-
anced otolith inputs that can result in large amounts of verti-
cal divergence of the eyes (skew deviation) by as much as 7 
degrees, bilateral conjugate ocular torsion by as much as 25 
degrees, and paradoxical head tilt known as the ocular tilt 
response (OTR).22 For example, if the head is tilted to the 
left, there is paradoxical torsion of both eyes in the direction 
of head roll and the left eye is rotated downward with respect 
to the right eye.23 Manifestations of the OTR will be dis-
cussed in the section on nystagmus.

B. Retinal signals
Head motion also produces whole-field retinal image motion 
of the visual field (optic flow).24 These retinal signals stimu-
late reflexive compensatory eye rotations that stabilize the 
retinal image during slow or long-lasting head movements. 
The eyes follow the moving field with a slow phase that is 
interrupted by resetting saccades (fast phase) 1 to 3 times 
per second.25 This jerk nystagmus is referred to as optokinetic 
nystagmus (OKN) and it complements the VOR by respond-
ing to low-velocity sustained head movements such as those 
that occur during walking and posture instability. Like the 
VOR, OKN also responds with horizontal, vertical and cyclo 

movements are interrupted by fast saccadic eye movements 
that reset eye position in the reverse direction (fast phase). 
A sequence of slow and fast phases is referred to as jerk 
nystagmus (Fig. 9.6). Head rotations about horizontal, verti-
cal, and nasal–occipital axes produce VOR responses with 
horizontal, vertical, and torsional counter-rotations of the 
slow phase of the nystagmus.16

To be effective, these reflex eye rotations must stabilize 
the retinal image. If the axis of angular head rotation coin-
cided with the center of eye rotation, perfect compensation 
would occur if angular eye velocity equaled angular head 
velocity. However, the axis of head rotation is the neck and 
not the center of eye rotation such that when the head 
rotates, the eyes both rotate and translate with respect to the 
visual field. This is exacerbated during near viewing condi-
tions. To stabilize the retinal image motion of a nearby target 
caused by angular head movements, the eye must rotate 
more than the head. Indeed, the gain of the VOR increases 
with convergence.17 Mismatches between eye and head 
velocity also occur with prescription spectacles that magnify 
or minify retinal image motion. Because the VOR responds 
directly to vestibular and not visual stimuli, its response is 
classified as open loop. The VOR compensates for visual 
errors by adapting its gain in response to retinal image slip 
to produce a stabilized retinal image.12 Perfect compensation 
would occur if angular eye velocity were equal and opposite 
to angular head velocity while viewing a distant scene. 
However empirical measures show that at high oscillation 
frequencies (2 Hz) compensation by the VOR is far from 
perfect and yet the world appears stable and single during 
rapid head shaking without any perceptual instability or 
oscillopsis.18 Thus, to perceive a stable world, the visual 
system must be aware of both the amount of head rotation 
and the inaccuracy of compensatory eye movements so that 
it can anticipate any residual retinal image motion during 
the head rotation.

Linear acceleration signals and gravity stimulate the oto-
liths and result in ocular rotations that are approximately 10 

Figure 9.6 OKN and VOR are composed of a slow phase (beta) that rotates the eye in a direction that stabilizes the retinal image and a fast phase (alpha) 
that resets the eye’s position. The figure illustrates the vestibulo-ocular response to sustained rotation. The slow phase is in the direction opposite to head 
rotation. Horizontal position is plotted against time. The reflex gradually habituates and has disappeared by about 30 seconds. (Redrawn with permission from 

Miller, NR (ed) Walsh and Hoyt’s Clinical Neuro-Ophthalmology 4th Edition. 1982. Page 611, Figure 30.02. Williams & Wilkins, Baltimore.)
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brain stem for leftward head rotation. Inhibitory 
connections are shown as filled neurons, 
excitatory connections as unfilled neurons. 
Leftward head rotation stimulates the left 
horizontal canal and inhibits the right horizontal 
canal. This results in an increased discharge rate  
in the right lateral and left medial rectus and 
decreased discharge rate in the left lateral and 
right medial rectus.31 (From Goldberg ME, Eggers HM, 

Gouras D: The ocular motor system. In: Kandel ER, 

Schwartz JH, Jessell TM (eds): Principles of Neural Science, 

3rd ed, Appleton and Lange 1991.)

eye rotations to optic flow about vertical, horizontal, and 
nasal–occipital axes.26

The optokinetic response to large fields has two com-
ponents, including an early and delayed segment (OKNe 
and OKNd). OKNe is a short-latency ocular following 
response (<50 msec) that constitutes the rapid component 
of OKN,5 and OKNd builds up slowly after 7 seconds of 
stimulation.27 OKNe is likely to be mediated by the pursuit 
pathway.28 The delayed component is revealed by the 
continuation of OKNd in darkness (optokinetic after nystag-
mus, OKAN). OKNd results from a velocity memory or 
storage mechanism.27,29 The time constant of the develop-
ment of the OKAN matches the time constant of decay  
of the cupula in the semicircular canals.30 Thus OKAN 
builds up so that vision can compensate for loss of the ves-
tibular inputs during prolonged angular rotation that might 
occur in a circular flight path. OKN can be used clinically  
to evaluate visual acuity objectively by measuring the small-
est texture size and separation in a moving field that elicits 
the reflex.

C. Neuro-control of stabilization reflexes

1. Vestibulo-ocular reflex
The transducer that converts head rotation into a neural code 
for driving the VOR consists of a set of three semicircular 
canals paired on each side of the head.12 The horizontal 

canals are paired and the anterior canal on one side is paired 
with the posterior canal on the contralateral side (Fig. 9.5). 
These are opponent pairs so that when one canal is stimu-
lated by a given head rotation its paired member on the 
contralateral side is inhibited. For example, downward and 
forward head motion to the left causes increased firing of 
the vestibular nerve for the left anterior canal and decreased 
firing of the vestibular nerve projections from the right pos-
terior canal. The three canals lie roughly in the pulling direc-
tions of the three muscle planes.12 Thus the left anterior 
canal and right posterior canal are parallel to the muscle 
planes of the left eye vertical recti and the right eye obliques. 
Pathways for the horizontal VOR are illustrated in Figure 9.7 
for a leftward head rotation.8 Excitatory innervation projects 
from the left medial vestibular nucleus to the right abducens 
nucleus to activate the right lateral rectus, and an interneu-
ron from the right abducens nucleus projects to the left 
oculomotor nucleus to activate the left medial rectus. The 
abducens serves as a premotor nucleus to coordinate conju-
gate horizontal movements to the ipsilateral side in accord-
ance with Hering’s law.

The cerebellar flocculus is essential for adaptation of the 
VOR to optical distortions such as magnification. The floc-
culus receives excitatory inputs from retinal image motion 
(retinal slip) and head velocity information (canal signals) 
and inhibitory inputs from neural correlates of eye  
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signals via the inferior olive to the vestibular nuclei and pos-
sibly to the flocculus via the climbing fibers of the cerebel-
lum.35 The NOT provides a visual signal to the vestibular 
nucleus, and the motor response is the same as for velocity 
signals originating from the semicircular canals.

The cortical region that organizes motion signals is the 
medial superior temporal lobe (MST). This region is impor-
tant for generating motion signals for both pursuit and 
OKN.34 Binocular cortical cells receive projections from both 
eyes and code ipsilateral motion from the contralateral 
visual field at higher velocities than the subcortical system.36 
The cortical cells project to the ipsilateral NOT.

Until the age of 3–4 months, the monocular subcortical 
projections predominate because the cortical projection has 
not yet developed.40 As a result, OKN in infancy is driven 
mainly by the crossed subcortical input. The consequence  
is that monocular stimulation only evokes OKN with  
temporal-to-nasal motion but not with nasal-to-temporal 
motion. After 3–4 months of development, the infant’s corti-
cal projections predominate and horizontal OKN responds 
to both monocular temporal-ward and nasal-ward image 
motion. The cortical projections to the NOT fail to develop 
in infantile esotropia and as adults these patients exhibit the 
same asymmetric OKN pattern as observed in immature 
infants15 This anomalous projection is responsible for a dis-
order known as latent nystagmus in which a jerk nystagmus 
occurs when one eye is occluded with the slow phase directed 
toward the side of the covered eye. During monocular fixa-
tion, the stimulated retina increases the activity of neurons 
in the contralateral NOT via subcortical crossed projections, 
but it is unable to innervate the ipsilateral NOT via the inef-
fective cortical-tectal projection. The result is that both eyes’ 
positions are drawn to the side of the stimulated NOT (i.e. 
the side of the covered eye). The fixation error is corrected 
with a saccade and a repeated sequence is described as latent 
or occlusion nystagmus.41

II. Foveal gaze lock (maintenance of foveal 
alignment with stationary and slowly  
moving targets)

A. Static control of eye alignment (fixation)
The oculomotor system enhances visual resolution by main-
taining alignment of the fovea with attended stationary and 
moving targets.42,43 During fixation of stationary targets, the 
eyes sustain foveal alignment over a wide range of target 
locations in the visual field. Gaze direction is controlled by 
a combination of eye position in the orbit and head posi-
tion.44 Gaze is mainly controlled by eye position for targets 
lying at eccentricities of less than 15 degrees from primary 
position.45 Steady fixation at larger gaze eccentricities is 
accomplished with a combination of head and eye position. 
Holding eye fixation at large eccentricities (>30 degrees) 
without head movements is difficult to sustain and the eye 
drifts intermittently toward primary position in gaze evoked 
nystagmus.46 This drift is exacerbated by alcohol.47 Even 
within the 15-degree range, the fixating eye is not com-
pletely stationary. It exhibits physiological nystagmus that  
is composed of slow horizontal, vertical, and torsional  
drifts (0.1 deg/sec), micro-saccades (<0.25 deg), and a small 
amplitude (<0.01 deg) high frequency tremor (40–80 Hz).48 

movements that provide a negative feedback signal.32 Adap-
tation only occurs if retinal image motion and head turns 
occur together.33 The gain of the VOR will be adapted to 
decrease whenever retinal slip and head turns are in the same 
direction, and to increase whenever they are in opposite 
directions. Following adaptation, an error correction signal 
is projected from the flocculus by Purkinje cells to floccular 
target neurons (FTN) in the vestibular nucleus to make 
appropriate changes in VOR gain.32

2. Optokinetic nystagmus
The visual stimulus for OKN is derived from optic flow of 
the retinal image.34–36 The retina contains ganglion cells 
that respond exclusively to motion in certain directions or 
orientations. This information passes along the optic nerve, 
decussates at the chiasm and projects to the cortex via the 
geniculate body (LGN) or to the midbrain via the accessory 
optic tract (Fig. 9.8).37 This tract has several nuclei in the 
pretectal area.38 One pair of these nuclei, the nucleus of the 
optic tract (NOT), is tuned to horizontal target motion to 
the ipsilateral side (i.e. nasal to temporal motion). The 
lateral and medial terminal nuclei (LTN and MTN) are tuned 
for vertical target motion.39 Neurons in these nuclei only 
receive subcortical inputs from the contralateral eye. They 
have large receptive fields and respond to large textured 
stimuli moving in specific directions. Stimulation of the 
right NOT with rightward motion causes following move-
ments of both eyes to the right or ipsilateral side, and simi-
larly stimulation of the left NOT with leftward motion causes 
leftward conjugate following movements. Each NOT projects 
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Figure 9.8 Simplified schematic illustrating the inputs to the NOT from 
subcortical crossed retinal projections and cortical-tectal projections. Each 
NOT gets direct retinal input from the contralateral nasal retina, which is 
excited by temporal-to-nasal motion. It also receives indirect cortical input 
(CTX) from the temporal retina of the ipsilateral eye, which tends to be 
excited more by nasal-to-temporal motion as well as input via the accessory 
optic system (AOS), and input from the contralateral visual cortex via the 
corpus callosum.37 (Modified from Hoffmann KP, Distler C, Ilg U: J Comp Neurol 

321:150, 1992.)
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assumption produces large errors for viewing distances less 
than 20 cm because accommodation is usually measured in 
reference to the corneal apex that is 13 mm anterior to the 
center of eye rotation. The advantage to units in prism diopt-
ers is that they are easily computed from the product of MA 
and IPD. The advantage to units in degrees is that they accu-
rately quantify asymmetric convergence where targets lie at 
different distances from the two eyes.

The Maddox classification55 describes open- and closed-
loop components that make up the horizontal vergence 
response. The classification includes three open-loop com-
ponents that influence heterophoria. These include an 
adaptable intrinsic bias (tonic vergence), a horizontal ver-
gence response to monocular depth cues (proximal ver-
gence), and a horizontal vergence response that is coupled 
with accommodation by a neurological cross-link known  
as accommodative-convergence. Tonic vergence has an 
innate divergence posture (5 degrees) known as the anatomi-
cal position of rest.56 Tonic vergence adapts rapidly to com-
pensate for vergence errors during the first 6 weeks  
of life. At birth the eyes diverge during sleep, but after 6 
weeks the visual axes are nearly parallel during sleep.57 The 
adapted vergence, measured in an alert state, in the absence 
of binocular stimulation and accommodative effort, is 
referred to as the physiological position of rest. The physi-
ological position of rest equals the sum of tonic vergence 
and the anatomical position of rest. Tonic vergence adapta-
tion ability continues throughout life to compensate for 
trauma, disease, and optical distortions from spectacles and 
aging factors.

Proximal vergence describes the open-loop vergence 
response to distance percepts stimulated by monocular 
depth cues such as size, overlap, linear perspective, texture 
gradients, and motion parallax.58,59 This proximal response 
accounts for a large portion of the convergence response to 
changing distance.60,61 The open-loop convergence response 
is also increased by efforts of accommodation.62,63 The eyes 
maintain approximately 2/3 of a meter angle of convergence 
(4 prism diopters) for every diopter of accommodation.53 A 
target at one meter stimulates one meter angle of conver-
gence (approximately 3.4 degrees) and one diopter of 
accommodation. Thus when the eyes accommodate 1 
diopter the accommodative-convergence response increases 
by approximately 2.3 degrees or 4 prism diopters which is 
only 68 percent of the convergence stimulus. The sum of the 
three open-loop components of convergence typically lags 
behind the convergence stimulus and produces an open-
loop divergence error (exophoria) that is usually less than 2 
degrees under far viewing conditions and 4 degrees at  
near viewing distances.64 Esophoria describes open-loop 
vergence errors caused by excessive convergence that lead  
the stimulus. The distribution of heterophoria in the general 
population is not Gaussian or normally distributed. It is 
narrowly peaked about a mean close to zero,65 indicating 
that binocular errors of eye alignment are minimized by an 
adaptive calibration process. During closed-loop stimula-
tion, vergence error is reduced to less than 0.1 degree by  
the component of the Maddox classification controlled  
by visual feedback, disparity vergence, which is stimulated 
by retinal image disparity. Variation in any of the three open-
loop components of convergence will influence the magni-
tude of heterophoria and the resulting closed-loop fixation 

Some of the drifts and saccades are error producing, while 
others are error correcting when they serve to continually 
minimize motion and adjust the alignment of the target of 
regard with the fovea.49,50 The high frequency tremor reflects 
the noise possibly originating from asynchronous firing of 
individual motoneurons that is filtered by the mechanical 
properties of the eye. Gaze evoked nystagmus can be associ-
ated with impaired smooth pursuit and paramedian pontine 
lesions.51

Stereoscopic depth perception is enhanced by accurate 
binocular fixation.40,52 Precise bifoveal alignment requires 
that the eyes maintain accurate convergence at the distance 
of the attended target. Small constant errors of convergence 
during attempted binocular fixation (<15 arc min) are 
referred to as fixation disparity,53 and these can impair stereo 
performance.54 Fixation disparity is a closed-loop error 
because it occurs in the presence of retinal image feedback 
from binocular disparity. Fixation disparity results from 
incomplete nullification of an open-loop error of conver-
gence known as heterophoria. Heterophoria equals the  
difference between the convergence stimulus and the con-
vergence response measured under open-loop conditions 
(e.g. monocular occlusion). The magnitude of fixation dis-
parity increases monotonically with the disparity stimulus 
to convergence when it is varied with horizontal prisms.53 
The slope of this function is referred to as the forced-duction 
fixation disparity curve.53 Shallow slopes of these curves indi-
cate that the heterophoria is reduced by adaptation during 
binocular or closed-loop conditions.40 Vergence adaptation 
is very rapid. For example, when convergence is stimulated 
for only one minute with a convergent disparity and then 
one eye is occluded, the convergence response persists in  
the open-loop state.40 Typically the convergent disparity 
is produced by prisms that deflect the perceived direction  
of both eye’s images inward, or in the nasal-ward direction 
(i.e. the base of the prism before each eye is temporal-ward 
or “base-out”). This adapted change in heterophoria is  
constant in all directions of gaze and is referred to as  
concomitant adaptation. Prism adaptation is in response  
to efforts by closed-loop disparity vergence to nullify the 
open-loop vergence error (heterophoria). Prism adaptation 
improves the accuracy of binocular alignment and  
stereo-depth performance.

Horizontal vergence equals the horizontal component of 
the angle formed by the intersection of the two visual axes 
and it is described with three different units of measurement 
or scales that include the degree, prism diopter (PD), and 
meter angle (MA). Prism diopters equal 100 times the tangent 
of the angle. Meter angles equal the reciprocal of the viewing 
distance (specified in meters) at which the visual axes inter-
sect as measured from the center of eye rotation. A target at 
one meter stimulates one meter angle of convergence 
(approximately 3.4 degrees) and one diopter of accommo-
dation. Prism diopters can be computed from meter angles 
by the product of MA and the interpupillary distance (IPD), 
measured in cm. For example, convergence at a viewing 
distance of 50 cm by two eyes with a 6 cm IPD equals either 
2 MA or 12 PD. The advantage to units in MA is that the 
magnitude of the stimulus to accommodation in diopters is 
approximately equal to the magnitude of the stimulus to 
convergence, assuming that both are measured from a 
common point such as the center of eye rotation. This 
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open-loop response is divided into an early and late com-
ponent. The early component is a feed forward phase that 
lasts for only 20 msec. During this early phase, there is a 
rapid acceleration of the eye (40–100 deg/sec/sec) that is in 
the correct direction but is independent of the stimulus 
velocity and initial retinal image position.77 During the late 
open-loop component that lasts 80 msec, the initiation of 
pursuit depends strongly on target velocity and retinal image 
position.78 Eye acceleration is highest in response to targets 
imaged near the fovea and decreases sharply with increasing 
eccentricity up to 21 degrees. These open-loop components 
are calibrated by adaptation.78

Pursuit is maintained during the closed-loop phase in 
response to negative feedback from retinal image velocity 
(retinal slip) and position, as well as an internal estimate of 
target velocity relative to the head. If the eye lags behind the 
stimulus, the retinal image velocity is not nulled leaving a 
residual retinal image slip and position error away from the 
fovea. The pursuit system accelerates to correct both retinal 
position and velocity errors.76 When pursuit is very accurate 
and there is no retinal error, the eye continues to pursue the 
target without the eye-referenced signals. Pursuit is main-
tained by an internal estimate of target velocity or a head 
referenced motion signal that is computed from a combina-
tion of retinal slip and an internal representation of eye 
velocity.71 This can be demonstrated by attempting to fixate 
an ocular floater or a retinal afterimage that is located near 
the fovea. Attempts to foveate the stabilized retinal image 
lead to smooth following eye movements even though the 
retinal image is always motionless. The eye is tracking an 
internal correlate of its own motion that causes the target to 
appear to move with respect to the head. Cognitive factors 
including attention, prediction, and learning are able to 
influence the execution of smooth pursuit.79

disparity. Fixation disparity acts as a stimulus to maintain 
activity of the disparity vergence so that it continues to 
sustain its nulling response of the underlying heterophoria 
during attempted steady binocular fixation.66 Other dimen-
sions of vergence also adapt to disparity stimuli. Vertical 
vergence adapts to vertical prism before one eye,67 and 
cyclovergence adapts to optically produced cyclodisparity 
stimuli.68–70

B. Dynamic control of eye alignment  
(smooth tracking responses to open- and  
closed-loop stimuli)

1. Conjugate smooth pursuit tracking
Smooth following pursuit movements allow the eyes to 
maintain foveal alignment with a moving target that is vol-
untarily selected.71 Pursuit is defined as the conjugate com-
ponent of smooth following eye movement responses to 
target motion. As described below, disconjugate following 
responses to changes in target distance are referred to as 
smooth vergence. Conjugate pursuit differs from the delay 
portion of OKN, which is a reflex response to optic flow of 
the entire visual field. A conflict occurs between the pursuit 
and optokinetic systems when the eyes pursue an object that 
is moving across a stationary background. Pursuit stabilizes 
the moving target on or near the fovea but it causes optic 
flow or retinal slip of the stationary background scene. Con-
flicts can also occur between pursuit and the VOR if gaze is 
controlled with head tracking movements. Stabilizing the 
retinal image of a moving object with head movements 
produces a vestibular signal from the canals. Consequently, 
pursuit of a small moving target against a stationary back-
ground with eye or head movements requires that OKN and 
the VOR be ignored or suppressed. This is accomplished 
most effectively when the background lies at a different dis-
tance than the pursuit target.72

Pursuit responds to target velocities ranging from several 
minutes of arc/sec to over 175 deg/sec.71 The gain or accuracy 
of pursuit is reduced as target velocity increases above 
100 deg/sec.73 The VOR has a much higher velocity range 
than pursuit. This can be demonstrated by comparing  
two views of your index finger. Either keep your finger sta-
tionary while you shake your head rapidly from side to side 
at 2–3 Hz, or shake your finger at the same frequency 
without moving your head. The eye cannot follow the 
moving finger, but it can follow the stationary finger while 
shaking your head even though the head-relative motion is 
identical in these two examples. The pursuit response is 
more accurate when the target motion is predictable such as 
with pendular motion.74 Pursuit errors are reduced by modi-
fying pursuit velocity and with small catch-up saccades. The 
combination of pursuit and catch-up saccades that appear 
at low stimulus velocities in patients with pursuit deficits is 
referred to as cogwheel pursuit. The ratio of eye velocity over 
target velocity (gain) or accuracy of pursuit is normally 
affected by target visibility (contrast) as well as drugs and 
fatigue.75,76

The pursuit response to sudden changes in target velocity 
has a short latency (80–130 msec),77 and is composed of two 
general phases referred to as open-loop and closed-loop (Fig 
9.9).77 Pursuit is initiated during the open-loop phase 
and it is maintained during the closed-loop phase. The  

50 msec

Eye velocity

–3o

–9o

–17o

15
 d

eg
/s

ec

Figure 9.9 Eye velocity during the onset of pursuit to a 15 deg/sec ramp 
target motion, the ramp of motion beginning at different eccentricities  
as indicated at the right portion of each trace. The velocity of the early 
component (indicated by arrows) was the same for all starting positions,  
but the velocity of the late component varied.77 (From Lisberger SG, Westbrook 

LE: J Neurosci 5:1662, 1985.)
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motion sensitivity; they respond to motion of large-field 
patterns and small spots but the direction preferences for  
the two stimulus types are in opposite directions. The  
anti-directional large-field responses could facilitate pursuit 
of small targets moving against a far stationary field,  
and motion parallax stimuli. Efferents from MST and FEF 
project ipsilaterally to the NOT to generate OKN and to the 
dorsal lateral pontine premotor nuclei (DLPN) for pursuit 
tracking.35

The DLPN plays a large role in maintaining steady-state 
smooth pursuit eye velocity, and the nucleus reticularis teg-
menti pontis (NRTP) contributes to both the initiation and 
maintenance of smooth pursuit. Neurons in these areas are 
primarily encoding aspects of eye motion with secondary 
contributions from retinal signals such as those coded in the 
NOT.90 Velocity signals are projected from DLPN to the floc-
cular region and to the vermis lobules VI and VII of the 
cerebellum.35 The DPN serves as a precerebellar relay for 
both pursuit and saccade-related information,91 and these 
two types of eye movements may represent different out-
comes from a shared cascade of sensory-motor functions.92 
The flocculus is thought to maintain pursuit eye movements 
during steady constant tracking while the vermis is impor-
tant when the target velocity changes or when initiating 
pursuit. The role of the cerebellum is to sort out eye and 
head rotations in the tracking process and to sort out the 
ocular pursuit signal from visual and eye–head motor 
inputs.93 From here, activity passes via parts of the vestibular 
nuclei, which perform the necessary neural integration of the 
velocity signal to a position signal that is sent to the eye 
muscle motor neurons.

2. Smooth vergence tracking system
Vergence results from the combined activity of intrinsic tonic 
activity, accommodative vergence, and responses to binocu-
lar disparity and perceived distance.8 The sensory afferent 
signals for vergence (binocular disparity and blur) are coded 
in the primary visual cortex (area V1).94 Some cells in V1 
incorporate vergence to code egocentric (head-referenced) 
distance.1 Cells in area MT and MST respond to retinal dis-
parity and changing size.95–97 Cells in the parietal cortex 
respond to motion in depth.98 Efferent commands for ver-
gence appear in cells in the frontal eye fields.99 In the mid-
brain the premotor NRTP, located just ventral to the rostral 
portion of the paramedian pontine reticular formation 
(PPRF), receives projections from the frontal eye fields and 
the superior colliculus.100 Lesions in this region result in 
deficits of slow-continuous and fast-step vergence control.101,102 
The NRTP projects to the cerebellum, and appears to be 
associated with vergence and accommodation.103 The dorsal 
vermis is involved in the conversion of 3D pursuit signals to 
control signals for vergence eye movements.104,105 The poste-
rior interposed nucleus (PIN) of the cerebellum projects to 
supraoculomotor regions that contain near response cells in 
the mesencephalic reticular formation (MRF).106,107 The 
supraoculomotor nucleus contains both burst and tonic 
neurons.108 The burst cells code velocity signals for smooth 
vergence, and the tonic neurons code position signals to 
maintain static vergence angle. Excitatory connections of the 
supraoculomotor nucleus project to the oculomotor nucleus, 
driving the medial recti.107,109,110 Inhibitory connections 
project to the abducens nucleus to inhibit the lateral rectus.108 

2. Disconjugate smooth vergence tracking
Foveal alignment of targets that move slowly in depth is 
maintained by smooth vergence following eye move-
ments.60,80 In addition to improving stereoscopic depth 
perception, smooth vergence provides information about 
changing target distance that affects size and depth percep-
tion.81–83 Slow changes in smooth vergence respond to body 
sway and posture instability. While smooth vergence 
responses can be very inaccurate during natural rapid head 
movements, when the head is stationary they are very accu-
rate at temporal frequencies up to 1 Hz.84 At higher frequen-
cies accuracy is reduced but it can improve with small 
disparity stimuli.80 It is likely that accuracy of smooth ver-
gence is task dependent. Smooth vergence accuracy is more 
demanding for spatial localization tasks that lack depth cues 
other than disparity, compared to tasks that have ample 
monocular cues for direction and distance. The accuracy  
of smooth vergence responses to changing disparity im -
proves with predictable target motion.84 Stimuli for smooth 
vergence tracking include magnitude and velocity of retinal 
image disparity84 and perceptual cues to motion in 
depth, including size looming.58,80 Smooth vergence tracking 
is very susceptible to fatigue and central nervous system 
suppressants.84

3. Adaptable interactions between smooth pursuit and 
smooth vergence
In natural scenes, motion of a target in the fronto-parallel 
plane is tracked binocularly with conjugate smooth pursuit. 
However in conditions of anisometropia corrected with 
spectacle lenses, the image motion of the two eyes is magni-
fied unequally and this produces variations of binocular 
disparity that increase with target eccentricity from the 
optical centers of the lenses. Tracking motion of targets in 
the fronto-parallel plane then requires both smooth pursuit 
and smooth vergence eye movements such that one eye 
moves more than the other does. The oculomotor system 
can adapt to the binocular disparity that changes predictably 
with eye position. Adaptation produces open-loop non- 
conjugate variations of heterophoria that compensate for  
the horizontal and vertical disparities produced by the 
unequal magnifiers during smooth vergence tracking 
responses.85 After only one hour of pursuit tracking experi-
ence with anisometropic spectacles, one eye can be occluded 
and the two eyes continue to move unequally during 
monocular tracking.85 The adapted heterophoria is coupled 
to vary with both eye position and direction of eye 
movement.86

C. Neuro-control of smooth foveal tracking

1. Smooth pursuit tracking system
Smooth following eye movements result from cortical 
motion signals in extrastriate cortex in areas MT and MST 
that lie in the superior temporal sulcus.87,88 Area MT encodes 
speed and direction of visual stimuli in three dimensions 
relative to the eye. MT receives inputs from the primary 
visual cortex and projects visual inputs to area MST and the 
frontal eye fields (FEF). Cells in MST fire in concert with 
head-centric target movement; i.e. they combine retinal and 
efference copy signals.89 Each hemisphere of the MST codes 
motion to the ipsilateral side. Cells have two types of visual 
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increases from 0.1 to 10 degrees, duration increases from 20 
to 40 msec and peak velocity increases from 10 to 400 deg/
sec. Peak velocity saturates for saccades larger than 20 
degrees, such that the amplitude of larger saccades increases 
primarily with duration. Abnormal saccade amplitudes (dys-
metria) can either be too small (hypometric) or too large 
(hypermetric). Large gaze shifts are normally accomplished 
with a sequence of hypometric saccades that are composed 
of a series of short-latency corrective saccades in the same 
direction.111 The normal latency of a saccade to an unpredict-
able stimulus is 180–200 msec.48 However, corrective sac-
cades occur with shorter latencies (100–150 msec). Saccade 
latency can be reduced by a blank or gap interval before the 

The supraoculomotor nucleus relays control of both accom-
modative and disparity vergence.109

III. Foveal gaze shifts: target selection and 
foveal acquisition

A. Rapid conjugate shifts of gaze direction 
(saccadic eye movements)
Saccades are very fast, yoked eye movements that have a 
variety of functions.111,112 They produce the quick phase of 
the VOR and OKN to avoid turning the eyes to their mechan-
ical limits. They reflexively shift gaze in response to novel 
stimuli that appear unexpectedly away from the point of 
fixation. Saccades shift gaze during reading from one group 
of words to another. Saccades search novel scenes to assist 
us in acquiring information. They also return gaze to remem-
bered spatial locations. Two primary functions in all of these 
tasks are to move the eye rapidly from one position to 
another and then maintain the new eye position. The rapid 
movement is controlled by a pulse and slide innerva-
tion pattern and the position is maintained by a step 
innervation.

The separate components of innervation for the saccade 
match the characteristics of the plant (i.e. the globe, muscles, 
fat, and suspensory tissues). The rapid changes in orbital 
position are made by the saccade at a cost of considerable 
energy. Saccade velocities can approach 1000 deg/sec.111 
In order to achieve these high velocities a phasic level of 
torque is needed to overcome the viscosity of orbital tissues, 
most of which is in the muscles.56 The phasic-torque is 
generated by a large brief force resulting from a pulse or 
burst of innervation. The torque is dissipated or absorbed  
by the muscles, so that the force developed by the pulse of 
innervation does not reach the tendon (see Chapter 8 – 
Three-Dimensional Rotations of the Eye). At the end of  
the saccade, a lower constant force resulting from a step 
innervation generates a tonic level of torque that is needed 
to hold the eye still against the elastic restoring forces of the 
orbital tissues.112 The eye positions resulting from the pulse 
and step forces must be equal to produce rapid gaze shifts. 
Pulse-step mismatches will result in rapid and slow compo-
nents of gaze shifts. For example, if the pulse is too small, 
the saccade will slide (post-saccadic drift, called a glissade) 
to the new eye position at the end of the rapid phase of the 
saccade. The slide component is adaptable as has been 
shown by long-term exposure to artificially imposed retinal 
image slip immediately after each saccade.113 The adapted 
post-saccadic drift cannot be explained by an adjustment of 
the pulse-step ratio, suggesting that the slide innervation is 
an independent third component of saccadic control (pulse-
slide-step). Slide innervation produces a phasic-torque in 
addition to the pulse component that adjusts the duration 
and velocity of the saccade so that its amplitude matches the 
position maintained by the step component.113 The pulse, 
slide and step are all under independent, cerebellar control, 
with the primary goal of protecting vision by preventing 
retinal slip, and a secondary goal of making accurate 
saccades.

The amplitude of the saccade determines its dynamic 
properties (e.g. its peak velocity and duration). The main 
sequence diagram plots these two dynamic parameters as a 
function of amplitude (Fig. 9.10).95 As saccade amplitude 
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Figure 9.10 Main sequence diagram (Box 9.2). Peak velocity and saccade 
duration are plotted against magnitude of human saccadic eye 
movements.114 (Redrawn with permission from Bahill AT, Clark MR and Stark, L: Math 

Biosci 24:191, copyright 1975 by Elsevier Science Publishing Co, Inc.)

Box 9.2 Main sequence for saccades

The main sequence (peak velocity and duration of saccades) 
illustrates abnormalities of the spike frequency and duration of 
the pulse innervation for saccades
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voluntary shifts of attention. Retinal cues from blur and 
disparity are only used as feedback to refine the responses 
once the stimuli are reduced to amplitudes that lie within 
the range of visual sensitivity, i.e. as the eyes approach align-
ment at their new destination. The three motor systems are 
synchronized or coordinated with one another by cross-
links. When they approach their new target destination, 
accommodation and convergence use visual feedback to 
refine their response.

The cross-couplings are demonstrated by opening the 
feedback loop for one motor system while stimulating a 
coupled motor system that is under closed-loop control. For 
example, accommodative convergence, measured during 
monocular occlusion, increases linearly with changes in 
accommodation stimulated by blur.62,63 Similarly, conver-
gence accommodation, measured during binocular viewing 
through pinhole pupils, increases linearly with changes in 
convergence stimulated by disparity.123 The pupil constricts 
with changes in either accommodation or convergence to 
improve the clarity of near objects.124 These interactions are 
greater during the dynamic changes in the near response 
than during the static endpoint of the response.125

The cross-couplings between accommodation and con-
vergence are illustrated with a heuristic model (Fig. 9.11).125 
Three of the Maddox components are represented in the 
model by an adaptable slow tonic component, the cross-
links between accommodation and convergence, disparity 
driven vergence and blur driven accommodation (fast phasic 
components). The enhanced gain of the cross-link interac-
tions associated with dynamic stimulation of vergence and 
accommodation results from the stimulation of the cross-
links by the phasic but not the tonic components. When 
accommodation or convergence is stimulated, the faster 
transient-phasic system responds first, but it does not sustain 
its response. The slower and more sustained adaptable tonic 
system gradually takes over the load of keeping the eyes 
aligned and focused by resetting the level of tonic activity. 
Because the cross-links are mainly stimulated by the phasic 
component, accommodative vergence and vergence accom-
modation are stimulated more during the dynamic response 
than during steady fixation when the tonic components 
control eye alignment and focus.

Traditionally, only the horizontal component of vergence 
has been considered as part of the near response. However, 
vertical and cyclovergence must also be adjusted during  
the near response to optimize the sensory stimulus for bin-
ocular vision.126–129 The primary goal of the near response is 
to minimize large changes in horizontal, vertical, and 
cyclodisparities at the fovea that normally accompany large 
shifts in viewing distance. Horizontal disparities arise from 
targets that are nearer or farther than the convergence dis-
tance, assuming that the horopter equals the Veith–Muller 
circle. The isovergence circle describes the locus of points 
that stimulates a constant vergence angle in all directions of 
gaze,3 and it is equivalent to the Veith–Muller circle described 
in Chapter 36 (see Fig. 9.2). Convergence and divergence 
stimuli lie closer or farther, respectively, from the isovergence 
circle. Vertical disparities arise from targets in tertiary gaze 
directions at finite viewing distances, because these targets 
lie closer to one eye than the other and their retinal images 
have unequal size and vertical eccentricity (vertical disparity) 
(Fig. 9.12). Torsional disparities arise from elevated targets 

saccade, resulting in an express saccade with latencies less 
than 100 msec.115 Saccade latencies to predictable target 
changes, such as occur when watching a tennis match, can 
be reduced to zero (Box 9.3).74

Although saccades are too brief to utilize visual feedback 
during their response, they do use fast internal feedback 
based upon an internal representation of eye position (effer-
ence copy signal) that helps control the position of the  
eye on a moment-to-moment basis.116 Thus saccadic eye 
movements are not ballistic in that they are guided by extra-
retinal information during their flight. The goal of the 
saccade is to reach a specified direction in head-centric  
space. Normally the perceived head-centric direction of a 
target does not change when the eye changes position. 
However, spectacle refractive corrections that magnify or 
minify the retinal image produce changes in perceived  
direction with eye position. Because the entrance pupil of 
the eye translates when the eye rotates, prior to the saccade 
the eye views a non-foveal eccentric target through a  
different part of the lens than after the saccade when the 
target is viewed directly along the line of sight. The prismatic 
power of the lens increases with distance from the optical 
center of the lens such that when viewing a target through  
a magnifier, the saccade amplitude needed to fixate an  
eccentric target is larger than the gaze eccentricity sensed 
prior to the saccade. Saccades are controlled by a feedfor-
ward system that does not utilize visual feedback during the 
motor response. Consequently, initial saccadic responses to 
visual distortion produced by the magnifier are hypometric. 
However, using position errors after the saccade, the system 
adapts rapidly (within 70 trials) to minimize its errors.117 In 
cases of anisometropia in which the retinal images are mag-
nified unequally by the spectacle refractive correction, the 
saccadic system adapts to produce unequal or disconjugate 
saccades that align both visual axes with common fixation 
targets.118–120 The same adaptive process is likely to calibrate 
the conjugate saccades and maintain that calibration 
throughout life in spite of developmental growth factors and 
injury.

B. Disconjugate shifts of gaze distance  
(the near response in symmetrical convergence)
Large abrupt shifts in viewing distance stimulate adjust-
ments of several motor systems including accommodation, 
convergence, and pupil constriction.60 Separate control 
systems initiate and complete these responses.121 Initially the 
abrupt adjustments are controlled by feedforward systems 
that do not use visual feedback until the responses are nearly 
completed. However they are guided by fast feedback from 
efference copy signals to monitor both the starting point of 
the near response and the accuracy of its end point.61,122 
Visual feedback is unavailable during the response because 
the blur and disparity cues are too large at the beginning of 
the gaze shift to be sensed accurately. The motor responses 
are initiated by high-level cues for perceived distance and by 

Box 9.3 Saccade disorders

Saccade disorders are of accuracy (dysmetria), velocity (glissades) 
and inappropriate timing (intrusions)
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cyclovergence are optimal for reducing disparity at the  
fovea to zero during the open-loop phase of the near 
response.125,128,129,131 The tuned coupling gains for all three 
vergence components of the near response are the product 
of neural plasticity that adapts each of these cross-couplings 
to optimize binocular sensory functions.69,132,133 Plasticity 
also exists for other couplings. For example, vertical vergence 
and cyclovergence can both be adapted to vary with head 
roll.68,134,135 The coupling of pupil constriction with accom-
modation and convergence may also be under adaptive 
control. The pupil constriction component of the near 
response does not appear until the end of the second decade 
of life,124 suggesting that it responds to accommodative 
errors resulting from the aging loss of accommodative ampli-
tude. The pupil constriction component of the near response 
is an attempt to restore clarity of the near retinal image.

C. Interactions between conjugate and disconjugate 
eye movements (asymmetric vergence)
In natural viewing conditions it is rare for the eyes to con-
verge symmetrically from one distance to another. Usually, 
gaze is shifted between targets located at different directions 
and distances from the head. Rapid gaze shifts to these 
targets require a combination of conjugate saccades and 
disjunctive vergence. In asymmetric convergence, the veloc-
ity of disparity vergence, accommodative vergence and 
accommodation are enhanced when accompanied by gaze 
shifting saccades.136–138 Without the saccade, symmetrical 
vergence responses are sluggish, reaching velocities of only 
10 deg/sec.84 Symmetrical vergence has a latency of 160 msec 
and response time of approximately 1 second. Similarly 
accommodation that is not accompanied by a saccade has 
a peak velocity of only 4 deg/sec, a latency of approximately 
300–400 msec and response time of approximately 1 
second. However when accompanied by a saccade, vergence 
velocity approaches 50 deg/sec,137 and accommodation 
velocity approaches 8–9 deg/sec.138 Latency of accommoda-
tion accompanied by saccades is also reduced by 50 percent 
so that the accommodative response is triggered in syn-
chrony with the saccade that has a latency of only 200 msec. 
As shown in Figure 9.13, response times for both accom-
modation and accommodative vergence are reduced dra-
matically when accompanied by saccades. Figure 9.14 

at finite viewing distances, because during convergence,  
Listing’s law predicts that the horizontal meridians of the 
two eyes will be extorted in upward gaze and intorted in 
downward gaze. These torsional eye postures would produce 
incyclodisparity in upward gaze and excyclodisparity in 
downward gaze.126 With large shifts of viewing distance, 
horizontal, vertical, and cyclodisparities can exceed the stim-
ulus operating range for continuous feedback control of dis-
parity vergence. Initially the near response is stimulated by 
perceived distance and voluntary changes in horizontal ver-
gence respond without disparity feedback in feedforward 
control. Unlike horizontal vergence, neither vertical ver-
gence nor cyclovergence is normally under voluntary control. 
They participate in the near response through cross- 
couplings with motor responses that are under voluntary 
control. This allows potential vertical and torsional eye 
alignment errors to be reduced during the near response 
without feedback from retinal image disparity.130

Empirical measures demonstrate that the gains for the 
three coupling relationships for horizontal, vertical, and 
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Figure 9.11 Model of cross-link interactions between 
vergence and accommodation. A fast phasic system 
drives the cross-links from accommodation to 
convergence (AC/A) and from convergence to 
accommodation (CA/C). The slow-tonic system adapts 
to the faster phasic system and gradually replaces it. 
Cross-link innervation is reduced when the tonic 
system reduces the load on the fast phasic system. 
(Modified from Kotulak J, Schor CM: The dissociability of 

accommodation from vergence in the dark. Invest Ophthal Vis 

Sci 1986; 27: 544. Reproduced from Association for Research in 

Vision and Ophthalmology.)

Figure 9.12 For convergence at a finite viewing distance, points in tertiary 
directions subtend unequal vertical visual angles at the two eyes, which 
produce vertical disparities.



SECTION 3 Direction of glaze   Chapter 9 Neural Control of Eye Movements 

234

1 deg

ACV

ACC

VRG

RE

LE

N
o 

sa
cc

ad
e

ACV

ACC

VRG

RE

LE

ACV

ACC

VRG

RE

LE

ACV

ACC
VRG

RE

LE

R
ig

ht
w

ar
d 

sa
cc

ad
e

0.5 D
1 deg

0.5 D10

0

5 D/S

1 deg

0.5 D

10

0

5 D/S

EG: AC Stim = -2.0 D

Time (seconds)

-0.2 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 -0.2 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

-0.2 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 -0.2 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

AC Stim = +2.0 D

-10

0

-5 D/S

1 deg

0.5 D

-10

0

-5 D/S

Figure 9.13 Examples of eye movement and accommodation traces during 6 deg rightward Saccade (bottom panels) and No-Saccade (top panels) 
conditions (left panel = trials requiring increased accommodation; right panel = trials requiring decreased accommodation). Time 0 corresponds to 
ACStim onset. The following conventions apply: LE = Left (viewing) eye position; RE = Right (non-viewing) eye position; VRG = Vergence position (LE-RE); 
ACC = Accommodation (D); ACV = Accommodation velocity (D/sec) = derivative of ACC. (Modified from Schor CM, Lott L, Pope D, et al.: Saccades reduce latency 

and increase velocity of ocular accommodation. Vision Res 1999; 39: 3769. Reproduced from Association for Research in Vision and Ophthalmology.)

-4.0
0.00 0.60

-2.0

0.0

LE

RE

VERG

2.0

3.0

-4.0
0.00 0.60

-2.0

0.0

2.0

3.0

-4.0
0.00 0.60

-2.0

0.0

2.0

3.0

-4.0
0.00 0.60

-2.0

0.0

2.0

3.0

Divergence with or without saccades

Time (sec) Time (sec)

A C

D

Time (sec) Time (sec)

C->A D->A A->C A->D

D
eg

re
es

D
eg

re
es

Convergence with or without saccades Figure 9.14 Vergence changes with 
or without an accompanying saccade, 
shown for a rhesus monkey. LE, Left 
eye; RE, right eye VERG vergence 
change. Vergence traces (right–left 
eye position) are offset for clarity. 
Convergence is negative. Note the 
increase in vergence velocity when a 
saccade is conjoined with vergence. 
The facilitation is greater for 
divergence because of the inherent 
divergence associated with horizontal 
saccades.8 (From Leigh JR, Zee DS: The 

neurology of eye movements, 3rd edition, 

Oxford University Press 1999.)



Functional classification into three general categories

235

reduce innervation of the antagonist during a saccade. The 
riMLF projects to the ipsilateral trochlear nucleus (IV) and 
to both oculomotor nuclei (III). Four types of neurons 
including burst cells, tonic cells, burst-tonic cells, and pause 
cells control saccades in several premotor sites. The pulse 
component of the saccade is controlled by medium-lead 
burst neurons. Long-lead burst neurons discharge up to 
200 msec before the saccade and receive input from the SC 
and FEF. They drive medium-lead burst neurons (MLB) that 
begin discharging at a high frequency (300–400 spikes/sec) 
immediately at the beginning of the saccade and throughout 
its duration. Duration of MLB activity ranges from 10 to 
80 msec. They project to the motor nuclei and control pulse 
duration and firing frequency, which determine saccade 
duration and velocity. Inhibitory burst neurons inhibit 
antagonist muscles by suppressing neurons in the contralat-
eral abducens nucleus.

Initiation of the pulse is gated by the omnipause neuron 
(OPN), which is located in the nucleus of the dorsal raphe, 
below the abducens nucleus (Fig. 9.15). Normally the OPNs 
prevent saccades by constantly inhibiting burst cells. The 
OPN discharges continuously except immediately prior to 
and during saccades, when they pause. Omnipause neurons 
engage the saccade by releasing their inhibition of the burst 
cells. The same OPN inhibit saccades in all directions.

Upon completion of the saccade, the new eye position is 
held by the discharge step of the tonic cell. Integrating the 
pulse derives the discharge rate of the premotor tonic cell. 
At least two sites are known to integrate horizontal pulses; 
these are the medial vestibular nuclei and the nucleus 
prepositus hypoglossi (NPH). Pulses for vertical saccades are 
integrated in the interstitial nucleus of Cajal (INC). The floc-
culus of the cerebellum is also involved in integrating the 
velocity signals to position signals controlling eye move-
ments. Some anomalies occur that appear to result from 
lesions of the integrator. In these cases the eyes make a 
saccade and then drift back to primary position. Affected 
patients are unable to hold fixation away from primary posi-
tion and a jerk gaze nystagmus develops in which the slow-
phase drift of the eyes is toward primary position and the 
fast phase is toward the desired eccentric gaze direction. 
Combined eye position and velocity signals are carried by 
burst-tonic neurons. They are active during ipsilateral sac-
cades and inhibited during contralateral saccades.

2. Vergence gaze shifting system: the near triad and 
interactions with saccades
The supraoculomotor nucleus in the mesencephalic reticular 
formation contains near response cells. This is a heterogene-
ous population made up of cells that respond to accommo-
dative stimuli, or vergence stimuli or a combination of 
accommodation and vergence stimuli.107,109,110,141 This nucleus 
contains burst, tonic, and burst-tonic cells that are character-
istic of premotor nuclei for saccades. Velocity signals related 
to disparity stimuli activate burst cells, and a position signal 
from tonic innervation is derived by integration of the burst 
cell activity. These cells are believed to provide velocity and 
position signals to the medial rectus motoneurons in the 
control of vergence as well as commands to the Edinger–
Westphal nucleus to stimulate accommodation.9 The 
Edinger–Westphal nucleus, located at the rostral portion  
of the midbrain at the oculomotor nucleus, contains  

compares symmetric and asymmetric disparity vergence. The 
high velocity asymmetric vergence appears to result in part 
from yoked saccades of unequal amplitude. These unequal 
saccades result from an asynchronous onset of binocular 
saccades. The abducting saccade begins before the adducting 
saccade, causing a brief divergence.139,140 There also appears 
to be additional accelerated vergence and accommodation 
responses that are triggered with the saccade.140–142 Both the 
vergence and accommodation responses continue after the 
completion of the saccade but overall the responses are 
completed in less time than when not accompanied by a 
saccade.

D. Neuro-control of foveal gaze shifts

1. Saccadic gaze shifting system
The frontal eye fields (FEF) mediate voluntary control of 
contralateral saccades. The FEF is active whether saccades 
occur or not.143 The activity is related to visual attention, and 
when saccades occur the related activity in the FEF precedes 
them by 50 msec. The surface of the FEF has a coarse retin-
otopic organization. Stimulation of a particular area causes 
a saccade to change eye position in a specific direction and 
amplitude. These cells are active before saccades to certain 
regions of visual space. These regions are called the move-
ment field of the cell, and they are analogous to the receptive 
fields of sensory neurons in the visual cortex. Stimulation of 
FEF cells in one hemisphere causes conjugate saccades to the 
contralateral side. Vertical saccades require stimulation of 
both hemispheres of the FEF. Modalities that can stimulate 
movement fields include vision, audition, and touch. The 
FEF project two main efferent pathways for the control of 
saccades. One projection is to the superior colliculus (SC). 
The other projection is to the midbrain, to the paramedian 
reticular formation (PPRF) and the rostral interstitial medial 
longitudinal fasciculus (riMLF) for the control of horizontal 
and vertical saccades, respectively.144,145 The fibers from the 
frontal eye fields descend to the ipsilateral superior collicu-
lus and cross the midline to the contralateral PPRF. Neither 
the superior colliculus nor FEF are required exclusively to 
generate saccades. Either one of them can be ablated without 
abolishing saccades, however if both are ablated, saccades 
are no longer possible. The function of the SC is to represent 
intended gaze direction resulting from combinations of 
head and eye position. Stimulation of a specific region in 
the intermediate layers of the colliculus can result in several 
combinations of head and eye position that achieve the 
same gaze direction relative to the body.146 Cells in the supe-
rior colliculus respond to all sensory modalities including 
vision, audition, and touch. The spatial locations of all of 
these sensory stimuli are mapped in the colliculus relative 
to the fovea. Like the FEF, stimulation of one SC causes a 
conjugate saccade to the contralateral side; stimulation of 
both sides is necessary to evoke purely vertical saccades.

The output of the SC and FEF project to two premotor 
nuclei, the PPRF and the riMLF, that shape the velocity and 
amplitude of horizontal and vertical components of sac-
cades, respectively.88,144 The PPRF projects to the ipsilateral 
abducens nucleus, which contains motor neurons that 
innervate the ipsilateral lateral rectus and interneurons that 
project to the contralateral oculomotor nucleus to innervate 
the medial rectus. The PPRF also projects inhibitory connec-
tions to the contralateral PPRF and vestibular nucleus to 
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synchronize innervation for vergence and accommodation 
with saccades.

Neurological disorders of  
the oculomotor system

Neurological disorders have greater variability across indi-
viduals than is found for the normal oculomotor system. 
The sources of variability come from the location and extent 
of lesions, associated anomalies or syndromes, different 
sources or causes of the problem, history of prior treatment 
interventions, and adaptive responses that attempt to com-
pensate for the disorder. A multi-perspective classification 
can reflect this individual variation. It views the anomaly in 
different ways and highlights very different types of informa-
tion about the condition. Its versatility describes the range 
of anomalous behaviors that may develop as a function of 
various combinations of causal factors. The pattern of associ-
ated conditions or syndromes facilitates estimating the prog-
nosis for cosmetic and functional correction. Oculomotor 
disorders are classified in terms of behavioral descriptions, 

parasympathetic motor neurons that project to the ciliary 
muscle, and drive accommodation.9 Each hemisphere of the 
Edinger–Westphal nucleus projects to its ipsilateral eye. Para-
sympathetic outflow of the Edinger–Westphal nucleus also 
results in miosis (pupillary contraction). Inhibition of the 
Edinger–Westphal nucleus causes pupil dilation.

Saccades enhance the velocity of both vergence and 
accommodation. Current models of saccade–vergence inter-
actions suggest that OPNs in the midbrain gate the activity 
of both saccade bursters and vergence bursters.140 Accelerated 
vergence caused by saccadic facilitation results from a release 
from inhibition of vergence bursters by reduced firing of the 
OPNs, which share their inhibition with saccadic and near 
response bursters. This facilitation is correlated with an aug-
mentation of firing rate of a sub-set of convergence burst 
neurons of the near response cells.141,142 This model has been 
developed further to include the potential for saccadic  
facilitation of accommodation.141,142 Because near response 
cells provide innervation for both accommodation and ver-
gence, release of inhibition from OPNs augments activity of 
both accommodation and vergence when associated with 
saccades.138 This augmentation would not only enhance 
velocity of the near response, but it would also gate or  
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Figure 9.15 The relationship among omnipause cells (P), burst cells (B) and cells of the neural integrator (NI), in the generation of the saccadic pulse and 
step. Omnipause cells cease discharging just before each saccade, allowing the burst cells to generate the pulse. The pulse is integrated by the neural 
integrator (NI) to produce the step. The pulse and step combine to produce the innervational change on the ocular motoneurons (OMN) that produces  
the saccadic eye movement (E). Vertical lines represent individual discharges of neurons. Underneath the schematized neural (spike) discharge is a plot of 
discharge rate versus time.8 (From Leigh JR, Zee DS: The neurology of eye movements, 3rd edition, Oxford University Press 1999.)
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Box 9.4 Etiological classification of motor disorders

Motor anomalies are classified as congenital, developmental, and 
acquired

early onset of eye misalignment prevents sensory fusion and 
causes one eye to be suppressed. This disrupts the develop-
ment of both monocular and binocular sensory functions 
and can lead to the development of amblyopia, anomalous 
correspondence and stereoblindness that are described in 
Chapter 36. Accommodative esotropia is a developmental 
form of non-paralytic strabismus (Box 9.6) that results from 
either large uncorrected hyperopic refractive errors or abnor-
mally large interactions between the cross coupling between 
accommodation and convergence. Uncorrected hyperopia 
produces a mismatch between the stimulus between accom-
modation and convergence. Excessive convergence is caused 
by accommodative attempts to clear the retinal image and 
the cross coupling between accommodation and conver-
gence. The disparity-divergence system is unable to align the 
eyes and compensate for the accommodative esotropia.

Acquired strabismus usually results from lesions in the 
brainstem produced by trauma or disease that affect the 
integrity of the cranial nerves of the final common pathway. 
The lesions result in muscle palsies that cause deviations 
between the two visual axes that increase as gaze is directed 
into the field of action of the affected muscle (paralytic stra-
bismus). The deviation of the paretic eye when the normal 
eye fixates (primary deviation) is usually smaller than the 
deviation of the normal eye when the paretic eye fixates 
(secondary deviation). This non-concomitant variation of 
eye turn is a diagnostic feature of paralytic strabismus. 
Lesions of the third, fourth, and sixth nerve are referred to 
as oculomotor palsy, trochlear palsy, and abducens palsy, 
respectively. Paresis of the muscles innervated by the III 
nucleus, i.e. the medial rectus, vertical recti, inferior oblique, 
levator of the lid and the pupilloconstrictor muscle, result 
in a fixed-dilated pupil and ptosis, with the eye remaining 
in a downward and abducted position. Trochlear palsy is 
characterized by a hyper deviation of the affected eye that 
increases during adduction and depression of the affected 
eye and head tilt to the side of the affected eye. Abducens 
palsy is characterized by an esotropia that increases during 
abduction of the affected eye.

II. Gaze restrictions
Lesions in premotor nuclei, supranuclear and cortical sites 
restrict movements of both eyes (Box 9.7). The medial lon-
gitudinal fasciculus (MLF) is the fiber bundle that intercon-
nects premotor regions with the III, IV, and VI cranial nuclei. 
Any lesion that disconnects these fibers from the premotor 

etiology, and neuro-anatomical sites of involvement. Behav-
ioral categories can be descriptive such as the magnitude and 
direction of a strabismus (an eye turn), gaze restrictions, 
saccadic disorders, and nystagmus. They can also be described 
by an associated cluster of anomalies that collectively char-
acterize a disease (syndrome).

Categories of etiology include congenital, developmental, 
and acquired. Congenital disorders appear in early infancy 
(<18 months). Developmental anomalies can result from 
interference of normal sensory–motor interactions during 
the first 6 years of life that constitute the critical period  
for visual development. Both congenital and developmen-
tal disorders are associated with anomalies throughout  
the oculomotor pathways, including sensory or afferent 
components of the visual system and they are classified in 
terms of syndromes. Acquired disorders can result from 
trauma or disease and they are classified in terms of specific 
anatomical sites of involvement and by syndromes.8

I. Strabismus
Non-paralytic strabismus falls into both congenital and 
developmental categories (Box 9.4). A strabismus or tropia 
describes a misalignment of the two eyes that is not corrected 
by disparity vergence during binocular fixation. In congeni-
tal and developmental forms of strabismus, the eye turn is 
usually concomitant, meaning that its amplitude does not 
vary with direction of gaze with either eye fixating. Usually non- 
paralytic strabismus is a horizontal deviation, where conver-
gent and divergent eye turns are referred to as esotropia  
and exotropia respectively. Esotropia is more common than 
exotropia in childhood. Infantile or early-onset esotropia 
appears within the first 18 months of life and is associated 
with two forms of nystagmus that include latent or occlusion 
nystagmus (LN) and asymmetric optokinetic nystagmus, as 
well as cog-wheel temporal-ward pursuits (asymmetric 
pursuit) that were described earlier in this chapter. It is also 
associated with a vertical misalignment of the eyes when one 
eye is occluded, that is referred to as dissociated vertical 
deviation (DVD). When either the right or left eye is occluded, 
the covered eye rotates upward. This distinguishes DVD from 
a vertical strabismus in which one of the two eyes remains 
elevated with respect to the position of the other eye, inde-
pendent of which eye is fixating. The combination of LN, 
asymmetric OKN, asymmetric pursuit and DVD are referred 
to as the infantile strabismus syndrome (Box 9.5).147

The presence of this syndrome in an adult is a retrospec-
tive indicator of an early age of onset for a strabismus. The 

Box 9.7 Functional classification of motor disorders

• Peripheral and nuclear lesions are categorized as paresis and 
paralysis

• Premotor, internuclear, and supranuclear lesions are 
categorized as gaze restrictions or palsies

Box 9.5 Infantile strabismus syndrome

The infantile strabismus syndrome consists of asymmetric 
horizontal OKN and pursuits, dissociated vertical deviation (DVD), 
and latent nystagmus (LN)

Box 9.6 Accommodative esotropia

Accommodative esotropia results from the combination of 
uncorrected hyperopia and a high AC/A ratio
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contralateral limb paralysis, and ipsilateral facial paralysis. 
Lesions of the abducens nucleus block horizontal movement 
of both eyes to the side of the lesion because interneurons 
that project from the abducens nucleus to the contralateral 
oculomotor nucleus are also affected. Because the abducens 
is the final common pathway for all lateral conjugate eye 
movements, lesions there affect saccades, pursuit and the 
VOR. Lesions in the PPRF only limit horizontal saccades of 
both eyes to the ipsilateral side and cause drift of the eyes 
to the contralateral side. Lesions of the DLPN only affect 
horizontal pursuit toward the side of the lesion.

Lesions rostral to the III nucleus cause paralysis of vertical 
gaze (Parinaud’s syndrome) and failure of convergence, but 
retention of normal horizontal gaze ability. Parinaud’s syn-
drome occurs with lesions in the vicinity of the riMLF and 
INC and affects all vertical eye movements including sac-
cades. It often results from tumors of the pineal gland that 
compress the superior colliculus and pretectal structures. 
Unilateral lesions in this area may also cause skew deviations 

to the motor nuclei is referred to as ophthalmoplegia (Fig. 
9.16). Lesions caudal to the oculomotor nucleus cause exo-
tropia and failure of adduction, however convergence of the 
two eyes is spared. Internuclear ophthalmoplegia (INO) 
refers to an adduction failure caused by disruption of 
interneuron projections from the abducens nucleus to the 
contralateral III nerve nucleus. The affected eye is unable to 
adduct to the contralateral side and the eye drifts in the 
temporal-ward direction. Sparing of convergence distin-
guishes this lesion from oculomotor palsy. Patients with 
INO can develop a convergence nystagmus in an attempt to 
bring the exotropic eye into primary gaze. One-and-a-half 
syndrome is a combination of horizontal gaze palsy and 
INO that is caused by a lesion of the abducens (affecting 
the ipsilateral lateral rectus) and interneurons projecting 
from both abducens nuclei (affecting the ipsilateral and con-
tralateral medial recti).

Foville’s syndrome is a unilateral lesion at or near the 
abducens nucleus which causes conjugate gaze palsy,  
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Figure 9.16 Subcortical disorder: gaze palsies. Eye positions shown reflect attempted right gaze in each case, but the arrows show the full range of 
horizontal gaze for each eye. (Original drawing by Scott B Stevenson, courtesy University of Houston.)
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saccades without normal saccade latency or intersaccadic 
interval. Opsoclonus is ocular flutter in all directions. There 
are also square wave jerks that move the eye away from a 
point of fixation and then back again. These movements 
have a normal intersaccadic interval.

in which there is a vertical deviation of one eye. Unilateral 
lesions can also cause unilateral nystagmus where the 
affected eye has a slow upward drift and fast downward 
saccade (down beat nystagmus).

Cortical lesions produce gaze restrictions of both saccades 
and pursuits. Lesions of the primary visual cortex produce 
blindness in the corresponding parts of the visual field  
contralateral to the lesion (scotoma). Pursuit and saccade 
targets presented in the scotoma are invisible to the patient. 
If the entire visual cortex in one hemisphere is destroyed, the 
vision near the fovea may be intact (macular sparing), allow-
ing the patient to track targets over the full range of eye move-
ments. Like the primary visual cortex, lesions in MT produce 
contralateral scotomas of the visual field. Saccades to fixed 
targets may be accurate but pursuit responses to moving 
targets presented in the affected field will be absent or defi-
cient. Lesions in MST produce visual effects similar to MT, but 
they also produce a unidirectional pursuit deficit for targets 
in both visual hemifields moving toward the side of the 
lesion. Lesions in the posterior parietal cortex (PP) produce 
attentional deficits, which make pursuit and saccades to 
small targets more difficult than larger ones. Lesions of the 
FEF produce a deficit for horizontal pursuit and OKN toward 
the side of the lesion and saccades to the contralateral side. 
Lesions to the SEF impair memory-guided saccades.

III. Saccade disorders
Saccade disorders consist of abnormal metrics (velocity and 
amplitude), and inappropriate, spontaneous saccades that 
take the eye away from the target during attempted fixation. 
Saccades are classified as too fast or slow if their velocity does 
not fall within the main sequence plot of velocity versus 
amplitude (see Fig. 9.10). However, saccade velocity may be 
normal while its amplitude is in error. If saccades are too 
small, the eye could start to make a large saccade and would 
accelerate to an appropriate high velocity but then be 
stopped short of the goal by a physical restriction or by rapid 
fatigue, such as in ocular myasthenia. Saccades can also be 
interrupted by other saccades in the opposite direction 
(back-to-back saccades) such as is observed in voluntary 
nystagmus. These are truncated saccades. Slow saccades can 
result from muscle palsies and a variety of anomalies in 
premotor neurons.8,148

Cerebellar disorders can cause saccade dysmetria (inaccu-
racy). Saccades can be too large (hypermetric) or too small 
(hypometric) relative to the target displacement. Inaccuracy 
can lead to macrosaccadic oscillations when the eye repeat-
edly attempts to correct its fixation errors with inaccurate 
saccades. Either the pulse or the step component of the 
saccade can be inaccurate (Fig. 9.17). If the pulse is too small 
the saccade will be slow, and if the step is not constant but 
decays, eye position will drift toward primary position; 
repeated attempts to fixate eccentrically will result in gaze-
evoked nystagmus. If the pulse and step are mismatched, 
there will be post-saccadic drift or glissade to the final eye 
position.

Cerebellar disorders and progressive supranuclear palsy 
can cause saccadic intrusions. These are conditions in which 
spontaneous saccades occur at the wrong time and move the 
eye away from the target during attempted fixation. Ocular 
flutter is characterized by rapid back-and-forth horizontal 
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Figure 9.17 Disorders of the saccadic pulse and step. Innervation patterns 
are shown on the left, and eye movements on the right. Dashed lines 
indicate the normal response. (A) Normal saccade. (B) Hypometric saccade: 
pulse amplitude (width X height) is too small but pulse and step are 
matched appropriately. (C) Slow saccade: decreased pulse height with 
normal pulse amplitude and normal pulse-step match. (D) Gaze-evoked 
nystagmus: normal pulse, poorly sustained step. (E) Pulse-step mismatch 
(glissade); Step is relatively smaller than pulse. (F) Pulse-step mismatch due 
to internuclear ophthalmoplegia (INO): the step is larger than the pulse, and 
so the eye drifts onward after the initial rapid movements. (From Leigh JR, Zee 

DS: The neurology of eye movements, 3rd edition, Oxford University Press 1999.)
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vertical and torsional oscillation of eye orientation. The eyes 
bob up and down by several degrees in opposite directions 
(skew movements). As one eye elevates and intorts, the other 
eye depresses and extorts. The exact cause is unknown, but 
see-saw nystagmus is associated with visual loss in bitempo-
ral hemianopia and optic chiasm disorders. The nystagmus 
is thought to result from an inappropriate ocular counter-
roll during head tilt orchestrated by the cerebellum in asso-
ciation with the otoliths.

All of the oculomotor anomalies described above show 
some evidence of attempts by the oculomotor system to 
correct them using the same adaptive mechanisms that nor-
mally calibrate the various classes of eye movement systems. 
However, the anomalies are beyond the corrective range of 
the adaptive processes. If it were not for these adaptive pro-
cesses, these anomalies would be far more prevalent and the 
oculomotor system would be extremely susceptible to per-
manent injury resulting from disease and trauma. The con-
sequences would be very dramatic. For example, about 50 
years ago a physician named John Crawford lost function of 
his vestibular apparatus as a result of an overdose of strep-
tomycin used to treat tuberculosis located in his knee. He 
reported that every movement of his head caused vertigo and 
nausea, even when his eyes were open. If his eyes were shut, 
the symptoms intensified. He attempted to steady his head 
by lying on his back and gripping the bars at the head of the 
bed. However even in this position the pulse beat in his head 
became a perceptible motion, disturbing his equilibrium. It 
is difficult to imagine how we would survive without the 
adaptive processes that continually calibrate our oculomotor 
system and allow us to distinguish between motion of our 
head and eyes from motion of objects in the world.

Acknowledgments

Comments by David Zee, James Maxwell, and Lance Optican 
are appreciated.

References

1. Trotter Y, Celebrini S, Stricanne B et al. Neural processing of stereopsis as a function of 
viewing distance in primate visual cortical area V1. J Neurophysiol 1996; 76:2872.

2. Hering E. The theory of binocular vision. In: Bridgeman B, Stark L, eds. New York: 
Plenum Press, 1977.

3. Ono H. The combination of version and vergence. In: Schor CM, Ciuffreda K, eds. 
Vergence eye movements: basic and clinical aspects. Boston: Butterworth, 
1983:373–400.

4. Lisberger SG. The latency of pathways containing the site of motor learning in the 
monkey vestibulo-ocular reflex. Science 1984; 225:74.

5. Miles FA, Kawano K, Optican LM. Short-latency ocular following responses of monkey. 
I. Dependence on temporospatial properties of visual input. J Neurophysiol 1986; 56: 
1321.

6. Leigh RJ, Kennard C. Using saccades as a research tool in the clinical neurosciences. 
Brain 2004; 127:460–477.

7. Sherrington C. The integrative action of the nervous system, 2nd ed. New Haven: Yale 
University Press, 1947.

8. Leigh JR, Zee DS. The neurology of eye movements, 3rd ed. Contemporary Neurology 
Series. Oxford: Oxford University Press, 1999.

9. Gamlin PD, Zhang H, Clendaniel RA et al. Behavior of identified Edinger–Westphal 
neurons during ocular accommodation. J Neurophysiol 1994; 72:2368.

10. Westheimer G, Blair S. The parasympathetic pathways to internal eye muscles. Invest 
Ophthalmol 1973; 12:193.

11. Robinson DA, Keller EL. The behavior of eye movement motoneurons in the alert 
monkey. Bibl Ophthalmol 1972; 82:7.

12. Melville Jones G. The vestibular contribution. In: Carpenter RHS, ed. Vision and  
visual dysfunction, vol 8, Eye movements. Boca Raton, Florida: CRC Press, 1991: 
13–44.

13. Simpson JI, Graf W. The selection of reference frames by nature and its investigators. In: 
Berthoz A, Melville Jones G, eds. Adaptive mechanisms in gaze control. Amsterdam: 
Elsevier, 1985:3–20.

IV. Nystagmus
Nystagmus refers to a regular pattern of to and fro move-
ments of the eyes, usually with alternating slow and fast 
phases (see Fig. 9.6). The direction of the nystagmus is speci-
fied according to the direction of the fast phase (e.g. “jerk right”), 
because the fast phase is more visible than the slow phase. 
When the velocity of the eye oscillations is equal in both 
directions the waveform is classified as pendular (Box 9.8).

Congenital nystagmus appears early in life and is often 
associated with albinism, aniridia, and congenital acromat-
opsia. It is a jerk waveform of nystagmus that has a null 
point or gaze direction where the amplitude is minimized. 
The differentiating characteristic of CN is that the speed of 
the slow phase increases exponentially, until a resetting quick 
phase occurs. In all other forms of nystagmus, the speed of 
the slow phase is constant or decreases before the quick 
phase. Persons with CN can adopt a head turn to allow their 
gaze direction to coincide with the null point. Convergence 
also dampens CN and in some cases individuals adopt an 
esotropia in an attempt to block the nystagmus at the 
expense of binocularity (nystagmus blocking syndrome). 
Latent nystagmus described earlier in this chapter is a devel-
opmental form of nystagmus associated with early-onset 
esotropia or abnormal binocular vision and it is thought to 
be related to asymmetric OKN that is also associated with 
disrupted development of binocular vision.40

Vestibular nystagmus can result from central and periph-
eral anomalies of the vestibular gaze stabilization system. 
The vestibular system is organized in a push–pull fashion 
where the inputs from each side of the head are normally 
balanced when the head is stationary. When an imbalance 
exists, the eyes behave as if the head were constantly rotat-
ing. The amplitude of the nystagmus is highest when gaze 
deviates in the direction of the fast phase (Alexander’s law). 
In some cases of vestibular nystagmus, the direction of the 
nystagmus reverses every 2 minutes (periodic alternating 
nystagmus, PAN). The reversal reflects the action of the 
normal cerebellar adaptive control mechanism to correct an 
imbalance in the vestibular system. Rebound nystagmus is 
a related condition associated with gaze-evoked nystagmus 
that was described earlier in this chapter. In gaze-evoked 
nystagmus, when fixation is held eccentrically, the slow 
phase is toward primary position. In rebound nystagmus, 
the amplitude of the nystagmus is reduced after 30 or more 
seconds of sustained fixation. However, when the eyes return 
to primary position, the nystagmus reverses direction, i.e. 
rebounds. The attenuation and reversal of slow phase direc-
tion demonstrates an attempt by the cerebellum to reduce 
the slow drifts during attempted steady fixation caused by a 
leaky tonic innervation for eye position.

Nystagmus can also have vertical and torsional compo-
nents. For example, see-saw nystagmus is an acquired pen-
dular form of nystagmus in which there is a combination of 
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Jerk nystagmus disorders are of the slow phase of unsteady 
fixation. Null point is the gaze distance and direction where 
nystagmus amplitude is minimal.
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Introduction
The ocular circulation is unique and complex due to the 
presence of two distinct vascular systems, namely the retinal 
and uveal systems. The part of this circulation, the one that 
supplies the fundus of the eye, has the useful property that 
it can be observed using the ophthalmoscope, an optical 
instrument introduced by Helmholz in the middle of the 
19th century. In the early 1960s, the fundus camera, a device 
based on the principle of indirect ophthalmoscopy, allowed 
the recording of the passage of fluorescein through the 
human retinal vascular system, from which Hickam and 
Frayser derived the first quantitative measurements of retinal 
hemodynamics.1 Technological developments in the field of 
optics and lasers have since led to a variety of non-invasive 
techniques, which have permitted the investigation of 
various parameters pertaining to human ocular hemody-
namics and the response of these parameters to a number 
of physiologic and pharmacologic stimuli. These techniques 
have provided information on human ocular circulatory 
physiology and may help in understanding the role of ocular 
blood flow in the pathogenesis of eye diseases of vascular 
origin. Yet much of our basic knowledge of ocular blood 
flow regulation is based on data from animal experiments; 
thus, in the following, basic principles from animal experi-
ments will be presented together with the human data 
available.

Anatomy of the ocular circulation

Knowledge of the anatomy and the regulatory mechanisms 
of the various ocular vascular beds is crucial for understand-
ing the pathophysiologic changes occurring during the evo-
lution of several systemic and local diseases threatening 
vision. The delivery of metabolic substrates and oxygen to 
the retina in higher mammals, including humans and other 
primates, is accomplished by two separate vascular systems, 
the retinal and the choroidal systems. In lower mammals, 
such as rabbit and guinea pig, the retinal vessels are present 
in only a small area of the retina or are lacking. In this case, 
the retinal metabolism depends almost completely upon the 
choroidal circulation.2

The ocular vessels are all derived from the ophthalmic 
artery (OA), a branch of the internal carotid artery. The 

retinal and choroidal vessels differ morphologically and 
functionally from each other. The OA gives off two to three 
main ciliary arteries (CAs), i.e. the nasal and the temporal, 
which supply the corresponding hemispheres of the choroid 
via branches of the posterior CAs (PCAs)3,4 and recurrent 
branches of the anterior ciliary arteries (ACAs). The ACAs 
arise from the extraocular muscular arterial branching from 
the OA.5 The central retinal artery (CRA) may branch from 
the same segment of the OA as the PCAs or from one of the 
main PCAs.6,7 It enters the optic nerve from below, approxi-
mately 10–15 mm behind the globe,8 from where it assumes 
its central position in the optic nerve up to the optic disk 
(Fig. 10.1).

Vascular supply of the retina
The retinal circulation is an end-arterial system without 
anastomoses. The CRA emerges at the optic disk where it 
divides into two major branches. These in turn divide into 
arterioles extending outward from the optic disk, each sup-
plying one quadrant of the retina, although multiple branch-
ings of the retinal arterioles towards the peripheral retina 
may occur. Retinal arteries and veins divide by dichotomous 
and side-arm branchings. The terminal arterioles branch off 
at almost right angles from the main vessel. In approxi-
mately 25 percent of human eyes, a cilioretinal artery emerg-
ing from the temporal margin of the optic disk supplies  
the macular region,9 exceptionally feeding the foveal region 
(Fig. 10.2).

The larger vessels lay in the innermost portion of the 
retina, close to the inner limiting membrane. Their walls are 
in close spatial relationship with glial cells, mainly astrocytes 
(Fig. 10.3).10 Astrocytes play important roles in constraining 
retinal vessels to the retina and in maintaining their integ-
rity.11 At the arterio-venous crossing sites the deeper vessels 
may indent the retina as far as the outer plexiform layer.2 
The retinal arterioles give rise to a plexus of capillaries 
(~5 µm in diameter). These capillaries form an interconnect-
ing two-layer network. The first layer is located in the nerve 
fiber and ganglion cell layer and the second lies deeper, in 
the inner nuclear layer. In the peripapillary area an addi-
tional capillary network lies in the superficial portion of the 
nerve fiber layer, constituting the radial peripapillary capil-
laries distributed around the optic disk and along the tem-
poral superior and inferior retinal vessels.12
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an approximately 1.5 mm wide area is avascular. A capillary 
free zone also surrounds the arterioles, probably resulting 
from the local high oxygen tension affecting the capillary 
remodelling during maturation of the retinal vascular 
system.12

The terminal vessels, namely the precapillary arterioles 
and the postcapillary venules, are linked through the capil-
lary bed, the venous system presenting a similar arrange-
ment as the arterioles’ distribution. The central retinal vein 
(CRV) leaves the eye through the optic nerve to drain venous 
blood into the cavernous sinus.

Vascular supply of the choroid
The vasculature of the choroid derives from the OA via 
branches of the 2–3 nasal and temporal main CAs and the 
ACAs, which supply the corresponding hemisphere of the 
choroid.3,4 The main CAs branch into 10–20 short PCAs, 
which enter into the globe at the posterior pole and assume 
a paraoptic and perimacular pattern13 before branching 
peripherally in a wheel-shaped arrangement, and two long 
PCAs. Secondary and tertiary branches of the short PCAs are 
subsequently divided into the major choroidal arteries.3,4 
Some branches of these PCAs are selectively directed to the 
macular region vessels, namely the very short CAs.14

Paraoptic pattern
Medial and lateral paraoptic short PCAs converge towards 
the ONH and form an elliptical anastomotic circle, the so-
called circle of Haller and Zinn, through the formation of 
superior and inferior perioptic optic nerve arteriolar anasto-
moses13 (Fig. 10.4) The circle of Haller and Zinn is incom-
plete in 23 percent of cases and complete with narrowed 
sections in 33 percent of cases.15 These variations could pos-
sibly make this part of the optic nerve head (ONH) circula-
tion particularly vulnerable to ischemic attacks. Paraoptic 
short PCAs also supply the peripapillary choroid, whereas 
distal short PCAs supply only the peripheral choroid.15

Perimacular pattern
The PCAs follow long, oblique intrascleral courses and travel 
in the virtual suprachoroidal space, giving off recurrent 
branches to the macula and to the anterior choroid at the 

Towards the periphery, the deep capillary net disappears 
leaving a single layer of wide-mesh capillaries. Similar  
anastomotic capillaries connect the perifoveal terminal arte-
rioles with the venules, leaving a capillary free zone of  
400–500 µm in diameter. At the extreme retinal periphery 

Figure 10.1 Ophthalmic artery (1) branching to the central retinal artery (2) 
and a main lateral ciliary artery (3). (From Ducasse et al 1986.529)

Figure 10.2 Cilioretinal artery branching around the foveal area.

Figure 10.3 Spatial relationship between astrocytes and endothelial cells. 
Double immunostaining showing GAFP-positive astrocytes (green) in close 
relation to endothelial cells delimitated by occludin positive interendothelial 
junctions (red). (From Pournaras et al 2008.530)
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spiral-shaped configuration, consistent with the vascular 
pattern of the arterial phase in indocyanine angiography. 
This pattern differs from that of those short PCAs which are 
not directed to the macular area, in that it expands in a 
typical chevron (V-shaped) configuration (Fig. 10.5A).20

In vivo studies show that the PCAs and all their branches 
right down to their terminal arterioles and the chorio-
capillaries have segmental distribution with no functional 
anastomoses between them and thus behave as end- 
arteries.4,21 The borderline area between the territories of 
distribution of any two end-arteries is defined as watershed 
zone, considered as an area of comparatively poor blood 
flow supply, more vulnerable to hypoxia–ischemia.22 In 
exudative age-related macular degeneration (AMD), a stel-
late pattern of the watershed zone is often observed.23 
Choroidal neovascularization arises within this watershed 
zone in 88 percent of AMD patients.23 The relation between 
the site of choroidal neovascularization and the macular 
watershed zones suggests that these zones may be vulnerable 
to choroidal neovascularization induced by hypoxia–
ischemia in AMD.

The choriocapillaris are distributed as a dense network of 
one layer of freely connected capillaries in the peripapillary 
and submacular area. This pattern changes to a lobule-like 
arrangement in the posterior pole and to a palm-like organi-
zation more peripherally.24 Each lobule, 0.6–1.0 mm diam-
eter, consists of a capillary meshwork with radial and 
circumferential arrangement with an arteriole in the middle 
and a venule at its periphery (Fig. 10.5B).24,25 Lobules in the 
equatorial part of the choriocapillaris are larger (200 µm) 
than those located both at the posterior pole (100 µm), and 
in the submacular area (30–50 µm).14 The lobules subdivide 
the choroid into several functional islands. The choroidal 
capillaries are connected by a discontinuous row of “zonulae 
occludens”. The part of the choriocapillaris that faces the 
RPE has large fenestrations, larger and more numerous in 
the submacular area,26 covered by a thin membrane with a 
central thickening.27,28 Blood is discharged from the lobules 
of the choriocapillaris by collecting venules that join the 
afferent veins. At the posterior pole, a venule is located at 
the periphery of the lobule, stays on the same plane of the 
lobule, and possibly also drains adjacent lobules.16 Interve-
nular channels between choriocapillaries collecting venules 
and larger veins, direct arteriovenous anastomosis, and inter-
digitation between the choriocapillaris and venules are 
present in humans.16,24 The meshwork of the venous plexus 

ora serrata. Recurrent branches supply choroidal areas at 3 
and 9 o’clock meridians.16 The ACAs perforate the sclera at 
the insertion of the tendons of the muscles and pass through 
the suprachoroidal space to enter the ciliary body. They 
primarily supply the ciliary body and iris; in addition, the 
ACAs are divided into recurrent branches that supply the 
anterior choroid.17 The choroid is composed of the chorio-
capillaris layer, the medium vessels layer (Sattler’s layer) and 
the outer layer of large vessels (Haller’s layer). In primates, 
the medium layer contains large arteries measuring 40–
90 µm, large veins measuring 20–100 µm and nerves.18 The 
choriocapillaris and the medium-sized choroidal vessels lie 
between the apical retinal pigment epithelium (RPE) of  
neuroepithelial origin and the outer choroidal pigment of 
neural crest origin. Two collagenous structures, one on the 
inside (Bruch’s membrane) and one on the outside (subcap-
illary fibrous tissue), are connected by the intercapillary 
pillars. Most medium-sized vessels are external to the sub-
capillary fibrous tissue.19 Some branches of the short PCAs 
are selectively directed to the macular region. They have a 

Figure 10.4 Scanning electron microphotograph of circle of Haller and 
Zinn formed by branches of lateral paraoptic short PCAs (empty arrowhead) 
and a medial paraoptic short PCA (empty arrowhead) forming a superior 
(long solid arrow) and inferior anastomosis (long empty arrow). Star: 
Retrolaminal capillaries plexus. (Reprinted from Olver et al531 by permission from 

Macmillan Publishers Ltd, copyright 1990.)

Figure 10.5 (A) V-shaped configuration of 
the posterior sort ciliary arteries. (B) Subfoveal 
choriocapillaris lobules. (C) Vertical venous 
trunk seen through the dense net of the 
choriocapillaris. (D) Net of a vortex vein: efferent 
veins centripetally towards the ampulla. (From 

Cerulli et al 2008.532)
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include arteries and non-vascular smooth muscle cells 
attached to the choroidal elastic network and the walls of 
the choroidal arteries. Thus, these CGCs seem to be involved 
in control of choroidal thickness and blood flow. In addi-
tion, the postganglionic nerve fibers of the CGCs presuma-
bly support the vasodilative function of the facial nerve.47

The parasympathetic system provides vasodilating fibers 
to the choroid through the facial nerve,48 as confirmed by 
stimulation experiments in rabbit, cat, and monkey.49,50 VIP 
immunoreactive nerve fibers, originating in the pterygopala-
tine ganglion, have been observed around choroidal blood 
vessels in several species, including man.51 Furthermore, the 
parasympathetic perivascular nerves are immunoreactive for 
both nNOS and VIP.45,52 Additional neuropeptides like 
peptide histidine isoleucine (PHI) and pituitary adenylate 
cyclase polypeptide (PACAP) could be present in some of 
the parasympathetic nerve fibers as well.53

Vascular supply of the anterior segment
The vascularization of the anterior segment originates from 
the ACAs and the long PCAs. These PCAs have an intrascleral 

Figure 10.6 Electron microscopy image of the wall of an artery in the inner 
pig retina. The vessel wall is composed of the endothelium (EN) and three 
layers of smooth muscle cells (SMC), with numerous caveolae (arrowheads). 
Note high contrast in intercellular cleft and vesicular pits up to the site 
where a tight junctional element is located (arrow). L = lumen, AS = 
astrocytic processes, AX = axon. (From Pournaras et al 2008.59)

becomes less dense with increasing distance from the macula 
and the vessels become straighter, losing the tortuous aspect, 
which is characteristic of the macular region (Fig. 10.5C,D). 
Vessels of larger lumen form the subcapillaris plexus and 
eventually flow into the vortex veins.16 Four to six vortex 
veins are located 2.5–3 mm posterior to the equator, closer 
to the vertical meridian than to the horizontal one and drain 
into the superior and inferior orbital veins.29 Some drainage 
also occurs through the anterior ciliary veins of the ciliary 
body. Segmental venous drainage with watershed areas ori-
ented horizontally through the disk and fovea and vertically 
through the papillomacular area is observed.30,31

Fine structure and innervation of retinal and 
choroidal vessels
Retinal arteries differ from arteries of the same size in other 
organs in that they have an unusually well-developed smooth 
muscle layer and lack an internal elastic lamina (Fig. 10.6). 
The smooth muscle cells are oriented both circularly and 
longitudinally, each being surrounded by a basal lamina that 
contains an increasing amount of collagen toward the adven-
titia.32 Retinal arteriolar precapillary annuli are observed in 
a number of animals at the arterial side-arm branches, but 
not in humans.33

The capillary wall is composed of three distinct elements: 
endothelial cells, intramural pericytes, and a basement 
lamina. At their thickest point the endothelial cells present 
a nucleus bulging into the vessel lumen and express several 
cytoplasmic processes. Tight junctional complexes are found 
along the opposing surfaces of adjacent cells.34 The continu-
ous endothelial cell layer is surrounded by a basal lamina 
within which there is a discontinuous layer of intramural 
pericytes in almost a one-to-one ratio with the endothelial 
cells. The recognition that pericytes are highly contractile 
cells, coupled with their uniquely high representation in the 
retinal microvasculature has led to the hypothesis that these 
cells play an important role in the regulation of retinal blood 
flow.35,36,37 However, direct in vivo evidence for this role is 
still lacking.

Histologic studies and autonomic nerve stimulation 
experiments reveal a rich supply of autonomic vasoactive 
nerves to the choroid but not to retinal vessels. Sympathetic 
nerves derived from the superior cervical sympathetic gan-
glion innervate the choroidal vascular bed as well as the CRA 
up to the lamina cribrosa but not further into the retina.38,39 
Nevertheless, along the ONH and within the retina, α- and 
β-adrenergic receptors40 and receptors for angiotensin II are 
present.41 As sympathetic nerve fibers to other tissues, the 
choroidal sympathetic nerve fibers are immunoreactive to 
neuropeptide Y.42

In the human choroid there are not only numerous nerve 
fibers but also choroidal ganglion cells (CGCs).43,44 Histo-
chemical and immunohistochemical studies performed in 
whole mount preparations allowed precise classification and 
quantification of these CGCs. A comparative study of differ-
ent mammalian eyes demonstrated that larger numbers of 
CGCs (up to 2000/eye in humans) are present only in eyes 
of primates with a well-developed fovea centralis, namely 
humans and higher monkeys.45 These CGCs stain for neural 
nitric oxide (NO) synthase (nNOS) and vasoactive intestinal 
polypeptide (VIP).45,46 Targets innervated by these CGCs 
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The arterial supply of the iris originates mainly from the 
long PCAs and the ACAs. The long PCAs divide themselves 
in terminal branches to form the big arterial circle of the iris 
circumscribing the pupil. This circle receives also the contri-
bution of the ACAs. Thus, the iris is supplied by the posterior 
and anterior ciliary net.54,57 Vessels with radial trajectory and 
a corkscrew arrangement to take care of pupillary movement 
arise from the iris big arterial circle to reach the rim of the 
pupil. They divide to form the minor arterial circle of the 
iris.58 The capillaries within the iris are difficult to see; they 
are localized mainly in the pars pupillaris. The venules origi-
nate from the pars pupillaris of the iris and run in parallel, 
but in more depth than the arteries to the root of the iris, 
increasing their diameter.58 At this level, they receive also a 
contribution from the ciliary body and head for the supra-
choroidal space before reaching the vortex veins.

Transport through blood–retinal barriers
Optimal cell function requires an appropriate, tightly regu-
lated environment. This regulation is determined by cellular 
barriers, which separate functional compartments, maintain 
their homeostasis, and control transport between them. The 
close inter-relationship of epithelia and vascular endo-
thelium with extracellular structures, namely extracellular 
matrix and glycocalyx, may modulate the dynamic respon-
siveness of barrier cells. As reviewed elsewhere,59 two major 
pathways control the passage through barriers, namely the 
transcellular pathway involving vesicles, specific carriers, 
pumps, and channels and the paracellular pathway through 
the intercellular cleft.

Transcellular pathway (transcytosis)
The transcellular pathway actively and passively transports 
water, ions, non-electrolytes, small nutrients, and macro-
molecules in an energy-dependent manner. Most proteins 
are transported non-selectively within vesicles, either in their 
fluid phase or adsorbed at the vesicular membrane (vesiculo-
vacuolar transport).60 Constitutive transcytosis (the process 
by which macromolecules are transported across the interior 
of a cell) of albumin across the vascular endothelium is 
particular in that each transcytotic routing, whether receptor-
mediated, by adsorption or as bulk fluid, is implicated in 
regulating the transvascular oncotic pressure gradient of 
albumin.61,62 Fenestrations of the endothelial cell membrane 
are characterized by high permeability.63 They are found in 
choroid plexi of the brain, in the choroid and in the neoves-
sels formed during the angiogenic processes (Fig. 10.8).

Paracellular pathway
Tight junctions confer firm intercellular adhesion and regu-
late paracellular permeability through the intercellular cleft. 
Indeed, barrier properties depend on the specific molecular 
architecture of the tight junctions. Tight junctions are poly-
meric adhesion complexes with a transmembrane compo-
nent composed of occludin (Fig. 10.9), claudins and junction 
adhesion molecules, linked to a cytoplasmic plaque contain-
ing, among other components, zonula occludens protein 
and cingulin.

The plaque itself is anchored to the actin cytoskeleton and 
to various signaling molecules that participate in the control 
of cell proliferation and differentiation.64–67 In general, water, 

course beneath the medial and lateral rectus muscles.54 They 
run forward to the ciliary body and the iris, where they give 
rise to their terminal branches. The ACAs have an extraocular 
course within the rectus muscles.54 Close to muscle tendons, 
they exit the muscles and run radially towards the limbus 
within Tenon’s capsule. Close to the limbus they give rise to 
superficial (episcleral) and deep (scleral) branches.54,55 The 
episcleral arteries run forwards in the episcleral space; near 
the limbus they assume a circumferential course and anas-
tomose each other to form a fragmentary episcleral arterial 
circle (Fig. 10.7).

Penetrating vessels through the sclera give rise to branches 
that vascularize the iris (major arterial circle of the iris)  
and the ciliary body (intramuscular arterial circle). In addi-
tion, species-dependent intramuscular arterial circle located 
within the ciliary body has been described.56 The penetrating 
vessels give rise, through recurrent branches, to a communi-
cation between the ACAs and PCAs.17

The vascular supply of the ciliary processes is complex  
and species-related.56 Three territories of supply have been 
described in humans.17 The first territory, situated mainly at 
the broadened base of the anterior edge of the major ciliary 
process, is irrigated by anterior arterioles leading to a capil-
lary network. The capillaries drain into venules located deep 
in the ciliary processes with little connection to the other 
vascular territories. The second territory is also derived from 
the anterior portion of the major ciliary processes and drains 
into a broad marginal vein at the inner edge of the ciliary 
process. The third territory provides blood irrigation to the 
posterior of the major ciliary processes and the minor ciliary 
ones. A schematic representation of the vascular supply of 
the human ciliary body is shown in Figure 11.2B.

Figure 10.7 ICG angiography indicating the episcleral arteries running 
forward in the episcleral space assuming a circumferential course near  
the limbus and forming the episcleral arteriolar circle (arrowheads).  
(From Pournaras et al 2008.530)
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Extracellular structures

Glycocalyx
The apical and luminal surfaces of epithelial and endothelial 
cells are endowed with macromolecules that are bound to 
the plasma membrane and build up the glycocalyx.69 This 
coat, composed of glycoproteins, proteoglycans, and gly-
cosaminoglycans, is polyanionic and thus negatively charged. 
Molecules like fibrinogen and albumin, enzymes, cytokines 
and growth factors, associate with the glycocalyx thanks to 
their cationic charge. By these particular electrostatic fea-
tures, the glycocalyx acts as a charge-selective barrier that 
determines the accessibility of certain molecules to the 
plasma membrane.62

A major function of the glycocalyx of the vascular end o-
thelium is to sense mechanical forces generated by the  
blood flow and modulate the shear stress-induced release of 
NO.70 Long-standing degradation of distinct components 
of the glycocalyx contributes to increased vulnerability of  
the endothelial cells, barrier function, block mechano- 
transduction and lead to inhibition of NO production that 
eventually abolishes vasodilation.

Extracellular matrix
This matrix (ECM) consists of higher-order assemblies of 
numerous components that are secreted in a cell-type- 
specific manner.71,72 The major barrier tissues, epithelium 
and vascular endothelium, both synthesize a specialized 
ECM scaffold, the basal lamina, at their basal and albuminal 
side, respectively. Basal laminas serve as cell attachment sites 
by means of a variety of transmembrane receptors73 that are 
able to transmit signals between cell and ECM in either 
direction. The best known among these receptors are the 
integrins, the specificity of which is determined by the 
molecular characteristics of the underlying ECM. Disruption 
of integrin-matrix binding causes the detachment of the cells 
from their substrate and also causes an increase in the  
permeability of tight junctions.74,75 The interactions of cell 

ions and small non-charged solutes employ the paracellular 
pathway by passive diffusion and with low selectivity along 
electrochemical and osmotic gradients that are built up by 
the activity of transcellular transporters or, by external gra-
dients of solutes.68 The characteristics of both paracellular 
and transcellular pathways determine the preference for 
small solutes for either pathway and, therefore, are impor-
tant parameters for drug absorption. Drugs with high lipid 
solubility readily cross the lipid cell membrane bilayer, but 
could still be poorly absorbed into the eye due to efflux 
pumps in the ocular barriers (see Chapter 17).

Figure 10.9 Immunolocalization of the tight junctional protein occludin in 
a retinal artery (left) and retinal vein (right). Confocal microscopy of 
flatmounted minipig retina. Regular reticulate pattern outlining the 
endothelial cells. Bar: 10 µm. (From Rungger-Brändle & Leuenberger 2008.533)

Figure 10.8 Neovessels at the vitreoretinal 
interface in an experimentally induced 
vasoproliferative microangiopathy of the minipig. 
(A) Semi-thin section showing new vessels lying 
over an ischemic retinal area. The vitreoretinal 
interface is severely altered. (B) Electron 
micrograph of a non-fenestrated endothelium of 
a neovessel. The intercellular cleft is connected 
by an adherens junction (white arrow).  
(C) Electron micrograph of a fenestration (black 
arrow) in a neovascular endothelial cell. V = 
vitreous; L = vessel lumen; E = endothelial cell. 
Bars: 1 µm. (From Pournaras et al 2008.530)
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to cell-matrix are of great importance to insure intercellular 
permeability in microvascular systems. Physical, oxidative 
stress, and inflammatory events may affect the permeability 
of the intercellular junctions.76,77

Inner blood–retinal barrier
The endothelium of intraretinal blood vessels is considered 
as the main component of the inner blood–retinal barrier 
(BRB) resembling the blood–brain barrier in that both sepa-
rate blood from neural parenchyma. The presence of a 
complex network of tight junctions, the absence of fenestra-
tions and a relative paucity of caveolae make up the tightness 
of the iBRB. Numerous transport systems account for the 
selectivity of the barrier,78–81 such as the transport system for 
glucose across the retinal capillary endothelial cells of the 
inner BRB, which is mediated by the sodium-independent 
glucose transporter GLUT1.82

Pericytes
Both pericytes and smooth muscle cells provide structural 
support to the vasculature. The increased density of pericytes 
in the retinal microvasculature as compared to other 
organs83,84 has led to the presumption that pericytes play a 
role in the regulation of retinal perfusion by contraction and 
relaxation.37,85 Circumstantial evidence for contractility of 
pericytes is the expression of a number of contractile pro-
teins, in particular α-smooth muscle actin, desmin, and non-
muscle myosin.86–88 Moreover, pericytes express receptors for 
vasoactive substances, enabling them to respond by contrac-
tion or relaxation. Recent work suggests that pericytes, rather 
than endothelial cells, control capillary diameter, because 
diameter changes do not occur in pericyte-free regions. Thus, 
pericytes would play a major role in redirecting blood flow 
at the capillary level.89 However, direct in vivo evidence for 
this role in the retina is still lacking.

Pericytes modulate barrier permeability since they express 
a high number of caveolae that appear to be involved in 
transcellular transport.90 Moreover, pericytes and smooth 
muscle cells participate in the permeability properties of the 
basal lamina by secretion of matrix components.86–88 Defi-
cient contractility of pericytes and smooth muscle cells may 
thus have a negative impact on the regulation of blood flow 
that, in turn, may impair pericyte–endothelial interactions, 
critical for the maintenance of the BRB.

Glial cells
In the retina, both astrocytes (Fig. 10.3) and Müller cells 
participate in vessel ensheathment, whereby astrocytes are 
confined to the optic nerve fiber and the ganglion cell layer.91 
Glial cells play an important role in vessel integrity and 
barrier properties, both via direct contact92 and through 
release of humoral factors.93 Glial cell line-derived neuro-
trophic factor (GDNF) has been recognized to enhance 
barrier tightness,94 whereas transforming growth factor-β 
(TGF-β) appears to decrease it.95 Several other growth factors 
and cytokines, such as tumor necrosis factor-α (TNF-α), 
interleukin-6 (IL-6), and vascular endothelial growth factor 
(VEGF) are produced by retinal glial cells96 and affect the 
tightness of the iBRB. VEGF directly downregulates tight 
junctional proteins, evoking a decrease in transendothelial 
resistance97 (Box 10.1).

Outer blood–retinal barrier
The outer blood–retina barrier (BRB) is composed of three 
structural entities, the fenestrated endothelium of the chorio-
capillaris, Bruch’s membrane, and the retinal pigment epi-
thelium (RPE).

Fenestrated endothelium
The fenestrations of the choriocapillaris are covered by a thin 
membrane with a central thickening.27,28 They have high 
permeability,98 similar to that of an isoporous membrane 
with a pore diameter of 4 Å,99 which probably accounts for 
the maintenance of an adequate concentration of glucose 
and other nutrients at the RPE level.27

Retinal pigment epithelium
The RPE cells are equipped with an elaborate transcellular 
pathway system and an apico-lateral seal formed by intercel-
lular junctions, the adherens junction and the tight and  
gap junctions, as well as, in some species, desmosomes.100 
The RPE is considered as a relatively tight epithelium with a 
10 times higher paracellular than transcellular resistance 
(Fig. 10.10).101,102

Nutrients and vitamin A are transported in basolateral to 
apical direction from the blood to the photoreceptors. In the 
opposite direction, transcellular transport from the subreti-
nal space towards the choriocapillary bed is required for 
removal of metabolites, water, and ions. The transepithelial 
ion transport is linked to the transport of lactic acid, the 
major metabolic end product of neuronal function.

Bruch’s membrane
Using electron microscopy, five distinct layers of Bruch’s 
membrane have been defined: the two basal laminas of the 
RPE and the endothelium of the choriocapillaris, the inner 
and outer collagenous layers, and a central discontinuous 
elastic layer.103,104 Bruch’s membrane provides tensile strength 
and, thanks to the presence of proteoglycans, constitutes a 
reservoir of growth factors. Its overall negative charge is due 
to the high content of glycoconjugates and it is responsible 
for charge-selective restriction to the passage of ions and 
solutes.

Blood–aqueous barriers
Secretion of the aqueous humor and its transport towards 
the posterior chamber is controlled by the blood–aqueous 
barrier (BAB). These barriers, which possess active transport 

Box 10.1  Anti-VEGF treatment of age-related 
macular degeneration (AMD)

VEGF is the predominant vasoproliferative factor involved in the 
development of retinal or subretinal neovascularization, 
occurring either during the evolution of retinal ischemic 
microangiopathies, or exudative neovascular AMD. Ocular 
neovascularization regresses following intravitreal injections of 
monoclonal antibodies inhibiting isoforms of VEGF-A. Anti-VEGF 
treatment is actually the predominant approach for the 
treatment of neovascular AMD.



250

SECTION 4 Nutrition of the eye  Chapter 10  Ocular Circulation

It allows free access of the aqueous humor to the stroma and 
the iris muscles, thus causing the rapid resorption of drugs 
present in the aqueous humor.

The posterior BAB is formed by tight junctions, which are 
present on the lateral pole of the cells of the non-pigmented 
ciliary epithelium (Fig. 10.11). These tight junctions are per-
meable to small, non-ionic molecules, such as sucrose.106–108 
The capillary endothelium of the ciliary stroma possesses 
fenestrations that make its permeability relatively high. In 
contrast, the capillaries of the ciliary muscle appear relatively 
tight, similar to those of the iris.

Techniques for measuring ocular 
blood flow

Decades of technical developments have led to a number of 
methods to obtain quantitative information on ocular blood 
flow (BF) in animals and humans.

Techniques used in experimental animals
These techniques have been valuable for quantitative  
determinations of BF in experimental animals. They  
include direct measurements of BF through cannulation of 
uveal veins in rabbits and cats,109 and radioactively labeled 
microspheres.110 Calorimetry,111 or heated thermocouple,112 
radioactive krypton desaturation,113 hydrogen clearance,114 
iodoantipyrine I It should be I 125, 5,115 laser speckle 
phenomenon-/flowgraphy,116 targeted dye delivery,117 leuko-
cyte dynamics by fluography,118 and invasive laser Doppler 
flowmetry119 have been used to determine changes in flow in 
the various ocular tissues.

Intracardiac injections of radioactively labeled, non-
labeled colored or fluorescent microspheres permit determi-
nation of regional BF to the different tissue beds within the 
eye by analyzing the distribution of the microspheres.120–124 
Ideally, the relative quantity of particles recovered in each 
organ, compared to the total number of injected particles, 
equals the fraction of the cardiac output to each organ. The 
precision of the various microsphere techniques depends on 
several factors, including the number of particles trapped in 
the tissue sample. The accuracy of BF measurements within 
small tissue samples, such as the retina, the iris, or the optic 
nerve, can be improved if the number of samples is 
increased.125

With direct cannulation of the uveal veins, the BF within 
the uveal tract has been measured in rabbits109 and cats.112 
In cats, there is a large intrascleral venous plexus that permits 
sampling of venous blood from either the anterior uvea or 
the posterior choroid. This plexus has been used to deter-
mine arteriovenous differences of oxygen126 and glucose.98 A 
similar plexus exists in the retrobular space of the rabbit eye. 
Retinal arteriovenous differences can be studied in a variety 
of animals, including the pig, in which the retinal veins form 
a ring-shaped plexus around the optic nerve within the ret-
robulbar space.78

Studies of the oxygen partial pressure profile within the 
retina with microelectrodes have provided information on 
the relative importance of the choroidal and retinal circula-
tion in providing oxygen to the retina.127,128 Glucose con-
sumption in vivo can be studied by determining the tissue 

Figure 10.10 (A) Electronic micrography of the outer blood–retinal barrier. 
The retinal pigment epithelium (RPE) encloses the extremities of the 
external segments of the photoreceptors (PR) by means of long apical 
digitations, which are indicated by the two opposed arrows. At the basal 
pole, the plasma membrane forms numerous invaginations, the extremities 
of which rest on the basal lamina and form a part of Bruch’s membrane 
(BM). PH = phagosome resulting from the internalization and lysosomal 
digestion of external segments. (Bar: 0.5 µm). (B) Detail of the fenestrated 
endothelium of the choriocapillaris. The fenestrations of the endothelium 
cell (EC) are indicated by arrowheads. The contrast of the membranes and 
basal lamina was increased by tannic acid. (Bar: 0.1 µm). (From Rungger-

Brändle & Leuenberger 2008.533)
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mechanisms, include the endothelium of the iris capillaries, 
the iris posterior epithelium, and the non-pigmented poste-
rior epithelium of the iris. The passive permeability of the 
BAB depends on the ionic concentration gradients.

Composed of iris capillaries and pigmentary epithelium, 
the anterior BAB allows the transcellular transport by means 
of vesicles. The paracellular transport is controlled by the 
extension of the tight junctions. Associated with the ciliary 
and retinal pigment epithelium, the iris pigment epithelium 
seems to constitute an obstacle to the passage of type T acti-
vated lymphocytes.105 The anterior surface of the iris, formed 
by only one layer of fibroblasts, does not constitute a barrier. 
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Non-invasive techniques used in physiological 
and clinical research
A number of techniques have been developed to obtain 
quantitative information on the physiology, pharmacology, 
and pathology of the blood circulation in the different 
ocular vascular beds.

The diameter (D) of retinal vessels has been measured in 
the past from magnified fundus photographs using a caliper 
or by scanning across the vessels.131 In recent years, the 
Retinal Vessel Analyzer (RVA)132 has simplified markedly 
this measurement, allowing also the quasi-continuous 
recording of D changes evoked by various physiological 
maneuvers (dynamic measurements) (Fig. 10.12).

The mean circulation or transit time (MCT or MTT) of 
fluorescein injected intravenously through a retinal segment 
(Fig. 10.13A) has been assessed from digitized fluorescein 
angiograms. The gray scale level is used as an estimate of the 
relative dye concentration (dilution curves) in the artery 
feeding and the vein draining the segment and the MCT/
MTT has been determined from these dilution curves (Fig. 
10.13B). Specific conditions related to the retinal segment, 
the properties of the dye, the mode of its injection, the 
method of recording the dilution curves and the correction 
for dye recirculation must be fulfilled to obtain precise data 
on MCT/MTT.133–137 In the application of this technique to 
the eye, some of these conditions cannot be strictly satisfied, 
particularly in cases of retinal vascular pathology (for 
instance, in proliferative retinopathy, diffusion of fluores-
cein from the retinal vessels may distort the dilution curves), 
so that the measured MCT/MTT must be regarded as an 
approximation of the true MCT/MTT. Other parameters have 
been derived from the time course of the fluorescence inten-
sity: the mean velocity of the dye (MVD)138 in a retinal artery, 
the arterio-venous passage time (AVP),139 which is the time 
difference between the first appearance of the dye at a refer-
ence point at the temporal retinal artery and that at the 
adjacent vein. Contrary to the MCT, which gives more weight 
to the peripheral retinal circulation, the AVP represents 
mainly the passage time of dye through the shortest seg-
ments close to the papilla and thus does not reflect the flow 
of fluorescein through the periphery of the retina. A study 
in monkeys, undertaken to determine the correlations 
between MCT and AVP and retinal BF, the latter measured 
by labeled microspheres, showed that these correlations 
were not statistically significant (p > 0.05),140 even in the case 
of calculation of the MCT using the more sophisticated 
impulse response technique.137 Clearly, MCT and AVP data 
should not be interpreted in terms of BF.

For studies on the choroidal circulation, indocyanine 
green (ICG) is a more suitable dye.141 ICG has two signifi-
cant advantages over fluorescein for choroidal angiography: 
the fluorescence of ICG is in the near infrared and, therefore, 
not blocked by the pigment epithelium and ICG is almost 
completely bound to proteins, which means that it does not 
easily pass the walls of the choriocapillaris. Single choroidal 
vessels can be observed even late in the angiogram. The need 
for a special camera and frequent difficulty in interpretation 
of ICG angiograms have somewhat limited widespread 
acceptance. An obvious use for ICG is to examine subreti-
nal neovascular membranes, where it is a valuable comple-
ment to, but not a substitute for, fluorescein angiography.142 

uptake of labeled 2-deoxy-D-glucose. Although it is not a 
direct measure of BF, this technique gives an estimate of 
alterations in metabolic demands and has proved very useful 
for studying the effects of increased intraocular pressure 
(IOP) and light on the retina and the optic nerve.129,130

Figure 10.11 Pars plicata of the ciliary body of the rabbit eye. Electronic 
micrograph showing the internal retinal pigment epithelium (IPE) and the 
external, non-pigmented epithelium (NPE). The limitans lamina separating 
this layer of the vitreous body is a basal lamina (BL), which is tightly 
associated with the plasma membrane of the non-pigmented cells. 
Collagen fibers (shown as transversal or sometimes oblique cut) are present 
between the basal lamina of the pigmented epithelium of the perivascular 
space. Deep interdigitations are visible on the lateral faces of the non-
pigmented cells, which adhere to the pigmented cells through numerous 
junctional complexes (arrowheads) including tight junctions. The contrast  
of the membranes and intercellular spaces is accentuated by the addition  
of tannic acid during tissue fixation. EN = choroidal endothelium; V = 
endovascular space. (Bar: 1 µm) (From Rungger-Brändle & Leuenberger 2008.533)
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ONH, the subfoveal choroid, and the iris. Calculation of this 
flux is based on the model of Bonner and Nossal (Fig. 
10.16A).151 The change in flux is proportional to the change 
in BF if this change is not accompanied by a change in 
hematocrit. LDF can operate in a dynamic or scanning mode. 
The dynamic mode, which records the flux in a continuous 
way at discrete sites of the capillary bed, is particularly 
appropriate for recording changes of flux over time.152 The 
scanning mode provides a two-dimensional image of the 
flux in the capillaries of the optic disk and peri-papillary 
retina, as well as an intensity image of the retinal vessels 
perfused (Fig. 10.16B).153

The temporal variations of laser speckle resulting from the 
interference of laser waves scattered by the tissue can be used 
to determine the velocity of the RBCs in the ONH, retinal 
and choroidal circulations.154,155 This laser speckle flowgra-
phy and the LDF approaches are different ways of looking 
at the same phenomenon.156 Both techniques measure at a 
single point in the tissue. In both cases, adding scanning 
provides a map of the spatial velocity and flux.157,158 One 
important point when applying these laser-based techniques 
is that the measured flux depends on the scattering and 
optical absorption properties of the tissue. Therefore, direct 
comparison between flux values from different eyes may not 
be valid due to variations in the scattering properties result-
ing from differences in tissue structure and composition. 
Similarly for a valid comparison between flux values obtained 
at different times in the same eye by dynamic and scanning 

Using recently developed techniques allowing simultaneous 
optical coherence tomography and ICG fluorescence143 
may offer a new approach to clinical studies of choroidal 
blood flow.

Bidirectional laser Doppler velocimetry (BLDV) allows 
the measurement of absolute blood velocity. BLDV is based 
on the Doppler effect (Fig. 10.14). Retinal BF (in µl/min) in 
the main retinal vessels is calculated from the centerline 
velocity (Vmax) of the red blood cells (RBCs) combined with 
D measurements of these vessels and calculating the 
instantaneous 

BF
D

Vmean mean= π
2

4

Vmean represents an average over the vessel cross-section. 
The average RBC velocity during the heart cycle is obtained 
by integrating Vmean over this cycle. For a parabolic velocity 
profile, Vmean = Vmax/2. The assumption of this type of profile 
is justified when measurements are performed at straight 
portions of a vessel, a few vessel diameters away from an 
arterial branching or a venous junction (Fig. 10.15),144–146 as 
recently confirmed by Doppler Optical Coherence Tomog-
raphy.147,148 In the human and primate monkey eyes, the 
velocity in the main retinal arteries shows a strong pulsatile 
component and Vmax increases linearly with D, as found in 
most vascular beds.149,150

Laser Doppler flowmetry (LDF) allows the measurement 
of the change in flux of RBCs in the superficial layer of the 

Figure 10.12 Diameter, D, of a retinal vessel along 
a segment P1–P2 and variation of D with time 
measured using the Retinal Vessel Analyzer (RVA). 
At time t = 0, the subject was given 100 percent O2 
to breathe. (From Seifert & Vilser 2002.534)
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and end diastolic (EDV) values of this velocity from which 
a resistivity index (RI) is obtained: 

RI
PSV EDV

PSV
= −( )

RI is often considered as a measure of the downstream 
vascular resistance. However, experimental data show that 
RI in CRA is not a satisfactory measure of this resistance.165 
Studies on cerebral vessels have not confirmed a useful cor-
relation between RI and cerebrovascular resistance.166

Pneumatonometric measurement of ocular pulse ampli-
tude estimates the pulsatile component of choroidal BF 
(POBF).167,168 Since the ratio of pulsatile/non-pulsatile 
ocular BF cannot be assumed to be constant, especially in 
the event of changes in systemic blood pressure, pulsatile  
BF is not a good estimate of total ocular BF. Another tech-
nique that makes use of the pulsatile nature of the IOP is 
the interferometric measurement of the IOP-induced  
variation of the distance between cornea and retina to  

LDF and laser speckle flowgraphy, the tissue must be assumed 
to maintain the same scattering properties over time.159

The velocity, number and velocity pulsatility of leukocytes 
moving in the retinal capillaries of the macular region has 
been quantified using the blue field simulation technique, 
which is based on the entoptic perception of one’s own 
leukocytes.160 Visual acuity must be better than 20/50 for a 
reliable measurement.161 The ability of a subject to do the 
blue field simulation test can be assessed by having subjects 
match the speed and number of two simulated leukocyte’s 
motions displayed on computer screens. Blue field data have 
been confirmed by the objective SLO-adaptive optics imaging 
technique.162

Color Doppler imaging combines B-scan imaging of 
tissue structure, color representation of blood velocity  
based on ultrasound Doppler-shifted frequencies, and pulse-
Doppler measurements.163,164 At the level of the OA, CRA, 
and PCAs, the maximum and minimum values of the  
velocity are identified to determine the peak systolic (PSV) 

Figure 10.13 (A) Diagram of a retinal vascular segment extending from 
artery to a vein with paths of different lengths. S is the point of injection  
of the fluorescein dye, A the site of measurement of the fluorescence along 
the artery (inflow), and B the site of measurement of the fluorescence along 
the vein (outflow). (B) Fluorescein dilution curves obtained from an artery 
and vein of a retinal vascular segment in a human eye. ta and tv are the 
mean transit times of fluorescein measured from the first appearance of the 
dye in the artery. ta − tv = MCT, the mean segmental circulation time of 
fluorescein. If = fluorescence intensity. The smooth curves are the best 
log-normal fits to the recordings. These recordings were obtained using a 
two-point fluorophotometer.535 (From Riva et al 1978.136)
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Figure 10.14 (A) The Doppler effect. The frequency of laser light scattered 
by a red blood cell (speed Vmax) is shifted by an amount Δfmax compared to 
the frequency of the light incident (fi) on the red blood cell. αi and αs are 
the angles between Vmax and the directions of the incident and scattered 
light, respectively. λ is the wavelength of the incident light. (With permission 

from Riva & Petrig 2003.159) (B) Principle of bidirectional LDV (BLDV). Laser light 
scattered from blood in a retinal vessel is detected along two directions Ks

1 
and Ks

2 (angle α between them). β is the angle between the plane of the 
vessel at the site of measurement and the direction of the blood velocity. 
Vmax, the centerline velocity of the RBCs is determined from the maximum 
shifts in the Doppler shift power spectrum obtained in each scattering 
direction and the geometrical scattering parameters. The measurement is 
independent from the direction of the incident light defined by Kin.536,537 
(From Riva et al 1981.537)
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estimate changes in choroidal blood volume during the 
cardiac cycle.169

The information given here on ocular BF techniques is far 
from exhaustive. Additional details can be found in a number 
of excellent reviews.164,170–172

Ocular circulatory physiology

General hemodynamic considerations
BF through a blood vessel depends upon the perfusion pres-
sure (PP), the pressure that drives blood through the vessel, 
and the resistance (R) generated by the vessels. For an 
incompressible uniform viscous liquid (dynamic viscosity η) 
flowing through a cylindrical tube (length L) with radius (r), 
BF is given by the Hagen–Poiseuille law: BF = PP/R, where 
R = ηL/2πr4. Many factors make it difficult to directly apply 
this law to a microvascular bed. These include the 
η-dependence on local hematocrit, the changes in the velo-
city profile of the RBCs and shear rate at branchings and 
junctions and others. Another approach at characterizing BF 
through a system of vessel is based on Murray’s law,173 which 
says that through each vessel of a circulatory system with 
optimal design (blood flowing with minimal loss of energy) 
BF = k(r3/√η). The constant k depends upon the lengths and 
the radius of the vessels.174

The mean ocular PP driving blood through the eye is the 
mean blood pressure in the ophthalmic artery (OA) minus 

Figure 10.15 Profile of velocity of RBCs (∞ cutoff frequency of the Doppler 
power spectrum) in a main retinal vessel of a normal eye during the peak 
systolic and end diastolic phases of the cardiac cycle. The continuous lines 
are the best fits based on function of the type: 

V d V
d d

R
o

i

K

( ) = − −





max 1

where V(d) represents the velocity at a distance d from the internal wall.  
do is the position of the center of the vessel. Ri is the internal radius of the 
vessel. Vmax is the centerline (maximum) velocity. K = 2.38 in the systolic 
phase and 1.94 in the diastolic phase. (From Logean et al 2003.144)
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Figure 10.16 (A) Tissue scattering model of Bonner & Nossal151 provides the basis for Laser Doppler Flowmetry. The incident laser beam is scattered by the 
moving RBCs and non-moving tissue components. A spectrum of Doppler shifts, Δf, is detected in the scattered light reaching the detector due to the 
multitude of RBC velocities and scattering directions before the laser light reaches the detector. (Adapted with permission from Riva & Petrig 1997.159) (B) Intensity 
and perfusion images of the optic nerve and peripapillary temporal retina obtained by laser scanning Doppler flowmetry. Vol, Flw and Vel and DC are the 
two-dimensional blood volume, flow, velocity and intensity maps.153 (From Zinser 1999.158)
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the pressure in the veins leaving the eye. The venous pressure 
is close to the IOP.175 With the subject in the sitting or stand-
ing position, mean ocular PP is about 2/3 of the mean 
brachial artery blood pressure (ABP), i.e.

2 3[ 1 3 ]ABP ABP ABP IOPdiast syst diast+ −( ) −

The factor 2/3 stands for the drop in pressure between the 
heart and the OA. ABPdiast and ABPsyst are the brachial ABP 
during diastole and systole, respectively. It is understood 
that this expression for PP is based on a group average and 
therefore provides only an approximate value for a single 
individual. The value of η has been experimentally related 
to hematocrit at defined shear rates. It diminishes with 
increasing shear rate to become almost constant.176 An 
increase in viscosity (e.g. in cases of hyperglobulinemia, high 
hematocrit, leukemia, sickle cell anemia) substantially alters 
retinal BF, which may induce a stasis in the veins and ulti-
mately to their occlusion.177

The main resistance to BF is located in the arterioles with 
half of the resistance in vessels with a radius of 10–25 µm. 
As R is proportional to 1/r4 even a small change in r will 
have a considerable effect on R. The vessel radius/diameter 
is modulated by the interaction of multiple systemic and 
local control mechanisms affecting the tone of the smooth 
muscle cells and perhaps the pericytes.

Ocular hemodynamic data under basal 
physiological conditions

Retina
Retinal BF represents only about 4 percent of total ocular 
BF.178 In primates, total retinal BF obtained by the micro-
sphere technique was reported to be between 25–50 ml/
min/100g.110,179,180 In humans, recent measurements of total 
retinal BF (40.8–52.9 µl/min) using Fourier-Domain OCT181 
are in the range of values obtained by BLDV.182 Retinal BF 
calculated from BLDV is larger in the temporal human retina 
than in the nasal region, supposedly due to the larger size 
(by 20–25 percent) and higher metabolic rate of the former. 
Retinal BF in the superior and inferior hemispheres are 
similar. This pertains also to BF in the superior and inferior 
parts of the macular region.183

Choroid
In animals, choroidal BF is higher than in most tissues with 
estimates ranging from 500 to 2000 ml/min/100 g tissue 
(Fig. 10.17).110,112,114,126,184,185 There is no technique allowing 
reasonably precise measurements of choroidal BF in humans. 
The anatomical organization and dense vascularization of 
the choroid, as well as this high choroidal BF are very impor-
tant. These properties optimize the partial pressure and con-
centration gradients for efficient diffusive exchange across 
the relatively long distance between the choroid and the 
retina for efficient delivery of oxygen and nutrients and the 
removal of carbon dioxide and metabolic waste.98,186–189 
Thus about 65 percent of the oxygen and 75 percent of the 
glucose consumed by the monkey retina is delivered by the 
choroidal vessels.121,121a Furthermore, in both primates and 
non-primates, the foveola is devoid of retinal vessels, pre-
sumably to enhance visual acuity and therefore is nourished 
solely by the choroid.185,190

A possible function of the choroid is that of thermoregu-
lation.180,191,192 In this case, the high BF would tend to main-
tain ocular temperature at or near body temperature during 
environmental cooling or heating, and also help protect the 
eye from thermal damage even under extreme conditions of 
temperatures and brightness. It also would prevent damag-
ing increments in tissue temperature when light is focused 
on the fovea.188,193 In support of this role, scleral temperature 
falls several degrees when choroidal BF is reduced 
significantly.191

Ciliary circulation
Present knowledge of ciliary hemodynamics is limited due 
mostly to the inaccessible location and complexity of the 
ciliary vascular bed.189 Direct measurements of ciliary arterial 
pressure have not been made, but a reasonable estimate for 
this pressure just outside the eye is 67 mmHg for humans 
in an upright position with an arterial blood pressure (ABP) 
of 100 mmHg. Episcleral venous pressure is approximately 
9 mmHg in humans,194,195 which is a reasonable approxima-
tion for vortex vein pressure. However, the venous pressure 
inside the eye is determined by the IOP. In animals, it is 
1–2 mmHg higher than the IOP.175,196,197 Capillary pressure 
is similarly IOP-dependent and approximately 8 mmHg 
higher than the IOP in the rabbit choriocapillaris.197 Assum-
ing that ciliary hemodynamics is similar in humans, the 
ciliary capillary and venous pressures should be approxi-
mately 25 and 17 mmHg, respectively, at a normal IOP of 
15 mmHg.

Measurements by labeled microspheres in anesthetized 
monkeys indicate a ciliary BF of 81 µl/min.198 Plasma clear-
ance of ascorbate provides a rough estimate of ciliary plasma 
flow of 73 µl/min, or a ciliary BF of 133 µl/min in the 
human eye, assuming a normal hematocrit.199,200

Figure 10.17 BF through tissues of monkey eye (values for BF through 
ocular tissues are from Alm et al 1973198). (From Alm 1992.178)
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differ anatomically and physiologically: the retinal vessels, 
which supply the neural region of the retina and the prela-
minar portion of the ONH, and the uveal blood vessels, 
which supply the rest of the eye. Contrary to the autonomi-
cally innervated extraocular and choroidal vessels, the retinal 
and ONH vessels have no neural innervation so that total 
reliance for matching metabolism must be placed on local 
vascular control mechanisms.39

The mechanisms controlling BF in the different ocular 
vascular beds are of different types: systemic, local, neural, 
endothelial, endocrine, and paracrine. Not all operate in the 
various beds. Since the retinal and choroidal arterioles do 
not possess sphincters,33 BF in these tissues is only a function 
of the muscular tonus of the arterioles and, possibly, the 
state of contraction of the pericytes, although the latter still 
remains to be demonstrated. Vessel tonus is modulated by 
the interaction of multiple control mechanisms: myogenic, 
metabolic, neurogenic, and humoral, which are mediated by 
the release of vasoactive molecules by the vascular endothe-
lium or by the glial cells surrounding the vessels.219,220

Autoregulation of ocular blood flow
Autoregulation of BF in a tissue is the intrinsic ability of this 
tissue to maintain BF relatively constant despite variations 
in the PP.221 Investigation of this local process, which requires 
isolation of tissue from neural and hormonal influences, can 
be ideally carried out in the retina, a tissue that lacks sym-
pathetic innervations and is largely uninfluenced by circulat-
ing hormones due to the presence of a tight blood–retinal 
barrier.222

Retina and ONH
A moderate reduction in ocular PP has only a minor  
or no effect on retinal and ONH BF in experimental 
animals110,115,121,122,223,224 In humans such a reduction also 
induces an autoregulatory response, as evidenced by the 
resulting increase in D of arteries225 and the maintenance of 
constant retinal and ONH BF if PP is not reduced by more 
than 50 percent.226–228 An autoregulatory response is also 

Figure 10.18 Central retinal artery equivalent (CRAE) by 
mean of ABP in persons of different age groups. (From 

Wong et al 2003.209 Reproduced with permission from 

Association for Research in Vision and Ophthalmology.)

Vasomotion
Direct observation of the retinal and choroidal vasculature113 
reveals no precapillary sphincters and BF appeared to be 
uninterrupted in all capillaries. In the retina of young cats 
some spontaneous contractions and dilatations in the small 
arterioles and precapillary sphincters have been observed, 
but there was much less vasomotion in the retinal vessels of 
adult cats.201 Temporal fluctuations of ONH and subfoveal 
choroidal BF, with frequencies < 10 cycles/min and distinct 
peaks at the breathing and heart beat frequencies, have  
been measured in the eyes of cats,202,203 minipigs,204 and 
humans.205,206

Effects of age on ocular blood flow
D of the main retinal arterioles and venules depends on age 
and blood pressure (Fig. 10.18). It is narrower in older than 
in younger people, independent of ABP and other factors, 
the decrease in D amounting to about 2 µm for each decade 
of increased age. Furthermore, independent of age and  
other risk factors, arteriolar D is narrower in subjects with 
higher ABP.207–209

Studies of the effect of aging on blood velocity in the OA 
and CRA in women and men have failed to reveal uniform 
findings. However, clinical studies of the microcirculation of 
the retina and the ONH indicate that aging leads to a decrease 
in blood volume,210 RBC velocity,210–212 and velocity and 
number of leukocytes in the macular area,213 due presuma-
bly to the age-related morphologic decreases of retinal cells 
and nerve fibers.214,215 An age-dependent decrease in sub-
foveal choroidal BF has also been reported,216 which is 
mainly due to a decrease in subfoveal blood volume reflect-
ing, presumably, a reduction in the diameter and number of 
choriocapillaries in the subfoveal region.217,218

Regulation of ocular BF

The regulation of ocular BF in the human eye is a complex 
process due to the presence of two vascular systems which 
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However, in humans, iris BF by LDF showed no evidence  
of being autoregulated when the ocular PP was decreased  
by raising the IOP by suction cup.239 Methodological or 
species differences and anesthesia have been invoked to 
explain the discrepancy between the results in animals and 
humans.239

Mechanisms underlying retinal and  
ONH autoregulation
It is likely that the mechanisms underlying autoregulation 
rely on a balanced contribution of myogenic and metabolic 
components (see below)222 involving the interaction of 
factors released by the retinal metabolism and the vascular 
endothelium.240 It has been suggested that, when PP is 
acutely reduced by increasing the IOP, the vasodilatory 
response is induced by an increase in the concentration of 
lactate.226,230 Ionic, molecular, or gas modifications either of 
the blood or the surrounding tissue could also be involved 
in the vasomotor response.240,241 In the ONH, the autoregu-
latory response to a small decrease in PP was found to take 
place during a time of the order of a second,227 similar to 
the brain response.242 The rapidity of this response points 
towards a metabolic mechanism. Studies on isolated cere-
bral and pial arteries of rats243 and monkeys,244 indeed sug-
gests that a myogenic process develops much slower, on a 
time scale of 1–10 minutes. Recent evidence suggests a major 
role for NO in ONH autoregulation.245

Regulation of blood flow in response to 
increase in arterial blood pressure (ABP)
A number of studies have investigated the effect of an 
increase in systemic ABP on ocular BF. Most frequently, this 
increase is induced by static and dynamic exercises and 
posture changes, which both produce marked effects on 
sympathetic tone.

Static exercises
Isometrics increases heart rate, ABP, and sympathetic nerve 
activity.246 In humans, during isometrics, retinal, subfoveal 
choroidal, and ONH BF remain unchanged until the mean 
ocular PP is elevated by an average of 34–60 percent above 

evoked by an increase in PP above normal induced by  
a decrease in the IOP below normal.227,229,230 The autoreg-
ulatory response of the retinal vascular resistance and BF  
to these rapid changes in PP is shown in Figure 10.19. 
Thanks to the autoregulatory capability of the retina  
and anterior part of the ONH, the oxygen tension (PO2) in 
the inner half of the retina and anterior part of the ONH 
remains largely unaffected by moderate increases in IOP 
(decreases in PP).231–233

Choroid
In animals, measurements of choroidal BF by various tech-
niques have demonstrated a linear relationship between 
choroidal BF and ocular PP, indicating a lack of autoregula-
tory capacity of the choroid.110,114,121,184,234 The microsphere 
measurements obtained simultaneously from the retina and 
choroidal have demonstrated a marked difference in the 
autoregulatory ability of the two tissues.110,121 On the other 
hand, LDF data under manipulation of the ABP by occluders 
on the aorta and inferior vena cava in rabbits119,235 and bleed-
ing in pigeons236 suggest that peripheral choroidal BF com-
pensates for declines in ABP (decrease in PP) so as to remain 
relatively stable within a physiological range of PPs. This 
difference in response, which could be due to the different 
techniques used, still needs to be clarified.

In humans, measurements of subfoveal choroidal BF by 
LDF reveal a non-linear decrease in BF in response to a 
reduction in PP induced by increasing the IOP by suction 
cup,237,238 which suggests some autoregulatory capacity of the 
subfoveal choroid. A neural local mechanism involving the 
dense vasodilatory innervations of the human choroid, spe-
cifically localized in the temporal-central portion of the 
choroid adjacent to the fovea,45 could be responsible for the 
observed behavior. The foveal avascular zone and most of 
the outer retina receive nutrition exclusively from the choroi-
dal circulation. They may therefore be more susceptible to 
ischemia than other retinal regions. The observed subfoveal 
choroidal BF response may represent a protective mecha-
nism against moderate increases in IOP above normal.

Anterior uvea
Animal studies with labeled microspheres have shown 
autoregulation of BF in the iris and ciliary body.110,121 

Figure 10.19 Time course of group average of calculated 
retinal vascular resistance (relative units) after a step increase 
of the IOP to about 35 mmHg by application of a suction cup 
to the limbus and a step decrease of the IOP at the removal of 
the cup. (From Riva et al 1986.230 Reproduced with permission from 

Association for Research in Vision and Ophthalmology.)
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is significantly higher in the supine position than in the 
sitting position.266 This stimulus decreases retinal vessel D 
while peripheral and macular retinal BF remain rather unaf-
fected,268,269 thus suggesting the presence of a local retinal 
compensatory response.

Regarding the choroidal circulation, recumbency increases 
subfoveal choroidal BF by approximately 11 percent,265 a 
value corresponding to the increase in ocular PP calculated 
from experimental data.266,270 This result and the linear rela-
tionship between subfoveal choroidal BF and ocular PP 
found in a subsequent study271 are indicative of a passive 
response of this vascular bed to the increase in PP.

Regulation of blood flow in response to 
changes in blood gases
The role of arterial blood partial pressures of O2 (PaO2) and 
CO2 (PaCO2) on ocular BF regulation has been studied in 
animals and human subjects through the inhalation of 
various gas mixtures.

Hyperoxia
Increasing the PaO2 through the breathing of 100 percent O2 
results in a marked vasoconstriction of the retinal arterioles 
in both anesthetized animals272–274 and healthy human sub-
jects,275–277 as well as a marked decrease in retinal BF (Fig. 
10.21) in both the peripheral and macular region.275,276,278,279 
This BF response is 3–4 times greater than that of the cerebral 
circulation.280 In contrast, choroidal BF does not change 
measurably when the PaO2 is increased.281–283 In humans, the 
selective endothelin (ET) receptor antagonist BQ-123 (see 
below) dose-dependently blunts the retinal response to 
hyperoxia, indicating that ET-1 contributes to the hyperoxia-
induced retinal vasoconstriction.284

The response of the retinal PO2 to hyperoxia is 
species-dependent. In cats, with 100 percent O2 inspiration, 
the vitreal and inner retinal PO2 increases by 30–
40 mmHg.233,285,286 It reaches 53–88 mmHg in rats,287,288 and 
remains almost unchanged in monkeys (average 20 mmHg 
in the inferior retina and about 32 mmHg in the parafovea 
and foveal area) and in minipigs.273,289,290 The increased inner 
retinal PO2 is not solely due to the O2 derived from the 
retinal circulation, but also depends on the choroid, because 
during hyperoxia, O2 diffuses all the way into the inner 
retina.286,288,291,292 In the optic disc of minipigs, the PO2 
increases moderately by about 5 mmHg during hyperoxia 
and increases much more (about 13 mmHg) after injection 
of acetazolamide under systemic hyperoxia, due to the 
vasodilatory effect of elevated systemic PaCO2 (Box 10.2).293

Hypoxia
In humans and anesthetized animals, a decrease in PaO2 
induces in the retina a vasodilatation of the arterioles and 
an increase in BF,272,294–296 which is similar to the increase in 
cerebral BF.280,297 The vasodilatation, which contributes to 

baseline (Fig. 10.20).247–251 Since the vessels of the retina and 
ONH have no neural innervations, the regulation must be 
achieved, at least in part, through a local increase in vascular 
resistance,247 as evidenced by the constriction of the retinal 
arterioles.252 In the choroid, the sympathetic nervous system 
constricts the vessels in response to increased ABP.253,254 Both 
ET-1255 and NO256 appear to play an important role in the 
regulation of subfoveal choroidal BF during isometrics.

Dynamic exercises
In response to such exercises the IOP decreases,257 the ABP 
increases258 but peripheral and macular retinal, as well as 
choroidal, BF remain rather unaffected.259–262 The site of 
choroidal regulation (local or due to sympathetic activity) is 
still unclear. A sympathetic mechanism protecting the 
choroid from overperfusion has been postulated.262

Change in posture
The change from upright (or sitting) to supine induces a 16 
percent decrease in heart rate, a small decrease in brachial 
diastolic ABP, no significant change in brachial systolic 
ABP,263–266 and an increase in IOP.267 The OA blood pressure 

Figure 10.20 Relative average change of retinal vascular resistance (A) and 
velocity of RBCs (B) in retinal veins, as a function of the change of the 
relative brachial ABP. Each data point represents the average of the mean 
value obtained from three subjects. (From Robinson et al 1986.247 Reproduced 

with permission from Association for Research in Vision and Ophthalmology.)

Box 10.2  Retinopathy of prematurity

Retinal vessel vasoconstriction under oxygen breathing in 
premature infants induces ischemia predominately at the 
peripheral single capillary layer, leading to the clinical 
manifestation of the initial stages of retinopathy of prematurity.
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Hypercapnia
Ocular blood vessels, like the cerebral vessels, are very sensi-
tive to variations in the PaCO2. In animals, hypercapnia 
dilates retinal vessels and shortens the MCT.306 Quantita-
tively, a rise in PaCO2 of 1 mmHg induces a 3 percent rise in 
retinal BF.306 In conscious humans, the achievable changes 
in PaCO2 are smaller. Some studies report a dilatation of 
retinal arteries,295,307 or shortening of the MCT,295 while 
others observe no such changes.308 Furthermore, hypercapnia 

the maintenance of a rather stable PO2 in the inner retina, 
could be due to the release of retinal lactate,294,298,299 a process 
presumably mediated by endothelium-derived NO.300 The 
increase in retinal BF allows inner retinal and vitreal PO2 to 
remain relatively constant when the PaO2 is above 40 mmHg 
in cats and minipigs.121,301–303 However, below this point, 
inner retinal PO2 falls. There is a similar protection of inner 
retinal PO2 during modest elevation of the IOP.231,304 In con-
trast, the PO2 measured close to the choroid and in the outer 
retina decreases linearly with the PaO2.302,303,305

Figure 10.21 Effect of hyperoxia on (top) the 
diameter or retinal arteries in the four quadrants  
of the fundus and (bottom) the diastolic arterial 
velocity of a human retinal artery. (From Jean-Louis 

et al 2005277 and Riva et al 1983.276 Reproduced with 

permission from Association for Research in Vision and 

Ophthalmology.)
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surrounding the arterioles (i.e. astrocytes, neuronal cells), 
leading to the release of vasoactive substances, such as NO 
and PGs.335 In addition, retinal arterial vasodilatation is 
mediated by an as yet unknown substance released by the 
retinal tissue and involving the activation of plasma mem-
brane Ca2+-ATPase.336–338

Retinal metabolism and vasoreactivity
The mammalian retina sustains an unusually high rate  
of glycolysis in that about 90 percent of the total glucose 
utilized is converted to lactate.298 In addition, 70 percent 
of O2 consumption in the retina is due to oxidation 
of glucose to CO2.339 Under normoglycemic conditions, 
neurons such as photoreceptor and ganglion cells, Müller 
glia, and pigment epithelial cells produce lactate aerobi-
cally and anaerobically at linear rates, even in the presence 
of a high starting ambient concentration of lactate. The 
anaerobic rate is 2–3-fold higher than the aerobic.340 
Thus, the retinal cells produce lactate and the retinal  
neurons utilize glucose as their major energy substrate. An 
alternative hypothesis suggests that the retinal neurons 
utilize preferentially lactate derived from Müller cells.341 In 
rats, mediated by the endothelium, extracellular lactate leads 
to a rise in calcium in pericytes and, in turn, to contraction 
of microvessels in conditions of rich energy supply. By con-
trast, hypoxic microvessels relax during exposure to lactate.334 
This dual vasoactive capability may provide an efficient 
mechanism to match microvascular function to local  
metabolic needs.

In minipigs under normoxic conditions, however, pre-
retinal microinjections (30–100 nl) of L-lactate (0.5 mol/l, 
pH 7.4) close to the retinal arterioles locally dilate the arte-
riolar wall.299 In addition, intravenous administration of 
sodium lactate increases retinal BF at steady state342 or during 
flicker stimulation.343,344 High-dose lactate reduces the 
flicker-induced retinal D-response, whereas low-dose lactate 
increases it,342 suggesting that the ratio of cytosolic free 
NADH to NAD+ plays a critical role in the maintenance of 
retinal vascular tone. Uptake of intravenous or intravitreal 
lactate by vascular endothelial cells or astrocytes via mono-
carboxylate transporters345–348 causes retinal arteriolar dila-
tion predominantly via stimulation of NO synthase335 and 
subsequent activation of guanylyl cyclase. In turn, guanylyl 
cyclase/cGMP signaling triggers opening of KATP channels 
for vasodilation. This process suggests that lactate either 
mediates the release of endothelial vasoactive substances 
(i.e. NO) or interferes with the metabolism and release of 
vasoactive substances by cells surrounding the arterioles (i.e. 
glial cells). Recent data from minipigs suggest that neuronal-
derived NO is indeed an important mediator of lactate-
induced vasodilatation.349

Blood flow response to visual stimulation

Light/dark transition
Studies have examined the effect of such a stimulus on 
glucose uptake in the outer and inner retinal layers,130 retinal 
vessel D350 and blood velocity351–353 and retinal and ONH 
tissue PO2.128,354 The emerging picture is still rather unclear. 
Thus, D of retinal vessels measured after a transition from  
a period of darkness to ambient light was found to be  

increases the mean fluorescein (plasma) velocity (MVD)  
in retinal arteries,309 macular leukocyte velocity,308,310 RBCs 
velocity in the peripapillary,311 perifoveal capillaries, and 
retinal and ONH BF.307,312,313

Raising the PaCO2 increases choroidal BF in cats121,281 and 
humans,282,283 but not in rats.314 The increase in the PaCO2 
increases also retinal PO2.233 There is a tight parallelism 
between the PaCO2 and interstitial pH in the inner retina. 
Thus, an increase of the PaCO2 of 38 mmHg induces a 
decrease in pH of ≈ 0.16 units.315 The fact that acidification 
of the blood by infusing HCl or by injecting lactate does not 
affect interstitial pH nor retinal BF299 suggests that interstitial 
rather than systemic acidosis contributes to the vasomotor 
response during hypercapnia.315

The hypercapnia-induced increase in retinal BF occurs 
through a mechanism involving NOS-1,316 the release of 
PGE2

294 or PGE2-mediated endothelial NO.317 Endothelial 
interaction between NO and PGs,318,319 likely controls the 
arteriolar tone during changes of PaCO2.320 Perfusion of the 
eye through the sublingual artery with indometacin, an 
inhibitor of PG synthase, induces a transient, reversible  
vasoconstriction of the retinal arterioles in normoxia/ 
normocapnia.299 In rabbits intravenous administration of 
indometacin reduces retinal BF by about 20 percent without 
any effect on the uveal circulation.321 An increase in PaCO2

322 
following metabolic acidosis induced by intravenous injec-
tion of acetazolamide (a carbonic anhydrase inhibitor) 
increases preretinal and ONH PO2 and dilates the retinal 
vessels.323–326

Carbogen is a gas mixture containing 5 percent CO2 and 
95 percent O2. The amount of CO2 added to the O2 was 
assumed to prevent the O2-induced vasoconstriction and 
therefore maintain or even increase BF while providing the 
retina with increased oxygenation.327 This gas decreases 
retinal vessel D and retinal BF.328,329 It increases ONH and 
choroidal BF by LDF.283,330,331 Carbogen inspiration leads to 
elevations of inner and optic disk PO2 that are greater than 
those observed with hyperoxia alone.233,288,323,324 The clinical 
value of this mixture is doubtful. It has no effect in fully 
developed retinal venous occlusions, whereas some improve-
ment has been reported for selected cases of pre-occlusion 
of retinal veins.332

Metabolic control of retinal blood flow

In the retina, interactions between substances released either 
by endothelial or glial cells or by neurons affect the arteri-
olar tone, thus regulating the vasomotor responses. They 
may be either ionic or molecular or related to arterial blood 
gas modifications.36,219,220,240,333 These factors can be tone 
relaxing or tone contracting. The former include NO and 
prostacyclin (PGI2), the latter endothelin-1 (ET-1), angi-
otensin II, and cyclo-oxygenase (COX) products, such as 
thromboxane-A2 (TXA2) and prostaglandin H2 (PGH2). 
Extracellular lactate leads to contraction or relaxation of  
the vessel wall, according to the metabolic needs of the 
tissue.334 In humans, lactate-induced retinal arteriolar dila-
tation occurs predominantly via stimulation of NO synthase 
and subsequent activation of guanylyl cyclase. Lactate  
likely mediates either the release of endothelial vasoactive 
substances or interferes with the metabolism of cells  
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activity in neurons and axons;375 (d) NO production due to 
a signaling cascade fueled by cytosolic free NADH.344 Studies 
suggest that potassium376 and NO377–379 act as putative medi-
ators of the hyperemia, and demonstrate that dopamine,380 
adenosine,381 lactate,343 as well as arachidonic acid metabo-
lites released by glial cells220 modulate the response.

Control of arterial tone by endothelium or 
neuro-glial activity
The importance of endothelium-derived relaxing factors 
(EDRF) in regulating ocular BF36,219 was recognized more 
than 20 years ago following the pioneering work of Furch-
gott.382 These vascular tone-controlling substances have been 
reviewed in a number of previous publications.59,383,384

respectively 2–3 percent and 5–8 percent, larger than during 
the light adaptation period prior to darkness. Blood velocity 
measured by LDV with a visible helium-neon laser was also 
found to be larger (40–70 percent) after the transition.351,352 
These findings were attributed to a presumed increase in 
retinal metabolism occurring during darkness.351 However, 
similar studies performed with near-infrared light350,353,355 
suggest rather that these increases are induced by the  
transition itself.

Subfoveal choroidal BF decreases by 15 percent after a 
transition from light to darkness,192 an effect observed in 
both eyes, even if only one eye is subjected to the transi-
tion.356 This change was attributed to a mechanism centrally 
located and mediated by NO either from endothelial or 
neural source.356,357

Flicker
Luminance flicker (illumination with alternating brightness) 
increases glucose uptake in the ganglion cell layer (Fig. 
10.22),130 retinal vessel D (Fig. 10.23),358–361 as well as retinal 
and ONH BF (Fig. 10.24).362–366 The characteristics of this 
functional hyperemic response, namely the temporal dynam-
ics and magnitude dependency upon flicker frequency, lumi-
nance, modulation depth, color ratio for chromatic flicker, 
dark adaptation, area of the retina stimulated, site of meas-
urement at the retina (macula versus periphery) have been 
described in great detail for the ONH.364,367–369 By compari-
son, little is known about these characteristics for the retina. 
Simultaneous measurements of ONH BF and the flicker elec-
troretinogram indicate the presence, under certain condi-
tions of flicker stimulation, of a coupling between the 
changes in ONH BF and retinal neural activity.369 The effects 
of various physiological and pathological conditions on the 
flicker-induced retinal and ONH hyperemic responses have 
been studied. For example, increases in ABP, IOP, hypergly-
cemia, untreated arterial hypertension, diabetes, and glau-
coma all reduce this response.343,367,370–372

Hypotheses on the function of this hyperemia include:368 
(a) increased glucose metabolism of the retinal tissue;130,373 
(b) increased delivery of glucose required by the astrocytes 
which play a crucial role in neurotransmitter recycling;374 
(c) increased delivery of oxygen required by the increased 

Figure 10.22 Optical density profile from autoradiograms of the central 
retina at a position 1–4 mm temporal to the optic disc at different 
conditions after an intravenous injection of labeled 2-deoxy-D-glucose. High 
density indicates high glucose uptake. V = vitreous, C = choroid. Flickering 
light increases glucose uptake in ganglion cell layer (red lines) compared to 
glucose uptake in the dark. (From Bill & Sperber 1990.130 Reproduced by kind 

permission of Springer Science + Business Media.)

O
pt

ic
al

 d
en

si
ty

Retina

V C

Dark

Retina

V C

Flicker, 4 Hz

Figure 10.23 Flicker-induced change of diameter of retinal 
vessel, measured by RVA in 5 subjects. Stimulus started at time 
0 sec and lasted 20 sec. (From Nagel & Vilser 2004.360)
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In various animal species, a constant release of NO main-
tains the basal vascular diameter and BF in the various ocular 
tissues.377,378,398–402 In humans, systemic inhibition of NOS 
with intravenous administration of L-NMMA reduces ONH 
BF.403 The effect of L-NMMA can be reversed with high-dose 
of L-arginine, indicating that NO contributes to the mainte-
nance of basal vascular tone in the choroid and the ONH. 
Furthermore, investigations in minipigs show that a con-
tinuous production of NO is necessary to maintain the arte-
riolar tone, at least in the inner retinal vessels.378 In addition, 
L-NMMA decreases D of retinal arterioles and venules404 and 
reduces retinal BF,405 indicating that NO is also continuously 
released in retinal vessels under physiological conditions.

NO also appears to be involved in a variety of agonist-
induced vasodilatations.219 In humans this has been shown 
for histamine,406 insulin,407 hypercapnia,408 and adreno-
medullin.409 In addition, NO plays a role in flicker-induced 
ONH hyperemic response in cats377 and in the human retinal 
vasculature.404 The role of NO in BF in the human eye is 
demonstrated by the ability of sodium nitroprusside and 
nitrates to increase BF in the various ocular tissues.410,411

Endothelins
Three isoforms of endothelin, ET-1, ET-2, ET-3, have been 
identified in the vascular endothelium.412 ET-1 is also 
expressed in retinal neurons and astrocytes413 and in the 
brain.414 ET-1, the most potent vasoconstricting factor pres-
ently known, affects both pericytes and smooth muscle 
cells.395 It induces potent contractions in isolated ophthal-
mic, ciliary, and retinal arterioles393,415–417 and, in vivo, in 

Nitric oxide
One of these EDRFs is NO produced by nitric oxide synthase 
(NOS), which has three isoforms, classified as neuronal NOS 
(NOS-1) and endothelial NOS (NOS-3), both activated via 
a calcium/calmodulin complex, and NOS-2 that is inde-
pendent of calcium and capable of generating large amounts 
of NO in the presence of inflammatory and immunological 
stimuli. In general, NOS-1 is found in neurons of the central 
and peripheral nervous system. In the mammalian retina, it 
is present in ganglion, amacrine, horizontal and photorecep-
tor cells, as well as in Müller glial cells.52,385–388 NOS-3 is 
mainly expressed by the vascular endothelial cells including 
the retinal389,390 and choroidal vessels390 and pericytes of the 
retinal capillaries.391

Analogs of L-arginine such as NG-monomethyl-L-arginine 
(L-NMMA), NG-nitro-L-arginine methyl ester (L-NAME), and 
NG-nitro-L-arginine (L-NA) can be used as specific inhibitors 
of NO production.392 These competitive inhibitors of NO 
production383 block all three isoforms of NOS.

The role of NO in the control of ocular BF has been dis-
cussed in a previous review.383 In summary, in isolated 
porcine ophthalmic and ciliary artery rings, L-NMMA induces 
dose-dependent contractions.393,394 NO is also capable of 
relaxing the contractile tone of retinal bovine pericytes395 
and Müller cells,396 which may both be involved in the 
control of retinal BF. In addition, endothelium-derived  
NO, released under basal conditions or stimulated by brady-
kinin, regulates the ophthalmic circulation of the perfused 
porcine eye.397

Figure 10.24 Mean (± 95 percent confidence interval, 15 
healthy subjects) time course of changes (in percent) in 
velocity (ΔVel), volume (ΔVolh) and flux (ΔF) of red blood cells 
measured at a temporal site of the human optic disc in 
response to a diffuse luminance flicker (15 Hertz, 25-degree 
field). Horizontal bar: flicker period. (From Riva et al 2004.371)

60

0

20

40

–20

0

20

40

–20

0

20

40

–20

∆F
 (%

)
∆V

ol
 (%

)
∆V

el
 (%

)

–20 –10 0 10 20 30

Time (sec)

40 0 10 20



Metabolic control of retinal blood flow

263

In healthy subjects, intravenous injection of PGE1 does 
not alter the parameters of retinal and choroidal circulations, 
suggesting that efficient autoregulation mechanisms operate 
in response to the injection.440 In the cynomolgus monkey 
eye, PGF2α-IE has been shown441 to cause a dramatic increase 
in anterior uvea BF, but only weak effect was detected with 
selective FP prostanoid receptor agonists and an EP1 receptor 
agonist after topical administration. Intravenous infusion of 
latanoprost at a dose range of 0.6 ± 6 mg/kg had little effect 
on BF in most ocular tissues, and the same was true for 
17-phenyl-PGE2-IE, a relatively selective EP1 receptor agonist, 
after intracardiac infusion at about the same dose range. 
Intravenous infusion of the EP2 receptor agonist 19R-OH-
PGE2 markedly reduced the vascular resistance in the eye. No 
significant effect was seen on the blood volume in the ocular 
tissues with any of the FP receptor agonists after topical 
administration. PGF2α-IE increased the capillary permeabil-
ity to albumin in the anterior segment and possibly the 
retina, but 17-phenyl-PGF2α IE and latanoprost/PhXA34 
had no effect on capillary permeability in any of the ocular 
tissues. Based on the results of previous studies and recent 
experiments,441 it is evident that PGF2α has significant 
microvascular effects in the rabbit, cat and monkey eye, 
causing vasodilation and/or increased capillary permeabil-
ity, whereas selective FP receptor agonists such as latano-
prost exert no or minimal effects in the primate eye, and 
markedly reduced microvascular effects in the rabbit eye. 
However, little difference between PGF2α and the selective 
FP receptor agonists was seen in the cat eyes. It also appears 
that the EP1 receptor like the FP receptor is not involved in 
the regulation of vascular tone in the primate eye, whereas 
stimulation of the EP2 receptor reduces the vascular resist-
ance in the monkey eye.

PGF2α is often used to induce vasoconstriction in vitro, 
an effect seen at very high doses. Analogs that are more selec-
tive for the prostanoid FP receptor such as the analogs used 
in clinical practice today, have no effect on vessel diame-
ter,442 and cannot be expected to affect blood flow in the 
posterior pole.

Neural, endocrine, and paracrine control
A number of endocrine and paracrine factors are involved in 
choroidal BF regulation, as described in more detail in a 
previous publication.384

Effects of vasoactive nerves
Sympathetic stimulation reduces choroidal BF in a variety of 
species,253,254,443–446 an effect which in rabbits is mediated 
partially via vasoconstrictive α-receptors and partially via 
non-adrenergic neuropeptide Y.447 Furthermore, NPY is a 
potent vasoconstrictor in the rabbit uvea, when infused 
intravenously.448 Contrary to this, NPY has only minor 
effects in the cat uvea, and the response to sympathetic nerve 
stimulation is completely blocked by α-adrenoreceptor 
blockade.449 In rats, the decrease in anterior choroidal BF is 
mainly mediated via the α1-receptor subtype. In addition, 
α-adrenoceptor blockade unmasks a sympathetically evoked 
choroidal vasodilator response. This residual vasodilatation 
appears to be mediated via the β1-adrenoceptor subtype.450 
Experimental studies in vivo as well as in vitro have shown 
that norepinephrine is released already at low stimulation 

rabbit418 and cat retinal vessels.419 Moreover, ET-1 contrib-
utes to the vasoconstriction of human retinal arterioles.420 
Furthermore i.v. administration of ET-1 strongly reduces cat 
ONH421 and rabbit choroidal BFs.422

Two types of ET receptors, ETA and ETB, with different 
sensibilities for the three ligands have been identified in the 
retina and ONH from human and porcine eyes.413 The ETA 
receptor is expressed on pericytes and vascular smooth 
muscle cells423 and presents a high affinity to ET-1. The ETB 
receptor has been detected in cultured bovine retinal  
pericytes423 and endothelial cells in culture.424 Systemic 
administration of the selective ETA receptor antagonist 
BQ-123 prevents the decrease in retinal BF induced by  
exogenous ET-1.420

ETB has two subtypes of receptors. The ETB1 receptor is 
expressed in endothelial cells and has equal affinity for each 
ET isoform and mediates vasorelaxation through the release 
of NO by endothelial cells in culture,424 in the pulmonary 
circulation of lambs,425 and in rabbit kidneys426 under physi-
ological and hypoxic conditions.427 Furthermore, ETB1 recep-
tors appear to influence ABP homeostasis by reducing plasma 
ET-1 levels and thus minimizing ETA activation.428 In 
contrast to the vasodilating effect of ETB1 signaling, ETB2 
receptors have a high affinity for ET-3 and directly  
mediate vasoconstriction.429 Dual block of ETA and ETB 
receptors by bosentan, a drug used in the treatment of pul-
monary hypertension, increased retinal BF in healthy and 
glaucomatous eyes.430

NO and ET appear to be major players in choroidal BF 
regulation.383,431,432 In anesthetized rabbits, a dynamic inter-
play between NO-induced vasodilation and ET-induced 
vasoconstriction has been demonstrated as ocular PP is 
varied by mechanical manipulation of arterial pressure.431 
Thus, administration of L-NAME eliminates the NO-induced 
vasodilation and the unopposed ET vasoconstriction causes 
a dramatic downward shift of the ocular PP-choroidal BF 
relationship over a wide range of PPs. However, subsequent 
administration of the non-selective ET antagonist A-182086 
reverses the vasoconstriction and returns the relationship 
back towards control.

Prostaglandins (PGs)
Major metabolites synthesized from arachidonic acid, 
namely prostacyclin (PGI2) and contracting factors such as 
thromboxane A2 (TXA2) and prostaglandin H2 (PGH2), or 
superoxide anions are mainly produced in the cerebral cir-
culation, under physiological conditions.219,433 Isolated peri-
cytes of retinal capillaries434 and isolated rabbit retinas435 
also release some subclasses of PGs (PGE2, PGF2α, PGI2).

PGI2 has been shown to exert a vasodilating action on 
isolated bovine retinal arterioles436 and in the rabbit eye.437 
Microinjection of PGE2 induces a segmental vasodilation of 
retinal arterioles in minipigs294 suggesting that, during nor-
mocapnia, the release of vasodilating PGs sets the basal 
arteriolar tone. PGE2 and PGF2α are the predominant PGs 
produced by the retina and choroid and may play a role 
during physiological regulation in response to hypercap-
nia294,438 and changes in ocular PP.438,439 The regulation of 
retinal BF may also involve glial-evoked dilation, mediated 
by the arachidonic acid metabolites epoxyeicosatrienoic acid 
(EET), whereas glial-evoked constriction is mediated by 
20-hydroxy-eicosatetraenoic acid (20-HETE).220
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action of endogenous extracellular adenosine.462 It also 
enhances the flicker-induced functional hyperemic response 
in the cat.381

Endogenous and pharmacological substances

Role of administration route
The effect of exo- or endogenous vasoactive substances will 
to a large extent depend on the route of administration and 
the tissue. Close-arterial injections can provide high local 
concentration with little effect on the systemic circulation, 
and thus on ABP. A vasodilator may increase choroidal BF 
when given as a close-arterial injection, or reduce it due to 
a general vasodilatation and reduced ABP.465 For the retina 
the blood–retinal barrier will prevent most systemically 
administered drugs from reaching the smooth muscles.  
Only lipid-soluble drugs, such as papaverine, will pass the 
barrier.466 Circumvention of the blood–retinal barrier can 
also be achieved by injecting the drug into the vitreous body 
and it has been shown that adrenergic agonists, such as 
epinephrine, norepinephrine, and phenylepineprhine con-
tract retinal vessels in vitro.467,468

Also, drugs applied topically as eye drops are unlikely to 
have any clinically beneficial effect on ocular BF. There are 
little data on ocular pharmacokinetics in the human eye469 
and data from animal studies cannot be extrapolated to the 
human eye due to the large difference in body weight. In 
most experimental animals the systemic dose will be about 
20 times that in humans, and much of the drug that reaches 
the posterior pole will reach it by the systemic route. In 
monkeys one drop of nipradilol in one eye caused a local 
concentration in the posterior pole of the other eye that was 
about 82 percent of that in the treated eye 6 hours after 
administration.470

Thus there are no effective tools to improve BF in the 
posterior segment of the eye with today’s drugs, but as many 
drugs used in the treatment of glaucoma have marked effects 
on blood vessels, significant changes can be expected in BF 
through the anterior uvea. They are, in fact, dosed in order 
to have an effect in the anterior segment of the eye. Further 
back in the eye, the tissue concentration will be lower, and 
in most studies on ocular pharmacokinetics in experimental 
animals the concentration found in the posterior pole is less 
than 10 percent of that in the anterior pole.471

Vasoconstrictors
In the anterior segment both the unselective adrenergic 
agonist epinephrine472 and the alpha2 adrenergic agonist 
brimonidine473 decrease BF when applied topically as a 
single dose.

The role of adrenergic drugs in the control of BF in the 
back of the eye has attracted much interest because topical 
α-receptor agonists and β-receptor antagonists are used in 
glaucoma treatment. Exogenous norepinephrine does not 
affect retinal BF in experimental animals or healthy 
humans.466,474 Both increases and decreases in choroidal BF 
have been reported after systemic administration of nor-
epinephrine in experimental animals,475,476 but the data 
are difficult to interpret due to the pronounced concomi-
tant increase in ABP. β-receptors have been located in the 
retina and the choroid,477,478 and have been shown to be 
involved in vasodilation in the choroid during sympathetic 

frequencies, whereas NPY is released at high frequencies.451 
In humans, NPY is only released during high levels of stress, 
e.g. exhaustive exercise, vaginal delivery, panic attacks, and 
cold exposure452 Thus, the role of NPY in normal blood flow 
regulation in the choroid is unclear. The sympathetic system 
presumably prevents hyper-perfusion during increased 
ocular PP443 induced, for example, during isometric exer-
cises,453 a situation where NPY may play a role. NPY has also 
been implicated in ocular pathology (Box 10.3).

There is unequivocal evidence that parasympathetic 
(facial nerve) stimulation increases choroidal BF in a variety 
of species.49,50 Choroidal vasodilatation is blocked by gan-
glion blockade,50 an effect indicative of a nicotinic synapse 
between the nervous system and the eye. A variety of neuro-
transmitters have been implicated in the choroidal vasodila-
tor response to parasympathetic stimulation. These include 
acetylcholine, vasoactive intestinal peptide (VIP),454 pituitary 
adenylate cyclase activating polypeptide (PACAP),455 and 
NO;45,432,456 all of them are present in nerve cell bodies in 
pterygopalatine ganglion. VIP and neuronal NOS have also 
been localized to intrinsic choroidal neurons,45,46 that may 
be a part of the same nervous pathway. Physiological experi-
ments indicate that the significance of the different neuro-
transmitters vary between species. In rabbits, VIP and PACAP 
are potent vasodilators when given intravenously,457,458 and 
the vasodilatation caused by facial nerve stimulation is  
only slightly affected by muscarinic blockade and NOS- 
inhibition.459 In the cat, the responses are reversed, that is 
the response to nerve stimulation is significantly reduced by 
combined muscarinic blockade and NOS-inhibition,432 
whereas intravenous infusion of VIP460 or PACAP (Nilsson, 
SFE, personal communication) has no effect on uveal blood 
flows. Thus, acetylcholine and NO seem to be the most 
important transmitters in the cat, whereas in the rabbit, 
peptides seem to play a larger role.

Adenosine
Adenosine, a breakdown product of cellular adenosine tri-
phosphate, is a modulator of synaptic transmission and a 
potent vasodilator in many vascular beds. In newborn piglets 
adenosine induces retinal vasodilatation via the adenosine 
A2-receptor subtype461 and plays a role in hypoxia-induced 
vasodilatation and retinal autoregulation.462 Adenosine 
increases choroidal BF in cats and both choroidal and ONH 
BF in humans.463,464 It plays a role in hypoxia-induced 
vasodilatation and retinal autoregulation by potentiating the 

Box 10.3  NPY and ocular pathology

Activation of the NPY receptor Y1 causes proliferation of vascular 
smooth muscles cells (VSMC), activation of platelets and 
formation of foam cells, which has implicated NPY to play a role 
in atherosclerosis. Y2 receptors on VSMC stimulate angiogenesis 
via mechanisms involving VEGF, eNOS, and fibroblast growth 
factor (FGF).452,538 Polymorphism in the gene encoding for 
prepro-NPY is a risk factor for developing diabetic retinopathy in 
patients with type 2 diabetes.539,540 Experimental animal models 
have implicated a role of NPY and Y2 receptors in oxygen-
induced retinopathy, indicating a possible role in the 
development of retinopathy of prematurity (ROP).540,541
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Ciliary BF plays an important role by supplying the neces-
sary nutrients for the production of aqueous humor. It has 
been found that in anesthetized rabbits and monkeys 
aqueous production is independent of moderate reductions 
in ABP or ciliary BF.489,493,494 In rabbits aqueous flow is unaf-
fected until ciliary BF declines below 74 percent of control; 
when BF is below this critical value, aqueous production 
becomes flow-dependent, decreasing with further BF 
decreases.494

Ocular blood flow and its regulation  
in diseases

Diabetes
The hypothesis that altered retinal BF plays a role in the 
development of diabetic retinopathy (DR) was made more 
than 25 years ago.495 It has since led to numerous investiga-
tions of BF in the various tissues of the eye in this disease 
aimed at getting some insight into the progression of DR. At 
present this knowledge is rather controversial since some of 
the observations appear to be contradictory.59,496 Discrepan-
cies in the findings may be due to differences in the type of 
patients, i.e. type I versus type II diabetes, controlled versus 
poorly controlled diabetes, improvement in the degree of 
glucose control over the years, short- versus long-duration of 
the disease, and presence or absence of other concomitant 
diseases, such as systemic hypertension.497

Increased D of the retinal arterioles and veins is seen early 
in the disease.497,498 On the other hand, retinal BF seems to 
be unaffected in eyes with well-regulated diabetes until more 
severe retinopathy develops.498–501 In patients with prolifera-
tive DR, retinal hemodynamics seems to depend on the 
specific pathologic features. For example, reduced retinal BF 
and vessel staining seem to be associated with severe capil-
lary non-perfusion.502

Retinal vessels in eyes with minimal or no DR show a 
reduced vasoconstriction in response to isocapnic hyper-
oxia,503 and an altered retinal BF response, which is corre-
lated with the degree of DR (Fig. 10.25).504 This altered 
reactivity occurs in the absence of any difference in baseline 
hemodynamic values499 and is related to the objectively 
defined magnitude of retinal edema.499

The ability of retinal BF to respond to changes in ocular 
PP is altered in diabetes, whether the PP is decreased through 
an increase of the IOP,505 increased by treatment with 
tyramine506 or by isometric exercises.507 This alteration is 
further accentuated by hyperglycemia506 and more prevalent 
in patients with autonomic dysfunction than in those with 
an intact autonomic nervous system.508 Presumably, the 
hyperglycemia prevents a normal autoregulatory response to 
the additional stress induced by the increase in PP.506

The response of D of retinal vessels to diffuse luminance 
flicker is blunted in insulin-dependent diabetic patients in 
comparison to healthy controls, due either to a vascular 
abnormality (endothelial dysfunction or loss of pericytes) 
and/or decreased neural activity response509 resulting from 
selective abnormalities of Müller glial cell function.510 These 
cells probably play an important role in the coupling 
between retinal neural activity and BF.368 The blunting occurs 

stimulation after blocking the adrenergic α-receptors.479 Still, 
stimulation of the β-receptor has no effect on retinal vessels 
in vitro468,480 and no consistent effect on ocular BF has been 
seen in clinical studies.471

Alpha-receptor subtypes can be found in the ocular tissues 
of pigs and rabbits.481 In porcine ciliary arteries the α2-
receptor agonist brimonidine is a potent vasoconstrictor.482 
The majority of animal and human studies suggest a lack of 
influence of brimonidine on retinal, ONH, and choroidal 
BF.471 The role of the dopaminergic system in the control of 
ocular BF appears to be complex. It has been reported that 
dopamine antagonists increase BF in all rabbit eye tissues.483 
On the other hand, dopamine itself induces vasodilatation 
in the rabbit choroid via the D1/D5 receptor subtype.484 In 
humans, dopamine i.v. causes a slight but significant increase 
in retinal D.380 These results may reflect the complex inter-
play of the different types of dopamine receptors in the 
control of ocular BF with the D1 and D5 receptors mediating 
vasodilatation and the D2, D3, and D4 receptors tending to 
mediate vasoconstriction.

Vasodilators
While intracranial stimulation of the oculomotor nerve 
induces a vasconstriction in the rabbit iris,485 topical applica-
tion of the cholinergic agonist pilocarpine in monkeys mark-
edly increases anterior segment BF while having no effect in 
the back of the eye.198

Potential effects on ocular circulation for two other com-
monly used glaucoma drugs, topical carbonic anhydrase 
inhibitors and prostaglandin F2α-analogs, have also been 
examined. However, in clinical use none of them can be 
expected to have an effect in the back of the eye. Systemic 
administration of carbonic anhydrase inhibitors, such as 
acetazolamide, have marked effects on cerebral BF,486 most 
likely secondary to increased local carbon dioxide tension. 
A similar effect is seen in the eye where systemic administra-
tion of acetazolamide or dorzolamide increases oxygen 
tension close to the optic disc in pigs.487 A tendency to 
increased oxygen tension could also be seen when dorzola-
mide was applied as eye drops applied every 2.5 min for 3 
hours for a total dose of about 40 mg,488 but a single dose 
cannot be expected to have any significant effect.

Prostaglandin F2α is often used to induce vasoconstriction 
in vitro, an effect seen at very high doses. Analogs that are 
more selective for the prostanoid FP receptor such as the 
analogs used in clinical practice today, have no effect on 
vessel diameter,442 and in monkeys topical application of the 
prostaglandin F2α-analog latanoprost in a dose 10 times the 
clinically used dose induced conjunctival hyperemia and a 
tendency to increased BF in the anterior sclera, but no effect 
in the back of the eye.441

Ciliary blood flow regulation
Ciliary BF demonstrates some autoregulatory capacity in 
animals.189,489 In humans, data on this capacity are lacking 
due to the difficulties of developing a measuring technique 
in this inaccessible tissue. Several systems play a role in the 
regulation of ciliary BF, such as the cholinergic system,198 NO 
and the adrenergic system.490–492 Dopamine increases ciliary 
BF in rabbits, presumably by acting via D1/D5 dopamine 
receptor activation, as in the choroid.484



266

SECTION 4 Nutrition of the eye  Chapter 10  Ocular Circulation

the retinal circulation was indeed found in eyes with glau-
coma with the blue field simulation technique.518 This inves-
tigation determined the maximum, acutely increased IOP 
above resting IOP at which retinal macular leukocyte speed 
is maintained constant by autoregulation. This maximum 
IOP was 25 ± 1.5 mmHg (± 1 SD) for the POAG patients 
and 30 ± 3.6 mmHg in the normal subjects. Studies with 
other techniques have also suggested that autoregulation of 
retinal and/or ONH BF is reduced in eyes with glaucoma. 
Thus retinal venous D response to short-term elevations in 
IOP was found to be altered519 and changes in rim perfusion 
after a therapeutic IOP reduction520 suggest that autoregula-
tion may be defective in eyes with glaucoma while intact in 
ocular hypertension. Also the increase of D in retinal veins 
and of ONH BF in response to flicker were found to be sig-
nificantly diminished in glaucoma patients as compared 
with healthy volunteers,367,521 both indicative of an impair-
ment of neurally mediated vasoreactivity. A reduced ONH 
BF-response was also observed in patients with ocular hyper-
tension.367 Whether altered ONH BF regulation represents a 
risk factor for the development and progression in glaucoma 
remains to be shown.

Age-related macular degeneration
The pathophysiology of this disease is largely unknown.522 
In recent years, based on the assumption that early in the 
development of AMD there is thickening and loss of elastic-
ity of ocular vessel walls due to atherosclerotic processes, it 
was proposed that reduced choroidal BF could play an 
important role in the pathogenesis of AMD.523–525 The hemo-
dynamic model of AMD is supported by a number of in vitro 
studies showing an association between morphological 
changes in Bruch’s membrane, loss of RPE, and capillary 
dropout.526 To investigate the possibility that a vascular com-
ponent is involved in AMD subfoveal choroidal BF was 
measured, demonstrating lower LDF flow rates in eyes with 
AMD compared to healthy eyes.527 However, one cannot 
exclude that morphological changes in AMD eyes may well 
contribute to the difference. On the other hand, measure-
ments of subfoveal choroidal BF changes in response to 
isometric exercises, have revealed an altered BF regulation.528 
Thus, whereas these in vitro and in vivo studies have estab-
lished a relation between AMD and choroidal BF alterations, 
it still remains to be demonstrated that these alterations 
represent a risk factor in the pathogenesis of AMD and 
choroidal neovascularization.
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C H A P T E R 11 

Production and Flow of 
Aqueous Humor

B’Ann True Gabelt & Paul L. Kaufman

In the healthy eye, flow of aqueous humor against resistance 
generates an intraocular pressure (IOP) of approximately 
15 mmHg, necessary for the proper shape and optical prop-
erties of the globe.1 The circulating aqueous nourishes the 
cornea and lens, structures which must be transparent and 
therefore devoid of blood vessels1 as well as the trabecular 
meshwork (TM). The aqueous also provides a transparent 
and colorless medium of refractive index 1.33332 between 
the cornea and lens, thus constituting an important compo-
nent of the eye’s optical system.1 The basic anatomy of the 
primate anterior ocular segment and the normal pathways 
of aqueous humor flow are illustrated schematically in 
Figures 11.1 and 11.2.

Aqueous humor is secreted by the ciliary epithelium 
lining the ciliary processes (as a consequence of active ionic 
transport across the ciliary epithelium and hydrostatic and 
osmotic gradients between the posterior chamber and the 
ciliary process vasculature and stroma), and enters the pos-
terior chamber. It then flows around the lens and through 
the pupil into the anterior chamber. There is convection flow 
of aqueous in the anterior chamber – downward close to the 
cornea where the temperature is cooler, upward near the lens 
where the temperature is warmer (seen clinically when there 
is particulate matter in the anterior chamber – e.g. cells). 
Aqueous leaves the eye by passive bulk flow mainly via two 
pathways at the anterior chamber angle:

(1) through the TM, across the inner wall of Schlemm’s 
canal into its lumen, and thence into collector 
channels, aqueous veins, and the episcleral venous 
circulation – the trabecular or conventional route;

(2) across the iris root, uveal meshwork, and the anterior 
face of the ciliary muscle, through the connective tissue 
between the muscle bundles, the suprachoroidal space, 
and thence out through the sclera – the uveoscleral, 
posterior, or unconventional route.

Whether or not there is a net osmotic resorption of some 
of the aqueous passing through the uvea by the uveal venous 
circulation has not been verified.2,3 In young individuals of 
various monkey species, total aqueous drainage is relatively 
evenly divided between the two pathways.4–8 In the human 
eye, the uveoscleral pathway has more recently been shown 
to play a more prominent role in aqueous outflow than was 
originally suggested by earlier studies.9,10 By using indirect 

methods, such as fluorophotometry, uveoscleral outflow 
accounts for approximately 35–55 percent of total aqueous 
drainage in younger humans.10,11 In normal healthy subjects 
60 years of age or older, uveoscleral outflow is significantly 
reduced compared to that of 20–30-year-olds (mean ± SD = 
1.10 ± 0.81 vs 1.52 ± 0.81 µl/min; p<0.009).11 Similarly, in 
rhesus monkeys >25 years of age (human equivalent >62 
years of age) uveoscleral outflow is also dramatically reduced 
(0.33 ± 0.08 vs 0.63 ± 0.07 µl/min, mean ± SEM).8 There 
is no significant net fluid movement across the cornea,  
iris vasculature, or vitreoretinal interface, although ion  
fluxes exist.12,13

Due to the autonomic innervation and receptors of the 
relevant structures, adrenergic and cholinergic mechanisms 
play major roles in aqueous humor formation and drainage 
in terms of both normal physiology and glaucoma thera-
peutics,14–17 while evidence for other mechanisms, including 
serotonergic,18 dopaminergic,19–22 adenosinergic,23–27 nitrer-
gic,28–31 cannabinergic,32–35 prostaglandin(PG)ergic,36,37 and 
cytoskeletal (see review38), has been established.

Aqueous humor formation

Physiology of aqueous humor formation
Until the early twentieth century, aqueous humor was 
regarded as a stagnant fluid.39 Since that time, however, it 
has been shown to be continuously formed and drained39 
and the associated anatomic drainage portals (Schlemm’s 
canal, collector channels, aqueous veins, ciliary muscle inter-
stices) have been described.13,40

Three physiologic processes contribute to the formation 
and chemical composition of the aqueous humor: diffusion, 
ultrafiltration (and the related dialysis), and active secre-
tion.1 Diffusion and ultrafiltration are responsible for the 
formation of the “reservoir” of the plasma ultrafiltrate in the 
stroma, from which the posterior chamber aqueous is 
derived, via active secretion across the ciliary epithelium. 
Energy-dependent active transport of sodium into the pos-
terior chamber by the non-pigmented ciliary epithelium 
(Fig. 11.3) results in water movement from the stromal pool 
into the posterior chamber. It seems fairly certain that under 
normal conditions active secretion accounts for perhaps 
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be some contribution from fluid directly entering the ante-
rior chamber across the anterior surface of the iris.55,56

In most mammalian species, the turnover constant of the 
anterior chamber aqueous humor is ~0.01 to 0.015 × min−1, 
that is, the rate of aqueous humor formation and drainage 
is ~1.0 to 1.5 percent of the anterior chamber volume per 
minute.50,55,57 This is true also in the normal human eye, in 
which the aqueous formation rate is ~2.5 µl × min−1.11,58

More comprehensive theoretic analyses of the fluid 
mechanics of aqueous production can be found 
elsewhere.1,56,59–62

Biochemistry of aqueous humor formation
The structural basis for aqueous humor secretion is the bilay-
ered ciliary epithelium.63 This consists of the pigmented epi-
thelium (PE) facing the ciliary stroma and the non-pigmented 
epithelium (NPE) facing the aqueous humor. The PE and 
NPE are connected to each other at their apical membranes 
through gap junctions, thereby forming a complex syncy-
tium. Tight junctions are present between the apical borders 

80–90 percent of total aqueous humor formation.12,41–43 The 
observation that moderate alterations in systemic blood 
pressure and ciliary process blood flow have little effect on 
aqueous formation rate supports this notion.12,44

Furthermore, Bill45 noted that the hydrostatic and oncotic 
forces that exist across the ciliary epithelium–posterior 
aqueous interface favor resorption, not ultrafiltration, of 
aqueous humor. Active secretion is essentially pressure-
insensitive at near-physiologic IOP. However, the ultrafiltra-
tion component of aqueous humor formation is sensitive to 
changes in IOP, decreasing with increasing IOP. This phe-
nomenon is quantifiable and is termed facility of inflow, or 
pseudofacility, the latter because a pressure-induced decrease 
in inflow will appear as an increase in outflow when tech-
niques such as tonography and constant-pressure perfusion 
are used to measure outflow facility.46–50 Although measure-
ments vary, pseudofacility in the non-inflamed monkey and 
human eye constitute a very small percentage of total facil-
ity.50–54 Recently it has been argued that fluid transport rates 
exhibited by the ciliary epithelia are insufficient to account 
for the rate of aqueous humor formation and that there may 
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abundantly present in the non-pigmented ciliary epithelium  
are intimately involved in this process: sodium-potassium- 
activated adenosine triphosphatase (Na+-K+-ATPase) and 
carbonic anhydrase.64–71 Na+-K+-ATPase is found predomi-
nantly bound to the plasma membrane of the basolateral 
infoldings of the non-pigmented ciliary epithelium.66,69–71

of NPE cells where they form a barrier that restricts paracel-
lular diffusion.

The active process of aqueous secretion is mediated via 
selective transport of certain ions and substances across  
the basolateral membrane of the non-pigmented ciliary  
epithelium against a concentration gradient. Two enzymes  

Figure 11.2 (A) Blood supply to the ciliary 
processes. CCM, Circular ciliary muscle; LCM, 
longitudinal ciliary muscle; RCM, radial ciliary muscle. 
(B) Vascular architecture in the human ciliary body. 
1, Perforating branches of the anterior ciliary arteries; 
2, major arterial circle of iris; 3, first vascular territory. 
The second vascular territory is depicted in 4a, 
marginal route, and 4b, capillary network in the 
center of this territory. 5, Third vascular territory; 6 
and 7, arterioles to the ciliary muscle; 8, recurrent 
choroidal arteries. (Modified from Caprioli J: The ciliary 

epithelia and aqueous humor. In Hart WM [ed]: Adler’s 

physiology of the eye: clinical application, ed 9, St Louis, 

1992, Mosby; and Funk R, Rohen JW: Exp Eye Res 51:651, 

1990.)
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electroneutrality, anions must accompany the actively 
secreted Na+, chloride can pass through chloride channels in 
the basolateral membrane and HCO3

− can enter aqueous via 
exchange with chloride. The active transport of Na+ and the 
accompanying anions create high osmolarity on the basola-
teral side of the NPE cells, which causes diffusion of water 
out of the cells. The movement of water is facilitated by 
aquaporins in NPE cells (aquaporins 1 and 4).82–84 AQP1 
null mice have decreased IOP and aqueous humor produc-
tion compared to normals.82 Sodium and chloride must 
continuously enter the pigmented epithelial cells for the 
continuous secretion of aqueous humor. This is achieved by 
Na+/H+ and Cl−/HCO3

− antiports and by the Na-K-2Cl 

As a result of the primary active transport of Na+, other 
ions and molecules are transported over the epithelium by 
secondary active transport. Thus, aqueous humor in humans 
exhibits increased levels of ascorbate, some amino acids, and 
certain ions such as CI− as compared to plasma.72 There is 
also a passive transporter for HCO3

−.1,73 A summary of the 
biochemistry of aqueous secretion is shown in Figure 11.3.

Inhibition of the ciliary process Na+-K+-ATPase by cardiac 
glycosides (e.g. ouabain) or vanadate (VO3

−, VO4
3−) signifi-

cantly reduces the rate of aqueous humor formation and  
IOP in experimental animals66,74–81 and humans,79 showing 
that the primary active transport of Na+ is the primary driving 
force for the secretion of aqueous humor. To maintain  

Figure 11.3 Pathways for unidirectional secretion (A) and possible 
reabsorption (B) across the ciliary epithelium. PE, pigmented 
ciliary epithelial cells; NPE, non-pigmented ciliary epithelial cells.  
((A) From McLaughlin CW et al: Am J Physiol Cell Physiol 293:C1455, 2007. 

Used with permission.)
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glaucoma therapy for over 50 years.102,104,107 It was once 
thought that the drug concentration at the ciliary epithelium 
required to produce nearly continuous, total ciliary CA  
inhibition necessary to achieve adequate and sustained 
reduction in aqueous humor formation (over 99 percent of 
the ciliary enzyme must be inhibited to achieve signifi-
cant secretory suppression) might never be attainable via  
the eyedrop route. Fortunately, there are now available  
topically effective CA inhibitors such as dorzolamide112–116 
and brinzolamide116–118 which may achieve substantial 
(albeit usually not quite as much) reduction in IOP as the 
earlier oral CA inhibitors but without their systemic 
side-effects.102,114,119

Aqueous humor composition

The composition of aqueous humor differs from that of 
plasma as a result of two important physiological character-
istics of the anterior segment: a mechanical epithelial/
endothelial blood–aqueous barrier, and active transport  
of various organic and inorganic substances by the ciliary 
epithelium. The greatest differences are the low protein  
and high ascorbate concentrations in the aqueous relative  
to plasma (200 times less and 20 times greater, 
respectively).120–123

The protein concentration in the peripheral portion of the 
anterior chamber, close to the meshwork, may be much 
higher than in the more central region because of protein 
entry directly from the peripheral iris, as demonstrated in 
monkey and human eyes.124–127 When the aqueous protein 
concentration rises much above its normal 20 mg/100 mL,128 
as in uveitis, the resultant light scattering (Tyndall effect) 
makes the slit-lamp beam visible as it traverses the anterior 
chamber (a phenomenon known as “flare”).

The high ascorbate concentration may help protect the 
anterior ocular structures from ultraviolet light-induced oxi-
dative damage.129 Ascorbate functions as an antioxidant, 
regulates the sol–gel balance of mucopolysaccharides in the 
TM, or partially absorbs ultraviolet radiation,130 as diurnal 
mammals have approximately 35 times the concentration of 
aqueous ascorbate compared to nocturnal mammals.131 
Extensive and repeated oxidative stress in vivo may result in 
reduced TM cell adhesion, leading to TM cell loss which is 
associated with glaucomatous conditions.132,133

Lactate is also normally in excess in the aqueous, presum-
ably as a result of glycolytic activity of the lens, cornea, and 
other ocular structures.107,128 Other compounds or ions in 
excess in the aqueous relative to plasma are Cl− and certain 
amino acids.72 Glucose, urea, and non-protein nitrogen con-
centrations are slightly less than in plasma.72,134 Oxygen is 
also present in the aqueous humor, at a tension determined 
to lie between 13 to 80 mmHg, depending upon the method 
of measurement.135,136

Blood–aqueous barrier
The blood–aqueous barrier is a functional concept, rather 
than a discrete structure, invoked to explain the degree to 
which various solutes are relatively restricted in travel from 
the ocular vasculature into the aqueous humor. The capillar-
ies of the ciliary processes and choroid are fenestrated, but 

cotransporter. In vivo as well as in vitro studies support the 
involvement of these transporters and channels in the for-
mation of aqueous humor.85–87

Transport of Cl− ions plays an equally important role as 
the active transport of Na+ ions as the driving force for 
aqueous humor formation.88–90 In isolated bovine eyes, 
aqueous humor is formed mostly by processes involving 
active secretion and chloride transport.88 In rabbit prepara-
tions, the release of Cl− ions is enhanced by agonists of 
A3 adenosine receptors.85 A3 adenosine receptor-activated 
agonists and antagonists, respectively, increase and lower 
IOP in mice.91 Bestrophin-2, a protein which regulates 
Ca2+-activated Cl− conductance, is localized to the non-
pigmented ciliary epithelium, suggesting that it may play a 
role in regulating aqueous humor formation. Mice deficient 
in bestrophin-2 have significantly diminished IOP.92

In bovine eyes in vitro, 4,4′-diisothiocyanatostilbene-2,2′-
disulfonic acid (DIDS, a probable inhibitor of the Cl−/
HCO3

− exchanger, the Na-HCO3 cotransporter, and chloride 
channel) and 5-nitro-2-(3-phenylpropylamino)-benzoic 
acid (NPPB, a chloride channel blocker in non-pigmented 
cells) reduce aqueous humor formation by 55 percent and 
25 percent respectively.88 In mice, topical inhibitors of Na+/
H+ antiports lower IOP.93 Bumetanide (a specific inhibitor 
of Na-K-2Cl cotransport) and furosemide (a nonspecific 
anion transport inhibitor) reduce aqueous humor formation 
by 35 and 45 percent in bovine eyes in vitro.88 Also, catecho-
lamines such as epinephrine, norepinephrine, isoproterenol 
and dopamine, that stimulate aqueous humor formation in 
humans also stimulate Na-K-Cl cotransport.89 However, 
topical application of bumetanide to mice93 or monkeys94 
has no effect on IOP.

Carbonic anhydrase (CA) is abundantly present in the 
basal and lateral membranes and cytoplasm of the pig-
mented epithelium and non-pigmented epithelium of the 
ciliary processes.95–99 Isoenzymes of CA (II, IV and XII) are 
present in the ciliary processes.100,101

The conversion of CO2 and H2O to carbonic acid and its 
subsequent dissociation to H+ and HCO3

− provides the 
HCO3

−, which is essential for the active secretion of aqueous 
humor. Inhibition of the production of HCO3

− also leads to 
an inhibition of the active transport of Na+ across the non-
pigmented ciliary epithelium into the first-formed aqueous, 
thereby reducing active aqueous humor formation. There are 
several hypotheses to explain the relationship between 
reduction in non-pigmented ciliary epithelium intracellular 
HCO3

− and inhibition of Na+ transport including:

(i) inhibition of CA causing a decrease in HCO3
− 

available for transport with Na+ from the cytosol of 
the non-pigmented ciliary epithelium to the aqueous, 
required to maintain electroneutrality;

(ii) reduction in intracellular pH inhibiting Na+-K+-
ATPase, and

(iii) decreased availability of H+ decreasing H+/Na+ 
exchange and reducing the availability of intracellular 
Na+ for transport into the intercellular channel.

In addition, inhibition of renal and erythrocyte CA leads 
to a systemic acidosis which promotes inhibition of aqueous 
humor formation.102

CA inhibitors given systemically can reduce secretion by 
up to 50 percent95,98,103–111 and have been in use for clinical 
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(due to plasma protein blockage of the TM). Prostaglandin 
release during inflammation may contribute to the hypo -
tony by increasing aqueous outflow via the uveoscleral 
route.154,155 When the noxious stimulus is removed, however, 
the ciliary body may recover before the TM, and the resulting 
normalization of the aqueous humor formation and uveo-
scleral outflow rates in the face of still compromised conven-
tional outflow pathways leads to elevated IOP, as seen from 
the modified Goldmann equation: 

IOP AHF F C Pu trab e= −( )[ ]+

where IOP = intraocular pressure, AHF = aqueous humor 
formation, Fu = uveoscleral outflow, Ctrab = facility of outflow 
from the anterior chamber via the TM and Schlemm’s canal, 
Pe = episcleral venous pressure (the pressure against which 
fluid leaving the anterior chamber via the trabecular– 
canalicular route must drain).156

Active transport
The ciliary processes possess the ability to actively transport 
a variety of organic and inorganic compounds and ions out 
of, or to exclude them from, the eye, that is, to move them 
from the aqueous or vitreous to the blood against a concen-
tration gradient. Para-aminohippurate (PAH), diodrast, and 
penicillin are examples of large anions that are actively trans-
ported out of the eye. These systems are similar to those in 
the renal tubules and satisfy all the criteria for active trans-
port: saturability, energy and temperature dependence, 
Michaelis Menten kinetics, inhibition by ouabain and 
probenecid, etc.72,157–166 In addition, another system can 
actively excrete injected iodide from the aqueous, resem-
bling iodide transport in the thyroid and salivary glands.159 
The physiologic role of these outward-directed systems is 
unknown. With the discovery that prostaglandins may be 
actively transported out of the eye,167,168 some workers have 
suggested that such outward-directed mechanisms may rid 
the eye of biologically active substances which are no longer 
needed or may even be detrimental.157,161,169,170 The various 

the interdigitating surfaces of the retinal pigment epithelia 
and the ciliary process non-pigmented epithelia respectively 
are joined to each other by tight junctions (zonulae occlu-
dens) and constitute an effective barrier to intermediate- and 
high-molecular-weight substances, such as proteins.128,137–147 
The endothelia of the inner wall of Schlemm’s canal are 
similarly joined,140,148 preventing retrograde movement of 
solutes and fluid from the canal lumen into the TM and 
anterior chamber. Tight junctions are also present in the 
iridial vascular endothelium149 as well as between the iris 
epithelia.150 For present purposes, one may say that the 
blood–aqueous barrier comprises the tight junctions of the 
ciliary process non-pigmented epithelium, the inner wall 
endothelium of Schlemm’s canal, and the iris vasculature, 
and the outward-directed active transport systems of the 
ciliary processes (see below). A more universal concept of 
the blood–aqueous barrier must deal with the movement of 
smaller molecules, lipid-soluble substances, and water into 
the eye.128

With disease-, drug-, or trauma-induced breakdown of the 
blood–aqueous barrier (Table 11.1), plasma components 
enter the aqueous humor. Net fluid movement from blood 
to aqueous increases, but so does its IOP dependence (pseu-
dofacility).151 Total facility, as measured by IOP-altering 
techniques cannot distinguish pseudofacility from total 
outflow facility (Ctot) and therefore erroneously record the 
pseudofacility component as increased Ctot (hence the term, 
“pseudofacility”) and therefore underestimate the extent to 
which the outflow pathways have been compromised by the 
insult. Under these circumstances, increased pseudofacility 
provides some protection against a precipitous rise in IOP; 
as IOP rises, aqueous inflow by ultrafiltration is partly sup-
pressed, blunting (but not completely suppressing)138,152 
further IOP elevation. Additionally, the inflammatory process 
which occurs during blood–aqueous barrier breakdown 
leads to a reduction in active secretion of aqueous humor, 
possibly via interference with active transport mecha-
nisms.6,153 This in turn may actually produce ocular hypo-
tony, despite compromised conventional outflow pathways 

Table 11.1 Factors interrupting the blood–aqueous barrier

I. Traumatic II. Pathophysiologic III. Pharmacologic

A. Mechanical A. Vasodilation A. Melanoycte-stimulating hormone

 1. Paracentesis  1. Histamine B. Nitrogen mustard

 2. Corneal abrasion  2. Sympathectomy C. Cholinergic drugs, especially cholinesterase 
inhibitors

 3. Blunt trauma B. Corneal and intraocular infections D. Plasma hyperosmolality

 4. Intraocular surgery C. Intraocular inflammation

 5. Stroking of the iris D. Prostaglandins (varies with type, dose and species)

B. Physical E. Anterior segment ischemia

 1. Radiotherapy

 2. Nuclear radiation

C. Chemical

 1. Alkali

 2. Irritants (e.g. nitrogen mustard)

Modified from Stamper RL: Aqueous humor: secretion and dynamics. In Tasman W, Jaeger EA (eds): Clinical ophthalmology, vol 2, Philadelphia, 1979, Lippincott.
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vervet monkeys significantly increases the rate of aqueous 
humor formation.179 Numerous unmyelinated nerve fibers 
surround the stromal vessels of the ciliary processes; these 
are most likely noradrenergic and subserve vasomotion.128

Sympathetic denervation in monkeys does not alter 
resting aqueous humor formation and marginally affects the 
aqueous humor formation response to timolol or epine-
phrine.180 In humans with unilateral Horner’s syndrome, 
IOP, daytime aqueous humor formation, tonographic 
outflow facility and the flow and IOP response to timolol 
are similar in both eyes.181 However, eyes with Horner’s 
syndrome show a decrease in aqueous humor formation in 
response to epinephrine instead of the normal increase. Iso-
proterenol, on the other hand, increases flow during sleep 
in both normal and Horner’s syndrome eyes but has no 
significant effect on flow in either during the day.182 Chemi-
cal sympathectomy with guanethidine sulfate in glaucoma-
tous humans lowers IOP, presumably by reducing aqueous 
humor production measured indirectly by tonography.183 
VIP stimulated aqueous formation following intravenous 
administration in monkeys is secondary to activation of the 
sympathetic nervous system while the effect of intracameral 
administration of VIP is a direct effect on the ciliary epithe-
lium.184 PACAP appear to be slightly more potent than VIP 
as a stimulator of aqueous humor flow in the monkey.177 
The role of sympathetic innervation in mediating aqueous 
inflow and outflow responses to pharmacologic agents 
remains largely uncertain. Also the role of sympathetic 
innervation in mediating inflow responses can vary depend-
ing on the species used, i.e. rabbits vs monkeys, as is found, 
for example, with opioid agonists.185,186

Cholinergic mechanisms
The effects of cholinergic drugs on aqueous humor forma-
tion and composition and on the blood–aqueous barrier are 
unclear. Overall, cholinomimetics have little effect on the 
volumetric rate of aqueous humor formation. In general, 
cholinergic drugs cause vasodilation in the anterior segment 
resulting in increased blood flow to the choroid, iris, ciliary 
processes, and ciliary muscle (see Chapter 10). However 
cholinergic drugs may also promote vasoconstriction in the 
rabbit eye.187 Congestion in the iris and ciliary body is a 
well-recognized clinical side-effect of topical cholinomimet-
ics, especially the anticholinesterases.188 The presence of flare 
and cells in the aqueous humor by biomicroscopy indicates 
that these agents can cause breakdown of the blood–aqueous 
barrier and perhaps frank inflammation.188 Pilocarpine 
increases blood–aqueous barrier permeability to iodide189 
and inulin.190 Cholinergic drugs may alter the aqueous 
humor concentration of inorganic ions191 and the movement 
of certain amino acids from the blood into the aqueous 
humor and may also influence the outward-directed trans-
port systems of the ciliary processes.192,193 Cholinergic agents 
can disrupt the coupling and Na+ currents between pig-
mented and non-pigmented epithelial cells in vitro, suggest-
ing a possible inhibitory effect on aqueous secretion194,195 
although this is likely to be minimal as stated below.

Under certain conditions, pilocarpine may increase pseu-
dofacility.59,196 Using a variety of species, conditions, and 
experimental techniques, cholinergic agents or parasympa-
thetic nerve stimulation is reported to increase, decrease, or 

efflux transporters in ocular tissues are discussed in more 
detail in Chapter 17.

Pharmacology and regulation of 
aqueous humor formation and 
composition (Box 11.1)

IOP displays a circadian rhythm in animals and humans 
which is under the control of endogenous pacemaker struc-
tures including the suprachiasmic nucleus, which control the 
activity of sympathetic and parasympathetic ocular innerva-
tion.171 Sympathetic and parasympathetic nerve terminals 
are present in the ciliary body172–174 arising from branches of 
the long and short posterior ciliary nerves. These nerve fibers 
are of both the myelinated and non-myelinated variety. 
Parasympathetic fibers originate in the Edinger–Westphal 
nucleus of the third cranial nerve, run with the inferior divi-
sion of this nerve in the orbit, and synapse in the ciliary 
ganglion.175 Vasodilatory parasympathetic nerve fibers origi-
nating in the pterygopalatine ganglion are likely to release 
nitric oxide and vasoactive intestinal peptide (VIP) in addi-
tion to acetylcholine (see Chapter 10). Nerves displaying VIP 
immunoreactivity are also detected in the ciliary processes, 
posterior third of the ciliary muscle and around small to 
medium-sized blood vessels in the posterior uvea of the 
cat.176 Only a few VIP-positive fibers are found in the ciliary 
processes of humans and monkeys.177 In the cat eye, 
pituitary adenylate cyclase-activating peptide (PACAP)- 
containing nerve fibers are detected in the iris, ciliary body 
and conjunctiva. PACAP immunoreactivity co-localizes with 
VIP in the sphenopalatine ganglion and with calcitonin 
gene-related peptide (CGRP) in the trigeminal ganglion.178 
Sympathetic fibers synapse in the superior cervical ganglion 
and distribute to the muscles and blood vessels of the ciliary 
body. Stimulation of the cervical sympathetic nerves in 

Box 11.1 Aqueous Humor Formation

• β-adrenergic antagonists such as timolol, that lower IOP by 
decreasing aqueous humor formation, continue to be a 
mainstay in clinical glaucoma therapy

• Nocturnal IOP elevation in glaucomatous eyes may not be 
effectively eliminated with adrenergic-based glaucoma 
therapies

• α2-adrenergic agonists such as apraclonidine and 
brimonidine, are powerful ocular hypotensive agents, 
lowering IOP primarily by decreasing aqueous humor 
formation

• Long-term suppression of aqueous humor formation and 
redirection of aqueous drainage from the trabecular to the 
uveoscleral pathway could lead to underperfusion of the 
trabecular meshwork with detrimental morphologic and 
functional effects

• Brinzolamide or timolol added to latanoprost have similar 
ocular hypotensive effects and safety in POAG, NTG, or OHT.678 
The small difference in efficacy between the secretory 
suppressants is buried beneath the bigger IOP effect of 
latanoprost. This has to do with the physics of IOP; at a lower 
pressure, it is harder to get the same magnitude of effect
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to the ciliary epithelium. This results in a circadian fluc-
tuation of IOP.242 However it is suggested that IOP may 
actually increase in humans at night and that technical  
limitations may be responsible for previously reported  
IOP decreases.243,244 Nocturnal IOP elevation may play a 
more important role in glaucomatous progression than  
previously appreciated.241 β-Antagonists produce little 
additional reduction in aqueous humor formation during 
sleep245 or in pentobarbital-anesthetized monkeys.246 There-
fore adrenergic-based glaucoma therapies which target 
aqueous humor formation reduction may be less efficacious 
for combating the progression of glaucomatous damage 
than therapies targeting other mechanisms.

Sympathetic fibers synapse in the superior cervical gan-
glion and distribute to the muscles and blood vessels of the 
ciliary body, regulating blood flow to the ciliary process 
vasculature (see Chapter 10). Catecholaminergic and NPY-
ergic nerve fibers preferentially supply the vasculature and 
epithelium of the monkey anterior ciliary processes, suggest-
ing that they assist in the precise regulation of aqueous 
humor formation.247 Stimulation of the cervical sympathetic 
nerves in vervet monkeys significantly increases the rate of 
aqueous humor formation.179 However adrenergic tone to 
the ciliary epithelium may be humoral catecholaminergic 
rather than sympathetic innervational. Two major hormones 
of the adrenal gland, epinephrine and cortisol can regulate 
aqueous formation.248 Aqueous flow in human subjects cor-
relates with circulating catecholamine levels during sleep 
and wakefulness.249 Adrenergic drugs may exert their effect 
by causing localized constriction in the arterioles that supply 
the ciliary processes.250

Topically applied α1-adrenergic agonists and antagonists 
appear to have little effect on fluorophotometrically deter-
mined aqueous humor formation in the normal intact 
human eye.251,252 Clonidine, which has both α1-antagonist 
and α2-agonist properties, decreases aqueous humor forma-
tion and ocular blood flow.217,253–255 Therefore epine-
phrine may have a dual effect on aqueous humor formation: 
stimulation via β-adrenoceptors, and inhibition via α2-
adrenoceptors.256–258 α2-Adrenergic agonists, such as 
apraclonidine and brimonidine, are powerful ocular hypo-
tensive agents when applied topically, and lower IOP prima-
rily by decreasing aqueous humor formation.16,259 However, 
one study in humans suggests that brimonidine suppresses 
aqueous humor formation early on, but after 8–29 days of 
treatment the predominant effect is on uveoscleral outflow.260

Other agents
There are many other ways in which aqueous humor forma-
tion can be reduced pharmacologically (Table 11.2). Effec-
tive compounds include: the guanylate cyclase activators 
atrial natriuretic factor261,262 and the nitrovasodilators sodium 
nitroprusside,263,264 sodium azide,265 and nitroglycerin.263 
8-Bromo cyclic GMP also reduces the aqueous humor forma-
tion rate by 15–20 percent in the monkey.266 Atrial natriu-
retic factor injected intravitreally reduces IOP and aqueous 
humor formation in rabbits and monkeys.262 However, 
intracameral and intravenous administration of atrial natri-
uretic factor to monkeys increases aqueous humor forma-
tion.267 Atrial natriuretic factor levels are elevated in aqueous 
humor of rabbits following topical treatment with kappa 

not alter the aqueous humor formation rate and to increase 
slightly the episcleral venous pressure.197–208 These appar-
ently confusing results may indicate that cholinergic drug 
effects on these parameters are extremely dependent on 
species and technique-related factors and on the ambient 
neurovascular milieu. In any event, the effects on the rate of 
aqueous humor formation and episcleral venous pressure 
are surely minor in most instances, and not responsible for 
the drug-induced decrease in IOP that forms the basis of the 
therapeutic efficacy of pilocarpine in chronic glaucoma;  
the latter resides in its ability to decrease outflow resistance 
via its effect on the ciliary muscle and perhaps, to a much 
lesser extent, directly on the TM209 (see Aqueous Humor 
Drainage).

Adrenergic mechanisms
The precise role and receptor specificity of adrenergic mecha-
nisms in regulating the rate of aqueous humor formation  
are unclear. At one time it was generally believed that long-
term topical administration of epinephrine, a combined α1, 
α2, β1, β2-adrenergic agonist, would decrease the rate of 
aqueous humor formation.107 This effect was thought to be 
mediated by β-adrenergic receptors in the non-pigmented 
ciliary epithelium, via activation of a membrane adenylate 
cyclase.68,210,211 Further, forskolin, which directly and irre-
versibly activates intracellular adenylate cyclase, in some,212,213 
albeit not all,214 studies decreases the rate of aqueous humor 
formation when given topically or intravitreally.

Fluorophotometric studies show that short-term topical 
administration of epinephrine increases aqueous humor  
formation;10,180,215 studies with other adrenergic agonists, 
including salbutamol,216 isoproterenol (isoprenaline),182 
and terbutaline,217 support this finding and are consistent 
with many studies showing that β-adrenergic antagonists 
unequivocally decrease aqueous humor formation.15,218,219

The ocular hypotensive action of β-antagonists led to their 
becoming mainstays of clinical glaucoma therapy: the non-
selective β1, β2 antagonists timolol,215,220–222 levobunolol,223 
and metipranolol,224 the non-selective β1, β2 partial agonist 
carteolol,225,226 and the relatively β1 selective antagonist 
betaxolol.227 Adrenergic receptors in the ciliary epithelium 
are of the β2 subtype,228–230 but antagonists that are relatively 
selective for β1 receptors (e.g. betaxolol) are effective 
(although less potent) in suppressing aqueous humor for-
mation.58,227,231–233 However, the apparent β1 efficacy may be 
related to a sufficiently high concentration reaching the 
ciliary epithelium so that non-selective blockade of β2 recep-
tors may occur.234

It is questioned whether β-adrenergic antagonists sup-
press aqueous humor formation via their effect on ciliary 
epithelial β-adrenergic receptors.77,181,211,214,235–237 There is 
evidence that classical β-adrenergic receptor blockade may 
not be involved, and that other receptor types such as  
5HT1A, may be relevant (see Other Agents).238 Furthermore, 
Na/K/2Cl cotransport stimulated by epinephrine and  
isoproterenol can be inhibited by β2-adrenergic receptor 
antagonists in human fetal non-pigmented ciliary epithelial 
cells.239

Aqueous humor formation is reduced by nearly 50 percent 
during sleep,58,240,241 due to the β-arrestin/cAMP cascade reg-
ulation of signal transduction from the β-adrenergic receptor 
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A component of marijuana (cannabis), Δ9-tetrahydro-
cannabinol, reduces secretion of aqueous in human volun-
teers285 when injected intravenously or when inhaled via 
marijuana smoking. In contrast, topical Δ9-tetrahydro-
cannabinol has no effect on the human eye.286,287 Studies 
demonstrate the presence of functional CB1 receptors in the 
ciliary processes and TM of human and animal tissue.288–290 
Topical application of the cannabinoid receptor agonist, 
WIN-55-212-2, significantly reduces aqueous humor forma-
tion in normal and glaucomatous cynomolgus monkeys,  
but without increasing outflow facility. The decrease in 
aqueous humor formation after a single application is  
insufficient to explain the reduction in IOP, suggesting that 
other mechanisms are involved.32 The endocannabinoid, 
2-arachidonylglyceral, increases outflow facility in a porcine 
organ culture system by an effect mediated through both 
CB1 and CB2 cannabinoid receptors and changes in the 
actin cytoskeleton in porcine TM cells.291

Other local, systemic, and surgical factors can reduce 
aqueous humor formation rate, as can age and exercise 
(Table 11.2). In a study of 300 normal volunteers, ages 5–83 
years, there is an average decline in aqueous flow of 25 
percent between the ages of 10–80 years.58 A smaller decline 
occurs in humans over 65 years of age.11 There is no age-
related decline in aqueous humor formation in rhesus 
monkeys 25–29 years of age (human equivalent 62–73 
years) compared to those 3–10 years or 19–23 years of age.8

Long-term use of drugs that decrease IOP by decreasing 
aqueous humor formation could adversely affect the eye.292 
During the course of several weeks of oral acetazolamide 

opioid agonists, which results in IOP reduction and aqueous 
humor formation suppression.268 However, non-kappa 
opioid mechanisms are responsible for aqueous humor for-
mation and IOP reductions in monkeys.185 Nitric oxide may 
be involved in mediating the IOP lowering response to mu3 
opioid agonists in rabbits.269–271

The serotonergic antagonist ketanserin reduces the 
aqueous humor formation rate in rabbits, cats, and 
monkeys.272 Serotonergic receptors of a 5-HTl A-like subtype 
are reported to exist in the iris-ciliary body of rabbits and 
humans.238,273,274 These receptors may be antagonized by 
timolol and other β-blockers.238 The 5-HTlA agonist 8-OH-
DPAT dose-dependently decreases IOP in normotensive 
rabbits during light and dark cycles.275,276 The more selective 
5-HTlA agonist flesinoxan also decreases IOP in rabbits.277 
However, the precise nature of the putative 5-HTlA-like recep-
tor subtype in the ciliary epithelium is still in question. Also, 
IOP and aqueous flow suppression of 5-HTlA receptor ago-
nists in non-human primates is variable.278 A selective 5-HT2 
agonist increases aqueous humor formation following 
topical treatment in monkeys but lowers IOP by increasing 
uveoscleral outflow.279

Metabolic inhibitors such as dinitrophenol decrease 
aqueous humor formation280 as do the cardiac glycosides 
ouabain and digoxin, which inhibit the ciliary epithelial 
Na+-K+-ATPase enzyme.88,281 None of these has yet been 
shown to be useful clinically as glaucoma therapeutics 
agents. Ibopamine exhibits activity at dopaminergic and 
adrenergic receptors. In humans, it can increase aqueous 
humor formation but can decrease282 or increase IOP.283,284

Modified from Stamper RL: Aqueous humor: secretion and dynamics. In Tasman W, Jaeger EA (eds): Clinical ophthalmology, vol 2, Philadelphia 1979, Lippincott.

Table 11.2 Factors causing reduced aqueous humor secretion

I. General II. Systemic III. Local IV. Pharmacologic V. Surgical

A. Age A. Artificial reduction in 
internal carotid arterial 
blood flow

A. Increased IOP 
(pseudofacility)

A. β-Adrenoceptor antagonists (e.g. 
timolol, betaxolol, levobunolol , 
carteolol, metipranolol)

A. Cyclodialysis

B. Diurnal cycle B. Diencephalic stimulation B. Uveitis (especially 
iridocyclitis)

B. Carbonic anhydrase inhibitors B. Cyclocryothermy

C. Exercise C. Hypothermia C. Retinal detachment C. Nitrovasodilators; atrial natriuretic 
factor (route and species dependent)

C. Cyclodiathermy

D. Acidosis D. Retrobulbar anesthesia D. 5-HT1A antagonists (e.g. ketanserin) D. Cyclophotocoagulation

E. General anesthesia E. Chroroidal detachment E. DA2 agonists (e.g. pergolide, 
lergotrile, bromocriptine)

F. α2-Adrenoceptor agonists (e.g. 
apraclonidine, brimonidine)

G. Opioid agonists

H. Δ9-Tetrahydrocannabinol (Δ9 - THC)

I. Metabolic inhibitors (e.g. DNP, 
fluorocetamide)

J. Cardiac glycosides (e.g. ouabain, 
digoxin)

K. Spironolactone

L. Plasma hyperosmolality

M. cGMP

cGMP, cyclic guanosine monophosphate; DA2, dopamine; DNP, dinitrophenol; IOP, intraocular pressure.
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• Cps = facility of inflow: human = 0.06 µl/min/mmHg;305 
0.08 µl/min/mmHg.53 These values for Cps are most 
likely overestimates: under normal circumstances in a 
non-inflamed eye the phenomenon is negligible;54 
values for the normal monkey measured by a more 
precise tracer technique are <0.02 µl/min/mmHg152,308

Then: 

F F Fin S t= +

F F Fout trab u= +

C C C Ctot trab u ps= + +

At steady-state: 

F F Fin out= =

The simplest hydraulic model, represented by the classic 
Goldmann equation, views aqueous flow as passive non-
energy-dependent bulk fluid movement down a pressure 
gradient, with aqueous leaving the eye only via the trabecu-
lar route, where ΔP = Pi − Pe, so that F = Ctrab(Pi − Pe). This 
relationship is correct as far as it goes, but it is vastly over-
simplified. Since there is no complete endothelial layer  
covering the anterior surface of the ciliary body and no 
delimitation of the spaces between the trabecular beams and 
the spaces between the ciliary muscle bundles,140 fluid can 
pass from the chamber angle into the tissue spaces within 
the ciliary muscle. These spaces in turn open into the supra-
choroid, from which fluid can pass through the scleral sub-
stance or the perivascular/perineural scleral spaces into the 
episcleral tissues. Some investigators believe that some fluid 
may also be drawn osmotically into the vortex veins by the 
high protein content in the blood of these vessels.2 Along 
these uveal routes, the fluid mixes with tissue fluid from the 
ciliary muscle, ciliary processes, and choroid. Thus, this flow 
pathway may be analogous to lymphatic drainage (also see 
Prostaglandin Mechanisms) of tissue fluid in other organs 
and provide an important means of ridding the eye of poten-
tially toxic tissue metabolites.153,154 The eye has long been 
considered to be devoid of lymphatics, but expression of 
lymphatic markers in the ciliary body and muscle have 
recently been reported.308a–308d Whether there is a true lym-
phatic flow system in the eye remains to be established, 
however.

Flow from the anterior chamber across the TM into Sch-
lemm’s canal is pressure-dependent, but drainage via the 
uveoscleral pathway is virtually independent of pressure at 
IOP levels greater than 7–10 mmHg.12,48,309 While the actual 
drainage rates (µl/min) via the trabecular and uveoscleral 
routes in the monkey may be approximately equal, meas-
ured facility of uveoscleral outflow (Cu, determined by meas-
uring uveoscleral outflow at two different IOP levels) is only 
about 0.02 µl/min/mmHg, or less than one-twentieth the 
facility of trabecular outflow.309 The reasons for the pressure-
independence of the uveoscleral pathway are not entirely 
clear but might be consequent to the complex nature of the 
pressure and resistance relationships between the various 
fluid compartments within the soft intraocular tissues along 
the route.12 For instance, pressure in the potential supra-
choroidal space (Ps) is directly dependent on IOP, such that 
at any IOP level, Ps is considerably but constantly less than 
IOP.12 Since the pressure gradient between the anterior 

therapy in humans, IOP gradually reverts toward pretreat-
ment values but tonographic outflow facility is reduced.292 
Similarly, monkeys receiving prolonged treatment with 
timolol show a reduction in outflow facility.219 Underper-
fusion of the TM can lead to detrimental morphologic 
effects.293

Aqueous humor drainage

Fluid mechanics
The tissues of the anterior chamber angle normally offer a 
certain resistance to fluid outflow. IOP builds up, in response 
to the inflow of aqueous humor, to the level sufficient to 
drive fluid across that resistance at the same rate it is pro-
duced by the ciliary body; this is the steady-state IOP. In the 
glaucomatous eye, this resistance is often unusually high, 
causing elevated IOP. Results from three major clinical trials 
confirm the value of reducing IOP in patients with ocular 
hypertension or glaucoma to prevent the onset of glaucoma 
in the former case and the progression of disease in the 
latter.294–297 Understanding the factors governing normal and 
abnormal aqueous humor formation, aqueous humor 
outflow, IOP, and their interrelationships and manipulation 
is vital in understanding and treating glaucoma.

Briefly, let:

• F = flow (µl/min)
• Fin = total aqueous humor inflow: human = 

~2.5 µl × min−1.11,58,221,298

• FS = inflow from active secretion
• Ff = inflow from ultrafiltration
• Fout = total aqueous humor outflow
• Ftrab = outflow via trabecular pathway
• Fu = outflow via uveoscleral pathway, 0.3 µl/min, 

measured invasively by radioactive tracer, in primarily 
elderly human eyes with malignant melanoma, tumor 
or glaucoma;9 1.64 µl/min in normal subjects age 
20–30 yrs and 1.16 µl/min in subjects >60 years, 
measured by non-invasive fluorophotometry11

• P = pressure (mmHg)
• Pi = IOP: humans = 16 mmHg299

• Pe = episcleral venous pressure: human = 9 mmHg300,301

• R = resistance to flow (mmHg × min/µl)
• C = facility or conductance of flow (µl/min/mmHg) = 

1/R
• Ctot = total aqueous humor outflow facility (OF): 

humans age 20–30 years, 0.25 µI/min/mmHg; >60 
years, 0.19 µI/min/mmHg;11 OF = 0.54 − (0.0042 × age 
in years) µl/min/mmHg;302 0.24 µl/min/mmHg;303 <40 
years, 0.33; >60 years, 0.23 µl/min/mmHg;304 0.28 µl/
min/mmHg,305 all measured by indentation 
tonography

• Ctrab = facility of outflow via trabecular pathway: 
humans 20–30 years, 0.21 µl/min/mmHg; >60 years, 
0.25 µl/min/mmHg (fluorophotometry);306 0.22 µl/
min/mmHg (tonography)305

• Cu = facility of outflow via uveoscleral pathway: 
humans = 0.02 µl/min/mmHg307 this was probably 
based on reported monkey values152,308
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chamber and suprachoroid is independent of IOP, bulk  
fluid flow between these compartments will also be IOP-
independent. Intraorbital pressure is such that under normal 
circumstances there is always a positive pressure gradient 
between the suprachoroidal and intraorbital spaces.12 Fluid 
and solutes, including large protein molecules, can thus 
easily exit the eye by passing through the spaces surrounding 
the neural or vascular scleral emissaria or through the scleral 
substance itself.4,50,310,311 At very low IOP levels, the net pres-
sure gradient across the uveoscleral pathways is apparently 
so low that uveoscleral drainage decreases.48

The absence of an outflow gradient from the suprachoroid 
may contribute to the development of choroidal detach-
ments seen during the ocular hypotony that sometimes 
follows intraocular surgery.12 However, other investigators 
find unconventional outflow to be more pressure-sensitive 
than described by Bill.3,312,313 Uveoscleral outflow may 
become more sensitive to pressure following prostaglandin 
treatment.314 There is no need for fluid flow to carry tracer 
across the sclera since it can diffuse across on its own, based 
on calculations of diffusional transport porperties.2 Direct 
evidence for a uveovortex pathway3 is demonstrated after 
perfusion of the anterior chamber with fluorescein, and 
finding the fluorescein concentration in the vortex veins is 
higher that in the general circulation. Also, flow across the 
sclera is pressure-dependent.313 Uveovortex flow explains the 
relative insensitivity of the flow to pressure because most of 
the driving force is the colloidal osmotic pressure of the 
blood that draws the fluid into these vessels.2 Clearly, more 
needs to be learned about this flow pathway. Since, under 
normal steady-state conditions, Cps and Cu are so low com-
pared with Ctrab, the hydraulics of aqueous dynamics may be 
reasonably approximated for clinical purposes by: 

F F C P P Fin out trab i e u= = −( ) +  

or rearranged: 

P P F F Ci e in u trab= + −( )

Clinically significant increases in inflow occur only in 
situations involving breakdown of the blood–aqueous 
barrier. The pressure sensitivity of the ultrafiltration compo-
nent of aqueous secretion blunts the tendency for IOP to rise 
under such conditions, that is, Cps is increased. Elevated 
episcleral venous pressure, such as may occur with arterio-
venous communications resulting from congenital malfor-
mations or trauma315 and perhaps, as shown for the first time 
in one study, in POAG and normal tension glaucoma,300 
causes a nearly mmHg for mmHg increase in IOP. Clinically 
relevant reductions in IOP are produced by decreasing  
Fin or by increasing Ctrab and Fu. Pharmacologic agents may 
exert small and probably clinically insignificant effects  
on Pe.59,179,196,197,316–321

Structural components
Approximately one-half to three-quarters of the aqueous 
leaves the eye through the TM and Schlemm’s canal.11,306 
This outflow is pressure dependent. Schlemm’s canal and the 
TM lie within the internal scleral groove between the scleral 
spur and the ring of Schwalbe’s line at the termination of 
Descemet’s membrane. An anterior non-filtering portion, 
which presents minimal resistance to fluid outflow, can be 

distinguished from a posterior filtering portion of the mesh-
work. The TM itself consists of three functionally and struc-
turally different parts: the iridic and uveal part, which 
represents the innermost portion of the meshwork; the cor-
neoscleral part, which extends between the scleral spur and 
the cornea; and the juxtacanalicular part or cribriform layer, 
which lies adjacent to the inner wall of Schlemm’s canal  
(Fig. 11.4).322–326

The major resistance site within the trabecular structures 
likely resides in the cribriform portion of the mesh-
work,322–324,326–328 the outermost part of the mesh consisting 
of several layers of endothelial cells embedded in a ground 
substance comprising a wide variety of macromolecules, 
including hyaluronic acid, other glycosaminoglycans, colla-
gen, fibronectin, and other glycoproteins presumably pro-
duced by meshwork endothelial cells.329–331 The cribriform 
layer is supported by an elastic-like fiber network and fine 
collagen fiber bundles (Fig. 11.5),332 having the same orien-
tation as the elastic-like network in the central core of the 
trabecular lamellae. This network is connected to the inner 
wall endothelium of Schlemm’s canal by fine, bent, connect-
ing fibrils. This cribriform plexus is far more extensive in the 
juxtacanalicular tissue of human eyes as compared to other 
species, perhaps contributing to the lack of washout in 
human eyes in vitro.333 The washout-associated increase in 
outflow facility in nonhuman species334–337 correlates with 
the extent of physical separation between the juxtacanalicu-
lar tissue and the inner wall endothelium lining Schlemm’s 
canal or, in some species, the aqueous plexus.338

However some investigators consider the main resist-
ance to lie slightly proximal to the cribriform meshwork 
tissue,339–341 i.e. in the inner wall itself and the very flimsy 
basement membrane of the inner wall endothelial cells. 
Separation of the basal lamina cells lining of the inner wall 
of Schlemm’s canal from the underlying juxtacanalicular 
tissue as seen using quick-freeze/deep-etch electron micros-
copy may represent flow pathways.342 Under normal condi-
tions, the inner wall of Schlemm’s canal and juxtacanalicular 
cells may be in a contracted state, limiting the routes avail-
able for fluid flow as demonstrated with gold particle infu-
sion studies in non-human primates (Fig. 11.6).343,344 
Expansion of the area available for fluid drainage can increase 
the rate of fluid outflow.343,344 The accompanying loss of 
extracellular material may not be responsible for the decrease 
in resistance to fluid outflow.342–345

Fluid movement across the inner canal wall endothelium 
itself appears to be predominantly via passive pressure-
dependent transcellular pathways,323 including giant vacuole 
formation (Fig. 11.7) especially near collector channels.346–350 
Pore formation is often associated with the giant vacuoles, 
but may also be found in thin, flat regions in the inner 
wall.323 Calculations of the number and size of pores and 
openings in the inner wall endothelium of Schlemm’s canal 
are too large to account for most of the outflow resist-
ance.351,352 These and other findings lead to the assumption 
that the main resistance to aqueous outflow is located inter-
nal to the endothelial lining, i.e. within the subendothelial 
or cribriform layer.353

Although the pores themselves contribute negligible flow 
resistance, because they force the fluid to “funnel” through 
those regions of the cribriform meshwork tissue nearest  
the pores, their number and size can greatly influence the 
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between the cells at a pressure of 25 mmHg; perhaps a 
higher pressure gradient is required to disrupt normal cel-
lular junctions.343

Arguments about trans- vs paracellular routes and inner 
wall vs juxtacanalicular resistance seem to be relatively 
minor questions from a clinical/translational viewpoint.

Pumping model for trabecular outflow
An alternative to the bulk flow model of aqueous outflow is 
one that characterizes it as a pumping phenomenon that 
depends on tissue compliance rather than static resistance 
(see reviews357,358). Research supports the hypothesis that the 
aqueous outflow pump receives power from transient 
increases in IOP such as occur in systole of the cardiac cycle, 
during blinking and during eye movement. In the aqueous 
outflow pump model, all aqueous flow is through Sch-
lemm’s canal valves spanning the inner and outer walls of 
Schlemm’s canal (Fig. 11.8). Clinical evidence of pulsatile 
flow into Schlemm’s canal, from Schlemm’s canal into the 
collector channels, and from aqueous veins into episcleral 
veins supports the model (visit youtube.com/majohnstone to 
see a video of this courtesy of Robert Stegmann). Tissue 

effective outflow resistance of the cribriform meshwork 
tissue.354 However, two studies351,352 failed to find a correla-
tion between outflow facility and inner wall pore density as 
would be expected if the funneling effect contributed to 
aqueous outflow resistance.2 Studies with gold particles 
suggest that exclusion of large segments of the trabecular 
outflow pathway may help maintain high resistance to flow. 
Expanding the areas available for fluid drainage, by relaxa-
tion of the inner wall cells and the adjacent cribriform mesh-
work region may be a possible approach to glaucoma therapy 
(Fig. 11.6).343

Experimental studies of the transendothelial passage of 
ferritin particles in monkeys indicate that ferritin also 
traverses tortuous paracellular routes that lie between the 
endothelial cells of Schlemm’s canal.355 The functional sig-
nificance of these paracellular routes for aqueous outflow  
is not known. Tight junctions between endothelial cells  
of Schlemm’s canal become less complex with increasing 
pressure, suggesting that the paracellular pathway into  
Schlemm’s canal in the normal eye may be sensitive to  
modulation within a range of physiologically relevant pres-
sures.356 However, gold tracer does not pass across junctions 

Figure 11.4 (A) Three layers of trabecular meshwork (shown in cutaway view): uveal, corneoscleral, and juxtacanalicular. (From Acott TS, Kelley MJ. Exp Eye Res 

86:543, 2008. Copyright Elsevier 2008.) (B) Diagram of the outflow pathway and juxtacanalicular (JCT) or cribriform region. The lower portion of the figure shows a 
stylized view of the TM and the upper inset shows an expanded view of the JCT region. 
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Active involvement of the TM in  
regulating outflow
Another emerging concept portrays the TM as a living, active 
and reactive organ, rather than just a passive mélange of 
tissue components. Long-term homeostasis in response to 
physical stress requires modulation by cellular constituents 

biomechanics allows the aqueous outflow pump to undergo 
short-term pressure-dependent stroke volume changes to 
maintain short-term homeostasis. Failure of the pumping 
mechanism occurs in glaucoma as a result of TM stiffening 
and reduced trabecular movement and persistent closure of 
Schlemm’s canal.

Figure 11.5 (A) Schematic drawing of the 
cribriform meshwork and the endothelial lining of 
Schlemm’s canal (E). Note the connection between 
the ciliary muscle tendons (CM-T) and the elastic-like 
fiber plexus, or “cribriform plexus” (CN), located 
mainly in the region between the first and second 
subendothelial cell layers (1. and 2.). The cribriform 
plexus is connected to the inner wall endothelium 
and the plaque material (P) by a system of fine fibrils 
or “connecting fibrils” (CF). (B) Electron micrograph 
of a tangential section through the cribriform region 
almost at the level between the second 
subendothelial cell layer and the first corneoscleral 
trabecular lamellas (normal eye). The cells seen in 
the upper left are subendothelial. The elastic-like 
fibers of the cribriform region (arrows) form a plexus 
that shows the same equatorial orientation as the 
network of the elastic-like fibers of the trabecular 
lamellas. (From Rohen JW, Futa R, Lütjen-Drecoll E: Invest 

Ophthalmol Vis Sci 21:574, 1981, reproduced with 

permission from the Association for Research in Vision and 

Ophthalmology.)
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Figure 11.6 Distribution of perfused gold particles in the juxtacanalicular area of eyes treated with H-7 (1-[5-isoquinoline sulfonyl]-2-methyl piperazine) 
and in control eyes. Schematic drawings depicting 15-cell stretches (cell–cell junctions marked by arrows) along the Schlemm’s canal (SC) of control and 
H-7-treated eyes. The location of individual gold particles is represented by red dots. (Bars = 4 µm.) (From Sabany I et al: Arch Ophthalmol 118:955, 2000. Copyright 

2000 American Medical Association. All rights reserved.)
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structures, protein expression patterns, signal transduction, 
and fibronectin deposition in HTM cells.359 Thus the tissue 
senses the physical as well as the biochemical environment 
in which it resides, and makes modifications to its physical 
and conformational properties to affect its overall hydraulic 
conductivity and thereby allow the eye to reach a specific 
target pressure (see also Cytoskeletal and Cell-Junctional 
Mechanisms). One possibility for derangement in glaucoma 
is that the set points become altered.

Outflow obstruction

Extracellular matrix accumulation and POAG
In glaucomatous eyes there is an increase in ECM beneath 
the inner wall of Schlemm’s canal and in the cribriform 
region of the TM and thickening of the trabecular lamellae 
compared with age-matched normal controls.40,360 In advanced 
cases of primary open-angle glaucoma (POAG) there is  

of the conventional outflow pathway: Schlemm’s canal 
endothelia, juxtacanalicular cells, endothelium lining the 
lumen of Schlemm’s canal valves, and endothelium lining 
trabecular lamellae. Extracellular load-bearing constituents 
include the ECM of the trabecular lamellae and the juxta-
canalicular meshwork. How might all this work? The TM is 
in essence suspended between two fluid compartments 
(anterior chamber and Schlemm’s canal) at different pres-
sures. The TM can likely “sense” this pressure differential by 
“monitoring” stretch, deformation, shear stress, etc. and 
strives to maintain these parameters within a homeostatic 
range. Schlemm’s canal endothelial cells may transmit sheer 
stress or other deformational stimuli through cell processes 
to the endothelium of the juxtacanalicular region and the 
trabecular lamellae and to their corresponding basement 
membrane via integrins which in turn mediate regulation of 
ECM deposition and relaxation/contractility of the cells 
themselves. ECM rigidity in turn, modulates cytoskeletal 

Figure 11.7 (A) Theory of transcellular aqueous transport in which a series of pores and giant vacuoles opens (probably in response to transendothelial 
hydrostatic pressure) on the connective tissue side of the juxtacanalicular meshwork (2–4). Fusion of basal and apical cell plasmalemma creates a temporary 
transcellular channel (5) that allows bulk flow of aqueous into Schlemm’s canal. (From Tripathi RC: Exp Eye Res 11:116, 1971. Copyright Elsevier 1971.) (B) Transmission 
electron micrograph of the inner wall of Schlemm’s canal and the adjacent subendothelial tissue showing empty spaces or “giant vacuoles” within the 
endothelial cells. (From Inomata H et al: Am J Ophthalmol 73:760, 1972. Copyright Elsevier 1972.) (C) Serial sections of the inner wall of Schlemm’s canal indicate that 
the “giant vacuoles” of the endothelial cells have openings toward the trabecular side, indicating that they are invaginations from the trabecular side. Some 
of the invaginations also have openings (pores) into Schlemm’s canal. Aqueous humor can pass through the cells via the invaginations and the pores. Th = 
thorotrast. (From Inomata H et al: Am J Ophthalmol 73:760, 1972. Copyright Elsevier 1972.)
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implicated in IOP elevation.368,369 Increased levels of total 
and active TGFβ2 are found in the aqueous humor of POAG 
patients compared to age-matched controls.367,370 TGFβ2 
decreases the activity of matrix metalloproteinases (MMP), 
and thus possibly contributes to increased ECM in the TM 
of glaucomatous eyes.371 TGFβs have an inhibitory effect on 
the rate of cell proliferation and motility of TM cells in vitro, 
which could contribute to the decreased cellularity of the 
TM.372 Perfusion of human anterior segments in vitro with 
TGFβ2 results in decreased outflow facility and increased 
focal accumulation of ECM under the inner wall of Sch-
lemm’s canal.369 Similarly, TGFβ2 also enhances production 
of cochlin (an ECM protein found only in the TM of POAG 
eyes373), increases IOP and decreases outflow facility in 

additional loss of trabecular cells beyond that associated 
with normal aging.132,361 In this condition, the inner uveal 
and corneoscleral lamellae can be “glued” together,361 and 
Schlemm’s canal can be partly obliterated. Areas with more 
ECM are less perfused, presumably because of the higher 
resistance of the area.362 The origin of the increased amounts 
of ECM in glaucomatous eyes is still unknown. Additionally, 
most specimens of glaucomatous eyes investigated morpho-
logically are derived from patients who have been treated for 
many years with antiglaucoma drugs which can themselves 
induce changes in the biology of the trabecular cells.363

Transforming growth factor (TGF) β2, a component of 
normal aqueous humor in many mammalian eyes,364–367 
influences ECM production in the TM and has been  

Figure 11.8 (A), (B), (C) Schematic representation of the biomechanical pump model. The pump is powered by transient increases in IOP, primarily caused 
by the cardiac cycle, blinking and eye movements. As the pressure increases, fluid is forced into one-way collector valves (C) that span across Schlemm’s 
canal. At the same time, the increase in IOP pushes the endothelium of the inner wall of Schlemm’s canal (A, B) outward and forces aqueous in the canal to 
move circumferentially into collector channels and aqueous veins. As the pressure drops, the tissues rebound, causing a pressure drop inside Schlemm’s 
canal, moving fluid from the one-way valves (C) into the canal. SC, Schlemm’s canal; SCE, Schlemm’s canal endothelium; TB, trabecular beams. (From Johnstone 

MA: Rev Ophthalmol 14:9, 2007. Reproduced with permission from Jobson Publishing LLC and Murray A. Johnstone, MD.) (D) Valve-like structures in Schlemm’s canal shown 
by scanning electron microscopy. Monkey eye – Macaca nemistrina. Viscoelastic dilation of Schlemm’s canal (SC). Two valve-like structures (white arrows) 
span between trabecular meshwork (TM) and corneoscleral wall of SC. (cc) collector channel ostia. (From Smit BA, Johnstone MA: Ophthalmology 109:786, 2002. 

Copyright Elsevier 2002.)
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monkey and pig organ-cultured anterior segments.374 Over-
expression of cochlin alone can also increase IOP in monkey 
organ-cultured anterior segments.682 In vitro treatment of 
cultured TM cells with TGFβ2 results in elevated production 
of ECM proteins such as fibronectin and plasminogen activa-
tor inhibitor (PAI-1).368 In addition, interactions between 
bone morphogenic protein (BMP) and Wnt signaling, 
together with those between BMP and TGF-β, as well as 
TGF-β and Wnt, represent potential checkpoints to regulate 
TM cell function, IOP, and glaucoma pathogenesis. Increased 
expression of secreted frizzled-related protein-1 (sFRP-1) in 
glaucomatous TM may be responsible for the glaucoma phe-
notype of elevated IOP in humans. Studies are being con-
ducted to determine the prevalence of defects in the Wnt 
pathway in the glaucoma population, the primary cause of 
altered sFRP-1 expression, and the potential deficiency of 
other members of the WNT pathway involved in glaucoma.683

How important “extra” ECM is in increasing resistance to 
aqueous outflow (and thus increasing IOP) in open-angle 
glaucoma is uncertain. The endothelial cells of the TM have 
phagocytic capabilities.375–377 It has been proposed that the 
TM is in effect a self-cleaning filter, and that in most of the 
open-angle glaucomas, the self-cleaning (i.e. phagocytic) 
function is deficient or at least inadequate to cope with the 
amount of material present.12,378 Phagocytosis, especially of 
particulate matter and red blood cells, is also carried out by 
trabecular macrophages. Although this process may be 
important in clearing the anterior chamber of some inflam-
matory debris or as a normal housekeeping function, it is 
probably not significant for bulk outflow of aqueous. 
However, this is another example of the TM as a reactive 
rather than a passive tissue, sensing its environment and 
modifying it. Artificial perfusion of the anterior chamber in 
non-human primates is associated with a progressive time-
dependent decrease in outflow resistance as described above 
(Structural components – washout). Resistance washout 
does not change with age in monkeys.379

Combining the clogged-filter concept of glaucoma and 
the washout concept of perfusion-induced resistance decrease 
inevitably led to interest in compounds that might disrupt 
or remodel the structure of the meshwork and canal inner 
wall so as to enhance flow through the tissue and/or promote 
washout of normal and pathologic resistance-producing 
ECM (see Cytoskeletal Mechanisms). Such compounds 
might provide insights into cellular and extracellular mecha-
nisms governing outflow resistance in normal and glauco-
matous states. Additionally, if normal or pathologic ECM 
required many years to accumulate to the extent that IOP 
became elevated, perhaps a one-time washout would provide 
years of normalized outflow resistance and IOP.380,381

Cell and other particulates
Normal erythrocytes are deformable and pass easily from the 
anterior chamber through the tortuous pathways of the TM 
and the inner wall of Schlemm’s canal.323 However, non-
deformable erythrocytes such as sickled or clastic (ghost) 
cells may become trapped within and obstruct the TM, ele-
vating outflow resistance and IOP.382–384 Similarly, macro-
phages that are swollen after ingesting lens proteins leaking 
from a hypermature cataract385 or breakdown products 
from intraocular erythrocytes386 or pigmented tumors (or 
the tumor cells themselves)387 may produce meshwork 
obstruction. Pigment liberated from the iris spontaneously 

(pigmentary dispersion syndrome) or iatrogenically (follow-
ing laser iridotomy) may clog or otherwise alter the mesh-
work function, presumably without prior ingestion by 
wandering macrophages,388,389 as may zonular fragments fol-
lowing iatrogenic enzymatic zonulolysis390,391 or lens capsu-
lar fragments following laser posterior capsulotomy.392,393 
Ocular amyloidosis can lead to elevated IOP as a result of 
blockage of the TM with amyloid particles.394

Protein and other macromolecules
Glaucoma secondary to hypermature cataract (phacolytic 
glaucoma) or uveitis has long been ascribed to trabecular 
obstruction. In the former entity, the presence of protein-
laden macrophages lining the chamber angle seems ade-
quate to account for increased outflow resistance.385 The 
uveitis-related glaucomas comprise many different entities, 
and the etiology of the increased outflow resistance seems 
less clear; postulated mechanisms include trabecular involve-
ment by the primary inflammatory process, trabecular 
obstruction by inflammatory cells, or secondary alteration 
of trabecular cellular physiology by inflammatory mediators 
or by-products released elsewhere in the eye.

Small amounts of purified high-molecular-weight, soluble 
lens proteins395,396 or serum itself,397 when perfused through 
the anterior chamber of freshly enucleated human eyes, 
causes an acute and marked increase in outflow resistance. 
Thus, it may be that specific proteins, protein subfragments, 
or other macromolecules are themselves capable of obstruct-
ing or altering the meshwork so as to increase outflow resist-
ance, perhaps contributing to the elevated IOP in entities 
such as the phacolytic, uveitic, exfoliation,398 and hemo-
lytic386 glaucomas. Experimental perfusion of the enucleated 
calf eye399,400 or monkey eye in vivo401 with medium contain-
ing higher protein concentrations than found in normal 
aqueous humor indeed reduces or eliminates resistance 
washout. Perhaps protein in the TM is essential for mainte-
nance of normal resistance either by providing resistance 
itself, or by signaling or modifying some property of  
the meshwork such as stimulation of focal adhesion and 
stress fiber formation, to enhance adhesion of TM cells  
to the ECM.401–403

Hyaluronate- and chondrotin sulfate-based agents used as 
tissue spacers during intraocular surgery (“viscoelastic 
agents”) may raise IOP in human eyes if not completely 
removed from the eye by irrigation/aspiration at the conclu-
sion of a procedure, presumably by obstructing trabecular 
outflow.404,405

Pharmacology and regulation of 
outflow

Cholinergic mechanisms

Conventional (trabecular) outflow
In primates the iris root inserts into the ciliary muscle and 
the uveal meshwork just posterior to the scleral spur, while 
the ciliary muscle inserts at the scleral spur and the posterior 
inner aspect of the TM.406 The anterior tendons of the longi-
tudinal portion of the ciliary muscle insert into the outer 
lamellated portion of the TM and into the cribriform mesh-
work, and via elastic elements into specialized cell surface 
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isometrically in response to CARB, pilocarpine, aceclidine 
(ACEC) and acetylcholine and endothelin-1.429–431 However, 
in the organ cultured perfused bovine anterior segment, 
endothelin-1 and CARB-induced contractions result in an 
increase in resistance and a reduction of the outflow rate.432 
Also, low (10–8 to 10–6M) but not high (10–4 to 10–2M) doses 
of pilocarpine, ACEC, or CARB induce increased outflow 
facility in human perfused anterior ocular segments, devoid 
of ciliary muscle.433,434 However, low doses of pilocarpine 
have no effect on outflow facility in living monkeys, eyes;435 
facility increases occur only at doses which also produced 
miosis and accommodation.

Direct effects of cholinergics on the TM and outflow facil-
ity could be mediated by cAMP436 and/or increased intracel-
lular calcium and phospholipase C activity.425 Since receptor 
subtype specificity is concentration-dependent, low pilo-
carpine doses theoretically could stimulate M2 receptor-
mediated cAMP elevation in the TM, and consequent 
relaxation of the meshwork.209 These potential direct actions 
of cholinomimetics notwithstanding, the major effect of 
cholinomimetics on outflow facility is almost surely related 
to ciliary muscle contraction.

Pilocarpine-induced ciliary muscle contraction spreads 
the TM, perhaps with the same physiological consequences 
as direct relaxation of the meshwork – decreased tissue 
density and thus decreased flow resistance due to opening 
of new flow pathways. Combination of threshold facility-
effective doses of pilocarpine with maximal outflow facility-
effective doses of H-7 (see Cytoskeletal Mechanisms) can 
further enhance the outflow facility response with minimal 
effects on accommodation.437

At least two different subtypes of muscarinic receptors, 
M2 and M3, are present in the ciliary muscle.424,438,439 The 
M2 receptor shows preferential localization to the longitu-
dinal,438 putatively more facility relevant portion of the 
ciliary muscle, but to date no functional role for this subtype 
has been elucidated. mRNA from the M2, M3, and M5 sub-
types is strongly expressed in the longitudinal and circular 
portions of human ciliary muscle cells and tissue.439 The M3 
subtype appears to mediate the outflow facility and accom-
modative responses to pilocarpine and aceclidine in 
monkeys.440,441 In monkeys, the outer longitudinal region of 
the ciliary muscle differs ultrastructurally and histochemi-
cally from the inner reticular and circular portions.442 
Although differential distribution of muscarinic subtypes is 
probably not responsible for the outflow facility/accommo-
dation dissociation occurring under certain conditions, func-
tional dissociation might be produced by combinations of 
drugs from different classes.

Alterations in cholinergic sensitivity  
of the outflow apparatus
Given the long-term use of cholinergic agonists in glaucoma 
therapy and the vital role of ciliary muscle tone in regulating 
outflow resistance, it is important to note that in the monkey, 
topical administration of the cholinesterase inhibitor 
echothiophate or the direct-acting agonist pilocarpine can 
induce subsensitivity of the outflow facility and accommo-
dative responses to pilocarpine, accompanied by decreased 
numbers of muscarinic receptors in the ciliary muscle.443–449 
Even a single dose of pilocarpine or carbachol reduces recep-
tor number.448 Since cholinergic drug therapy is not the 

adaptations on the inner wall endothelial cells (see Fig. 
11.5). Ciliary muscle contraction results not only in spread-
ing of the lamellated portion of the meshwork but also in 
an inward pulling of the cribriform elastic fiber plexus and 
straightening of the connecting fibrils and perhaps dilation 
of Schlemm’s canal. Movement of the inner wall region 
might affect the area and configuration of the outflow path-
ways and thereby outflow resistance.407 Voluntary accommo-
dation (human),408 electrical stimulation of the third cranial 
nerve (cat),409 topical, intracameral, or systemically admin-
istered cholinergic agonists (monkey and human),410,411 and, 
in enucleated eyes (monkey and human), pushing the lens 
posteriorly with a plunger through a corneal fitting412 all 
decrease outflow resistance, while ganglionic blocking agents 
and cholinergic antagonists increase resistance.410,413–415

Furthermore, the resistance-decreasing effect of intrave-
nous pilocarpine in monkeys is virtually instantaneous, 
implying that the effect is mediated by an arterially perfused 
structure or structures.416 However, not all the experimental 
evidence supports this strictly mechanical view of choliner-
gic and anticholinergic effects on meshwork function. For 
example, in monkeys, intravenous atropine rapidly reverses 
some but not all of the pilocarpine-induced resistance 
decrease,417,418 and topical pilocarpine causes a much greater 
resistance decrease per diopter of induced accommodation 
than does systemic pilocarpine (monkey)418 or voluntary 
accommodation (human).419 The inability of atropine to 
rapidly and completely reverse the pilocarpine-induced facil-
ity increase in normal eyes could be due to mechanical 
hysteresis of the meshwork.420 The variation in the relative 
magnitude of pilocarpine-induced accommodation and 
resistance decrease when the drug is administered by differ-
ent routes might reflect differences in bioavailability of the 
drug to different regions of the muscle.418

However, following ciliary muscle disinsertion and total 
iris removal (but not iris removal alone), there is virtually 
no acute resistance response to intravenous or intracameral 
pilocarpine and no response to topical pilocarpine.421 Thus 
it seems virtually certain that the acute resistance-decreasing 
action of pilocarpine, and presumably other cholinomimet-
ics, is mediated entirely by drug-induced ciliary muscle  
contraction, with no direct pharmacologic effect on the 
meshwork itself.

Cholinergic and nitrenergic nerve terminals that could 
induce contraction and relaxation of TM and scleral spur 
cells are present in primate TM and scleral spur. Terminals 
in contact with the elastic-like network of the TM and con-
taining substance P immunoreactive fibers resemble afferent 
mechanoreceptor-like terminals.422 Afferent mechanorecep-
tors that measure stress or strain in the connective tissue 
elements of the scleral spur have also been identified.423 
These findings raise the possibility that the TM may have 
some ability to self-regulate aqueous humor outflow.

Muscarinic receptors and contractile elements are present 
in the TM. The m3 mRNA muscarinic receptor transcript is 
detected in human TM of cadaver eyes.424 Carbachol (CARB)-
induced mobilization of Ca2+ and phosphoinositide produc-
tion in human TM cells in culture is associated with the M3 
muscarinic receptor.425 Smooth muscle specific contractile 
proteins are present in cells within the human TM and  
adjacent to the outer wall of Schlemm’s canal and the col-
lector channels.426–428 Isolated bovine TM strips contract 



291

Pharmacology and regulation of outflow

of the ciliary muscle. In the atropinized eye, radioactivity is 
found in all these tissues, as well as throughout the entire 
ciliary muscle and even further posteriorly in the supra-
choroid/sclera.9,317 In other perfusion experiments quantify-
ing uveoscleral drainage, pilocarpinized eyes demonstrate 
but a fraction of the uveoscleral flow in atropinized 
eyes.197,317,318 Thus, to generalize in the primate eye, the mag-
nitude of the pilocarpine (and presumably all cholinergic 
agonists) enhancement of aqueous humor drainage via the 
trabecular route is greater than the reduction of drainage via 
the uveoscleral route thus resulting in a reduction in IOP.

Adrenergic mechanisms

Conventional (trabecular) outflow
Topical and intracameral epinephrine increase outflow facil-
ity in primate eyes.179,316,450–453 Much work has been done 
attempting to define the time course, type of receptors (e.g. 
α, β, adenosine), and biochemical pathways (e.g., prosta-
glandins, cyclic adenosine monophosphate454) involved in 
these responses. Adrenergic receptor stimulation could alter 
intraocular, intrascleral, and extrascleral vascular tone, as 
well as have possible direct effects on the outflow pathways, 
all of which might alter IOP. These potential sites of action 
are not mutually exclusive, and indeed that might account 
for much of the variability and confusion in the literature.

In surgically untouched, aniridic, and ciliary muscle disin-
serted monkey eyes with widely varying starting facilities, 
epinephrine and norepinephrine increase facility by a con-
stant percentage of the starting facility, indicating that neither 
the iris nor the ciliary muscle is involved in the responses 
and that the drugs exert their effects on whatever is respon-
sible for the major part of the variation in starting facility 
(see Cytoskeletal Mechanisms). One possibility is an increase 
in the hydraulic conductivity per unit filtering area.455,456 
Trabecular outflow facility increases in response to 
β-adrenergic agonists.10,179,457 Human TM or Schlemm’s canal 
endothelial cells grown on porous filter supports separate 
and shrink when exposed to isoproterenol or epinephrine, 
resulting in increased transendothelial fluid flow.458 Bio-
chemical evidence also points to the meshwork as the target 
tissue. It appears that the facility-increasing effect of epine-
phrine and norepinephrine is mediated by β2-adrenergic 
receptors on the trabecular endothelial cells, and the subse-
quent G-protein adenylate cyclase-cyclic AMP cascade.61,459 
The facility-increasing effect of epinephrine is blocked by 
timolol460,461 but not betaxolol,462–464 in both humans and 
monkeys, consistent with the hypothesis that there are no β1 
receptors present in the primate TM.

Trabecular cells synthesize cAMP in response to stimula-
tion with β-adrenoceptor-selective agonists.14 The increase in 
cAMP synthesis by TM cells in response to epinephrine can 
be blocked by timolol,14 although not by betaxolol (a β1-
receptor antagonist), consistent with the hypothesis that 
there are only β2-receptors present in the TM. Topically 
applied adrenergic agonists (epinephrine, norepinephrine, 
isoproterenol) elevate aqueous humor cAMP levels, and int-
racameral injection of cAMP or its analogs, but not the inac-
tive metabolite 5′AMP, lowers IOP and increases outflow 
facility.465–467 The cAMP-induced facility increase is not addi-
tive to that induced by adrenergic agonists, and vice-versa.468 
Epinephrine increases facility and perfusate cAMP levels in 

mainstay of glaucoma therapy that it once was, the issues 
related to refractoriness to long-term therapy versus disease 
progression are no longer prominent areas of research.

Unconventional (uveoscleral) outflow
When the ciliary muscle contracts in response to exogenous 
pilocarpine (Fig. 11.9), the spaces between the muscle 
bundles are essentially obliterated.363,406,410 Conversely, 
during atropine-induced muscle relaxation, the spaces are 
widened.410 If mock aqueous humor containing albumin 
labeled with iodine-125 or iodine-131 (which under resting 
conditions leave the anterior chamber essentially by bulk 
flow via the trabecular and uveoscleral drainage routes) is 
perfused through the anterior chamber, autoradiographs 
may be made to show qualitatively the distribution of the 
flow.9,317 In the pilocarpinized eye, radioactivity is present in 
the iris stroma, the iris root, the region of Schlemm’s canal 
and the surrounding sclera, and the most anterior portion 

Figure 11.9 Histologic sagittal sections through the chamber angle region 
of monkey eyes treated acutely with atropine (A) or pilocarpine (B) topically. 
After treatment with pilocarpine, the muscle moves anteriorly and inwardly, 
thereby expanding the trabecular lamellas and widening Schlemm’s canal. 
This contraction also obliterates the spaces between the ciliary muscle 
bundles, obstructing uveoscleral outflow. Conversely, atropine relaxes the 
ciliary muscle bundles. CM, Ciliary muscle; I, iris; SC, Schlemm’s canal (Vervet 
monkey, Azan stain; original magnification ×25). (From Lütjen-Drecoll E, 

Kaufman PL: J Glaucoma 2:316, 1993.)
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the organ-cultured perfused human anterior segment, effects 
that are blocked by timolol and the selective β2-antagonist 
ICI 118,551.469

In monkey ciliary muscle, ciliary processes, TM and iris 
tissue in vitro, epinephrine stimulates cAMP production. 
Part of the facility response in vivo and cAMP production in 
vitro is inhibited by indometacin, suggesting that part of the 
mechanism of action of epinephrine may be via prostanoid 
production or release.470 However, the epinephrine-induced 
facility increase in human anterior segments in vitro is attrib-
uted to protein synthesis and not to prostaglandin produc-
tion.471 Topical pretreatment of rabbits with an adenosine A1 
antagonist inhibits both the epinephrine induced hypoten-
sive response and the epinephrine-induced outflow facility 
increase, suggesting activation of ocular adenosine receptors 
as part of the ocular hypotensive action of epinephrine (see 
Other Mechanisms).472

Adrenergic innervation of the primate TM is sparse and 
concentrated mainly in the region of the meshwork near the 
ciliary muscle tendons. No functional significance can as yet 
be ascribed to these terminals.473–475 Studies suggest an epine-
phrine-induced disruption of actin filaments within the TM 
cells, consequent alteration in cell shape and cell–cell and 
cell–extracellular matrix (C–ECM) adhesions within the 
meshwork, resulting in altered meshwork geometry, and 
increased hydraulic conductivity across the meshwork. Relax-
ation of the TM also could play a role in the outflow facility 
response to epinephrine.476 Thus cytochalasin B (a disruptor of 
actin filament formation) potentiates the facility-increasing 
effect of epinephrine,477 while phalloidin (a stabilizer of actin 
filaments) inhibits it.478 Continuous exposure to epinephrine 
at a concentration of 10 µM produces arrest of normal cytoki-
netic cell movements, inhibits mitotic and phagocytic activ-
ity, marked cell retraction, and separation from the substrate 
and cellular degeneration after 4–5 days in cultured human 
trabecular cells.479 Similarly, the hydraulic conductivity of 
trabecular cell monolayer cultures grown on filters increases 
in response to epinephrine and is associated with changes in 
cell shape and with separation between cells.480 These actions 
of epinephrine were all partially blocked by pretreatment 
with timolol. β-Adrenergic agonists (epinephrine or isoprot-
erenol) and analogs of cAMP increase phosphorylation of 
intermediate filaments of vimentin-type in human or rabbit 
ciliary processes or cultured ciliary epithelial-derived cells. 
Phosphorylation of vimentin increased by β-adrenergic ago-
nists can be blocked by the β-adrenergic antagonist timolol481 
(see Cytoskeletal Mechanisms).

Unconventional (uveoscleral) outflow
β-Adrenergic receptors are present in the primate ciliary 
muscle, and their physiological or pharmacological stimula-
tion relaxes the muscle.482–485 Epinephrine, in addition to 
increasing trabecular outflow, also increases uveoscleral 
outflow in monkeys453 and humans.10,215 The mechanism is 
unknown, but may be in part due to the mildly relaxant 
effect of epinephrine on the ciliary muscle, presumably 
acting via its β-adrenergic receptors.172,482–484 Pretreatment 
with the cyclo-oxygenase inhibitor indometacin inhibits the 
ocular hypotensive effect of topically applied epinephrine  
in humans486 suggesting that the IOP-lowering action of 
epinephrine may be mediated at least in part by prosta-
glandins or other cyclo-oxygenase products.457,486

Numerous clinical studies in humans claim that topical 
application of timolol, a non-selective β1-, β2-adrenergic 
receptor antagonist, induces no change in distance  
refraction.487 However, a single topical application of 0.5 
percent timolol may increase myopia by nearly 1 diopter, 
presumably by blocking the effect of endogenous ciliary 
muscle-relaxing sympathetic neuronal tone.488 Indirect 
fluorophotometric estimates fail to demonstrate any effect 
of timolol on uveoscleral outflow per se.215 However, timolol 
may reduce epinephrine-induced increases in uveoscleral 
outflow when the two drugs are applied concurrently.215 
These findings are consistent with the data concerning 
adrenergic influences on ciliary muscle contractile tone and 
also illustrate the importance of the ambient neuronal and 
pharmacologic adrenergic tone in determining the response 
of a target tissue to an exogenous adrenergic agent.

In addition to suppressing aqueous formation (see 
above), α2-adrenergic agonists may enhance uveoscleral 
outflow. In humans apraclonidine- and brimonidine-
induced IOP reductions are associated with decreased 
aqueous humor formation and decreased (apraclonidine) or 
increased (brimonidine) uveoscleral outflow.489,490 Treat-
ment of ocular hypertensive patients with brimonidine for 
one month results in a suppression of aqueous formation 
early on with a later increase in uveoscleral outflow.260 A 
single topical application of either brimonidine or apraclo-
nidine decreases IOP and aqueous flow by similar amounts 
in timolol-treated normal human eyes,259 suggesting that 
both α2-agonists act by a similar mechanism.

Bunazosin, a selective α1-adrenoceptor antagonist, can 
further enhance IOP lowering when used as an adjunctive 
therapy with latanoprost in monkeys (normotensive)491 and 
humans (glaucoma)492 or with timolol491 by a mechanism 
partly due to ciliary muscle (bovine) relaxation but inde-
pendent of an effect on matrix metalloproteinase activities 
(cultured monkey ciliary muscle cells).492

Cytoskeletal and cell junctional  
mechanisms (Box 11.2)
Agents that alter the cytoskeleton, cell junctions, contractile 
proteins, or ECM are capable of producing a “pharmacologic 
trabeculotomy”. The adhesion of cells to their neighbors or 
to the ECM has multiple effects on cell shape and dynamics. 
Cell–cell and cell–extracellular matrix adherens junctions 
are complex and dynamic in nature, comprising a myriad  
of proteins, and are modulated by the ambient physical 

Box 11.2 Cytoskeletal, cell contractility/relaxation 
and cell junctional mechanisms

• Agents that alter the actin cytoskeleton and cellular 
contractility are in development to lower IOP by directly 
targeting the trabecular meshwork

• Relaxation of the trabecular meshwork and Schlemm’s canal 
increases the area available for fluid drainage

• The first clinical trial using a selective ROCK inhibitor SNJ-1656 
in healthy human eyes shows a dose-dependent decrease in 
IOP after single and multiple topical applications, but with 
some ocular surface toxicity523
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(pressure, shear stress) and chemical (endogenous hormo-
nal and biochemical, exogenous pharmacological) milieu. 
They play a role in signaling to the cell the state of its external 
environment. Actin filaments play a central role as the “back-
bone” of the submembrane plaque in both types of junc-
tions (Fig. 11.10), with the coupling of actin and myosin 
being essential for cell contractility.493,494

Changes in TM and/or Schlemm’s canal cells, which could 
affect trabecular outflow resistance by altering the dimen-
sions or direction of flow pathways and the amount and 
composition of the ECM, can be modulated directly by actin-
disrupting agents or indirectly by inhibition of specific 
protein kinase(s) or cellular contractility through admini-
stration of protein kinase inhibitors or gene therapy.38,495

Early studies involving anterior chamber perfusions of 
living monkey eyes with cytochalasins, fungal metabolites 
that block actin filament assembly, resulted in marked 
increases in total outflow facility within minutes.477,496,497 
Tracer studies demonstrate that the increase in total outflow 
facility represents increased facility across the meshwork and 
inner canal wall498 and is not related to contraction of the 
ciliary muscle since the effect is similar in eyes with and 
without surgically disinserted ciliary muscles.308,496 More 
recently, studies show that potent actin-disrupting agents 
such as marine macrolides like latrunculins, which sequester 
monomeric G-actin, lead to massive disassembly of filamen-
tous actin (Fig. 11.10). Treatment of HTM cells with latrun-
culin A or B (LAT-A, LAT-B) results in cell rounding and 
retraction of the lamellipodium, which is accompanied by 
an apparent “arborization” of the cells.499,500 LAT-A or -B 
administered intracamerally or topically to living monkey 
eyes induces 2–4-fold increases in outflow facility.501,502 In 
organ-cultured postmortem porcine eyes or human eyes, LAT-B 
significantly increases outflow facility by 60–70 percent.500,503 
Single or multiple topical treatments with LAT-A and/or -B 
also significantly decrease IOP in monkeys.501,502,504

Morphologically, the LAT-B-induced decrease in outflow 
resistance in monkey eyes in vivo is associated with massive 
“ballooning” of the juxtacanalicular region, leading to 
expansion of the space between the inner wall of Schlemm’s 
canal and the trabecular collagen beams without observable 
separations between inner wall cells.505 However, in post-
mortem human eyes, the facility increase is accompanied by 
increased openings between inner wall cells with only very 
modest rarefaction of the juxtacanalicular tissue and separa-
tion of the inner wall of Schlemm’s canal from juxtacanalicu-
lar tissue.503

Perturbation of the cellular actomyosin system by inhibi-
tion of myosin light chain kinase (MLCK) and/or Rho kinase 
is demonstrated with the nonselective serine-threonine 
kinase inhibitor H-7.500,506–509 H-7, administered intracamer-
ally or topically to living monkey eyes, doubles outflow 
facility and decreases IOP508 by directly affecting the 
TM.510 In porcine, human or monkey eye cultured anterior 
segments, H-7 also significantly increases outflow facil-
ity.500,511,512 The H-7-induced increase in outflow facility in the 
live monkey eye is associated with cellular relaxation  
and drainage-surface expansion of the TM and Schlemm’s 
canal (see Fig. 11.6), accompanied by loss of ECM. The inner 
wall cells of Schlemm’s canal become highly extended,  
yet cell–cell junctions are maintained.343,344 A specific Rho 
kinase inhibitor, Y-27632, induces reversible changes in  

Figure 11.10 (A) Focal adhesion (FA) as a mechanosensor. Focal adhesions 
are multi-molecular complexes connecting the extracellular matrix with the 
actin cytoskeleton. Heterodimeric transmembrane integrin receptors (red) 
bind matrix proteins via their extracellular domains, while their cytoplasmic 
domains are associated with a dense submembrane plaque containing 
more than 50 different proteins (“boxes” enclosed in the oval area) including 
structural elements as well as signal transduction proteins such as FAK, Src, 
ILK, etc. The plaque, in turn, is connected to the termini of actin filament 
bundles. The assembly and maintenance of FA depend on local mechanical 
forces. This force may be generated by myosin II-driven isometric 
contraction of the actin cytoskeleton, or by extracellular perturbations such 
as matrix stretching or fluid shear stress. Force-induced assembly of the 
adhesion plaque leads to the activation of a variety of signaling pathways 
that control cell proliferation, differentiation, and survival (e.g., MAP kinase 
and PI 3-kinase pathways) as well as the organization of the cytoskeleton 
(e.g., Rho family GTPase pathways). Rho, in particular, is an indispensable 
regulator of FA assembly affecting, via its immediate targets Dia1 and ROCK, 
actin polymerization and myosin II-driven contractility. (From Geiger B, 

Bershadsky A: Cell 110:129, 2002. Copyright Elsevier 2002.) (B) Schematic drawing 
illustrating targets for agents known to disrupt the actin cytoskeleton to 
enhance outflow facility. C-3, Y-27632 and H-7 block the Rho cascade, 
inhibiting actomyosin contraction and disrupting actin stress fibers; H-7 and 
ML-7 block myosin light chain kinase phosphorylation of the myosin light 
chain to interfere with actin-myosin interactions; latrunculin sequesters 
monomeric G actin leading to microfilament disassembly; caldesmon 
negatively regulates actin-myosin interactions. (Modified with permission from 

the original by Alexander Bershadsky.)
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agents such as ethacrynic acid, colchicine, and vinblastine, 
increase outflow facility and cause cellular contraction in 
HTM cells if the actin cytoskeleton is intact.532,533

Ethacrynic acid (ECA), a sulfhydryl-reactive diuretic drug, 
inhibits microtubule assembly in vitro, and induces a rapid 
decrease in phosphotyrosine levels of focal adhesion kinase 
and a more subtle decrease in paxillin phosphorylation. 
Dephosphorylation of these proteins disrupts signaling 
pathways that normally maintain the stability of the actin 
microfilaments and cellular adhesions, indicating a close 
relationship between the microtubule system and the acto-
myosin system. This action leads both to cell shape change 
in culture533,534 and to facility changes in vivo.535–538 In enu-
cleated human eyes, lower resistance-effective ethacrynic 
acid doses do not produce morphologic changes in the TM, 
whereas higher doses induce separations between TM and 
Schlemm’s canal cells.538,539 Recent evidence shows that 
several new derivatives of ECA significantly decrease IOP in 
cats and monkeys.540,541 These ECA derivatives are more 
potent than ECA in terms of inducing cell shape alterations 
and decreasing actin stress fiber content in human TM 
cells,542 suggesting that microtubule disruption may reduce 
outflow resistance at least partially through perturbation of 
the actomyosin system.

Perfusion of the monkey anterior chamber with calcium- 
and magnesium-free mock aqueous humor containing 
4–6 mM Na2EDTA or with calcium-free mock aqueous 
containing 4 mM ethylene glycol bis (aminoethylether) 
tetra-acetate (EGTA) also causes large facility increases, 
accompanied by ultrastructural changes in which the junc-
tions are clearly fractured;543 the latter is not the case with 
H-7 (see above). Since EDTA chelates both calcium and 
magnesium, while EGTA is much more specific for calcium,544 
calcium would appear to be a critical cation in maintaining 
the structural and functional integrity of the conventional 
outflow pathway. The calcium channel antagonist, verapamil, 
increases outflow facility in organ-cultured human eyes.545

Thus, agents that alter the cytoskeleton, cell junctions, 
contractile proteins, or ECM are capable of, in effect, produc-
ing a “pharmacologic trabeculotomy”. Derivatives of some 
of these compounds (latrunculins, Rho kinase inhibitors) 
are currently in clinical trials to lower IOP in humans.

Corticosteroid mechanisms
Studies suggest that glucocorticoids may play a major role 
in the normal physiologic regulation of outflow facility and 
IOP. Glucocorticoid receptors are identified in the cells of 
the outflow pathways.546 Corticosteroid regulation of IOP is 
proposed to occur via 11β-hydroxysteroid dehydrogenase 
(HSD)-1 expression which are localized in the non- 
pigmented ciliary epithelium of human eyes.547–549 This 
enzyme catalyzes the conversion of cortisone to cortisol 
which, in turn, induces Na+-K+-ATPase,550 leading to sodium 
and concomitant water transport into the posterior chamber, 
through epithelial sodium channels, resulting in aqueous 
production. Levels of cortisol compared to cortisone in the 
aqueous humor are normally much greater than in the sys-
temic circulation.548,551

However, long-term interactions of cortisol in the aqueous 
with glucocorticoid receptors in the TM, could contribute to 
increasing outflow resistance in susceptible individuals.551 

cell shape and decreases in actin stress fibers, focal adhe-
sions, and protein phosphotyrosine staining in human TM 
cells and Schlemm’s canal cells.513,514 In isolated bovine TM 
strips, Y-27632 completely blocks Ca2+-independent phorbol 
myristate acetate or endothelin-1-induced contraction.515–517 
Rho kinase inhibitors increase outflow facility and/or 
decrease IOP in enucleated porcine eyes and/or living 
monkeys.513,514,518–521 Morphological studies in bovine eyes 
indicate that, with Y-27632, the structural correlate to the 
increase in outflow facility is physical separation between 
the juxtacanalicular connective tissue and inner wall of Sch-
lemm’s canal.522 A clinical study demonstrates that topical 
administration of a selective ROCK (Rho-associated coiled 
coil-forming) protein kinase inhibitor (SNJ-1656, an oph-
thalmic solution of Y-39983 which is 30 times more potent 
at ROCK than Y-27632520) can lower IOP in humans523 
although ocular surface toxicity occurs.

TM relaxation is also induced by modulating proteins, 
such as caldesmon, that negatively regulate actin–myosin 
interactions. When caldesmon is overexpressed, actin 
becomes uncoupled from myosin. Additionally, the exoen-
zyme C3 transferase disrupts actin–myosin interactions by 
inhibiting Rho-GTP thereby blocking the whole Rho cascade 
(Fig. 11.10). Recently, adenovirus-delivered exoenzyme C3 
transferase (C3-toxin) cDNA and non-muscle caldesmon 
cDNA were successfully expressed in cultured human TM 
cells.524,525 Outflow facility in organ-cultured human or 
monkey eyes is dramatically increased following overexpres-
sion of these genes.525,526 Specific inhibition of Rho-kinase 
activity in the TM by dominant negative Rho expression also 
increases outflow facility in organ-cultured human anterior 
segments.527

Uncoupling of cellular adhesions from the ECM is another 
approach to disrupt the actin cytoskeleton resulting in 
increased outflow facility. It is well established that signaling 
events mediated by the ECM play a critical role in maintain-
ing tissue architecture by regulating the organization of the 
actin cytoskeleton and cell contacts. Hence, these signaling 
events could potentially regulate outflow facility. Recent 
studies support this idea and show that the Heparin II 
(HepII) domain of fibronectin, an extracellular matrix 
protein found in the TM, increases outflow facility when 
perfused through cultured human anterior segments.528 Pre-
sumably this domain increases outflow facility by mediating 
the disassembly of the actin cytoskeleton in TM cells.529 The 
HepII domain plays an important role in regulating the 
organization of the actin cytoskeleton by acting as a ligand 
for members of the syndecan and integrin family of 
receptors.530

Microtubules comprise 25-nm-diameter hollow polar 
fibers, densely packed near the nucleus, and extending 
toward the cell periphery. They are not intrinsically contrac-
tile but are important for directional cell motility and, driven 
by specific microtubule motor proteins such as kinesins and 
dyneins, for cytoplasmic trafficking of vesicles and organelles. 
Associated proteins bind to microtubules and can affect their 
stability and potentially attach them to other cellular struc-
tures, including other cytoskeletal filaments. Microtubule 
function could affect outflow pathway events through direct 
cellular mechanical effects, influences on extracellular or cell 
membrane turnover, or secondary signaling leading to acti-
vation of the actin cytoskeleton.531 Microtubule disrupting 
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which may be necessary to prevent adherence of larger mol-
ecules to the cribriform meshwork.577 These and other DEX-
induced alterations in several other molecules involved in 
the regulation of the ECM have recently been reviewed.578 
Some glucocorticoid effects on the TM could also be medi-
ated by alterations in growth factor/receptor expression.578

Human TM and Schlemm’s canal cell monolayers grown 
on filters exhibit enhanced tight junction formation and 
decreased hydraulic conductivity in the presence of DEX.579,580 
There is a 2-fold increase in the number of tight junctions, 
a 10–30-fold reduction in the mean area occupied by inter-
endothelial “gaps” or preferential flow channels, and a 3–5-
fold increase in the expression of the junction-associated 
protein ZO-1. Inhibition of ZO-1 expression abolishes the 
DEX-induced increase in resistance and the accompanying 
alteration in cell junctions and gaps. These results support 
the hypothesis that intercellular junctions are necessary for 
the development and maintenance of transendothelial flow 
resistance in cultured TM and Schlemm’s canal cells and may 
be involved in the mechanism of increased resistance associ-
ated with glucocorticoid exposure.

Glucocorticoids are shown to reorganize the TM cytoskel-
eton. Most intriguing in terms of outflow resistance, are the 
unusual geodesic dome-like cross-linked actin networks 
(CLANs) formed in response to DEX treatment of TM cells 
and perfusion cultured anterior segments (Fig. 11.11).581–583 
Higher basal levels of CLANs are present in glaucomatous 
TM cells and tissues and a greater CLAN response to gluco-
corticoids occurs in glaucomatous TM cells.584 Recent studies 
have shown that CLANs exist within TM cells in situ in both 
normal and glaucoma donor eyes. There may be a CLAN in 
all cells in glaucomatous TM in situ and in two-thirds of cells 
in normal TM.585 CLAN formation can be regulated by beta1 
and beta3 integrin signaling pathways.586

Cultured human TM cells exposed to DEX also exhibit 
increased cell and nuclear size, an unusual stacked arrange-
ment of smooth and rough endoplasmic reticulum, prolif-
eration of the Golgi apparatus, and pleomorphic nuclei.581 
TM cell volume can be altered by an early DEX-induced 
enhancement of Na-K-Cl cotransport.587

One of the first TM cell genes/proteins induced by gluco-
corticoids is myocilin (MYOC) whose progressive induction 
over time matches the time course of clinical steroid effects 
on IOP and outflow facility, and is hypothesized to play a 
role in glaucoma pathogenesis (see review588).

The MYOC gene is directly linked to patients with open-
angle glaucoma.589 Mutations in the MYOC gene are present 
only in a minor percentage (~3–4 percent) of patients with 
adult forms of POAG590 but are prevalent in juvenile open-
angle glaucoma (see reviews588,591). Disease-causing MYOC 
mutants are misfolded, leading to accumulation in the  
endoplasmic reticulum which can result in cell death.592 
Recombinant MYOC increases outflow resistance in the 
organ-cultured human anterior segment.593 In contrast, over-
expression of mutant MYOC in vivo in cats does not elevate 
IOP.594 It may be that IOP elevation is dependent on other 
factors in addition to a mutant MYOC protein or that longer 
duration of exposure may be required in vivo.

MYOC may play a role in maintaining normal outflow 
pathways. Maintaining elevated pressure in human anterior 
segment organ culture for 7 days causes a marked increase 
in MYOC mRNA that could be part of a protective response 

In the normal population, approximately 40 percent of 
patients treated with topical or systemic corticosteroids  
are termed “steroid responders,” and develop markedly ele-
vated IOP after several weeks.552,553 This contrasts to patients 
with POAG, 90 percent of which are considered steroid 
responders.553,554 One hundred percent of cow eyes treated 
in vivo with prednisolone acetate develop elevated IOP after 
3 weeks of treatment.555 Glaucoma patients also have 
increased plasma levels of cortisol compared to normal indi-
viduals556,557 and increased vascular sensitivity to gluco-
corticoids.558 Oral administration of the glucocorticoid 
biosynthesis inhibitor metyrapone to glaucoma patients559 
or the 11β-hydroxysteroid dehydrogenase inhibitor car-
benoxolone to ocular hypertensive patients547 elicits a small, 
transient decline in IOP. A recent pilot study shows that a 
single anterior juxtascleral depot of anecortave acetate (an 
angiostatic cortisene used in age-related macular degenera-
tion) is effective in lowering IOP in POAG eyes for up to 12 
months.560 The mechanism of action is currently unknown. 
IOP elevation in a sheep model of steroid induced glaucoma 
could be reversed or prevented by a single dose of a gene 
therapy vector carrying an inducible metalloproteinase 
human gene.681

The glucocorticoid dexamethasone (DEX) alters complex 
carbohydrate, hyaluronic acid, protein, and collagen synthe-
sis and distribution in cells and tissues of human aqueous 
humor outflow systems.377,561–563 In TM cells, DEX inhibits 
prostaglandin synthesis (90 percent), reduces phago-
cytic564,565 and extracellular protease activity, and changes 
gene expression.566–568 Cortisol metabolism may be altered 
in cultured TM cells from patients with primary open-angle 
glaucoma. These cells accumulate 5β-dihydrocortisol and, 
to a lesser extent, 5α-dihydrocortisol, metabolites which 
potentiate the facility-decreasing and IOP-increasing effects 
of DEX; these cells produce relatively little 3α,5β-
tetrahydrocortisol from cortisol.569 Normal human TM cells 
show no accumulation of active dihydrocortisol intermedi-
ates; all cortisol is rapidly metabolized to the inactive tet-
rahydrocortisols. 3α,5β-Tetrahydrocortisol applied topically 
decreases IOP and increases outflow facility in glaucomatous 
human eyes,569 and antagonizes DEX-induced cytoskeletal 
reorganization (see below) in normal HTM celIs569,570 but 
has no effect on outflow facility in normotensive monkeys 
following intracameral injection or 10 days of topical 
administration.571

Glucocorticoid glaucoma and POAG eyes both exhibit 
increased amounts of ECM in the meshwork.572 However, 
the ECM that accumulates in eyes with corticosteroid-
induced glaucoma differs from that seen in eyes with 
POAG.573 The human anterior segment in organ culture 
exposed to DEX exhibits morphological changes similar to 
those reported for corticosteroid glaucoma and a resulting 
increase in IOP and decrease in outflow facility.574 Studies of 
DEX effects in cultured human TM cells, combined with 
studies of changes in laminin and fibronectin and alterations 
in phagocytosis and surface binding properties, may provide 
clues to the changes in pressure-dependent outflow seen 
with corticosteroid use.575 Inhibition of DEX-induced over-
expression of laminin or collagen using antisense oligonu-
cleotides increases permeability of DEX-treated HTM cells.576 
Prolonged treatment of HTM cells with DEX decreases 
hyaluronan synthesis. Hyaluronan is an inert molecule 
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(13,14-dihydro-17-phenyl-18,19,20-trinor-PGF2α-isopropyl 
ester) cause reductions in collagen types I, III, and IV, 
fibronectin, laminin and hyaluronan immunoreactivity in 
the ciliary muscle and adjacent sclera, while MMP-2 and -3 
are increased.

Plasmin generation, an activator of MMPs, is enhanced.605,609 
PGF2α can stimulate the formation of endogenous prostag-
landins by stimulation of phospholipase A2 and release of 
arachidonic acid for prostaglandin synthesis.610 Human 
ciliary muscle cells exposed to PGF2 ethanolamide or 
latanoprost for 9 days show a downregulation of the FP 
receptor. In the same study, downregulation of the 
aquaporin-1 and versican genes are proposed to increase 
flow through the ciliary muscle and decrease IOP.611 Long-
term treatment with various subtype selective prostaglandins 

mechanism.595 Over expression of the amino terminal 
domain or full-length MYOC protein in the human anterior 
segment organ culture produces an increase in outflow facil-
ity.596 The regulation of human trabecular cell MYOC mRNA 
appears to be distinct in HTM cells compared with other cells 
types.597 MYOC is localized both intracellularly and extracel-
lularly (in a glycosylated form, 66 kDa) at multiple sites 
(associated with mitochondria, cytoplasmic filaments, elas-
tic-like fibers in trabecular beams, extracellular matrices in 
the juxtacanalicular region) where it may exert diverse bio-
logical functions.567,598,599 It may serve a structural function 
within the cytoplasm, or it may associate with other mole-
cules within the cell, perhaps as a molecular chaperone. 
Extracellularly, it may be involved in creating resistance to 
aqueous outflow by binding to other extracellular mole-
cules, such as the heparin II domain of fibronectin,600 or to 
the cell membrane of trabecular cells.601 Dynamic mechani-
cal stimuli maintain MYOC expression in TM in situ.602 
Thus, the role of normal MYOC in glaucoma has yet to be 
established.

Prostaglandin mechanisms (Box 11.3)
There is a 60 percent increase in aqueous outflow via the 
uveoscleral pathway in monkeys after a single submaximal 
dose of PGF2α-1-isopropyl ester (PGF2α-IE).7 Following mul-
tiple submaximal doses (Table 11.3), there is more than a 
100 percent increase in uveoscleral outflow.314 In both 
instances, aqueous outflow is substantially redirected from 
the trabecular to the uveoscleral pathway. In vitro, PGF2α 
produces a weak dose-dependent relaxation of carbachol-
precontracted rhesus monkey ciliary muscle strips.603 Such 
relaxation may contribute to widening the intermuscular 
spaces in vivo.604 However, the majority of the outflow effect 
resulting from PGF2α treatment is likely due to ECM remod-
eling in the anterior segment characterized by an increase  
in MMP-1, -2, and -3 and reduction in collagen types I, II 
and IV, within the ciliary muscle, iris root and peri- 
ciliary body sclera605–607 possibly associated with activation 
of the proto-oncogene c-fos.608 PGF2α and latanoprost 

Figure 11.11 Whole mount transmission electron micrographs of the cytoskeleton of control trabecular meshwork cells (A) and trabecular meshwork cells 
exposed to 10–7 M dexamethasone for 14 days (B). The stress fibers in the control cells are arranged in normal linear arrays, whereas dexamethasone-treated 
microfilaments are grouped into 90- to 120-nm bundles radiating from electron-dense vertices. (From Clark AF et al: Invest Ophthalmol Vis Sci 35:281, 1994, 

reproduced with permission from the Association for Research in Vision and Ophthalmology.)

Box 11.3 Prostaglandin Mechanisms

• Prostaglandin analogs are currently the most effective IOP- 
lowering glaucoma therapies, exerting their ocular hypotensive 
effects primarily by increasing uveoscleral outflow

• Prostaglandin-induced increases in scleral permeability may 
be used to enhance trans-scleral delivery of agents to the 
posterior segment of the eye

• Combination of subtype selective prostaglandin analogs may 
be more efficacious in IOP lowering than single subtype therapy

• Bimatoprost, latanoprost, and travoprost have similar 
mechanisms of action, primarily increasing uveoscleral 
outflow of aqueous humor in healthy adult human subjects, 
but the magnitude of the flow through each pathway 
depends on the measurement technique679

• Trabeculectomy patients have a significantly lower average 
diurnal IOP compared to patients treated with latanoprost or 
undergoing deep sclerectomy with collagen implant. No 
wider variation in diurnal IOP occurs with latanoprost 
compared to surgical procedures. IOP increase during a water 
drinking test is most marked in patients under latanoprost 
therapy as compared to patients with trabeculectomy or deep 
sclerectomy with collagen implant680
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7 days of topical treatment with latanoprost is also depend-
ent on an intact FP receptor gene.618a,618b EP receptor-
deficient mice are studied in similar ways. When EP1, EP2, 
and EP3 receptor-deficient mice and their wild-type 
background strain are treated topically with latanoprost,  
travoprost, bimatoprost, or unoprostone, EP3 receptors are 
involved in the IOP – lowering response to latanoprost, 
travoprost, and bimatoprost at 3 hours after drug adminis-
tration – but EP1 and EP2 receptors are not.619 This is in 
contrast to what is expected from in vitro receptor 
binding620,621 and functional assays620 in which FP receptor 
binding and functional responses (phosphoinositide turn-
over) are at least two orders of magnitude greater than for 
EP3 receptors. Also, immunohistochemistry studies show 
that EP2 receptors are the most abundantly expressed EP 
subtype in human ocular tissues.622 EP2 selective agonists are 
effective in lowering IOP in monkeys.623,624 Topical treatment 
with a combination of EP1, EP2, EP3 and FP receptor ago-
nists increases the magnitude of the IOP-lowering response 
in monkeys when compared to FP agonist therapy alone.624

The uveoscleral outflow system likely evolved to protect 
the eye in several ways during inflammation. The TM 
becomes compromised by inflammation or obstructed by 
inflammatory debris, and the choroid is overloaded with 
debris and extravasated proteins that must be removed from 
the eye.154 In this situation, prostaglandins are released and, 
as autacoids or hormones that are synthesized, released, and 
locally acting, induce the changes described. Since the eye 
has no true lymphatics, uveoscleral outflow may serve as an 
analog to an intraocular lymphatic drainage system.12 
However, as mentioned above, long-term exposure to pros-
taglandins, may lead to lymphatization of the uveoscleral 
pathway.612 The normal low flow rate that is sufficient to 
remove normal levels of extravascular protein may be inad-
equate when protein levels are increased as in uveitis. Redi-
rection of aqueous outflow from the trabecular to the 
uveoscleral pathway would both rid the eye of excess pro-
teins and maintain physiologic IOP. This could also explain 
the very low IOP that often accompanies uveitis; during 
experimental iridocyclitis in monkeys, uveoscleral outflow 
increases approximately four-fold (Table 11.4).153

The increase in uveoscleral outflow in response to these 
compounds is so great that a larger reduction in IOP is pos-
sible than with any other known substance. PGF2α analogs 
and metabolites are clinically useful ocular hypotensive 
agents, despite some undesirable side effects (conjunctival 
foreign body sensation, conjunctival hyperemia, stinging 
pain, photophobia),625,626 and increased iris pigmentation in 
some instances.627 In fact, they are the most commonly used 
glaucoma medications in the developed world. Gene therapy 
approaches to overexpress prostaglandin pathway genes in 
the anterior segment to lower IOP are being investigated so 
that problems patient compliance for drug administration 
may be reduced. Success has been demonstrated in a cat 
model where IOP was decreased for 5 months following 
lentiviral vector delivery of prostaglandin pathway genes.684

Cell volume related mechanisms
Na-K-Cl cotransporter is a plasma membrane protein that 
participates in vectorial transport of Na and Cl across epi-
thelia and also regulates intracellular volume in a variety of 
epithelial and non-epithelial cell types.628–631 Changes in TM 

results in intermuscular spaces became more organized and 
lined with an incomplete layer of endothelial cells resem-
bling lymphatic pathways.612

Prostaglandin-induced changes in the sclera also are 
important in the regulation of uveoscleral outflow and may 
be used to enhance trans-scleral delivery of peptides and 
other high-molecular-weight substances to the posterior 
segment of the eye. Five days of topical treatment with 
PGF2α-isopropyl ester increases MMP-1, -2, and -3 in the 
sclera of monkeys.613 Immunocytochemistry studies and 
mRNA analysis of human sclera and cultured human scleral 
fibroblasts shows the presence of EP1, EP2 and FP receptor 
subtypes but not EP3 and EP4 subtypes.614 Human scleral 
permeability to dextrans, measured in an Ussing chamber 
following exposure to PGF2α and latanoprost acid for 1–3 
days, increases in a dose- and time-dependent manner. This 
is accompanied by an increase in MMP concentration in the 
media with the greatest increases in MMP-2 and -3 compared 
to MMP-1.615 PGF2α and latanoprost acid also induce 
increases in mRNA for MMPs and tissue inhibitors of matrix 
metalloproteinases in human scleral organ cultures.616 MMPs 
alone are shown to directly increase scleral permeability of 
mouse eyes.617

Mice deficient in various prostaglandin receptors are used 
to determine the role of prostanoid receptor subtypes in 
mediating the IOP-lowering response to clinical prostaglan-
din analogs. Studies in FP receptor-deficient mice show that 
the FP receptor is essential for the early IOP-lowering 
response to topical latanoprost, travoprost, bimatoprost and 
unoprostone.618 The involvement of the FP receptor in the 
IOP reduction with long-term dosing is unknown. Upregula-
tion of MMP-2, -3, -9 and FP mRNA in the sclera following 

(From Gabelt BT, Kaufman PL: Exp Eye Res 49:389, 1989, Copyright Elsevier 
1989.)

Table 11.3 Uveoscleral outflow on day 5 of twice-daily unilateral 
treatment with PGF2α

Treated Control Treated/Control

(a) Spontaneous IOP; Approximately 235–325 min (n = 6)

Albumin 0.78 ± 0.12* 0.46 ± 0.03 1.66 ± 0.20†

(b) IOP = 17–18 mmHg; Approximately 240–335 min (n = 2)

Albumin 1.45 ± 0.01§ 0.62 ± 0.11 2.41 ± 0.42

(c) IOP = 17–18 mmHg; Approximately 135–195 min (n = 1)

Albumin 2.03 0.63 3.21

(d) All IOP Time Group Combined (n = 9)

Albumin 1.07 ± 0.17§ 0.52 ± 0.04 2.00 ± 0.24‡

IOP, intraocular pressure; PGF2α, prostaglandin F2α.

On day 5 anterior chambers were exchanged with 2 mL of either 125I- or 
131I-albumin. Infusion was continued at a lower rate for the balance of the 
indicated times. Pressures other than spontaneous were maintained by tracer 
flow from an elevated reservoir. Animals were then sacrificed and the 
equivalent anterior chamber fluid recovered in the ocular and periocular 
tissues was determined. Overall, PGP2α increased uveoscleral outflow 
approximately two-fold compared with control eyes. Data are mean ± 
standard error of mean uveoscleral outflow (µl/min) for n animals, each 
contributing one treated and one control eye, following the ninth unilateral 
dose of PGF2α on day 5; min indicates time window following PGF2α 
encompassed by the measurement. Significantly different from 1.0 by the 
two-tailed paired t-test: †p < .05; ‡p < .01. Significantly different from 
contralateral control by the two-tailed two sample t-test: *p < .05; §p < .01.
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suggests that there is depletion of hyaluronic acid and an 
accumulation of chondroitin sulfates in the POAG TM.638,639 
Substantial hyaluronan is present in the non-glaucomatous 
outflow pathway associated with the endothelial cells lining 
the trabecular beams. This finding supports potential roles 
for this glycosaminoglycan in the regulation of the physio-
logical aqueous outflow resistance or in the maintenance of 
the outflow channels, or both.640 Hyaluronic acid covering 
the surfaces of the outflow pathways might prevent adher-
ence of molecules to ECM components within the cribriform 
region and thereby prevent clogging of the outflow path-
ways.407 It is hypothesized that POAG is characterized by a 
decreased concentration of hyaluronic acid and increased 
turnover and downregulation of the hyaluronic acid receptor 
CD44 in the eye, which, in turn, may influence cell survival 
of TM and retinal ganglion cells.641

Intracameral infusion of hyaluronidase markedly increases 
facility in the bovine eye, presumably as the result of washout 
of acid mucopolysaccharide-rich ECM in the chamber angle 
tissues.642 Effects in primates are much more variable.643–647 
The variations are attributed to interspecies differences, the 
type and source of hyaluronidase, and the conditions used 
for the enzymatic digestion that may have contributed to a 
variable and incomplete degradation of hyaluronic acid. In 
the enucleated human eye perfused at room temperature, 
α-chymotrypsin has little effect on facility.645 However, 
effects of trypsin may be masked at low temperatures648 and 
a combination of trypsin and ethylenediaminetetra-acetate 
(EDTA) may have a marked effect in dissociating cultured 
cells not easily dissociated by either agent alone.649 Perfusion 
of the anterior chamber of living monkeys with 50 U/mL 
α-chymotrypsin gives a large facility increase that persists for 
several hours even after the enzyme is removed from the 
infusate.650 The facility increase induced by intracameral 
0.5 mM Na2EDTA is augmented and prolonged by 
α-chymotrypsin.650

Exposure of porcine TM cells to growth factors such as 
TGFβ induces increases in matrix metalloproteinases (MMPs) 
such as stromelysin, gelatinase B and collagenase, suggesting 
a role in the regulation of ECM turnover by TM cells.651 
However, prolonged elevation of TGFβ2, as occurs in POAG, 
can have the opposite effects and contribute to outflow 
obstruction (see Outflow Obstruction). Purified MMPs 
increase outflow facility in organ-cultured human anterior 
segments by 160 percent for at least 125 hours.652

The composition of the ECM in the TM has been  
recently reviewed.653 Presumably any of the enzymes 
involved in the biosynthesis or degradation of the ECM are 
potential targets to be manipulated for enhancing trabecular 
outflow.

Other agents
Nitric oxide mimicking nitrovasodilators can decrease IOP 
in monkeys by altering outflow resistance. In human eyes, 
the TM and ciliary muscle are enriched sites of nitric oxide 
systhesis.28 One role for nitric oxide in the anterior segment 
may be to modulate outflow resistance either directly at  
the level of the TM, Schlemm’s canal and collecting chan-
nels, or indirectly through alteration in the tone of the lon-
gitudinal ciliary muscle. Nitrovasodilators are shown to  
relax TM654 and ciliary muscle654 strips precontracted with 

cell volume by agents which modulate Na-K-Cl cotransport 
activity affect outflow facility in human and calf eyes in 
vitro.632 However, no change in outflow facility is observed 
in monkeys in vivo following administration of the Na-K-Cl 
inhibitor bumetanide.94 Although this was an intense area 
of interest for a time, no recent advances have been made.

Water channels (aquaporins), are also found in TM and 
Schlemm’s canal cells.82,633,634 They may be involved in trans-
cellular water movement in these tissues.635 However, no role 
in aquaporin 1 in regulating outflow facility is demonstrated 
after over-expression in human organ-cultured anterior 
segments.636

Nitric oxide donor-induced increases in outflow facility 
may be due partly to decreases in TM cell volume (also see 
Other Agents).

Although chloride channels are thought to be involved in 
the regulation of cellular volume and intracellular chloride 
concentration, they do not appear to contribute significantly 
to the regulation of outflow facility.637

Hyaluronidase and protease-induced  
facility increases
Glycosaminoglycans (GAGs) contribute to the filtration 
barrier of aqueous outflow through the TM. A quantitative 
biochemical profile of GAGs from normal and POAG TM 

Table 11.4 Distribution of dextran tracer, uveoscleral outflow, 
protein and intraocular pressure in control and inflamed 
cynomolgus monkey eyes

Control 

Eye (µl)

Inflamed 

Eye (µl) Probability *

Iris 1.2 ± 0.3 2.4 ± 0.3 0.07

Anterior uvea 8.5 ± 2.4 18.6 ± 4.3 0.43

Posterior uvea 0.3 ± 0.2 4.2 ± 0.8 0.006

Anterior sclera 8.4 ± 1.6 28.4 ± 4.4 0.01

Posterior sclera 1.9 ± 0.9 21.5 ± 3.9 0.006

Retina 0.1 ± 0.1 2.1 ± 0.9 0.08

Fluid† 0.7 ± 0.4 11.2 ± 3.4 0.03

Total 21.0 ± 4.7 88.4 ± 14.7 0.009

Uveoscleral 
outflow (µl/min)

0.7 ± 0.2 2.9 ± 0.5 0.009

AC protein (mg/ml) 0.20 ± 0.02 7.8 ± 4.0 0.006

Pre-IOP 16.7 ± 0.8 15.2 ± 1.3 0.43

Post IOP 14.2 ± 1.6 3.0 ± 1.1 <0.001

AC, Anterior chamber; IOP intraocular pressure.

Inflammation was induced by intravitreal injection of bovine serum albumin. 
Two days later, tracers were perfused through the anterior chamber and Fu 
was determined after 30 minutes at 15 mm Hg. Uveoscleral outflow was 
increased in inflamed eyes up to fourfold with the 70,000 molecular weight 
(MW) fluoresceinated dextran. Values are mean standard error of mean; n = 6.

*Paired t-test analysis value.
†Includes vitreous, posterior chamber fluid, suprachorodial fluid.

From Toris CB, Pederson JE: Invest Ophthalmol Vis Sci 28:477, 1987, 
reproduces with permission from the Association for Research in Vision and 
Ophthalmology.
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producing a “hole” in the meshwork or inner canal wall.671,672 
It may be that contracture of the laser-produced scars tight-
ens and narrows the trabecular ring, and the distortion 
somehow expands the meshwork, opens aqueous channels, 
and improve hydraulic conductance.672,673 Other data suggest 
that laser energy-induced alterations in trabecular cell bio-
synthetic, biodegradative, or phagocytic functions result in 
less hydraulic resistance.674,675 Definitive proof of the facility-
increasing mechanism of laser trabeculoplasty remains to be 
established.

Canaloplasty is a recently developed non-penetrating 
technique utilizing a flexible microcatheter to access the 
entire length of Schlemm’s canal. The entire circumference 
of the canal or a portion of it can be dilated with viscoelastic. 
A trabecular tensioning suture can be inserted for applying 
additional tension. IOP can be effectively lowered with a 
relatively low surgical complication rate, although the pres-
sure may not fall to the extent needed by some patients.676,677

References

1. Millar C, Kaufman PL. Aqueous humor: secretion and dynamics. In: Tasman W, Jaeger 
EA, eds. Duane’s Foundations of clinical ophthalmology. Philadelphia: Lippincott-
Raven, 1995.

2. Johnson M, Erickson K. Mechanisms and routes of aqueous humor drainage. In: Albert 
DM, Jakobiec FA, eds. Principles and practice of ophthalmology. Philadelphia: WB 
Saunders Co, 2000:2577.

3. Pederson JE et al. Uveoscleral aqueous outflow in the rhesus monkey: importance of 
uveal reabsorption. Invest Ophthalmol Vis Sci 1977; 16:1008.

4. Bill A. The aqueous humor drainage mechanism in the cynomolgus monkey (Macaca 
irius) with evidence for unconventional routes. Invest Ophthalmol 1965; 4:911.

5. Sperber GO, Bill A. A method for near-continuous determination of aqueous humor 
flow: effects of anaesthetics, temperature and indomethacin. Exp Eye Res 1984; 39:435.

6. Kaufman PL, Crawford K. Aqueous humor dynamics: how PGF2a lowers intraocular 
pressure. In: Bito LZ, Stjernschantz J, eds. The ocular effects of prostaglandins and other 
eicosanoids. New York: Alan R. Liss, 1989:387.

7. Nilsson SFE et al. Increased uveoscleral outflow as a possible mechanism of ocular 
hypotension caused by prostaglandin F2a-1-isopropylester in the cynomolgus monkey. 
Exp Eye Res 1989; 48:707.

8. Gabelt BT et al. Aqueous humor dynamics and trabecular meshwork and anterior ciliary 
muscle morphologic changes with age in rhesus monkeys. Invest Ophthalmol Vis Sci 
2003; 44:2118.

9. Bill A, Phillips I. Uveoscleral drainage of aqueous humor in human eyes. Exp Eye Res 
1971; 21:275.

10. Townsend DJ, Brubaker RF. Immediate effect of epinephrine on aqueous formation in 
the normal human eye as measured by fluorophotometry. Invest Ophthalmol Vis Sci 
1980; 19:256.

11. Toris CB et al. Aqueous humor dynamics in the aging human eye. Am J Ophthalmol 
1999; 127:407.

12. Bill A. Blood circulation and fluid dynamics in the eye. Physiol Rev 1975; 55:383.
13. Bill A. Basic physiology of the drainage of aqueous humor. In: Bito LZ et al, eds. The 

ocular and cerebrospinal fluids. Fogarty International Center Symposium. London: 
Academic Press, 1977:291.

14. Sears ML, Neufeld AH. Adrenergic modulation of the outflow of aqueous humor. Invest 
Ophthalmol 1975; 14:83.

15. Zimmerman TJ. Topical ophthalmic beta blockers. A comparative review. J Ocular 
Pharmacol 1993; 9:373.

16. Kaufman PL, Gabelt B. α2-Adrenergic agonist effects on aqueous humor dynamics. J 
Glaucoma 1995; 4(Suppl 1):S8.

17. Gabelt BT, Kaufman PL. Cholinergic drugs. In: Netland PA, ed. Glaucoma medical 
therapy, principles and management, 2nd edn. New York: Oxford University Press in 
cooperation with the American Academy of Ophthalmology, 2008:103.

18. May JC et al. Evaluation of the ocular hypotensive response of serotonin 5-HT1A and 
5-HT-2 receptor ligands in conscious ocular hypertensive cynomolgus monkeys. J 
Pharmacol Exp Ther 2003; 306:301.

19. Mekki QA et al. Bromocriptine lowers intraocular pressure without affecting blood 
pressure. Lancet 1983; 1:1250.

20. Chiou GCY. Treatment of ocular hypertension and glaucoma with dopamine 
antagonists. Ophthalmic Res 1984; 16:129.

21. De Vries GW et al. Stimulation of endogenous cyclic AMP levels in ciliary body by 
SK&F28526, a novel dopamine receptor agonist. Curr Eye Res 1986; 5:449.

22. Geyer O et al. Hypotensive effect of bromocriptine in normal eyes. J Ocul Pharmacol 
1987; 3:291.

23. Tian B et al. Effects of adenosine agonists on intraocular pressure and aqueous humor 
dynamics in cynomolgus monkeys. Exp Eye Res 1997; 64:979.

24. Husain S et al. Mechanisms linking adenosine A1 receptors and extracellular 
signal-regulated kinase1/2 activation in human trabecular meshwork cells. J Pharmacol 
Exp Ther 2007; 320:258.

25. Crosson CE et al. Modulation of conventional outflow facility by the adenosine A1 
agonist N6-cyclohexyladenosine. Invest Ophthalmol Vis Sci 2005; 46:3795.

carbachol in vitro. Nitric oxide synthase-immunoreactive 
nerve fibers are abundant in the primate TM, especially  
an the cribriform region adjacent to the inner wall of  
Schlemm’s canal.422 Nitric oxide synthase released from 
nerve terminals could cause relaxation of TM cells and allow 
an increase in outflow facility independent from the ciliary 
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tions in staining indicative of nitric oxide synthase activity 
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duced by adenosine A1 agonist cyclohexyladenosine is also 
associated with MMP activation.25 Aqueous adenosine levels 
are positively correlated with IOP in ocular hypertensive 
individuals and could possibly serve as an endogenous mod-
ulator of IOP.658

There is evidence that the eye contains a renin-angiotensin 
system and that it may be involved in the regulation of IOP. 
The presence of angiotensin-converting enzyme activities, 
the concentration of angiotensinogen and angiotensin II, 
and the density of angiotensin-II AT1 receptors in ocular 
tissues and fluids are demonstrated in several species, includ-
ing humans.659–663 Oral administration of an angiotensin II 
receptor type 1 antagonist664,665 or an angiotensin-converting 
enzyme inhibitor666,667 reduces IOP in normotensive and in 
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Physical enhancement of outflow
Aqueous outflow via the conventional drainage pathway is 
a physical process that can be altered pharmacologically as 
reviewed above. Ultimately, physical methods to alter 
trabecular outflow are accomplished by fistulation to allow 
fluid movement from one compartment to another.

Spacing ~50–100 small (50 µm), low-intensivity argon, 
krypton or diode laser burns evenly around the circumfer-
ence of the meshwork of the glaucomatous human eye  
can result in a significant and long-term increase in outflow 
facility and decrease in IOP, apparently without actually  
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Metabolic Interactions between 
Neurons and Glial Cells

Carole Poitry-Yamate & Constantin J. Pournaras

Introduction
The vasculature of both the retina and brain can autoregu-
late, meaning that blood flow is altered in response to neu-
ronal activity. This tight coupling between neuronal activity 
and blood flow, or neurovascular coupling, was first 
described in the brain more than a century ago by Roy & 
Sherrington.1 Retinal glia are not just passive supportive cells 
but rather they play an active role in directly changing neu-
ronal activity. Glial cells sense neuronal activity and alter 
blood flow accordingly by directly communicating with the 
inner retinal vasculature. Thus, glia play a pivotal role not 
only in maintaining normal neuronal function but also in 
ensuring adequate retinal blood flow.2,3 Even though glia are 
essential for normal retinal function, for the most part their 
roles are in response to neuronal function. Stimulation of 
retinal whole-mounts by light or direct glial stimulation led 
to either vasoconstriction or vasodilation of inner retinal 
blood vessels.3 In particular, these vascular caliber changes 
were linked to increases in intracellular calcium within 
retinal glia. Therefore, like their counterparts in the brain, 
retinal glia induce caliber changes in capillaries in response 
to neuronal activity.

Recently, with the advent of ion-sensitive fluorescent indi-
cators and calcium imaging, it has emerged that glial cells 
can generate active responses and play a profound role in 
directly modulating both the activity of neurons and the 
vasculature.4,5 Glia communicate with one another via 
increases in intracellular calcium in the form of a calcium 
wave that propagates from one astrocyte to another via gap 
junctions or by the release of bursts of extracellular ATP.5,6

Studies in cell culture, brain slices and more recently, 
retinal whole-mounts have demonstrated that transmitters 
released from neurons induce transient elevations in intra-
cellular calcium in glia.4,6 Mechanical, chemical and light 
stimulation can evoke increases in intracellular calcium in 
both astrocytes and Müller cells that propagate to neigh-
boring glia as a “wave”.6 It is well established that extracel-
lular ATP evokes large increases in intracellular calcium 
within both astrocytes and Müller cells and that glia release 
ATP extracellularly in response to stimulation.6 The source 
of the calcium elevations in retinal glia is thought to  
be primarily from intracellular stores, although there is  
also a range of calcium-permeable channels, pumps and 

exchangers that could mediate calcium influx into glia from 
the environment.

The functional significance of the elevation in intracel-
lular calcium within retinal glia is two-fold: direct modula-
tion of neurons and alteration of vessel caliber.5 Studies 
in cortical glial cultures have shown that glia can release 
chemical transmitters such as ATP, glutamate and the  
NMDA receptor co-agonist D-serine in a calcium-dependent 
manner.4,7 Moreover, these released “gliotransmitters” can 
directly alter neuronal function.8 For example, many types 
of retinal neurons are known to express receptors to ATP 
(called P2 receptors), including photoreceptors, amacrine 
cells and ganglion cells.9–12 Moreover, photoreceptor func-
tion is modulated by extracellular ATP.11 Therefore, it is 
possible that the release of ATP extracellularly by glia could 
in turn modulate a variety of neuron cell types from pho-
toreceptors to ganglion cells. In regards to a glial-dependent 
modulation of vessel caliber, increases in intracellular 
calcium within cortical astrocyte endfeet are linked to 
marked vasodilation in the adjacent arteriole, suggesting a 
relationship between astrocytes and the vasculature within 
different regions of the central nervous system13,14 in response 
to an increase in neural activity.

Energy for excitatory glutamatergic synaptic transmission 
in the mammalian retina, as elsewhere in the central nervous 
system (CNS), is provided by the metabolism of blood-
borne glucose. Indeed, retinal preparations become synapti-
cally silent as a result of glucose depletion.15 From the 
ultrastructural point of view, the remarkable concentration 
of mitochondria in synaptic terminals of axons16 indicates 
that glutamatergic synapses have high capacity for oxygen 
consumption and are major users of metabolic energy.17

Although electrophysiological evidence shows that neu-
rotransmission through the inner retina is supported by gly-
colysis15 there is presently no experimental evidence showing 
that synaptic activity of pre- and post-synaptic retinal 
neurons is directly sustained by glucose. Indirect evidence, 
however, is suggested from the classical work of Lowry and 
co-workers18 on the distribution of enzymes of glucose 
metabolism determined from pure samples of each retinal 
layer from monkey and rabbit. A brief introductory overview 
of this particular paper is given below as it offers invaluable 
insight to the contribution of Müller glia to overall retinal 
function and energy metabolism.
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profiles indicate that O2 diffusion from the arterioles affects 
the PO2 in the juxta-arteriolar areas (Fig 12.1).25,26 O2 reaches 
the vitreous by diffusion from the retinal circulation. In 
contrast, far from the vessels, the preretinal PO2 remains 
constant and the average preretinal PO2 from the vitreal side 
is similar to that measured in the inner retina.25,27,28 In the 
inner retina, PO2 averages about 20 mmHg, but up to 
60 mmHg close to the arteriolar wall.25,29,30

Dark and light O2 consumption Inner retinal oxygen con-
sumption was the same in light and darkness,31 indicating 
no influence of light adaptation as there is in the outer 
retina. In the inner retina, ganglion cells have much higher 
firing rates if a stimulus is presented repeatedly than if the 
same amount of light is delivered as a steady background. 
Consequently, one would expect the inner retina to use 
more energy when a stimulus is flickering. Indeed, there is, 
in response to a flickering stimulus, a higher lactate produc-
tion in inner retina of rabbit than during darkness or steady 
illumination15 and a higher deoxy-D-glucose uptake in 
monkey retina.32

Outer retina Trans-retinal PO2 measurements have provided 
data about the O2 supply to the photoreceptors and their 
QO2. PO2 profiles made in cat,33,34 pig25 and monkey35 
indicate that oxygen diffuses from the inner retina and from 
the choroid towards the middle of the retina, i.e. the outer 
plexiform layer (OPL). The choroidal circulation supplies 
about 90% of the photoreceptor’s O2 use.29

Photoreceptor QO2 in darkness In the dark-adapted retina, 
photoreceptor QO2 (QOR) depends strongly on choriocapil-
lary PO2 in cat and monkey.29,36 In the inner segments of 
photoreceptors (IS) the local value of QO2 is about five times 
higher than in the outer segments (OS). A similar range for 
QO2 in the outer retina was obtained in rat, rabbit and pig 
retinas.15,37,38 In both cat and monkey, the average value of 
PO2 in the choriocapillaries is about 50 mmHg, and the cor-
responding average value of QO2 in the outer retina is 
4–5 mL O2/100g-1/min-1.29,36

The average PO2 value in cat was 5 mmHg, the minimum 
was frequently indistinguishable from zero in the dark29 as 
predicted by Dollery et al.39 The amount of oxygen con-
sumed is an indirect measure of ATP synthesis and thus  
of ATP utilization. The ATP produced in the dark fuels  
many cellular processes,15 mainly the Na+/K+-ATPase in the 
IS, which extrudes a large amount of sodium that enters 
through the light-dependent channels in the OS.1,15,40 An 
additional process is the turnover of cGMP that holds these 
channels open.15,41

As noted above, there is no evidence about whether indi-
vidual rods and cones use different amounts of O2. Cones 
in the primate fovea appear to use slightly less O2 than the 
parafoveal photoreceptors.35,36

Photoreceptor QO2 in light QO2 in the outer retina is lower 
in steady light than in darkness in various animals investi-
gated.15,29,35,42 The activity of the Na+/K+-ATPase decreases 
in light, but the turnover of cGMP increases,43,44 so the 
decrease in QOR is not as great as the decrease in the pump 
rate. The maximum size of the overall change appears to be 
species-dependent.

All enzymes of glycolysis are in the cytoplasm rather than 
in the mitochondria. To initiate glycolysis, hexokinase  
irreversibly phosphorylates glucose to glucose-6-phosphate 
(G6P). The distribution of hexokinase was confined to the 
layer containing inner segments of photoreceptors, the inner 
synaptic layer, and to the inner-most retinal layer bordering 
the vitreous. The second step of glycolysis is the conversion 
of G6P to fructose-6P by glucose-phosphate isomerase. This 
enzyme’s distribution was largely confined to the inner-  
and outer-synaptic layers. Phosphofructokinase, the third 
enzyme in glycolysis, irreversibly phosphorylates fructose- 
6P to fructose-1,6diP and its distribution was confined to 
both synaptic layers and the innermost retinal layer. The 
ninth enzyme in glycolysis, phosphoglyceromutase converts 
3-phosphoglycerate to 2-phosphoglycerate and its distribu-
tion was similar to the distribution of phosphofructokinase.

In tissues with adequate oxygen supply, pyruvate forma-
tion is the 11th and last step of glycolysis. The metabolism 
of pyruvate for energy production consumes oxygen and 
completes the breakdown of glucose to CO2 and water 
through the process of oxidative metabolism. Upon careful 
study, the distribution of the aforementioned glycolytic 
enzymes corresponds to the morphological position of 
Müller glial cells in situ. Müller cells extend radially through 
all of the retinal layers from the photoreceptor inner seg-
ments to the inner limiting membrane bordering the vitre-
ous; and they extend fine filaments laterally in both synaptic 
layers. They also form an additional physical and functional 
cell layer to the diffusion of substances from the blood to 
neurons. Indeed, Kuwabara & Cogan19,20 undertook the first 
comprehensive histochemical study to identify Müller cells 
as the primary glucose utilizing cells in the retina.

Together, these landmark studies paved the way to our 
present day understanding of cellular coupling in maintain-
ing retinal function and metabolism, and which forms the 
major theme of this chapter. As a concluding introductory 
note, one is reminded that regardless of how the energy con-
sumption of the retina (or other parts of the CNS) is altered 
locally to meet changing demands, it is of major importance 
to know from a neurophysiological viewpoint just which cell 
types and what cellular events are associated with local 
changes in blood flow, metabolism and tissue oxygenation.

1.  Retinal oxygen distribution and 
consumption

Under normal conditions, O2 is the limiting factor in retinal 
metabolism. Oxygen is used by mitochondria, and their 
distribution is important in understanding locations of high 
O2 demand. The O2 consumption (QO2) of the retinal 
pigment epithelial (RPE) cells is about 20% of that of the 
retina per mg protein.21 Mitochondria are densely observed 
in the inner segments (IS) of photoreceptors. Cones have 
more mitochondria than rods.22,23 Mitochondria are also 
found in each rod spherule and cone pedicle. In the inner 
retina, the inner plexiform layer has a larger amount of 
mitochondria than the nuclear layers.24

Inner retina The distribution of oxygen tension (PO2) close 
to the vitreo–retinal interface is heterogeneous, being higher 
close to the arteriolar wall.25 Preretinal and transretinal PO2 
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energy source during synaptic transmission,53 but its uptake 
and metabolism by retinal cells has yet to be demonstrated 
in vivo. A critical evaluation of lactate use in the CNS has 
been presented.54–59

The distribution of key enzymes in glucose metabolism 
through the individual neuronal and synaptic retinal layers 
and the dehydrogenases for several of the intermediate 
stages of glucose degradation in retina have been docu-
mented in a series of pioneering histochemical work18,19,60 
and set the stage early for later metabolic studies of the gly-
colytic and oxidative capacity of this tissue. Kuwabara and 
Cogan’s studies suggested for the first time that the Müller 
glial cells may serve a significant metabolic role, in stark 
contrast to the general view at that time as having only a 
structural function. Indeed, of the two major cell types in 
retina – the Müller glia and photoreceptors – metabolic 
studies have demonstrated that Müller cells both in situ and 
when acutely isolated, preferentially and massively take up 
and phosphorylate glucose, part of which is stored as glyco-
gen.61,62 Further evidence to confirm this finding has been 
performed in vivo.63

More recent supporting evidence comes from the use of 
iodoacetate (IAA), a well-known glycolytic poison that exerts 
its effect when the transformation of glucose is committed 
to proceed through glycolysis. In the 1950s, it was shown 
that intravenous delivery of sodium iodoacetate in rabbit, 
monkey and cat abolished the electrical response of the 

2.  Role of glycolysis underlying retinal 
function: from whole retina to its parts

Visualization of dynamic functional activity in the retina is 
an indirect measurement of neuronal activity. It is important 
to appreciate that any dynamic “functional imaging” of the 
central nervous system, e.g. fMRI or PET imaging, measures 
local changes in brain metabolism and physiology that are 
associated with neuronal activity. Therefore, examining and 
evaluating retinal function necessarily involves understand-
ing the energy metabolism of this tissue.

The significance of glucose and its metabolism down the 
glycolytic pathway in mammalian retina is attested to by the 
measured high rate of aerobic glycolysis in vitro (high capac-
ity for oxygen consumption),22,45 its susceptibility to iodo-
acetate,46 a strong Pasteur effect (inhibition of glucose 
utilization)22,47–49 and the aerobic and anaerobic production 
of lactate.47,50,51

The adult retina, as is the case for every CNS region, 
depends on an uninterrupted supply of blood-borne glucose. 
Under normal conditions, glucose is virtually the sole sub-
strate supporting the intense energy metabolism required to 
maintain retinal function, e.g. normal electrical responsive-
ness to light and neurotransmission.15,51,52 Lactate generated 
from either anaerobic glycolysis or glycogenolysis within the 
retina has recently been proposed as another important 

Figure 12.1 Transretinal oxygen partial pressure (PO2) profiles recorded in intravascular (A) and juxta-arteriolar (B) retinal areas in mini pigs. The intraretinal 
values indicate a progressive decrease of the tissue PO2 from both the vitreoretinal interface (ILM) and the pigment epithelium (PE) toward the middle of the 
retina, with the minimum mean value recorded at 40% and 50% retinal depth. At the vitreoretinal interface, the higher PO2 suggests that oxygen diffusing 
from the larger vessels reaches the inner retina. Each point is the mean ± SE of 13 measurements. The drawings indicate the pathway of the microelectrode 
through the retina. ILM: internal limiting membrane, RPE: retinal pigment epithelium. (Modified from Pournaras CJ, Retina. 1995;15(4):332–47.)
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visual pathway to illumination within minutes, with a result-
ing histological picture similar to that presented in human 
retinitis pigmentosa.64 This led to the speculation that the 
initial effect must be on the visual cells,65 although Warburg 
suggested that the different cell types in the retina may not 
contribute equally to the general biochemical picture.64 
Indeed, this suggestion has been unambiguously supported 
by the differential suppression of the component waves of 
the extracellular electroretinogram (ERG).66,67 However, 
beyond this evidence, the identity of the retinal cell types 
taking up IAA remains unknown. Recently this was explored 
using synchrotron-based x-ray fluorescence of IAA at the cel-
lular level in situ (Fig. 12.2). The fluorescence map (Fig. 
12.A) generated from the dark-adapted retina (Fig. 12.2B) 
showed that IAA was taken up specifically by Müller glia and 
not by retinal neurons, including photoreceptors, indicating 
that the effect of IAA on neurons is not direct but secondary 
to inhibiting glycolysis in glia (Poitry-Yamate 2009, unpub-
lished results). Together, these results suggest a key role 
played by Müller glia in transporting glucose from the blood 
into the retina.

Acutely isolated mammalian photoreceptors produce 
14CO2 from 14C(U)-glucose53 while photoreceptor outer seg-
ments produce both lactate from glucose and 14CO2 from 
14C(U)-glucose.68 These authors interpreted their results as 
indicating that both glycolysis and the pentose phosphate 
pathway contribute to maintaining photoreceptor function. 
Considering that only one in six carbons from 14C(U)-
glucose is converted to 14CO2 through the pentose phosphate 
pathway, and the abundance of photoreceptor mitochon-
dria, it is likely that the 14CO2 reflects the rate of mitochon-
drial respiration.53 Photoreceptors of some species do not 
express Gpi 1, the enzyme catalyzing the isomerization of 
glucose-6-phosphate to fructose-6-phosphate,69 leaving the 
phosphate pentose pathway as the only possible down-
stream path, with a gain of 2 NADPH molecules potentially 
serving as reducing agent for the reduction of retinaldehyde.

A number of studies of glucose metabolism have been 
undertaken in intact retinal tissue or with acutely isolated 
cell models in vertebrate/mammalian retina.53,61–63,68,70,71 Of 
these, one is unique for studying not only glucose metabo-
lism but also metabolic compartmentation: the cell model 
of acutely isolated Müller cells still attached to photorecep-
tors (termed “the cell complex”) shown in Figure 12.3 and 
further discussed in sections 4, 6 and 8. This study confirmed 
not only the previous work by Kuwabara and Cogan, but 
showed for the first time in a mammalian preparation of the 
CNS tissue that glial cells transform rather than simply transfer 
the primary energy substrate glucose and supply neurons 
with a glucose-derived metabolite.53,72,73

Cell culture models of transformed rat Müller cells, human 
RPE and transformed mouse photoreceptor cells and gan-
glion cells were all found to produce lactate, aerobically and 
anaerobically in the presence of 5 mM glucose.74 This may 
not be surprising as culturing techniques influence cell 
metabolism and function. The composition of culturing 
medium may be a key underlying factor to explain why cells 
are predominantly glycolytic, irrespective of cell type.75 
However, the production of lactate by these cells did not 
significantly differ with the addition of 10 mM lactate.74 In 
general, lactate production and its release into the extracel-
lular space as a lactate anion plus a proton (H+) creates an 
extracellular pH gradient, i.e. increased proton concentration 

Figure 12.2 The glycolytic poison iodoacetate is localized to Müller 
glial cells and not to retinal neurons: indirect evidence of which cell 
type depends directly on glucose metabolism. (A) Synchrotron 
radiation-based hard x-ray fluorescence map (90 µm height × 20 µm width) 
of the period table element iodine from iodoacetate (orange) subsequent  
to scanning the retina from the inner (top) to outer (bottom) layers. 
Iodoacetate was localized in the retina to Region 1 comprising the endfeet 
of Muller glia. The metabolic experiment consisted of dark-adapting the 
tissue prior to a 50 min exposure ex vivo to bicarbonate buffered Ringer’s 
physiological solution carrying iodoaceate and D-glucose. Note that 
iodoacetate inactivates the glyceraldehyde-3-phosphate dehydrogenase 
reaction and therefore inhibits the 6th step in glycolysis. (B) Phase contrast 
image of the retina from which the fluorescence map shown in A was 
obtained. Region 1, Müller glial endfeet; Region 2a, inner plexiform layer; 
Region 2b, inner nuclear layer; Region 3a, photoreceptor layer; Region 3b, 
photoreceptor segments. (C) Reference, methyl-blue stained coronal section 
used for identifying individual retinal layers. (D) X-ray fluorescence energy 
emission spectra from Region 1. An La energy emission at 3.9 keV is specific 
to iodine from iodoacetate (blue trace). The y-axis expresses the number of 
fluorescence photons emitted from iodine subsequent to exposing the 
preparation to synchrotron ligtt.
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and consequently pH values become less than 7.4. Depend-
ing on the magnitude, direction and time course of the extra-
cellular pH gradient, lactate may accumulate extracellularly, 
or alternatively, lactate may be taken up on a proton-linked 
monocarboxylate transporter.76 In this context, transformed, 
cultured neurons did not transport or metabolize exoge-
nous lactate,74 consistent with a lactate-containing solution 
adjusted to a pH of 7.4 rather than a pH of <7.4.

3.  Biochemical specialization  
of glial cells

The major glial cell type in vertebrate retina is the radial 
Müller glial cell (also termed radial fibers or sustentacular 
cells of Heinrich Müller). Structurally, they are elongated, 
possess a prominent specialized region called endfeet at the 
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hypothesis of all retinal cell types, Müller glia play a major 
role beyond the blood–retinal barriers in transporting 
glucose from the blood into the neural retina. However, 
once in the neural retina, it remains to be shown along the 
Müller cell’s entire radial length whether the distribution of 
transporters related to energy substrate uptake and release 
are tailored to this cell’s own metabolic needs, but yet 
adapted to the function and metabolic needs of their imme-
diate neuronal environment.

Two functional and biochemical specializations unique 
to Müller glia are their capacity to inactivate the excitatory 
neurotransmitter glutamate78,79 and inhibitory neurotrans-
mitters GABA and glycine.80–82 They are the exclusive and/or 
predominant cellular site of:

inner limiting membrane, and are vertically oriented with 
respect to the retinal layers (Fig. 12.4). Since Müller cells 
extend through the synaptic and nuclear layers of the retina 
from the inner to outer limiting membranes they are in 
intimate apposition to every neuron cell type.77 Müller glia 
also serve as an additional physical and functional cell layer 
to the diffusion of substances into and out of the extracel-
lular space, the vitreous, the subretinal space and retinal 
vascular supply. Histochemical evidence has shown that gly-
cogen synthesis, glycogenolysis and anaerobic glycolysis are 
localized to Müller glial cells in situ.19 This was confirmed 
and quantitated in living intact, dark-adapted retina using 
biochemical and autoradiographic methodologies61,62 and 
provided strong experimental evidence for the working 

Figure 12.3 Acutely isolated cell models for exploring 
retinal function, metabolism and the trafficking of 
metabolites between glial cells and photoreceptor-
neurons. (A) Honeybee drone, illustrating its crystalline-like 
structure of 6 photoreceptors that form a rosette surrounded 
by glia. The outline of the extracellular space between glia is 
seen as web-like. The compartmentation of glycolysis to glia 
and of oxidative metabolism to photoreceptors renders this 
CNS model unique for studying neuron-glial interactions 
(modified from Tsacopoulos et al, Proc Natl Acad Sci USA 1998; 
85(22): 8727–31). (B) Mammalian Müller glial cells still attached 
to photoreceptors (cell complex) after their acute isolation and 
purification from guinea pig. Prominent glial endfeet are 
oriented at top. The distal ends of Müller cells are hidden by 
photoreceptor cell bodies (modified from Poitry-Yamate et al,  
J Neurosci 1995;15(7 Pt 2): 5179–91). (C) In both models, glia 
take up exogenous glucose and transform it to a glycolytic 
product (green), which in turn is released extracellularly, then 
taken up and metabolized by the photoreceptors (blue).

A B C

Uptake of
blood glucose

Glucose is
transformed for

transfer

Glycolytic product

Product uptake
and metabolism

Photoreceptors

Photoreceptors

Bee glial cells

Müller glials

Figure 12.4 Müller glia in vertebrate retina. (A) Methyl-blue stained retinal section highlighting the large endfeet and radial structure of Müller glia (Mü) 
through the thickness of the retina. Laminar organization of this tissue allows for clear identification of nuclear and synaptic layers. G, ganglion cell; AC, 
amacrine cell; BC, bipolar cell; HC, horizontal cell; IS and OS, inner and outer segments of photoreceptors. Arrow at top indicates direction of light hitting the 
retina; *, synaptic layers. Müller endfeet form the vitreoretinal interface. (B) Müller cell after acute isolation and purification; approximately to scale with Müller 
cells shown in (A). The descending radial process (Z), radial strands (y) and terminal angular buttons (x) of the Müller cell are landmarks of that part of the 
Müller cell in contact with the outer synaptic layer, and the cell body and inner segments of photoreceptor, respectively (modified from Poitry-Yamate et al,  
J Neurosci 1995;15(7 Pt 2): 5179–91). (C) Phase contrast image of retinal cells from guinea pig in situ, oriented as in a. Note that individual cell types can be 
distinguished using the section in (A) (modified from Poitry-Yamate and Tsacopoulos, Neurosci Lett 1991;122(2): 241–4). (D) High resolution 3H-DG-6P 
autoradiogram of retinal preparation shown in (C). The silver grains shown in white were determined by high pressure liquid chromatography and 
correspond to 3H-DG-6P. (E) High resolution 3H-DG-6P autoradiogram of a single Müller cell similar to that shown in (B). illustrating homogeneity of 
phosphorylated DG intracellulary extending about 120 µm starting from the endfoot (at top) to the distal end of the cell (at bottom). Autoradiograms in (D) 
and (E) provide evidence that Müller glia, in situ and when acutely isolated, take up and phosphorylate the sugar analog deoxy-D-glucose.
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(2) does glycolysis predominate in one particular cell type, 
physiological condition or brain region and oxidative 
metabolism of glucose in another? and

(3) does coupling of metabolic and physiological changes to 
changes in neuronal activity involve the transformation 
of blood glucose by glial cells and do they supply 
neurons with glucose-derived metabolite(s)?

Underlying these issues is the idea of a predominant divi-
sion of metabolic labor between neurons and glia. In other 
words, energy substrate production and substrate use is par-
titioned in a relatively cell-specific manner. This working 
hypothesis, summarized in Figure 12.6, was developed and 
tested in retina in the mid-1990s, in insect and mammal, 
and has seen a revival in recent years, particularly with 
regards to the recognition that the coordinated action of glial 
cells and neurons extends to energy metabolism throughout 
the central nervous system.

As will be developed in the next sections, the major theme 
is that glial cells transform rather than simply transfer the 
primary energy substrate glucose, and supply activated 

(1) glutamine synthetase activity for the synthesis and 
release of glutamine, a precursor for photoreceptor 
neurotransmitter resynthesis;83 and

(2) carbonic anhydrase for the conversion of water and 
CO2 of neuron origin to bicarbonate, an enzymatic 
activity implicated in the regulation of intracellular and 
extracellular pH and volume.84–86

4.  Role of glycogen

As an endogenous source of glucose-6-phosphate, glycogen, 
as well as glycogen phosphorylase, are exclusively localized 
to the cytoplasm of Müller glial cells in situ in a variety of 
mammalian species.87 This important study suggests that 
Müller cells can effectively mobilize this energy store but it 
remains unclear whether it is for the purpose of meeting 
their own energy needs,62 or alternatively partly those of the 
surrounding neurons in the form of glycogenolytically gen-
erated lactate53 one isoform of glycogen phosphorylase is 
expressed in cone photoreceptors (brain type), while another 
isoform (muscle  type) is expressed in the inner plexiform 
synaptic layers of primate retina.71 So, although glycogen 
metabolism in Müller glia is established (e.g. see Ripps & 
Witkovsky88 for a review), the function of Müller cell glyco-
gen is still far from clear. The prevailing view is that glycogen 
plays the role of an emergency retinal carbohydrate reservoir 
supporting neuron function when glucose delivery is com-
promised such as during retinal ischemia.89 This is in con-
trast to another view that Müller cell glycogen is mobilized 
as an immediate and accessible energy store under normal 
physiological conditions (Fig. 12.5), such as changes in illu-
mination, i.e. light and darkness, and which are linked to 
the direct effects of altering photoreceptor function.53,90 In 
addition, glycogenolysis can be stimulated in the retina by 
neurotransmitters increasing cAMP, such as vasoactive intes-
tinal peptide, which are contained in and released from 
amacrine cells.91 Glycogen is also localized in neurons of the 
cat retina, particularly of the rod-driven pathway, whose rod-
driven components are selectively sensitive to prolonged 
hypoglycemia,92,93 but whether this glycogen is mobilized is 
not presently known.

5.  Functional neuronal activity and 
division of metabolic labor

A continuous supply of blood-borne glucose is vital to main-
taining retinal function, but does not necessarily dictate that 
all retinal cells (both neurons and glia) take up and metabo-
lize this energy substrate as is generally believed. Indeed, the 
conventional view of glucose metabolism in brain is that 
glucose is the principal substrate for oxidative metabolism 
in both cell types, i.e. neurons and glia.94 The experimental 
evidence described in the previous sections is a major depar-
ture from this view and raises three highly controversial and 
still unresolved questions about the brain and about the 
generality of the findings in retina to other parts of the 
central nervous system:

(1) is glucose, the major brain energy substrate, taken up 
in a cell-type specific manner?

Figure 12.5 Lactate released by Müller glial cells is formed from 
exogenous radiolabeled glucose in the light-adapted cell complex 
but from glycogen in the dark-adapted cell complex. The preparation 
shown in Fig. 12.3B was maintained either in darkness or light before 
exposure to uniformly radiolabeled glucose (14C(U) glucose) with the aim to 
determine the contribution of glucose and glycogen to the production of 
lactate when modulating photoreceptor metabolism and neurotransmitter 
release. It is known that: (1) photoreceptors release neurotransmitter 
glutamate and that their metabolism is increased in darkness; and (2) 
glutamate release stimulates glycolysis and production of lactate. The results 
shown are simplified and drawn as a pie to reflect changes both inside the 
cells (top) and in the surrounding bath (bottom). Pie size represents the 
total pool size of lactate, i.e. radiolabeled + non-radiolabeled lactate. 
The size of the wedge represents the specific activity of lactate, so the larger 
the wedge, the larger is the contribution of exogenous glucose to the 
formation of lactate. The direction of the solid arrow in the left panel 
indicates that the amount of radiolabeled lactate (pink) in the bathing 
solution was much greater than that inside the preparation. This is only 
possible when lactate is produced from 14C-glucose and is released earlier 
than non-radiolabeled lactate formed from glycogen. In the right panel, the 
direction of the solid arrow indicates that the amount of non-radiolabeled 
lactate (blue) in the surrounding bath greatly increased. This is only possible 
when glycogen (gly) in glia is mobilized to produce additional, unlabeled 
lactate.
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in oxygenated Ringer’s solution in maintaining retinal oxida-
tive metabolism and photoreceptor function.51 It was only 
in the mid-1990s that this phenomenon was explored at the 
cellular level62 and when the idea was launched that energy 
metabolism underlying retinal function in mammals was 
relatively compartmentalized, and moreover orchestrated 
between glial cells and neurons.53

The use of high-resolution light microscopic autoradiog-
raphy of 3H-2DG in the dark-adapted retina in situ, coupled 
to HPLC for the identification of silver grains in autoradio-
grams61 showed that glucose is not taken up by the majority 
of retinal cells but preferentially taken up and phosphor-
ylated by the Müller glia (Fig. 12.4C,D), leaving the question 
as to the identification of the energy substrate used by 
neurons. Using a cell model of acutely isolated Müller cells, 
the metabolic fate of glucose-6-phosphate and the identity 
of metabolites released by these cells was first assessed by  
Poitry-Yamate and Tsacopoulos.62 The experimental results 
of that study raised the hypothesis that lactate, synthesized 
and released in situ by a retinal cell type having high glyco-
lytic capacity, may be transferred to and metabolized by 
photoreceptors that possess a high respiratory capacity. This 
working hypothesis was tested in the acutely isolated retinal 
model of the cell complex (see Fig. 12.2B) comprising Müller 
cells still attached to photoreceptors, and where the effect of 
altering illumination on glucose metabolism was quanti-
tated.53 A major finding of that study (see section 8 below) 

neurons with a glucose-derived metabolite, i.e. lactate and/
or alanine. In this regards, the vertebrate retina has proven 
to be a CNS model of choice because its laminar organiza-
tion of metabolism and blood flow lends itself to the study 
of compartmentation by virtue of its structure. It should, 
however, be recognized that the high specialization of this 
nervous tissue, e.g. phototransduction and high energy 
metabolism, makes it different from other regions of the 
CNS and any comparisons must be made with caution. 
Moreover, the retina has two barriers, the retinal capillary 
endothelial cells of the inner blood–retinal barrier (BRB), 
and the retinal pigment epithelium (RPE) comprising the 
outer BRB which is located between the photoreceptors and 
choroid. Thus, their expression and distribution of glucose 
transporters95 and glycolysis will inevitably determine 
whether one, or alternatively both, of these barriers is the 
rate-limiting step for glucose delivery to the neuroretina.

6.  Cellular compartmentation of 
energy substrates other than glucose

One distinctive property of the mammalian retina is its large 
production of endogenous lactate in the presence and 
absence of oxygen.48 The production of lactate is a normal 
function of retinal tissue and can effectively replace glucose 

Figure 12.6 Proposed scheme of retinal function, from bee to mammals, highlighting metabolite trafficking between glial cells and 
photoreceptors. The honeybee drone model is shown in (A) and the mammalian model is shown in (B). Both models display relative metabolic 
compartmentation: glycolysis to glia and oxidative metabolism to photoreceptor-neurons. Commonalities of the models include production of a glycolytic 
product, i.e. lactate or alanine, their release extracellularly and uptake by photoreceptors; maintenance of the redox potential in glia, i.e. NADH/NAD ratio; and 
photoreceptor release of glutamate that acts to stimulate glial glycolysis. Glutamate is thus a chemical signal that turns the nourishing of neurons by glia into 
a function, instead of a passive process. In (B), the cytosol is indicated as C; mitochondria are indicated as M.
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(1) Anoxia rapidly abolishes the receptor potential of 
photoreceptors stimulated every 5s by a light flash (Fig. 
12.7A). However, simultaneous monitoring of the pH 
in the extracellular space changed by less than 0.02 
units (Fig. 12.7B), in contrast with that of many other 
tissues where hypoxia leads to anaerobic glycolysis and 

showed that lactate formation versus lactate use was cell-type 
dependent. As already discussed in section 4, sources of this 
glial lactate were from exogenous glucose, or alternatively, 
from endogenous glycogen (Fig. 12.5). The functional role 
for the release into the extracellular space of lactate and H+ 
by Müller glial cells during either glycolysis or glycogenolysis 
is expected to prevent intracellular acidification and main-
tain the regeneration of NAD+ for glycolysis to proceed. 
Lactate and other glucose-derived metabolites released from 
the Müller glia would participate in the regeneration of the 
excitatory neurotransmitter glutamate, released by photore-
ceptors in darkness.53

Within a larger framework, the current debate in the neu-
roscientific community is whether in other parts of the CNS, 
a net production and extracellular release by glial cells of 
glucose/glycogen-derived lactate provides sufficient fuel for 
activated neurons in vivo. NMR studies on brain function 
and energy metabolism have in recent years provided indi-
rect support of a lactate flux from glia to neurons as provid-
ing the coupling mechanism between increased fluxes of the 
glucose carbon into the glycolytic pathway in glia, and into 
the oxidative pathway in neurons, in the form of lactate, 
during glutamatergic/excitatory synaptic transmission.96 
Unraveling the current debate surrounding the glial-neuron 
lactate shuttle hypothesis (ANLSH)97,98 in the CNS at large 
is a key step towards: (1) understanding the regulation of 
retinal and cerebral energy metabolism during neuronal 
activity; and (2) interpreting 18FDG PET and fMRI images in 
both clinical medicine and fundamental neuroscience, and 
for which there is accumulating evidence for the central 
importance of glial cells in brain imaging signals.99

7.  Experimental models used to  
study the interaction between 
photoreceptors and glial Müller cells

In vitro studies of the retina  
of the honeybee drone
The most comprehensive and quantitative experimental tests 
in the literature demonstrating that glial cells supply neurons 
with a metabolic substrate to sustain neuron function were 
first formulated and established in the retina of the honey-
bee drone.72,100–105 This elegant crystalline-like CNS prepara-
tion is characterized by mitochondrial-rich, glycogen-poor 
photoreceptors grouped in rosette-shaped clusters and their 
surrounding mitochondrial-poor and glycogen-rich glial 
cells (see Fig. 12.3), indicating that glycolysis/glycogenolysis 
is largely confined to glia and that oxidative metabolism is 
largely confined to photoreceptors. What follows is a histori-
cal and chronological overview of the major experimental 
questions, experimental results and interpretations.

If there are no conventional synapses in drone retina and 
only the photoreceptors are directly excitable by light, 
what is the evidence that photoreceptors depend on 
surrounding glia for their metabolic needs?
In retinal drone slices, three lines of evidence argue that 
photoreceptors depend on the surrounding glial cells for 
their metabolic needs:

Figure 12.7 Characterization of photoreceptor metabolism and 
function in honeybee drone: evidence that photoreceptors 
metabolically depend on surrounding glia. (A) The effect of anoxia on 
abolishing receptor potential in photoreceptors but as shown in (B). The 
absence of an extracellular acidification as would be expected if anaerobic 
glycolysis is activated, indicates that photoreceptor energy metabolism is 
obligatorily aerobic. (C) The effect of blocking mitochondrial respiration 
(noted as 4) that uses a carbohydrate substrate reversibly suppressed the 
light-induced consumption of oxygen by photoreceptors. C and R are 
control and reversibility responses, respectively. This result indicated that  
the substrate of photoreceptor metabolism is obligatorily a carbohydrate. 
(D) The glucose analog, 2-deoxy-D-glucose (2DG) leads to a decrease in the 
partial pressure of oxygen (PO2), so had no effect on the light-induced 
increase in oxygen consumption in photoreceptors. This result indicated 
that the continued function of photoreceptors does not depend on their 
direct uptake of glucose. The effect of the glycolytic poison, iodoacetate 
(IAA) on oxygen consumption and thereby of the partial pressure of oxygen 
in bee photoreceptors is not direct as glycolysis takes place only in the glia 
in this preparation (see Fig. 12.7A).
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What is the evidence that photostimulation of drone 
retinal slices increases the carbohydrate metabolism in 
the glia to sustain photoreceptor respiration?
In the absence of metabolic substrate, i.e. glucose, a drone 
retinal slice consumes up to 70 µl O2 per mL tissue per 
minute with light stimulation for > 2 hours. After 2 hours 
of repetitive light flashes (Fig. 12.9), the concentration of 
glycogen decreased by 30% (or by 15 mg per mL tissue), a 
value comparable with the carbohydrate requirements of 
photoreceptors, i.e. equivalent to 10 mg of glycogen per mL 
tissue. This led to the working hypothesis that glycogen in 
the glia is mobilized, and that a carbohydrate substrate 
downstream to glucose-6-phosphate is transferred from the 
glia to photoreceptors to maintain mitochondrial respira-
tion and responsiveness to light.

Glucose is not the principal energy substrate used by 
photoreceptors, so what is the identity of the energy 
metabolite maintaining photoreceptor function  
and respiration?
This involved determining the metabolic fate of glucose- 
6-phosphate in glia, the identity of glial-derived metabolites 
released into the extracellular space, and their uptake by 
photoreceptors. More than 50% of uniformly labeled  
glucose (14C(U)glucose) transported into drone glia was 
transformed to alanine by transamination of pyruvate  
with glutamate (Fig. 12.10A). This transformation was inhib-
ited by IAA which is expected if alanine is formed from 
glucose by transamination of pyruvate with glutamate 
through the enzymatic action of alanine aminotransferase 
(ALAT) and glutamate dehydrogenase (GDH) schematized 
in Figure 12.6A. This was confirmed when the transforma-
tion was preserved in the presence of IAA and when the 
labeled carbohydrate in the perfusate was 14C-pyruvate 
(Fig. 12.10B). The glial cells released into the extracellular 
space the equivalent of 216 µmol of radiolabeled alanine / 
liter of retina (Fig. 12.11A) and this alanine was taken up 

acidification. These results indicated that anoxia does 
not lead to anaerobic glycolysis in drone retinal slices 
and that photoreceptor energy metabolism is obligatorily 
aerobic.

(2) Amobarbital (or amytal) a specific blocker of 
mitochondrial respiration that uses carbohydrate 
substrate reversibly suppresses the light-induced change 
of oxygen consumption by photoreceptors (Fig. 12.7C), 
indicating that the substrate of photoreceptor 
metabolism is a carbohydrate.

(3) Superfusing slices of drone retina with the glucose 
analog 2-deoxy-D-glucose (2DG) had no effect on the 
light-induced increase of QO2, as monitored by 
decreases in PO2 (Fig. 12.7D). As 2DG is transported 
into cells, phosphorylated, and little of it is 
metabolized further, 2DG6P accumulates 
intracellularly. This indicates that the continued 
function of photoreceptors does not depend directly 
on their uptake of glucose.

When bee retinal slices are exposed to the glycolytic 
poison IAA, the light-induced change in QO2 is gradually 
abolished. Is this modulation of QO2 a direct effect of 
IAA in photoreceptors?
IAA exerts its effect in cells where glucose uptake and metab-
olism are committed to the glycolytic pathway. Identifying 
whether the cellular site of glucose phosphorylation is cell-
type specific is a first step towards this answer. The distribu-
tion and density of black grains biochemically identified as 
3H-2DG-6-phosphate (3H-2DG6P) in light microscopic 
autoradiographs (Fig. 12.8) of bee retinal slices exposed to 
tritiated 2DG provides this answer. Transport and phospho-
rylation of this sugar analog are localized in situ to the glia 
and absent in photoreceptors. Hence, IAA has obligatorily 
exerted its direct effect on the metabolism of glucose in glial 
cells, which in turn lead to downstream effects on the oxygen 
consumption in photoreceptors.

Figure 12.8 Autoradiographic and biochemical evidence that glucose transport and phosphorylation take place in glial cells and not in 
photoreceptors in retina. (A) The high resolution, light microscopic 3H-2DG autoradiogram obtained after exposure of honeybee retina to the glucose 
analog 3H-2-deoxy-D-glucose (DG) indicates that DG has been transported and phosphorylated specifically in the glia. The accumulation of black grains in 
glia corresponds to the intracellular accumulation of phosphorylated 3H-2DG, as DG is not further metabolized. The sparse distribution of black grains within 
the photoreceptor rosettes (inset, see also Fig. 12.2A) is probably the fin-like glial structures that separate individual photoreceptors within the rosette. 
(B) The identity of the black grains in (A) was determined biochemically using high-pressure liquid chromatography (HPLC). The chromatograph shows that 
the black grains correspond to the phosphorylated form of the radiolabeled substrate (*2DG6P), eluted at 17 min. Note that the expected eluted time of the 
non-phosphorylated substrate *2DG is at 23 min. (Modified from Tsacopoulos et al., Proc Natl Acad Sci U S A 1998;85(22): 8727–31.)
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What is the biochemical evidence for the metabolic  
effects of NH4

+and glutamate in glia?
Photoreceptors also consume proline from pollen and this 
consumption leads to the production and release of pho-
toreceptor ammonia and glutamate in a stimulus-dependent 
manner. The production of alanine from glucose by the glial 
cells is coupled to the resynthesis of NAD+ via the activity of 
glutamate dehydrogenase (GDH) (see Fig. 12.6A). Since 
NH3 feeds into this reaction, consuming NADH to produce 
glutamate, it was hypothesized that NH3/NH4

+ and gluta-
mate act on alanine production in the glial cells. In an 
elegant series of experiments105 using bundles of freshly iso-
lated bee glial cells, it was shown that:

(1) (NH4
+ + glutamate) are signals that photoreceptors 

send to glial cells to activate glycolysis and/or 
glycogenolysis, leading to an increased synthesis of 
alanine by glia and its release into the extracellular 
space.

(2) glycogen is the likely substrate for alanine formation, 
but glucose is the likely substrate for alanine release.

Overall scheme for metabolic 
compartmentation and metabolic trafficking 
in honeybee drone retina
Honeybee drone retinal glia transform glucose to a fuel sub-
strate taken up and used by photoreceptors, which in turn 
consume both alanine supplied by glia and exogenous 
proline (see Fig 12.5A). Ammonium (NH4

+) and glutamate, 
produced and released in a stimulus-dependent manner by 
the photoreceptors, contribute to the biosynthesis of alanine 
in the glia. NH4

+ and glutamate are subsequently transported 
into glia and a transient rise in the intraglial concentration 

by the tissue against a concentration gradient and trans-
ported in a Na+-dependent fashion (Fig. 12.11B) and which 
is only effective in the photoreceptors. Moreover, alanine 
was consumed by the photoreceptors: repetitive light stimu-
lation lead to >60% increase in 14CO2 production from 
14C(U)-alanine.

Figure 12.10 The transport of 14C(U)-glucose into bee glia is transformed to alanine by transamination of pyruvate with glutamate. The 
identity of the metabolite maintaining photoreceptor function and respiration was explored by first determining the metabolic fate of uniformly radiolabeled 
glucose in glia. The HPLC chromatogram in (A) shows that over 50% of 14C(U)-glucose was transformed to alanine (Ala). As summarized in Fig. 12.5A, alanine 
was formed from glucose by transamination of pyruvate with glutamate through the combined enzymatic action of alanine aminotransferase (ALAT) and 
glutamate dehydrogenase (GDH). This hypothesis was tested by exposing the preparation to IAA with either 14C(U)-glucose or with 14C(U)-pyruvate. Alanine 
formation was inhibited by IAA + 14C(U)-glucose (not shown), indicating the requirement for pyruvate. However, as shown by the dashed-line chromatograph 
in (B) alanine formation was preserved in the presence of IAA + 14C(U)-pyruvate since IAA exerts its effect upstream to the production of pyruvate. Thr, 
trehalose; Gluc, glucose; Glu, glutamate; Asp, aspartate; Gln, glutamine; αket, α-ketoglutarate; pyr, pyruvate. (Modified from Tsacopoulos et al., J Neurosci 1994;

14(3 Pt 1): 1339–51.)
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retina deprived of exogenous glucose. After 2 hours of repetitive light 
flashes glycogen concentration decreased by 30% or by 15 mg per mL of 
tissue. This value is comparable to the measured carbohydrate needs of 
photoreceptors: 10 mg of glycogen per mL tissue. This result suggested that 
glial glycogen is mobilized and transformed downstream to phosphorylated 
glucose to a metabolite made available to photoreceptors. This metabolite 
would serve to maintain mitochondrial respiration and the photoreceptor’s 
response to light.
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(2) In contrast to the cone-driven light-evoked signals, the 
rod-driven light-evoked signals increased or decreased 
in parallel to changes in glucose.

(3) Blood-borne insulin enhanced the reduction in b-wave 
amplitude at low (1–2 mM) glucose concentrations.

(4) Glycogen is distributed in Müller glia, and central 
perivascular astrocytes. It is present in ganglion cells, 
on–off amacrine cells and rod bipolar cells of the rod 
pathway, but entirely absent in cone and rod 
photoreceptors92 under conditions where the ERG is 
affected by changes in plasma glucose concentrations.

These studies raise a number of interesting questions 
regarding retinal energy metabolism in regards to insulin-
induced hypoglycemia and diabetes:

(1) Can glycogen reserves in the retina in vivo serve as 
glucose equivalents during hypoglycemia, as has been 
recently shown for brain?109

(2) Does impaired glucose sensing, i.e. hypoglycemia 
unawareness in the brain, also affect the retina?

(3) If retinal glycogen metabolism and content are insulin 
or glucose-sensitive, then do increased retinal 
concentrations of glucose result in a lowered glycemic 
threshold of counter-regulation as observed in chronic 
hypoglycemia?

The experiments carried out by Ames and colleagues using 
isolated cat retinas maintained in a miniaturized heart–lung 
apparatus15,45 characterized the energy requirements of 
retinal function by monitoring retinal lactate production 
and oxygen consumption.15 Finally, Lisenmeier and col-
leagues29,110 have devoted a great deal of effort to studying 
the distribution and consumption of oxygen throughout the 
inner and outer retina in anesthetized cats during systemic 
normoxia and hypoxia and more recently retinal pH changes 
during hypoxemia, hyperglycemia and during anaerobic gly-
colysis. Other important contributions to energy metabolism 
of the retina have been carried out in monkey and miniature 
pigs in vivo,111–113 and in rabbit22 and rat in vitro.51,114

Complementary to laser Doppler flow measurements115–117 
and oxygen electrode measurements in anesthetized pig,25,118 
recent, exciting developments using BOLD fMRI (blood-
oxygen-level-dependent functional magnetic resonance 

of NH4
+or of glutamate causes a net increase in the level of 

reduced nicotinamide adenine dinucleotides (NAD(P)H). 
Biochemical measurements indicated that this was due to 
the activation of glycolysis in the glia by the direct action of 
NH4

+ and glutamate on two enzymatic reactions: those cata-
lyzed by phosphofructokinase and glutamate dehydroge-
nase. The overall effect of NH4

+ on glial metabolism is to 
increase the production and release of alanine, and that of 
glutamate is to adjust this production to the metabolic needs 
of photoreceptors. In this model (NH4

+) and glutamate 
released by photoreceptors return to glial cells not simply 
for nitrogen conservation but as information signals. This 
tight regulation of metabolic coupling between neurons and 
glial cells by means of chemical signals turns the nourishing 
of neurons by glia into a function, instead of a passive 
process.

Experimental models in vertebrates
The most comprehensive model in vivo of metabolism and 
function in the inner and outer retina is the cat eye followed 
by that in rabbit. It is unique in the literature on retinal 
metabolism that only one group, headed by Günter Nie-
meyer, has fully exploited both the in vivo and in vitro 
models. This group has quantitated the effects of controlled, 
stepwise and transient changes in arterial supply of glucose 
on retinal and optic nerve function at multiple levels of 
retinal information processing (e.g. light-evoked electrical 
signals of the ERG b-wave and light-independent retinal field 
potentials of negative polarity) in the arterially perfused enu-
cleated eye of the cat106,107 and verified directly these in vitro 
findings in anesthetized cats under insulin-induced glucose 
clamping.93,108 Although the entire body of work by this 
group cannot be justly summarized here, Niemeyer and col-
leagues made a number of important observations which 
have current clinical and fundamental relevance in under-
standing retinal function as related to metabolism:

(1) Electrophysiological measurements of the ERG b-wave, 
the STR (scotopic threshold response) and optic nerve 
action potentials indicate an exquisite, immediate and 
reversible sensitivity of the inner retina to changes in 
the supply of glucose between ~1 and 10 mmol/l 
glucose.

Figure 12.11 Glucose-derived alanine in glia 
is released extracellularly and taken up by 
photoreceptors. Following the determination of 
radiolabeled metabolites derived from 14C(U)
glucose in glia, the second step was to determine 
which of these metabolites were released 
extracellularly by performing HPLC analysis of the 
bathing solution. The chromatogram shown in 
(A) shows that the major radiolabeled metabolite 
released by glia was alanine (modified from 
Poitry-Yamate et al 1995, Neurosci Lett 122(2): 
241–244. Copyright Elsevier 1995). This 
radiolabeled extracellular alanine was taken up 
principally on a sodium-dependent transport 
system shown in (B). Alanine was subsequently 
shown to be taken up by photoreceptors since 
repetitive light stimulation lead to >60% increase 
in 14CO2 production from 14C(U)-alanine.
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glutamate, constitute signals to glia as well as being materials 
to be removed or regulated underscores the emerging para-
digm that neurons and glia act in concert as metabolic part-
ners, with information in the form of metabolic intermediates 
and signaling molecules continuously flowing between 
them. Lastly, the similarity of metabolic shuttling between 
insect and mammalian retina strongly suggests that this 
mechanism might be universally operative in the CNS, 
although direct experimental evidence remains difficult to 
come by.

9.  Metabolic interaction between 
photoreceptors and retinal pigment 
epithelia

The retinal pigment cell epithelium (RPE) forms part of the 
choroidal blood /outer retinal barrier, facing the outer pho-
toreceptor segments on its apical membrane side, Bruch’s 
membrane on its basolateral membrane side and plays an 
essential role in maintaining photoreceptor excitability and 
sensitivity and the reisomerization of all-trans-retinal after 
photon absorption.123 In rod outer segments (ROS), all-
trans-retinal is transformed to all-trans-retinol by retinol 
dehydrogenase using NADPH. NADPH is restored in ROS 
by the pentose phosphate pathway utilizing high amounts 
of glucose supplied by choriocapillaries. The retinal formed 
is transported to PE cells where regeneration of 11-cis-retinal 
occurs (see Chapter 13).

The RPE apical membrane is separated from the neu-
roretina by the subretinal space which serves to mediate the 

imaging) and intravascular contrast agents in the intact  
eye of the cat119–121 provide significant promise for non-
invasive, real-time visualization of retinal function, structure, 
blood flow and oxygenation in health and disease, for 
example in diabetic retinopathy. Multiple MRI contrast 
mechanisms presently permit laminar spatial visualization 
of the retina, corresponding to the inner and outer retina 
and choroid microvasculature.122

8.  Metabolic interactions between 
vertebrate photoreceptors and  
Müller glial cells

Can the experimental findings in insect retina be generalized 
to mammals? This question was explored in the retina of the 
guinea pig53 (see Figs 12.3 and 12.4) where analogous exper-
imental findings supported the concept of metabolic com-
partmentation (see Fig. 12.6B). Four conclusions were drawn 
from that study and are summarized in Figure 12.12:

(1) Müller glial cells massively produced lactate from 
radiolabeled glucose, most of which was found 
extracellularly in the corresponding cell bath (Fig. 
12.12A and B, blue bars).

(2) The effects of altering illumination of the cell complex 
(thereby specifically altering photoreceptor function 
and metabolism) affect the production, release and/or 
uptake of glucose/glycogen-derived lactate in Müller 
glia (Fig. 12.12A and B, a purple and green bars).

(3) From numerical calculations, the “missing lactate” in 
the bath of the cell complex (vertical arrow in  
Fig. 12.12B) matched the expected production of 14CO2 
by photoreceptor oxidative metabolism (see Box 12.1) 
and was antagonized by the addition of unlabeled 
lactate (Fig 12.12C).

(4) Glial-derived lactate is preferentially consumed by 
purified populations of acutely isolated photoreceptors 
(Fig 12.12D), even in the presence of millimolar 
concentrations of glucose (Fig 12.12E).

These results show that a relative compartmentation of 
substrate formation to the glial cells and substrate use to the 
photoreceptor neurons previously established in bee retina 
can be generalized to mammals (see Fig. 12.6). Such com-
partmentation may underlie the need for a continuous traf-
ficking of lactate/alanine from glia to neurons (see also 
section 6). It should be noted that guinea pig photoreceptors 
do in fact take up and phosphorylate glucose,53 but when 
challenged with either one alone or a combination of both, 
lactate is a preferred substrate as evaluated by 14CO2 pro-
duced (Fig. 12.12E). Lastly the reader is reminded of the 
finding that the presence of photoreceptors, thus the model 
of Müller cells still attached to photoreceptors, modifies in 
a light/dark-dependent manner either the synthesis, release 
or metabolic fate of glucose-derived metabolites, i.e. lactate 
and glutamine, in the Müller glia.53

To summarize, the neuroretina can serve as an important 
CNS model in which to assess the use of energy fuel as related 
to function. Neurons and glia divide metabolic labor in a  
way that is vital to function. The general finding that sub-
stances released by neurons, i.e. excitatory neurotransmitter 

Box 12.1  Appendix: Numerical calculations of 
missing lactate and its consumption by 
photoreceptors (PH)

• To a first approx, the amount of CO2 produced by PH = 
amount of oxygen consumed

• PH ~50% of tissue; major contributors to CO2 production; 
consume 40 µl O2/gram min

• 30 min incubation: ~16,000 cpm µg protein lactate in Muller 
cell bath

• ~3000 in cell complex bath (dark conditions)
• 13,000 cpm/µg prot • (45 dpm 40 cpm) • [2.22 × 106 dpm µCi • 

146 µCi/µmol glucose]-1

• => 4.6 • 10-6 µmol glucose/µg prot or 4.6 • 10-6 µmol 
glucose/10-8 liters or 4.6 mM glucose

• Therefore, 4.6 mM glucose 30 min ≈ 0.15 mM glucose min
• 1 glucose →1 6O2, so 0.9 mM O2 min; 0.9 mM O2 l • min × 

22.4 mL O2 /mM
• => 20 mL O2 /l • min is 20 µl O2 cm3 • min; => 40 µl O2/cm3 

photoreceptors • min
• Therefore, 40 µl O2 40 µl O2 or (value from literature for PH in 

darkness/cm3 • PH • min):
• (measured value for PH in cell complex/cm3 • PH • min) × 

13,000 cpm/µg prot
• Yields 13,000 cpm/µg protein
• => amount of CO2 that would be produced from missing 

lactate ~ amount of O2 consumed by PH
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the Kreb’s cycle.21 This is a relevant point since RPE cells 
depend on glucose as their primary energy substrate.125 The 
expression of the monocarboxylate transporter MCT3 on the 
RPE basolateral side for the efflux of lactate from RPE to  
the choroidal microcirculation and the expression of MCT1 
on the apical side for the transport of lactate and water from 
the retina to choroid76 (see Chapter 13) suggests that lactate 
is not used by RPE cells, at least when glucose is non- 
limiting.125 Thus, if RPE cells synthesize and release glucose-
derived lactate in vivo, as has been demonstrated in acutely 
isolated RPE21 and in cultured RPE,74 then any lactate leaving 
the eye as determined by either choroidal venous drainage 
or femoral artery-choroidal vein differences38 is a two-fold 
contribution (neuroretina and RPE). Presently the contribu-
tions from these two sources have not been quantitated nor 
their contribution to the amount of effluxed lactate to the 
choroidal vein. These unknowns need to be taken into 
account when critically evaluating the ANLSH hypothesis 
that aerobic glycolysis in glia increases in response to activa-
tion of neurotransmitter glutamate systems and the neuro-
nal oxidation of glial lactate.55 In the eye, endogenous lactate 
production does not appear to be linked only to energy 
metabolism: the cotransport of H+ and lactate with water in 
the direction from retina to choroid plays a role in volume 
regulation and thereby retinal adhesion.126

10.  Metabolic factors in the regulation 
of retinal blood flow

In a series of original papers on the metabolic factors 
involved in the regulation of retinal blood flow in monkey 
and miniature pigs, Tsacopoulos proposed that an extravas-
cular, intraretinal acidosis was a key step in the process 
leading to retinal arteriolar vasodilation, either by hypercap-
nia, hypoxia or ischemia.111,112,127–129 Moreover, he proposed 
that this acidosis would provoke the release of a substance 
from the periarteriolar glial cells which in turn would act on 
the smooth muscle cells of the arteriolar wall. This idea that 
retinal glia plays a central role in the mechanisms linking 
neuron function to blood flow was highly original at that 
time and recognized the anatomical disposition of the glia 
as cells interpositioning themselves between the neurons 
and retinal vasculature. Indeed, his working hypothesis  
that the retinal arteriolar tone might be controlled by  
factors, such as K+, lactate and NO released from the retinal 
tissue surrounding the arterioles was tested in the miniature 
pig.130–132 Of these factors, intraretinal lactate and NO, both 
of which can be synthesized from glucose in Müller glia, 
were found to either mediate acute hypoxia-induced vasodi-
lation or basal retinal arteriolar tone (e.g. for review, see 
Pournaras et al133).

Further experimental evidence supporting the role of 
extracellular lactate as a dynamic vasoactive signal was pro-
vided by studying freshly isolated rat retinal microvessels 
using a combination of patch-clamp, fluorescence imaging 
and time-lapse photography.134 In that study, lactate expo-
sure was associated with an intracellular rise of calcium  
in pericytes, cell contraction and lumen constriction  
when energy supplies were adequate. Hypoxia, on the other 
hand, switched lactate’s effect from vasocontraction to 

transport of metabolic intermediates, ions and water between 
the choroid and the retina. Considering the vascular sources 
of fuel substrate, the choroidal microcirculation is one 
source of glucose for photoreceptor outer segments. However, 
it is presently unclear whether glucose crosses the RPE on 
glucose transporters GLUT1 and GLUT3124 or if it is con-
sumed and transformed through the glycolytic pathway to 
lactate for transfer and to a lesser extent oxidized through 

Figure 12.12 Glial lactate is released extracellularly and consumed 
by photoreceptors in mammalian retina. Metabolic trafficking between 
neurons and glia was explored using three cell models: purified populations 
of acutely isolated Müller glia (Fig. 12.4B), acutely isolated photoreceptors 
(D) and the acutely isolated cell complex (Fig. 12.3B) from guinea pig retina. 
The effect of altering illumination of the cell complex (purple: maintained in 
light vs green: maintained in darkness) was the strategy used to specifically 
alter photoreceptor function and metabolism. Darkness increases 
photoreceptor metabolism and the release of neurotransmitter glutamate. 
Retinal glia are not directly affected by light. Müller cells alone massively 
produced lactate from uniformly radiolabeled glucose, most of which was 
released into the extracellular space, as shown by the blue columns in (A) 
and (B). The effects of altering illumination of the cell complex, particularly 
in darkness, lowered significantly the amount of radiolabeled lactate in the 
corresponding bath (B, second and third columns) compared to the bath of 
Müller cells alone (B, first column). This “missing lactate” matched the 
expected production of 14CO2 by photoreceptor oxidative metabolism. As 
expected, this “missing lactate” was also antagonized by the addition of 
unlabeled lactate to the cell complex bath (C), indicating that lactate 
released extracellularly by glia was consumed. Finally, (E) shows the amount 
of 14CO2 produced by the cells in (D) as a function of 3 different substrate 
mixtures. The conclusion drawn was that glial lactate was preferentially 
consumed by photoreceptors, even in the presence of millimolar 
concentrations of glucose. Overall, the effects of altering illumination of the 
cell complex affected the production, release and or uptake of glucose-
derived glial lactate. (Modified from Poitry-Yamate et al 1995, Neurosci Lett 122(2): 

241–4. Copyright Elsevier 1995.)
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process suggests that lactate either mediates the release of 
endothelial vasoactive substances (i.e. NO) or interferes with 
the metabolism and release of vasoactive substances by cells 
surrounding the arterioles (i.e. glial cells).

Juxta-arteriolar administration of L-lactate induced vasodi-
lation of retinal arterioles in minipigs was also observed 
during continuous intravenous infusion of L-NAME, inhibit-
ing endothelial-derived NO. In contrast, juxta-arteriolar L-
NAME microinjection inhibiting NOS within the neuronal/
glial cells significantly suppressed the vasodilatory effect of 
L-lactate. Those findings suggested that, in vivo, neuronal/
glial cells are the major source of NO mediating the retinal 
arteriolar vasodilatation response to lactate in minipigs  
(Fig. 12.13).142

11.  Metabolic pathway leading to 
nitric oxide release

The diffusible and non-polar gas, nitrogen monoxide (NO) 
is synthesized from L-arginine by nitric oxide synthase 
(NOS). Until recently, NO has been generally recognized as 
an endothelium-derived releasing factor that controls vascu-
lar tone. Acutely isolated mammalian retinal Müller cells 
were shown to synthesize the NO precursor L-arginine from 
glucose as well as the key requisite amino acids – fumarate 
and aspartate – through which arginine is synthesized.132,143 
Moreover, NOS has been shown to be localized to Müller 
cells using NADH diaphorase histochemistry and NOS 
immunocytochemistry.144,145 Hence, the conversion of 
L-arginine and oxygen into NO and L-citrulline through the 
enzymatic action of NOS highlights the role of glia in the 
generation and release of extravascular, intraretinal and peri-
arteriolar NO, for either target neurons or in promoting 

vasorelaxation. This dual vasoactive capability may provide 
an efficient mechanism to match microvascular function to 
local metabolic needs.

In mini-pigs preretinal microinjections of L-lactate 
(0.5 mol/l, pH 2 and 7.4) close to the retinal arterioles  
produced a local, segmental and reversible arteriolar  
dilation while D-lactate had no effect. This effect was not 
pH-dependent nor mediated by prostaglandins. On the 
other hand, both systemic and sublingual administration of 
L-lactate (0.1 mol/l, pH 2) had no effect on retinal arteriolar 
diameter,131 suggesting that exposure to endothelial cells of 
the arterioles to lactate was not sufficient to trigger a vasomo-
tor response. These authors concluded that to induce vasodi-
lation, lactate had to reach the vascular smooth muscle cells 
from the vitreoretinal side, raising the hypothesis that intra-
retinal lactate is a mediator of acute hypoxia-induced 
vasodilation.

Intravenous administration of sodium lactate has been 
reported to increase retinal blood flow at steady state135 or 
during flicker stimulation.135,136 High-dose lactate reduced 
flicker response, whereas low-dose lactate increased it. This 
is most likely related to the fact that high-dose lactate leads 
to pronounced pre-vasodilation and a reduced flicker 
response, whereas low-dose lactate shifts the ratio of cytosolic 
free NADH to NAD+, resulting in increased flicker response. 
Both observations indicate that the ratio of cytosolic-free 
NADH to NAD+ plays a critical role in the maintenance of 
retinal vascular tone (also known as the “pseudohypoxia 
hypothesis”).135

Uptake of intravenous or intravitreal lactate by vascular 
endothelial cells or glial cells via monocarboxylate trans-
porters137–140 causes retinal arteriolar dilation, predominantly 
via stimulation of NO synthase141 and subsequent activation 
of guanylate cyclase. In turn, guanylate cyclase/cGMP signal-
ing triggers opening of KATP channels for vasodilation. This 

Figure 12.13 Components of the blood vessel wall hypothesized to play a role in arteriolar vasodilation and retinal blood flow. Endothelial 
cells and smooth muscle cells are two major components of retinal arteries and arterioles. The retinal glial cells send their endfoot processes out and over 
the vascular wall. The putative regulatory role of lactate is shown in the schema. Retinal arteriolar tone is controlled by the dynamic vasoactive signals lactate 
and NO. Intraretinal L-lactate, but not D-lactate, causes a pH-independent dilation of retinal arterioles. Juxta-arteriolar application, but not intravenous 
delivery, of L-NAME, an inhibitor of NO synthase, suppresses the vasodilatory effect of L-lactate, suggesting a glial rather than an endothelial source of NO. 
The L-lactate-induced vasodilatory response is mediated by stimulation of NO synthase and subsequent activation of smooth muscle guanylyl cyclase, 
leading to the opening of glibenclamide-sensitive KATP channels in smooth muscle. The regulation of arterial smooth muscle membrane potential through 
activation or inhibition of K+ channel activity provides an important mechanism to dilate or constrict arteries or arterioles. Local changes in retinal arteriolar 
diameter in response to intraretinal vasoactive metabolites links the regulation of retinal blood flow to the metabolic needs of the surrounding retinal tissue.
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manner with the formation of neovessels and retinal–blood 
barrier alterations. It would be of future clinical importance 
to determine whether a restoration of blood flow in retinas 
with chronic ischemic microangiopathies is correlated with 
a decrease in VEGF expression. Insights into the multiple 
pathways controlling retinal blood flow, tissue oxygenation 
and metabolism should offer new therapeutic strategies to 
restore retinal blood flow and prevent damage observed 
during the evolution of ischemic microangiopathies.
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arteriolar vasodilation and/or controlling the basal dilating 
arteriolar tone.

Support for this hypothesis in vivo in the inner retina of 
the miniature pig is the finding that:

(1) an increasing NO gradient from the vitreous towards 
the inner retina is measurable using an NO 
microprobe; this gradient is reversibly modulated by 
light; and light flicker stimulation of the dark-adapted 
retina induces a reversible increase of NO;132

(2) focal microinjection, but not intravenous infusion, of 
the NO-synthase inhibitor nitro-L-arginine leads to a 
segmental and reversible arteriolar vasoconstriction of 
45%.132 Intravenous135 and intravitreal administration 
of L-arginine also increases retinal blood flow, but it 
remains to be shown that this effect is related to an 
increase of NO production; and

(3) in vivo, neuronal/glial cells are the major source of NO 
mediating the retinal arteriolar vasodilatation response 
to lactate in minipigs.142

Local factors released by neurons and perivascular glial 
cells appear to be involved in the regulation of the vascular 
tone of the retinal resistance vessels through the interaction 
of myogenic and metabolic mechanisms. These factors may 
be ionic, molecular or related to arterial blood gas modifica-
tions. They affect the arteriolar tone and thus regulate the 
retinal vasomotor responses, relaxing or contracting the 
tone. Nitric oxide (NO) and prostacyclin (PGI2) are probable 
relaxing factors, whereas the contracting factors include 
endothelin-1 (ET-1), angiotensin II, and cyclo-oxygenase 
(COX) products, such as thromboxane-A2 (TXA2) and pros-
taglandin H2 (PGH2).133

What may be the role of extracellular lactate in the con-
traction and relaxation of the vessel wall according to the 
metabolic needs of the tissue? Lactate could either mediate 
the release of endothelial vasoactive substances (i.e. NO), or 
alternatively, lactate could interfere with the metabolism of 
cells surrounding the arterioles namely glial cells and 
neurons, leading either to release of vasoactive substances 
(NO, PGs) or activation of retinal endothelin receptors.

The close interaction between PG and NO metabolic 
pathways could insure that, when one process is inhibited, 
the other may rapidly compensate for the deficiency and 
maintain blood flow constant. However, whether this  
interaction is a major component of the control of vasomo-
tion and autoregulation in the inner retina remains to be 
shown.

Impairment of structure and function of the neural tissue 
and endothelium is the cause of abnormal retinal blood flow 
regulation observed during the evolution of ischemic micro-
angiopathies.133 However, impaired metabolism may under-
lie alterations of both neural structure and function. This 
raises the question whether impaired glycolysis leads to a 
decrease in preretinal lactate, which in turn affects the NO 
pathway. Equally as important is the transport of glucose to 
neural cells which is compromised in ischemia and/or by 
alterations of the retinal–blood barrier, both of which are 
functional triggers leading to neovascularization and forma-
tion of macular edema.

In this regard, the expression of hypoxia-related vascular 
endothelial growth factor (VEGF), known as the major 
inducer of angiogenesis, correlates in a temporal and spatial 
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C H A P T E R 13 

The Function of the Retinal 
Pigment Epithelium

Olaf Strauss & Horst Helbig

Introduction
The retinal pigment epithelium (RPE) is a monolayer of 
pigmented cells located between the light-sensitive photore-
ceptor outer segments and the fenestrated endothelium of 
the choriocapillaris. On both sides, specialized extracellular 
matrices enable a close interaction of the RPE with its adja-
cent tissues. On the basolateral side the multilayered Bruch’s 
membrane combines barrier function and selective transport 
matrix as part of the blood–retina barrier. On the apical side 
of the RPE, the interphotoreceptor matrix provides an inter-
face for interaction between the photoreceptor outer seg-
ments and the RPE. In this interaction, the RPE forms a 
functional unit with the photoreceptors (Fig. 13.1).1–3 In 
humans, every RPE cell is in interaction with a mean of 23 
photoreceptors.4 The formation of that functional unit is 
already of importance during the embryonic development.5 
The RPE and the neuronal retina depend on each other in 
the process of differentiation and maturation. Mutations in 
genes expressed in the RPE can lead to primary photorecep-
tor degeneration and mutations in genes expressed in pho-
toreceptors can lead to primary RPE degenerations. In this 
functional unit the RPE fulfills a multitude of tasks which 
are essential for visual function. The failure of one of these 
functions leads to retinal degeneration.

Absorption of light

As a pigmented layer of cells the RPE covers the inner wall 
of the bulbus and absorbs scattered light to improve the 
optical quality. In the human eye light is focused by a lens 
onto the macula. This represents a high density of energy 
which is absorbed by the melanin granula of the RPE leading 
to an increase in the temperature of the RPE choroid 
complex.6 The heat is transported away by the bloodstream 
in the choriocapillaris. However, this functional arrange-
ment bears the danger of photo-oxidative damage.7,8 The 
relative blood perfusion of the choriocapillaris is higher than 
that of the kidney.9,10 However, only small amounts of 
oxygen are extracted by the adjacent tissues and venous 
blood from the choroid still shows an oxygen saturation of 
more than 90 percent. Thus, there is an overflow of oxygen 
in combination with a large density of light energy. This 

leads to a large production of reactive oxygen species. The 
RPE is protected by various lines of defense against this 
intoxication:11 melanin of the melanosomes and the carote-
noids lutein and zeaxanthin absorb light energy, ascorbate, 
α-tocopherol and β-carotene, and glutathione are non-
enzymatic antioxidants and melanin itself can function as 
an anti-oxidant. This is supplemented by the cell’s natural 
ability to repair damaged DNA, lipids and proteins.

Transepithelial transport

The RPE cells form a part of the blood–retina barrier. The 
RPE is by its electrophysiological parameters a tight epithe-
lium: the paracellular resistance is at least ten times larger 
than that of the transcellular resistance.12,13 This barrier func-
tion is of great importance for the immune privilege of the 
eye (see below). Due to this tight barrier function, the com-
plete exchange of molecules and ions between the blood-
stream and the photoreceptor side relies on transepithelial 
transport through the RPE.

Transport from the blood side  
to the photoreceptor side
The transport from the blood to the photoreceptor side con-
sists mainly of transport of nutrients such as glucose, ω3 
fatty acids and retinal.

For glucose transport, the RPE contains an abundance of 
the glucose transporters GLUT1 and GLUT3 in both the 
apical and the basolateral membrane.14,15 GLUT3 mediates 
the basic transport whereas GLUT1 is responsible for an 
inducible glucose transport to adopt the glucose transport to 
different metabolic demands.

All-trans retinol is taken up from the bloodstream via 
a receptor-mediated process involving a serum-retinol- 
binding protein/transthyretin complex. Retinol is formed  
to all-trans retinyl ester and then enters directly the visual 
cycle (see below).

Docosahexaenoic acid (a polyunsaturated ω-3 fatty acid; 
22:6ω3) is essential for the renewal process of the photore-
ceptor outer segments and cannot be synthesized by the 
photoreceptors.16–19 The compound is synthesized in the 
liver from the precursor linolenic acid and transported to  
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basolateral Cl- conductance.24 Other channels providing 
basolateral Cl- conductance are Cl- channels linked to intra-
cellular second-messenger systems. Cl- transport can be 
increased by rises in intracellular free Ca2+25 or by increases 
in cytosolic cAMP concentration26 resulting from either acti-
vation of Ca2+-dependent Cl- channels or cAMP-dependently 
regulated Cl- channels.

The metabolic activity in the retina results in large sub-
retinal concentrations of lactic acid which is transported 
away by the RPE.14,27 This transport requires a tight regula-
tion of the intracellular pH.28,29 Lactic acid is removed from 
subretinal space by the monocarboxylate transporter 1 
(MCT1)30 which transports H+ in cotransport with lactic 
acid (can be as high as 19mM). This transport is driven by 
the activity of the Na+/H+-exchanger which eliminates H+ 
from cytosol of the RPE cells using the gradient for Na+ 
provided by the activity of the Na+/K+-ATPase.31 Across the 
basolateral membrane lactic acid leaves the cell via the activ-
ity of the monocarboxylate transporter 3 (MCT3) which is 

the eye in the blood bound to plasma protein. The RPE pre-
ferentially takes up docosahexaenoic acid in concentration-
dependent manner. Docosahexaenoic acid is incorporated 
into glycerolipids for synthesis and storage.

Transport from the retinal side  
to the blood side
The retina is the tissue with the highest density of cells. 
Neuronal cells show a high metabolic activity. This results 
in the production of large amounts of water and accumula-
tion of lactic acid. Additional amounts of water are moved 
towards the retina by intraocular pressure from the vitreous. 
Since the RPE is a tight epithelium water cannot pass in  
the paracellular route. Water and lactic acid are eliminated 
from subretinal space by active transcellular transport by  
the RPE (see Box 13.1).20

The transport of water is driven by an active transport of 
Cl- from the retina to blood side (Fig. 13.2).12,21,22 It is ener-
gized by the apically located Na+/K+-ATPase which uses the 
energy of ATP to transport Na+ out of the cell in exchange 
with a transport of K+ to the cytosol of the RPE. The K+ 
ions recycle across the apical membrane through inward 
rectifier potassium channels which provide the large K+-
conductance of the apical membrane. This recycling keeps 
the K+ gradient across the apical membrane small to support 
the activity of the Na+/K+-ATPase. In the apical membrane a 
Na+/2Cl-/K+-co-transporter uses the Na+ gradient across the 
apical membrane to transport K+ and Cl- into the cytosol of 
the RPE. Since K+ moves back through inward rectifier chan-
nels to the subretinal space the Na+/2Cl/K+-cotransporter 
accumulates Cl- in the intracellular space of the RPE cells 
(40–60 mM).23 This high Cl- concentration provides a 
driving force for Cl- to leave the cell. The basolateral mem-
brane displays a large conductance for Cl- through which 
Cl- leaves the cell from intracellular space to the blood side. 
This is the last step of transepithelial Cl- transport from 
subretinal space to the blood side resulting in a basolateral 
negative transepithelial potential between -6 to -15 mV.20 
ClC2 Cl- channels seem to provide the major part of the 

Figure 13.1 Summary of the different functions of the RPE by which a functional unit between photoreceptors is formed. (Modified from Strauss O: The retinal 

pigment epithelium in visual function, Physiol Rev 85:845–81, 2005. Used with permission.3)
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Box 13.1 Retinal Detachment

Retinal detachment is characterized by a separation of the retinal 
pigment epithelium from the photoreceptor layer of the 
neuroretina. This separation prevents close interaction between 
the two layers leading to reduction of visual function. After 
successful closure of the retinal break, preventing access of fluid 
from the vitreous to the subretinal space, remaining subretinal 
fluid reabsorbs spontaneously. Subretinal fluid is eliminated by 
the electrolyte and fluid pump of the retinal pigment 
epithelium.71

RPE cells usually do not divide, but under certain circumstances 
they may become activated to play a role in wound repair.  
These wound repair mechanisms can also have devastating 
consequences by creating so called “proliferative 
vitreoretinopathy” (PVR). RPE cells migrating through retinal tears 
in the vitreous cavity and on the retinal surface may 
metaplastically transform to myofibroblasts, creating contracting 
membranes which cause complicated tractive forms of retinal 
detachment that are difficult to repair.72
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an H+/lactic acid cotransporter too. Intracellular pH is stabi-
lized by the transport of bicarbonate.28,29 HCO3

- is trans-
ported into the cell across the apical membrane by the 
Na+/2HCO3

- cotransporter which uses the Na+ gradient 
established by the Na+/K+-ATPase. HCO3

- leaves the RPE cell 
across the basolateral membrane by the activity of the 
HCO3

- exchanger.32

Production of metabolic water and accumulation of lactic 
acid are linked to each other. Therefore, transport of water 
and pH regulation are also coupled.27 An increase in the 
transport of lactic acid leads to intracellular acidification 
which inhibits the transport activity of the Cl-/HCO3

- 
exchanger. Since the Cl-/ HCO3

-  exchanger transports Cl- in 
the opposite direction to the Cl- channels the exchanger 
decreases the Cl- transport efficiency in resting conditions. 
The inhibition of the HCO3

-  exchanger, thus, increases the 
transepithelial transport of Cl- and water. This is further 
increased by the ClC2 channels which are activated by a 
decrease in extracellular pH. Extracellular acidification would 
result from the increased transport of lactic acid by the MCT3 
in the basolateral membrane.

Capacitative compensation of fast 
changes in the ion composition in  
the subretinal space

In the dark cGMP-dependent cation channels in the pho-
toreceptor outer segments generate an inward current of Na+ 
and Ca2+ which is counterbalanced by a K+ outward current 
at the inner segments. In the light, cGMP-dependent cation 
channels close and the K+ current is decreased resulting in a 
decrease of the K+-concentration in the subretinal space from 
5 to 2 mM. The decrease of the Na+ conductance in the outer 
segments leads to an increase in the subretinal Na+ concen-
tration. Furthermore, illumination of the retina results in an 
increase in the subretinal volume. Both changes are compen-
sated for in the moment when they occur by modulation of 
the ion transport by the RPE.2,33–36

Both, compensation for changes in the K+ concentration 
and in extracellular volume are linked to the potassium trans-
port.20 The apical membrane of the RPE displays a large K+ 
conductance. Decrease in the subretinal K+ concentration 
leads to hyperpolarization of the apical membrane which 
corresponds to the c-wave in the electroretinogram. The 
decrease in the potassium concentration decreases the activ-
ity of the Na+/K+/2Cl- cotransporter which subsequently 
decreases the intracellular Cl- activity and hyperpolarizes the 
basolateral membrane.37 In the electroretinogram this can be 
seen as the delayed hyperpolarization. The hyperpolarization 
of the apical membrane activates inward rectifier K+ channels 
which generate an efflux of K+ into the subretinal space to 
compensate for the light-induced decrease in the subretinal 
K+ concentration. At the same time the apical hyperpolariza-
tion decreases the activity of the Na+/HCO3

-  cotransporter 
which is an electrogenic transporter by its stoichiometry. The 
subsequent intracellular acidification increases the transepi-
thelial Cl- and water transport as described above.

The light-induced increase in subretinal Na+ concentra-
tion is compensated for by the activity of the Na+/K+/2Cl- 
cotransporter and by the Na+/H+ exchanger.38,39 The Na+/
K+-ATPase seem to uptake Na+ to compensate for the increase 

Figure 13.2 Transport of water and ions from subretinal space to 
blood side. (A) Using the energy of ATP hydrolysis the Na+/K+-ATPase 
establishes a gradient for Na+ which drives the uptake of Na+, K+ and Cl- by 
the Na+/K+/2Cl- cotransporter. K+ recycles across the apical membrane 
through inward rectifier K+ channels. The concerted transport activity of the 
three transport proteins results in the accumulation of Cl- in the cytosol of 
the RPE. Cl- leaves the cell through a variety of basolateral Cl- channels. The 
net transport of Cl- results in a basolateral negative transepithelial potential. 
The transport of Cl- as osmolytes drives a transcellular transport of water 
through aquaporine water channels located in both the apical and the 
basolateral membrane. (B) Lactate is taken up from subretinal space via the 
activity of the MCT1 (monocarboxylate transporter-1) and accumulated in 
the cell. The driving force for this transport is large because the activity of 
retinal neurons produces large amounts of lactic acid (concentration in the 
subretinal space can be as high as 19 mM). Lactate leaves the cell through 
the basolateral membrane via the activity of the MCT3 transporter. The 
required pH regulation occurs at the apical membrane by the activity of 
sodium-dependent transporters: Na+/H+ exchanger and the Na+/HCO3

- 
cotransporter which use the sodium gradient of the Na+/K+ATPase. 
At the basolateral membrane pH regulation occurs by the activity of 
Cl--dependent transport proteins which use the large intracellular 
Cl- activity. In this part of the pH regulation a Cl- /HCO3

- exchanger and 
the Cl- channel ClC2 are involved.
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(interphotoreceptor matrix retinal binding protein) and 
transported to the RPE.44 In the cytosol of the RPE it binds 
to the CRBP (cellular retinol binding protein) as entry into 
a reaction cascade catalyzed by a protein complex composed 
of LRAT (lecithin : retinol transferase), RPE65 (RPE specific 
protein 65 kDa, function as isomerase45) and 11cRDH 
(11-cis-retinol dehydrogenase or RDH5) which performs the 
re-isomerization. After re-isomerization 11-cis retinal loaded 
to CRALBP (cellular retinaldahyde binding protein), leaves 
the cell and is transported back to photoreceptors by IRBP. 
This pathway accounts for the re-isomerization of retinal 
from rods. Cones might have an additional secondary 
pathway involving Müller cells.

Since the visual cycle maintains the excitability of the 
photoreceptors (see Box 13.2) it needs to be adapted to the 
different photoreceptor activities between light and dark-
ness.46 In the light there is a fast turnover of retinal whereas 
in the dark the turnover occurs much slower. Retinal which 
is not needed in the state of a slower turnover must be 
quickly available for the transition from darkness to light and 
vice versa. The different retinal binding proteins represent 

in the subretinal Na+ concentration during the transition 
from light to dark. It is believed that this task is the reason 
for its localization in the apical membrane of the RPE.

Visual cycle

Vision starts in photoreceptor outer segments with absorp-
tion of a photon by the chromophore of rhodopsin, 11-cis 
retinal, which undergoes a conformational change from 
11-cis retinal to all-trans retinal. For the absorption of the next 
photon, rhodopsin replaces all-trans retinal to a new 11-cis 
retinal. To maintain visual function, a re-isomerization  
of all-trans to 11-cis retinal takes place in the RPE (Fig. 
13.3).1,40–43 All-trans retinal leaves the disc membrane as 
N-retinylidine-phosphatidylethanolamine (N-retinylidine-PE) 
by the transport activity of the ABC (ATP-binding cassette 
protein) transporter ABCR4. Released from N-retinylidine-PE, 
all-trans retinal is reduced to all-trans retinol by RDH (all-
trans retinol dehydrogenase), leaves the photoreceptor outer 
segments into subretinal space, is loaded onto the IRPB 

Figure 13.3 Cycle of retinal (visual cycle). The process 
of vision is started by the conformational change of the 
chromophore of rhodopsin from 11-cis retinal to all-trans 
retinal. All-trans retinal is re-isomerized to 11-cis in the RPE. 
The first step into this cycle is the reduction of all-trans 
retinal into all-trans retinol. all-trans retinol leaves the 
photoreceptor and binds to IRPB and is transported to the 
RPE. Inside the RPE all-trans retinol binds to CRBP and enters 
with this step the re-isomerization pathway. The reaction is 
catalyzed by a protein complex consisting of LRAT, RPE65 
and RDH5. The reaction product, 11-cis retinal binds to 
CRALBP, leaves the cell where it binds to IRPB again to be 
transported to the photoreceptors. RPE65 modulation 
adapts this cycle to different light intensities. In the light it is 
palmotylated and membrane bound with isomerase 
function. In the dark it is freely diffusible in the cytosol and 
serves as retinal pool when the visual cycle has a lower 
turn-over rate (CRBP = cellular retinol binding protein; 
CRALBP = cellular retinaldehyde binding protein; IPM = 
interphotoreceptor matrix; IRBP = interstitial retinal binding 
protein; LRAT = lecithin retinol acyltransferase; RDH = retinol 
dehydrogenase; RPE 65 = retinal pigment epithelium 
specific protein 65 kDa; RDH5 = 11-cis retinol 
dehydrogenase; Rho = rhodopsin; SER = smooth 
endoplasmic reticulum).
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Phagocytosis of photoreceptor outer segments 

Figure 13.4 Phagocytosis of the photoreceptor outer membranes. 
With onset of light destroyed tips of the photoreceptor outer segments are 
shed from the photoreceptors and phagocytosed by the RPE. The binding 
and circadian regulation occurs via αv-integrin which enables the initiation 
of the cascade which regulates the phagocytosis. This cascade is initiated  
by the activation of the MerTK receptor. The internalization of the shed 
photoreceptor outer segments is permitted by the activity CD36  
(αv-integrin = vitronectin binding integrin; CD36 = macrophage 
phagocytosis receptor; FAK = focal adhesion kinase; MerTK = c-mer 
tyrosinekinase receptor).
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Box 13.2 Diseases Caused by Genetic Defects  
in the RPE

The regeneration of the visual pigment in the RPE involves a 
complex cascade of steps and a variety of molecules. Mutations 
in these molecules may cause retinal diseases. Mutations in RPE 
65 can cause severe congenital blinding disease called Leber’s 
congenital amaurosis (LCA). Different mutations within the ABCR 
gene may cause Stargardt’s macular dystrophy, cone-rod-
dystrophy or recessive retinitis pigmentosa. Mutations in the 
RLBP 1 gene and its product CRALBP are found in autosomal 
recessive retinitis punctata albescens, a tapetoretinal 
degeneration.79–81

Clinically these diseases manifest with different degrees of visual 
loss ranging from congenital blindness (LCA), night blindness 
with progressive loss of the peripheral visual field, and finally 
blindness at an adult age (retinitis pigmentosa), to slow loss of 
central vision with peripheral visual field remaining intact 
throughout life (Stargardt’s disease).79–81 Gene therapy for 
defective RPE 65 has been recently successfully performed in 
dogs and first attempts have been made in humans.82

Box 13.3 Age-related Maculopathy (ARM)

RPE cells must ingest and degrade rod outer segment material 
amounting to 7 percent of RPE cell volume every day. This is an 
enormous burden for a non-dividing cell. As a consequence, 
lipofuscein accumulates in RPE cells with age. In addition, Bruch’s 
membrane thickens from approximately 2 µm at birth to 6 µm 
with age. Oxidative stress (light, smoking, low levels of 
antioxidant vitamins) will increase lipofuscin accumulation as well 
as thickening of the extracellular matrix.73

It is assumed that these age-related changes plus additional 
changes will lead to significantly impaired RPE-function in 
genetically susceptible patients predisposed to age-related 
macular degeneration (AMD).73 Gene loci associated with 
AMD include complement factor H, complement C2 and C3, as 
well as LOC387715.74,75 Toll-like receptor 3 has been recently 
found to be associated with geographic atrophy.76 These 
genetic risk factors and the finding that inflammatory  
molecules are found in drusen deposition led to the  
assumption that inflammation plays an important role in ARM 
pathophysiology.

connected pools for retinal. In the transition from darkness 
to light IRPB represent the first pool which delivers retinal.44 
This pool cannot be depleted because it refills retinal from 
the pool of CRALBP proteins. CRALBP in turn can recruit 
retinal from RPE65. Thus, with increasing light intensity 
retinal can be recruited from the different pools and in the 
transition from light to darkness retinal can be stored away. 
Of importance are IRBP which can carry in the dark larger 
amounts of retinal than in the light. Another key function is 
the modulation of the RPE65 function.47 In the dark RPE65 
is water soluble and freely diffusible in the cytosol. With this 
configuration RPE65 functions as a retinal store. In the light 
RPE65 is palmotylated and bound to intracellular mem-
branes. In this configuration, RPE65 predominantly catalyze 
the re-isomerization of all-trans retinol to 11-cis retinol.

Phagocytosis of photoreceptor  
outer segments

The focus of a large density of light energy onto the retina 
and increased formation of reactive oxygen species by photo-
oxidation constantly exposes photoreceptor outer segments 
to toxic compounds. This leads to destruction of the pho-
toreceptor outer segments (POS). In order to maintain the 
excitability of the photoreceptors, outer segments are newly 
built at the connecting cilium from the inner segments.48,49 
The destroyed tips of the POS are shed and phagocytosed by 
the RPE.50–52 The process of shedding and phagocytosis must 
be tightly coordinated to maintain the proper length of the 
outer segments. On the other hand the tight coordination 
ensures the efficient degradation of the internalized POS (see 
Box 13.3). The process of regeneration is regulated in a cir-
cadian manner.53–56 With the onset of light in the morning 
the phagocytic activity is triggered and maintains a peak for 
1–2 hours. Every 11 days a whole length of a photoreceptor 
outer segment is renewed.

Three receptors are involved in the process of phagocyto-
sis (Fig. 13.4). Binding occurs via α5-integrins.56 This binding 
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matrix and prevents neovascularization. Basically, the regula-
tion of secretion is embedded into a network of paracrine 
and autocrine stimulation.65,66 To coordinate the secretion 
with the neighboring tissues, the RPE is equipped with  
receptors which are activated by factors as such IGF-1 (insu-
lin-like growth factor-1), TNFα (tumor necrosis factor-α), 
VEGF or glutamate. The secretion of ATP by the RPE  
seems to be of importance for an autocrine regulation of 
phagocytosis.67,68

initiates a signal cascade in the RPE involving the activation 
of focal adhesion kinase (FAK).57 This process serves two 
functions. One leads to phosphorylation of another receptor 
which is involved in the regulation of phagocytosis, MerTK 
(c-mer tyrosine kinase). The second function leads to the 
circadian regulation of phagocytosis. MerTK is a receptor 
tyrosine kinase which triggers the process of internalization 
of POS58–60 after binding to α5-integrin. The downstream 
cascade initiated after activation of MerTK involves the gen-
eration of inositol-1,4,5-trisphosphate and an increase of 
cytosolic free Ca2+ as second-messenger. The third receptor, 
CD36, is important for the process of internalization.61

Secretion

The RPE is capable of secreting a large variety of growth 
factors, cytokines or immune modulators.62,63 This function 
serves to maintain the structural integrity of photorecep-
tors,64 to maintain the fenestrated structure of the endothe-
lium of the choriocapillaris and to actively interact with the 
immune system3 (Fig. 13.5). The intracellular regulation of 
the secretion involves voltage-dependent L-type Ca2+ chan-
nels of the neuroendocrine subtype (Cav1.3) which are regu-
lated by tyrosine kinase. With this regulation the secretion 
is linked to the influence of growth-factor receptors which 
mainly act via activation of tyrosine kinase.

Structural integrity of neighboring tissues
For the maintenance of structural integrity of photoreceptors 
the RPE secretes PEDF (pigment epithelium-derived factor; 
protects against hypoxia- and glutamate induced apoptosis), 
CNTF (ciliary neurotrophic factor; protects against photore-
ceptor cell death) and members of the fibroblast growth 
factor family. To stabilize the choroidal endothelium the 
RPE secretes and VEGF (vascular endothelial growth factor) 
and tissue inhibitors of matrix metalloproteases (TIMP) (see 
Box 13.4). The latter protein stabilizes the extracellular 

Figure 13.5 Secretion by the RPE. The secretion of different factors 
serves to maintain the structural integrity of the neighboring tissues and to 
modulate the immune system which helps to establish the immune 
privilege of the eye. To establish communication between the RPE and the 
according tissues the RPE is equipped with a large variety of receptors. The 
secretion itself is mainly regulated by voltage-dependent Ca2+ channels of 
the neuroendocrine subtype.63 This Ca2+ channel is regulated by src-kinase 
which activated by different receptors of mediators leading to higher 
secretion rates. This illustration shows the major receptor types. From each 
different group several different receptors are expressed (e.g. VEGF-R 
includes VEGFR-1, VEGFR-2, VEGFR-3). The factors indicated represent the 
major family (e.g. VEGF includes VEGF-A, VEGF-C). Furthermore, as can be 
concluded from the figure, the secretion itself is not only regulated in a 
paracrine but also in an autocrine manner (Factors: ATP = adenosine 
triphosphate; CFH = complement factor H; CNTF = ciliary neurotrophic 
factor; FasL = CD95 apoptosis receptor ligand; FGF = fibroblast growth 
factor; Gas6 = growth arrest protein 6; IL = interleukin; IGF-1 = insulin-like 
growth factor-1; LPS = lipopolysaccharides; PEDF = pigment epithelium-
derived factor; PDGF = platelet-derived growth factor; TIMP3 = tissue 
inhibitor of metallo matrix proteases; VEGF = vascular endothelial growth 
factor; TGF-β = transforming growth factor-β; TNF-α = tumor necrosis factor 
alpha. Receptors: FGF-R = fibroblast growth factor receptor; IGF-R = 
insulin-like growth factor receptor; IL-R = interleukin receptor; MCP-1 = 
monocyte chemotactic protein 1; TNF-R = tumor necrosis factor receptor; 
Toll-R = toll-like receptors; VEGF-R = vascular endothelial growth factor 
receptor. Intracellular signaling: L-type channel = voltage-dependent L-type 
Ca2+ channel; src = src-type intracellular tyrosine kinase)
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Box 13.4 Advanced Age-related Macular 
Degeneration (AMD)

In the development of age-related maculopathy (ARM), 
degenerative changes in RPE-cells, extracellular matrix and 
possibly choriocapillaries probably lead to malnutrition of 
photoreceptors and RPE-cells. Two different types of responses to 
this malnutrition lead to the two forms of advanced AMD: 
neovascular and atrophic.

The atrophic form (“geographic atrophy”) is characterized by 
insufficient production of survival factors by damaged RPE cells, 
leading to apoptosis of the functional complex formed by 
choriocapillaries, RPE and photoreceptors.77

In the neovascular type of AMD RPE-cells and possibly 
photoreceptors produce excess angiogenic factors, especially 
vascular endothelial growth factor (VEGF). This stimulates 
outgrowth of new capillaries from the choroid (choroidal 
neovascularization, CNV) through irregularities in Bruch’s 
membrane under the RPE (occult CNV) or through gaps in the 
RPE under the neuroretina (classic CNV).77 Clinically antagonists of 
VEGF are injected into the eye in exudative AMD, often stabilizing 
or even improving vision.78
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Immune privilege of the eye
The inner eye represents an immune privileged space.69,70 
This is enabled on one hand by the barrier function of the 
RPE. On the other hand the RPE is able to actively participate 
in the modulation of the immune system by secretion.66 The 
RPE expresses a large variety of membrane receptors which 
coordinate the regulation of the immune system such as 
MHC receptors, toll-like receptors and receptors for cytokines 
which are involved in immune signaling such as receptors 
for TNFα or interleukins. Furthermore, the RPE is able to 
secrete a variety of immune modulatory factors such as 
TGF-β transforming growth receptor-β, members of the 
interleukin family or factors of the complement systems, for 
example factor H (see Box 13.3 and 13.5).
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Introduction
The cranium protects the brain and provides scaffolding for 
facial structures. During primate evolution, the orbits were 
enlarged and reoriented towards the front of the face.1 This, 
along with the gradual flattening of the face, allowed for 
improved binocular vision due to overlapping visual fields. 
Along with morphologic skull changes, facial mimetic mus-
culature evolved in primates as a means of close-proximity 
non-vocal communication.2 It is in this context that the 
function of the eyelids to protect, lubricate, and cleanse the 
ocular surface, is most fully appreciated. This chapter will 
examine anatomy of the eyelids, orbits, and related facial 
structures.

Orbital anatomy and function

Orbit osteology
Derived from cranial neural crest cells, the bony orbit con-
sists of seven individual bones combining into four walls 
that surround the globe, extraocular muscles, nerves, fat, and 
blood vessels. The orbital bones include the sphenoid 
(greater and lesser wings), frontal, ethmoid, maxillary, zygo-
matic, palatine, and lacrimal bones. Posteriorly approaching 
the apex, this four-sided pyramid becomes three-sided  
with the gradual merger of the medial wall and orbital floor 
after the floor is cut off by the inferior orbital fissure. The 
adult orbit has a volume of 25–30 mL, with the globe filling 
approximately 7 mL or 25% of the space.3 The orbit depth 
as measured from the center of the orbital margin to the apex 
is approximately 45 mm. The widest diameter of the orbit 
occurs 1 cm behind the orbital rim. The lateral walls of the 
orbit are oriented 90 degrees from one another and run 
approximately 40–45 mm, while the medial walls are paral-
lel to one another (Fig. 14.1). Due to this bony orientation, 
the eyes tend to diverge, and thus are tonically held in 
adduction by the medial rectus muscles to achieve ocular 
alignment.

The orbital rim provides a hard tissue shield to surround 
and protect the eye. It is a thick discontinuous spiral that 
begins medially at the anterior lacrimal (maxillary bone) 
crest and coils to end at the posterior lacrimal (lacrimal 

bone) crest (Fig. 14.2). The lacrimal fossa, which contains 
the lacrimal excretory sac, lies between these two crests. 
Formed by the zygomatic bone and the zygomatic process 
of the frontal bone, the lateral orbital rim is the strongest 
and thickest portion of the rim. While the posteriorly directed 
concavity of the lateral orbital rim allows for a wide visual 
field, it also makes the eye prone to injury from objects 
approaching from a lateral direction. The superior orbital 
rim is formed by the frontal bone. Medially, the superior rim 
contains the supraorbital notch through which the supra-
orbital nerve and artery pass. In some individuals, a supra-
orbital foramen replaces the notch.4 The infraorbital nerve 
and artery exit through the infraorbital foramen approxi-
mately 4–6 mm below the inferior orbital rim medially.

The orbital roof is comprised of the orbital plate of the 
frontal bone along with a minor contribution from the lesser 
wing of the sphenoid posteriorly. The frontal bone is the 
strongest component of the craniofacial skeleton, withstand-
ing between 800 and 2200 pounds of force before fractur-
ing.5 This is equivalent to the force achieved in a frontal 
collision at 30 mph for an unrestrained adult passenger. 
Orbital roof “blow-in” fractures may be associated with a 
number of ocular and neurologic injuries including propto-
sis, ptosis, optic nerve contusion, orbital hematoma, as well 
as contusive and hemorrhagic injuries to the ipsilateral 
frontal and parietal lobes.6 Important bony landmarks of the 
orbital roof include the lacrimal gland fossa temporally and 
another small depression 3–5 mm behind the orbital rim 
anteromedially known as the trochlear fossa. Here resides 
the fibrocartilaginous trochlea through which the superior 
oblique tendon passes.

The frontal sinus begins to develop between 1 and 2 years 
of age through invagination of the frontal bone by fron-
toethmoidal air cells. The filling of air or pneumatization of 
the sinus begins at about 5–8 years old and continues into 
adulthood.7 Therefore, there is a relative absence of frontal 
sinusitis in very young children. Yet, orbital complications 
due to frontal sinusitis such as orbital cellulitis and abscess 
most often occur between the ages of 5 and 10 years.8 It has 
been hypothesized that direct extension through the rela-
tively thin orbital roof in children or congenital bony dehis-
cences (gaps) posterior to the trochlear and supraorbital 
notch may account for these findings.9
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an anastomosis with the lacrimal artery (a branch of the 
internal carotid system). This collateral system has potential 
importance if the primary internal carotid vascular supply 
becomes compromised. An important bony prominence of 
the lateral wall is Whitnall’s lateral tubercle, a small rounded 
protuberance of the zygomatic bone 3–4 mm inside of the 
lateral orbital wall and approximately 11 mm below the 
frontozygomatic suture.10,11

Fractures to the lateral wall may result from blunt trauma 
to the zygomatic bone and lateral orbital rim. Due to its 
multiple bony articulations, fractures of the zygoma may 
disrupt the wider anatomy and are often referred to as zygo-
maticomaxillary complex fractures or ZMC fractures (Fig. 
14.3). Clinical signs include lateral canthal dystopia (inferior 
displacement of the lateral canthal angle), cheek depression 
and trismus (difficulty opening the mouth owing to spasm 
of the masticatory muscles or impingement of the coronoid 
process of the mandible). Hypoesthesia may be noted at the 
lateral midface from disrupted branches of the zygomatico-
temporal and zygomaticofacial neurovascular bundles (V1 
branches traveling through the zygomatic bone), as well as 
in the distribution of the infraorbital nerve (V2 branch).

The orbital floor consists of the maxillary bone, the 
zygoma anterolaterally, and the palatine bone posteriorly. It 
is triangular in shape and extends from the maxillary- 
ethmoid buttress (the relatively dense bone strut at the 
union of the orbital floor and medial wall) to the inferior 
orbital fissure. The shortest of the walls, it travels posteriorly 
from the rim 35–40 mm and ends before the orbital apex at 
the pterygopalatine fossa. The infraorbital neurovascular 
bundle passes in the infraorbital groove and infraorbital 
canal of the orbital floor as it travels towards infraorbital 
foramen. The floor remains strong laterally, but thins pos-
teromedially with expansion of the maxillary sinus. This 
thinned maxillary bone is where the floor usually fractures 
during trauma and is also a convenient site to initiate an 
inferior wall decompression. The infraorbital nerve is often 
contused during an orbital floor fracture but is rarely severed, 

The lateral wall is comprised of the zygomatic bone ante-
riorly and the greater wing of the sphenoid posteriorly. The 
vertically oriented zygomaticosphenoidal suture represents 
the thinnest portion of the lateral wall, and is a convenient 
breaking point during lateral orbitotomy. The posterior 
boundaries of the wall are marked by the superior and infe-
rior orbital fissures. The frontosphenoidal suture forms the 
boundary between the lateral wall and orbital roof. About 
one-third of individuals have a meningeal foramen just 
superior to this suture which transmits the recurrent menin-
geal artery (a branch of the external carotid system) to form 

Figure 14.1 Horizontal section through orbits. Medial walls are nearly 
parallel, and lateral walls diverge 45 degrees from midline (© Virginia 
Cantarella).
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Figure 14.2 Osteology of the orbital bones and 
orbital apex (© Virginia Cantarella).
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dacryocystorhinostomy surgery (surgical procedure to restore 
the normal flow of tears into the nose from the lacrimal sac 
by bypassing the nasolacrimal duct).15 The maxillary bone is 
considerably denser than the lacrimal bone, and may require 
the surgeon to create a more posterior osteotomy during 
dacryocystorhinostomy. The nasolacrimal canal directs the 
nasolacrimal duct to the inferior meatus of the nose under 
the inferior turbinate.

The orbital apex
Many important neural and vascular structures pass through 
the orbit apex including cranial nerves II through VI, the 
origins of all the extraocular muscles except the inferior 
oblique, and arterial and venous blood supplies (Fig. 14.5 
and Box 14.1). Pathology in this crucial location of the orbit 
may lead to the orbital apex syndrome with characteristic 
hallmarks of visual loss from optic neuropathy and 
ophthalmoplegia.16

The optic foramen conveys the optic nerve and ophthal-
mic artery from the optic canal into the orbit. The canal is 
housed in the lesser wing of the sphenoid bone with a con-
tribution from the inferomedial optic strut. It runs 8–10 mm 
in length and is 5–6 mm in diameter. The optic canal and 
foramen attain adult dimensions by 3 years and are sym-
metric in most persons. A canal/foramen that is larger in 
diameter by at least 1 mm than the contralateral side may 
be considered abnormal.

The superior orbital fissure is located just lateral to the 
optic canal. Approximately 20–22 mm in length, the fissure 

thus, initial hypoesthesia in the V2 distribution will com-
monly resolve over several months’ time.

The medial wall consists of the maxillary, lacrimal and 
ethmoid bones, as well as the lesser wing of the sphenoid 
bone. The two medial walls are parallel to one another and 
extend 45–50 mm from the anterior lacrimal crest to the 
orbital apex. The lamina papyracea of the ethmoid bone is 
an extremely thin portion of bone that has a honeycombed 
structure. Giving support to the medial wall, the multiple 
bullae that form this structure develop secondarily to pneu-
matization of the ethmoid bone. This helps to explain why 
the medial wall fractures less often than the thicker orbital 
floor. Landmarks important to the orbital surgeon include 
the anterior and posterior ethmoidal foramina that reside at 
the frontoethmoidal suture and convey respective branches 
of the ophthalmic artery and nasociliary nerve. The anterior 
ethmoidal foramen is located approximately 24 mm poste-
rior to the anterior lacrimal crest and the posterior ethmoi-
dal foramen 36 mm posterior to the rim. The orbital foramen 
is located approximately 6 mm behind the posterior ethmoi-
dal foramen. The frontoethmoidal suture may also be used 
surgically to approximate the level of the floor of the anterior 
cranial fossa.

Providing support for the inferomedial wall and helping 
to maintain globe position is the thickened region of bone 
known as the inferomedial strut. The strut is constructed 
using elements of multiple orbital and facial bones includ-
ing the maxillary bone, ethmoid bone, and palatine bone 
posteriorly.12,13 Preservation of the anterior portion of the 
inferomedial strut during orbital decompression has been 
shown to reduce the incidence of post-operative globe 
dystopia.14

As previously mentioned, the lacrimal sac fossa lies 
between the anterior (maxillary bone) crest and posterior 
(lacrimal bone) crest of the orbital rim (Fig. 14.4). The 
relative contribution of these two bones may vary. The  
lacrimal bone at the lacrimal sac fossa has a mean thick-
ness of 106 µm, which allows easy penetration during 

Figure 14.3 Axial section of CT scan revealing a right zygomatic fracture as 
a part a zygomaticomaxillary complex (ZMC) fracture.

Figure 14.4 Lacrimal drainage system, superficial anatomy. (Modified from 

Dutton JJ. Atlas of clinical and surgical orbital anatomy. Philadelphia: WB Saunders, 

1994.)
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divides the lesser and greater wings of the sphenoid bone. 
The superior ophthalmic vein, as well as the lacrimal, troch-
lear, and frontal nerves, passes through the superolateral 
portion of the fissure outside the annulus of Zinn, a fibrous 
ring formed by the common origins of the rectus muscles. 
The annulus is further subdivided by the oculomotor 
foramen through which the superior and inferior divisions 
of the oculomotor nerve, the abducens nerve, the naso-
ciliary nerve (a terminal sensory branch of the ophthalmic 
division of the trigeminal nerve), and sympathetic fibers  
all pass.17,18 Also passing through the annulus of Zinn are 
the optic nerve and ophthalmic artery. As the extraocular 
rectus muscles proceed forward to their insertions on the 
globe, they form a conoid enclosure known as the intraco-
nal space. This compartment is useful radiologically (Fig. 
14.6). Intraconal pathology of the fat, vessels, and optic 

Figure 14.5 Schematic drawing of the annulus of Zinn and orbital apex. (Adapted from: Lemke BN, Lucarelli MJ: Anatomy of the ocular adnexa, orbit, and related facial 

structures. In Nesi FA, Lisman RD, Levine MR [eds]: Smith’s ophthalmic plastic and reconstructive surgery, ed 2, St. Louis, 1998, Mosby.)
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Figure 14.6 Schematic drawing of the compartments of the orbital space. 
(Adapted from: Imaging of Orbital and Visual Pathway Pathology, W.S. Muller-Forell, 

Springer-Verlag, 2002. Reproduced by kind permission of Springer Science + Business 

Media.)
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Box 14.1  Orbital apex

• Passing through the optic foramen: optic nerve, ophthalmic 
artery, and sympathetic fibers

• Passing through the superior orbital fissure: oculomotor nerve, 
trochlear nerve, abducens nerve, the ophthalmic division of 
the trigeminal nerve (frontalis, lacrimal, and nasociliary 
nerves), sympathetic fibers, and the superior ophthalmic vein

• Passing through the annulus of Zinn: optic nerve, ophthalmic 
artery, oculomotor nerve, abducens nerve, nasociliary nerve, 
and sympathetic fibers

• Passing through the inferior orbital fissure: maxillary division 
of the trigeminal nerve, branches from the sphenopalatine 
ganglion, and the inferior ophthalmic vein
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nerve-sheath complex may be distinguished from extraconal 
pathology of the lacrimal gland, bony orbit, and remaining 
extraconal fat.19,20

The inferior orbital fissure divides the greater wing of the 
sphenoid laterally from the maxillary bone of the orbital 
floor inferomedially. The fissure measures approximately 
20 mm in length. It communicates with the pterygopalatine 
fossa which rests behind the maxillary sinus. Traveling 
through the fissure are the maxillary division of the trigemi-
nal nerve, branches from the sphenopalatine ganglion, and 
the inferior ophthalmic vein. Branching away from the 
fissure and entering the infraorbital groove and canal are the 
infraorbital (V2) and the terminal branch of the internal 
maxillary artery.

Orbital soft tissues

Periorbital fascia
The periorbital fascia is a single interconnecting network 
emanating from the periosteal lining of the orbital walls, 
globe (Tenon’s capsule), and extraocular muscles (Figs 14.7 
& 14.8).21 There are also check ligament extensions from the 
extraocular muscle fascia that attach to the bony orbit as well 
as sheaths that extend between the rectus muscles. The peri-
orbita is firmly attached at the suture lines, foramina, fis-
sures, arcus marginalis, and the posterior lacrimal crest. 

Figure 14.7 A view 18.4 mm from back of globe. Vertical diameter 1.5 cm; 
transversal diameter 1.1 cm; magnification approximately 11×. The following 
artifacts are present in this section. Inside muscle cone several holes in 
adipose tissue are seen. Outside the cone adipose tissue is torn off from 
frontal and trochlear nerves, superior levator palpebrae/superior rectus 
complex, medial and inferior recti muscles and medial orbital wall (fb, frontal 
bone; sb, sphenoid bone; sof, superior orbital fissure; mm, Müller’s muscle; 
pb, palatine bone; on, optic nerve; fn, frontal nerve; ln, lacrimal nerve; ncn; 
nasociliary nerve; tn, trochlear nerve; an, abducens nerve; omn, oculomotor 
nerve; oa, ophthalmic artery; sov, superior ophthalmic vein; iov, inferior 
ophthalmic vein; slp, superior levator palpebrae muscle; srm, superior rectus 
muscle; lrm, lateral rectus muscle; irm, inferior rectus muscle; mrm, medial 
rectus muscle; som, superior oblique muscle; asterisks (*), connective tissue 
septa). (Reproduced from Koorneef L: Spatial aspect of orbital musculo-fibrous tissue 

in man: a new anatomical and histological approach, Amsterdam, 1976. Swets en 

Zeitlinger B.V.)

Figure 14.8 A view 1.4 mm from hind surface of eye. Vertical diameter, 
2.4 cm; transversal diameter, 2.7 cm; magnification approximately 3.5×. Note 
artifacts in superior, medial, and inferolateral areas (on, optic nerve; sov, 
superior ophthalmic vein; slp, superior levator palpebrae muscle; srm, 
superior rectus muscle; lrm, lateral rectus muscle; irm, inferior rectus muscle; 
mrm, medial rectus muscle; som, superior oblique muscle; asterisks (*), 
connective tissue septa; atc, adipose tissue compartment; ioa + n, 
infraorbital artery and nerve; mm, Müller’s muscle. (Reproduced from Koorneef 

L: Spatial aspect of orbital musculo-fibrous tissue in man: a new anatomical and 

histological approach, Amsterdam, 1976. Swets en Zeitlinger B.V.)

Elsewhere, it is loosely attached to the bone which creates a 
potential space for accumulation of blood, pus, or tumor 
growth. It is most firmly attached along the arcus marginalis. 
The orbital septum is a thin, multilayered extension of the 
periorbita and is the anterior soft tissue boundary of the 
orbit. It functions as a physical barrier to pathogens and 
contributes to the normal posterior position of the orbital 
fat pads. In the upper eyelid, the fibrous lamellae of the 
orbital septum gradually blends with those of the levator 
aponeurosis on average 3.4 mm above the superior tarsal 
border (with a range of 2–5 mm).22 In the lower eyelid, the 
septum inserts onto the inferior border of the tarsus after 
joining with the inferior retractors 4–5 mm below the 
tarsus.23 Laterally the septum fuses with the lateral canthal 
tendon and attaches 2–3 mm posterior to the rim at the 
lateral orbital tubercle (Whitnall’s tubercle). Medially the 
septum splits and inserts onto the anterior and posterior 
lacrimal crest. Finally, it is anchored anteriorly to the orbicu-
laris muscle by multiple fibrous attachments.24

Tenon’s capsule, or fascia bulbi, is a fibroelastic mem-
brane that extends anteriorly from the dural sheath to encir-
cle the globe and fuse with the conjunctiva just behind the 
limbus. Posteriorly it separates orbital fat from the globe and 
muscles. Openings within the fascia allow passage of the 
extraocular muscles which are in turn surrounded by their 
own muscular fascia. Anteriorly the muscular fascia thickens 
and connects with the orbital wall to form the check liga-
ment of the extraocular muscles, preventing overaction of 
the muscle from which they extend.25 The strongest of these 
is the lateral check ligament that inserts on the lateral orbital 
tubercle, while the medial rectus check ligament inserts 
behind the posterior lacrimal crest.26
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This extra slack allows freedom of movement of the globe 
and a certain degree of proptosis. When excessively stretched, 
the nerve may exert tension on the globe – seen radiologi-
cally as “globe tenting” – which may result in vision loss due 
to compromise of the nerves’ vascular supply.32 The intra-
canalicular portion of the nerve is tethered within the bone, 
making it susceptible to damage from blunt trauma.33,34 The 
intracranial portion of the optic nerve runs approximately 
15 mm just medial to the internal carotid artery ending at 
the optic chiasm.

Motor innervation of the orbit involves the oculomotor 
(cranial nerve III), trochlear (cranial nerve IV), and abducens 
nerves (cranial nerve VI) (Fig. 14.9). The oculomotor nerve 
innervates the superior, inferior, and medial recti, the infe-
rior oblique, and the levator palpebrae superioris muscles. 
Additionally, parasympathetic fibers travel within the infe-
rior division of the nerve. The nerve exits the brainstem 
medially and travels through the superolateral portion of the 
cavernous sinus while dividing into a superior and inferior 
division. Both branches enter the orbit through the oculo-
motor foramen within the annulus of Zinn. The superior 
branch enters the underside of the superior rectus, on its way 
to innervate the overlying levator palpebrae superioris 
muscle. The inferior branch of the oculomotor nerve travels 
beneath the optic nerve and supplies innervation to the 
medial and inferior rectus, as well as the inferior oblique.

Studies in both monkeys and man have revealed that 
parasympathetic fibers, issued from cells of the pterygopala-
tine ganglion, pass into the orbit.35 Nilsson et al showed that 
parasympathetic fibers responsible for uveal vasodilation 
travel to the eye from the facial nerve via the pterygopalatine 
ganglion.36 As previously mentioned, a small bundle of para-
sympathetic fibers destined for the ciliary ganglion travel 
within the inferior division of the oculomotor nerve. 
Included within this parasympathetic bundle are pupillomo-
tor fibers. During orbital floor repair, damage to these fibers 
may result in post-operative mydriasis.37

The trochlear nerve is the only cranial nerve to exit dor-
sally from the midbrain; crossing the midline to emerge 
adjacent to the superior cerebellar peduncle. It travels within 
the wall of the cavernous sinus and enters the orbit via the 
superior orbital fissure outside of the annulus of Zinn. It is 

Orbital fat
Orbital fat provides cushioned support for the globe and 
other intraocular structures. Eyelid fat pads are the anterior 
projections of the orbital fat. Changes in orbital fat appear 
to have a significant role in the development of thyroid-
associated orbitopathy (TAO). Orbital fat and extraocular 
muscle volume expansion may result in soft tissue swelling, 
proptosis, lid retraction (with characteristic temporal flare), 
strabismus (usually due to muscle fibrosis), and compressive 
optic neuropathy.27,28 Fibroblasts residing within the orbital 
connective/adipose tissue are believed to be the targets of an 
autoimmune attack consisting of primarily T lymphocytes,29 
and there is ongoing research to isolate key autoantibodies.30 
Patients with a hyperthyroid state are not the only patients 
affected with TAO. Euthyroid patients may also develop 
TAO. There appears to be a shift in the phenotypes of periph-
eral blood lymphocytes in euthyroid patients with TAO 
when compared to normal controls which may permit an 
orbital immune reaction.31

Orbital nerves
Entering the orbit are the optic (cranial nerve II), oculomo-
tor (cranial nerve III), trochlear (cranial nerve IV), abducens 
(cranial nerve VI), the first and second divisions of the 
trigeminal (cranial nerve V), parasympathetic, and sympa-
thetic nerves. The trigeminal nerve will be discussed in the 
eyelid portion of this chapter while the extraocular muscles 
are discussed in Chapter 7.

Composed of approximately 1.2 million nerve fibers, the 
optic nerve is an extension of the central nervous system. It 
has supportive neuroglial cells and is surrounded by the 
three layers of the meninges: the dura mater, arachnoid 
layer, and pia mater. Cerebrospinal fluid flows freely within 
the space between the arachnoid and pia. The nerve arises 
from the ganglion cell layer of the retina. These axons con-
verge at the optic nerve head which is approximately 1.5 mm 
in diameter. As the nerve exits the globe at the lamina crib-
rosa and enters the orbit, its diameter increases to 3.5 mm 
due to the addition of the myelin sheath. The intraorbital 
portion of the nerve runs approximately 25 mm, although 
the distance from the globe to the optic foramen is 18 mm. 

Figure 14.9 Lateral orbital view and major orbital 
motor nerves. (Adapted from: Dutton JJ. Atlas of Clinical and 

Surgical Orbital Anatomy. Philadelphia: WB Saunders; 1994.)

Oculomotor nerve,
superior division

Trochlear nerve

Abducens nerve

Short posterior ciliary nerves

Oculomotor nerve,
inferior division

Ciliary ganglion

Oculomotor nerve,
main trunk



339

Orbital anatomy and function

While in the orbit, some of the sympathetic fibers pass 
through the ciliary ganglion without synapsing. Orbital sym-
pathetics allow for pupillary dilation of the iris dilator 
muscle, function of the smooth muscle of the eyelid (Müller’s 
muscle), and vasoconstriction.

Vascular anatomy

Arterial supply
The arterial supply to the orbit is an anastomotic network 
with contributions from the internal and external carotid 
circulation. Most of the arterial supply of the eye and orbit 
is provided through the ophthalmic artery; the first intracra-
nial branch of the internal carotid artery (Fig. 14.10). The 
most important branch of the external carotid artery in 
regards to orbital supply is the internal maxillary artery.

The ophthalmic artery branches off from the internal 
carotid artery just before the latter artery exits the cavernous 
sinus. It travels with the optic nerve within the inferolateral 
portion of a common dural sheath, and gradually bends 
medially at which point branching of the artery occurs.40,41 
There is a great deal of variability in the order of branching 

the only extraocular cranial nerve that travels extraconally 
within the orbit. It crosses medially over the origin of the 
superior rectus and levator palpebrae superioris, and enters 
the superior oblique muscle. The long intracranial course of 
the trochlear nerve makes it particularly vulnerable to closed 
head trauma.38

The abducens nerve may exit between the pons and the 
medulla in one or multiple trunks.39 The nerve ascends 
through the subarachnoid space, then climbs along the bony 
clivus before passing through Dorello’s canal into the pos-
terior cavernous sinus. Unlike the oculomotor and trochlear 
nerves, the abducens nerve is not located in the lateral wall 
of the cavernous sinus. Instead it travels within the body of 
the sinus with the internal carotid artery. It enters the orbit 
through the oculomotor foramen and inserts onto the inner 
surface of the lateral rectus at approximately one-third the 
distance from the muscle origin to its insertion.

Sympathetic fibers, originating in the superior cervical 
ganglion, travel along the internal carotid artery through the 
cavernous sinus, and into the orbit along the ophthalmic 
artery. Fibers have also been shown to travel with the abdu-
cens and ophthalmic (V1) division of the trigeminal nerve.17 

Figure 14.10 Typical branching pattern of the 
ophthalmic artery. (Adapted from: Lemke BN, Lucarelli MJ: 

Anatomy of the ocular adnexa, orbit, and related facial structures. In 

Nesi FA, Lisman RD, Levine MR [eds]: Smith’s ophthalmic plastic and 

reconstructive surgery, ed 2, St. Louis, 1998, Mosby.)
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through the infratemporal fossa.46 Among its branches are 
the middle meningeal and infraorbital arteries. The middle 
meningeal artery, which has been previously discussed, may 
anastomose with the lacrimal artery via the recurrent menin-
geal artery. Rarely, it may provide the majority of orbital 
blood in patients with ipsilateral carotid stenosis or congeni-
tal atresia (lack of patency) of the ophthalmic artery.47 
Branches from the infraorbital artery supply the inferior 
rectus and inferior oblique muscles, the lacrimal sac, orbital 
fat, upper cheek, and lower eyelid.42 The superficial temporal 
artery supplies the forehead and may anastomose with the 
supraorbital and supratrochlear arteries of the internal 
carotid circulation.

Venous drainage
Venous drainage of the orbit consists of a valveless anasto-
motic system with multiple tributaries that drain anteriorly 
to the facial veins or posteriorly into the cavernous sinus or 
pterygoid plexus. The major venous branches of the orbit are 
the superior and inferior ophthalmic veins. The superior 
ophthalmic vein is formed at the confluence of the angular, 
supraorbital, and supratrochlear veins. It travels posteriorly 
along the roof of the orbit, before diving into the muscle 
cone where it picks up venous drainage from the globe 
through the superior vortex and ciliary veins. The superior 
ophthalmic vein then drains into the cavernous sinus after 
passing through the superior orbital fissure. The inferior 
orbital vein is responsible for venous drainage of the inferior 
orbit. It collects venous blood from the inferior extraocular 
muscles and inferior vortex veins, and drains into both the 
cavernous sinus and pterygoid plexus. Some of the venous 
blood from the surrounding periorbita drains through a 
system of anterior facial veins. These typically drain directly 
into the external jugular vein.

Orbital lymphatic drainage
The goal to identify the orbital lymphatic drainage system 
has been pursued in both human and animal studies.48–50 
Traditionally thought to be absent in the orbit, the more 
recent use of selective lymphatic markers has identified lym-
phatics in at least some areas of the human orbit.51,52 Using 
CD-34 and D2-40 monoclonal antibodies, specific for blood 
vessel endothelium and a protein on lymphatic endothe-
lium respectively, lymphatics were confirmed in human lac-
rimal gland and optic nerve dura.52 Further studies should 
help to clarify and expand these findings.

Facial and eyelid anatomy and 
function

The eyebrow and forehead
The eyebrow plays an important role in facial expressions. 
Eyebrow position and contour are maintained by a group of 
muscles innervated by the temporal branch of the facial 
nerve (CN VII). The muscles of the eyebrow and forehead 
may be divided into superficial (frontalis, procerus, orbicu-
laris oculi), intermediate (depressor supercilii) and deep 
(corrugator supercilii) groups.53 (Fig. 14.11). The skin of the 
brow and accompanying subcutaneous fibroadipose are the 
thickest layers on the face.

vessels originating from the ophthalmic artery. In general, 
the first branch is the central retinal artery. Originating at  
the level of the orbital apex and eventually supplying the 
outer layers of the retina, the central retinal artery travels 
lateral or inferior to the optic nerve and penetrates the nerve 
at 5–16 mm posterior to the globe (average 10 mm).42,43 
Also arising near the medial bend of the ophthalmic artery 
are the lateral and medial posterior ciliary arteries. Consti-
tuted of typically two or three branches, these arteries give 
rise to 15–20 short posterior ciliary arteries as well as the 
two long posterior ciliary arteries. The short posterior ciliary 
arteries supply the optic nerve head and choroid, while the 
long posterior ciliary arteries travel within scleral canals 
anteriorly to supply the ciliary muscle, anterior choroid,  
and iris.

Other intraorbital structures supplied by the ophthalmic 
artery include the extraocular muscles and lacrimal gland. 
There are two main muscular branches which supply the 
extraocular muscles: the medial and lateral branches. The 
medial muscular branch supplies the medial rectus, inferior 
rectus, and inferior oblique muscles, while the lateral branch 
supplies the levator palpebrae superioris, superior rectus, 
superior oblique, and lateral rectus muscles. The vessels run 
along the muscle belly or medial surface of the muscle. Each 
rectus muscle artery branches into two anterior ciliary arter-
ies, except for the lateral rectus muscular artery, which ter-
minates into one anterior ciliary artery. The anterior ciliary 
arteries anastomose with the long posterior ciliary arteries to 
supply the globe. Simultaneous surgery on three rectus 
muscles or two muscles in patients with poor vascular supply 
may result in anterior segment ischemia, characterized by 
corneal edema and a mild anterior uveitis.44 The lacrimal 
artery travels superolaterally in the orbit to reach the poste-
rior surface of the lacrimal gland. It also gives off the zygo-
maticotemporal, zygomaticofacial, and the lateral palpebral 
arterial branches. The latter branch supplies the lateral 
portion of the arcades of the upper and lower eyelids. Por-
tions of the lacrimal artery anastomose with the middle 
meningeal artery through branches of the recurrent menin-
geal artery and temporal arteries.

The posterior and anterior ethmoidal arteries course 
medially from the ophthalmic artery. While traveling at the 
level of the frontoethmoidal suture, they exit the orbit 
through the posterior ethmoid foramen and anterior 
ethmoid foramen respectively. They supply the ethmoid and 
frontal sinus mucosa as well as the frontal dura.

The supraorbital artery comes off from a more distal 
portion of the ophthalmic, exits through the supraorbital 
foramen or notch, and supplies mainly the eyebrow, fore-
head, and the medial portion of the eyelids. The anterior 
continuation of the ophthalmic artery is the nasofrontal 
artery. Just posterior to the trochlea, the nasofrontal artery 
divides into the supratrochlear artery which supplies the 
medial forehead and scalp, and the dorsal nasal artery. The 
dorsal nasal artery and its branches, the medial palpebral 
arteries, supply the medial eyelids and nose.

The two terminal branches of the external carotid artery 
are the maxillary and superficial temporal arteries. The max-
illary artery branches off from the external carotid artery just 
behind the neck of the mandible an average of 25.7 mm 
(range, 24.86–27.47 mm) below the condyle.45 It passes 
deep to the mandible and enters the pterygopalatine fossa 
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Peyronie (Fig. 14.12 and Box 14.2).55 Multiple fibrous exten-
sions from the SMAS to the skin are thought to distribute 
muscular contractions that aid in facial expression. Initially 
described as dividing the parotid and cheek fat into two 
layers, it has subsequently been shown to lie 11–13 mm 

The main elevators of the eyebrows and forehead are the 
paired frontalis muscles. Recruitment of the vertically ori-
ented frontalis may be used to compensate in cases of eyelid 
ptosis. The frontalis muscle interdigitates with the remaining 
superficial forehead muscles including the orbicularis oculi, 
which surrounds the anterior orbit. The orbicularis may be 
conceptually divided into three topographic regions: the 
orbital, preseptal, and pretarsal regions. The orbital portion 
of the muscle is responsible for forced eyelid closure and is 
an important depressor of the eyebrow and forehead. The 
pretarsal portion of the muscle is responsible for spontane-
ous blinking. The procerus muscle arises from the nasal 
bones and upper lateral cartilages and inserts into eyebrow 
skin medially. It depresses the glabella to form horizontal 
skin folds.

The depressor supercilii muscle originates on the frontal 
process of the maxillary bone and inserts into the dermis of 
the medial eyebrow.54 During this course, it travels over the 
origin of the corrugator muscle. The bilateral corrugator 
supercilii muscles (transverse head and deep head) lie deep 
to the frontalis muscle and travel from their insertion on the 
superomedial orbital margin to insert into the muscle and 
skin of the respective medial eyebrow. Contraction of the 
corrugator draws the eyebrow medially and inferiorly result-
ing in vertical glabellar rhytids (wrinkles).

The midface
Our understanding of the anatomy of the midface and its 
dynamic relationship with other periocular structures has 
advanced considerably during the past 30 years. The midface 
extends from the upper lip to the inferior orbital rim.  
The facial soft tissue layers include skin, subcutaneous fat, 
superficial fascia (superficial musculoaponeurotic system), 
mimetic muscles, deep facial fascia, and a plane containing 
the parotid duct, buccal fat pad, and facial nerve.

The superficial musculoaponeurotic system (SMAS) was 
first described in the parotid and cheek area by Mitz &  

Figure 14.11 Forehead muscles. FM, frontalis muscle; PM, 
procerus muscle, DSM, depressor supercilii muscle, CSM-O, 
corrugator supercilii muscle – oblique head; CSM-T, 
corrugator supercilii muscle – transverse head. (Adapted 

from: David M. Knize, Mel Drisko. The Forehead and Temporal 

Fossa: Anatomy and Technique. Lippincott Williams & Wilkins, 

2001.)
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Figure 14.12 Schematic view of the superficial musculoaponeurotic 
system (SMAS) showing relation to frontalis muscle (FrM), zygomatic muscle 
(Zm), dermis (D), and platysma (Pl). (From Mitz V, Peyronie M: Plast Reconstr Surg 

58:80, 1976.)
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inferioris, the levator labii superioris alaeque nasi, and zygo-
matic major muscles. The third layer consists of the levator 
labii superioris and orbicularis oris. Finally, the deepest layer 
consists of the mentalis, the levator anguli oris, and the buc-
cinator. Branches of the facial nerve supply the first three 
layers of muscles from the underside, while the deepest layer 
is innervated from the outer surface.

Paralysis of the facial nerve may have profound effects on 
facial symmetry and corneal protection. Idiopathic facial 

deep to the skin at the mid-cheek and invest the zygomaticus 
major, zygomaticus minor, and levator labii superioris.56 It 
is continuous with the platysma in the lower face and the 
frontalis in the upper face as well as the anterior and poste-
rior fascia of the orbicularis oculi muscle.57,58 The facial nerve 
courses beneath the SMAS.

The SMAS has a number of bony attachments. Shortly 
after its initial description, the SMAS was recognized as an 
important structure in facial rhytidectomy (face-lift).59 In the 
midface, the zygomatic ligaments and orbitomalar liga-
ments have been characterized (Fig. 14.13).60,61 The man-
dibular ligaments have been described in the lower face. The 
orbitomalar ligament has been characterized to provide 
major osseocutaneous midfacial support due to its steadfast 
lateral component found approximately 5 mm lateral to the 
lateral orbital rim.62 Work by Lucarelli and colleagues 
showed that attenuation of the zygomatic, masseteric cuta-
neous, and orbitomalar ligament is associated with age-
related midfacial ptosis (Fig. 14.14).62 Others have recently 
referred to the orbitomalar ligament as the orbital retaining 
ligament.63

The facial mimetic muscles are arranged into lamella. 
Freilinger et al have categorized in detail the mimetic muscle 
into four distinct layers.64 A superficial layer consists of the 
orbicularis oculi, zygomatic minor, and depressor anguli 
oris. The second layer contains the platysma, depressor labii 

Figure 14.13 Ligamentous support of the midface. MCL, Masseteric 
cutaneous ligaments; OL, orbitomalar ligament; ZL, zygomatic ligaments. 
(From Lucarelli MJ et al: Ophthal Plast Reconstr Surg 16(1):7–22, 2000.)
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Figure 14.14 Merged sections through central lower eyelid extending to 
the oral commissure from specimen with midfacial ptosis (Masson trichrome 
staining). The globe (G), inferior oblique (IO), and orbital fat (OF) are visible 
superiorly. The orbitomalar ligament (OL) extends off the orbital rim (OR) 
and passes through the orbicularis oculi muscle (OOc) to the dermis. The 
nasolabial fold (NLF) is seen inferiorly. The subcutaneous fat (SF) can be seen 
anterior to the orbicularis oculi and zygomatic minor (ZMi) muscles. The 
suborbicularis oculi fat (SOOF) rests posterior to the orbicularis oculi muscle 
and surrounds the proximal portion of the levator labii superioris muscle 
(LLS). Note the continuity of the inferior SOOF and the subcutaneous fat. 
The infraorbital nerve (IN) and accompanying vessel can be seen traversing 
the SOOF deep to the levator labi superioris muscle. The levator labi 
superioris muscle extends into the upper lip. The levator anguli oris (LAO) 
arises from the maxilla inferior to the infraorbital foramen. The orbicularis 
oris (OOr) and buccinator (Bc) are visible in the inferior portion of the 
specimen. The inset details the orbitomalar ligament (arrowheads) 
traversing the orbicularis oculi muscle. (From Lucarelli MJ et al: Ophthal Plast 

Reconstr Surg 16(1):7–22, 2000.)

Box 14.2  Key midfacial support components

• The SMAS is an aponeurotic system that is contiguous with 
the occipitalis, frontalis, orbicularis, and platysma

• Fibrous extensions from SMAS to the skin may help to 
transmit facial muscular contractions

• Midface bony attachments: zygomatic ligaments and 
orbitomalar ligaments; attenuation of these ligaments 
contributes to mid-facial ptosis.
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contraction assists the lacrimal pump mechanism.69 Later-
ally, the pretarsal orbicularis muscle inserts in to the lateral 
canthal tendon.

Glands of the anterior lamella include the glands of Zeis 
and Moll. The Zeis glands are sebaceous glands while the 
tubular glands of Moll are apocrine sweat glands. The Zeis 
glands empty into the cilial follicular infundibulum while 
the tubular glands of Moll are located in between the lash 
follicles.

The posterior lamella of the eyelid consists of the tarsal 
plate, meibomian glands, and conjunctiva. The tarsal plates 
are composed of collagens (types I and III collagen) as well 
as components more typical of cartilage (aggrecan, chon-
droitins 4 and 6 sulfate).70 They provide both rigidity and 
allow for dynamic movement of the eyelids. The height of 
the upper tarsus measures approximately 10 mm centrally, 
while the height of the lower tarsus measures on average 
3–4 mm.71 Medially and laterally, both the upper and lower 
tarsal plates taper to become the medial and lateral canthal 
tendons. As previously described, the medial canthal tendon 
splits into an anterior and posterior head which attach to 
the anterior lacrimal crest and posterior lacrimal crest respec-
tively. The lateral canthal tendon inserts at Whitnall’s lateral 
tubercle, a small rounded protuberance of the zygomatic 
bone a few millimeters inside of the lateral orbital wall. 
Laxity of the canthal tendon may lead to ectropion (turning 
outward of the eyelid) and may require an eyelid-tightening 
procedure by shortening and reattaching the lateral canthal 
tendon. Whitnall’s lateral tubercle is also an insertion site 
for the lateral horn of the levator aponeurosis, the inferior 
(Lockwood’s) and superior (Whitnall’s) transverse ligament, 
the deep pretarsal orbicularis, and the expansion of the supe-
rior rectus muscle sheath.11,72

nerve palsy or Bell’s palsy is estimated to have an incidence 
of 25 cases per 100,000 (Box 14.3).65 The differential diag-
nosis of facial palsy includes infectious (Ramsey Hunt, 
herpes zoster/Lyme disease), neoplastic (facial nerve 
neuroma or hemangioma, acoustic neuroma, meningioma, 
metastatic), inflammatory (Wegener’s granulomatosis, sar-
coidosis), traumatic (basilar skull fracture, temporal bone 
trauma, parotid injury), and congenital etiologies. Lagoph-
thalmos (inability to close the eyelid fully) and a poor blink 
may lead to corneal exposure. Intensive lubrication, patch-
ing, lid taping and use of a moisture chamber may be ade-
quate therapies to prevent complications of corneal exposure. 
More severe cases may require surgery (upper lid weight or 
eyelid closure from a tarsorrhaphy).66

The eyelid

The eyelid margin
The eyelid margin may be divided into anterior and poste-
rior lamella. The anterior lamella is composed of skin, 
muscle, and associated glands, while the posterior lamella 
consists of the tarsal plate, conjunctiva, and associated 
glands (Fig. 14.15). The two lamella may be separated from 
one another along the gray line; a terminal extension of the 
orbicularis known as the muscle of Riolan. This portion of 
the muscle has been hypothesized to keep the eyelid edges 
in close approximation to the surface of the globe as well as 
help expel glandular contents during blinking.67,68 The cilia 
serve to protect the globe from large airborne particles. They 
are also highly sensitive to touch, and elicit the blink reflex 
when stimulated.

The anterior lamella functions as a single anatomic unit. 
The eyelid skin is the thinnest in the body, due in part to a 
relative thinning of dermis and absence of a subcutaneous 
fat layer. In adults, the palpebral fissure measures 9–12 mm 
vertically while the horizontal distance between the medial 
and lateral commissures measures approximately 30 mm. 
The lower eyelid rests at or up to 1.5 mm above the inferior 
limbus while the upper eyelid rests at approximately 1.5–
2.0 mm below the superior limbus.42 The highest point of 
the upper eyelid rests just nasal to the central pupillary axis.

The orbicularis muscle is located beneath the eyelid skin. 
The pretarsal portion of the muscle originates from the ante-
rior and posterior arms of the medial canthal ligament. The 
deep head of the muscle (Horner’s muscle) inserts onto the 
posterior lacrimal crest and lacrimal fascia while the anterior 
head attaches to the anterior lacrimal crest (see Fig. 14.4). 
The muscle therefore surrounds the lacrimal sac, and during 

Figure 14.15 Sagittal section of the eyelid margin. (From Lemke BN, Lucarelli 

MJ: Anatomy of the ocular adnexa, orbit, and related facial structures. In Nesi FA, 

Lisman RD, Levine MR [eds]: Smith’s ophthalmic plastic and reconstructive surgery,  

ed 2, St. Louis, 1998, Mosby.)
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Box 14.3  Idiopathic facial nerve palsy

• Incidence of approximately 25 cases per 100,000 persons
• Must be differentiated from infectious, inflammatory, 

neoplastic, traumatic, and congenital etiologies
• May lead to corneal exposure and ulceration
• Mild exposure may require intensive lubrication, patching, or 

lid taping
• Severe exposure may require surgical correction (temporary or 

permanent tarsorrhaphy or implantation of a gold weight)



344

SECTION 5 Protection of the eye   Chapter 14  Functions of the Orbit and Eyelids 

Figure 14.16 Oblique section through the upper 
and lower eyelids. (Modified from Lemke BN, Lucarelli 

MJ: Anatomy of the ocular adnexa, orbit, and related 

facial structures. In Nesi FA, Lisman RD, Levine MR [eds]: 

Smith’s ophthalmic plastic and reconstructive surgery,  

ed 2, St. Louis, 1998, Mosby.)
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The tarsal plates of both the upper and lower eyelids 
contain the sebaceous meibomian glands. There are approxi-
mately 25 in the upper eyelid and 20 in the lower eyelid.22 
The glands secrete the lipid layer (outer layer) of the tear  
film which helps prevents evaporation of the tears. In the 
setting of meibomian gland dysfunction, the relative absence 
of the lipid layer may result in dry eyes.73 Chronic inflam-
mation of the glands or meibomitis, may lead to dysplastic 
hair follicles that curve towards the globe, known as dis-
tichiasis.74 Treatment for distichiasis (misdirected lashes 
from the meibomian gland orifices) or trichiasis (misdirec-
tion of normal eyelash follicles) may include cryotherapy, 
argon laser, electrolysis, trephination and other lid-modifying 
modalities.75–77

Tightly bound to the posterior aspect of the tarsal plates 
is the palpebral conjunctiva. It consists of a non-keratinized 
stratified columnar epithelium overlying loose connective 
tissue known as substantia propria. The accessory glands of 
Wolfring, located in the tarsal conjunctiva, and Krause, 
located in conjunctival fornix, help to produce the aqueous 
layer of the tear film. This middle layer of the tear film is 
tightly bound to the hydrophilic mucin layer (inner layer) 
produced from conjunctival goblet cells. Mucocutaneous 
disorders such as ocular cicatricial pemphigoid, Stevens–
Johnson syndrome, and bullous pemphigoid, may lead to 
destruction of goblet cells and their progenitor stem cells 

leading to severe chronic inflammation with scarring and 
conjunctival contraction.78

The inferior and superior puncta provide entrance to the 
lacrimal excretory system. The lower eyelid punctum is 
approximately 10 mm from the lacrimal tear sac with the 
upper punctum 8 mm from the sac. The puncta are normally 
oriented towards the tear lake.

Eyelid musculature
The major protractor of the eyelids is the orbicularis muscle, 
which may be divided into the orbital, preseptal, and pre-
tarsal components. The orbicularis myofibers have the small-
est diameter of any skeletal muscle, and although they vary 
somewhat in length, are overall relatively short.79 The vari-
ability in myofiber length may help to explain the variety of 
complex eyelid movements including blinking, winking, 
and spasm.

The main retractor of the upper eyelid is the levator palpe-
brae superioris (Fig. 14.16). Assistance is also provided by 
the superior tarsal muscle (Müller’s muscle) which is sup-
plied by sympathetic innervation. The levator is divided into 
muscular and aponeurotic portions. The muscular portion 
of the levator measures approximately 36 mm in length and 
lies just above the superior rectus.80 The two muscles can 
be separated easily except along the medial borders, where 
they are bound by a fascial sheath. As the muscle moves 
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surface. Closure of the eyelids also stimulates the expression 
of the aqueous tear layer from the lacrimal and accessory 
lacrimal glands.

During delayed blinking the normal tear cycle is altered. 
This may result in dry eye or secondary reflexive tearing. Seen 
in a variety of clinical scenarios including reading, older age, 
and in patients with Parkinson’s disease, delayed blinking 
results in decreased tear expression, increased tear evapora-
tion, and potentially decreased tear drainage.85

Benign essential blepharospasm (BEB) is a bilateral, 
involuntary, spasmodic forced eyelid closure with accompa-
nying brow depression in the absence of any other ocular or 
adnexal cause (Box 14.4). It may initially begin with simply 
an increased blink rate. Blepharospasm may also be second-
ary to ocular surface disease or neurodegenerative diseases 
such as Parkinson’s.86 BEB affects women more often than 
men, and typically presents during the fifth to seventh 
decades of life.87

During BEB, the normal activation/inhibition pathways 
(possibly basal ganglia in origin) are disrupted, resulting in 
sustained activation of the protractors with sustained inhibi-
tion of the retractors. Repeated botulinum toxin type A 
(Botox) approximately every 3 months is the treatment of 
choice for many patients with BEB. The neurotoxin, which 
is produced from Clostridium botulinum, inhibits the release 
of acetylcholine (ACh) and may be used to temporarily para-
lyze the eyelid protractors.88

Eyelid fat
Bounded by the orbital septum anteriorly and the levator 
muscle/aponeurosis posteriorly, there are two upper eyelid 
fat pads separated by the trochlea and superior oblique 
tendon. The most medial fat pad takes on a fibrous white 
appearance while the central preaponeurotic fat pad is 
yellow, due to a high level of free-radical scavenging carote-
noids.89 The fatty acid levels found in the fat are similar in 
samples throughout the orbit, despite these color variations. 
Orbital fats are typically unsaturated. Some of these fatty 
acids include oleic acid (18 : 1) and linoleic acid (18 : 2), 
among others. The preponderance of unsaturated fats may 
provide a lubricating surface with advantages for ocular 
motility. Laterally, the pink and firm lacrimal gland should 
not be confused with eyelid fat during surgery. The lower 
eyelid contains three fat pads that are enclosed in fibrous 
compartments: medial, central, and lateral.

Eyelid vasculature
The eyelids are highly vascularized with contributions from 
both the external and internal carotid systems. The external 
carotid system supplies the eyelid through branches from the 

anteriorly in the orbit it begins to widen, eventually joining  
Whitnall’s ligament; a transverse fibrous condensation just 
posterior to the superior orbital rim.10 Whitnall’s ligament 
provides structural support to the upper eyelids. It has been 
suggested that it acts as either a fulcrum or swinging sus-
pender for the levator.13,81 After passing Whitnall’s ligament, 
the levator muscle transitions into the fibrous levator apone-
urosis. The aponeurosis courses another 14–20 mm to insert 
onto the inferior third of the anterior surface of the tarsus. 
An anterior portion of the aponeurosis sends fine attach-
ments to the upper eyelid skin as well as multiple elastic 
fiber insertions of the levator muscle complex that includes 
the levator aponeurosis, the conjoined fascia, the lid crease 
area, and Muller’s muscle tendon.82 The upper eyelid crease 
is formed by attachments to the skin.

The smooth superior tarsal muscle of Müller arises from 
the underside of the levator muscle approximately 15 mm 
above the superior tarsal border and inserts at the upper 
border of the tarsus.83 This sympathetically innervated 
muscle provides approximately 2 mm of upper eyelid lift. 
Interruption of this innervation may result in Horner’s 
blepharoptosis (oculosympathetic paresis). Approximately 
2 mm of ptosis along with miosis and occasional unilateral 
anhidrosis, is highly suggestive of Horner’s syndrome due to 
an interruption of the sympathetic system. The vascular arte-
rial arcade is found between the levator aponeurosis and 
Müller’s muscle. This serves as a useful surgical landmark to 
identify the underlying Müller’s muscle.

The lower eyelid retractors are palpebral extensions from 
the inferior rectus muscle and are utilized, along with the 
rectus muscle, during down-gaze. This muscular extension 
splits to surround the inferior oblique muscle as it travels 
anterior in the orbit. The outer division or capsulopalpebral 
fascia is analogous to the levator palpebrae superioris, while 
the inner division, which is composed of smooth muscle 
fibers, is analogous to Müller’s muscle.23 The two layers are 
typically not distinct during surgical dissection. The lower 
eyelid retractors have three distinct insertions. Anteriorly, the 
capsulopalpebral fascia fuses with the orbital septum 4 mm 
inferior to the tarsus. A middle layer of inferior tarsal muscles 
fibers terminates a few millimeters inferior to the tarsus. 
Finally, a posterior layer of retractors inserts on Tenon’s 
fascia.

Blinking
Spontaneous blinking occurs every 3–8 seconds with an 
average of 12 blinks per minute. During the normal blink 
cycle, eyelid closure is a result of activity and co-inhibition 
of two groups of muscles: the protractors of the eyelids (the 
orbicularis oculi, corrugator, and procerus muscles), and the 
voluntary retractors of the eyelids (the levator palpebra supe-
rioris and frontalis muscles), respectively. The pretarsal 
portion of the orbicularis muscle is thought to be responsi-
ble for spontaneous blinking.

Blinking assists in the maintenance of a normal ocular 
tear surface. A blink initiates a cycle of secretion, dispersal, 
evaporation, and drainage of tears.84 Closure of the eyelids 
occludes the puncta, thus preventing fluid regurgitation. At 
the same time the canaliculi and sac are compressed, which 
forces fluid down the nasolacrimal duct. When the eyelid 
opens, both the puncta and canalicular system open, creat-
ing a partial vacuum which sucks in tears from the ocular 

Box 14.4  Benign essential blepharospasm

• Bilateral, involuntary, spasmodic forced eyelid closure
• Typically presents in 5th–7th decade of life
• Absent during sleep
• May be due to an abnormality of the basal ganglia
• Repeated administration of botulinum toxin type A (Botox) 

injections is the treatment of choice



346

SECTION 5 Protection of the eye   Chapter 14  Functions of the Orbit and Eyelids 

facial artery, superficial temporal artery, infraorbital artery 
(via the maxillary artery), and superficial temporal artery 
(Fig. 14.17). The facial artery arises from the external carotid 
artery just below the angle of the jaw and travels superome-
dially along the nasolabial fold. As it approaches the medial 
canthus it becomes the angular artery. The artery runs 
approximately 5–6 mm medial to the medial canthus. Exter-
nal dacryocystorhinostomy incisions should be positioned 
to avoid damage to the artery. The artery perforates the 
orbital septum to anastomose with branches of the ophthal-
mic artery. The superficial temporal artery supplies the fore-
head and may anastomose with the supraorbital and 
supratrochlear arteries of the internal carotid circulation. The 
maxillary artery and its branches were discussed in the 
orbital section.

The main arterial supply of the upper eyelids is supplied 
by four arterial arcades: the marginal, peripheral, superficial 
orbital, and deep orbital arcades.90 In the upper and lower 
eyelids, the marginal arcades lie anterior to the tarsus 
approximately 2–4 mm from the eyelid margin. Anastomo-
ses between the supratrochlear, lacrimal, and angular arteries 
compose the superior arcade, while anastomoses from the 
infraorbital, angular, and zygomaticofacial arteries form  
the inferior arcade. During tarsal sharing procedures such as 
free tarsoconjunctival grafts or tarsoconjunctival flaps (e.g. 
Hughes procedure), proper care should be taken to maintain 
vascular supply to both eyelids.

Arising from the confluence of the frontal and supra-
orbital veins, the facial vein is the main venous drainage 
pathway of the eyelids. It starts as the angular vein 6–8 mm 

Figure 14.17 Superficial facial arteries in the ocular region. (Adapted from: 

Lemke BN, Lucarelli MJ: Anatomy of the ocular adnexa, orbit, and related facial 

structures. In Nesi FA, Lisman RD, Levine MR [eds]: Smith’s ophthalmic plastic and 

reconstructive surgery, ed 2, St. Louis, 1998, Mosby.)
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medial to the medial canthus and travels roughly with the 
facial artery, ending at the external jugular vein. A minor 
proportion of the facial venous drainage passes posteriorly 
through veins that empty into cavernous sinus and pterygoid 
plexus, as discussed earlier.

Eyelid lymphatics
Lymphoscintigraphy of Cynomolgus monkey eyelids has 
revealed discrete lymphatic drainage pathways for the upper 
and lower eyelids and a dual pathway for the central upper 
eyelid.91,92 The lateral and medial portions of the upper and 
lower eyelids drain to the superficial preauricular and sub-
mandibular lymph nodes, respectively. This drainage con-
tinues through the deep cervical nodes.

Eyelid innervation
The eyelids and periocular structures are innervated by the 
oculomotor nerve (CN III), facial nerve (CN VII), trigeminal 
nerve (CN V), and sympathetic fibers.

The facial nerve supplies most of the motor innervation 
to the face. After passing through the parotid gland the nerve 
divides into five divisions: temporal, zygomatic, buccal, 
mandibular, and cervical nerves. There is a great deal of 
overlap of regions innervated by the nerve. In general, the 
temporal branch innervates the frontalis muscle while  
the zygomatic, temporal, and buccal divisions innervate  
the orbicularis oculi. Motor innervation to the levator palpe-
brae is provided by the superior division of the oculomotor 
nerve. Sympathetic fibers innervate the underlying Müller’s 
muscle. The exact course of these sympathetic fibers is 
controversial.

Sensory innervation to the face is supplied by the trigemi-
nal nerve. The nerve is composed of the ophthalmic (V1), 
maxillary (V2), and mandibular divisions (V3), of which the 
ophthalmic and maxillary divisions provide sensory innerva-
tion to the periorbita (Fig. 14.18).

The ophthalmic (V1) division enters the orbit through the 
superior orbital fissure after dividing into three branches: the 
lacrimal, frontal, and nasociliary nerves. The frontal and 
lacrimal nerves enter the orbit in the superolateral portion 
of the superior ophthalmic fissure outside of the annulus of 
Zinn. A superior division of the lacrimal nerve supplies sen-
sation to the nearby conjunctiva, the lateral upper eyelid, 
and the lacrimal gland. An inferior division of the nerve 
anastomoses with the zygomaticotemporal branch of the 
maxillary trigeminal nerve and is joined by parasympathetic 
secretory fibers destined for the lacrimal gland.

While traveling just below the periorbita in the anterior 
orbit, the frontal nerve divides into the supraorbital and 
supratrochlear divisions. The supratrochlear nerve inner-
vates the glabellar skin, medial upper eyelid, and lower  
forehead. The supraorbital nerve typically divides into a 
superficial (medial) division that supplies the anterior 
margin of the scalp and forehead skin, and a deep (lateral) 
division that provides sensation to the frontoparietal scalp 
(Fig. 14.19).93 Damage to this deep (lateral) division during 
a forehead lift may result in a large area of scalp numbness 
and paresthesia.93

The nasociliary branch of the ophthalmic trigeminal 
nerve passes through the annulus of Zinn and travels within 
the intraconal space. It gives off a small sensory branch to 
the ciliary ganglion and long ciliary nerves to the globe, 
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Figure 14.18 Trigeminal nerve pathways. (Adapted from: Lemke BN, Lucarelli MJ: Anatomy of the ocular adnexa, orbit, and related facial structures. In Nesi FA, Lisman RD, 

Levine MR [eds]: Smith’s ophthalmic plastic and reconstructive surgery, ed 2, St. Louis, 1998, Mosby.)
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Figure 14.19 Diagram illustrating the courses of the deep (SON-D) and the 
superficial (SON-S) divisions of the supraorbital nerve trunk. (Adapted from 

Knize, DM. A Study of the Supraorbital nerve. Plast Reconstr Surg 1995;96:564–569.)
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before dividing into the ethmoid and infratrochlear end 
branches. The long ciliary nerves innervate the iris, cornea, 
and ciliary muscle. The ethmoid branch provides sensation 
to the nasal mucosa and skin on the anterior tip of the nose. 
A small unilateral vesicular rupture of herpes zoster on the 
tip of the nose is known as Hutchinson’s sign, and is associ-
ated with an increased risk of herpes zoster ophthalmicus.

The maxillary (V2) division of the trigeminal nerve exits 
the middle cranial fossa at the foramen rotundum, and 
passes through the lateral wall of the cavernous sinus and 
pterygopalatine fossa to enter the inferior orbital fissure. 
Within the pterygopalatine fossa, it also gives rise to the 
zygomatic, sphenopalatine, and posterior superior alveolar 
branches. The infraorbital nerve is the terminal branch of 
the maxillary nerve which enters the infraorbital groove 
approximately 30 mm posterior to the orbital rim. The zygo-
matic nerve divides into the zygomaticofacial and zygoma-
ticotemporal nerves, which provide innervation to the lateral 
cheek and lateral brow respectively. Parasympathetic secre-
tory fibers join the zygomaticotemporal nerve prior to 
joining the lacrimal nerve en route to the lacrimal gland.
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C H A P T E R 15 

Formation and Function  
of the Tear Film

Darlene A. Dartt

1.  Tear film overview

The tear film overlays the ocular surface, which is comprised 
of the corneal and conjunctival epithelia, and provides the 
interface between these epithelia and the external environ-
ment. The tear film is essential for the health and protection 
of the ocular surface and for clear vision as the tear film is 
the first refractive surface of the eye.1

Tears produced by the ocular surface epithelia and adnexa 
are distributed throughout the cul-de-sac. Using ocular 
coherence tomography the thickness of the precorneal tear 
film was 3.4 ± 2.6 µm,2 agreeing with previous measure-
ments using less accurate techniques.3–7

The tear film is an exceedingly complex mixture of secre-
tions from multiple tissues and epithelia (Fig. 15.1) and 
consists of four layers (Fig. 15.2). The innermost layer is a 
glycocalyx that extends from the superficial layer of the 
ocular surface epithelia. The second is a mucous layer that 
covers the glycocalyx and may mix with the third aqueous 
layer. The outermost layer contains lipids. Similarly to 
mucous and aqueous layers, aqueous and lipid layers may 
mix. Production and function of tear film layers are distinct 
and will be presented separately.

Tear secretion by all ocular adnexa and ocular surface 
epithelia must be coordinated. For mucous and aqueous 
layers, secretion is regulated by neural reflexes. Sensory 
nerves in cornea and conjunctiva are activated by mechani-
cal, chemical, and thermal stimuli that in turn activate the 
efferent parasympathetic and sympathetic nerves, which 
innervate the lacrimal gland and the conjunctival goblet 
cells, and cause mucous and fluid secretion. For the lipid 
layer, the blink itself regulates release of pre-secreted meibo-
mian gland lipids stored in the meibomian gland duct. 
When the eyelids retract a thin film of lipid overspreads the 
underlying aqueous and mucous layers.

Tear secretion is balanced by drainage and evaporation. 
Tears on the ocular surface are drained through lacrimal 
puncta into the lacrimal drainage system. Drainage of tears 
can be regulated by neural reflexes from the ocular surface 
that cause vasodilation and vasoconstriction of the cavern-
ous sinus blood supply of the drainage duct (Fig. 15.3). Both 
vasoconstriction and vasodilation cause a change in geo-
metry of the lumen that decreases drainage.8 Evaporation 

depends on the amount of time the tear film is exposed 
between blinks and temperature, humidity, and wind speed. 
The remainder of the chapter will focus on regulation of tear 
secretion.

2.  Glycocalyx

A.  Structure
The glycocalyx is a network of polysaccharides that project 
from cellular surfaces. In corneal and conjunctival epithelia, 
the glycocalyx can be found on the apical portion of the 
microvilli that project from the apical plasma membrane of 
the superficial cell layer (Fig. 15.2). Mucins are a critical 
component of the glycocalyx. Mucins consist of a protein 
core of amino acids linked by O-glycosylation to carbohy-
drate side chains of varying length and complexity. Mucins 
are classified by the nomenclature MUC1–21 and are divided 
into secreted and membrane-spanning categories (Fig. 15.4). 
Membrane-spanning mucins consist of a short intracellular 
tail, membrane-spanning domain, and large, extended extra-
cellular domain that forms the glycocalyx. Secreted mucins 
are either gel-forming or small soluble. Gel-forming mucins 
are large molecules (20–40 million Da) secreted by exocyto-
sis from goblet cells. Small soluble mucins are secreted by 
the lacrimal gland.

The ocular surface contains the membrane-spanning 
mucins, MUC1, MUC4, and MUC16.9 These mucins are pro-
duced by stratified squamous cells of the cornea and con-
junctiva and are stored in small clear secretory vesicles in the 
cytoplasm (Fig. 15.1). Fusion of secretory vesicles with 
plasma membrane inserts these molecules into the plasma 
membrane. Mucin molecules are localized to the tips of the 
squamous cell microplicae.

There is limited information on regulation of membrane-
spanning mucin synthesis and secretion. Regulation of secre-
tion would be by regulation of insertion of mucins into 
plasma membranes or by control of ectodomain shedding 
whereby matrix metalloproteinases (MMPs) cleave the 
mucin releasing the extracellular, active domain of the 
protein into the extracellular space. In immortalized strati-
fied corneal-limbal cells, tumor necrosis factor induced the 
ectodomain shedding of MUC1, MUC4, and MUC16, 
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Glycocalyx

Figure 15.1 Schematic of the glands and epithelia that secrete tears. The ocular surface epithelia are in beige and lacrimal glands in pink and their 
contribution to the tear film is in blue. An electron micrograph of conjunctival goblet cells is in the bottom inset. An electron micrograph of a lacrimal gland 
acinus, is shown in the top inset. An electron micrograph of a meibomian gland acinus with its attached duct is shown in the middle inset. (Modified from 

Dartt DA. The Lacrimal Gland and Dry Eye Diseases. In: Ocular Disease: Mechanism and Management. Ed. Levin and Albert. Elsevier Ltd. Amsterdam. Copyright Elsevier 2010.)
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Figure 15.2 Schematic of the tear film. The 
outer lipid layer is secreted by meibomian glands. 
The middle layer contains electrolytes, water, 
proteins, and small soluble mucins produced by 
lacrimal glands and conjunctival epithelium. The 
inner mucous layer consists of MUC5AC, proteins, 
electrolytes, and water secreted by conjunctival 
goblet cells. The glycocalyx is comprised of 
membrane-bound mucins produced by stratified 
squamous cells of the corneal and conjunctival 
epithelial cells. The tear film overlies the ocular 
surface. (Modified from Hodges RR, Dartt DA. Regulatory 

pathways in lacrimal gland epithelium. Int Rev Cytol. 

2003;231:129–196. Copyright Elsevier 2003.)
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whereas MMP-7 and neutrophil elastase induced the shed-
ding of MUC16 only.10 These compounds that caused shed-
ding are elevated in the tears of dry eye patients and thus 
may cause the increase in Rose-Bengal staining found in dry 
eye and associated with loss of MUC16 (Box 15.1).

B.  Function
The membrane-spanning mucins function to hydrate  
the ocular surface and serve as a barrier to pathogens.  
Membrane-spanning mucins are considered to be disadhe-
sive, allowing the mucous layer to move over the ocular 
surface. The carbohydrate side chains hold water at the 
surface of the apical cell membranes. The function of  
individual membrane-spanning mucins remains unclear.

Membrane-spanning mucins appear to be altered in  
dry eye. MUC16 protein levels decreased in conjunctival 
epithelium and increased in tears of patients with Sjogren’s 

Figure 15.3 Schematic anatomic model of the state of the cavernous 
body and lacrimal passage. The top left illustration shows the lumen of 
the nasolacrimal duct under resting conditions. A foreign body in the eye 
causes activation of nerves in the cavernous body causing vasodilation of 
the blood vessels and a narrowing of the lumen that results in decreased 
tear drainage. The third panel shows the placement of decongestant of the 
ocular surface causes vasoconstriction of the blood vessels of the cavernous 
body, and opening of the lumen of the nasolacrimal duct, and surprisingly a  
decrease in drainage. The final panel shows that the vasoconstriction 
caused by the foreign body and vasodilation by the topical congestant 
prevent a change in the shape of the lumen and in the drainage of tears. 
(Modified from Ayub, M., A. B. Thale, J. Hedderich, B. N. Tillmann and F. P. Paulsen. 2003. 

Invest Ophthalmol Vis Sci. 44(11), 4900–7, reproduced from the Association for 

Research in Vision and Ophthalmology.)
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Figure 15.4 Structural motifs of the secreted 
and membrane-spanning mucins. MUC5AC 
consists of four cysteine-rich D domains for 
disulfide cross-linking and flank a region of variable 
number tandem repeats (TR). MUC7 is monomeric, 
has a variable number of tandem repeats. The 
membrane-spanning mucins have an SIG domain, 
a variable number of tandem repeats, a site for 
cleavage of the extracellular domain, a 
transmembrane domain (TM) for insertion of the 
molecule into membranes, and a carboxyterminus 
(CT) that is the intracellular domain. SIG: peptide 
signal sequence; CK: cysteine knot. (Modified from 

Gipson IK and Argueso P. 2003. Role of mucins in the 

function of the corneal and conjunctival epithelia. Int Rev 

Cytol. 231, 1–49. Copyright Elsevier 2003.)
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Box 15.1  Definition of Dry Eye Disease

•  Dry eye is a multifactorial disease of the tears and ocular 
surface

•  Dry eye results in symptoms of discomfort, visual disturbance, 
and tear film instability

•  Dry eye can potentially damage the ocular surface
•  Dry eye is accompanied by increased osmolarity of the tear 

film and inflammation of the ocular surface

Modified from 2007 Report of the International Dry Eye Workshop,  
The Ocular Surface, vol 5, number 2, page 27, 2007
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Mucous layer

Goblet cells are identified by the large accumulation of 
mucin granules in the apex (see Fig. 15.1). Secretory product 
can be visualized using Alcian blue-periodic acid stain, the 
lectins Ulex europeaus agglutinin I (UEA-I) or Helix pomatia 
agglutinin (HPA), or antibodies to MUC5AC. MUC5AC is 
synthesized in the endoplasmic reticulum and carbohydrate 
side chains added in the Golgi apparatus. The mature pro-
teins are stored in secretory granules. Upon stimulation 
secretory granules fuse with each other and apical membrane 
releasing secretory product into the tear film. Upon cell 
stimulation the entire complement of granules is released, 
known as apocrine secretion. The amount of secretion is 
controlled by regulating the number of cells that are acti-
vated by a given stimulus.

C.  Regulation of goblet cell  
mucin production

Overview
Mucin production is regulated by controlling the rate of 
mucin synthesis, rate of mucin secretion, and number of 
goblet cells present in the conjunctiva. The rate of mucin 
synthesis has yet to be studied in conjunctival goblet cells. 
Thus the remainder of this section will focus on regulation 
of secretion and proliferation.

Regulation of goblet cell secretion
Nerves are the primary regulators of conjunctival goblet cell 
secretion. The conjunctiva is innervated by afferent sensory 
nerves and efferent sympathetic and parasympathetic nerves. 
Sensory nerves end as free nerve endings between the strati-
fied squamous cells. The parasympathetic and sympathetic 
nerve endings also surround the goblet cells at the level of 
the secretory granules (Fig. 15.5). Stimulation of the sensory 
nerves in the cornea by a neural reflex induces goblet cell 
secretion via the efferent nerves. Goblet cells have receptors 
for neurotransmitters from both parasympathetic and sym-
pathetic nerves. Parasympathetic nerves release both acetyl-
choline (Ach) and vasoactive intestinal peptide (VIP). 
Muscarinic receptors of the M3AchR and M2AchR subtypes 
are located similarly to the location of efferent nerves (Fig. 
15.5).18,19 VIP receptors of the VIPAC2 receptor subtype are 
located in the same area as M3AchR.19 Sympathetic nerves 
release norepinephrine and NPY. Several subtypes of both 
α1- and β-adrenergic receptors are present on goblet cells.18 
It appears that parasympathetic nerves using Ach and VIP are 
the primary stimuli of goblet cell secretion. The function of 
the sympathetic nerves remains unknown.

Components of the signaling pathways used by Ach, but 
not VIP, have been delineated.19 Cholinergic agonists use 
M3AchR and M2AchR to stimulate goblet cell secretion.20 
Cholinergic agonists presumably use the Gαq/11 subtype of G 
protein that activate phospholipase C to breakdown phos-
phatidylinositol 4,5 bisphosphate to produce inositol 1,4,5 
trisphosphate (IP3) and diacylglycerol. IP3 would then release 
intracellular Ca2+ by binding to its receptors on the endo-
plasmic reticulum. Based on a variety of experiments cholin-
ergic agonists are known to increase the intracellular [Ca2+] 
to stimulate secretion.21,22

The diacylglycerol (DAG) released with IP3 activates 
protein kinase C (PKC). Nine PKC isoforms are present in 

syndrome.11,12 MUC1 splice variants also play a role in dry 
eye.13 Human cornea and conjunctiva contain five previously 
identified MUC1 splice variants and a new splice variant. 
These splice variants have unique changes that could affect 
their ectodomain shedding, signaling properties of the intra-
cellular domain, and water retention, lubrication, and barrier 
properties of the extracellular domains. When the type of 
MUC1 splice variant was determined in dry eye patients 
(both evaporative dry eye and Sjogren’s syndrome) com-
pared to control patients there was a reduced frequency of 
MUC1/A variant and an increase in MUC1/B variant in dry 
eye patients.13,14

3.  Mucous layer

A.  Structure
The mucous layer backbone is the gel-forming mucin 
MUC5AC, synthesized and secreted by conjunctival goblet 
cells. MUC5AC is encoded by one of the largest genes known, 
producing a protein of about 600 kDa. The protein back-
bone of MUC5AC consists of four D domains (cysteine- 
rich domains) (Fig. 15.4) that flank a tandem repeat 
sequence in which amino acids in the protein backbone are 
O-glycosylated and linked to carbohydrate side chains. The 
D domains provide sites for disulfide bonds cross- 
linking multiple MUC5AC molecules that forms the frame-
work of the mucous layer. Also contained in the mucous 
layer are shed ectodomains of membrane-spanning mucins, 
membrane-spanning mucins secreted by a soluble pathway, 
other proteins synthesized and secreted by goblet cells,  
and electrolytes and water secreted by goblet and stratified 
squamous cells.

B.  Conjunctival goblet cells
Goblet cells are interspersed among stratified squamous cells 
of the conjunctiva (see Fig. 15.1). Goblet cells occur in clus-
ters in rat and mouse, but singly in rabbit and humans.15–17 
In all species studied, goblet cells are unevenly distributed 
over the conjunctiva.

Box 15.2  Conditions Associated with Aqueous 
Deficiency Dry Eye

•  Primary lacrimal gland deficiencies including age-related dry 
eye, congenital alacrima, and familial dysautonomia

•  Secondary lacrimal gland deficiencies including Sjogren’s 
syndrome, lacrimal gland infiltration, lymphoma, AIDS, graft vs 
host disease, lacrimal gland ablation, and lacrimal gland 
denervation

•  Obstruction of the lacrimal gland ducts from trachoma; 
cicatricial pemphigoid and mucous membrane pemphigoid; 
erythema multiforme; and chemical and thermal burns

•  Reflex hyposecretion from reflex sensory block during contact 
lens wear, diabetes and neurotrophic keratitis

•  Reflex hyposecretion from reflex motor block after VII cranial 
nerve damage, multiple neuromatosis, and exposure to 
certain systemic drugs

Modified from 2007 Report of the International Dry Eye Workshop,  
The Ocular Surface, vol 5, number 2, page 80, 2007
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be tested in goblet cells. The released growth factor would 
bind to the EGF receptor inducing two receptors to associate 
and be autophosphorylated. This attracts the adapter pro-
teins Shc and Grb2 that are phosphorylated, activating the 
guanine nucleotide exchange factor SOS to increase Ras 
activity. Ras activates MAPK kinase (Raf) that phosphorylates 
MAPK kinase (MEK) that phosphorylates ERK1/2. In both 
rat and human goblet cells, cholinergic agonists increase the 
intracellular [Ca2+] and activate PKC to stimulate goblet cell 
secretion by activating Pyk2 and p60Src to transactivate the 
EGF receptor, inducing the signaling cascade that activates 
ERK1/2 (Fig. 15.6).20,23,24

Other factors that stimulate goblet cell secretion include 
P2Y2 purinergic receptors25 that are activated by ATP and the 
neurotrophin family of growth factors. Of this family nerve 
growth factor and brain-derived neurotrophic factor stimu-
late secretion.26

Regulation of goblet cell proliferation
The amount of goblet cell mucin on the ocular surface can 
also be modulated by controlling goblet cell proliferation. 
Serum, which contains a variety of growth factors, stimulates 
proliferation of cultured conjunctival goblet cells, both 
human and rat.27 EGF, transforming growth factor (TGFα), 
and heparin binding-EGF (HB-EGF), but not heregulin stim-
ulate proliferation.27 EGF, TGFα, and HB-EGF bind to the 
EGF receptor (EGFR or erb-B1), HB-EGF binds to erb-B4 and 
heregulin binds to erb-B3 and erb-B4. That EGF, TGFα, and 
HB-EGF are equipotent in stimulating conjunctival goblet 
cell suggests that the EGFR and erb-B4 are the primary recep-
tors used.27

EGF was used as the prototype of the EGF family. EGF 
increases the activation of the EGFR in rat conjunctival 
goblet cells and activates ERK1/2 (also known as p44/p42 
mitogen activated protein kinase (MAPK)) (Fig. 15.7) 
causing its biphasic translocation to the nucleus.28 The 
slower sustained second peak response is responsible for cell 
proliferation, but the role of the rapid transient first peak is 
not known.

Activation of PKC isoforms also mediates EGF-stimulated 
goblet cell proliferation (Fig. 15.7). In rat and human goblet 
cells, EGF uses PKCα and PKCε to stimulate conjunctival 
goblet cell proliferation.

D.  Regulation of conjunctival electrolyte and 
water secretion
The electrolyte and water composition of the external envi-
ronment has an important effect on release of mucins from 
secretory granules. Both the stratified squamous and goblet 
cells of the conjunctiva express ion and water transport pro-
teins and appear to secrete electrolytes and water. Mucin and 
electrolyte and water secretion may not be coordinated as 
stimuli of mucin secretion appear to differ from those of 
electrolyte and water secretion.

The conjunctival epithelium secretes Cl− and absorbs Na+ 
with the ratio of 1.5 to 1 causing a net secretion of fluid into 
the tear film.29 Interestingly, both absorption and secretion 
occur within the same cell in the conjunctiva. The ion trans-
port proteins are distributed evenly in all areas of the con-
junctiva, suggesting that the entire conjunctiva participates 
in fluid secretion.

M3
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Figure 15.5 Immunofluorescence micrographs of parasympathetic 
nerves and M3Ach receptors in rat conjunctiva. (A) The parasympathetic 
neurotransmitter VIP is shown in green. The lectin Ulex europeaus is shown in 
red and indicates the location of goblet cells. The goblet cell body is subjacent 
to the secretory granules. The cell nuclei are shown in blue. (Reprinted with 

permission from Diebold, Y., J. D. Rios, R. R. Hodges, I. Rawe and D. A. Dartt. 2001. Invest 

Ophthalmol Vis Sci. 42(10), 2270–82.) (B) The M3AchR is shown. The dark areas 
indicate the goblet cell secretory granules. Arrows indicate cell bodies of 
goblet cells. (Reprinted with permission from Rios, J. D., D. Zoukhri, I. M. Rawe, R. R. 

Hodges, J. D. Zieske and D. A. Dartt. 1999. Invest Ophthalmol Vis Sci. 40(6), 1102–11, 

reproduced from the Association for Research in Vision and Ophthalology.)

conjunctival goblet cells and phorbol esters, activators of 
PKC isoforms, stimulate goblet cell secretion.21 Although a 
role for PKC isoforms in secretion could not be substanti-
ated,21 it is likely that cholinergic agonists use PKC isoforms 
to stimulate secretion as PKC inhibitors block a distal step 
in the signaling pathway, activation of extracellular regulated 
kinase (ERK1/2)23 (Fig. 15.6).

Cholinergic agonists are known to activate the epidermal 
growth factor (EGF) signaling pathway. In goblet cells, 
cholinergic agonists activate the non-receptor tyrosine 
kinases Pyk2 and p60Src.20 These kinases transactivate 
(phosphorylate) the EGF receptor (EGFR). This transactiva-
tion is usually mediated by ectodomain shedding by MMP 
causing the release of the extracellular, active domain of one 
member of the EGF family of growth factors. This has yet to 
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Mucous layer

Figure 15.6 Signaling pathways used by 
cholinergic agonists to stimulate conjunctival 
goblet cell secretion – the pathway is described in 
the text. TK-tyrosine kinase, P-phosphorylation site. 
(Modified from Dartt DA. Prog Ret Eye Res 2002; 

21:555–76.)
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signaling pathways.

p44/p42
MAPK

Shc Grb2
Raf

MEK

SOS

MAPK
Ca2+

IP3

EGF EGF

E
G
F
R

E
G
F
R

MEKK-1

MKK-7

JNK

c-junELK-1

Proliferation

ELK-1Transcription
factors

JAK1

P13K

PLCγPIP2

STAT

STAT

STAT

AKT

DAG

PKCα & ε

Ca2+ ER

Ras

The driving force for conjunctival fluid secretion is the 
basolaterally located Na+,K+-ATPase that extrudes 3 Na+ ions 
for the influx of 2 K+ ions and generates a negative intracel-
lular voltage (Fig. 15.8). Also on the basolateral side is 
the Na+-K+-2Cl− cotransporter (NKCC1). The Cl−/HCO3

− 
exchanger takes up Cl− into the cell. Cl− is secreted from the 
apical side of the cell through a variety of Cl− channels. K+ 
is also secreted from the apical side with Na+ moving through 
the paracellular pathway to the apical side. The net effect is 
isotonic secretion of Na+, K+, and Cl− into the tears.30

Na+ is absorbed across the apical membrane into the cell 
by the Na+-dependent glucose cotransporter. The Na+ that 
enters the cell on the apical side is extruded on the basola-
teral side by the Na+,K+-ATPase. The Na+ influx mechanism 
can also be used to transport amino acids (AA) into the cell.31

Fluid secretion by the conjunctiva can be stimulated and 
contribute a substantial amount to the tear film. Increasing 
the intracellular [Ca2+] or the cellular level of cAMP causes 
Cl− secretion.32,33 The β-adrenergic agonist epinephrine stim-
ulates secretion via cAMP. Increasing cellular cAMP levels 
activate protein kinase A (PKA) that stimulates both Cl− 
secretion and Na+ absorption by activating K+ channels in 
the basolateral membrane to hyperpolarize the cell. Hyper-
polarization stimulates Na+ influx (into the cell) and Cl− 
efflux (into tears) across the apical membrane. PKA also 
stimulates apical Cl− channels. Because there is a higher rate 
of Cl− secretion relative to Na+ absorption, water moves into 
tears in the basolateral to apical direction. In addition Na+ 
moves paracellularly to produce an isotonic NaCl secretion 
into tears. Water moves through water channels known as 
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are difficult to study in isolation. Thus, this section will focus 
on the main lacrimal gland, which will be referred to as the 
lacrimal gland.

B.  Lacrimal gland structure
The lacrimal gland is comprised of acini that drain into 
progressively larger tubules or ducts that coalesce into one 
or more excretory ducts. Acini are made up of basal myoepi-
thelial cells that surround an inner layer of columnar secre-
tory cells known as acinar cells (see Fig. 15.1). Stellate-shaped 
myoepithelial cells are known to contract, but their role in 
lacrimal gland secretion is still unknown. Acinar cells com-
prise about 80 percent of the gland and are organized in 
clusters. In cross-section an acinus contains a ring of pyram-
idal-shaped acinar cells that are joined at the junction of the 
apical and lateral membranes by tight junctions. The tight 
junctions polarize the cells and ensure unidirectional secre-
tion of electrolytes, water, and protein, the secretory product 
of the lacrimal gland.

The lacrimal gland ducts are lined with one to two layers 
of cuboidal duct cells that make up 10–12 percent of the 
gland. Similarly to acinar cells, duct cells are joined at the 
apical side by tight junctions and secrete water, electrolytes, 
and protein modifying the primary lacrimal gland fluid 
secreted by the acinar cells.

The lacrimal gland also contains a small population of 
lymphocytes, plasma cells, mast cells, and macrophages. The 
plasma cells express immunoglobulins, especially IgA that 
along with secretory component forms secretory IgA, an 
important component of the mucosal immune system.

C.  Lacrimal gland innervation
The lacrimal branch of the trigeminal nerves carries sensory 
stimuli from the lacrimal gland and forms the afferent inner-
vation of the gland. The efferent innervation of the gland 
consists of parasympathetic and sympathetic nerves. The 
parasympathetic nerve endings predominate, surrounding 
most acini (Fig. 15.9). Sympathetic innervation is less dense, 
although this is species-dependent. Sensory nerves are the 
most sparsely located.

Afferent sensory nerves from the ocular surface activate 
the efferent parasympathetic nerves to stimulate lacrimal 
gland secretion. This neural reflex forms the predominant 
stimulus of lacrimal gland secretion and allows the gland to 
protect the ocular surface by responding to environmental 
stimuli.

Parasympathetic nerves release the neurotransmitters Ach 
and VIP that activate receptors on the myoepithelial, acinar, 
and duct cells. The M3AchR is the only cholinergic, muscarinic 
receptor in the lacrimal gland. The VIP receptor VIPAC1 is 
on acinar cells and VIPAC2 on myoepithelial cells. Sympa-
thetic nerves release the neurotransmitters norepinephrine 
and neuropeptide Y (NPY). Norepinephrine activates α1D-
adrenergic and β-adrenergic receptors located on acinar cells.

D.  Protein secretion regulation

Types of protein secretion
The majority of lacrimal gland secretory proteins are secreted 
by exocytosis. Secretory proteins are stored in secretory  
granules. Upon the appropriate stimulus secretory granule 

aquaporins (AQP). AQP 5 is expressed in the apical mem-
brane and AQP 3 in the lateral membrane.

Activation of the purinergic receptor P2Y2 by UTP and ATP 
also stimulates electrolyte and water secretion from the con-
junctiva. P2Y2 receptors increase intracellular [Ca2+].34

E.  Mucous layer function
The major roles of the conjunctiva are to contribute to tear 
production by secreting electrolytes and water, modify com-
position of the tear film by secreting mucins, absorb various 
organic compounds found in tears (including ophthalmic 
therapeutics), and contribute to resistance of the eye to infec-
tion by providing protection against microorganisms.35 
Mucins serve as wetting agents that keep the apical epithelia 
hydrated. Finally, conjunctival cells release paracrine signal-
ing agents such as growth factors that affect ocular surface 
properties.

4.  Aqueous layer

A.  Overview
The main lacrimal gland is the major producer of the aqueous 
layer. Other ocular surface epithelia also contribute to the 
aqueous layer, most notably the conjunctiva, accessory lac-
rimal glands, and to a small extent corneal epithelium. 
Accessory lacrimal glands, which are similar to the main 
gland, are embedded in the conjunctiva. Function of the 
accessory lacrimal glands has not been determined as they 

Figure 15.8 Schematic of the mechanism of electrolyte and water 
secretion by conjunctival epithelial cells – a description of the process is 
found in the text. (Modified from Dartt DA. Prog Ret Eye Res 2002; 21:555–76.)
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secreted at the apical membrane. Secretory component and 
the EGF family of growth factors are secreted by ectodomain 
shedding.

The signaling pathways used by neurotransmitters to 
stimulate lacrimal gland secretion were correlated to exocy-
tosis, not to transcytosis or ectodomain shedding. Thus the 
next section on signaling pathways will focus on exocytosis.

Cholinergic agonists
The cholinergic agonist Ach binds to M3AchR on lacrimal 
gland acinar cells stimulating the Gαq/11 subtype of G protein 
that activates phospholipase Cβ (Fig. 15.10). Phospholipase 
Cβ breaks down the membrane phospholipid phosphati-
dylinositol bisphosphate into IP3 and diacyglycerol. IP3 
binds to its receptor on the endoplasmic reticulum and 
releases Ca2+, increasing the intracellular [Ca2+]. The deple-
tion of intracellular Ca2+ stores causes Ca2+ influx across the 
plasma membrane, known as capacitative Ca2+ influx, to 
sustain the Ca2+ increase and replenish the stores. Intracel-
lular Ca2+ stimulates exocytosis by activating target proteins 
involved in the release process.

The diacylglycerol produced with IP3 activates the PKC 
isoforms PKCα, PKCδ, and PKCε to stimulate protein secre-
tion. PKC stimulates secretion by phosphorylating unknown 
substrate proteins involved in exocytosis.38

Cholinergic agonists also activate inhibitory pathways 
that attenuate secretion. Cholinergic agonists activate Pyk2 
and p60Src that cause a Ca2+-dependent activation of ERK1/2 
(also known as MAPK) (Fig. 15.10). The step in the pathway 
that activates Ras is unknown. However, the Ras, Raf, MEK 
pathway leads to activation of ERK1/2. ERK1/2 decreases 
cholinergic agonist stimulated secretion.

A second pathway activated by cholinergic agonists is the 
phospholipase D pathway that breaks down phosphatidyl-
choline to phosphatidic acid and choline. Phosphatidic acid 
can be metabolized to diacylglycerol that through PKC  
stimulates ERK1/2 to attenuate secretion. Even though 
cholinergic agonists activate inhibitory pathways, their  
ultimate effect is to stimulate secretion.39

VIP
VIP released from parasympathetic nerves activates a sepa-
rate pathway from cholinergic agonists. VIP binds to VPAC1 
and VPAC2 to activate the G protein Gαs that stimulates 
adenylyl cyclase (Fig. 15.11).40 Adenylyl cyclase produces 
cAMP from ATP and cAMP activates PKA that phosphor-
ylates target proteins in the exocytotic machinery. VIP also 
increases the intracellular [Ca2+].40 Together cAMP and Ca2+ 
induce protein secretion.

VIP also interacts with ERK1/2. Unlike cholinergic  
agonists, VIP inhibits ERK1/2. VIP inhibition of ERK1/2 
plays a critical role in the interaction of the VIP pathway  
with those stimulated by cholinergic and α1-adrenergic 
agonists.41

α1-Adrenergic agonists
The sympathetic neurotransmitter norepinephrine binds to 
α1D-AR on the acinar cells (Fig. 15.12). To stimulate protein 
secretion α1-adrenergic agonists activate endothelial nitric 
oxide synthase (eNOS) co-localized with caveolin on the 
basolateral membranes of acinar cells. eNOS produces nitric 
oxide (NO) that activates soluble guanylate cyclase.42 

membranes fuse with apical plasma membranes, releasing 
the contents into the lumen. This secretion is known as 
merocrine as only a small percentage of granules are released. 
The exocytotic process is controlled by trafficking effectors 
that include targeting and specificity factors such as SNAREs 
(soluble N-ethylmaleimide (NEM) sensitive factor (NSF) 
attachment protein receptors (SNAPs) that function in bring-
ing the secretory granules and apical membrane together for 
release of cargo secretory proteins) and Rabs (small Ras-like 
GTPases that regulate membrane trafficking and are active 
when bound to GTP and recruit proteins necessary for mem-
brane fusion and vesicle maturity) as well as transport factors 
such as microtubules, actin filaments, and motor proteins.36

Proteins such as secretory IgA are secreted by a combina-
tion of transcytosis and ectodomain shedding.37 Transcytosis 
is a complex trafficking process in which the compound is 
endocytosed at the basolateral membrane, transported across 
the cell in a series of endomembrane components, and 

Figure 15.9 Immunofluorescence micrographs of the distribution of 
parasympathetic and sympathetic nerves in the lacrimal gland. Top panel: 
anti-VIP demonstrates location of parasympathetic nerves. Bottom panel: 
anti-tyrosine hydroxylase (TH) indicates sympathetic nerves.
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α1-Adrenergic agonists activate a matrix metalloproteinase 
(MMP) ADAM17, which cleaves the membrane-spanning 
growth factor EGF, releasing its extracellular domain.46 The 
extracellular domain contains the active EGF, binding 
domain that binds to the EGFR causing it to dimerize. The 
EGFR dimer autophosphorylates through the signaling 
pathway described in section 3.C and activates ERK1/2 to 
attenuate secretion. Even though α1-adrenergic agonists acti-
vate inhibitory pathways, the overall action of these agonists 
is to stimulate secretion.

EGF
Addition of exogenous EGF (the 6 kDa EGF) gives a small 
stimulation of protein secretion. EGF uses IP3, PKCα, and 
PKCδ to stimulate lacrimal gland secretion.47

Interaction of pathways
Activation of parasympathetic nerves alone or both para-
sympathetic and sympathetic nerves releases two or more 
neurotransmitters that cause secretion different than one 
agonist alone. Release of cholinergic and α1-adrenergic ago-
nists stimulates secretion that is additive as these agonists 
activate separate and different signaling pathways.43 Release 
of VIP with cholinergic or α1-adrenergic agonists causes 
secretion that is synergistic or potentiated.48 The potentia-
tion is caused by VIP inhibition of ERK1/2 that prevents 
activation of ERK1/2 by cholinergic and α1-adrenergic ago-
nists (Fig. 15.13). When ERK1/2 activation is blocked, it 
cannot inhibit secretion and the secretory response is 
increased.41

E.  Regulation of electrolyte and  
water secretion

Mechanism of acinar electrolyte and  
water secretion
Electrolyte and water secretion is driven by the basolateral 
Na+,K+-ATPase (NKA) that produces the energy to drive the 

Guanylate cyclase (GC) produces cGMP from GTP. cGMP 
stimulates secretion by phosphorylating target proteins in 
the exocytotic machinery.

α1-Adrenergic agonists also give a small increase in intra-
cellular Ca2+ that could interact with cGMP to stimulate 
secretion.43 The mechanism by which α1-adrenergic agonists 
activate eNOS in the lacrimal gland is not known.

α1-Adrenergic agonists also activate PKC isoforms. The 
effector enzyme that produces diacylglycerol is not known, 
but is not phospholipase C or D. Diacylglycerol activates 
PKCε to stimulate secretion.43 Unlike cholinergic agonists 
that activate PKCα and PKCδ to stimulate secretion, α1-
adrenergic agonists activate these PKC isoforms to inhibit 
secretion.44

α1-Adrenergic agonists also activate the ERK1/2 inhibi-
tory pathway (Fig. 15.12).45 The mechanism by which 
α1-adrenergic agonists activate ERK1/2 (also known as 
MAPK) is different from that used by cholinergic agonists. 

Figure 15.10 Schematic of parasympathetic signaling pathway 
– the pathway is described in the text.Parasympathetic
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across the basolateral membrane so that acini can produce 
a Na+-Cl− rich fluid.

Mechanism of ductal electrolyte and  
water secretion
Duct cells use mechanisms similar to those used by acini to 
secrete fluid with a few exceptions. First the K+ channels are 
placed in the apical rather than basolateral membranes with 
the Cl− channels producing a K+-Cl− rich fluid. Those 
channels include the K+-Cl− symporter KCC1, intermediate 
conductance calcium-activated K+ channel (IKCa1), CFTR 
channel, and CIC3 Cl− channel.

efflux of Na+ and influx of K+ across the basolateral mem-
brane into the cell against their electrochemical gradients 
(Fig. 15.14). The Na+/H+ (NHE) and Cl−/HCO3

− (AE) 
exchangers and the Na+-K+-2Cl− symporter (NKCC1) use the 
energy of the favorable inward Na+ gradient to drive Cl− 
influx across the basolateral membrane. This Cl− influx estab-
lishes a favorable gradient for Cl− efflux across the apical 
membrane through Cl− selective channels into the acinar 
lumen generating a lumen negative transepithelial potential 
difference. This potential difference drives the flux of Na+ 
from the basal to apical side of the cell through the paracel-
lular pathway. K+ selective channels allow the K+ to recycle 

Figure 15.13 Schematic of the interaction between Ca2+/
protein kinase C and cAMP-dependent signaling pathways.
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deficiency dry eye. Multiple causes can alter lacrimal gland 
secretion leading to aqueous deficiency dry eye and damage 
to the ocular surface (see Box 15.2). The proteins in the 
aqueous layer protect the ocular surface from bacterial infec-
tion and alter corneal and conjunctival function. Reflex secre-
tion of the aqueous layers helps to wash away noxious 
substances and particulates into the drainage duct. The buffer 
system of the fluid helps to protect against changes in pH.

5.  Lipid layer

A.  Structure of meibomian glands and 
mechanism of lipid production
The lipid layer is secreted by the meibomian glands, modi-
fied sebaceous glands, that line the upper and lower eyelids 
in a single row.52,53 A single meibomian gland consists 
of multiple acini that secrete into ducts that converge to  
form a common duct that exits onto the eyelid near the 
mucocutaneous junction (see Fig. 15.1). The acini are 
surrounded by nerves and blood vessels. The cells in the 
acini are arranged in a specific order that reflects their  
function such that the outer cell layer consists of undiffer-
entiated, flattened basal cells. As these cells mature they 
move inward to the center of the acinus and concomitant 
with this inward migration is continuing synthesis of  
lipids. Meibomian gland lipids are stored in vesicles. As the 
cells move closer to the center they contain increasingly 
more lipid secretory vesicles reflecting continued lipid  
synthesis. Upon the appropriate stimulus (unknown), the 
cells in the acinus center burst, releasing the entire cell con-
tents in their secretory granule lipids and the other com-
ponents of the cell into the duct system. This releases the 
entire cell contents and is known as holocrine secretion. The 
secreted cells are replaced by proliferation of the basal  
cells.54 Thus the secretory product contains a complex 
mixture of lipids and proteins and is termed meibum. The 
synthesized lipids are the major component of meibum, 
with the minor lipid classes probably reflecting the cellular 
membrane lipids. Meibomian fluid is a mixture of non-polar 
lipids (wax esters, cholesterol, and cholesterol esters) and 
polar lipids (mainly phospholipids). Meibum is liquid at lid 
temperature.

The secreted lipid is stored in the duct system that termi-
nates in orifices, with a muscular cuff, that open onto  
the lid.53 Meibum is released on to the ocular surface in 
small amounts with each blink forming a casual reservoir 
with about 30 times more lipid than needed for each  
blink. With the up-phase of each blink the upper lid draws 
oil from the lid reservoir and spreads it over the anterior tear 
film surface. With the down phase the lipid film is returned 
to the marginal reservoir as the lid closes.53 The lipids mix 
only slightly with the lipid reservoir as it folds up as an intact 
sheet providing a gradual turnover of the lipids in the  
tear film.

Butovich et al55 have proposed that proteins and mucins 
contribute to the lipid layer so that the proteins, which 
contain hydrophobic, hydrophilic, and charged portions, 
can unfold and form a variety of shapes depending upon  
the local milieu (Fig. 15.15). The proteins could extend 
across the lipid layer suggesting a complex mixture of  

Neural activation of electrolyte and  
water secretion
The parasympathetic agonists Ach and VIP each stimulate 
electrolyte and water secretion.49 Cholinergic agonists cause 
fluid secretion by activating apical Cl− and K+ channels, baso-
lateral Na+/H+ exchangers, and increase the translocation of 
the Na+,K+-ATPase from the cytoplasm to the basolateral 
membranes. VIP stimulates fluid secretion by cAMP activat-
ing the Ca2+-dependent large conductance (BK) K+ channel 
in the basolateral membrane. The mechanisms by which 
cholinergic agonists and VIP stimulate fluid secretion are not 
yet completely investigated.

F.  Lacrimal gland fluid composition
Lacrimal gland fluid is isotonic, and in human and rabbit it 
is 300 mOsm. The electrolyte composition is similar to 
plasma except that it has a decreased [Na+] and increased 
[Cl−] and [K+]. The lacrimal gland also secretes a myriad of 
proteins.50 The most extensively studied are lysozyme, lacto-
ferrin, secretory IgA, and lipocalin. Other minor proteins 
secreted include EGF and other growth factors, lacritin a 
protein unique to the lacrimal gland, and surfactant proteins 
A–D.51 Many proteins are antibacterial and function in the 
defense of the ocular surface.

G.  Aqueous layer function
The aqueous layer has multiple functions critical to the 
health and defense of the ocular surface from the environ-
ment. The electrolyte composition of the aqueous layer is 
critical to the health of the ocular surface as small changes  
in osmolarity or electrolyte composition leads to aqueous 

Figure 15.14 Mechanism of electrolyte and water secretion by lacrimal 
gland acinar cells – see text for description. (Modified from Selvam et al. Am J 

Cell Physiol 2007; 293:C1412–9. Used with permission.)
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the eyelids during blinking. Lipids enhance the stability of 
the tear film and provide a smooth optical surface for the 
cornea at the air/lipid interface. A decrease or an alteration 
in meibomian gland secretion leads to evaporative dry eye. 
There are multiple ways in which meibomian gland function 
can be altered to cause evaporative dry eye (Box 15.3) and 
damage the ocular surface.
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Box 15.3  Meibomian Gland Diseases Causing 
Evaporative Dry Eye

•  Reduced number of glands in congenital deficiency and 
acquired disease

•  Replacement of glands in distichiasis and distichiasis 
lymphedema syndrome

•  Hypersecretory gland dysfunction in meibomian seborrhea
•  Hyposecretory gland dysfunction in retinoid therapy
•  Obstructive disease from primary or secondary causes, of focal 

or diffuse nature, that is simple or cicatricial or can be atrophic 
or inflammatory

•  Primary or secondary due to the local diseases anterior 
blepharitis

•  Primary or secondary due to systemic disease such as acne 
rosacea, seborrhoeic dermatitis, and atopy

•  Primary or secondary due to systemic toxicity from 13-cis 
retinoic acid, polychlorinated biphenyls, and epinephrine

•  Cicatricial disease from chemical burns, trachoma, 
pemphigoid, erythema multiforme, acne rosacea, vernal 
keratoconjunctivitis, or atopic keratoconjunctivitis

Modified from 2007 Report of the International Dry Eye Workshop,  
The Ocular Surface, vol 5, number 2, page 82, 2007
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Sensory Innervation of the Eye
Carlos Belmonte, Timo T. Tervo & Juana Gallar

Introduction
The sensory innervation of the eye is provided by the periph-
eral axons of primary sensory neurons located in the trigemi-
nal ganglion. The sensory nerves enter the eyeball mainly 
through the ciliary nerves and reach all ocular tissues with 
the exception of the lens and the retina. Ocular innervation 
is particularly rich in the cornea but all tissues of the anterior 
segment of the eye have an abundant sensory supply. Ocular 
sensory fibers are functionally heterogeneous and include 
mechanoreceptor, polymodal nociceptor, and cold receptor 
types of sensory units. Consequently, the nerves respond to 
a variety of physical and chemical stimuli. Impulse activity 
originated at peripheral sensory nerve fibers of the eye 
reaches second-order neurons located at the trigeminal 
nucleus caudalis in the lower brainstem. Sensory informa-
tion travels subsequently to relay stations in the contralateral 
posterior thalamic nucleus and finally reaches the cortex.

Pain is the main sensation elicited by stimulation of 
ocular sensory nerves although tactile sensations are evoked 
at the conjunctiva and feelings of cold are also evoked by 
mild cooling of the corneal surface. After repeated noxious 
stimulation or tissue injury, ocular polymodal nociceptors 
become sensitized and cause sustained pain and hyperalge-
sia. They also contribute to local inflammation through the 
antidromic release of peptide transmitters stored in their 
peripheral endings (“neurogenic inflammation”). Intact 
sensory nerve endings, particularly in the corneal epithe-
lium, are subjected to a continuous remodeling. Ocular 
sensory nerves damaged by accidental or surgical injury or 
following pathological processes, may also experience long-
lasting changes in excitability, giving rise to ocular dysesthe-
sia or neuropathic pain referred to the eye.

Sensations originated at the ocular surface can be explored 
by esthesiometry. The cornea has an overall higher sensitiv-
ity than the conjunctiva. Sensitivity of the ocular surface is 
reduced by age and by a variety of pathological processes 
that affect sensory innervation such as herpetic keratitis, some 
types of corneal trauma and post-infectious conditions, 
certain hereditary corneal dystrophies and anterior segment 
or vitreo-retinal surgery, especially scleral buckling opera-
tions. Although the principal eye diseases leading to impaired 
vision – such as retinal pathologies, chronic open-angle 
glaucoma or cataract – course without pain, pain is a cardi-
nal symptom of inflammatory and traumatic disturbances of 

the anterior segment of the eye. Pain is also evoked by 
various ocular diseases affecting other structures within the 
globe or orbital tissues, and may become an undesired  
consequence of ocular surgery. Dry eye, a multietiological 
condition that leads to alteration of the ocular surface  
epithelium, is the most common cause of superficial ocular 
discomfort and pain. Management of ocular pain includes 
the use of topical anesthetics, cycloplegic agents and anti-
inflammatory drugs or ocular patching to reduce peripheral 
nociceptive input, and systemic analgesics to act on nocicep-
tive pathways at the central nervous system.

1.  Anatomy of ocular sensory nerves

1.1  Origin of the ocular sensory nerves

Trigeminal ganglion neurons
The sensory innervation of the eye is provided by primary 
sensory neurons mainly of small or medium size, clustered 
in the ophthalmic (medial) region of the ipsilateral trigemi-
nal ganglion (TG). Most ocular sensory neurons are devoted 
to the cornea and represent about 1.5 percent of the total 
number of neurons of the TG.1 The axons of the pseudouni-
polar trigeminal neurons divide into a peripheral branch 
that projects to the peripheral target tissues and a central 
branch that enters the brainstem to reach the trigeminal 
sensory complex. Based on the size and the presence of a 
myelin sheath in the peripheral axons, corneal trigeminal 
neurons can be classified as myelinated (20 percent in the 
mouse) and unmyelinated (80 percent in the mouse).1,2 
Myelin content is reflected in the conduction velocity of the 
peripheral axons (see below).

TG neurons innervating the eyeball contain several  
neuropeptides, including CGRP (calcitonin gene-related 
peptide, present in about 50 percent of corneal neurons), 
the tachykinin substance P (present in about 20 percent), 
cholecystokinin, somatostatin, opioid peptides, pituitary 
adenylate cyclase activating peptide (PACAP), vasoactive 
intestinal peptide (VIP), galanin and neuropeptide Y (NPY), 
as well as neuronal nitric oxide synthase (nNOS).1,3–5

The ophthalmic nerve and its branches
The peripheral axonal branch of most ocular sensory neurons 
in humans exits the TG running with the ophthalmic  
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the second major branch of the trigeminal ganglion  
(Fig. 16.1).

Trigeminal sensory fibers end in the epithelia, connective 
tissue and blood vessels of the lids, orbit, extraocular muscles, 
ciliary body, choroid, scleral spur, sclera, cornea, and con-
junctiva – the retina and lens being the only ocular tissues 
not receiving direct trigeminal sensory innervation.

1.2  Distribution of sensory nerve fibers  
within the eye
After penetrating the sclera around the optic nerve at the 
posterior eye pole, long and short ciliary nerves containing 
a mixture of sensory, sympathetic, and parasympathetic 
nerve fibers form a ring around the optic nerve, keeping the 
lamina cribosa devoid of innervation. Ciliary nerve fascicles 
travel anteriorly towards the cornea within the suprachoroi-
dal space, giving a few collaterals that provide the sparse 
innervation of the posterior part of the eye. Along their tra-
jectory to the eye front, these nerve fiber bundles undergo 
repetitive branching. Some of the nerve fibers innervate the 
sclera itself, being more numerous in the episcleral tissue; 
others leave the sclera to enter the choroid, while most nerve 
filaments continue to innervate the ciliary body, the iris, and 
the cornea. Most nerve fibers finally form a series of ring 
meshworks of nerve fibers at the limbus around the cornea 
– the so-called limbal or pericorneal plexuses.

Nerve filaments entering the choroid are composed of 
sensory, sympathetic, and parasympathetic axons, that 

division of the ganglion, which traverses the superior orbital 
fissure and then branches into the nasociliary, the frontal 
and the lachrymal nerves. The nasociliary nerve gives several 
sensory branches: (1) two long ciliary nerves that reach the 
eyeball and pierce the sclera, constituting the major sensory 
output of the eye; (2) the infratrochlear nerve that innervates 
the medial aspect of lids, nose, and lachrymal sac; (3) the 
external nasal nerves; (4) a communicating branch to the 
ciliary ganglion. The ciliary ganglion is a parasympathetic 
ganglion located within the orbit that sends 5–10 short 
ciliary nerves carrying parasympathetic postganglionic fibers, 
postganglionic sympathetic axons originating at the superior 
cervical ganglion, and the trigeminal sensory nerve fibers 
arriving through the communicating branch of the nasocili-
ary nerve to the eye. These mixed, short ciliary nerves enter 
the eyeball around the optic nerve. The second branch of the 
ophthalmic nerve is the frontal nerve, which bifurcates into 
the supraorbital nerve to innervate the upper eye lid and the 
frontal sinus, and the supratrochlear nerve that provides 
innervation to the forehead and the upper eyelid. Finally, 
the third branch of the ophthalmic nerve, the lachrymal 
nerve, innervates the lachrymal gland and some areas of the 
conjunctiva and the skin of the upper lid. It also incorporates 
postganglionic parasympathetic nerve fibers from the ptery-
gopalatine ganglion (Fig. 16.1).

A minor part of the sensory fibers from the eye is  
conveyed, together with the innervation of the conjunctiva 
and the skin of the lower eye lid, by the infraorbital nerve, 
a branch of the maxillary nerve, which in turn constitutes 

Figure 16.1 Innervation of the eye. Medial view of the orbit showing the sensory and autonomic nerves directed to the eye. The ophthalmic branch of the 
trigeminal ganglion gives the nasociliary nerve that sends long and short ciliary nerves to the eyeball, the last through the ciliary ganglion. Frontal and 
lacrimal nerves are not shown in this picture. The trigeminal maxillary branch gives the infraorbital nerve that innervates part of the eye and the lower lid. 
Sympathetic fibers from the superior cervical ganglion, travelling within the carotid plexus and parasympathetic branches of the ciliary and the 
pterygopalatine ganglia join short ciliary nerves. (Adapted from Rubin M, Safdieh JE, Netter’s Concise Neuroanatomy, Elsevier, 2007.)
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subepithelial plexus. One forms a highly anastomotic mesh-
work made of single axons and thin nerve fascicles located 
immediately beneath Bowman’s membrane without pene-
trating it towards the corneal epithelium. The second type 
consists of about 400–500 medium-sized, curvilinear 
bundles that penetrate Bowman’s membrane mainly in the 
peripheral and intermediate cornea, shed the Schwann cell 
coating, bend at a 90° angle and divide, each into 2–20 
thinner nerve fascicles that continue into the corneal epithe-
lium as the sub-basal nerve plexus. A relatively low number 
of stromal nerves penetrate Bowman’s membrane in the 
central cornea, which receives most of its innervation from 
long sub-basal nerves that enter the peripheral cornea 
directly from the limbal plexus.

Sub-basal nerve plexus
The sub-basal nerve plexus in humans is formed by 5,000–
7,000 nerve fascicles in an area of about 90 mm2. A sub-basal 
nerve bundle gives several side branches, each containing 
3–7 individual axons. Thus, the total number of axons in the 
sub-basal plexus is estimated to vary between 20,000 and 
44,000.4

The sub-basal nerve axons may travel up to 6 mm between 
the basal epithelial cells and their basal lamina, roughly 
parallel to one another. The arrangement of a stromal nerve 
bundle branching into multiple, parallel daughter nerve fas-
cicles, constitutes a unique neuroanatomical structure char-
acteristic of the cornea and is termed an epithelial leash. 
Epithelial leashes are constituted by up to 40 individual 
unmyelinated straight and beaded nerve fibers of variable 
diameter (0.05–2.5 microns). Nerve fibers in adjacent leashes 
interconnect repeatedly such that they are no longer recog-
nizable as individual leashes, forming finally a relatively 
homogeneous nerve plexus. In vivo confocal microscopy has 
shown that the sub-basal nerve plexus forms a whorl-like, 
spiral pattern of nerve fibers, the center of which is called 
the “vortex” (Fig. 16.2C). In humans it is located 2–3 mil-
limeters inferior and nasal to the corneal apex. The mecha-
nisms that govern the formation and maintenance of this 
spiral pattern remain unknown. However, as basal corneal 
epithelial cells and sub-basal nerves appear to migrate cen-
tripetally in tandem,15 it is possible that basal epithelial cells 
derived from limbal stem cells migrate centripetally in a 
whorl-like fashion towards the corneal apex in response to 
a chemotropic guidance, to electromagnetic cues, and/or to 
population pressures; and the sub-basal nerves that occupy 
the narrow intercellular spaces between these migrating cells 
would be pulled along their trajectory. An alternate possibil-
ity is that sub-basal nerves would develop their whorl-like 
orientation independently of epithelial cell dynamics, pro-
viding in turn a structural scaffolding that directs epithelial 
cell migration.16–19

Despite their considerable branching, most stromal and 
subepithelial nerve bundles pass uninterrupted through the 
stroma to reach the corneal epithelium and apparently do 
not provide functional innervation to stromal tissue. 
However, a small proportion of corneal nerve fibers appear 
to travel downwards to terminate in the stroma as expanded 
structures resembling free nerve endings.

Intraepithelial nerve terminals
From the sub-basal nerves running horizontally through  
the basal epithelium, single fibers split off and turn 90° 

branch extensively forming a dense network in which indi-
vidual parasympathetic ganglion cells are also found.6

Limbal plexus nerves supply the sensory and autonomic 
innervation of the limbal vessels, the trabecular meshwork 
and the scleral spur. Nerve bundles also form at the root of 
the iris, a circumferential plexus that gives origin to the iridal 
innervation. Finally, a variable number of nerve trunks 
arising from the limbal plexus enter the corneal stroma 
(corneal stromal nerves). Despite its comparatively small 
size, the cornea receives a significant portion of the ocular 
innervation, presenting a nerve density that is estimated to 
be 300–400 times higher than that of the human fingers or 
the teeth.4,7

The majority of the nerves directed to the eye are com-
posed by thin, unmyelinated nerve fibers often incompletely 
surrounded by Schwann cells, while less than 30 percent 
present a myelin sheath. All branch extensively and termi-
nate as free nerve endings showing small enlargements (vari-
cosities) along their terminal course. In addition, some 
encapsulated nerve endings similar to Krause and Meissner 
bodies have been observed in the choroid, in particular near 
the ciliary body8,9 and the iris,10 and in the episclera and 
chamber angle but not in the cornea.11

1.3  Architecture of corneal sensory nerves
The corneal innervation is anatomically organized in four 
levels from the penetrating stromal nerve bundles up to the 
intraepithelial nerve terminals (Fig. 16.2A).

Corneal stromal nerves
The anatomy of nerve bundles radially entering the corneal 
stroma is quite similar among mammals varying only in 
their number (6–8 in rat, 15–40 in cat or dog, about 60 in 
human).12–14 Stromal nerves branch immediately after enter-
ing the cornea and run within the stroma as ribbon-like 
fascicles enclosed by a basal lamina and Schwann cells. 
Myelinated axons included in stromal nerves (about 20 
percent of the nerve fibers) lose their myelin sheath within 
a millimeter after penetrating the stroma (Fig. 16.2B). The 
distal branches of this arborization anastomose extensively, 
forming the anterior stromal nerve plexus, a dense and 
complex network of intersecting small and medium-size 
nerve bundles and individual axons with no preferred ori-
entation laying in the anterior 25–50 percent of the corneal 
stroma, depending on the species, being most dense in the 
anterior layers. In contrast, the posterior half of the human 
stroma and the corneal endothelium are devoid of sensory 
nerve fibers.

In addition to stromal nerve innervation, a small number 
of small nerve fascicles originating at the limbal plexus  
and at the conjunctiva superficially enter the peripheral 
cornea to innervate the perilimbal and peripheral corneal 
zones.13

Subepithelial nerve plexus
In humans and higher mammals, the most superficial layer 
of the anterior stromal nerve plexus, located in a narrow strip 
of stroma immediately beneath Bowman’s membrane, is 
especially dense and is referred to as the corneal subepi-
thelial nerve plexus, its nerve density generally higher in  
the peripheral than in the central cornea. Two anatomically 
distinct types of nerve bundles are distinguished in the  
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Figure 16.2 Corneal innervation. (A) Schematic distribution of nerves in the cornea. From the limbal plexus (LP), stromal nerve trunks (SN) penetrate the 
stroma radially and divide dichotomously to form the subepithelial plexus (SEP). Branches of this plexus ascend towards the epithelium, traverse Bowman’s 
layer and form the sub-basal plexus (SBP) between the epithelium basal layer and its basal lamina, where nerve branches run horizontally as families of long 
parallel nerves (leashes) which in turn give rise to intraepithelial nerve terminals (ENT). (B) Characteristics of nerve fibers in the peripheral and central cornea. 
Myelinated nerve bundles (1) penetrate the stroma and immediately lose their myelin cover. Thus, only unmyelinated nerves (2) are found throughout the 
cornea. Subepithelial nerves ascend to form the sub-basal nerve plexus (3) from which individual axons (4) ascend vertically towards the corneal surface, with 
axons terminating at various levels of the corneal epithelium. (C) Architecture of the sub-basal nerve plexus in the infero-central region of the cornea. Whole 
mount of a stained mouse cornea depicting the sub-basal whorl area. (D) Drawing of epithelial nerve endings. Varicose intraepithelial nerve endings stained 
with the gold chloride impregnation method run between the epithelial elements up to the outer layers. (E) Single intraepithelial nerve ending. Whole 
mount of the mouse cornea stained with the gold chloride impregnation method, showing epithelial nerve endings at the corneal surface. (A: Modified from 

Müller et al 2003;4 B: Adapted from Müller et al 1996;14 Reproduced from Association for Research in Vision and Ophthalmology. C: From C. Belmonte and E. Raviola, unpublished 

results; D: From Ramon y Cajal S, Textura del sistema nervioso del hombre y de los vertebrados, Vol. I. Imprenta y Librería de Nicolas Moya, Madrid, 1899: E: From F. De Castro and C. 

Belmonte, unpublished results.)

vertically as a profusion of thin, short, and beaded terminal 
axons ascending between the epithelial cells, often with a 
modest amount of additional branching, up to the more 
superficial layers of the corneal epithelium (Fig. 16.2D,E).4,20 
Intraepithelial fibers end as free nerve endings, appearing as 
prominent, bulbous terminal expansions that appear mor-
phologically homogeneous when visualized using optical or 
electron microscopy, though immunocytochemical staining 
reveals differences in the expression of neuropeptides and 
other neurotransmitters, suggesting a functional heterogene-
ity.4 At the ultrastructural level, corneal nerve endings 
contain abundant small clear vesicles, perhaps filled with 
excitatory amino acids, and large, dense-cored vesicles con-
taining neuropeptides such as calcitonin gene-related peptide 
(CGRP), substance P, and/or other peptides. They also 
contain mitochondria, glycogen particles, neurotubules, and 
neurofilaments.3,4,21 The nerve terminals are located through-
out all layers of the corneal epithelium, extending up to a 
few microns of the corneal surface, but being especially 
numerous in the wing and basal cell layers. Occasionally, 
epithelial cell membranes facing the nerve terminals show 
invaginations that may eventually completely surround the 
nerve ending.4,19,20 This intimate relationship raises the pos-
sibility of bidirectional exchange of diffusible substances 
between both structures. The intimate contacts also allow 
nerve endings to detect changes in epithelial cell shape or 
volume, such as those produced by ocular surface desicca-
tion or swelling.

The innervation density of the corneal epithelium is prob-
ably the highest of any surface epithelium. Although the 
actual number of corneal nerve endings remains a matter of 
speculation, considering that each sub-basal nerve fiber gives 
at least 10–20 intraepithelial nerve terminals, it is reasonable 
to speculate that the human central cornea contains approxi-
mately 3,500–7,000 nerve terminals/mm2. This rich innerva-
tion provides the cornea with a highly sensitive detection 
system, and it has been hypothesized that injury of a single 
epithelial cell may be sufficient to trigger pain perception.19 
Nerve terminal density, and thus, corneal sensitivity, are 
higher in the central cornea and decrease progressively when 
moving towards the periphery. Similarly, corneal sensitivity 
and nerve density decrease progressively as a function of age 
and in several ocular pathologies.

An individual stromal axon entering at the corneoscleral 
limbus undergoes repetitive branching and eventually travels 
across as much as three-quarters of the cornea before termi-
nating.20 As a result, individual receptive fields of corneal 

sensory fibers range in size from less than 1 mm2 to as much 
as 50 mm2 and may cover up to 25 percent of the corneal 
surface. The extensive branching also explains the significant 
overlapping of receptive fields found in electrophysiological 
studies of single corneal nerve fibers.

1.4  Central sensory pathways
Sensory information from the eye is carried by trigeminal 
ganglion neurons to the ventral portion of the ipsilateral 
trigeminal brainstem nuclear complex (TBNC), to activate 
ocular sensory second-order neurons located mainly in  
the intermediate zone between interpolaris and caudalis 
subnuclei (Vi/Vc), in laminae I-II of the subnucleus caudalis/
upper cervical spinal cord (Vc/C1), and in the adjacent 
bulbar lateral reticular formation (Fig. 16.3).22–24 Addi-
tionally, few trigeminal neurons innervating ocular and  
periocular tissues project to the principal nucleus of the 
TBNC, and a very sparse number are confined to a few  
locations along the ventral border of the pars oralis and 
interpolaris of the spinal trigeminal nucleus. Second-order 
ocular neurons located in the Vi/Vc area project to different 
places in the central nervous system including brainstem 
regions as the superior salivatory/facial motor nucleus and 
the contralateral thalamus.25–27 Neurons receiving corneal 
information have been identified in the thalamic poste-
rior nucleus and the zona incerta. These thalamic neurons 
project in turn to primary (SI) and secondary (SII) somato-
sensory cortical areas responsible for pain sensations and 
reactions. Non-visual sensory input from the eye is repre-
sented in contralateral cortical SI areas 3b and 1 (Fig. 16.3), 
located together with those that represent nose, ear, and 
scalp. Projections to the insula and to the cingulate and 
prefrontal cortex provide the neural substrate for the affec-
tive and cognitive components of sensations evoked by eye 
stimulation.

2.  Development and remodeling of 
corneal innervation

2.1  Development of corneal nerves
The cornea lacks sensory innervation until the fifth gesta-
tional month, when corneal nerve endings appear. During 
development, sensory axons first form the nerve ring around 
the cornea (the limbal nerve plexus) and subsequently axons 
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Figure 16.3 Ophthalmic trigeminal pathways. (A) Schematic representation of the trigeminal brainstem nuclear complex (TBNC), composed of the principal 
nucleus, located in the mesencephalon, and the spinal nucleus, subdivided into subnucleus oralis, interpolaris, and caudalis. TBNC projects to the 
contralateral thalamus, and from there to the primary somatosensory areas cortex (insular, cingulate, and prefrontal cortex). Thalamic projections also reach 
other areas of the cortex involved in the processing of affective and cognitive aspects of ocular pain. Trigeminal projections to the salivatory/facial motor 
nucleus, and to the Edinger–Westphal nucleus are also represented. Inset: Distribution of thick myelinated mechanosensory fibers and thin (thermosensitive 
and nociceptive) fibers within the TBNC. (B) MRI images showing the activation by noxious stimulation of the trigeminal sensory pathway. TG: trigeminal 
ganglion. spV: spinal trigeminal nucleus. Th: thalamus. SI: Primary somatosensory cortex. (From Becerra et al, 2006 J Neurosci. 26:10646–10657.)
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grow radially into the corneal tissue (Fig. 16.4A).20,28 The 
molecular signals controlling ocular nerve growth remain 
unknown, though several guidance molecules may regulate 
the process. Corneal and lens-derived semaphorins appear 
to mediate the initial repulsion of trigeminal sensory axons 
from the cornea,29 thus inducing the proper formation of the 
pericorneal nerve ring meshwork, and also contribute to the 
positioning of a subset of axonal projections in the choroid 
fissure, that form a ventral plexus from which the iris inner-
vation is later supplied.30 Upon completion of the peri-
corneal nerve ring, sensory nerves enter the cornea as 
bundles, at uniformly spaced sites around its entire circum-
ference and begin to extend radially inside the cornea, first 
innervating its periphery and then the entire stromal surface. 
The depth at which nerves enter the corneal stroma corre-
lates with the area of the cornea that they will innervate, so 
that the deepest stromal nerves innervate almost the entire 
corneal surface, whereas the more superficial nerves which 
enter the stroma nearest to the epithelium mainly supply the 
periphery.17

The uniform separation between corneal nerve bundles 
during embryogenesis seems to be due to the release of 
neuro-repulsive factors from pioneering growth cones as 
they leave the limbal nerve ring and enter the corneal stroma, 
keeping nerve bundles growing relatively straight towards 
the center of the cornea as centripetal radii and separated 
one from another. The extension or radial innervation within 
the cornea is produced by bifurcation of nerve fascicles in 
successive, concentric zones, thus suggesting that the posi-
tion and orientation of intracorneal nerves is determined by 
the intra-corneal milieu16 and the migration of epithelial 
cells.17 Stromal composition and neurotrophic factors 
released from corneal epithelium also participate in the 
regulation of nerve density and orientation of corneal nerves 
during development.31,32

2.2  Dynamic remodeling of adult corneal 
innervation
Corneal nerves are subjected to a remodeling in the adult 
cornea throughout life. Deep stromal nerve fiber bundles 
maintain a relatively constant position and configuration 
within the cornea while the corneal sub-basal nerve plexus, 
and especially intraepithelial nerve terminals, experience an 
extensive rearrangement (Fig. 16.4B; Box 16.1). Time-lapse, 
in vivo confocal microscopic examination of living human 
eyes reveals that the human sub-basal corneal nerve plexus 
is a dynamic structure with a slow but continuous centripetal 
movement (5–15 microns/day) that changes the whorl- 
centered plexus in a 6-week period.33 Intraepithelial nerve 
endings are subjected to faster morphofunctional changes; 
their continuous remodeling follows the long-term, sub-
basal nerve reconfiguration. The continuous shedding of 
corneal epithelial cells also strongly influences the rearrange-
ment and dynamics of epithelial nerve terminals.

Reorganization of differentiating corneal epithelial cells 
migrating up to the most superficial layers of the corneal 
epithelium induces changes in intraepithelial nerve ending 
architecture that occur in less than 24 hours.34 The molecular 
mechanisms responsible for this continuous rearrange-
ment of corneal nerves are unknown. Adult corneal sensory 
nerves retain the ability to respond to semaphorins,  

which inhibit nerve sprouting both in transected and intact 
nerves.35 In several mammalian species, corneal nerve 
terminal density decreases with age,36,37 and this may be the 
basis of the decreased corneal sensitivity reported in the 
elderly.38–41

2.3  Regeneration of injured corneal nerves
Adult corneal nerves retain the ability to regenerate follow-
ing injury. Nevertheless, after damage or transection, the 
morphology and functional properties of corneal nerves 
change substantially. Nerve processes distal to the site of 
lesion degenerate, whereas central stumps start to regenerate, 
finally producing a nerve pattern rather different from the 
original corneal nerve architecture.42,43 The regenerative 
process takes place in several stages (Fig. 16.4C). When 
corneal nerves are cut, the denervated area is first invaded by 
sprouts of adjacent, intact nerve fibers. Later, the central 
stump of injured axons starts to regenerate, forming micro-
neuromas from which newly formed sprouts begin to 
develop, while the early branches from intact fibers begin to 
degenerate.4,42 It may be that interruption in the injured 
nerve terminals of the uptake of signal molecules such as 
nerve growth factor (NGF) produced by corneal cells, which 
are centripetally transported along the parent axon to the 
neuron’s soma to regulate gene expression, causes morpho-
logical and functional changes in regenerating neurons.44

3.  Functional characteristics of ocular 
sensory innervation

3.1  Trigeminal ganglion neurons
Electrophysiological studies of ocular sensory neurons have 
been centered mainly on extracellular recordings of the 
propagated impulse activity in the peripheral axons of 
trigeminal ganglion neurons, in most cases nerve fibers 
innervating the cornea and bulbar conjunctiva. Ocular 
sensory neurons innervating the cornea and uveal tissues 
possess in general thin myelinated (Aδ) axons (conducting 
action potentials at velocities between 3–15 m/s) or unmy-
elinated (C) axons, which conduct at less than 2 m/s.  
A reduced number of neurons with thick myelinated  
axons (Aβ) provide innervation to the limbus, lids, and 
conjunctiva.

3.1.1  Sensory fibers of the cornea and conjunctiva
As in other parts of the body, the response levels of the 
peripheral endings of sensory axons to different modali-
ties of physical and chemical stimuli have been used to 

Box 16.1  Corneal nerve remodeling and ocular 
pathologies

The continuous remodeling of corneal nerves may be disturbed 
by an altered corneal architecture or prolonged wound healing. 
Abnormal patterns in sub-basal nerve organization have been 
observed following corneal epithelial pathologies such as 
basement membrane dystrophy, recurrent erosions, or dry eye.
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Figure 16.4 Development, remodeling and regeneration of corneal sensory nerves. (A) Schematic representation of corneal sensory nerve growth during 
development, in the chick cornea. Growing trigeminal sensory axons avoid the cornea and extend dorsally and ventrally (A1), forming a pericorneal nerve 
ring at E8 (A2). Upon completion of this ring, sensory nerves begin to enter the cornea radially, first innervating its periphery at E9–E10 (A3), and finally its 
entire surface at E15 (A4). (B) Continuous remodeling of nerves in the healthy cornea. In-vivo confocal microscopy images showing changes in human 
sub-basal nerve morphology occurring within a 2-week period. (C) Schematic representation of the changes taking place in corneal sensory axons following 
injury. Sprouts of intact nerves (1) invade the injured area while the distal end of axotomized fibers degenerate (2). Central stumps of lesioned nerves form 
neuroma endings (3) from which sprouts begin to invade the denervated area (4) initiating the recovery of corneal sensitivity. (D) Schematic representation 
of afferent and efferent functions of polymodal nociceptors. Stimulation of a section of the peripheral branches of a polymodal nociceptor fiber by a noxious 
substance directly depolarizes the nerve endings affected by the stimulus. This depolarization generates action potentials that travel centripetally (continuous 
arrow), and also cause the local release of neuropeptides (dots) contained in sensory nerve terminals, which contribute to local inflammation. Action 
potentials traveling centrally also antidromically invade (interrupted arrows) unstimulated neighboring branches. These then become depolarized and release 
neuropeptides in an area of the tissue that was not directly affected by the stimulus, thus extending inflammation (“neurogenic inflammation”). (B: From Patel 

& McGhee 2008;33 Reproduced from Association for Research in Vision and Ophthalmology. C and D: Modified from Belmonte et al 2004b.86)

distinguish various functional classes of sensory fibers inner-
vating the various eye tissues (Fig. 16.5).

Polymodal nociceptors
About two-thirds of the sensory fibers innervating the cornea 
and the bulbar conjunctiva are activated by physical and 
chemical stimuli of intensity within the noxious or near 
noxious range, including mechanical forces, heat, intense 
cold, exogenous chemical irritants and a large variety of 
endogenous molecules released by tissue injury. Accord-
ingly, they were named polymodal nociceptors (Figs 16.5 & 
16.6).45–47 Most of them are unmyelinated while a small 
portion, depending on species, belongs to the group of thin 
myelinated (Aδ) nerve fibers. Their receptive fields are round 
or oval, are usually large, often covering up to one-quarter 
or more of the cornea, and may extend several millimeters 
beyond the cornea onto the adjacent limbus and bulbar 
conjunctiva (Fig. 16.5). The large size and extensive overlap-
ping of adjacent receptive fields of polymodal nociceptors, 
coupled with convergent mechanisms in the central nervous 
system, explain why stimuli of the corneal surface are poorly 
localized.

Corneal polymodal nociceptors respond to their natural 
stimuli with a continuous, irregular discharge of nerve 
impulses at a frequency roughly proportional to the magni-
tude of the stimulus, which persist as long as the stimulus 
is maintained, thus codifying its intensity and duration. 
Occasionally, the nerve impulse discharge overpasses the 
duration of the stimulus (post-discharge). All polymodal 
nociceptors respond to mechanical stimuli and to tempera-
tures over 39–40°C (Fig. 16.6A:ii,iii). About half of the poly-
modal fibers in the cat also develop a low-frequency response 
with corneal temperature reductions below 29°C.45,47,48 
Polymodal nociceptors are additionally excited by many 
chemical agents. Acidic solutions (pH < 6.5) (Fig. 16.6A:iv) 
or gas jets containing increasing concentrations of CO2 
(the carbonic acid formed at the corneal surface drops the 
local pH) evoke robust impulse discharges in corneal poly-
modal nociceptors.46–49 The sensitivity of polymodal noci-
ceptors to acidic stimulation with CO2 has been used for 
corneal esthesiometry. A large number of endogenous chem-
icals (inflammatory mediators) also activate polymodal 
nociceptors (see below). Expression of different membrane 
transduction molecules provides polymodal nociceptors 
with the ability to respond to stimuli of different quality. 
These include various members of the TRP ion channels 
superfamily: (a) TRPV1, gated by heat, protons, endogenous 
mediators and external chemical irritants; (b) TRPA1, that 

responds to a large number of volatile irritant chemicals; (c) 
TRPV2 and TRPV3, which are excited by high temperatures. 
Additionally, polymodal neurons express ASIC channels, 
which respond to acid and endogenous mediators, while 
various types of stretch-activated, mechanosensory channels 
mediate the mechanical responsiveness (Fig. 16.5C).

Mechano-nociceptors
Around 15–20 percent of the nerve fibers innervating the 
cornea respond only to mechanical forces of near-noxious 
intensity. Accordingly, they were classified as mechano- 
nociceptors. All the axons of this class of receptor are thinly 
myelinated (Aδ). The receptive fields are generally round and 
of medium size, covering about 10 percent of the corneal 
surface (Fig. 16.5). The force required to activate corneal 
mechano- and polymodal nociceptors (that is, their mechan-
ical threshold) is around 0.6 mN – about 10 times lower 
than the force required to activate the equivalent fibers  
in the skin. This is possibly due to the proximity of  
corneal nerve terminals to the surface and to the absence of 
a keratinized surface epithelium in the cornea. Mechano-
nociceptors fire only one or a few nerve impulses in response 
to brief or to sustained mechanical stimuli (Fig. 16.6A:i). 
Therefore, corneal mechano-nociceptors have a limited 
capacity to codify the intensity and duration of the stimulus 
and probably serve mainly to signal the presence of noxious 
mechanical stimuli (touching of the corneal surface, foreign 
bodies, etc.), presumably being responsible for the acute, 
sharp sensation of pain produced by sudden mechanical 
insults.

Cold thermal receptors
About 10–15 percent of corneal nerve fibers discharge spon-
taneously at the resting temperature of the corneal surface 
(around 33°C), and increase their firing rate when this tem-
perature is decreased while they are transiently silenced 
upon warming.47,50,51 Cold receptor fibers have small recep-
tive fields (around 1 mm diameter) located all over the corneal 
surface but more abundant in the peripheral areas (Fig. 
16.5). Corneal cold-sensitive thermal receptors increase their 
firing rate as soon as the temperature of the cornea drops, 
which occurs, for example, during evaporation of the corneal 
surface tear film, application of cold solutions or blowing of 
cold air on the cornea. In mammals, corneal cold receptor 
fibers are able to detect small falls in temperature (0.1°C or 
less) and encode the final temperature in its static impulse 
frequency.47 Small corneal temperature reductions are per-
ceived as a sensation of innocuous cooling48 with a variable 
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irritative component. It is possible that corneal cold thermal 
receptors contribute to ocular dryness sensations when 
excessive evaporation reduces corneal temperature. Cold 
sensitivity of TG ocular neurons depends critically on the 
expression of TRP8 ion channels. Corneal cold receptors of 
TRPM8 null mice remain silent and do not respond to 
cooling. Basal tearing flow in these animals is reduced to 
half, while the tearing response to ocular surface irritation, 

Figure 16.5 Functional characteristics of ocular sensory fibers. (A) The presence of ongoing activity at rest and impulse discharges in response to 
different stimuli are represented for each functional type of sensory receptor. (B) Diagram of the eyeball showing the distribution, size and location on the 
ocular surface, the ciliary body and the iris of the receptive field of mechanosensory, polymodal and cold sensory fibers innervating the eye. (C) Schematic 
representation of various modality-specific primary sensory neuron peripheral endings, and the putative membrane ion channels involved in the detection 
and transduction of the different stimuli. (A, B: Adapted from Belmonte et al 1997,2 2004a.44, C: Adapted from Belmonte & Viana, 2008.145)
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which is mediated by polymodal nociceptor stimulation, 
remains normal.52 This support the interpretation that this 
type of fiber is involved in signaling dryness of the ocular 
surface and contribute to regulate basal tearing flow.

“Silent” nociceptors
The existence in the cornea of nociceptor fibers that are 
insensitive to all types of stimulus when the tissue is intact 
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Figure 16.6 Response characteristics of corneal sensory fibers. (A) Effect of different types of stimuli on mechano- and polymodal nociceptors. (i) Transient 
(phasic) discharge evoked by a sustained mechanical indentation in a corneal mechano-nociceptor fiber. (ii) Response of a polymodal nociceptor fiber to 
mechanical indentations of increasing amplitude (80 and 150 µm). (iii) Activation of a polymodal nociceptor fiber by stepwise heating (from 35°C to 47°C) of 
the corneal surface. (iv) Response of a polymodal nociceptor fiber to application of a drop of 10 mM acetic acid (arrow) on the corneal receptive field. Upper 
traces depict nerve impulse recordings and lower traces the stimulus waveform. (B) Sensitization of corneal polymodal nociceptors. Frequency histograms of 
the impulse discharge evoked by two identical stepwise heating cycles of the corneal surface separated by a 3-min interval, showing the lowered threshold 
and enhanced impulse firing in response to the second heating cycle. (C) Receptor mechanisms underlying activation and sensitization of polymodal 
nociceptive afferents by inflammatory mediators released after tissue injury. In turn, neuropeptides released by activated nociceptors contribute to local 
inflammation (neurogenic inflammation). (A: From Belmonte & Gallar 2000;78 B: Adapted from Belmonte & Giraldez 198145, C: Adapted from Black et al. 2004.146)
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noxious ocular stimulation or to stimulation of the cornea 
and periocular skin.62 A modality-specific distribution of 
corneal neurons within the trigeminal complex has been 
proposed. Neurons of the interpolaris and caudalis subnu-
clei responded to all modalities of stimuli while those within 
the superficial laminae of the subnucleus caudalis and the 
cervical cord transition responded only to heat and chemical 
irritation, suggesting that the input to this region is restricted 
to TG polymodal nociceptor neurons.24,63

Second-order ocular neurons project to the thalamus and 
brainstem regions as the superior salivatory or facial motor 
nucleus – depending on their peripheral input.25–27 They 
participate in several trigeminal-evoked blink reflexes, like 
the corneal blink reflex, in which corneal afferent informa-
tion projects to orbicularis oculi motor neurons responsible 
for lid closing.64 Likewise, a population of neurons specifi-
cally inhibited by wetting and excited by drying of the ocular 
surface may be involved in reflex tearing and fluid homeo-
stasis of the ocular surface.27 We can speculate that these 
neurons receive at least part of their input from peripheral 
cold fibers innervating eye surface tissues.

Ocular neurons with large receptive fields have been iden-
tified in SII areas, where a systematic representation of the 
face including the eye, and the rest of the body has also been 
described.65,66 Cortical processing of ocular sensory informa-
tion is sustained by reciprocal interactions between cortical 
and thalamic areas, and also by a direct modulation of the 
pre-thalamic relays. So, processing of nociceptive input at 
the ocular neurons of the TBNC is modified by activation of 
descending pathways from the pontine parabrachial area 
and the nucleus raphe magnus mediated by GABA(A) 
receptors.24,67

4.  Inflammation and injury effects on 
ocular sensory neurons

4.1  Local inflammation
A key role of ocular sensory nerves is protection of the eye 
against injuring or potentially injuring forces acting on the 
eye. Accordingly, impulse firing in ocular nociceptors evoked 
by the direct action of such forces leads to immediate pain 
and aversive motor responses. As well as this immediate 
effect, tissue damage also produces a slower increase in the 
excitability of corneal, scleral, and uveal nociceptor endings. 
This phenomenon is called “sensitization” and is a general 
property of polymodal nociceptors in all superficial and 
deep tissues of the body, including the eye.68,69 It is mani-
fested by a long-lasting, irregular, low-frequency firing that 
reappears seconds after the impulse discharge directly caused 
by the stimulus has subsided, and persist for minutes in  
the absence of new stimulation.45 This ongoing discharge 
is accompanied by an enhanced responsiveness and a 
lowered threshold to new non-noxious and noxious stimuli 
(Fig. 16.6B).10,45,47

Sensitization of ocular nociceptor fibers explains the pres-
ence of spontaneous pain after injury or inflammation of  
the eye (due to the development of ongoing activity) and 
the “tenderness” of damaged tissues to non-noxious (allo-
dynia) and noxious stimuli (hyperalgesia). Sensitization  
of ocular nociceptors is the consequence of the action on 
nerve endings of a large variety of inflammatory mediators 

but become excitable to mechanical, chemical, or thermal 
stimuli after a local inflammation develops (“silent” noci-
ceptors)53 was suggested by McIver & Tanelian.54 Although 
experimental evidence for their presence in the cornea is 
indirect, silent nociceptors have been identified in many 
somatic tissues, particularly in humans – where they seem 
to play an important role in inflammatory pain. Therefore it 
is conceivable that they also exist in the cornea.

3.1.2  Sensory fibers of the sclera, iris,  
and ciliary body
Although the functional properties of sensory nerve fibers 
innervating the conjunctiva and the sclera have not been 
studied in great detail, the same main functional classes of 
sensory afferents as in the cornea, i.e. polymodal nocicep-
tors, mechano-nociceptors, and cold receptors, have been 
identified in the sclera,47,55,56 iris and ciliary body,10,56,57 and 
the bulbar conjunctiva45,58 (Fig. 16.5). Mechanosensitive and 
polymodal nociceptor fibers of the sclera, uvea, and cornea 
are readily activated by externally applied pressure but only 
transiently by sudden increases of intraocular pressure up to 
100 mmHg,56 which explains the absence of pain in most 
forms of glaucoma. However, combination of high intra-
ocular pressure with inflammation, as occurs in congestive 
glaucoma, possibly causes nociceptor sensitization and a 
more sustained nociceptive inflow from ocular polymodal 
noci ceptors to the brain, producing the intense pain charac-
teristic for this disease (see below). On the other hand, a 
small number of low threshold, myelinated mechano-
sensory nerve fibers responding to moderate changes of  
intra ocular pressure have been identified functionally.  
They may correspond to axons of the encapsulated nerve 
endings found in the chamber angle and scleral spur and 
may be associated with neural regulation of the intraocular 
pressure.59,60

Cold-sensitive nerve fibers with response properties 
similar to thermal receptors present in the cornea and con-
junctiva are also found in the iris and in the posterior sclera. 
Cold receptor endings in these locations are not exposed  
to environmental temperature changes but are close to  
blood vessels and may serve to detect choroidal and retinal 
blood flow changes, thus contributing to reflex blood flow 
regulation rather than to the production of conscious 
thermal sensations or tearing regulation.55

3.1.3  Ocular trigeminal ganglion neurons
The cell bodies of TG neurons innervating the eye are hetero-
geneous not only in their expression of different transducing 
channels and their conduction velocity but also in their 
passive and active membrane properties, thus presenting dif-
ferent impulse firing characteristics. When recorded intracel-
lularly, corneal mechanosensory neurons associated to thin 
myelinated fibers exhibit fast and short-lasting action poten-
tials, possibly due to the expression of tetrodotoxin-sensitive 
Na+ channels, while Aδ and C polymodal nociceptive neurons 
are rich in tetrodotoxin-resistant Na+ channels and present 
slower and longer action potentials. Finally, a small popula-
tion of neurons with a high excitability and very high input 
resistance has been identified as cold-sensitive neurons.61

3.2  Central pathways
Most ocular neurons found in the trigeminal subnucleus 
caudalis are mechanoreceptive neurons responding only to 
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and SP are found in most trigeminal neurons and their ter-
minals. When released by depolarized nociceptor endings, 
CGRP and SP contribute to the local inflammatory response 
inducing vasodilatation, plasma extravasation, and cytokine 
release, thus amplifying the inflammatory effect of the 
endogenous mediators. This “neurogenic inflammation” 
caused by sensory nerves affects both the injured and the 
non-injured areas innervated by branches of the affected 
nerves, which may explain the extension of inflammation to 
distant, intact tissues (conjunctiva, iris, ciliary body, etc.) 
following a limited corneal lesion.44

Second-order neurons responsive to stimulation of the 
ocular surface at the trigeminal subnucleus interpolaris/cau-
dalis transition and subnucleus caudalis/cervical cord junc-
tion also exhibit increased responses to chemical stimulation 
of the ocular surface days after development of an experi-
mental uveitis, reflecting an alteration of the properties of 
second-order neurons following sustained and recurrent 
peripheral inflammation.79 This “central sensitization” con-
tributes to the hyperalgesia shown by inflamed tissues.

4.2  Nerve injury
Several circumstances – such as ocular surgery, accidental 
trauma and certain ocular or systemic diseases – cause 
damage of ocular sensory nerves at different points in their 
trajectory. As previously noted, lesion of the peripheral 
axons of ocular neurons substantially changes the morphol-
ogy and functional properties of nerve fibers projecting to 
the eye, in particular to the cornea, where denervated areas 
are invaded by outgrowths of adjacent, non-injured nerve 
fibers and by sprouts of the injured axons, which are some-
times entrapped by scar tissue and form microneuromas.80 
Morphological alterations in peripheral axons are accompa-
nied by functional disturbances in the cell body of primary 
sensory neurons. Expression of transcription factors and 
neuropeptides and of genes that encode ion channel and 
receptor proteins is altered to a variable degree depending 
on the location and extension of nerve damage.81 In particu-
lar, Na and K channels are overexpressed.82,83 As a conse-
quence, during axonal regeneration nerve excitability of  
the neuroma endings formed by damaged neurons is  
disturbed, leading to ectopic discharges84 and abnormal 
responsiveness to natural stimuli.85 This impaired activity is 
the origin of peripheral neuropathic pain.82,86 Such func-
tional alterations have been reported in axotomized corneal 
neurons at different times after lesion. Polymodal nocicep-
tors87,88 and corneal cold-sensitive nerve terminals exhibit an 
increase in spontaneous and stimulus-evoked activity weeks 
after injury, presumably due to an enhanced expression of 
tetrodotoxin-resistant Na channels.89

5.  Trophic effects of ocular  
sensory nerves

As well as their role in signaling external or internal stimuli, 
ocular sensory nerves play an important role in the trophic 
maintenance of their innervated tissues. This effect is par-
ticularly prominent in the cornea.

Impairment of corneal sensory innervation causes a 
number of functional disturbances and development of epi-
thelial defects and recurrent ulcers (neurotrophic keratitis). 

(including H+ and K+ ions, adenosine and ATP, serotonin, 
histamine, platelet-activating factor, bradykinin, prostaglan-
dins, leukotrienes, thromboxanes, interleukins, tumor-
necrosis factor, NGF, among others) that are released locally 
by damaged cells and by resident and invasive cells of the 
immune system attracted to the injured area.70 These media-
tors act on a variety of membrane receptor proteins at the 
ocular nociceptor nerve endings. Several ion channels 
present in the membrane of polymodal nociceptor endings 
as TRPV1 and TRPA1 are activated by many of these inflam-
matory mediators, thus enhancing ion flow, which causes 
the increased membrane excitability, augmented impulse 
firing frequency and reduced threshold that characterize sen-
sitization of injured ocular nerve terminals (Fig. 16.6C).

These effects on membrane ion channel activity are 
exerted either directly or through different signaling path-
ways. Membrane receptors for prostaglandin E2, ATP,  
adenosine, and 5-HT ultimately activate the protein kinase 
A (PKA) signaling pathway, whereas receptors for other 
mediators such as bradykinin act on protein kinase C (PKC) 
to induce sensitization. Inflammatory mediators are also 
responsible for the local inflammatory reaction (vasodilata-
tion, plasma extravasation, and cell migration). Drugs 
known to interfere with the formation and/or release of 
inflammatory agents, such as the non-steroidal anti- 
inflammatory drugs (NSAIDs) that inhibit the production  
of prostaglandins, not only decrease local inflammation  
but also reduce sensitization of ocular nociceptors.71,72 
This explains the analgesic effect exerted by these drugs on 
post-surgical ocular pain.73,74

Sensitization of corneal nociceptors develops within 
minutes of acute corneal injury and normally persists as long 
as the inflammation remains. During long-lasting inflamma-
tory processes, as in chronic dry eye, more permanent 
changes take place in the cell bodies and peripheral  
terminals of nociceptor neurons, including a modified 
expression of membrane receptors and ion channels present 
in both structures, possibly induced by growth factors, in 
particular NGF (Box 16.2).75,76

In addition to signaling damage, ocular nerves also con-
tribute to the local vascular and cellular response to injury. 
Nerve impulses evoked by noxious stimuli in nociceptors 
not only travel centripetally through the axon to the central 
nervous system but also antidromically invade the non- 
stimulated peripheral branches of the axon51,77 (see Fig. 
16.4D). This evokes the release of several neuropeptides 
contained in its peripheral endings.44,78 Neuropeptides CGRP 

Box 16.2  Ocular nociceptive nerve fibers

Sensitization of nociceptive nerve fibers innervating the eye is 
the basis of persistent pain developed after ocular injury or 
inflammation. It also accounts for the development of allodynia 
(pain sensations evoked by non-noxious stimuli) and primary 
hyperalgesia (enhanced pain evoked by noxious stimulation) in 
the inflamed eye. It explains for instance the development of 
sustained pain after the iris has been touched accidentally during 
ocular surgery or after argon laser pulse application to the 
posterior uvea, and is possibly also the reason for the intense 
sustained ocular pain experienced in congestive glaucoma, in 
which uveal inflammation developed during congestion probably 
induces sensitization of nociceptors, increasing their excitability.
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Corneas with reduced sensitivity resulting from ocular or 
systemic conditions affecting its nerves (Table 16.1) show 
altered healing capabilities,4,90–94 increased epithelial perme-
ability,95 punctate staining following instillation of fluores-
cein or Rose–Bengal, poor healing of corneal ulcers and 
reduced transparency. Epithelial micro-defects present in 
patients with decreased corneal sensitivity expressive of an 
altered innervation may be seen in the cornea or the con-
junctiva, usually in the areas not covered by the lids and 
therefore continuously exposed to environmental changes.

As mentioned above, corneal sensory nerves release neu-
ropeptides, in particular SP and CGRP, that either alone or 

Adapted from Belmonte & Tervo 2006.122

Enhanced sensitivity or irritation sensations

Diseases of the ocular surface • Dry eye with conjunctival or corneal epithelial lesions (sensitivity to air conditioning, contact lenses, cigarette 
smoke, etc.) or unstable tear fluid (lid function, pinguecula, stitches)

• Recurrent erosion or map-dot-fingerprint corneal dystrophy, exposure to toxic chemicals

Acute or chronic inflammation 
of the ocular surface

• Inflammatory dry eye in Sjögren’s syndrome, rheumatoid arthritis, graft-versus-host disease
• Conjunctivalization of the cornea, pterygium
• Post-refractive surgery pain (occasionally)
• Acute Acanthamoeba infection
• Corneal ulcers and inflammations (acute stage)

Table 16.1 Causes of reduced or enhanced corneal sensitivity

Reduced sensitivity

Genetic diseases • Familial corneal hypoesthesia
• Congenital corneal anesthesia (CCA)
• CCA associated with trigeminal hypoesthesia and neurological disorders (Moebius syndrome; hereditary 

sensory and autonomic neuropathies type III – Riley-Day syndrome, IV, or V – congenital insensitivity to pain, 
cerebellar ataxia, etc.)

• CCA associated with somatic disorders (Goldenhar–Gorlin syndrome or oculo-auriculo-vertebral dysplasia, 
ectodermal dysplasia, etc.)

• CCA associated with multiple endocrine neoplasia 2b (prominent corneal nerves)
• CCA associated with other genetic ocular alterations (corneal dystrophies, epithelial basement dystrophy, 

microsomia, etc.)

Other systemic diseases • Diabetes
• CNS disturbances (infarctions, tumors, and other space-occupying lesions)
• Leprosy
• Neurosarcoidosis
• Orbital tumors and inflammations (occasionally)

Eye surgery • Long cataract incisions
• Refractive surgery
• Keratoplasty
• Retinal surgery (especially circular buckling operations)
• Extensive cyclophotocoagulation
• Orbital surgery damaging sensory pathways to the eye
• Lid speculum damage (occasionally)

Infections • Ocular zoster
• Other herpetic infections
• Large bacterial ulcers
• Acanthamoeba keratitis (initially hypersensitive)

Drugs • Topical anesthetics (abuse)
• Topical beta-blockers
• Topical non-steroidal anti-inflammatory drugs (NSAIDs)
• Cocaine abuse

Other conditions • Chemical or thermal corneal burns
• Ocular surface disease/dry eye in some cases
• Contact lens wear
• Neurosurgical procedures (acoustic neuroma, trigeminal neuralgia, etc.)
• Aging

in combination with other growth factors present in the 
cornea (e.g. insulin-like growth factor, epidermal growth 
factor, NGF, etc.) appear to be important agents in maintain-
ing corneal epithelial integrity and promoting wound 
healing in the normal cornea.91,96–100 On the other hand, 
ocular tissues produce several growth factors necessary for 
the development, remodeling, and regeneration of corneal 
nerves. Tissue-derived growth factors, such as glial cell line-
derived neurotrophic factors (GDNF), brain-derived neuro-
trophic factor (BDNF), opioid growth factor (OGF), ciliary 
neurotrophic factor (CNTF), pigment epithelium-derived 
factor (PEDF), and neurotrophins such as nerve growth 
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Box 16.3  Symbiosis between ocular tissues and 
sensory neurons

Ocular tissues and their sensory nerves maintain a symbiotic, 
dynamic interdependence. Sensory neurons innervating the eye 
exert a well-known trophic effect on target ocular structures. 
Long-standing clinical observations show that accidental or 
surgical lesion of the trigeminal nerve leads to the appearance of 
severe lesions in the cornea (keratitis neuroparalytica). 
Conversely, ocular tissues strongly contribute to the 
development, remodeling, and survival of their sensory and 
autonomic innervations.

6.2.  Psychophysics of corneal and 
conjunctival sensations
Classical psychophysical studies applying crude mechanical 
and thermal stimulation to the cornea concluded that pain 
is the only sensory modality that can be evoked from this 
tissue, although some authors proposed that specific sensa-
tions of touch, heat, cold, and pain were evoked when more 
selective corneal stimulation was used.111–115 During the past 
decade, application of controlled stimuli of different types 
to the cornea with the Belmonte esthesiometer evidenced 
that mechanical, acidic, and thermal stimulation each 
evoked sensations of different quality, allowing the subject 
to identify the mode of stimulus applied.48 Moreover, elec-
trophysiological recordings of impulse activity in nerve fibers 
of the cornea and conjunctiva of the cat stimulated with the 
Belmonte esthesiometer showed that different types of 
stimuli evoked variable degrees of response from the differ-
ent functional types of sensory receptors. Therefore, the dis-
tinct quality of the conscious sensations evoked by stimulus 
of the cornea or conjunctiva appears to be primarily deter-
mined by variable recruitment of the mechano-nociceptors, 
polymodal nociceptors, and cold receptors innervating these 
structures.48 Sensations produced in healthy human subjects 
by corneal stimulation with mechanical forces, heat, or acid 
in all cases include a component of irritation, possibly 
because polymodal nociceptors were always evoked by these 
stimuli.48,116 In contrast, application of moderate cold stimuli 
evoked almost exclusively a non-noxious cooling sensation 
that became irritating only when more pronounced tem-
perature reductions were applied (Fig. 16.7).48,114,116 In the 
conjunctiva, sensitivity is comparatively lower than in the 
cornea; also, low-intensity mechanical stimuli are felt as 
non-irritating.41,116–118

6.3  Sensitivity of the injured cornea
In a number of pathological conditions affecting the ocular 
surface (Table 16.1) or after surgical procedures for retinal 
detachment, cataract removal and glaucoma, and particu-
larly following corneal surgery (radial keratotomy, PRK, 
LASIK, keratoplasty, etc.), sensory nerves directed to the 
cornea become damaged at a level determined by the loca-
tion and extent of wounding. Injured corneal nerves start to 
regenerate soon after injury, possibly stimulated by an 
enhanced local production of NGF, but successful recovery is 
only partially attained and corneal nerves remain disorgan-
ized and significantly reduced in number for months and 
even years after surgery (Fig. 16.8).90 In parallel with mor-
phological disturbances, severed nerves in healing corneas 
experience functional alterations evidenced by an altered 
threshold and an abnormal responsiveness to mechanical 
and chemical stimuli applied to the wounded area (Box 16.4).89

As a result of a nerve lesion during ocular surgery, corneal 
sensitivity to mechanical stimulation is altered, with a 
remarkable increase in threshold of the denervated areas that 
takes months to recover and may never return to normal 
values.119–122 Transplanted corneas or implanted lenticules in 
epikeratophakia remain totally anesthetic for years, or recover 
at best a very limited mechanical sensitivity usually restricted 
to the periphery of the implant. After LASIK surgery, corneal 
sensitivity to mechanical and chemical stimulation measured 

factor (NGF), neurotrophin-3 and -4 (NT-3, NT-4), have 
been found in the cornea and possibly participate in the 
maintenance of corneal innervation (Box 16.3).4,91,101–103

6.  Sensations arising from the eye

6.1  Techniques for testing ocular  
surface sensitivity
Traditionally, clinical exploration of corneal or conjunctival 
sensitivity to mechanical stimulation has been performed by 
gentle touching of the ocular surface with a wisp of cotton, 
asking the subject about the sensation experienced or  
observing the evoked blink reflex. A more quantitative 
approach was obtained using modified von Frey filaments 
which are employed to explore cutaneous mechanosensitiv-
ity. These are nylon threads of fixed diameter and variable 
length, whose tip is pressed against the skin until they start 
to bend. At this moment, the force per surface unit exerted 
by the filament is constant and proportional to its length. 
The Cochet–Bonnet esthesiometer, composed of a filament 
of adjustable length,104 is the best-known instrument based 
on this principle and has been widely used to explore 
mechanical sensitivity of the cornea in normal and patho-
logical conditions.

To prevent the risk of tissue injury associated with contact 
esthesiometry, particularly in hypoesthesic corneas, non-
contact esthesiometers that use an air jet to apply controlled 
mechanical forces on the cornea have been developed.105,106 
The Belmonte esthesiometer107 is a non-contact gas esthesi-
ometer that allows evaluation of the mechanical, and also 
thermal and chemical, sensitivity of the eye surface. It uses 
a gas jet of adjustable flow to apply a controlled pressure 
(over or below mechanical sensitivity threshold) on any 
point of the ocular surface. The temperature of the air jet can 
be adjusted, thus allowing cold or hot thermal stimulation. 
Finally, when air in the gas jet is mixed with CO2 at variable 
concentrations, CO2 combines with water at the ocular 
surface and forms carbonic acid, thus decreasing local pH 
proportionally to the CO2 concentration and causing a 
chemical stimulation.40,107 Gas esthesiometry has been used 
in recent years to define normal values of corneal and con-
junctival mechanical, thermal, and chemical sensitivity in 
relation to age, sex, pregnancy, iris color, and use of contact 
lenses, and also to assess sensitivity changes associated with 
surgery, ocular surface pathologies such as herpes virus  
infections, dry eye, keratitis, iritis, uveitis and glaucoma, or 
systemic diseases like fibromyalgia or diabetes.40,41,108–110
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reduction of tear production, stability and clearance rate 
reported after photorefractive surgery.123,124 Alternatively, 
abnormal firing originating from injured corneal nerve fibers 
may be read erroneously as ocular dryness by the brain, 
similar to the ectopic activity in the sensory nerve stump of 
amputated body extremities that is interpreted as aberrant 
sensations from the lost limb (“phantom limb”) (Fig. 16.9).125

with the Belmonte esthesiometer is markedly impaired and 
normal sensitivity is recovered only 2 years later.121 In addi-
tion to the reduced sensitivity (hypoesthesia), spontaneous 
pain sensations and abnormal sensations (dysesthesias), in 
particular dryness, appear in a significant number of patients. 
It has been proposed that these are the result of the activa-
tion of non-injured corneal nerve endings by the modest 

Figure 16.7 Sensations evoked by selective stimulation 
of the cornea and conjunctiva. (A) Subjective score 
given to the intensity and the irritation components of 
the sensation evoked by selective mechanical, chemical, 
and thermal stimuli on the cornea (triangles) and the 
conjunctiva (circles) with the Belmonte esthesiometer. 
Sensation parameters are expressed in arbitrary units 
marked on a visual analog scale (VAS) ranging from 0 
(no sensation) to 10 (maximal value of the parameter). 
For thermal stimulation, VAS scores for the cooling 
component of the sensation have also been 
represented. (B) Thermographic images recorded during 
application of a gas pulse at neutral temperature for 
selective mechanical stimulation (left) and at 29°C (right) 
for cold stimulation of the cornea. (A: From Acosta et al 

2001b;116 Reproduced from Association for Research in Vision 

and Ophthalmology. B: From Acosta, MC 1999, Ph.D. 

Dissertation, Universidad Miguel Hernández de Elche, Spain.)
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Figure 16.8 Disturbances of corneal innervation 
following refractive surgery. (A), (B) In-vivo 
confocal microscopy images of human corneal 
nerves. (A) Sub-basal leashes in an intact cornea 
(B). Appearance of a sub-basal nerve fiber (arrow) 
3 years after PRK, to illustrate incomplete nerve 
recovery and the persistence of haze signs 
(arrowhead). (C) Regenerating stromal nerve 
fibers in the rabbit cornea after PRK. 
Acethycholinesterase-stained corneal nerves 1 
month after surgery, showing abundant 
regenerating leashes, sometimes with “growth 
cone-like” endings (arrowheads). (A: Adapted from 

Müller et al 2003;4 B: From Tervo & Moilanen, 2003.90)
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Table 16.2 Complete ocular examination in ocular pain

• Visual acuity (best-corrected)
• Slit lamp examination (conjunctiva, episclera, sclera and cornea: dry 

eye, punctuate keratitis, abrasions, etc.; anterior chamber and iris)
• Assessment of dry eye (Schirmer test, lissamine green, osmolality, tear 

film evaluation)
• Pupil analysis (size, reactivity, reflexes)
• External exam of the lids (erythema, ptosis, lag, retraction, etc.), 

periorbital skin (rashes, sores, etc.) and lacrimal glands, including 
palpation (focal tenderness, presence of masses, etc.), checking of 
preauricular lymphatic ganglia, and transillumination of maxillar and 
frontal sinuses

• Ocular asymmetries
• Relative position of the lids, cornea, and pupil
• Exophthalmometry (proptosis, enophthalmos)
• Ocular motility examination
• Functional examination of trigeminal system, including face (response 

to periorbital cutaneous pinprick) and corneal sensitivity 
(esthesiometry)

• Intraocular pressure measurement
• Ophthalmoscopy examination
• In-vivo confocal microscopy

Box 16.4  Alternations of ocular sensitivity

Until recently, most alterations of ocular sensitivity were 
associated with ocular inflammatory processes (that cause 
hypersensitivity, sustained pain, itching, etc.) or were the 
consequence of surgical procedures directed to preserve or 
recover vision (such as keratoplasty, cataract removal, vitreo-
retinal surgery, etc., usually producing ocular hypoesthesia). 
Nowadays, reduced sensitivity and in particular dysesthesias 
(abnormal sensations) are increasingly associated with lifestyle 
(pollution, air conditioning, etc.) and the growing number of 
ocular interventions, in particular corneal refractive surgery.

7.  Ocular pain

Several ocular and neurological conditions produce pain in 
or around the eye.126 Based upon the source, ocular pain can 
be classified as: superficial pain, deep ocular or orbital pain, 
and pain sensed in the eye but originated at processes in 
other tissues (referred pain). Ocular pain is due to conditions 
of diverse etiology and is often an extension of head and face 
pain, although complete ocular examination (Table 16.2) 
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Figure 16.9 Corneal sensation and tear secretion before and after photorefractive surgery. Schematic representation of the mechanisms involved in ocular 
sensation and lacrimal secretion. (A) Basal tearing is maintained by low-frequency impulse activity of corneal sensory nerves. This activates efferent 
parasympathetic, and perhaps also sympathetic, pathways in the central nervous system stimulating basal tear secretion. However, basal sensory activity is 
too low to produce conscious sensations of ocular dryness. (B) When corneal nerves are surgically injured, severed axons generate ectopic impulse 
discharges that reach the brain and evoke abnormal dryness sensations despite the normal tear production. (Adapted from Belmonte 2007.125)
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practice (see below). As mentioned above, these abnormal 
sensations may result from an aberrant spontaneous and 
stimulus-evoked nerve impulse firing of the damaged corneal 
nerves during their regeneration, evoking a perceptual dis-
turbance known as “phantom cornea” (Fig. 16.9).125

7.2  Deep ocular pain
Deep ocular pain arises from structures inside the eye globe, 
generally as a consequence of inflammation of uveal struc-
tures, such as iritis/uveitis, which is typically associated not 
only with pain but also with photophobia. Pain after inflam-
mation of the uveal tract is attributable to enhanced activity 
in the abundant polymodal nociceptor fibers innervating 
these structures. The mechanism for the additional discom-
fort evoked by light exposure is uncertain but reflex contrac-
tion of ciliary and/or iris muscles triggered by light or 
accommodation may become painful if nociceptor sensory 
nerve endings in these structures were also sensitized. Con-
sequently, besides anti-inflammatory and analgesic treat-
ment, cycloplegic drugs and dark glasses are recommended 
for these patients.

Although the retina lacks sensory nerves, retinitis and 
endophthalmitis are usually painful, probably because of 
the parallel involvement of uveal tract inflammation. 
Intraocular tumors are normally painless, unless the tumor 
causes necrosis.125,132 Unlike chronic forms of glaucoma, 
acute congestive glaucoma, producing a sharp elevation of 
the intraocular pressure, is usually very painful, thus provok-
ing a vegetative reaction that includes a decrease in blood 
pressure, headache, nausea, and vomiting.

There are many inflammatory processes and infections in 
the orbit that elicit pain. Most non-infectious (sterile) orbital 
inflammations imply accumulation of leukocytes within the 
orbital structures, with local release of inflammatory media-
tors and cytokines that are the likely cause of the signs of 
inflammation, including pain and edema.122 Some of the 
symptoms of these orbital inflammatory processes are 
related not only to the action of inflammatory mediators on 
sensory nerve endings but also to the pressure exerted by the 
inflammatory mass within the orbit and to vascular, neural 
or extraocular muscle involvement. Orbital tumors are 
usually painless unless they become infiltrated by blood 
vessels or cause orbital hemorrhage. Also, lachrymal gland 
tumors are often painful. Inflammations of the optic nerve 
(optic nerve neuritis) are associated with decreased vision, 
orbital and ocular tenderness and pain provoked by eye 
movements, probably due to the involvement of adjacent 
orbital structures. Eye movement-evoked pain can also be 
observed after fractures of the orbital floor or in the presence 
of a foreign body (e.g. after scleral buckling operations per-
formed for retinal detachment).

Refractive errors resulting in eye strain or over- 
accommodation may cause ocular and eye-referred pain  
of variable intensity. Anisometropia may not only produce 
ocular discomfort and “tired eyes” but also aggravate  
headache and evoke migraine symptoms. Pronounced  
astigmatism and uncorrected presbyopia, which may go in 
parallel with dry eye in middle age, often causes ocular dis-
comfort. As mentioned above, muscles responsible for 
accommodation contain sensory terminals that may become 
sensitized during continuous, ineffective accommodation, 

should always be performed to define or exclude the real 
ocular origin of the eye pain experienced by the patient.122

7.1  Superficial ocular pain
Superficial pain, i.e. pain originated at the ocular surface, is 
a complex sensation usually caused by infectious or inflam-
matory conditions such as corneal ulcers and conjunctivitis, 
and also to systemic diseases affecting connective tissue, 
such as rheumatoid arthritis, systemic lupus erythematosus 
(LED), Sjögren’s syndrome, or sarcoidosis, and some heavy 
metal intoxications.127,128 Superficial ocular pain is often felt 
as foreign body sensation, and presents a prominent itching 
component in allergic inflammation and chronic blephari-
tis. This pain results presumably from the direct effect of 
local inflammation on peripheral endings in episclera or 
sclera (episcleritis or scleritis, respectively) causing an ipsi-
lateral intense pain that can be triggered by pressing the area 
involved. Very intense pain is experienced during bacterial 
infections producing corneal ulcers (Acanthamoeba kerati-
tis), in which corneal nerves are thickened probably due to 
inflammation, as well as 12–24 hours after photorefractive 
keratectomy (PRK).90 As corneal nerve endings become 
easily stimulated at the areas not covered by an intact epi-
thelium, the intense pain present in these conditions dimin-
ishes or stops when the epithelial defect is healed or covered 
with a therapeutic contact lens. Nevertheless, during some 
corneal stromal inflammations, such as stromal herpes virus 
keratitis, the eye may remain painful even in the presence of 
an intact epithelium, probably due to the abnormal activity 
in corneal sensory neurons affected by the virus infection 
(Box 16.5).

The section of a part of the ocular sensory nerves during 
orbital or ocular surgery causes hypoesthesia but spontane-
ous acute and chronic pain sensations may also appear. This 
problem has become more prominent in recent years with 
the extended use of surgical procedures on the cornea for 
correction of refractive errors (radial keratotomy, PRK, 
LASIK). In PRK, pain usually begins 15–60 min after surgery 
(when the local anesthetic drops have lost their effect) and 
becomes maximal within 3–6 hours. It is relieved after the 
first night but may persist as a moderate or low discomfort 
sensation for at least one week.129 Such acute pain is presum-
ably due to sensitization of nerves innervating the injured 
tissue. Pain of lower intensity may also be present for 1–3 
days following LASIK.130 It is worth noting that long-lasting 
symptoms after LASIK or PRK, including sharp pain, eye 
soreness, or dryness sensations, are found in 10–40 percent 
of these patients.130,131 This is significantly more common, 
severe and prolonged after PRK. However, anti-inflammatory 
medication with NSAIDs, steroids, and cyclosporine nor-
mally reduces these symptoms significantly in clinical  

Box 16.5  Dry eye

The most common reason for superficial eye discomfort is 
possibly “dry eye” also termed “ocular surface disease”. This is a 
common multietiological condition in which impaired tear 
production or/and altered tear film stability compromise the 
ocular surface, producing dot-like micro lesions in conjunctival 
and corneal epithelia, suggestive of neurotrophic defects.



382

SECTION 5 Protection of the eye   Chapter 16  Sensory Innervation of the Eye

giving rise to pain sensations. The phantom eye syndrome 
develops after eye enucleation in about 26 percent of 
patients,133 and is characterized by chronic pain referred to 
the eye as well as non-painful visual sensations (photopsia). 
Neuropathic pain may also result from lesion of intraocular 
sensory nerves due to compression after retinal surgery.

7.3  Pain referred to the eye
As noted above, pain referred to the eye and periorbital 
region is often attributable to a systemic condition. Eye-
referred pain is often due to a pathological process of the 
trigeminal ganglion and nerves innervating the orbit and 
adjacent tissues that leads to an abnormal activation of 
second- and higher-order ocular neurons caused by neural 
input from other structures. Augmented nociceptive input 
from the damaged structures elsewhere may induce sprout-
ing of trigeminal sensory projections to ocular neurons, 
inducing central sensitization and giving rise to pain referred 
to the eye. Sharp, short-lasting, severe, unilateral, repeated 
painful sensations referred to the eye are typical of trigemi-
nal neuralgia, related to a general, abnormal activation of 
trigeminal pathways. Referred pain can also be observed in 
a variety of conditions such as orbital surgery, cluster head-
ache,134 or SUNCT syndrome.135 Migraine hemicrania con-
tinua and tension headache also lead to facial and ocular 
pain.136 On the other hand, certain forms of headache may 
be due to eye disease.137

8.  Drugs acting on ocular  
sensory nerves

Drugs affecting ocular sensory nerve activity are widely used 
in ophthalmology – in part for their therapeutic effects but 
mainly because common ophthalmological explorations as 
tonometry or gonioscopy, and manipulations such as foreign 
body extraction, paracentesis, and most surgical ophthalmo-
logical operations such as cataract and vitreo-retinal surgery 
are performed under local, regional anesthesia. General 
anesthesia is only rarely used in elective surgery.

Topical anesthetics
Nearly all local anesthetics are highly lipid-soluble amine 
compounds that cross cell membranes and nerve sheaths 
and block propagated action potentials by blocking Na 
channels.138 Instillation into the eye of a drop of a topical 
anesthetic solution (e.g. proparacaine, bupivacaine, oxybu-
procaine, amethocaine, lidocaine) anesthetizes the cornea in 
about one minute due to blockade of nerve impulse propa-
gation in corneal and conjunctival sensory nerve fibers. 
Thus, pain and thermal sensations arising from these struc-
tures are immediately suppressed, although some sensitivity 
may remain in subconjunctival structures and lids. Topical 
anesthetics are also used for ophthalmological explorations, 
including differentiation between superficial and deep ocular 
pain and ocular surgery (see below). Nevertheless, repeated 
application of local anesthetics for the management of 
ocular surface discomfort and pain is contraindicated 
because prolonged administration of topical anesthetics 
leads to development of corneal epithelial defects, serious 
corneal healing problems, and eventually corneal melting.139

Anti-inflammatory drugs
Both steroidal (e.g. fluorometholone, dexamethasone,  
prednisolone) and non-steroidal anti-inflammatory drugs 
(NSAIDs),140 and cyclosporine A or tacrolimus,141,142 are used 
as topical or systemic drugs to prevent or treat ocular dis-
comfort and pain associated with inflammatory processes. 
NSAIDs are potent inhibitors of the two cyclo-oxygenases 
(COX-1, constitutive and COX-2, inducible) that form active 
prostaglandins and thromboxane from arachidonic acid 
released by damaged cell membranes. NSAIDs include dif-
ferent compounds with variable potency and speed of elimi-
nation, including for example diclofenac, flurbiprofen, 
ketorolac, nepafenac, indometacin, or acetyl salicylic acid. 
When applied topically to the cornea, some of the NSAIDs 
reduce pain not only through inhibition of the formation of 
prostaglandins and of their sensitizing effects on nociceptors 
but also through a direct action on membrane excitability of 
polymodal nociceptor endings.71,72 This direct analgesic 
action explains the usefulness of NSAIDs in treating not  
only ocular and orbital inflammatory processes, but pain 
associated with hyphema and post-surgical pain. Topical 
cyclosporine A is mainly used in the USA and has been 
reported to diminish inflammation and discomfort related 
to various dry eye syndromes.141

Cycloplegic agents
As indicated above, prevention of movement in the dilator 
and sphincter muscles of the iris, and in the ciliary muscle, 
using cycloplegic drugs (e.g. atropine, cyclopentolate, homa-
tropine, tropicamide) often relieves pain associated with 
inflammatory conditions such as uveitis, and has become a 
standard therapeutic procedure. Furthermore, the iris usually 
becomes constricted during ocular inflammation and surgery 
due to local release of prostaglandins, which facilitates the 
formation of adhesions with the lens. Cycloplegic drugs also 
help to prevent this complication.

Analgesics
Analgesic drugs acting on the central nervous system such as 
non-acidic antipyretic analgesics (paracetamol) and weak 
(codeine) or strong (morphine) opioids are occasionally 
used to treat ocular pain. Pain of neuropathic origin such as 
phantom eye, post-refractive surgery eye pain, or posther-
petic neuralgia and pain caused by acute congestive glau-
coma often requires strong, systemic pain medication not 
only to abolish the acute pain sensations but also to prevent 
pain-related systemic symptoms such as nausea, vomiting, 
or even cardiac arrhythmia and shock. Drugs known generi-
cally as antidepressant analgesics, such as amitriptyline, 
butriptyline and some anticonvulsants such as carbamazepine 
or gabapentin, that antagonize neural transmission in the 
central nervous system and block neuronal Na channels, are 
being used to treat neuropathic pain.143

Prevention of surgical pain
General anesthesia is seldom used today in eye surgery, 
although it is still occasionally needed in severe trauma,  
invasive tumor surgery, poor patient cooperation, or exten-
sive plastic surgery.144 When corneal pain must be prevented 
but blockade of the extraocular muscles (akinesia) is not 
needed, topical anesthetics applied either as drops or gels 
are sufficient when a small corneal incision is performed, 
e.g. in cataract removal through a corneal tunnel using 
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phacoemulsification. Surgery directed towards deeper ocular 
structures may require subtenon, periocular, or retrobulbar 
injection of the anesthetic drugs, performed alone or in 
combination with topical anesthesia.144 For long-duration 
surgical procedures, compounds with a long-lasting effect 
such as bupivacaine are combined with compounds of 
shorter duration but faster onset such as lidocaine. Post-
operative pain is prevented or treated with NSAIDs, alone or 
combined with codeine or oxycodone, in the latter case fol-
lowing posterior segment surgery.
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Outward-Directed Transport
Pradeep K. Karla, Sai H.S. Boddu, Chanukya R. Dasari & Ashim K. Mitra

Introduction
In ocular therapeutics, the current literature describes drug 
delivery limitations posed by outward directed transport 
mechanisms of the eye. Drug delivery to ocular tissues is 
restricted by various factors such as limited tissue penetra-
tion, rapid clearance rate, and dose-limiting toxicity. Though 
diffusion plays a role, efflux transport proteins constitute a 
major driving force behind selective removal of therapeutic 
agents from ocular tissues. Therapeutic agents must pene-
trate the globe through the anterior or posterior route, 
depending on the mode of administration. The cornea forms 
a major barrier for anterior segment drug delivery. Presence 
of epithelial tight junctions, along with a wide array of efflux 
transporters causes poor permeation of drugs across the 
cornea. Apart from these, the drug molecules should possess 
optimum physicochemical properties to penetrate the dif-
ferent corneal layers.1,2 The blood–retinal barrier (BRB) 
forms a major barrier to posterior segment ocular drug  
delivery. The BRB is composed of retinal vascular endothe-
lium and retinal-pigmented epithelium and is categorized  
as inner BRB and outer BRB.3,4 Inner BRB is composed 
of a monolayer of endothelial cells, which are non- 
fenestrated, and outer BRB is composed of retinal-pigmented 
epithelial cells.4,5

Multi-drug resistance mediated by the efflux transporter 
(pump) is a widely explored field in the area of cancer 
research. Efflux pumps belong to the ATP binding cassette 
(ABC) transporter family.6 Family members such as P-
glycoprotein (P-gp), multidrug resistance associated protein 
(MRP), breast cancer resistance protein (BCRP) and lung 
resistance protein (LRP) are known to play a vital role in 
imparting drug resistance to cancer cells. Efflux transporters 
are known to be protective in preventing the entry of toxic 
substances into cells which results in outward directed trans-
port of toxins.6

The presence of efflux transporters on various physiologi-
cal barriers protecting the eye was only recently discovered. 
Their existence in various ocular tissues such as cornea, 
retina, and conjunctiva has been established at molecular 
and functional level by various researchers. To a large extent 
the role of these efflux transporters in ocular drug resistance 
remains to be explored.

Various drug delivery strategies are employed to bypass 
the efflux transporters. The prodrug strategy, which involves 

linking of the active drug molecule to a promoiety, is known 
to reduce or eliminate the substrate specificity of drugs  
to the efflux transporters. Our recent findings revealed  
that amino acid and peptide prodrugs of quinidine, val-
quinidine and val-val-quinidine were able to bypass the 
MRP class efflux transporters on the corneal epithelial cells.7 
Earlier it was shown that val-quinidine and val-val-quinidine 
can effectively bypass P-gp mediated efflux on the cornea.8 
This chapter comprises a discussion on the presence of efflux 
transporters in various ocular tissues and their possible role 
in outward directed transport. Various strategies employed 
to modulate or bypass efflux transporters are presented.

Efflux transporters – brief history

Though outward directed transport mediated by efflux trans-
porters is a new field in the area of ocular drug delivery 
research, it has been widely explored in the area of cancer 
therapeutics. The role of ABC transporters in treatment 
failure has been attributed to overexpression of efflux 
transporters.9

First evidence of outward directed transport resulting in 
drug resistance was recognized in 1973.10 Ehrlich astrocytes 
accumulated lower amounts of daunorubicin intracellularly 
primarily due to outward transport.10 Later a higher-
molecular-weight glycoprotein (P-gp) was identified in 
multidrug-resistant cells.11 It took a considerable amount of 
time and effort to confirm the hypothesis that a protein 
binds to the therapeutic agents or toxins intracellularly and 
transports them out of the cells utilizing energy from ATP 
hydrolysis. P-gp was confirmed as a primary drug efflux 
transporter leading to drug resistance.12 This protein was 
later found to be a major efflux pump involved in resistance 
to various cancer drugs including paclitaxel and doxoru-
bicin. P-gp is also demonstrated as ATP-binding cassette sub-
family B member 1 (ABCB1), MDR1 and PGY1. It is also 
designated as cluster of differentiation 243 (CD243). It is a 
~170 kDa transmembrane glycoprotein with 10–15 kDa  
of N-terminal glycosylation.13 P-gp has wide substrate 
specificity and is involved in the transport of lipids,  
steroids, bilirubin, xenobiotics, steroids, cardiac glycosides 
(digoxin), glucocorticoids (dexamethasone), HIV drugs 
(non-nucleoside reverse transcriptase inhibitors and pro-
tease inhibitors) and immunosuppressive agents.14 Apart 
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from being overexpressed in cancerous tissues, P-gp is 
expressed on various tissues including capillary endothelial 
cells of the blood–brain barrier (BBB), liver, intestine and 
renal proximal tubules.13,15

Another drug efflux transporter resulting in outward 
directed transport is multidrug resistance associated protein 
(MRP). It was identified in 1992 in a human lung cancer cell 
line (H69AR) demonstrating multidrug resistance. The cell 
line did not express P-gp despite conferring significant resist-
ance to the absorption of doxorubicin. Later, the efflux trans-
porter responsible for outward directed transport was found 
to be MRP.16

Apart from MRP and P-gp, various other human ATP 
binding cassette (ABC) transporters have been identified. A 
new efflux protein which is currently known as breast cancer 
resistance protein (BCRP) has been identified at protein level 
and cloned by three research groups.17 It is also known as 
the mitoxantrone-resistance protein (MXR) or placenta- 
specific ABC protein (ABCP). This protein is an ~70 kDa  
efflux transporter belonging to the ABC family and proved 
to play a significant role in drug resistance.18–20

Another new efflux transporter belonging to the ATP 
binding cassette family is lung resistance protein (LRP).21 It is 
also known as major vault protein (MVP) and can cause 
multidrug resistance. LRP was initially identified in P-gp 
negative MDR lung cancer cells20,22 and is composed of 
complex ribonucleoprotein particles.23,24 Vaults are present 
mainly in the cytoplasm and partially in the nuclear mem-
brane. These structures are assumed to cause nucleocytoplas-
mic and intracellular transport.25 The presence of LRP in 
cancer cells was found to result in resistance development to 
cisplatin, doxorubicin, carboplatin and melphalan.25,26 Other 
than the eye it is present in various tissues such as colon, 
lung, macrophages, adrenal cortex and renal proximal 
tubules.27 However, contradictory reports have appeared in 
the literature questioning the role of LRP or MVP. A few 
studies revealed that MVP does not play a significant role in 
drug resistance. The primary physiological function of LRP is 
not completely understood and is being further evaluated.28

Multidrug resistance conferred by efflux transporters is a 
relatively new area of interest in ocular drug delivery. Most 
of the transporters are ubiquitously expressed in various 
tissues of the body and have a protective role. The presence 
of efflux transporters in various ocular tissues and their role 
in ocular drug efflux resulting in drug resistance is discussed 
in the following sections.

Efflux transporters in ocular tissues

P-gp
P-gp in isolated primary culture of rabbit corneal epithelial 
cells was reported by Kawazu et al.29 The presence of P-gp at 
protein level and a series of uptake experiments demon-
strated that the tear-side-facing membrane (apical) of rabbit 
corneal epithelial cells expressed P-gp. This article further 
concluded that the presence of P-gp on corneal cells protects 
them from toxic agents.29 Later the presence of P-gp in 
human cornea was demonstrated by Dey et al.30 This report 
further confirmed the expression of P-gp in rabbit cornea 
and rabbit corneal epithelial cells. Uptake of Rho 123, a P-gp 
substrate, was significantly higher in the presence of P-gp 
inhibitors like cyclosporine A (CsA) indicating the role of 
P-gp in corneal drug efflux. Ocular pharmacokinetic studies 
involving male New Zealand Albino rabbits revealed a sig-
nificant elevation in aqueous humor drug concentrations in 
the presence of various P-gp inhibitors, i.e. testosterone, 
quinidine, verapamil and CsA.30 Moreover dose-dependent 
suppression in P-gp efflux was evident at various inhibitor 
concentrations. The presence of P-gp in the cornea was cor-
roborated by a recent report on the quantitative expression 
of P-gp in human cornea.31 The relative role of P-gp in the 
outward directed efflux of drugs used in glaucoma, anti-
bacterial and anti-viral agents has yet to be established.

An ocular microdialysis technique was applied to deter-
mine the role of efflux transporters on the cornea.30 Figure 
17.1 shows a schematic diagram of the surgical implantation 
of the microdialysis probe. A well is placed on the top of 
cornea filled with drug solution. The sample is collected 
from the anterior end of the probe which protrudes from the 
cornea. Drug diffuses across the dialyzing membrane placed 
in the aqueous humor. This technique helps to quantita-
tively determine the drug concentrations in the aqueous 
humor at different time points. This study reported that P-gp 
inhibitors significantly raised drug concentration in aqueous 
humor (both Cmax and AUC) (Table 17.1). The results dem-
onstrated that P-gp can play a vital role in conferring resist-
ance to drug absorption across the cornea. This article also 
suggested the use of efflux pump inhibitors along with thera-
peutic agents – a strategy that helps to increase the overall 
ocular bioavailability of drugs which are substrates of efflux 
pumps.

Figure 17.1 Schematic representation of ocular 
microdialysis technique that shows surgical 
implantation of linear probe in rabbit eye and adhering 
topical well on the surface of cornea as described by 
Dey S et al.1 A microdialysis pump infuses isotonic 
phosphate buffer (IPBS), pH 7.4 at constant rate and 
sample is collected at the other end. Reservoir of drug 
loaded in the well is also shown. The extent of outward 
directed transport by an efflux pump can be estimated 
with the use of specific inhibitors.
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Probe inlet

Injector with
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As evident from the data, 250 and 500 µM testosterone inhibited P-gp-
mediated efflux to a significant extent. Among the other inhibitors studied, 
CsA and quinidine also inhibited P-gp-mediated efflux. Each point represents 
mean ± SD (n = 4). (Adapted with permission from Dey et al.30)

Table 17.1 Effect of various P-gp inhibitors on the AUC0-∞ and 
Caq,max of [14C]erythromycin in rabbit cornea

Drug and/or Inhibitor AUC0-∞ Cmax

Erythromycin 31.67 ± 4.99 0.136 ± 0.009

Erythromycin + 100 µM test 40.21 ± 5.29 0.151 ± 0.021

Erythromycin + 150 µM test 43.51 ± 7.75 0.183 ± 0.033

Erythromycin + 250 µM test 88.58 ± 6.34* 0.489 ± 0.095**

Erythromycin + 500 µM test 118.76 ± 10.72** 0.672 ± 0.095**

Erythromycin + 20 µM CsA 65.18 ± 7.09* 0.356 ± 0.060*

Erythromycin + 200 µM Quin 52.63 ± 7.79* 0.286 ± 0.052*

Erythromycin + 500 µM Vera 43.56 ± 6.99 0.205 ± 0.039

Along with cornea, the BRB limits the permeability of 
various therapeutic agents into the eye.32 Retinal pigmented 
epithelium (RPE), situated between the retina and its choroi-
dal blood supply, forms a diffusional barrier controlling 
access to subretinal space. Transport proteins present on the 
RPE regulate ionic composition and hydration of the sub-
retinal space.33 Immunohistochemistry revealed that P-gp is 
localized both on the apical and basolateral sides of human 
RPE. Basolateral P-gp is attributed to the function of neural 
retina in clearing toxic and unwanted molecules from the 
subretinal space. Apical expression of P-gp appears to assist 
in the delivery of lipophilic substrates to subretinal space 
and engulfment by photoreceptors.33 Three RPE cell lines, 
ARPE-19, D-407 and h1RPE, are usually employed for in 
vitro studies. Screening of these three cell lines for P-gp 
expression revealed that D-407 is suitable for functional 
expression and drug transport screening. ARPE-19 cells 
lacked both molecular and functional expression of P-gp, 
whereas h1RPE lacked functional expression of P-gp. D-407 
demonstrated both molecular and functional expression of 
P-gp. Also, P-gp was found to be expressed on the choroidal 

blood vessels.34 Further work is in progress to understand 
the role of P-gp in the choroid.

P-gp is also expressed in rabbit conjunctival epithelial 
cells. It is present on the apical side of the conjunctiva, con-
ferring resistance to the absorption of cyclosporine A and 
other lipophilic drugs.34 Use of various P-gp inhibitors – 
such as verapamil, progesterone, cyclosporine A, rhodamine 
123 and metabolic inhibitor 2,4-DNP – enhanced the uptake 
of the model drug propranolol in rabbit conjunctival epithe-
lial cells.34 Yang et al35 concluded that P-gp can play a vital 
role in decreased absorption of various lipophilic drugs 
across the conjunctiva.

P-gp appears to play an important role in the outward 
transport of cytotoxic drugs and in the modulation of chlo-
ride channels which regulate and initiate osmotic cataract. 
Further, findings by Miyazawa et al36 revealed that P-gp 
might be induced by aldose reductase overexpression and 
osmotic stress. P-gp was found to maintain lenticular osmotic 
balance in sugar cataract. The role of P-gp in the drug dispo-
sition of various ocular agents is being further evaluated.

Mode of action and structure of P-gp
P-gp requires ATP for its function. There are two ATP binding 
sites, also known as nucleotide binding domains (NBD). 
Apart from NBD, there are two transmembrane domains 
incorporating six transmembrane domains at each site (a 
total of 12). A pictorial representation of P-gp is provided in 
Figure 17.2.37

MRP
Various classes of MRPs are expressed in the retina and other 
ocular tissues; the outer BRB expresses MRP. Functional 
characterization showed that the BRB is similar to the BBB. 
Functional studies using P-gp and MRP modulators revealed 
that outer BRB epithelium demonstrates similar pharmaco-
logical properties to endothelial BBB and expresses the same 
efflux transport systems.38 Also, Wilson et al39 demonstrated 
that retinoblastoma tumors express MRP1, 2 and 4. Immu-
nohistochemistry revealed intense localization of these 
efflux pumps along with P-gp/BCRP in tumor tissue.33,39 The 
possible role of these transporters, either individually or col-
lectively, in tumor therapy needs to be evaluated.

Figure 17.2 P-glycoprotein 
(P-gp) structure comprising 
12 transmembrane domains, 
two nucleotide binding 
domains and two ATP 
binding sites. Drugs and 
toxins are effluxed out of the 
cell. (Drawn based on inspiration 

from Perez et al.38 Reproduced 

from Association for Research in 

Vision and Ophthalmology.)
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substrate and affinity to the transporter was measured 
employing a specific inhibitor, MK571. This work demon-
strated apically polarized localization of the transporter in 
rabbit corneal epithelial cells. Also, uptake and transport of 
[14C]-erythromycin was significantly elevated in the presence 
of MK571, suggesting that the transporters might act in con-
junction towards outward directed transport.2

Later studies by Karla et al revealed significant expression 
of MRP2 conferring drug resistance in human corneal epi-
thelial cells.42 (As stated in our earlier publication:2

“Significant elevation in uptake of model drugs 
[14C]-erythromycin and [3H]-cyclosporine-A in the presence of 
MK-571 indicated the functional activity of MRP2 in human 
corneal epithelium. Expression of ABCC2 may play a critical 
role in reducing the bioavailability of topically applied drugs. 
Cyclosporine-A is widely used as an immunosuppressive agent  
in corneal transplants and it is also indicated in the treatment 
of various corneal opacities. Erythromycin in various topical 
formulations has been used a drug of choice for treating minor 
corneal opacities. Though these compounds are substrates for 
P-gp, use of MK-571 reveals contribution of only MRP. A 
significant elevation in uptake of [14C]-erythromycin in the 
presence of unlabeled cyclosporine-A was also observed. The 
results indicate a dose-dependent inhibition of ABCC2 in both 
rPCEC and SV40-HCEC cell lines. Further studies indicate 
similar MDR expression profiles in human and rabbit corneal 
epithelium, which validate rabbit as a suitable animal model  
for in-vivo MDR-mediated drug absorption studies. Transport 
studies across SV40-HCEC and rabbit cornea revealed a 
significant increase in drug concentration in receiver chamber  
in the presence of inhibitor. Enhanced permeability of 
[14C]-erythromycin and [3H]-cyclosporine-A from apical to 
basolateral side across SV40-HCEC in the presence of MK-571 
reveals the important role of ABCC2 as a barrier in corneal 
drug influx. In human corneal epithelial cells apical to 
basolateral side transport of [3H]-cyclosporine-A was elevated 
almost ~4-fold as compared to basal to apical transport, which 
increased ~2-fold in the presence of an inhibitor. Similar trend 
is observed for the passage of [14C]-erythromycin where 
elevation in apical to basolateral transport was almost ~4-fold  
as compared to control whereas basal to apical transport was 
only ~1.5-fold higher than control. Acceleration in the basal to 
apical transport might be due to the presence of a homolog in 
MRP family.”)

These results indicate that the MRP class of transporters 
can confer significant resistance to the absorption of drugs 
across human corneal epithelium. Literature review indicates 
that many ocular drugs are substrates for MRP2 – these 
include sulfated steroids, macrolides such as azithromycin, 
erythromycin, antibiotics and quinolones such as cipro-
floxacin and grepafloxacin.2,43–49 Fluoroquinolones are 
applied topically for treating conjunctivitis and keratitis50 in 
a large number of cases.42,51 As demonstrated in our earlier 
studies, erythromycin is a substrate for the MRP class of 
efflux transporters. Fluoroquinolones such as sparfloxacin, 
levofloxacin and grepafloxacin interacted with erythromycin. 
The use of MRP inhibitors in ophthalmic formulations or 
use of combination drugs which interact with the transport-
ers might be an efficient strategy to increase drug delivery to 
the anterior segment.

MRP is another major class of ABCC efflux transporter 
imparting drug resistance. The MRP family has nine members 
(MRP 1–9) and substrate specificity varies significantly 
among them.40 As shown in Figure 17.3, RT-PCR performed 
on primary human corneal epithelial cells (based on proto-
col established in our laboratory1) revealed the expression 
of MRP1–7. Primary culture of human corneal epithelial 
cells was obtained from Cascade Biologics (Portland, OR) 
and RT-PCR performed based on an established protocol2 
– primers used for the RT-PCR are presented in Table 17.2. 
MRP is regarded as an organic anion transporter, but some 
MRP (MRP 4,5) are known to transport nucleoside and 
nucleotide analogs.41

The presence of MRP2 at the gene and protein level, as 
well as its functional expression in rabbit corneal epithelial 
cells, was established in 2007 in our laboratory.2 A possible 
role of MRP2 in conferring resistance to the absorption of 
erythromycin across rabbit corneal epithelial cells was 
reported. In an article by Karla et al,2 MRP2 expression on 
rabbit corneal epithelial cells at the gene and protein level 
was reported. [14C]-erythromycin was selected as a model 

Figure 17.3 RT-PCR amplification of various MRPs using total RNA from 
human corneal epithelium (lanes 4–10); lanes 2 and 3 represent GAPDH and 
MDCKII-MDR-1 as controls.

Table 17.2 Primer sequences designed from Pubmed data base 
using OligoDT primer design software provided by Invitrogen 
(Carlsbad, CA)

MRP1 (NM_004996) A G G T G G A C C T G T T T C G T G A C
C C T G T G A T C C A C C A G A A G G T

MRP2 (NM_000392) G C A G C G A T T T C T G A A A C A C A
C A A C A G C C A C A A T G T T G G T C

MRP3 (AF085691) G C T T C T A T G C A G C C A C A T C A
A C A A G G A C C C T G A A C A C C A G

MRP4 (AY081219) G G T T C C C C T T G G A A T C A T T T
G A C A A A C A T G G C A C A G A T G G

MRP5 (AB209454) A C C C G T T G T T G C C A T C T T A G
G C T T T G A C C C A G G C A T A C A T

MRP6 (AF076622) C A C C T G C T A A A C C G C T T C T C
G A G C A T T G T T C T G A G C C A C A

MRP7 (NM_033450) G A A C G G C T G C T T A A C T T T G C
A G G T A T A C A C A G G C C G C A T C



389

Efflux transporters in ocular tissues

Mode of action and structure of MRP
It is well known that MRP utilizes ATP for its functional 
activity. Similar to P-gp there are two ATP binding sites, also 
known as NBD. Apart from NBD, the protein is made up of 
three transmembrane sites (two sites with six transmem-
brane domains and one site with five transmembrane 
domains – a total of 17).37,54 Also, the N-terminal loop is 
present outside the cell membrane – unlike P-gp, where it is 
present in the cytoplasm.54 A pictorial representation of MRP 
structure is shown in Figure 17.5.

BCRP
BCRP is expressed on the retina and choroid and may be 
involved in outward directed transport. It is also expressed 
on retinal capillary endothelial cells which form the barrier 
at the inner BRB. Dual immunolabeling of BCRP and  
glucose transporter 1 in mouse retina by Asashima et al55 
revealed that BCRP is localized on the luminal side of retinal 
capillary endothelial cells. Using a BCRP inhibitor, Ko143, 
Asashima et al also established that BCRP acts as an efflux 
transporter of photosensitive toxins such as protoporphyrin 
IX and pheophorbide. BCRP is also expressed on the retino-
blastoma cells. Its role in drug resistance still needs to be 
elucidated.

BCRP is another efflux transporter expressed on human 
corneal epithelial cells.56,57 Studies in our laboratory have 
demonstrated that BCRP plays a significant role in confer-
ring resistance to the absorption of drugs (mitoxantrone; 
MTX) across transfected human corneal epithelial cells 
(SV40-HCEC). We also reported the functional expression 
of BCRP in human corneal epithelial cells and proved it can 
play a role in drug efflux.57 Significant efflux of [3H]-MTX in 
the presence of FTC and GF120918 (inhibitors of BCRP) 
established the functional activity of BCRP in SV40-HCEC 
and its possible role in limiting the ocular bioavailability of 
topically applied drugs. Dose-dependent inhibition of efflux 
was noticed with both fumtremorgic-C (FTC) and GF120918 
in MDCKII-BCRP (+ve control) and SV40-HCEC. FTC and 
GF120918 are well-known inhibitors of BCRP and their use 

Preliminary results from our laboratory indicate the 
expression of the nucleoside and nucleotide efflux transport-
ers MRP4 and MRP5 in human corneal epithelial cells (Fig. 
17.4). However, the functional role of these efflux pumps in 
ocular drug resistance has yet to be established. Preliminary 
results from our laboratory indicate that these transporters 
play a vital role in the outward directed transport of adefovir 
and acyclovir (unpublished results). Also, additional experi-
mentation revealed that some drugs used in the treatment 
of glaucoma (bimatoprost and latanoprost) are effluxed by 
MRP on the corneal epithelium (unpublished data). Ocular 
microdialysis in an in vivo rabbit animal model revealed the 
functional role of the MRP4/MRP5 system in conferring 
resistance to the absorption of acyclovir.52 Use of the specific 
inhibitor MK571 increased aqueous humor concentrations 
of acyclovir by ~2-fold.37,53 Expression of various MRPs in 
the cornea and their relative role resistance to various oph-
thalmic drugs needs to be further explored.

Figure 17.4 Collective role of P-gp and MRP in corneal drug efflux. 
Ketoconazole, a specific P-gp inhibitor (25 µM) along with MK-571 (250 µM) 
was used to demonstrate the dual efflux. Each data point represents the 
mean ± SD of three determinations. Statistical significance was tested by 
two-factor ANOVA. *P ≤ 0.05; **P ≤ 0.01. (Adapted with permission from Karla 

et al.2)

Control Ketoconazole 
(25 µM) +

Erythromycin

**

MK-571
(250 µM) +

Erythromycin

**

Ketoconazole
(25µM) +

MK571 (250 µM)

500

400

300

200

100

0

R
el

at
iv

e 
pe

rc
en

ta
ge

 u
pt

ak
e

**

Figure 17.5 Multidrug resistance associated protein (MRP) structure comprising 17 transmembrane domains, two nucleotide binding domains and two ATP 
binding sites. Drugs and toxins are effluxed out of the cell. (Drawn based on inspiration from Perez et al38 and Gottesman et al.55)
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LRP
The presence of LRP in human corneal tissue was first indi-
cated by Becker et al.56 As described earlier there are contra-
dicting reports with respect to the role of LRP in drug 
resistance. It is located inside the cell (intracellular) and is 
regarded as a major vault protein which aids in the outward 
directed transport of toxins.21,59 Figure 17.7 demonstrates the 
intracellular localization of LRP.

Localization of transporters
Efflux transporters are localized on either apical/basal sides 
or are present intracellularly. Localization of transporters  
in biological membranes is represented in Figure 17.7. 
However, the localization may vary in some tissues. The  
BBB shows differential localization of transporters. MRP1, 
MRP3 and MRP5 are expressed on both apical and basal 
sides of the BBB.60 Preliminary results from our laboratory 
indicated that MRP5 is localized on both apical and basola-
teral sides of the cornea. However, expression is predomi-
nantly on the basal side (unpublished data). Based on the 
localization and distribution in various tissues the transport-
ers appear to confer a concerted protective role. The exact 
nature and function of most of the transporters still need to 
be explored.

Discussion

Clinical correlates from literature
Depending on the route of drug delivery, different structural 
barriers must be overcome to improve ocular bioavailability. 
Traditionally drug delivery mechanisms are divided into two 
categories: anterior segment and posterior segment. A topi-
cally administrated dose is cleared rapidly by tear turnover 
and blinking reflex before encountering the conjunctiva, 
which absorbs a substantial portion. Often the cornea is the 
target tissue, but it is composed of a low permeability cell 
structure with efflux pumps which effectively inhibit thera-
peutic agents. Even drugs delivered directly into aqueous 
humor either by intracameral injection or ocular inserts, are 
prone to removal by Schlemm’s canal. Drug delivery to the 
posterior segment is similarly hindered. Delivery to the 
retina can be achieved via intravitreal, periorbital, or sys-
temic routes. Intravitreal injection must allow for a long 
residence time in the vitreous humor, in order for the drug 
to traverse multiple neuronal layers before reaching the 
intended segment of the retina. Periorbital applications 
intended for the retina must traverse the thick sclera, choroid 

in SV40-HCEC resulted in diminished efflux and increased 
uptake.57

An interesting study by Umemoto et al58 revealed that 
basal limbal epithelial cells of the rat eye express BCRP sig-
nificantly. Also, side population stem cells which help in the 
regeneration of corneal epithelium express BCRP – but at a 
relatively very low level compared to limbal side population 
cells. BCRP is expressed at a relatively low level in stem cells 
which help in regenerating corneal epithelium. Hence, it is 
regarded as a putative stem cell marker used to identify the 
corneal stem cells responsible for regeneration of epithelial 
cells. This is of high clinical significance as constructs gener-
ated from limbal epithelial cells were successfully used in 
clinical transplantation.57,58 The fact that BCRP is expressed 
on the stem cells and on human corneal epithelial cells 
provides a new insight into the mechanism of ocular drug 
resistance development.57 Relative expression of BCRP in 
stem cells and epithelial cells should be investigated.

Mode of action and structure of BCRP
BCRP requires ATP for its function. Unlike P-gp and MRP 
there is one ATP binding site, also known as the nucleotide 
binding domain (NBD). There is also a single transmem-
brane site incorporating six domains – hence it is regarded 
as half transporter.54 A pictorial representation of BCRP is 
shown in Figure 17.6.

Figure 17.6 Breast cancer resistance protein (BCRP) structure comprising 
six transmembrane domains and one nucleotide binding domain. Drugs 
and toxins are effluxed out of the cell. (Drawn based on inspiration from Perez 

et al38 and Gottesman et al.55)
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Discussion

research is focusing on the development of additional inhib-
itors which will lead to more effective chemotherapy.

Outward directed transport mediated by various trans-
porters is a relatively new and exciting field of research. A 
better understanding of these transporters might result in  
the development of efficient drug delivery strategies to 
improve therapy for both anterior and posterior segment 
diseases.

Strategies to evade efflux transporters
Expression of efflux transporters on the protective barriers of 
the eye prevents the entry of many drug molecules. Drug 
delivery strategies which can aid in the evasion of efflux 
transporters would be ideal for enhancing drug delivery to 
the eye. Various options are discussed in the literature on 
modulating or bypassing efflux at various sites. One promis-
ing approach is a prodrug strategy where active drug mole-
cules are modified by chemical synthesis to attach a peptide, 
amino acid, vitamin or other substrate to target a specific 
transporter/receptor. Targeting the active drug molecules  
to various influx transporters present on the cornea and 
blood–ocular barrier (BOB) can be an efficient strategy to 
bypass the efflux transporters.8 Peptide transporters are the 
major influx transporters and are widely selected as a target. 
The oligopeptide transport system is also expressed on  
the BOB.7,67

The BOB is the major barrier that protects the eye from 
toxins in internal blood circulation. Atluri et al67 proposed 
that this transport system can be employed to bypass the 
efflux transporters present on the BOB. The presence of the 
oligopeptide transporter on the cornea, which is a major 
barrier to anterior segment drug delivery, was proposed by 
Anand et al in 2002.7 Val-acyclovir, an amino acid prodrug 
of acyclovir, is currently available on the market under the 
trade name Valtrex. It is employed in the treatment of  

and RPE, which also contain efflux pumps. Systemic drug 
delivery to the retina must bypass the BRB to reach target 
tissue. Given the unique characteristics of multistep barriers 
and target tissues in ophthalmic drug delivery, the charac-
terization of specific tissue types has been a recent focus. 
Each of the various ocular tissues, such as the conjunctiva, 
sclera, cornea, and retina, has a different milieu of mem-
brane proteins which confer unique functional characteris-
tics with respect to drug clearance (Boxes 17.1–17.3).

Table 17.3 summarizes various classes of transporters that 
can result in outward directed transport in ocular tissues and 
their function based on literature review. Highly specific 
ABCB1 inhibitors demonstrate the ability to decrease the 
extent of drug resistance, and perpetuate the therapeutic 
attributes of existing pharmacological regimens. Current 

Table 17.3 Tabulation of various classes of transporters that can 
result in outward directed transport in ocular tissues and their 
function based on literature review

Family

Members identified 

in ocular tissue Function

ABC-A ABCA-4 Transports lipids and 
cholesterol

ABC-B P-gp Some are located in the 
blood-brain barrier, liver, 
mitochondria and 
transports peptides and 
bile, for example

ABC-C MRP, ABCC6 Significant role in ion 
transport, and toxin efflux

ABC-D Transporter on peroxisome 
membrane

ABC-E / ABC-F These proteins are not 
thought to have a role in 
transmembrane transport

ABC-G BCRP Transports bile, lipids, 
cholesterol, and steroids

Box 17.1 ABCA and Macular Degeneration

ABCA mutations have been directly related to the pathogenesis 
of Stargardt and age-related macular degeneration, retinitis 
pigmentosa, and recessive cone rod dystrophy. In normal retinal 
pigment epithelial cells, ABCA-4 transports photobleached 
rhodopsin out of cells to prevent damage caused by toxic  
end products. A deficiency in the efflux protein leads to 
accumulations of N-retinylidene-PE, all-trans retinal, and A2E in 
disc membranes, eventually leading to photoreceptor death by 
accumulation of photo-oxidation products.59

Box 17.2 ABCC and Ocular Bleeding in PXE

Ocular bleeding observed in pseudoxanthoma elasticum (PXE) 
syndrome is caused by a recessive mutation in ABCC6 (MRP6) on 
chr 16p, next to the ABCC1 gene. ABCC6 is highly present in the 
liver and kidney, and is responsible for the efflux of glutathione 
conjugates such as LTC4, and perhaps even triglycerides and HDL. 
Transport may be inhibited by organic anions or mis-sense 
mutations in pseudoxanthoma elasticum, which presents with 
dermal connective tissue calcification and cardiovascular 
disease.59

Box 17.3 ABCD1 and Adrenoleukodystrophy

ABCD1 is a peroxisome transporter that mediates the efflux of 
very-long-chain, unbranched, saturated fatty acids from cells and 
cholesterol esters of the brain and adrenal cortex. Several 
hundred mutations in the ABCD1 gene have been identified and 
implicated in adrenoleukodystrophy – a variable onset, X-linked, 
recessive disease characterized by adrenal deficiency and 
neuronal deficits. Ocular manifestations include progressive 
vision loss, optic nerve hypoplasia, exotropia, esotropia, retinal 
ganglionic atrophy; cataracts; and altered macular pigment.70

VLCFA levels in the blood can be normalized by conventional 
treatments; however cerebral fatty acid levels remain elevated 
leading to disease progression over time. Experimental studies 
have been conducted using fibrates, a class of cholesterol-
lowering drugs, to induce ABCD2, a transport protein closely 
related to ABCD1 and found principally in the brain and adrenals. 
The hope is to upregulate fatty acid efflux from peroxisomes in 
neuronal and ocular tissue.59
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specific inhibitors elevated the absorption of erythromycin 
significantly across the cornea.

Outward directed transport mediated by efflux transport-
ers at various ocular tissues is a relatively new field of 
research. Recent work has revealed the presence of various 
efflux transporters on the cornea and other protective barri-
ers of the eye. However, extensive research work is needed 
to delineate their role in ocular drug delivery.
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Biochemical Cascade of 
Phototransduction

Alecia K. Gross & Theodore G. Wensel

Overview

Phototransduction is the series of biochemical events that 
lead from photon capture by a photoreceptor cell to its 
hyperpolarization and slowing of neurotransmitter release 
at the synapse.1–10 This overall process includes an activation 
phase and a recovery phase. While the fundamental mecha
nisms of phototransduction seem to be constant over a wide 
range of light intensities and very similar in rods and cones, 
the quantitative features differ strikingly depending on the 
level of ambient light (see Chapter 20) and the cell type. 
While we know more about the biochemistry of phototrans
duction than we do about any other neuronal signaling 
pathway, there are numerous remaining mysteries.

Location and compartmentalization  
of rods and cones

Rod and cone photoreceptors are densely packed in the 
outermost layer of the neural retina, stretching from their 
synapses in the outer plexiform layer to their most distal tips, 
which are embedded in the membrane processes of the 
retinal pigmented epithelium (RPE) (Fig. 18.1). They are 
long, thin cells with their long axes aligned along the radii 
of the eye to maximize light collection. Efficient phototrans
duction depends upon the organization of photoreceptors 
into distinct membrane compartments (Figs 18.1–18.3). The 
biochemical cascade of phototransduction are restricted to 
the outer segment, an elongated membrane compartment 
separated from the rest of the cell, by a thin connecting 
cilium or ciliary transition zone, consisting of a 9 + 0 bundle 
of microtubules surrounded by a very thin layer of cytoplasm 
and a plasma membrane. Immediately adjacent is the inner 
segment, the site of active biosynthesis and oxidative meta
bolism. Although small molecules and proteins can diffuse 
along the connecting cilium between the inner and outer 
segments, this process occurs in general on a slower time 
scale than that of a light response.11 This intercompartment 
transport plays an important role in producing the mole
cules necessary for phototransduction and modulating  
their levels, but it does not contribute directly to the  

phototransduction cascade. While cytoplasmic diffusion is 
limited by the constriction at the connecting cilium, this 
constriction does not pose a major barrier to the propaga
tion of electrical changes along the plasma membrane. 
Therefore, changes in membrane potential can be passively 
communicated from the outer segment to the synaptic ter
minal at the other end of the cell, where they control neu
rotransmitter release and transmit the signal to higher order 
neurons.

The phototransduction cascade takes place in the outer 
segments. There are two membrane systems in rods (Figs 
18.3, 18.4). The disk membranes, which can be thought of 
as flattened sealed vesicles, are stacked up along the long axis 
of the outer segment and make up the vast majority of mem
brane surface in the cells. The plasma membrane surrounds 
the disks and the cytoplasm (Fig. 18.4), and forms the inter
face between the cell and the extracellular space. Although 
there are proteins linking these two membranes, there does 
not appear to be any flow of lipid or transmembrane pro
teins between them in the outer segment. In contrast, cones 
have a single membrane which forms multiple invaginations 
that resemble disks but are not sealed and are continuous 
with the plasma membrane. A conelike relationship between 
plasma membrane and nascent disks appears to be present 
at the base of rod outer segments (ROS),12 although there is 
some controversy as to whether even those nascent disks may 
be distinct from, and surrounded by, plasma membrane.

The components of phototransduction, discussed in 
detail below, are primarily localized in the outer segments, 
and are mostly peripheral or integral membrane proteins. 
The disk and plasma membranes have distinct protein 
compositions.

Dark-adapted rods

The most information at the molecular level is available for 
the dim light responses of darkadapted rods (see Chapter 
19). These cells in this state can respond with amazingly 
high efficiency to single photon capture events.13 It is useful 
conceptually to begin with the resting dark state and then 
consider the chain of events set in motion when a photon 
is absorbed.
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Dark-adapted rods
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Figure 18.1 Immunofluorescence image of mammalian rods and cones. (A) Low 
magnification (scale bar, 50 µm), showing photoreceptor positions with respect to other 
retinal layers: OS, photoreceptor outer segments; IS, photoreceptor inner segments; ONL, 
outer nuclear layer (photoreceptor nuclei); OPL, outer plexiform layer (photoreceptor 
synapses and processes of bipolar and horizontal cells); INL, inner nuclear layer (nuclei of 
inner retinal neurons); IPL, inner plexiform layer (inner retinal synapses and processes); GCL, 
ganglion cell layers (cell bodies of retinal ganglion cells). (B) Higher magnification showing 
photoreceptors. Arrow, cone axon; arrowheads, cone outer segments; bracket, rod outer 
segments. The antibody used for immunofluorescence staining is specific for RGS9-1, 
whose concentration is 10-fold higher in cones than in rods. (Reproduced from Cowan et al 

1998.91) (C) Schematic diagram of rods and cones and their compartments, with sizes and 
shapes based on a fluorescence micrograph of human retina. 
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The resting dark-adapted state

The membrane potential
In the dark, rods have a resting membrane potential of about 
−40 mV.14 The negative value means that there is more posi
tive charge on the outside of the plasma membrane than on 
the inside. In most resting neurons, the potential is closer to 
−70 mV, so rods are considered to be relatively depolarized 
as compared to other cells or, as we shall see, as compared 
to fully lightactivated rods. In rods, as in other neurons, the 
source of membrane potential is the inequality of ion  

D E

Plasma
membrane

Disk membranes

10 µm 0.1 µm

Figure 18.2 Scanning electron micrograph of bull frog outer segments. 
(Reproduced with permission from Bownds & Brodie 1975.113)

Figure 18.1, cont’d  (D) Scanning electron micrograph of rods and cones in primate retina. (Reproduced from webvision.med.utah.edu/imageswv/scanEMphoto.jpg 

with permission). (E) Magnified region of rod outer segment from transmission electron micrograph, showing the tightly packed disk membranes, and their 
relationship to the plasma membrane.

concentrations on either side of the plasma membrane gen
erated by the Na+/K+ATPase. This protein uses the energy 
released upon ATP hydrolysis to pump sodium ions out of 
the cell and potassium ions into the cell, and in rods it is 
found in the plasma membrane of the inner segment (see 
Chapter 19). In most neurons, potassium channels are the 
predominant conductance at resting potentials, and these 
allow potassium ions to flow out of the cell down their 
concentration gradient. Because these channels pass a spe
cific cation, but no anions, a net positive charge accumulates 
on the outside of the membrane and a net negative charge 
accumulates on the inside of the membrane. This occurs 
until the electrical energy stored in the charge separation 
equals the energy stored in the potassium gradient, the rela
tionship described by the Nernst equation, described in 
detail in many textbooks. Strictly speaking, this equation 
only works when the membrane in question contains a 
single type of channel permeable to only a single type of ion. 
In reality there are always additional minor conductances 
(other channels and transporters) so that the resting poten
tial is modified by these to give the typical resting value of 
about −70 mV to −90 mV for excitable cells.

The dark current and the cGMP-gated channel
Rods also have a negative resting membrane potential, but 
its magnitude is less than in many other neurons because 
the effects of potassium channels in the inner segment are 
balanced by a major additional channel current in the outer 
segment. The less negative resting potential, or partially 
depolarized state, of rods is due to the cyclicGMPgated 
cation channel (see Chapter 19), also known as CNG channel 
(for cyclic nucleotidegated) or lightsensitive channel or 
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important role in signaling and regulation. A Na+/Ca2+, K+ 
exchanger protein, NCKX2,15 uses the energy stored in the 
Na+ gradient across the plasma membrane to push Ca2+ ions 
outside the cell, against their concentration gradient (see 
Chapter 19). In the absence of any inward flux of Ca2+, this 
mechanism would lower the Ca2+ concentration in the outer 
segment cytoplasm to about 10 nM. In the dark, there is an 
inward leak of Ca2+ through the CNG channel, so the resting 
level of Ca2+ is a few hundred nanomolar.

Even though in the dark more channels are open than  
at any other time, because cGMP levels are at their highest, 
the percentage of total channels that are open is fairly  
small; most of the channels are closed even in the dark  
(see Chapter 19). One reason for this situation is that 
binding of more than one cGMP is necessary to give each 
channel a high probability of opening, i.e. the response  
of the channel to cGMP is nonlinear and shows positive 
cooperativity. The other reason is that the dark concentra
tion of cGMP is well below the concentration of cGMP  
at which channel opening probability is 50 percent, a 
number that reflects the affinity of cGMP for the channel 
subunits as well as the positive cooperativity. Because the 
dark cGMP concentration is at the low end of the dose 
response curve for the channel (therefore very far from  
saturation), even a small change in cytoplasmic concen
tration of cGMP can be immediately sensed as a change in 

phototransduction channel (see Chapter 19). This multi
subunit channel only passes cations, but does not discrimi
nate strictly among different cations, allowing Na+, K+, and 
Ca2+ to pass. Among physiologically important cations it has 
the highest permeability to Ca2+, but because of its much 
higher concentration outside the cell (over 140 mM, as com
pared to ~1.5 mM for Ca2+), Na+ is the primary carrier of the 
current through the CNG channel in the dark. Because it 
tends to dissipate the gradient of charge, by allowing positive 
charge to enter the cell, the open CNG channel causes the 
cells to be partially depolarized. Put another way, because 
there are substantial inward sodium currents in the outer 
segment to balance outward potassium currents in the inner 
segment, the resting potential is moved away from the potas
sium “equilibrium” or Nernst potential of ~−90 mV, and 
toward the sodium “equilibrium” or Nernst potential of 
~+60 mV. Because there is net flux of cations out of the inner 
segment plasma membrane, and a net flux of cations into 
the outer segment plasma membrane, as well as electrical 
conductance between the inner and outer segments, a com
plete circuit is made which is known as the circulating 
current or dark current.

Ca2+ and the exchanger
The CNG channel also has an influence on the concentration 
of Ca2+, which in rods and cones, as in other cells, plays an 

Figure 18.4 Schematic representation of base of 
outer segments. Both rod and cone outer segments 
are connected to the inner segments via the 
connecting cilium, or ciliary transition zone. Membrane 
topologies of rods and cones are similar near the base, 
with both rods and cones showing disk-like 
membranes as invaginations of the plasma membrane. 
Along the outer segment axis moving from the inner 
segment toward the distal tips, the rod disks become 
sealed compartments, completely surrounded by, but 
distinct from, the plasma membrane, whereas the 
cone disk and plasma membranes are continuous  
with the plasma membranes, and their interior is 
continuous with the extracellular space.

Rod Cone

Outer
segment disks
are  continuous
with plasma
membrane

Outer
segment disks

distinct from
plasma

membrane

Cilium

Figure 18.3 Electron micrographs showing postnatal development of outer retina in mouse. (A) postnatal day 10; (B) 5 weeks postnatal. *, rod outer 
segment disks; arrows, connecting cilia; arrowheads, plasma membrane separating individual rods.

BA
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bound to PDE6. The physiological function of these non
catalytic sites is unclear, but their occupancy is coupled to 
binding of the catalytic subunits by the inhibitory PDE6γ 
subunit.28–30 It is the PDE6γ subunit which interacts most 
extensively with the activated form of the Gprotein, as 
described below.

Rhodopsin
In the dark, the photon receptor rhodopsin3,31–33 is in its 
inactive state34–36 with an inverse agonist, 11cis retinal, cova
lently attached to its active site (Figs 18.5–18.7). Ligands that 

the number of open channels and therefore of the dark 
current.

Control of [cGMP] by guanylate cyclase and PDE6
The resting, or dark, level of cGMP is determined by the 
balance between the activity of the enzyme that synthesizes 
it, guanylate cyclase (GC),16–18 and the enzyme that degrades 
it, the cGMP phosphodiesterase, PDE6.19–21 Both of these 
have much lower activities in the dark than they do in the 
light. When fully activated PDE6 is one of the most efficient 
enzymes known, and the most active of any of the PDE 
superfamily of cyclic nucleotide phosphodiesterases. The 
maximal turnover at saturating cGMP concentrations, kcat, 
has been reported to be between 1000 s−1 and 7000 s−1, and 
the Michaelis constant, the cGMP concentration at which 
activity is halfmaximal is about 40 µM. Thus the enzymatic 
efficiency, kcat/Km, is thus in the range of 2.5 × 107 M−1s−1 to 
1.75 × 108 M−1s−1, implying that it operates near the diffu
sion limit. PDE6 requires two kinds of metal ions for activ
ity. Mg2+ binds reversibly along with cGMP, and Zn2+ is 
permanently bound to high affinity sites essential for cataly
sis.22 The other key players in photoactivation are also in 
quiescent states under dark conditions. The mechanisms for 
regulation of these enzymes by light are discussed below.

Guanylate cyclase uses GTP as a substrate, and produces 
cGMP and inorganic pyrophosphate as products. Inorganic 
pyrophosphate is rapidly broken down by the enzyme inor
ganic pyrophosphatase,23 which is found at higher levels in 
rod outer segments than in any other cell type in which it 
has been measured. Guanylate cyclase is a transmembrane 
protein that is thought to exist in photoreceptor membranes 
as a dimer, with each dimer bound to the calcium binding 
protein, GCAP (guanylate cyclase activating protein).24–26 
PDE6 is a heterotetrameric peripheral membrane protein 
consisting of two large catalytic subunits, PDE6α and PDE6β, 
as well as two smaller identical inhibitory PDE6γ subunits. 
The catalytic subunits are each subject to the set of post
translational modifications associated with isoprenylation, 
as described below, so the enzyme is bound in a peripheral 
way to disk membranes. The PDE6α and PDE6β subunits 
bound in rods are similar in structure to one another, whereas 
in cones, two identical PDE6α subunits are bound. PDE6 
catalytic subunits are related in sequence to a large family of 
cyclic nucleotide phosphodiesterases, the PDE superfamily.27 
These share sequence similarity in their catalytic domains, 
where the PDE6 isoforms most closely resemble in structure 
the PDE5 isoforms, which are the targets of sildenafil citrate 
(Viagra) and other drugs used to treat erectile dysfunction. 
In addition to the catalytic domains, PDE6 catalytic subunits 
each contain two GAF domains, one of which contains a 
noncatalytic binding site for cGMP. Because the total con
centration of cGMPbinding GAF domains in the outer  
segments is about 50 µM, most of the cGMP in the cell is 

Figure 18.5 Surface rendering of rhodopsin crystal structure with cut-out 
of retinal binding pocket (red) to show 11-cis retinal chromophore (yellow 
spacefill). PDB coordinates, 1U19.114

Figure 18.6 Crystal structures highlighting 
helical arrangement in lipid bilayer of opsin (left, 
PDB structure 3CAP115), dark rhodopsin (middle, 
PDB structure 1U19114), and active opsin with 
peptide derived from the alpha subunit of 
transducin (right, PDB structure 3DQB116).
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Figure 18.7 (A) Molecular structure, in space-filling 
representation, of 11-cis retinal in rhodopsin. The lower 
left depicts the sidechain of lysine 296, with the Schiff’s 
base nitrogen shown in blue. Carbon atoms are shown 
in red, and hydrogens in white. (B) Molecular structure, 
in space-filling representation, of all trans retinal in 
rhodopsin. The lower left depicts the sidechain of lysine 
296, with the Schiff’s base nitrogen shown in blue. 
Carbon atoms are shown in yellow, and hydrogens  
in white.
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activate receptors are called agonists, those that block the 
action of agonists are called antagonists, and those that actu
ally reduce receptor activity below the level it has in the 
absence of any ligand are called inverse agonists. Rhodopsin 
has seven membranespanning helices and is a part of the G 
proteincoupled receptor (GPCR) superfamily of signal 
transducing receptors. Like other GPCRs, its activity consists 
of its ability to catalyze the activation of a heterotrimeric 
Gprotein. This is the activity of rhodopsin which is inhib
ited by the chromophore and inverse agonist 11cisretinal. 
The apoform of rhodopsin without a ligand, known as 
opsin, has much higher G proteinactivating activity than 
rhodopsin does, a fact that becomes important at high light 
levels but is relatively unimportant in the darkadapted state. 
Rhodopsin is present at very high concentrations in the disk 
membrane (and somewhat lower concentrations in the 
plasma membrane), so that about onethird the surface area 
of the disks is occupied by rhodopsin, and the other two
thirds is occupied by phospholipids, cholesterol, and other 
minor lipids.

Rhodopsin is subject to posttranslational modifications 
that are important for its function. Nlinked carbohydrates 
are found on the domain of rhodopsin that faces the  
inside of the disks and the extracellular solution, and they 
appear to be important for proper transport of rhodopsin 

from its site of synthesis in the inner segment to the  
outer segment membranes. Two palmitoyl groups are 
attached via thioester linkages to two adjacent cysteine resi
dues near its carboxyl terminus, which tether the polypep
tide chain to the cytoplasmic surface of the disk membrane 
forming a fourth cytoplasmic loop. In addition, the alde
hyde moiety of 11cis retinal and alltrans retinal is not 
bound to rhodopsin as a free aldehyde, but rather a covalent 
Schiff’s base linkage is formed between llcis retinal and 
lysine residue 296 in the transmembrane domain of rho
dopsin (Fig. 18.7).

There are 348 amino acids that comprise rhodopsin. 
Whereas mutations at only four different positions are found 
in patients with the disease congenital stationary night 
blindness (CSNB; Box 18.1), there are over 100 amino acid 
positions that are found mutated in patients with the blind
ing disease autosomal dominant retinitis pigmentosa  
(ADRP; Box 18.2). Therefore, the molecule is not only sensi
tive in that it can become activated with only one photon of 
light, it is also remarkably sensitive to its amino acid 
composition.

G-protein, Gt

Like rhodopsin, the Gprotein, known as transducin37–41 or 
Gt (Fig. 18.9), is also found in an inactive state in the dark. 
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esterification of the carboxyl group on what has been con
verted into a Cterminal cysteine residue.

Importance of lipid milieu
The lipids of the disk membrane play an important role in 
assembling the phototransduction machinery51 and provid
ing the proteins a stage on which to act. Rhodopsin and 
guanylate cyclase are transmembrane proteins, and Gt and 
PDE6 are peripheral membrane proteins, attached to the 
membrane by covalently attached lipids (Figs 18.9, 18.10). 
GCAPs are also covalently lipidated by fatty acids on their 
amino termini, and another phototransduction protein, rho
dopsin kinase, is isoprenylated (discussed below). The trans
membrane CNG channel is found only in the plasma 

For a Gprotein, this means that it has GDP, rather than GTP, 
bound to its α subunit, Gtα, and exists in a heterotrimeric 
form, Gtαβγ. The Gprotein associates with the disk mem
branes by virtue of its covalently attached lipids.42,43 A het
erogeneous mixture of saturated and unsaturated 12 and 
14carbon fatty acids are found attached to the amino ter
minal glycine residue of Gtα,44–46 linked through an amide 
bond. This reaction occurs during translation and is impor
tant for Gprotein localization in the outer segment.47 There 
is a 15carbon isoprenyl group, farnesyl, attached to the 
carboxyl terminus of the γ subunit48,49 through a thioether 
linkage. This sort of isoprenylation is found in other pho
totransduction proteins; in each case it occurs at a cysteine 
residue four residues from the carboxyl terminus of the 
initial translation product. The final three residues are 
cleaved by the action of a protease,50 and the hydrophobicity 
conferred by the isoprenyl group is enhanced by the methyl 

Figure 18.8 Electroretinograms (ERGs) of a patient with 
CNSB due to rhodopsin A295V show altered signaling. 
The ERG represents the massed potential changes across 
the retina in response to light. The early negative 
deflection is the a-wave, derived from hyperpolarization 
of the photoreceptors. The later positive deflection is the 
b-wave, largely derived from depolarization of ON 
bipolar cells, which receive inputs from the 
photoreceptors. Scotopic ERGs of a representative 
control subject (left) and a patient (right). Intensities 
represented are 1, 0.01; 2, 0.03; 3, 0.03; 4, 1.0; 5, 3.0 cds s 
m−2. The rod response is severely diminished in the 
patient. (Reproduced from Zeitz et al 2008.117 Reproduced with 

permission from the Association for Research in Vision and 

Ophthalmology.)
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Box 18.1  Congenital stationary night blindness

Congenital stationary night blindness (CSNB) comprises a group 
of genetically and clinically heterogeneous non-progressive 
retinal disorders, mainly due to defects in rod photoreceptor 
signal transduction and transmission. Mutations in genes coding 
for proteins of the phototransduction cascade (RHO, GNAT1, 
PDE6B, RHOK, SAG and RDH5) or genes associated with the 
transmission of the signals from the photoreceptors to bipolar 
cells (NYX, GRM6, CANCA1F and CABP4) can lead to this disease.

Night blindness, reduced or absent dark adaptation, is a typical 
and early sign of various forms of retinal dystrophies. Forms differ 
in inheritance pattern (autosomal dominant, autosomal recessive 
or X-linked), electroretinograms (presence or absence of a-wave), 
refractive error (presence or absence of myopia) and fundus 
appearance (Fig. 18.8). All patients with stationary night blindness 
have severely reduced rod ERG amplitudes and many have 
modestly reduced cone ERG amplitudes. Rod sensitivity in 
patients is decreased by 100× to 1000× compared with normals. 
Almost all have cone responses with a normal peak implicit time 
(time interval between the light flash and subsequent peak of 
b-wave).

Box 18.2  Stargardt’s disease

Stargardt’s disease is an autosomal recessive form of juvenile 
macular degeneration with variable progression and severity. It is 
caused by mutations in the ABCR (ABCA4) gene on chromosome 
1 which encodes a retina-specific ATP-binding cassette 
transporter protein, in the rims of rod and cone outer segment 
disks, proposed to serve as a flippase protein for phospholipids 
conjugated to all-trans retinal. Mutations in this gene have also 
been attributed to some cases of cone–rod dystrophy, retinitis 
pigmentosa, and age-related macular degeneration. Pathologic 
features of Stargardt’s include accumulation of fluorescent 
lipofuscin pigments in the retinal pigmented epithelium (RPE) 
cells and retinal degeneration.

An important fluorophore in lipofuscin is the bis-retinoid 
pyridinium salt N-retinylidene-N-retinylethanolamine (A2E) 
formed by the condensation of all-trans retinaldehyde with 
phosphatidylethanolamine. Significant accumulation of A2E is 
seen in the RPE of patients with Stargardt’s disease.80,94 A2E has 
several potential cytotoxic effects on RPE cells, including 
destabilization of membranes, release of apoptotic proteins from 
mitochondria, sensitization of cells to blue light damage, 
impaired degradation of phospholipids from phagocytosed outer 
segments.
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Figure 18.10 A multi-subunit complex essential for normal photoresponse 
recovery kinetics. PDE6γ C-terminal fragment is shown in red space-filling 
representation. (Modified from Wensel 2008.51)
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Figure 18.11 Schematic representation of 
phototransduction activation cascade.
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Figure 18.9 Structural models for interactions among transducin subunits, 
metarhodopsin II, and the disk membrane during light activation. (Modifed 

from Wang et al 200856.)

membrane, not in the disks. Experiments with purified pro
teins have shown that the proper assembly of these proteins 
on the disk membrane is essential for efficient interactions 
among them. Rhodopsin diffuses rather rapidly within the 
lipids of the disk membrane,52–56 so that many encounters 
between it and the Gprotein occur every second even in the 
dark. ROS membranes have an unusual lipid composition, 
with a high content of polyunsaturated fatty acids. Close to 
40 percent of the fatty acyl groups of ROS phospholipids are 

the ω3 fatty acid, docosahexaenoic acid (DHA or 22:6), 
which has 22 carbons and 6 double bonds.57 DHA can only 
be synthesized in the body if essential ω3 fatty acids are 
consumed in the diet. Cholesterol, while making up only 
10–15 percent of total outer segment lipids, plays an impor
tant role in establishing the lipid environment in which 
phototransduction reactions occur.56

The activation phase of a light response

Photoisomerization of rhodopsin
Phototransduction begins with absorption of light by rho
dopsin (Figs 18.9, 18.11). Rhodopsin has a broad absorp
tion spectrum with a wavelength of peak absorbance close 
to 500 nm in the green portion of the visible spectrum (see 
Fig. 18.14 below). The probability of capture by rhodopsin 
of a photon of green light passing through the retina is fairly 



402

SECTION 6 Photoreception   Chapter 18  Biochemical Cascade of Phototransduction

nucleotidefree state or the GDPbound state of Gtα. One MII 
molecule can activate many Gproteins in a catalytic fashion, 
at a rate exceeding 150 per second in mammalian rods.

PDE6 activation
When Gtα loses its affinity for MII and Gtβγ upon binding 
GTP, it also gains greatly enhanced affinity for the cGMP 
phosphodiesterase, PDE6.21,63 When GtαGTP is bound, the 
catalytic activity of PDE6 goes up about onethousand fold. 
This dramatic increase in enzymatic activity means that cyto
plasmic levels of cGMP begin to fall rapidly in the vicinity 
of activated PDE6. Fully activated PDE6 is one of the most 
efficient enzymes known, with a catalytic efficiency, kcat/Km, 
of about 4 × 108 M−1s−1. This high catalytic efficiency means 
that nearly every time a cGMP molecule collides by diffusion 
with an activated PDE6 molecule, it will be hydrolyzed to 
form 5′GMP. If 350 PDE6 molecules are fully activated in 
a single primate rod cell, they can hydrolyze most of its 
cGMP in onetenth of a second.

Channel closing
Individual cGMP molecules are constantly dissociating from 
and binding to their sites on the CNG channel, even in the 
dark (see Chapter 19). Thus each CNG channel samples the 
cGMP concentration in the adjacent cytoplasm once every 
few milliseconds. For practical purposes, the channels 
respond immediately to the decline in cGMP in the cyto
plasm, and they do this with a very steep concentration 
dependence, because of the cooperativity noted above. 
Closing of channels reduces the flow of Na+ ions into the 
cell, reducing the dark current and making the membrane 
potential more negative (i.e. hyperpolarized). Simultane
ously, the flux of Ca2+ into the cell is reduced as well64 by 
the action of the Na+/Ca2+ exchanger discussed above.

Slowing of neurotransmitter release
Communication of rods with downstream bipolar cells is by 
the release of the neurotransmitter, glutamate. High levels 
of glutamate release by rods signal total darkness to bipolar 
cells, and reductions in the levels of glutamate release signal 
absorption of light. This change results from the hyperpo
larization of the cell membrane, which is passively propa
gated along the plasma membrane from outer segment to 
synaptic terminal. Because rod cells are relatively short as 
compared to neurons with long axons, active propagation of 
the signal by action potentials is not needed to communicate 
potential changes at the outer segment to the synapse.

The recovery phase
The biochemical changes that occur during activation 
contain within them the seeds of destruction for the acti
vated state; they set the stage for the recovery phase. It is 
simplest to consider this process, which is rather more 
complex than activation, in terms of recovery from activa
tion by a single dim flash of light after which no more MII 
formation occurs.

Rhodopsin phosphorylation, retinoid recycling 
and regeneration
Because of the catalytic activity of MII, as long as MII survives 
intact downstream signaling will continue, and cGMP will 

high (~50 percent for 20 µm long human rods, and ~89 
percent for 60 µm long toad rods), due to the large number 
of disks (~1000) through which it must pass, and the high 
concentration of rhodopsin in each one. When rhodopsin 
absorbs light, the probability that it will undergo a structural 
transition, or photoisomerization, is extraordinarily high: 65 
percent.58 This is one of the most efficient photochemical 
reactions known, and this efficiency helps explain the exqui
site sensitivity of rod cells to a single photon of light. The 
bound 11cis retinal chromophore is responsible for the 
light absorption (polypeptides do not absorb visible light 
unless they are bound to some chromophoric ligand), and 
in its excited state induced by the light absorption, 11cis 
retinal undergoes a photoisomerization at the bond between 
carbon 11 and carbon 12 in its structure from 11cis to all
trans retinal (Fig. 18.7). The rearrangement of bonds causes 
a dramatic change in the structure of retinal, with the new 
alltrans form representing a straightening out of a kinked 
molecule. This molecule no longer acts as an inverse agonist, 
but now as an agonist, or activator.

The retinal chromophore, covalently attached via a Schiff’s 
base linkage to a lysine residue at amino acid position 296 
on rhodopsin (see above), induces structural changes in the 
protein upon photoisomerization. After photoisomerization 
of the chromophore, the protein undergoes a series of con
formational changes in the arrangement of its helices to 
accommodate this event. In other words, when retinal 
stretches out into the alltrans shape, it pushes part of the 
protein out of the way. These conformational changes ulti
mately lead to formation of Metarhodopsin II, a significantly 
different structure to dark rhodopsin. The intermediate con
formations of photolyzed rhodopsin can be monitored by 
high speed and/or low temperature spectroscopy , including 
UVvisible absorbance, infrared, Raman, and fluorescence 
spectroscopies.59–61 These and other studies have shown that 
upon light activation, rhodopsin first changes to bathorho
dopsin, lumirhodopsin, metarhodopsin I (MI) and metarho
dopsin II (MII or R*, the form that activates transducin), and 
ultimately metarhodopsin III (MIII) before the alltrans 
chromophore becomes hydrolyzed, leaving the apoprotein 
opsin. At physiological temperatures, almost immediately 
upon photoactivation, MI and MII establish a dynamic equi
librium which can be monitored by the differences in their 
absorbance spectra. It is MII rather than MI that preferen
tially binds to and activates the G protein.

G-protein activation
The key functional difference between rhodopsin and 
metarhodopsin II is in their interactions with the Gprotein 
transducin (Gt). MII binds to the Gprotein much more 
tightly than does rhodopsin and serves as an efficient catalyst 
for the activation of Gt. Gprotein activation occurs about 10 
million times faster at high MII concentrations than it does 
in the dark.62 The Gprotein binds to MII with GDP bound, 
but rapidly releases the bound GDP (Fig. 18.9). This GDP 
release is the slow step (~once per 10,000 s) for Gprotein 
activation in the dark, but occurs very rapidly when Gt is 
bound to MII. Once GDP is released, the millimolar concen
trations of GTP in the cell ensure rapid binding of GTP. Once 
GTP is bound to the Gtα subunit, the Gprotein is in its active 
state. The activated GtαGTP complex has much lower affinity 
for both the Gβγ subunits and for MII than do either the 
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is the transbilayer transport of APE. The aldehyde all trans
retinal must be converted to its alcohol form before being 
transported to the retinal pigmented epithelium (RPE) for 
recycling into 11cisretinal (see Chapter 13). This reduction 
reaction is catalyzed by one or more dehydrogenase enzymes, 
known as retinol dehydrogenases, all of which use NADPH 
as the reducing agent.

Opsin, whether phosphorylated or not, can bind 11cis
retinal, supplied by the retinoid cycle in the RPE, to regener
ate rhodopsin in its dark state. Phosphorylated rhodopsin 
does not bind arrestin (see below) with high affinity,  
and can be dephosphorylated by the action of protein  

be subject to rapid degradation. There are multiple mecha
nisms for inactivating MII, but the fastestacting and most 
important one appears to be phosphorylation by rhodopsin 
kinase,65 RK or RK1 (Fig. 18.12). Like the Gprotein, RK 
preferentially recognizes the activated form of rhodopsin, 
MII. RK uses ATP to attach phosphate groups to serine resi
dues in the carboxylterminal tail of rhodopsin. Up to eight 
phosphates may be added, and if any of the key residues are 
missing, MII inactivation kinetics are slowed.66,67 Phosphory
lation of MII reduces its affinity for the Gprotein, and slows 
the activation of the Gprotein. Rhodopsin kinase is a 
member of a family of kinases specific for activated forms of 
Gproteincoupled receptors, which includes a kinase found 
only in cones (but not found in all species with cones), 
RK7.68,69 RK1 associates with the disk membranes via a cova
lently attached farnesyl group,70,71 and RK7 via a geranylgera
nyl group. The greater hydrophobicity of the 20 carbon 
geranylgeranyl group as compared to 15 carbon farnesyl 
moiety may enhance the efficiency of interactions between 
RK7 and photoexcited cone pigments.

On a slower time scale than that of phosphorylation, 
photoexcited rhodopsin also undergoes loss of covalently 
attached alltrans retinal. The conformational change accom
panying cis–trans isomerizations and light activation renders 
the Schiff’s base between lysine 296 and retinal accessible to 
water, so that unlike the dark form of rhodopsin, MII is 
subject to Schiff’s base hydrolysis and release of alltrans 
retinal from its binding pocket. All transretinal, like other 
aldehydes, is a chemically reactive species that can associate 
with proteins in the disk membrane, including rhodopsin, 
and form new Schiff’s base linkages to amino groups from 
protein lysine residues or from phosphatidylethanolamine 
in the lipid phase into which it segregates. The conjugate 
between phosphatidylethanolamine and alltrans retinal, 
sometimes referred to as APE, is the precursor of a com
pound known as A2E (Fig. 18.13) which accumulates in 
animals and human patients deficient in the product of the 
Stargardt disease gene ABCA4 (or ABCR, see Box 18.2). 
ABCA472,73 belongs to a family of ATPbinding cassette trans
membrane transporters which includes multidrug resistance 
proteins and lipid flippases. A proposed function for ABCA4 

Figure 18.13 Chemical structure of N-retinylidene-N-retinylethanolamine 
(A2E).

N
+

OH

Figure 18.12 The role of phosphorylation by rhodopsin kinase 
in the inactivation of photoexcited rhodopsin, MII or R*. In the 
dark-adapted rod, rhodopsin is not the preferred substrate for 
rhodopsin kinase (RK), so on photoactivation and conversion to 
R* it catalyzes rapid guanosine diphosphate-guanosine 
triphosphate (GDP-GTP) exchange on Gαt. Activated Gαt-GTP 
activates cyclic guanosine monophosphate (cGMP) 
phosphodiesterase (PDE), leading to a closure of cGMP-gated 
cation channels and plasma membrane hyperpolarization. R* 
binds to and activates rhodopsin kinase, which uses adenosine 
triphosphate (ATP) to add multiple phosphates to the 
carboxyl-terminal region of R*, inducing a state that binds with 
high affinity to arrestin. Arrestin binding to phosphorylated 
rhodopsin effectively quenches the activity of R* until decay of 
metarhodopsin II and regeneration of rhodopsin lead to 
dephosphorylation by protein phosphatase 2A (PP2A). (Modifed 

from Gross et al 2008.118)
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amino termini, remain bound to GC even at low concentra
tions of intracellular Ca2+. Binding of Ca2+ changes their 
conformation in such a way as to allow dramatic stimulation 
of the activity of GC.

There are two isoforms each of GC and GCAPs in human 
photoreceptors and most mammals. The importance of GC1 
(also known as GCE or retGC1 or ROSGC1) in human 
phototransduction is underscored by mutations in the gene 
(GUCY2D) encoding this protein which causes Leber’s con
genital amaurosis (LCA) in human patients.84,85 The impor
tance of GCAP1 is underscored by the association of 
mutations in GCAP1 with autosomal dominant cone dystro
phy.86 In mice, a doubleknockout of the GCAP1 and GCAP2 
genes, which are in close proximity on the chromosome, 
leads to darkadapted rod flash responses that are much 
slower and larger in amplitude than those in wildtype rods. 
Transgenic expression of GCAP2 only partially rescues this 
phenotype, whereas GCAP1 expression appears to provide 
complete rescue if expression levels are sufficient.87

G-protein and PDE6 inactivation by RGS9-1
Even after MII has been quenched by phosphorylation and 
arrestin binding, signaling continues as long as GTP remains 
bound to the Gprotein so that PDE6 remains in an activated 
state. The dark GDP state of Gtα is restored through hydroly
sis of the bound GTP. Once phosphate is released, causing 
a conformational transformation in Gtα that restores its affin
ity for Gtβγ and dramatically lowers its affinity for PDE6, 
PDE6 returns to its dark inactive state. This GTP hydrolysis 
step is the slowest step88,89 in rod vision (time constant of 
about 200 ms in mammals and about 2 s in amphibians), 
and is regulated by a complex of proteins that act as GTPase 
accelerating proteins (GAPs). The core of this complex is 
RGS91,90,91 a member of the regulator of Gprotein signaling 
(RGS) family of GAPs found only in photoreceptor cells 
(Box 18.3). It is always bound to two obligate subunits Gβ5L, 
and a transmembrane anchor protein R9AP. Gβ5L

92,93 is a 
member of the Gprotein β subunit family, but its function 
is distinct from the other four members which bind very 
tightly to Gprotein γ subunits and help Gprotein α subu
nits couple to receptors. Rather, Gβ5L, binds tightly to a Gγ
like domain,94 or GGL domain, found in the R7 family of 
RGS proteins. Gβ5L binding is important for stability and 
specificity of RGS91 and other R7 RGS proteins, which 
tethers the complex to the disk membrane. This complex 
binds to the GtαGTPPDE6 complex and stimulates rapid 
hydrolysis of GTP by Gtα (Fig. 18.10), with the result that 
PDE6 activity falls to its dark levels and cGMP levels recover 
to what they were before the flash. As the slowest step in the 
recovery phase concludes, CNG channels are once again 
open to the same extent as before the flash, and both the 
membrane potential and [Ca2+] have recovered as well (see 
Chapter 19).

Amplification
One of the most remarkable features of rod vision is that all 
the events described above can be triggered in a robust way 
by an individual photon activating a single molecule of MII 
within a rod cell. Rod cells thus achieve the quantum limit 
of sensitivity, the ability to sense and communicate the pres
ence of a single photon of light. One reason for this ability 

phosphatase 2A (PP2A). Because rhodopsin with 11cis
retinal bound does not activate RK, rhodopsin in the dark  
is predominantly in a nonphosphorylated state.

Arrestin binding
Phosphorylation of rhodopsin by RK is not, in itself, suffi
cient for shutting off the activity of MII completely. A key 
additional step is binding of the capping protein, arres
tin.74,75 When MII is multiply phosphorylated, arrestin binds 
very tightly and blocks further binding and activation of Gt 
(Fig. 18.12). This MII is unable to propagate phototransduc
tion due to steric hindrance of the Gt binding site. Eventu
ally, alltransretinal will be removed by hydrolysis of the 
Schiff’s base linkage and dissociation from the protein, yield
ing opsin, from which arrestin will dissociate and phos
phates will be removed by a phosphoprotein phosphatase. 
This latter series of reactions occurs on a much longer time 
scale than the recovery from a dim flash excitation, as does 
regeneration of rhodopsin by binding of 11cisretinal to 
opsin (see discussion of dark adaptation below). Arrestin is 
a 48 kDa protein also known as 48 K or Santigen, the latter 
a reference to its involvement in experimentally induced 
autoimmune uveitis.

cGMP restoration by guanylate cyclase activation
On an even faster timescale than MII activation,76,77 changes 
in guanylate cyclase activity occur via a calciumfeedback 
mechanism that serve to halt the lowering of cytoplasmic 
[cGMP] and eventually restore it to dark levels. The calcium 
feedback consists of a lowering of cytoplasmic [Ca2+] that in 
turn activates guanylate cyclase.78 The mechanism by which 
[Ca2+] is lowered is simply that the Na+/Ca2+ exchanger con
tinues to pump Ca2+ out of the cell while the leak of Ca2+ 
into the cell through the CNG channels is reduced or blocked 
when the channels close (see Chapter 19). Changes in [Ca2+] 
work through calcium binding proteins79 known as GCAPs 
(guanylate cyclase binding proteins), members of the cal
modulin superfamily of calciumbinding proteins. They 
bind to GC and keep its activity low when they have calcium 
bound, but dramatically enhance its activity when [Ca2+] 
becomes low. Ca2+ inhibition of the GCAPGC complex is 
also cooperative, so that the dependence of GC activity is 
very steeply dependent on Ca2+ concentration. This coopera
tivity allows very rapid changes in GC activity in response to 
changes in CNG channel current. GC activation through Ca2+ 
feedback begins to balance the activation of PDE6 in less 
than 100 ms after a dim flash (in mice), and eventually 
restores [cGMP] to the resting, dark, level.

The retinal photoreceptor guanylate cyclase (GC) iso
forms26,80–83 are members of a family of transmembrane or 
particulate guanylate cyclases, some of which, unlike the 
photoreceptor isoforms are receptors for peptides or other 
extracellular ligands. Transmembrane GC enzymes are found 
in membranes as dimers. Each GC polypeptide has a glyco
sylated extracellular domain, which participates in dimer 
formation, a single transmembrane alphahelix, and intra
cellular domains. The intracellular domains include a kinase 
homology domain, a dimerization domain, the catalytic 
domain, which is responsible for the production of cGMP, 
and a Cterminal domain which may mediate interactions 
with proteins at the cytoplasmic surface of the membrane. 
The GCAP proteins, which have fatty acids attached to their 
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Dark-adapted rods

Responses to saturating light levels
When light levels exceed that needed to photoisomerize one 
rhodopsin in every 10,000 (0.01 percent), nearly all the 
cGMP in the cell is hydrolyzed, pushing the concentration 
near zero, and all the channels close, completely shutting off 
the dark current. Beyond this intensity, increasing the light 
intensity only accelerates the kinetics of the rising phase, and 
prolongs the time in saturation. As described in Chapter 19, 
following a flash of saturating intensity, further rod responses 
cannot be elicited until several seconds later when the cell 
has recovered from the initial response. Over a fairly wide 
range of intensities, the time from the flash to recovery of 
the dark current to a criterion level (e.g. 90 percent or 50 
percent) is linear with the logarithm of the flash intensity,96 
indicating a single exponential process, characterized by a 
“dominant time constant,”97 which represents the slowest 
step in the transduction cascade over that intensity range. 
Results from transgenic mice with increased levels of the 
RGS91 GAP complex88 have revealed that the levels of this 
complex, and therefore, the kinetics of GTP hydrolysis by 
Gtα, determine the timing of the slow step in photoresponse 
recovery, and therefore the time resolution of rod vision.

Adaptation to changing levels of ambient 
lighting (see Chapter 20)
In the presence of even a fairly dim background light, the 
responses of rods to increments in intensity are attenuated 
and accelerated relative to those obtained in completely 
darkadapted conditions. This desensitizing effect becomes 
more pronounced as the intensity of the background light 
increases. These changes are referred to as light adaptation. 
The changes are reversible upon return to darkness, with the 
return of sensitivity occurring over a time scale of minutes, 
proceeding through both fast and slow phases. This restora
tion of sensitivity is referred to as dark adaptation. The slow 
phase of dark adaptation is usually attributed to the regen
eration of rhodopsin from opsin that has been formed by 
prolonged exposure to bright light, i.e. the rebinding of 
11cisretinal to the pool of apoprotein formed in bright 
background light. Light adaptation can be observed on a 
time scale of seconds, and while it is not completely under
stood, appears to result from changes at several steps in the 
phototransduction cascade. The most important of these is 
simply an acceleration of cGMP hydrolysis and synthesis 
caused by PDE6 activation and low[Ca2+]induced guany
late cyclase activation. Because these reactions are already 
proceeding at a fast clip due to the background light, further 
increases in light elicit lower amplitude responses, but these 
occur more rapidly. In addition, the low [Ca2+] present under 
these conditions may modulate the activity of rhodopsin 
kinase, the CNG channel, and the RGS91 GAP complex.

Turnover of guanine nucleotides
While light greatly accelerates the turnover of guanine nucle
otides in photoreceptors, even in the dark there is a very high 
rate of flux through cycles of synthesis and hydrolysis.98 
Although each PDE6 molecule may have only 0.1 percent or 
so of its maximal enzymatic activity in the dark, the high 
concentration of PDE6 (on the order of 20 µM) and its high 
enzymatic efficiency means that the entire cellular pool of 

is the multiple stages of amplification achieved by the cata
lytic activity of phototransduction components. A single MII 
molecule can produce many activated GtαGTP molecules. 
Each of these, when bound to PDE6, can destroy thousands 
of cGMP molecules per second. Each cGMP molecule 
removed from the cytoplasm by hydrolysis decreases the 
number of open channels, each one of which passes nearly 
2000 positively charged ions per second. Moreover, the 
cooperativity of the channel means that a 10 percent change 
in [cGMP] yields a nearly 30 percent change in the number 
of open channels. Depending on the species and their rod 
geometry, the overall gain in terms of numbers of ions 
blocked per rhodopsin photoisomerized is between 5 × 105 
and 107.95 These staggering numbers would seem to make it 
obvious why a single photon can be detected, but there is 
one problem that always accompanies amplification: noise 
is amplified along with the signal. Ultimately, reliable detec
tion depends not just on a strong signal, but on a high  
signaltonoise ratio. There are many sources of noise in the 
phototransduction cascade, and detailed studies suggest that 
many of the features of the phototransduction cascade and 
the molecules that mediate it have evolved to minimize 
noise. Individual rods produce false singlephotonlike 
signals with a frequency of about once every 160 seconds, 
making it difficult for us to discriminate real light from dark
ness at intensity levels below that needed to induce single 
photon responses with this frequency.

Box 18.3  Bradyopsia

Patients with bradyopsia, or slow vision, show a prolonged 
response suppression in electroretinogram recordings. 
Bradyopsia is a recently discovered rare genetic disorder of the 
retina characterized by an inability to rapidly shut off the 
phototransduction cascade following the stimulation of the 
photoreceptors by a photon of light. Patients present with 
symptoms of photophobia, problems adjusting to bright light, 
and difficulties seeing moving objects; they often complain that 
they cannot play ball sports such as soccer, as they cannot see 
the ball in motion.119 The mutation in these patients is in the 
RGS9 (regulator of G-protein signaling 9) gene, the product of 
which is involved in the deactivation of photoreceptor responses 
(Fig. 18.12), or in the gene encoding R9AP, the RGS9-1 anchor 
protein, whose presence is essential to prevent degradation of 
RGS9-1. The discovery of bradyopsia and its molecular basis 
provides a fascinating insight into the ever-expanding role of 
medical genetics and animal models of human disease.

When the RGS9 gene was first discovered as one encoding a key 
player in phototransduction, it was recognized as a candidate 
gene for human retinal disease. However, sequencing of DNA 
from numerous patients with hereditary retinal degenerations 
uncovered polymorphisms in the RGS9 gene, but none with any 
disease association.120,121 Results from mice engineered to have a 
genetic defect in their RGS9 gene revealed that homozygotes 
suffered not from retinal degeneration, but from slowed recovery 
from light responses in rod and cone photoreceptors. R9AP 
knockout mice had retinal phenotypes almost identical to those 
of RGS9 knockouts. These findings led researchers at the 
Massachusetts Eye and Ear Infirmary to search through patient 
records and the ophthalmological literature for patients whose 
ERG results resembled those of the knockout mice. This work, 
combined with DNA sequencing led to the discovery of this 
previously uncharacterized disease.122
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maximum around 498 nm), and are not sensitive in the red 
(wavelengths longer than 640 nm). Many studies have 
addressed the molecular mechanism of spectral tuning, and 
it has been determined that the protonation state of the 
Schiff’s base, as well as the polarity of the amino acids adja
cent to it, dictate whether the absorption spectrum of the 
photoreceptor will shift to the blue (short wavelengths) or 
to the red (long wavelengths) (Fig. 18.14).104–109

The Gprotein subunits of rods and cones are distinct but 
closely related. Cone Gαt is known as Gαt2 or cone transducin, 
and is 81 percent identical to rod transducin. Rod trans
ducin’s beta subunit is Gβ1, whereas cone transducin uses Gβ3 
which has 83 percent sequence identity. The rod Gγ? and 
cone Gγ8 subunits are less than 40 percent identical; both 
undergo proteolytic cleavage of three residues, farnesylation, 
and methyl esterification at their Ctermini.

Unlike rods, in which there are two related but distinct 
PDE6 catalytic subunits, PDE6β and PDE6α, cones contain a 
single PDE6α subunit, which forms a homodimer that 
together with two copies of conespecific PDE6γC forms the 
holoenzyme heterotetramer. The CNG channel has cone
specific α and β subunits. Both rod rhodopsin kinase, GRK1 
and a conespecific rhodopsin kinase, GRK7 are found in 
cones, and there is a conespecific form of arrestin. The 
RGS91Gβ5R9AP complex is identical in composition 
in cones (except that some of the Gβ5 is a shorter splice 
variant not found in rods), but is present at tenfold higher 
levels in cones than in rods,91,110 to allow the fast kinetics 
described below.

Physiological differences
Cones are much less sensitive than rods, they have much 
faster kinetics, and they are nearly impossible to saturate 
even in bright sunlight. The reasons for these differences are 
currently the subject of research in numerous laboratories 
and remain controversial. However, most current data point 
away from the reactions of the activation phase. The quantum 
sensitivity of the cone pigments is very similar to that of 
rhodopsin, as is their efficiency at activating the Gprotein. 
The cone PDE6 has similar kinetic properties to those of the 
rod isoform, and the CNG channels have similar responsive
ness to cGMP. Rather, most research points toward faster 
mechanisms for shutting off the response as the major 
sources for differences in kinetics and sensitivity between 
rods and cones. These include, possibly, faster phosphoryla
tion of the activated cone pigments as compared to MII 
phosphorylation,111,112 faster dissociation of alltransretinal, 
and faster Gprotein GTP hydrolysis, driven by tenfold 
higher concentrations of the RGS91/Gβ5/R9AP GAP 
complex in cones than in rods. Low activity (poor Gprotein 
activation) of bleached pigment (opsinlike apoprotein or 
phosphorylated and arrestincapped forms) may also play a 
role in preventing saturation of cones.

Phototransduction and disease

The major classes of disease resulting from defects in  
phototransduction include retinal degeneration, night blind
ness, color blindness, and achromatopsia (Box 18.5). Of 
these, each of the heritable diseases, except for Xlinked color 

cGMP in a mammalian rod is hydrolyzed at a rate of about 
once every 2.5 seconds. This hydrolytic flux is balanced by 
continual cGMP synthesis catalyzed by guanylate cyclase to 
achieve a constant steadystate level of cGMP in the dark. 
This dark cycling through cGMP consumes high amounts of 
GTP, which must be continually replenished by energy 
metabolism. To that end photoreceptors can use both 
aerobic respiration by dense concentrations of mitochondria 
in the region of the inner segment proximal to the outer 
segment, and glycolysis, whose enzymes are found in both 
the outer and inner segments. GTP is produced from GDP 
and inorganic phosphate, Pi, in the citric acid cycle by the 
action of succinate dehydrogenase, from GDP and ATP by 
the action nucleoside diphosphate kinase, and from two 
molecules of GDP by the action of a GDP phosphotrans
ferase.99 This apparent futile cycling and squandering of cel
lular energy sources may seem wasteful. However, it likely 
contributes to the speed of phototransduction, and its cost 
in terms of ATP use is dwarfed by the needs of the Na+/K+ 
ATPase pump in the inner segment.

Comparison of cones and rods

Similarities and differences of 
phototransduction molecules
Many of the phototransduction molecules of rods have 
homologs that perform similar functions in cones. The cone 
pigments, which are very similar in structure to rhodopsin 
have different absorption spectra, and different photophysi
cal properties (Fig. 18.14). The thermal isomerizations rates 
of cone pigments are higher than those for rhodopsin,100 as 
are the rates of spontaneous dissociation of 11cisretinal.101 
The evolution of different absorption spectra, known as 
spectral tuning, for the color pigments and rhodopsin arises 
due to varying amino acid side chains in and near the 
chromophore binding pocket. Pioneering work by George 
Wald102 (for which he shared the Nobel Prize in Physiology 
or Medicine in 1967;103), Ruth Hubbard35 and others showed 
that rod cells are most sensitive to green light (absorbance 

Figure 18.14 Absorption spectra of rhodopsin and the red-sensitive (L), 
green-sensitive (M) and blue-sensitive (S) cone pigments. (Courtesy of Dr. 

Masahiro Kono.)
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What we don’t know

by large membraneattached multiprotein complexes, but 
we do not know how these are organized. For example, 
during the rate limiting step of vision, Gprotein GTP hydrol
ysis, a minimum of eight different polypeptides (Gtα, PDEα, 
PDEβ, 2 PDEγ, RGS91, Gβ5, R9AP) are present, and we have 
no idea how they are arranged on the surface of the disk 
membrane. The multisubunit CNG channel, and Na/Ca 
exchanger are associated with one another in the plasma 
membrane, and tightly attached to proteins in the disk rims, 
but the structures of these complexes are also unknown. 
Rhodopsin can form ordered rows of dimers in isolated disk 
membranes, but the physiological roles of these arrays and 
of the dimers themselves remain controversial. These struc
tural questions remain an active area of current research.

There are also many remaining questions about the inac
tivation phase of the light response and about the events of 
light and dark adaptation. For example, the active lifetime 
of MII molecules seems to be under much more stringent 
control than would be expected for an excited species whose 
inactivation occurs by way of a randomly timed event such 
as phosphorylation or any other chemical reaction. Model
ing studies suggest that multiple sequential chemical changes 
are needed to explain what is known as the reproducibility 
of the single photon responses. Studies of the kinetics of 
rhodopsin phosphorylation have mostly been carried out at 
very high levels of MII formation, under conditions very far 
from single photon responses; so how MII phosphorylation 
proceeds at very low light intensities and how it is influenced 
by [Ca2+] remain controversial topics for further research. 
Certain features of longterm light adaptation are still 
without a molecular explanation.

blindness, is quite rare, but in total these conditions affect 
many thousands of patients who suffer various degrees of 
visual impairment.

Retinal degeneration and night blindness
Retinal degeneration is a progressive loss of visual function, 
usually accompanied by death of both rod and cone pho
toreceptor cells, which can lead to severe visual impairment 
and complete blindness. Such conditions are classified  
under a variety of names according to the appearance of the 
retina and pathology of the disease. Hereditary degenerative 
disorders, including retinitis pigmentosa (Fig 18.15), can 
arise from mutations in genes encoding photoreceptor  
proteins, as well as from mutations in many other non 
phototransduction genes (see Box 18.4). Many such 
mutations have been identified in humans and animals, and 
lists of these can be accessed on the web site for the Retinal 
Information Network: http://www.sph.uth.tmc.edu/Retnet/ 
or the site for the Ocular Molecular Genetics Institute: http://
eyegene.meei.harvard.edu/. Among the phototransduction 
proteins discussed above, retinal degeneration has been 
linked to defects in the genes encoding rhodopsin, PDE6, 
guanylate cyclase, CNG channel, guanylate cyclase, and gua
nylate cyclase activating proteins (GCAPs). Congenital sta
tionary night blindness, an absence or severe deficiency in 
rod vision (referred to as “stationary” because it does not 
progress) has been linked to genes encoding rhodopsin, the 
transducin (Gprotein) alpha subunit, rhodopsin kinase and 
arrestin.

What we don’t know

Although the basic biochemistry of the major events in pho
totransduction is fairly well understood, most of the struc
tural and mechanistic details remain to be determined. 
Although some hints are available, we do not know exactly 
how MII activates the Gprotein or how the Gprotein acti
vates PDE6. Many of the biochemical events are mediated 

Figure 18.15 Fundus photograph taken of patient with autosomal 
dominant retinitis pigmentosa. Note the pale optic disc, presence of 
pigmentation and thinning of blood vessels (where indicated). (Courtesy of 

Dr. Leo P. Semes.)
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Box 18.4  Retinitis pigmentosa

Retinitis pigmentosa (RP) is a progressive rod–cone dystrophy 
that presents with progressive field loss and eventual visual 
activity decline. The worldwide prevalence of RP is 1 in 4000 
individuals.123

Typical symptoms include night blindness followed by decreasing 
visual fields, leading to tunnel vision and eventually blindness. 
Clinical hallmarks include gradually increasing bone-spiculed 
pigmentation, attenuation of retinal vasculature, waxy disc pallor, 
as well as diminished, abnormal or absent electroretinograph 
responses. Typically, symptoms start in the early teenage years, 
and severe visual impairment occurs by the ages of 40 to 50. 
There are early-onset forms of RP, with the underlying genetic 
cause proving to be a useful predictor of the severity of the 
disease.

The earliest of symptoms, measurable before visible onset of the 
disease, are abnormal light-evoked ERGs.124 The ADRP form is less 
prevalent and less severe than the recessive form and has been 
linked to a variety of genes involved in phototransduction or rod 
cell function. The most prevalent mutation in human ADRP 
patients, in which Pro23 is replaced by His (P34H) in the 
rhodopsin gene, has been identified in ~15 percent of ADRP 
families in the United States. A comprehensive list of genes 
causing RP and other retinopathies can be found at the RetNet 
website (http://www.sph.uth.tmc.edu/Retnet/). In addition to 
simple forms of RP, there are syndromes involving pleiotropic 
effects (FIX). The most frequent form of syndromic RP is Usher 
syndrome. This disease presents as early-onset hearing loss 
followed by development of RP in the teenage years.125
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opportunities for discovery in these areas in the coming 
years.
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There is only a partial understanding of how the levels of 
the phototransduction proteins are regulated, even though 
it has been known for years that the levels of many of them 
are remarkably constant under a given set of conditions, but 
can vary in response to genetic defects or metabolic stress. 
Our understanding of how the phototransduction proteins 
are selectively transported to the outer segments from their 
sites of synthesis in the inner segment, and how they are 
kept there, is still at a rudimentary stage. In recent years there 
has been much interest in the migration during prolonged 
bright illumination of the Gprotein transducin from the 
outer to the inner segment, and the movement of arrestin, 
under the same conditions, from the inner to the outer 
segment. The mechanisms by which these dramatic changes 
are achieved and their physiological significance are still 
under study.

One of the most important remaining areas of inquiry has 
to do with the connection between phototransduction and 
disease. Although defects in phototransduction components 
are known to lead to retinal degeneration, the molecular 
mechanisms by which cell death occurs are very poorly 
understood. It will be very important to understand these 
mechanisms in order to develop new therapeutic interven
tions, and to discover common pathways that might some 
day lead to therapies that could be applied to a number of 
different degenerative disorders.

Where the field is headed

The study of phototransduction is quite satisfying, because 
each new piece of information can be fitted into an overall 
scheme that is very comprehensive. It is like working on a 
jigsaw puzzle that is onethird to onehalf finished. Each new 
piece of the puzzle can often be fit into the emerging picture 
and immediately reveals something new about the scene. 
The field at present is shifting: from the activation phase, 
whose mechanisms are fairly well understood, to the recov
ery phase, which holds more mysteries; from rods, whose 
properties make them easier to study, to cones, which 
present greater challenges; from the functions of proteins in 
the outer segments to understanding how they are trans
ported and maintained there and how they are organized; 
from functioning of normal photoreceptors to how their 
malfunctioning leads to disease. There will be many exciting 

Box 18.5  Cone-specific disease

Whereas retinitis pigmentosa and CSNB are thought of as 
diseases that primarily or initially affect the rods, there are 
additional hereditary visual disorders that primarily target cones. 
These include color-blindness (see Chapter 19), achromatopsia 
(see Chapter 19), cone- or cone/rod dystrophies, and inherited 
forms of macular dystrophy. Numerous genes have been 
implicated in these diseases, and these include some cone-
specific phototransduction genes, including cone pigment genes, 
cyclic nucleotide gated channel subunit genes, a gene encoding 
cone-specific G protein, GCAP genes, and genes encoding 
potassium and calcium channels. In addition to ABCA4, discussed 
above, a gene encoding a fatty acid elongase, ELOV4, has been 
implicated in Stargardt-like macular dystrophy.
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C H A P T E R 19 

Photoresponses of  
Rods and Cones

Peter R. MacLeish & Clint L. Makino

Retinal rods and cones are highly specialized neurons that 
respond to light with an electrical signal (see Chapter 18) 
and provide the sensory input for vision. In contrast to most 
other neurons, rods and cones maintain a relatively depolar-
ized membrane potential at rest (in darkness) and when 
stimulated (by light) decrease Na+ entry by closing ion chan-
nels. In turn, the resultant hyperpolarization closes Ca2+ 
channels at the synapse and the ensuing fall in intracellular 
Ca2+ reduces an ongoing vesicular release of neurotransmit-
ter onto second-order neurons (see review1). This chapter 
describes the signaling properties of rods and cones, which 
subserve vision in dim and bright light, respectively. An 
overview of the voltage changes induced by light will be fol-
lowed by a description of the properties of the photocurrent 
from which the voltage response originates and then an 
explanation of how voltage-dependent, inner segment con-
ductances shape the final voltage response. For readers inter-
ested in the underlying molecular designs and mechanisms, 
summaries on ion channels and exchangers are included. 
Even though the retinal photoreceptors of all vertebrates 
operate similarly, there are some qualitative as well as quan-
titative differences. So wherever possible, we will focus on 
primate photoreceptors.

Photovoltage response to flashes

In darkness, rods and cones maintain a membrane potential 
near −40 mV.2 When stimulated by flashes, rods and cones 
do not “fire” action potentials but instead respond with 
graded hyperpolarizations (Fig. 19.1)3 that in some cells, 
exceed 25 mV.4 The hyperpolarization then spreads pas-
sively to the synapse. In comparing rod and cone responses, 
the latter are considerably faster and require many more 
photons. Photoisomerization of 75 rhodopsins gives rise to 
a half maximal response in rods whereas in cones, it takes 
close to a thousand photoisomerizations (estimated from2,5).

The amplitude of the single photon response in rods is 
about a millivolt, a few percent of the maximal response.2,4,6 
Its time to peak of 200 ms or more is relatively slow consider-
ing that Olympic sprinter Usain Bolt covered more than two 
meters in that span of time. The response recovers even more 
slowly and may take over a second to disappear. The slow 

time course of the single-photon response provided compel-
ling evidence for an internal, second messenger(s) and for 
amplification steps in the signaling pathway. The duration 
can be specified as an integration time, calculated by dividing 
the response integral by the peak amplitude. For rods, the 
integration time of the quantal response is several hundred 
ms. Although cones are less sensitive than rods, they too 
“respond” to single photons, but the amplitude of their 
quantal response is much smaller and does not emerge from 
the baseline noise.2 The cone response is faster, with a time 
to peak of 30 ms and an integration time of only 25 ms.5,7 
Response kinetics and sensitivity are intimately linked and 
the relationship will be discussed below (see also Chapter 
18). The waveforms of rod and cone flash responses change 
with flash strength. Responses peak sooner and the initial 
recovery is faster as the flash strength increases but with 
responses greater than half maximal, recovery stalls to a 
plateau before the final recovery. In cones, the recovery  
overshoots the baseline before the final recovery, while in 
rods, the plateau slowly returns to baseline without an 
overshoot.

Background light attenuates the response to a flash as the 
cells adapt (for discussions of the underlying mechanisms, 
see Chapters 18 and 20). The dim flash response reduces in 
size by two-fold with a background producing ~150 photo-
isomerizations per second in rods and ~8700 photoisomeri-
zations per second in cones.7 The latter value obtains for an 
isolated cone. In reality, light has a greater effect on the cone 
response because of electrical coupling between rods and 
cones in the retina (see Chapter 22). Background light quick-
ens flash responses in rods, but has little effect on response 
kinetics in cones (ignoring the rod component of the 
response in cones communicated electrotonically).

Photocurrent response to flashes

The photon response derives from a decrease in the number 
of open cyclic nucleotide gated (CNG) channels that per-
turbs the flow of ions across the plasma membrane and 
shifts the transmembrane potential to more negative volt-
ages. CNG channels are located exclusively in the outer seg-
ments of rods and cones. In darkness, a small fraction of the 
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where r is the photocurrent response amplitude, rmax is the 
amplitude of the maximal saturating response, i is flash 
strength, kf is a constant equal to ln(2)/i0.5 and i0.5 is the flash 
strength giving rise to a half maximal response. The i0.5 for 
rods produces 30–70 photoisomerizations on average,11–13 
while that for cones produces ~10 times as many 
photoisomerizations.14

As is the case with photovoltage, photocurrent responses 
speed up with flash strength though the effect is less pro-
nounced in cones.11,14 Responses are faster in cones than in 
rods (note the difference in time scales in Fig. 19.3A and C) 
and have a marked undershoot (although cf. refs15,16). 
Responses of different cone types are indistinguishable in 
waveform. However, the photovoltage and photocurrent 
responses of rods and cones are not mirror images of each 
other; photocurrent responses lack the “nose” in the photo-
voltage response to brighter flashes.

Once the flash is bright enough to close all of the CNG 
channels, more light cannot produce a larger response, so 
instead, the duration of the photocurrent response incre-
ments with the natural logarithm of the flash strength (Fig. 
19.3D). The basis for this behavior is that a single molecular 
process, namely the shutoff of transducin17 (see also Chapter 
18), that has a stochastic, exponential time course18,19 domi-
nates the recovery from phototransduction activation in 

channels are in the open state, allowing an influx of cations. 
The intracellular concentration of Na+ is low while that of 
K+ is high relative to the extracellular space due to the action 
of Na+,K+-ATPases in the inner segment. Thus Na+ and also 
some Ca2+ ions flow in through the outer segment channels. 
K+ ions flow out through leak and voltage-gated ion channels 
in the inner segment to complete the electrical circuit, which 
is referred to as the “dark” or circulating current (Fig. 19.2). 
Light absorbed by a visual pigment molecule in the outer 
segment closes CNG channels in an annulus of plasma 
membrane surrounding the site of photon absorption on the 
disk membrane.8–10

When two photons are absorbed, it is unlikely for both 
absorptions to occur in close proximity. The response to each 
photon is generated independently and the overall response 
is twice as big. In other words, dim flashes lie within a linear 
operating range wherein the response simply scales with the 
flash strength. However, with increasing numbers of photon 
absorptions, local effects begin to overlap so fewer channels 
are closed per photon absorbed. With enough photons, all 
of the channels are closed and the rod response is maximal 
(Fig. 19.3). Hence the normalized response grows with flash 
strength according to a saturating exponential function:9

 r r k ifmax exp= − −( )1  (1)

Figure 19.1 Faster voltage responses in a rod (A, B on two different time scales) than in a cone (C) to flashes. Photovoltage is the change in membrane 
potential induced by a flash, given at time zero. (D) The stimulus–response relation of the cone (green circles) is to the right of that of the rod (black circles), 
reflecting the lower sensitivity of the cone. Each response has been divided by the maximal, saturating response for that cell. (Panels A and B from Schneeweis 

DM and Schnapf JL: Photovoltage of rods and cones in the macaque retina, Science 268: 1053–1056, 1995. Reprinted with permission from AAAS;2 reprinted with permission from 

AAAS. Panels C and D courtesy of D. Schneeweis, University of Illinois at Chicago and J. Schnapf, University of California at San Francisco, unpublished results.)
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Detecting single photons

response in cones is considered, its early rise is actually pretty 
similar to that in rods.24 However, the cone response starts 
to shut off in 50 ms or less at a time when it has only reached 
an amplitude of a few tens of fA.14,16,21

It is imperative that single photon responses do not vary 
in size or duration because if they did, the rod would be 
unable to distinguish one large, slow quantal response from 
two or more small, brief quantal responses occurring close 
together in time. The coefficient of variation of the rod 
response, defined as the quotient of the standard deviation 
divided by the mean amplitude, has a low value of 0.2.22,26–28 
When stimulated by dim flashes, the rod does not respond 
the same way every time, but the unpredictability arises from 
the Poisson distribution of photon absorptions, rather than 
from single photon response variability. Whenever the rod 
does respond, the amplitude is quantized (Fig. 19.4A).

In darkness, there are two physiological kinds of electrical 
fluctuations in the current baseline: discrete noise and con-
tinuous noise (Fig. 19.4B)11,29 Discrete noise arises from 
thermal isomerizations of rhodopsin. Even though rho-
dopsin has a half life of ~300 years at body temperature, a 
rod contains so many copies (around a hundred million) 
that one spontaneously activates every minute or two. Cone 
visual pigments are far less stable than rod pigments,14,30,31 
making single photon detection impossible. Continuous 
noise springs from the spontaneous activity of PDE32 and is 
much more prevalent than discrete events in rods but typi-
cally has a lower amplitude. The continuous noise amplitude 
distribution is approximately Gaussian so, occasionally, there 
is a single-photon-response-like event. However, such events 

rods. The slope of the saturation function or “Pepperberg 
Plot” yields the dominant time constant of about ~0.2 s20 (a 
similar value has been reported by many others for murine 
rods). The identity of the rate-limiting step in the recovery 
of the cone response has not been firmly established but its 
time constant is an order of magnitude faster (T. Kraft, per-
sonal communication).15,16,21

Detecting single photons

Rods count single photons.22 In order to do so, they must 
satisfy several conditions: noise must be minimal and 
quantal responses must be reproducible and highly ampli-
fied. Amplification is achieved by cascading several enzy-
matic reactions (see Chapter 18). Each chemical reaction 
takes time, hence the decrement in the circulating current 
after photon absorption is delayed by a few ms. Then the 
response rises to a peak amplitude of 0.1 to 0.7 pA approxi-
mately 200 ms later reflecting the suppression of the circu-
lating current by a few per cent.11–13,23 With the cascade 
working as fast as it can, the size of the response is deter-
mined by when shutoff and recovery processes kick in. In 
rods, hundreds of CNG channels are closed during the single 
photon response. Na+ ions traverse the channel at a rate of 
~104 s−1 (see review25), so one photon blocks the entry of a 
million Na+ ions. Responses to brighter flashes in rods and 
in cones appear with a shorter delay and rise more steeply 
because many more photoexcited rhodopsins are activating 
the phototransduction machinery. But if the single photon 

Figure 19.2 The dark current. (A) Light suppresses the entry of 
Na+ and to a lesser extent Ca2+ into the outer segment in a ring 
of plasma membrane around the photoexcited rhodopsin 
(darkened red band). The rod hyperpolarizes, which closes Ca2+ 
channels at the synapse and attenuates the release of 
neurotransmitter. (B) The inward Na+ current in this rod, plotted 
downward by convention, was −13.3 pA. A saturating flash, 
given at time zero, closes all the CNG channels and completely 
shuts down the inward Na+ current. After a while, channels 
reopen and the membrane current is restored. For simplicity, the 
change in membrane current is often measured as 
photocurrent, shown on the right.
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Figure 19.3 Current responses of a human rod (A) and cone (C) to flashes. (B) The stimulus–response relations of the rod (black circles) and cone (green 
triangles) follow eqn (1) (black and green lines). The dotted line shows a linear relation on semilogarithmic coordinates for comparison. (D) Saturation times 
for the rod in A, measured from midflash to 25 percent recovery. The line passing through the initial points has a slope of 205 ms and has been extended 
with a dashed line. (Panel A from T.W. Kraft, D.M. Schneeweis and J.L. Schnapf, 1993: Visual transduction in human rod photoreceptors, Journal of Physiology 464: 747–765.12 

reproduced with permission from Blackwell Publishing. Panel B contains results from Kraft TW, Schneeweis DM, Schnapf JL. Visual transduction in human rod photoreceptors. J 

Physiol. 1993; 464: 747–6512 and unpublished results from T. Kraft, University of Alabama. Panel C from Kraft TW, Neitz J, Neitz M. Spectra of human L cones. Vision Research 1998; 

38: 3663–70; reproduced by permission of Elsevier Science Copyright Elsevier 1998. Panel D courtesy of T. Kraft, University of Alabama; D. Schneeweis, University of Illinois at 

Chicago; and J. Schnapf, University of California at San Francisco.)
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Figure 19.4 Responses of a primate rod to single, 
rhodopsin isomerizations. (A) For flashes that 
photoisomerize one rhodopsin on average, many trials fail 
to elicit a response because no photons were absorbed. 
Other trials produce responses whose amplitudes are 
multiples of the unitary response, dependent upon the 
number of photons absorbed. (B) Discrete noise events (e.g. 
arrow in top trace), resembling single photon responses, 
appear sporadically in darkness after spontaneous 
activations of individual rhodopsins. In addition, a 
continuous, lower amplitude noise component arises from 
basal PDE activity (top three traces). Both noise components 
disappear in bright light after closure of all of the CNG 
channels (bottom trace), leaving only the instrumental noise 
in the recording. (From D.A. Baylor, B.J. Nunn and J.L. Schnapf, 

1984: The photocurrent, noise and spectral sensitivity of rods of the 

monkey Macaca fascicularis, Journal of Physiology 357: 575–607. 

Reproduced by permission of Blackwell Publishing.)
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Photocurrent response to steady light

over an even greater range of intensities at least in part 
because they lack aberrant responses.

Light that is bright enough to bleach a significant fraction 
of visual pigment causes rods to behave for a period as if 
they were being exposed to a virtual, “equivalent light” that 
lingers after the light is removed (see review42). Rods adapt 
to the equivalent light with a reduction in circulating current 
and accelerated flash response kinetics as well as a profound 
loss of flash sensitivity exceeding that expected from the 
decrease in photon capture.43 It turns out that bleached rho-
dopsin constitutively activates the phototransduction cascade. 
Although the activity of a single bleached rhodopsin is 
miniscule, the summated activity over hundreds of millions 
of bleached rhodopsin molecules is substantial. The equiva-
lent light fades as visual pigment regenerates (see Chapter 
13). Circulating current after full bleach recovers halfway in 
15 min and is fully restored in ~25 min.39 Cones are not 
impaired in this way by bleaching;14,44 their bleached pigment 
seems to be inactive (although the situation is not yet clear 
for bleached blue cone pigment45). That means that when a 
very bright light is turned on, cones may saturate, but they 

are inconsequential because they take place ten times less 
frequently than the thermal isomerizations of rhodopsin.

Thermal isomerizations of rhodopsin limit the detection 
of very dim light, because real photons cannot be distin-
guished from virtual ones. To guard against false alarms, the 
visual system relies on coincidence detection. A single 
photon response in one rod does not suffice for vision; a few 
rods in a small cluster of the retina must each generate a 
single photon response within a certain period of time 
before a flash is “seen”.33 The temporal requirement is speci-
fied by the integration time of the response. Thus shortening 
the integration time detracts from sensitivity of the system. 
This consideration also applies below, when rods and cones 
respond to steps of light. The integration time for rods is 
~300 ms,11,12,23 while for cones, it is ~20 ms (segment preced-
ing undershoot14).

Thus rods are well suited for single photon detection. 
Oddly though, rods sometimes generate single photon 
responses that are truly aberrant.11,34 For reasons unknown, 
one photoexcited rhodopsin out of several hundred fails to 
shut off properly35,36 and gives rise to a two-fold larger than 
average response that can last for a very, very long time (Fig. 
19.5). Aberrant response durations are exponentially distrib-
uted with a mean value of about 4 s, but some last for tens 
of seconds. Aberrant responses have little impact on photon 
counting due to their rarity, yet they prolong the recovery 
after exposure to bright light (flashes and steps), leaving rods 
vulnerable to saturation (Box 19.1).

Photocurrent response to steady light

The rod response to dim, steady light summates individual 
single photon responses.11 But with brighter light, adapta-
tion within the outer segment causes the step responses to 
fall short of the amplitude expected from a simple saturation 
behavior23,37,38 (see Chapter 20). Midrange responses droop 
as additional adaptational mechanisms with a slower time 
course reduce the cascade gain and cause the stimulus–
response relation to rise even more gently (Fig. 19.6). 
Light producing 300–600 photoisomerizations per second 
decreases the circulating current in darkness by 50 percent.23,39 
In contrast, the peak of the cone response to steps nearly 
does obey simple saturation.14 A hundred ms in the light 
later, however, cone responses begin to droop as they too 
adapt. For dim steps, the droop reduces the amplitude to 
less than half that at the peak. The initial droop is typically 
larger and faster in cones than in rods.

In steady light, incremental flashes give rise to responses 
in rods that are smaller (Fig. 19.7) and recover more rapidly 
than in darkness, another manifestation of light adapta-
tion11–13,23,37,38 (see Chapter 20). Flash response kinetics 
change very little with background light in primate cones, 
differing in this respect from cones of cold-blooded verte-
brates.14 Light producing one to a few hundred photoisomer-
izations per second reduces flash sensitivity to half its value 
in darkness in rods,11,12,23,39 where the value may increase 
slowly over tens of seconds in the light.40,41 Adaptation is 
more powerful in cones, for which 10,000 or more photo-
isomerizations per second reduce sensitivity two-fold.7,14 
Mammalian rods adapt over several log units of background 
light intensity before saturating.23,37,38 Amphibian rods adapt 

Figure 19.5 Aberrant responses in rods. The peaks of the responses are 
not shown. (A) In these four responses to a flash eliciting about 250 
photoisomerizations, an aberrant response component can be seen at late 
times in the top three traces. The appearance of an aberrant response after 
a flash, as well as its duration is random. The aberrant response in the top 
trace persists for more than 20 s. The second trace does not initially contain 
an aberrant response. Then one appears and recovers only to reappear 
before shutting off for good. (B) In these three responses to a flash over ten 
times brighter than that in A, multiple individual aberrant responses add 
together to create protracted, stair-cased recoveries. (From D.A. Baylor, B.J. 

Nunn and J.L. Schnapf, 1984: The photocurrent, noise and spectral sensitivity of rods of 

the monkey Macaca fascicularis, Journal of Physiology 357: 575-607. Modified with 

permission from Blackwell Publishing.)
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Figure 19.6 Adaptation of a rod to steady light. (A) The 
Poisson nature of light absorption causes the bumpiness in 
the responses to dim steps despite averaging. Midrange 
responses droop as the rod adapts. At the two highest 
intensities, both the droop and the bumpiness are 
compressed as the rod saturates so the traces become 
smoother. (B) In the stimulus–response relations for the rod 
in A and 14 other rods measured after several seconds of 
light exposure, light intensity on the abscissa has been 
divided by I0.5, the intensity giving rise to a half-maximal 
response measured at the peak, for each rod. The 
continuous line plots the saturating exponential that would 
obtain in the absence of adaptation: r/rmax=1 − exp(−ks I), 
where ks = kfti, kf is from eqn (1), ti is the integration time 
(see above) and I is the intensity of the step. Thus lacking 
adaptation, rods would saturate at intensities that are lower 
by as much as an order of magnitude. (From T. Tamura, K. 

Nakatani and K.-W. Yau, 1991. Originally published in The Journal of 

General Physiology 98: 95–130. Reproduced with permission.)
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Figure 19.7 Loss in incremental flash sensitivity with 
background light. In the absence of adaptation, relative flash 
sensitivity, Sf/Sf

d, defined as response amplitude divided by flash 
strength for responses in the linear range normalized by its value 
in darkness, would drop off along a saturating exponential 
function (dashed line). Instead, rods exhibit Weber–Fechner 
behavior: Sf/Sf

d = (1 + I/I0)
-1 where I0 is the background intensity 

that reduces Sf/Sf
d to 0.5. Rods sacrifice some sensitivity at lower 

background intensities (symbols below dashed line) in order to 
maintain sensitivity at intensities that would otherwise be 
saturating (symbols above the dashed line). (From T. Tamura, K. 

Nakatani and K.-W. Yau, 1991. Originally published in The Journal of 

General Physiology 98: 95–130. Reproduced with permission.)
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actually manage to recover circulating current during the 
exposure as loss of some of their visual pigment by bleaching 
lowers the ongoing rate of photon capture. Even after exten-
sive bleaching, cones regain their full circulating current and 
the reduction in sensitivity scales in proportion to the loss 

in photon capture.14,44,46 Cone pigment regeneration is faster 
than in rods, with full sensitivity returning after complete 
bleach within minutes. So while cones lack the absolute 
sensitivity of rods, they are better equipped to operate over 
a wide range of brighter light intensities without saturating.
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Box 19.1 Diseases caused by hyperactive signaling

Excessive phototransduction cascade activity in photoreceptors 
can interfere with vision and lead to retinal disease (see review47). 
For example, mutations that target rhodopsin kinase (see  
Chapter 18), can cause a form of night blindness known as Oguchi 
disease. Mutant mouse rods lacking rhodopsin kinase generate 
aberrant single photon responses like those shown in Fig. 19.5 for 
every rhodopsin isomerization. Cones are only mildly affected in 
the disease,48 because they express a second type of rhodopsin 
kinase.49,50 Patients with defects in the nuclear receptor NR2E3 
develop enhanced S cone syndrome in which there is a higher 
prevalence of blue cones in the retina at the expense of red and 
green cones.51 Very interestingly, the blue cones in these patients 
fail to express both types of rhodopsin kinases. Hence flash 
responses of their blue cones (but not red or green cones) do take 
an abnormally long time to recover.15

Mutations in arrestin, the protein normally responsible for 
quenching photoexcited rhodopsin’s activity (see Chapter 18), can 
also cause Oguchi disease. Flash responses from rods of mutant, 
arrestin knockout mice are very prolonged (Fig. 19.8). Since 

longer-lasting responses enhance absolute sensitivity, it might at 
first seem surprising that the mutations in either rhodopsin kinase 
or arrestin should lead to night blindness. The problem is that the 
mutant rods saturate at very low light levels and then take an 
inordinately long period of time and much dimmer conditions to 
recover from saturation. In theory, Oguchi patients with rhodopsin 
kinase or arrestin mutations might actually see better than normal 
persons under the dimmest conditions when given adequate time 
for dark adaptation. Photopic vision is largely spared because 
cones express a unique arrestin.52,53

Mutations in either RGS9 or R9AP can sabotage the timely shutoff 
of transducin (see Chapter 18). Because these two proteins are 
used in rods and cones, there is night blindness and a problem in 
daytime vision. The ability of cones to light adapt enables them to 
escape saturation, so photopic vision is still possible. But long 
lasting photoresponses translate into a disturbing persistence in 
sensation and the person has difficulty following moving objects 
and adjusting to luminance changes, a condition termed 
bradyopsia.54

Figure 19.8 Murine model for Oguchi disease. Flash 
responses from a mutant rod lacking arrestin (A-/-, bottom) 
recover a hundred times more slowly than wild-type (WT, 
top) rod responses. (From Makino CL, Flannery JG, Chen J, Dodd 

RL. Effects of photoresponse prolongation on retinal rods of 

transgenic mice. In: Williams TP, Thistle AB, eds. Photostasis and 

related phenomena. New York: Plenum Press, 1998. Modified with 

permission from Springer Science and Business Media.)
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Action spectra of rods and cones

Rods and cones respond to a wide range of wavelengths  
(Fig. 19.10), their action spectra being determined by the 
spectral absorptions of the visual pigment they express. For 
a given number of photons, the response amplitude varies 
with wavelength because the probability of absorption by 
the visual pigment varies with wavelength. The response 

itself to a photoisomerization is independent of wavelength. 
Rods respond maximally to ~493 nm (blue-green light).11,12 
There are three types of cones, commonly referred to as blue, 
green and red with maxima near 430 nm (violet light), 
530 nm (green light) and 560 nm (greenish-orange light), 
respectively.55,56 Since the names do not correspond to the 
colors of the maxima in every case, many prefer the designa-
tions: short-wavelength sensitive or S, middle-wavelength 
sensitive or M and long-wavelength sensitive or L (Box 19.2).
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Box 19.1 Diseases caused by hyperactive signaling—cont’d

Figure 19.9 Murine model for Leber congenital 
amaurosis. (A) The outer segment membrane 
current and averaged flash responses of mutant 
rods lacking RPE65 (n = 3) are smaller than those of 
wild-type rods (n = 4). Mutant rods also generate 
flash responses with faster kinetics. (B) On average, 
the mutant rods (n = 16) are thousands of times less 
sensitive than WT rods (n = 32). (From Woodruff ML, 

Wang Z, Chung HY et al. Spontaneous activity of opsin 

apoprotein is a cause of Leber congenital amaurosis. Nature 

Genetics 2003; 35:158–64. Reprinted with permission from 

Macmillan Publishers Ltd.)
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Figure 19.10 Spectral sensitivities of primate rod and cones. Rod (black 
symbols), green cone (green symbols) and red cone (red symbols) spectra are 
from human.12,56 The blue cone spectrum (blue symbols) is from a macaque 
monkey55 whose color vision is very similar to that in humans.
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Genetic defects in RPE65, the isomerase that converts all-trans 
to 11-cis retinal (see Chapter 13) can prevent the de novo 
synthesis of rhodopsin. The persistent presence of  
catalytically active apo-opsin (rhodopsin lacking  
11-cis retinal – essentially equivalent to bleached rhodopsin) 

gives rise to Leber congenital amaurosis, an especially severe  
form of retinal degeneration. RPE65 knockout mouse rods exist  
in an inescapable state of light adaptation, with greatly  
attenuated circulating current and smaller, faster flash responses 
(Fig. 19.9).
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Box 19.2 Population differences in the spectral responses of cones

Figure 19.11 Genetic basis for heterogeneity in human color vision. 
(A) X-chromosome arrays of “red” (long-wave) and “green” (middle-wave) pigment 
genes are diverse, as shown by this small sample of male subjects with normal 
color vision. (Adapted from Neitz M, Neitz J, Grishok A. Polymorphism in the number of 

genes encoding long-wavelength sensitive cone pigments among males with normal color 

vision, Vision Research 35: 2395-2407. Copyright Elsevier 1995.) (B) Two common red cone 
pigment variants in the human population have maxima near 555 nm and 
560 nm, as exemplified by the red cone spectral sensitivities of these two groups 
of individuals. (Adapted from Kraft TW, Neitz J, Neitz M. 1998: Spectra of human L cones, 

Vision Research 38: 3663-3670. Copyright Elsevier 1998.)
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Normal color vision requires the proper electrical signaling of light 
by all three cone types. Evolutionarily, the red and green cone 
pigment genes arose from a duplication event and they lie 
together on the X chromosome. Their high sequence similarity  
has caused “confusion” during crossing over in gametogenesis 
creating within the population, hybrid genes, fragmented genes 
and variable numbers of copies of pigment genes on the 
chromosome (Fig. 19.11). In persons with many genes in the array, 
expression of the first two predominates. Yet some of these 

individuals and also women with different sets of pigment gene 
variants on their X chromosomes actually possess more than three 
cone types in their retinas. The genetics help to explain the 
substantial individual variation in color vision in “normal” persons, 
anomalous color vision as well as some forms of color “blindness” 
(see reviews57,58). The last category includes extreme cases 
where failure to express one or both types of pigment genes  
on the X chromosome gives rise to dichromacy or blue cone 
monochromacy, respectively.
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reduced efficacy in opening once cAMP has bound.66 While 
other ligand-gated ion channels in the body desensitize in 
the continued presence of their ligand, the CNG channel 
does not have any intrinsic mechanisms of desensitization 
and thus steadily monitors the [cGMP] in darkness.67,68

The rod CNG channel allows many different cations to 
pass: Ca2+, Mg2+, Na+, even K+. Permeability is greatest for 
Ca2+, but under normal conditions, Na+ carries ~80 percent 
of the current while Ca2+ carries 15–20 percent69,70 because 
the extracellular concentration of Na+ is ten times higher 
than that of Ca2+. Mg2+ influx comprises a few per cent of the 
circulating current. The proportion of current carried by Ca2+ 
is twice greater through the cone channel because of its two-
fold higher Ca2+ to Na+ permeability ratio.71,72 Nevertheless, 
divalents are critical to the physiology of both rods and 
cones (see below and Chapters 18 and 20).

CNG channel and Na+/K+,Ca2+ 
exchanger

Two types of molecules are the principal mediators of ionic 
movement across the outer segment plasma membrane: the 
CNG channel and the Na+/K+,Ca2+ exchanger. CNG channels 
are heterotetramers consisting of CNGA1 and CNGB1 sub-
units (Fig. 19.12A) in a ratio of 3:1, respectively in rods59–61 
and CNGA2 and CNGB3 subunits in a B3-B3-A3-A3 arrange-
ment in cones.62 (Box 19.3) Although CNG channels are 
members of the same superfamily as voltage-gated K+ chan-
nels,63 they are only mildly voltage-dependent. Instead, CNG 
channels in rods and cones are directly gated by cGMP.64,65 
Cyclic AMP also works, but with a 50-fold lower K0.5 reflect-
ing the reduced affinity of the channel for cAMP and the 

Figure 19.12 CNG channel. (A) The channel consists of 4 subunits, 2 of which are shown in this schematic diagram. Each subunit has six transmembrane 
segments, a pore-forming domain between helices 5 and 6 and a cyclic nucleotide binding domain (CNBD) on the carboxy terminus. Helix 4 contains lysine 
residues and functions as a voltage sensor. The carboxy and amino termini are located intracellularly. The amino terminus of the CNGB1 subunit contains a 
large glutamic acid-rich protein (GARP) segment. (Courtesy of W. Zagotta, University of Washington.) (B) CNG channel opening is steeply dependent on 
[cGMP]. Lines show Hill functions: fractional current = [cGMP]n/([cGMP]n + K0.5

n), where K0.5 is the concentration of cGMP that opens half of the channels and n 
is the Hill coefficient taking values of 1 (red, continuous line), 2 (red, dashed line) and 3 (blue line). Hill coefficients greater than 1 indicate cooperativity. 
(Courtesy of A. Zimmerman, Brown University and Denis Baylor, Stanford University.) (C) A single CNG channel in a patch of membrane excised from a 
salamander rod flickers between an open state, a second open state of lower conductance (dashed line) and a closed state (horizontal line). The “fuzziness” 
of the trace above the dashed line represents extremely brief transitions out of the open state that were unresolved by the recording. The activity was 
recorded in symmetric salt solutions containing low concentrations of divalent cations and 5 µM cGMP on the intracellular face with a voltage of +70 mV 
applied to the membrane. (From W.R. Taylor and D.A. Baylor: Conductance and kinetics of single cGMP-activated channels in salamander rod outer segments, Journal of 

Physiology 483: 567–582. Adapted with permission from Blackwell Publishing, copyright 1995.)
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diastereoisomers. Other CNG channel inhibitors include  
the Na+ channel-blocking amilorides, the Ca2+-activated K+ 
channel-blocker dequalinium and the local anesthetic tet-
racaine (see review76).

Ca2+ is removed from the outer segment by a special 
exchanger, consisting of a dimer79 of NCKX1 in rods80 and 
of NCKX2 in cones81 (Fig. 19.14A). Although there may be 
some exchangers at the cone synapse, the exchangers in rods 
are located exclusively in the outer segment82 where they are 

For fast responsivity to increases in [cGMP], it would be 
advantageous for the CNG channel to avidly bind cGMP. On 
the other hand, the channel would release cGMP too slowly 
and fail to detect decreases in cGMP rapidly. As a compro-
mise, the channel has a fairly high K0.5 for cGMP (i.e. mod-
erately low sensitivity), on the order of 10 µM.64,65 The 
channel subunits work together in such a way that cGMP 
binding affinity increases with each cGMP bound, making 
channel opening steeply dependent on ligand concentration 
(Fig. 19.12B). This cooperativity is one of Nature’s ways of 
building a biological switch. Cyclic GMP binding stabilizes 
the open state of the channel so by the law of microscopic 
reversibility, cGMP unbinds best from the closed state. 
Therefore, to be constantly vigilant for a decrease in [cGMP], 
the channel reverts incessantly to the closed state (see 
review25). The channel can then respond to changes in 
[cGMP] on a time-scale that is considerably faster than the 
photoresponse kinetics. Flickering makes the channel 
extremely noisy though (Fig. 19.12C). To minimize the 
noise, the channel detains Ca2+ and Mg2+ during their passage 
through the pore.73 As long as divalents reside in the pore, 
no other ions can pass and the conductance of the CNG 
channel drops by two orders of magnitude from about 25 pS 
to 100 fS. Given low channel conductance and relative 
insensitivity to cGMP, the cell must express a lot of channels 
(a few hundred per µm2) in order to maintain a reasonable 
circulating current. The arrangement averages channel noise 
across many channels, but it also puts the cell at risk. Nor-
mally, the free [cGMP] in darkness is only a few micromolar 
and a small percentage of channels are open. Should the cell 
synthesize too much cGMP the number of open channels 
would increase by more than an order of magnitude and 
annihilate the transmembrane ion gradients.

For the purposes of photon counting, it would be desir-
able for the light-induced decrease in circulating current to 
be proportional to the number of channels closed. But CNG 
channel closure hyperpolarizes the rod and Ohm’s law dic-
tates an increase in current flowing through each of the 
remaining open channels. Two mechanisms conspire against 
a linear Ohmic relation between current and voltage. First, 
hyperpolarization enhances divalent block by increasing the 
driving force on Ca2+ and Mg2+ to enter the channel pore.74,75 
Second, the CNG channel is slightly voltage dependent so 
hyperpolarization tends to close the channel. The net effect 
is that over the physiological range of membrane potentials, 
the inward current is nearly constant (Fig. 19.13). The CNG 
channel in cones is also outwardly rectifying over the physi-
ological range of voltages, but to a lesser extent than the rod 
channel.65 So in brighter light, as the cone becomes more 
hyperpolarized, the driving force sends more ions through 
the remaining open channels. Cones are not concerned with 
single photons and more interested in dynamic range. The 
reduced effect of closing channels at hyperpolarized poten-
tials may contribute to their remarkable capacity to operate 
over a wide range of intensities. Another consequence is that 
the photocurrent in cones will not isolate events in the outer 
segment and can be influenced by voltage changes induced 
by external sources (see Chapters 21 and 22).

Diltiazem is a potent and reversible inhibitor of the CNG 
channel. Diltiazem blocks Ca2+ channels and is often pre-
scribed as a vasodilator to treat hypertension. Fortunately, 
Ca2+ channels and CNG channels are sensitive to different 

Figure 19.13 Outward rectification of the current-to-voltage relations of 
CNG channels in rods (A) and cones (B). Physiologically relevant voltages 
range from about −40 to −65 mV. The purple squares in A represent 
measurements made during exposure to light that closed all of the CNG 
channels. (Panel A from Baylor DA, Nunn BJ. Electrical properties of the light-sensitive 

conductance of rods of the salamander Ambystoma tigrinum. Journal of Physiology 

1986; 371: 115–145. Adapted with permission from Blackwell Publishing. Panel B from 

L.W. Haynes and K.-W. Yau: Cyclic GMP-sensitive conductance in outer segment 

membrane of catfish cones, Nature 317: 61-64,65 adapted with permission from 

Macmillan Publishers Ltd.)
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temperature. In reality, internal Ca2+ never gets that low, pos-
sibly because the exchanger inactivates. Since there is a net 
movement of charge, the action of the exchanger comprises 
a small percentage of the dark current. To a first approxima-
tion, Ca2+ falls exponentially in the rod outer segment with 
a time constant between 40 and 90 ms (Fig. 19.14B).23,28 In 
cones, the combined properties of exchanger and CNG 
channel support a higher Ca2+ flux and faster light-induced 
changes in Ca2+ concentration.

Role of inner segment conductances

Closure of CNG channels in response to light hyperpo-
larizes rods and cones towards the equilibrium potential for 
K+, however, the transmembrane voltage is subject to modi-
fication by a variety of conductances located on the inner 
segment, cell body and synaptic terminal. A net inward 
current develops that increases in magnitude as the trans-
membrane potential becomes more negative. The effect of 
these conductances, referred to collectively as inner segment 
conductances, is readily apparent from a comparison of the 
photocurrents to the photovoltages for either a rod or a cone 
(Fig. 19.15). For dim flashes, the inner segment conduct-
ances are little affected so the time course of the voltage 
response is similar to that of the current response.4,7,11,14 But 
for bright flashes, the time courses differ; there is a promi-
nent “nose” in the voltage response while there is no such 
nose in the current response.

Overall, activation of the inner segment conductances 
tends to return the membrane potential to the resting  
value. Such an action helps ensure that the membrane 
potential remains within the dynamic range of neuro-
transmitter release and prevents regenerative spiking.87,88 

physically coupled to the α-subunit of the CNG channel, 
roughly two exchangers per channel.83 The exchangers in 
photoreceptors differ from Ca2+ exchangers found elsewhere 
in the body in that they couple the removal of Ca2+ to the 
entry of four Na+ and the departure of one K+.84 By taking 
advantage of the K+ gradient as well as sending four Na+ 
inside rather than three, photoreceptors could potentially 
take internal Ca2+ down to 0.2 nM, a level hundreds of times 
lower than that reachable, e.g., by the cardiac exchanger:

 Ca Ca
Na K

Na K
V F RTi o

i o

o i

m[ ] = [ ] [ ] [ ]
[ ] [ ]

( )
4

4
exp  (2)

where Vm is the membrane potential, F is Faraday’s  
constant, R is Boltzman’s constant and T is absolute  

Figure 19.14 Calcium exchange. (A) The NCKX2 
exchanger subunit in cones has an extracellular C 
terminus in contrast to the cardiac NCX, where it is 
intracellular.85,86 A leader sequence (red) is cleaved off 
prior to localization of the exchanger to the outer 
segment plasma membrane. (B) A bright flash given at 
time zero, that closes all of the CNG channels very 
suddenly, reveals a residual current due to the 
electrogenic removal of Ca2+ by the Na+/K+,Ca2+ 
exchanger (black trace; inset: flash response in its 
entirety). The exchange current declines (exponential fit, 
blue trace) in this rod with a time constant of 59 ms, as 
the internal Ca2+ drops to a minimum. (From G.D. Field and 

F. Rieke: Mechanisms regulating variability of the single photon 

responses of mammalian rod photoreceptors, Neuron 35: 

733–747. Reproduced by permission of Cell Press, copyright 

2002.)
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Box 19.3 Color blindness due to a channelopathy

Rod monochromacy is an autosomal recessive condition 
presenting with achromatopsia, poor visual acuity, photophobia 
and nystagmus. It is fairly rare, affecting fewer than 1 in 30,000 
persons, although the prevalence is as high as 1 in 10 amongst 
the native population of Pingelap (see review77 for an interesting 
account). In most cases, the condition is a channelopathy, caused 
by mutations in CNGA3 or CNGB3 channel subunits that disable 
phototransduction in cones (see reviews76,78). Cases of incomplete 
achromatopsia or severe, progressive cone dystrophy have also 
been reported. Rods continue to function because they express 
distinct CNG channel subunits. In contrast, null mutations in the 
rod CNG channel cause autosomal recessive retinitis pigmentosa 
(see review76), in which both rods and cones degenerate. Failure 
to express the CNG channel is lethal to rods and for reasons that 
are not yet known, death of the rods results in a secondary 
degeneration of cones so there is complete blindness rather than 
just night blindness.
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HCN1 channels are gated by cyclic nucleotides that shift 
slightly the IH current-to-voltage relation to the right, i.e. to 
voltages a few mV less negative.

Voltage-activated calcium current, ICa

The major calcium conductance is the “long-lasting” or 
L-type. The channel is composed of α1, α2δ, β and γ subunits. 

Large depolarizations that might arise from activation of 
voltage-dependent Ca2+ currents, particularly in small 
compartments, are thwarted by voltage- and Ca2+-activated 
K+ currents. Large hyperpolarizations that might arise for 
example, from the electrogenic Na+K+-ATPase, are counter-
acted by a non-specific cationic current activated at voltages 
more negative than the resting potential. Changes in various 
of these currents at different voltages within the normal 
operating range of rods and cones occur slowly with respect 
to the photocurrent and therefore act to high pass filter the 
response to bright light (Fig. 19.15). A third role is to control 
the entry of Ca2+, which in turn regulates transmitter release 
and other cellular activities. The intracellular concentrations 
of Ca2+ and other ions may also mediate effects in the cell 
beyond vesicular release. Five currents, three voltage-gated 
and two Ca2+-activated, are described below.

Delayed rectifier potassium current, IKV

The channels underlying IKV activate at Vm = −70 mV in rods89 
and at Vm = −50 mV for monkey cones.90 The outward flow 
of K+ ions through IKV together with a leak current constitute 
the inner segment leg of the circulating current and help to 
set the membrane potential of the photoreceptor in dark-
ness. IKV channels close slowly when the photoreceptor 
hyperpolarizes (Fig. 19.16). In so doing, they limit the light-
induced hyperpolarization and may contribute to the nose 
in the response to brighter flashes and steps. This current is 
blocked by extracellular tetraethyl ammonium ions.

Hyperpolarization-activated current, IH

A cationic conductance appears at potentials negative to 
−50 mV90 (Fig. 19.17). It has a reversal potential of −30 to 
−40 mV, reflecting its permeability to K+, Na+ and even Ca2+. 
IH turns on slowly and tends to counteract closure of the 
CNG channels in the outer segment by allowing the entry of 
Na+ and depolarizing the photoreceptor. It therefore has an 
effect similar to closure of IKV channels, but comes into play 
with brighter flashes since it has a more negative activation 
potential. The gradual building of IH upon hyperpolarization 
precludes it from greatly affecting the initial rising phase of 
the photoresponse, though. It is primarily responsible for 
quickening the photovoltage response at its peak and creat-
ing the “nose.” The channels are formed from HCN1 sub-
units91 that share structural similarities with CNG channel 
subunits (see review92). As is the case with CNG channels, 

Figure 19.15 Differences in the current and voltage response waveforms. 
The photovoltages and photocurrents were recorded from different  
cones at 37°C. In the top panel (from Fig. 19.1C), flashes deflect the 
transmembrane potential from its resting level of −43 mV whereas in the 
lower panel, flashes decrease the circulating current from a value in 
darkness of −24.9 pA. (Lower panel from D.A. Baylor, B.J. Nunn and J.L. Schnapf: 

Spectral sensitivity of cones of the monkey Macaca fascicularis, Journal of Physiology 

390: 145-160. Adapted with permission from Blackwell Publishing, copyright 1987.)
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Figure 19.16 Voltage-dependent K+ current. (A) IKV turns on slowly in response to voltage steps from a holding potential of −105 mV to command voltages 
ranging from −55 mV to −5 mV at 33–36°C. The IKV was isolated pharmacologically and by careful selection of the ionic composition of the bath and pipette 
solutions in voltage clamp experiments on monkey cone inner segments. (B) At steady state the current-to-voltage relations of IKV indicate an outward 
current at potentials less negative than −60 mV in this cell. (From T. Yagi and P.R. MacLeish, 1994: Ionic conductances of monkey solitary cone inner segments, Journal of 

Neurophysiology 71: 656–665,90 with permission from the American Physiological Society.)
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Figure 19.17 Slow development of an inwardly rectifying current (IH) with hyperpolarization. (A) Stepping the membrane potential of an isolated, 
salamander rod under voltage-clamp from −5 mV to values between −55 and −105 mV turns on an inward current over a period of ~100 ms at 33–36°C. 
Currents other than IH were blocked pharmacologically and by manipulating the ionic composition of the bathing solutions or were subtracted from the 
records. (B) The current-to-voltage relations of IH at steady state indicate an inward current at negative potentials. Under physiological conditions with proper 
ionic solutions and cyclic nucleotide concentrations, IH activates at slightly less negative potentials. Nevertheless, IH remains negligible at the dark resting 
potential. (From T. Yagi and P.R. MacLeish, 1994: Ionic conductances of monkey solitary cone inner segments, Journal of Neurophysiology 71: 656–665,90 with permission from the 

American Physiological Society.)
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Figure 19.18 Current-to-voltage relations for ICa. Measurements were made 
in porcine rods with Ca2+ to minimize interference from other currents. The 
physiological voltage range controls nearly the full span of ICa. (From Cia D, 

Bordais A, Varela C, et al. 2005: Voltage-gated channels and calcium homeostasis in 

mammalian rod photoreceptors, Journal of Neurophysiology 93: 1468–1475,96 with 

permission from the American Physiological Society.)

Three isoforms of the pore-forming α1 subunit are expressed 
in rods and cones: α1C, α1D and α1F.93–95 Ca2+ channels are 
found on somata and synaptic terminals, the latter localiza-
tion mediating synaptic transmission in rods and cones (Box 
19.4). Studies on isolated salamander rods report an activa-
tion potential around −45 mV which is paradoxically close 
to the membrane potential in the dark. The activation poten-
tial for Ca2+ channels in primate rods and cones is more 
reasonable, close to −60 mV, leaving a wide operating range 
of voltage for modifying Ca2+ entry in response to light (Fig. 
19.18). The Ca2+ channels in rods and cones react promptly 
to voltage changes and are non-inactivating, a property that 
is well suited for a high rate of sustained vesicular neuro-
transmitter release in darkness. The channels are blocked by 
diltiazem, verapamil and dihydropyridines such as nifed-
ipine and nimodipine and are enhanced by Bay K 8644.88,96

Calcium-activated potassium current, IK(Ca)

Two currents in rods and cones are activated by a rise in 
intracellular Ca2+: the Ca2+-activated anion current and the 
Ca2+-activated K+ current.89 The latter shows the N-shaped 
current-to-voltage relationship characteristic of other cal-
cium-activated currents. The magnitude of the outward 
current is reduced by charybdotoxin99,100 indicating the 
involvement of maxi-K or BK channels. Although IK(Ca) is 
sizable in rods at positive voltages, the current is minimal 
within the physiological range and absent in cones. For that 
matter, IK(Ca) does not appear to be expressed in primate 
cones at all.90 IK(Ca) may therefore serve as a safety net, capable 
of moving Vm towards the equilibrium potential for K+ to 
guard against large depolarizations that would flood the rod 
interior with Ca2+. Cones rely on other currents to fulfill that 
function.

Calcium-activated anion current, ICl(Ca)

Both rods and cones express a robust Ca2+-activated anion 
current.88–90,100 The main permeant anion is Cl− and given an 
equilibrium potential for Cl− near −20 in rods101 and −45 mV 
in cones,102 ICl(Ca) helps to set and stabilize the resting poten-
tial. Experimentally, the current is observed most promi-
nently as a tail current following a step of voltage that opens 
Ca2+ channels and allows Ca2+ to enter the cytoplasm (Fig. 
19.20). The time-course of the tail current reflects the time 
course of the restoration of free Ca2+ to basal levels. In the 
case of rods, the Ca2+-activated Cl− conductance is highly 
targeted to the synaptic terminal. Its strategic location near 
the site of transmitter release raises the possibility of local 
control over ICa by a direct effect of Cl− on the Ca2+ channel 
itself103 and by altering the membrane potential at the release 
site, indirectly affecting Ca2+ channel gating. Given the sizes 
of the pedicle and spherule and their separation from the 
soma by a thin fiber, the membrane potential in the terminal 
region could differ from that in the soma. After hyperpolari-
zations lasting hundreds of milliseconds, the absence of  
Cl− efflux through ICl(Ca) would prime Ca2+ channels and 
shift their activation potential to lower voltages.103 This 
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mechanism could hasten the recovery after bright flashes and 
sensitize the synapse to bright steady light being turned off.

The approximate contribution of each inner segment con-
ductance to the photovoltage response is summarized in 
Figure 19.21. Rapid closure of CNG channels hyperpolarizes 
the photoreceptor and slowly shuts down an outward current 
(IKV) at voltages slightly more negative than the resting 
potential and activates an inward current at even more nega-
tive voltages (IH) to carve out the nose in the response to a 
bright flash. Ca2+-activated Cl− currents may sharpen the 
voltage response at the synapse. Ultimately the light-induced 
cessation of Ca2+-mediated synaptic release gets dampened 
and proceeds over a faster time course.

Electrotonic coupling
In addition to inner segment conductances, the membrane 
potentials of rods and cones are influenced by neighboring 
cells via cell–cell coupling and synaptic feedback.5–7,104 Single 
photon responses from rods induce a voltage response  
in cones but with an amplitude that is eight times smaller. 
Time to peak is about twice as fast because the network 
behaves as a high pass filter. A consequence of coupling 
between rods and cones and between cones of different 
spectral types is that if the spot of light falling on the retina 
is large, the size and shape of the response in a given cone 

Figure 19.20 Ca2+-activated Cl− conductance. Depolarizations of 
salamander rods from −70 mV to voltages between −20 and +20 mV at 
10 mV intervals evoke an anionic current with a reversal potential near 
0 mV, the equilibrium potential for Cl− under the nonphysiological 
conditions of these experiments. The depolarization increases intracellular 
Ca2+ so upon return of the membrane potential to −70 mV, ICl (Ca) gives rise 
to an enormous tail current. Ca2+ currents have been subtracted and other 
currents blocked to isolate ICl (Ca). Tail currents do not appear if the cell is 
bathed in a Ca2+-free solution. Recordings were made near 10°C. (From 

MacLeish PR and Nurse CA, 2007: Ion channel compartments in photoreceptors: 

evidence from salamander rods with intact and ablated terminals, Journal of 

Neurophysiology 98: 86-95,100 adapted with permission from the American 

Physiological Society.)
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Box 19.4 Night blindness resulting from a defective rod synapse

Figure 19.19 Partial spectrum of mutations in CACNA1F that cause night blindness. There are four repeating domains of six transmembrane segments in 
the α1F-subunit. The S4 segment in each domain is a voltage sensor (pluses). Residues comprising the dihydropyridine binding site are present within 
repeats III and IV (green squares). Disease-causing mutations (red circles) are found in each of the four repeats. (From M. Nakamura , S. Ito, H. Terasaki and 

Y. Miyake: Novel CACNA1F mutations in Japanese patients with incomplete congenital stationary night blindness, Investigative Ophthalmology and Visual Science 42:1610–
1616. Adapted with permission from the Association for Research in Vision and Ophthalmology, copyright 2001.)
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Incomplete Schubert–Bornstein congenital stationary night 
blindness is an X-linked, recessive condition that can result from 
genetic defects in CACNA1F.97,98 Over 57 disease-causing 
mutations have been documented (http://www.hgmd.cf.ac.uk/ac/
index.php). Since the gene encodes the pore-forming α1F subunit 
of the calcium channel in rods and cones, disruptive mutations 

(Fig. 19.19) preclude rod signals from reaching second-order 
neurons. Transmission at the cone synapse is affected, but 
maintained nonetheless because cones also express the α1D 
isoforms.95 Night blindness is incomplete because gap junctions 
afford parallel albeit less-efficient rod signaling through the cone 
neural circuitry.
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1979; 288:613–634.

will depend on wavelength. In addition, modulation by 
horizontal cells confers an antagonistic center-surround 
receptive field. These effects are described in greater detail in 
Chapter 22.

Summary

Rods and cones divide the intensity range for vision. Rods 
attain the ultimate in sensitivity by adeptly counting single 
photons. Their sensitivity is limited only by photon capture. 
To achieve high sensitivity, they sacrifice rapidity in their 
response kinetics and dynamic range. The photocurrent 
response generated in the outer segment is delayed, peaks in 
200 ms and has an integration time of 300 ms. Since cones 
are not concerned with dim light, their photocurrent 
response to single photons is an order of magnitude  
smaller, time to peak is several times shorter and integra-
tion time is reduced over ten-fold. It is important that  
cones do not saturate, so their operating range not only 
shifts to the right, it also stretches out compared to rods and 
accommodations have been made to prevent bleaching  
from doing more than reducing photon capture. Higher 
intensities allow a point in visual space to be encoded by 
multiple receptors so that information about color may be 
extracted. Fast cone responses improve on temporal resolu-
tion. Inner segment conductances in rods and cones set the 
resting membrane potential, speed up the kinetics of the 
photovoltage response near its peak, and modulate intracel-
lular Ca2+. Certain heritable diseases may target rods, cones 
or both, depending upon their particular patterns of gene 
expression.
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Figure 19.21 Influence of inner segment conductances on 
the photovoltage response to a bright flash in a rod.
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C H A P T E R 20 

Light Adaptation in 
Photoreceptors

Trevor D. Lamb

1.  Vision from starlight to sunlight

The human visual system operates effectively over an enor-
mously wide range of intensities, of at least a billion-fold, 
from around 10−4 cd m−2 under starlight conditions to 
around 105 cd m−2 under intense sunlight. Changes in pupil 
area account for only about 1 log unit of this 9 log unit 
range, since the pupil diameter changes from a maximum of 
8 mm to a minimum of 2.5 mm, corresponding to about a 
10-fold reduction in area. Instead, the great bulk of the 
operational range is achieved by the combination of, firstly, 
a switch between the scotopic (rod-based) and photopic 
(cone-based) pathways in our duplex visual system and, 
secondly, the ability of each of these photoreceptor systems 
to operate over a range of 5 log units (100,000-fold)  
or more.

Light adaptation versus dark adaptation
This ability of the visual system (or of any of its component 
parts, such as a photoreceptor) to adjust its performance to 
the ambient level of illumination is known as “light adapta-
tion”. This adjustment typically occurs very rapidly (within 
seconds), whether the light intensity is increasing or decreas-
ing. The term “dark adaptation” is reserved for the special 
case of recovery in darkness, following exposure of the eye 
to extremely bright and/or prolonged illumination that acti-
vates (and thereby bleaches) a substantial fraction of the 
visual pigment, rhodopsin or its cone equivalent. Dark adap-
tation occurs slowly, and full recovery of the scotopic visual 
system after a very large bleach can take as much as an hour.

Light adaptation and the changes that accompany it are 
beneficial to the possessor of the eye. At very low intensities, 
visual sensitivity is increased to the utmost that is possible, 
so that the rod photoreceptors reliably signal the arrival of 
individual photons and the scotopic visual system operates 
in a photon-counting mode. This ability of the scotopic 
system to operate at incredibly low intensities is enhanced 
by two deliberate trade-offs that permit more reliable detec-
tion of small signals in the presence of noise: firstly, reduced 
spatial resolution (i.e. increased spatial summation), and 
secondly reduced time resolution (i.e. increased temporal 

integration). Similar trade-offs are used in the photopic 
system, so that as the ambient illumination decreases from 
daylight levels towards twilight levels, one’s spatial and tem-
poral resolution deteriorate, making it very difficult to play 
fast ball-games when the light fades.

In contrast, the changes that characterize dark adaptation 
are disadvantageous. To be effectively blind to dim stimuli, 
for some considerable time after intense light exposure, 
cannot in any way be useful to an organism. Indeed, for our 
ancestors (as well as ourselves) entering a cave from bright 
sunshine is likely to have been quite dangerous, given that 
visual sensitivity is greatly reduced for tens of minutes. Why 
should such an apparently unsatisfactory situation have per-
sisted? One possibility is that this slowness of recovery rep-
resents an inevitable “cost” of the evolutionary changes that 
were needed to enable the scotopic system to signal indi-
vidual photon hits.

Purposes of light adaptation
A photoreceptor that did not adapt to the ambient light 
intensity would have a very narrow operating range: low 
intensities would provide negligible response, whereas high 
intensities would saturate the cell. Accordingly, photorecep-
tor light adaptation can be viewed as a means for extending 
the operating range of the cell.

The purpose of light adaptation can be viewed more gen-
erally as being to permit the visual system (or any neuron 
within it) to provide the best possible performance at that 
particular level of illumination; however, in this context it is 
not always clear what constitutes “best”. For example, it is 
difficult for us to specify the time-course of response that  
is best at any given level of illumination. A brief response  
is likely to provide a better reaction time for the organism, 
but it may result in very poor sensitivity; conversely,  
allowing the response to integrate for a longer period will 
provide greater sensitivity, but may result in a very poor 
reaction time.

In setting the best performance of a photoreceptor, one 
crucial task is to endow the cell with very high sensitivity at 
low light levels yet prevent it from saturating at higher light 
levels. Light adaptation accomplishes this by reducing the 
cell’s sensitivity to light as the background light level 
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The responses of cones are rapid and  
moderately sensitive
One of the greatest advantages of cones over rods is their 
much faster speed of response. Our rods, even when they are 
light-adapted, have responses that are much too slow to 
allow us to function visually at the speeds that are required 
to escape predators and to capture prey. Cones, instead, are 
specialized so as to permit extremely rapid signaling of 
visual stimuli to the brain.

Cones are often described as being far less sensitive than 
rods, but this view is misleading especially when considered 
in terms of the rapidly changing visual stimuli that the cones 
are specialized for signaling. Although a cone may exhibit a 
peak sensitivity to a brief flash of light that is perhaps 30-fold 
lower than in a rod, the sensitivity to rapidly fluctuating 
stimuli is considerably higher in cones than in rods; thus, the 
slow response of the rod makes it very insensitive to rapidly 
changing stimuli. When calculated in terms of the efficacy 
of activation in the G-protein cascade of phototransduc-
tion, the “amplification” in cones and rods appears to be 
essentially indistinguishable. The observed difference in  
sensitivity measured at the peak of the response to a flash 
instead stems from a difference in the speed of response 
inactivation.

Comparison of photopic and scotopic  
light adaptation
A classical result comparing light adaptation in the pho-
topic and scotopic divisions of the visual system is  
illustrated in Figure 20.1A, from the work of Stiles.1 The 
threshold of a human subject for the detection of a flash  
is plotted against background intensity in double logarith-
mic coordinates. In this panel, the stimulus conditions pro-
vided a rod-based scotopic sensitivity that was only about 
30× better than the cone-based photopic sensitivity – thus, 
the parafoveal region was tested with a small diameter 
yellow/green test flash (1° dia., 60 ms, 580 nm) on a green 
background. The measurements are well described by Weber 
Law curves, in both the scotopic (blue trace) and photopic 
(red trace) regions; see eqn (1) below. However, the “dark 
light” that will be described shortly is over 10,000× (4.1 log 
units) higher in the cone system compared with the rod 
system.

Scotopic vision: the rod system provides 
specialization for night vision
Light adaptation is examined under conditions that opti-
mized detection by the scotopic (rather than photopic) 
system using the blue symbols of Figure 20.1B. To achieve 
scotopic dominance, the test stimulus was presented in the 
peripheral retina, and comprised a large area, long duration 
green flash (9° dia., 200 ms, 520 nm) on a red background. 
The measurements are from Fig. 3 of [2] and their troland 
values have been converted using a factor of K = 8.6 photo-
isomerizations s−1 per troland.

For comparison, the red symbols plot the desensitization 
of primate rod photoreceptors, obtained from Fig. 9A and 
Table III in [3]. Their measurements of sensitivity have been 
converted to desensitization by taking the reciprocal; in 
addition the symbols have been shifted vertically to provide 

increases; however, this task needs to be performed in a 
manner that avoids excessive reduction in sensitivity. Cone 
photoreceptors excel in this capacity, and are able to avoid 
saturation no matter how intense the steady light becomes, 
and to continue to signal contrast effectively. Rods, on the 
other hand, are only able to adjust their sensitivity over a 
relatively narrow range of intensities, before they are driven 
into saturation, thereby becoming completely unresponsive. 
One advantage of this saturation of the rods, though, is that 
it substantially reduces the metabolic demand of the rods, 
at intensities where the cones are already functional, and 
where the metabolic demand for chromophore re-synthesis 
begins increasing.

In addition to the very important function of optimizing 
the photoreceptor’s sensitivity over a broad range of light 
intensities, there are two other ways in which photoreceptor 
light adaptation optimizes the cell’s response. Firstly, as  
will be explained below when eqn (1) is presented, Weber 
Law light adaptation permits automatic extraction of the 
contrast in the visual scene, independent of the absolute 
level of illumination. Secondly, light adaptation provides 
real-time adjustment of the time-course of the response to 
an incremental flash of light, in a manner that is presumed 
to be optimal for the visual system, though, as explained 
above, we are not yet able to quantify optimality in this 
regard.

2.  Performance of the photopic and 
scotopic divisions of the visual system

Photopic vision: the cone system is  
the workhorse of vision
For humans, the photopic cone system can be considered 
the “workhorse” of vision, because it is operational under 
almost all of the conditions that we experience (in the 21st 
century). Thus, it is the photopic system that underlies our 
sense of vision at all light levels apart from the exceptionally 
low intensities experienced in moonlit and starlit condi-
tions. Under moonlight levels of illumination, our scotopic 
and photopic systems are both functional, over an intensity 
range that is termed “mesopic”. In order to determine 
whether you are using your photopic system under twilight 
or nighttime conditions, there is a simple test: if you are able 
to detect any color in the scene, then your cones are active; 
if you cannot, then it is likely that only your rods are active. 
As the ambient intensity increases at dawn, the photopic 
system remains functional, up to the brightest sunlit condi-
tions that we ever experience.

Despite their enormous importance to our vision, cones 
make up only about 5 percent of the population of photo-
receptors. The low density of cone photoreceptors in the 
peripheral retina is quite adequate for our peripheral vision, 
even in daytime, as we require only relatively low spatial 
acuity in the periphery. Even though the great majority of 
peripheral photoreceptors are rods, they are not in fact used 
under most of the circumstances that we think of as vision 
– instead, they are only used at exceedingly low ambient 
lighting levels. The reason for having a very high density of 
rods is to be able to capture every available photon under 
starlight conditions.
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Performance of the photopic and scotopic divisions of the visual system

Each of the curves in Figure 20.1 plots desensitization 
according to Weber’s Law, though the curves in Figure 20.1B 
additionally include saturation at high intensities, as 
described by the equation: 

 
Desens

Desens
I I I I

D
sat= + ( ){ } ( )1 0 exp  (1)

where Desens is desensitization, DesensD is its dark-adapted 
value, and I is the background intensity. The first term on 
the right expresses Weber’s Law, where I0 is the equivalent 
background intensity mentioned above. This first term indi-
cates that at low background intensities (when I << I0) the 
desensitization approaches a constant level (its dark-adapted 
value, DesensD), while for brighter backgrounds (when I >> 
I0) the desensitization increases linearly with background 
intensity.

At higher scotopic intensities, both the rods and the 
overall scotopic system exhibit saturation, characterized by 
a steep rise in desensitization with increasing background 
intensity. This behavior is described by the second term on 
the right in eqn (1), where Isat is termed the saturation inten-
sity. It is almost certain that saturation of the overall scotopic 
system results directly from saturation of the rods. Thus, for 
the blue and red curves in Figure 20.1B, the same value of 
saturation intensity, Isat = 2500 photoisomerizations s−1 
(black arrow), has been used. In contrast, the dark light is 
enormously different between the two curves, with I0 = 0.016 
and 50 photoisomerizations s−1, respectively, for the psycho-
physical data (blue arrow) and the rod photoreceptor data 
(red arrow).

The span of intensities from I0 (the dark light) to Isat (the 
saturation intensity) represents the Weber region, and in this 

a good fit to the psychophysical data in the high-intensity 
range.

The crucial difference between the blue and red symbols 
is that the overall scotopic visual system begins desensitiz-
ing at intensities around 1000 times lower than those 
required to begin desensitizing the rod photoreceptors. 
Thus, a considerable region at the lowest end of scotopic 
light adaptation is post-receptoral, rather than being internal 
to the rods. Because the post-receptoral scotopic system is 
able to integrate photon signals from large numbers of rod 
photoreceptors, and thereby gain increased sensitivity, it 
needs to begin desensitizing at much lower background 
intensities in order to avoid saturation. As a result the rod 
photoreceptors maintain their maximal sensitivity for several 
log units of the lowest-intensity regimen (up to ~10 isomeri-
zations s−1) over which the visual system exhibits gradual 
desensitization.

When the background intensity is reduced from relatively 
high scotopic intensities (moving from right to left along the 
x-axis in Fig. 20.1B) the desensitization of the rods, and of 
the scotopic visual system, steadily falls. However, below  
the intensities indicated by the red and blue arrows, the 
desensitization of first the rods, and second the visual system, 
fails to continue falling, as if the respective mechanism were 
experiencing a phenomenon equivalent to light. Accord-
ingly, the arrowed intensities for the rods and for the sco-
topic visual system have been referred to as “equivalent 
background intensities”, or “dark light”. Clearly, the equiva-
lent background for the scotopic system (around 0.016  
photoisomerizations s−1) is more than 1000× lower than 
the equivalent background intensity for the rods (around  
50 isomerizations s−1).

Figure 20.1 Light adaptation of the photopic (cone) and scotopic (rod) divisions of the human visual system. Both panels plot psychophysical threshold as 
a function of background intensity in double logarithmic coordinates. Left: Scotopic and photopic thresholds for a test flash that was only about 30× more 
sensitive to the scotopic system. Data are from [1], converted to isomerizations s−1 in the rods, horizontally, and to threshold relative to the dark-adapted 
scotopic value, vertically. Right: Blue symbols are for conditions that optimized scotopic detection; data from [2]. Red symbols are suction pipette 
measurements from isolated rod photoreceptors of monkeys (Macaca fascicularis), shifted vertically to align with the blue symbols in the upper intensity 
range; data from [3]. All curves plot Weber’s Law; see text. (A: Data from Stiles WS. P Natl Acad Sci USA. 1959;45(1):100–114. B: Data from Aguilar M, Stiles WS. Optica Acta 

1954;1:59–65 and Tamura T, Nakatani K, Yau K-W. J Gen Physiol 1991;98(1):95–130.)
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In contrast, cone photoreceptors undergo light adaptation 
over an enormously wide range of intensities, and they 
manage to escape saturation no matter how intense the 
steady light. In the overall photopic visual system it is likely 
that the observed adaptation results primarily from these 
changes at the level of the cones, rather than through post-
receptoral processing.

Saturation of the electrical response in rods 
and its avoidance in cones
The response of a salamander rod to the onset of steady 
illumination at different intensities is illustrated in Figure 
20.2. At the beginning of the step of light, the rod’s response 
begins rising according to the prediction from the time inte-
gral of the flash response (noisy traces). But under normal 
conditions (upper panel) the response very soon deviates, 
falling well below the linear prediction. Characteristically, 
the response to such a step of light typically exhibits an early 
peak followed by a sag. This deviation from the simplest 
linear prediction is a crucial aspect of light adaptation – if 
this deviation did not occur, then the rod would be driven 
into saturation by lights of very low intensity. Saturation can 
readily be induced by exposing the rod to a solution that 
clamps the cytoplasmic calcium concentration (lower panel); 
the measured responses then follow the predictions of the 
theoretical curves, and a very low intensity (labeled 2) satu-
rates the rod. This result shows that at least a part of the rod’s 
ability to continue operating in backgrounds of moderate 
intensity is a consequence of changes in cytoplasmic calcium 
concentration; the molecular mechanisms that contribute to 
this will be discussed in Section 4.

range of background intensities the desensitization is directly 
proportional to background intensity. The reciprocal of 
desensitization is the sensitivity, S = 1/Desens, and hence 
within the Weber region the sensitivity declines inversely 
with background intensity; i.e. S ∝ 1 / I.

Since the contrast in a visual stimulus is likewise inversely 
proportional to background intensity (i.e. contrast = ΔI / I), 
this Weber region is characterized by a fixed level of contrast 
sensitivity; that is, a given level of contrast elicits a fixed size 
of response. Hence, an important feature of Weber Law light 
adaptation is that it provides automatic extraction of visual 
contrast.

Figure 20.1B shows that for the overall scotopic system 
the Weber region covers a very wide range, of at least 5 log 
units (i.e. over 100,000-fold).

3.  Light adaptation of the electrical 
responses of cones and rods

In the presence of background illumination, it is not only 
the overall visual system that adapts – the rod and cone 
photoreceptors themselves display light adaptation, charac-
terized by desensitization and acceleration of their electrical 
response to an incremental flash.

For rods, though, such adaptation occurs over only a 
restricted range of intensities before saturation sets in. Thus, 
the red data in Figure 20.1B show that the Weber region for 
mammalian rods encompasses only 1–2 log units of inten-
sity before saturation; for the larger rods of lower vertebrates 
the Weber region may encompass a slightly wider range of 
about 3 log units.

Figure 20.2 Responses of a salamander rod to onset of 
steps of light of different intensity. Upper panel: under 
control conditions (Ringer solution). Lower panel: in the 
presence of Ca2+-clamping solution. The step intensities 
increased by factors of ~4 for traces labeled 1–4; D, 
darkness. The smooth curves are predictions obtained by 
integrating the measured dim flash response (not shown), 
and represent the step responses that are predicted in the 
absence of any adaptation. (From Fain GL, Lamb TD, Matthews 

HR, Murphy RLW. Cytoplasmic calcium as the messenger for light 

adaptation in salamander rods. J Physiol 416:215–243.24)
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account of changes in the level of circulating current remain-
ing in the presence of the different background intensities. 
Thus, rather than plotting raw sensitivity (response per pho-
toisomerization), as was done in panel A for the cone, panel 
B for the rod instead plots the fractional response (i.e. the 
incremental response as a fraction of the circulating current 
at that background) per photoisomerization. This has been 
done in order to provide a direct measure of the level of 
activation of the guanine nucleotide binding protein (G- 
protein) cascade of phototransduction; thus, it can be shown 

At higher background intensities, though, the circulating 
current in the normal rod becomes completely suppressed. 
Thus, for the upper panel of Figure 20.2, intensities higher 
than that labeled 4 (not shown) causes the response simply 
to rise to its maximum level, corresponding to the closure 
of all cGMP-gated channels in the outer segment, with the 
consequence that incremental stimuli are unable to elicit any 
incremental response, and the cell’s response is “saturated”. 
Typically, such saturation sets in exponentially with increas-
ing background intensity, as described earlier by the second 
term on the right of eqn (1).

Cone photoreceptors exhibit even more pronounced 
“sag” from an initial peak, when steady background illumi-
nation is turned on. An example is illustrated for modest 
steady intensities in the early region of the traces in Figure 
20.3. The phenomenon is extremely robust in cones and, no 
matter how high the light intensity, the cone photoresponse 
always recovers to a reasonable operating level, even if it is 
transiently driven into saturation at the onset of intense 
illumination.

Desensitization and acceleration of the 
photoreceptor’s electrical response
In addition to showing the transient nature of the responses 
elicited by the onset of backgrounds in cones, the main 
purpose of Figure 20.3 is to illustrate the desensitization of 
the responses to incremental flashes that is elicited by these 
backgrounds.

The traces illustrate the responses of a cone photoreceptor 
to an identical set of flashes presented under three different 
conditions. In panel (A) the flashes (a–f, of progressively 
greater intensity) were presented in darkness. In panel (B) the 
same flashes were presented on a dim steady background, and 
in panel (C) they were presented on a brighter background. 
In the presence of background illumination, the responses to 
dim flashes were smaller. For example, for the second flash 
intensity, b, the response amplitude became markedly smaller 
from panel (A) to panel (B) to panel (C). In other words, 
backgrounds of increasing intensity progressively desensi-
tized the cone’s incremental response. Such behavior is very 
characteristic of photoreceptors (both cones and rods).

The changes in the dim flash response elicited by back-
grounds of different intensity are shown in Figure 20.4A. The 
largest trace is the response to a dim flash presented under 
fully dark-adapted conditions, while the other traces are for 
the same flash presented on backgrounds of progressively 
brighter intensity. (In fact, in order to maintain responses of 
measurable amplitudes, the flash intensities were increased 
in the presence of backgrounds, and the traces actually plot 
response divided by flash intensity; i.e. response sensitivity.)

The traces in Figure 20.4A demonstrate that the effect of 
increasing background intensity is both to desensitize and 
to accelerate the response to an incremental dim flash. This 
behavior of cones is very similar to that exhibited by rods, 
as illustrated in Figure 20.4B.

Unaltered rising phase but accelerated 
recovery
For the incremental flash responses of the rod illustrated in 
Figure 20.4B, the vertical scale has been adjusted to take 

Figure 20.3 Circulating current of a salamander cone in response to 
flashes and steps of illumination. Timing of illumination is indicated by the 
marker trace at the top; flashes a–f increased in intensity by factors of ~4, 
and were the same intensity in each of panels (A)–(C). In panel (A) these 
flashes were presented in darkness; in panels (B) and (C) the same flashes 
were presented on steady backgrounds that had been switched on at time 
zero; the background in (C) was ~4 times brighter than in (B). (From Matthews 

HR, Fain GL, Murply RLW, Lamb TD. Light adaptation in cone photoreceptors of the 

salamander: a role for cytoplasmic calcium concentration. J Physiol 420:447–469.25)
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that the level of cascade activation is best measured by the 
fractional channel opening, which in turn is measured by 
the incremental response expressed as a fraction of the exist-
ing circulating current.

When plotted in this manner, the incremental responses 
in Figure 20.4B demonstrate the remarkable property that 
the onset phase of the response is invariant; i.e. the traces 
for different background intensities exhibit a common rise 
at early times, indicated by the smooth black trace. This 
behavior indicates that the amplification parameter describ-
ing the activation steps in phototransduction is unaltered 
during light adaptation; in other words, light adaptation 
causes no change in the efficacy of the activation steps in 
phototransduction. Instead, what light adaptation does is to 
cause a marked speeding-up of the shut-off steps in the 
transduction cascade. The molecular identity of the steps 
that are accelerated is considered in Section 4.

Dependence of sensitivity on background 
intensity: Weber’s Law
By plotting the peak amplitude of each of the traces in Figure 
20.4A as a function of the background intensity on which it 
was measured, one obtains a sensitivity versus background 
plot of the kind illustrated in Figure 20.5.

Figure 20.4 Incremental responses of cone and rod 
photoreceptors to test flashes presented on backgrounds of 
progressively higher intensity. In each panel, the largest 
trace is for a dim flash presented in darkness, while the 
other traces correspond to the same test flash presented  
on backgrounds. (A) Salamander red-sensitive cone. 
(B) Salamander rod. Smooth black curve indicates common 
rising phase. (A: From Matthews HR, Fain GL, Murply RLW, Lamb 

TD. Light adaptation in cone photoreceptors of the salamander: a 

role for cytoplasmic calcium concentration. J Physiol 420:447–469.  

B: From Pugh EN, Nikonov S, Lamb TD. Molecular mechanisms of 

vertebrate photoreceptor light adaptation. Curr Opin Neurobiol 

9(4):410–418, 1999.25,26)
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Figure 20.5 Cone sensitivity as a function of background intensity. Results 
are plotted in double logarithmic coordinates, and were obtained from 
intracellular measurements averaged from 15 cones in the turtle eye-cup 
preparation. These experiments monitored step sensitivity rather than the 
more conventional flash sensitivity. The smooth curve plots Weber’s Law, 
given by eqn (2). (Reproduced with permission from [4].)
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of pigment bleaching. For each additional 10-fold increase 
in intensity there will be a 10-fold reduction in the amount 
of pigment remaining available to absorb light, and hence 
there will necessarily be a 10-fold reduction in sensitivity  
in the absence of any other change of parameters of  
transduction in the outer segment. In other words, if the 
photoreceptor is able to avoid saturation up to intensities 
that cause substantial bleaches, then it will be able to exhibit 
Weber Law desensitization at all higher intensities purely by 
means of pigment bleaching. Cones are able to function up 
to this critical intensity, whereas rods saturate at much lower 
intensities.

Extremely rapid recovery of human  
cone photocurrent
Experiments on photoreceptors at high intensities must be 
undertaken in a preparation in which the retina is in contact 
with the retinal pigment epithelium (as was the case in the 
experiments above on turtle cones), so that visual pigment 
is regenerated. Thus, it is not possible to investigate cone 
responses at high intensities using single-cell or isolated 
retina preparations. Instead, to assess the performance of 
human cones at high background intensities, one is essen-
tially restricted to experiments measuring the electroretino-
gram (ERG) in the intact eye.

Figure 20.6 illustrates results from an experiment designed 
to measure the kinetics of recovery of the circulating current 
of human cone photoreceptors upon extinction of steady 
illumination that bleached 90 percent of the visual pigment. 
The traces show recordings of the human photopic ERG a-
wave, which monitors the massed response primarily of the 
cone photoreceptors.

The four colored traces plot ERG responses from two 
subjects, at two different flash intensities, while the light 
stimulus is monitored by the black trace at the top. The left 
panel is for an intense flash presented on the intense steady 
background, while the right panel is for extinction of that 
background. The “ON” a-wave and b-wave elicited by the 
bright flash are indicated by the red arrows, while the “OFF” 

The results plotted in Figure 20.5 were obtained over an 
extremely wide range of background intensities by Burk-
hardt,4 using a laser source of illumination. Importantly, the 
preparation was the intact eye-cup (of the turtle), so that the 
photoreceptors remained in contact with the retinal pigment 
epithelium and thereby experienced normal regeneration of 
visual pigment, so that physiological results could be 
obtained even at very high background intensities.

For background intensities from 103 to 1011 photons 
µm−2 s−1, the relationship between log sensitivity and log 
background intensity is a straight line with a slope of −1; in 
other words, over roughly 8 log units of background, the 
turtle cone’s sensitivity declines inversely with background 
intensity. The curve plotted near the points in Figure 20.5 
represents Weber’s Law, described by: 

 
S

S I ID

=
+ ( )

1

1 0
 (2)

where S is flash sensitivity, SD is its dark-adapted value, I is 
the background intensity, and I0 is the half-desensitizing 
intensity, also known as the dark-adapted equivalent back-
ground intensity. This is the same equation as used in Figure 
20.1B for light adaptation of human rods, though without 
the saturation term (and in coordinates of sensitivity rather 
than its reciprocal). The good fit of the Weber Law expres-
sion shows, very importantly, that cone photoreceptors in 
the intact eye-cup are able to completely avoid saturation, 
even at enormously high intensities of steady illumination. 
This feature represents a crucial distinction between the 
properties of cones and rods. As illustrated earlier in Figure 
20.2, the circulating current of rods is shut off at quite low 
background intensities so that the rods become unrespon-
sive to superimposed stimuli in the presence of background 
illumination of moderate intensity.

In the same set of experiments, Burkhardt4 measured the 
intensity at which 90 percent of the pigment was in the 
bleached state, and found this to be around 106 photons 
µm−2 s−1

. Hence, for all intensities above that level, the 
observed Weber Law behavior can be accounted for in terms 

Figure 20.6 Extremely rapid recovery of human 
cone photocurrent upon extinction of intense 
illumination, measured with the ERG. The left panel 
shows the response to a bright flash superimposed 
on the intense steady background, while the right 
panel shows the response obtained at the extinction 
of that background. Dashed horizontal lines represent 
the following levels of cone circulating current (from 
bottom): zero level, steady level during intense 
background, dark level, as indicated by the two 
normalized scales on the right. See text for details. 
(From Kenkre JS, Moran NA, Lamb TD, Mahroo OAR. Extremely 

rapid recovery of human cone circulating current at the 

extinction of bleaching exposures. J Physiol 567(1):95–112.21)
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τR. R* catalyzes activation of the guanine nucleotide binding 
G-protein transducin to G*, which then binds to phosphodi-
esterase (E) to form the activated G*–E* complex (indicated 
E*), which has a lifetime τE. The activated E* catalyzes 
hydrolysis of cGMP (cG) with a rate constant β. The increase 
in β is proportional to steady intensity I, with a scaling factor 
set by the product of the R* and E* lifetimes; i.e. β = βDark + 
(A/ncG) τR τE I (see [5]). cGMP formation is catalyzed by 
guanylyl cyclase (GC), under the regulation of Ca2+-sensitive 
guanylyl cyclase activating proteins (GCAPs). When present, 
cG causes the opening of ion channels (chans) in the plasma 
membrane, admitting Ca2+ ions. Cytoplasmic Ca2+ has a 
powerful negative-feedback action via GCAPs onto the rate 
α of cGMP synthesis. Ca2+ ions are removed from the cyto-
plasm with a turnover time for free Ca2+ concentration of τCa. 
Finally, and very slowly, visual pigment (R) is re-formed by 
delivery of 11-cis retinaldehyde (11-cis RAL) from the retinal 
pigment epithelium.

The mechanisms that contribute to light adaptation in 
photoreceptors (i.e. to the alteration in response properties 
of the photoreceptors upon exposure to background illumi-
nation) are closely associated with the mechanisms of 
response recovery (see Chapter 18). These mechanisms of 
adaptation can be classified broadly as (1) those that are 
calcium-dependent, and (2) those that do not involve 
calcium. Both categories play major roles, and here the less 
well-known category of non-calcium-dependent mecha-
nisms will be treated first.

Photoreceptor light adaptation independent 
of calcium
There are at least three classes of non-calcium-dependent 
phenomena that represent mechanisms of light adaptation 
in photoreceptors, where light adaptation is interpreted as 
an alteration of response properties in comparison with the 

a-wave and b-wave elicited by extinction of the background 
are indicated by the blue arrows. The b-wave is roughly 
similar in the two cases, and arises from post-receptoral 
activity. The OFF a-wave represents recovery of the cone 
circulating current, and begins around 7 ms after the intense 
background is turned off.

Figure 20.6 shows two very important results relating to 
human cone responses in the presence of extremely bright 
illumination. Firstly, the amplitude of the ON a-wave in the 
left panel shows that the steady cone circulating current 
remained at roughly 50 percent of its original level in dark-
ness. Secondly, the early time at which the OFF a-wave in 
the right panel begins rising (indicated by the blue arrow at 
~7 ms) shows that the cone circulating current begins recov-
ering extremely rapidly.

Thus, although little change occurs for the first 7 ms, 
thereafter a substantial upward response occurs until about 
15 ms after extinction of the background; at this point the 
a-wave is obscured by spike-like activity of the b-wave. There 
is compelling evidence that the a-wave traces for these sub-
jects monitor the recovery of the cone circulating current. On 
this basis, the cone circulating current is essentially fully 
recovered within about 15 ms after extinction of illumina-
tion so intense that it bleaches 90 percent of the cone 
pigment. This is extremely rapid recovery. Section 4 consid-
ers the speed of the phototransduction shut-off reactions 
responsible for generating this rapid recovery, and the 
smooth curve near the measured traces in the right-hand 
panel of Figure 20.6 was calculated from the model pre-
sented there, using the short time constants listed in Table 
20.1 below.

Extremely rapid recovery of cone circulating current, as 
inferred from the results of Figure 20.6, is required in order 
to account for classical experiments on the flicker fusion 
frequency of human subjects. Even at quite low photopic 
intensities, human subjects are able to detect square-wave 
flicker at a frequency of around 50 Hz using peripheral 
vision. But at higher intensities the flicker fusion frequency 
increases, to 100 Hz or more; at this frequency the illumina-
tion is being switched on and off for durations of 5 ms each. 
Thus, in order for the flicker to be detectable, some degree 
of recovery of cone circulating current must have occurred 
within 5 ms. Hence, human flicker sensitivity is broadly con-
sistent with the time-course inferred from Figure 20.6.

4.  Molecular basis of photoreceptor 
light adaptation

The phototransduction cascade
For a full description of the biochemistry of phototransduc-
tion, see Chapter 18. Figure 20.7 presents a simplified sche-
matic of these steps, emphasizing the shut-off reactions 
using red arrows. The lifetimes (or turnover times) of the 
important shut-off steps are: τR, the lifetime of activated 
rhodopsin; τE, the lifetime of activated transducin/PDE; τcG 
= 1/β, the turnover time of cyclic GMP; and τCa, the turnover 
time of cytoplasmic free Ca2+.

In summary, activation and recovery occur as follows. 
Light (of intensity I) activates the visual pigment, and the 
activated pigment (R*) is inactivated with a time constant 

Figure 20.7 Simplified schematic of reaction steps underlying the recovery 
steps in phototransduction. See text for details. (From Lamb TD & Pugh EN. 

Avoidance of saturation in human cones is explained by very rapid inactivation 

reactions and pigment bleaching. Invest Ophthalmol Vis Sci 47;e3714.10 Reproduced 

from Association for Research in Vision and Ophthalmology.)
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Calcium-dependent mechanisms of rapid 
light adaptation: re-sensitization through 
prevention of saturation
When cGMP-gated ion channels in the outer segment are 
closed in response to light, the cytoplasmic concentration of 
calcium drops (see Chapter 19). This drop in Ca2+ concentra-
tion is vitally important to light adaptation, though it is 
crucial to emphasize that it does not cause the desensitiza-
tion that characterizes photoreceptor light adaptation. Quite 
the contrary: the drop in Ca2+ concentration actually rescues 
the rod from the saturation that would otherwise be induced 
by light, and thereby prevents the onset of massive desen-
sitization at relatively low intensities of background illumi-
nation. Thus, the light-induced drop in Ca2+ acts to increase 
the rod’s sensitivity above the drastically reduced level that 
would occur, either if the Ca2+ concentration did not alter, or 
if the rod’s calcium-dependent mechanisms were inoperative.

Powerful negative feedback loop mediated  
by calcium
Calcium is the cytoplasmic messenger for a very powerful 
negative feedback loop that tends to stabilize the photore-
ceptor’s circulating current. If ever the Ca2+ concentration 
drops (e.g. in response to light, or as a result of some other 
perturbation) then, as described in Chapters 18 & 19 and 
below, a number of changes occur very rapidly. These 
changes are stimulated by the unbinding of Ca2+ from at 
least three classes of calcium-sensitive protein: (1) guanylyl 
cyclase activating proteins (GCAPs 1 and 2), which activate 
guanylyl cyclase; (2) recoverin, which regulates the lifetime 
of activated R*; and (3) a protein that modulates the opening 
of cGMP-gated channels – in rods this is calmodulin. Cal-
cium’s action via each of these pathways leads to the opening 
of cGMP-gated channels, thereby increasing the circulating 
current and admitting Ca2+ ions from the extracellular 
medium. This influx of Ca2+ ions tends to counteract the 
initial reduction in Ca2+ concentration, thereby completing 
a negative feedback loop.

Each of these molecular mechanisms involved in the 
calcium negative feedback loop contributes towards extend-
ing the cell’s operational range of light intensities, by helping 
to prevent saturation of the circulating current. Thus, each 
of these three molecular mechanisms assists in rescuing the 
photoreceptor from saturation and hence increasing, rather 
than decreasing, the sensitivity compared with the case that 
would exist if the mechanism were absent. Each of the three 
mechanisms is most effective over a particular range of 
calcium levels, and hence over a particular range of light 
intensities. The most powerful of the three (at least in rods) 
is the GCAP activation of guanylyl cyclase.

Because the various components of the calcium negative 
feedback loop act quite rapidly, they contribute not only to 
determining the photoreceptor’s sensitivity in the presence 
of background illumination, but also to determining the 
kinetics of its response to an incremental flash presented on 
the background. The importance of altered Ca2+ concentra-
tion in setting the incremental flash response kinetics can be 
demonstrated by incorporating a calcium buffer (such as 
BAPTA) into the outer segment. Figure 20.8A shows that, 
although the flash response begins rising exactly as in control 

dark-adapted state. First, there is response compression, 
whereby the reduced level of circulating current in the pres-
ence of steady background illumination reduces the size of 
the flash response. This phenomenon will not be discussed 
here, in part because it is both very well known and very 
simple, but also because (in philosophical terms) it can be 
viewed as a failure of light adaptation. Cones substantially 
avoid response compression through powerful feedback 
mechanisms that maintain the circulating current. Second, 
there is pigment depletion, which is relevant to cones at high 
intensity; however, it is never relevant to rods, because they 
are driven into saturation by even very low levels of bleached 
pigment (see Section 6). Third, there is a direct effect of PDE 
activation, which is now considered.

Accelerated turnover of cGMP
In darkness the activity of the PDE is relatively low, so that 
the turnover rate of cGMP hydrolysis (denoted β) is low and 
the turnover time for cGMP (τcGMP = 1/β) is long. Under 
dark-adapted conditions, τcGMP is around 1 s in amphibian 
rods, and around 200 ms in mammalian rods. The magni-
tude of this parameter has a major effect on both the sensi-
tivity and the kinetics of the photoreceptor’s response to a 
flash. Thus, when the PDE activity increases in steady illu-
mination, the shorter turnover time for cGMP contributes 
both to desensitization and to acceleration of the 
photoresponse.

To provide an intuitive understanding of this mechanism, 
it is helpful to consider what we have referred to previously 
as the “bathtub analogy”.5 Imagine a container of water, 
such as a tall cylinder, and let the height of water in the 
cylinder represent the level (concentration) of cGMP in  
the outer segment. The rate at which water runs out of the  
cylinder, through a drain-hole at the base, is proportional 
both to the height of water and to the size of the opening, 
representing the cGMP level and the PDE activity, β, respec-
tively. Likewise, the rate at which water flows in to the  
cylinder through a tap at the top represents the activity  
of guanylyl cyclase, α. When a steady state is reached, the 
height of water will equal the rate of influx divided by the 
size of the drain-hole; i.e. cGMP = α/β. Importantly, when-
ever the water level is perturbed from this steady-state level 
(e.g. upon a brief opening of an additional drain-hole), the 
level will re-equilibrate with a time constant τcGMP = 1/β 
(provided that the rate of influx through the tap remains 
constant). Hence, if the drain-hole is small (and the inflow 
via the tap correspondingly small) then any perturbation in 
water level elicited by a transient additional outflow will be 
corrected only slowly; if the drain-hole is large (and the 
influx correspondingly large) then any perturbation will be 
rapidly corrected. Furthermore, though perhaps less intui-
tively, it can be shown that for a non-instantaneous perturba-
tion, corresponding to the normal flash response, not only 
will the kinetics of recovery be faster but also the peak will 
be smaller.

Hence the effect of the increased PDE activity during 
steady illumination is both to accelerate the response kinet-
ics and to reduce the peak amplitude to an incremental flash. 
Calculations show that, in amphibian rods, the 20-fold 
increase in β during steady illumination provides the primary 
mechanism underlying the measured shortening of time-to-
peak and the decrease in flash sensitivity.5
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conditions, it does not recover as rapidly, and instead rises 
to a substantially larger and later peak with slower final 
recovery. The three calcium-sensitive molecular pathways 
will now be described.

Guanylyl cyclase activation
In response to a drop in calcium concentration, Ca2+ will 
unbind from the GCAP proteins (GCAP1 and GCAP2), 
thereby activating guanylyl cyclase and stimulating the pro-
duction of cGMP at a greatly increased rate, leading to the 
opening of cGMP-gated channels.

The cyclase activity increases roughly as the fourth power 
of the drop in Ca2+ concentration, and furthermore (as 
for the other two routes considered below) the number of 
channels open increases approximately as the cube of the 
cGMP concentration. Because of the cascading of two such 
steep dependencies, any small fractional change in Ca2+ 

Figure 20.8 Comparison of calcium buffering and GCAPs knockout on the 
rod’s dim-flash response. Both panels plot suction pipette recordings from 
single rods. (A) Salamander rod response to a flash in darkness (D) and to 
the same flash after incorporation of the calcium buffer BAPTA (DB).
(Reproduced with permission from [27].) (B) Mouse rod single-photon responses, 
for wild type (WT) and GCAPs knock-out (GCAPs −/−) animals. (A: From Torre 

V, Matthews HR, Lamb TD. Role of calcium in regulating the cyclic GMP cascade of 

phototransduction in retinal rods. Proc Natl Acad Sci USA. 83:7109–7113.27 B: From 

Burns ME, Mendez A, Chen J, Baylor DA. Dynamics of cyclic GMP synthesis in retinal 

rods. Neuron 36(1):81–91.28)

0.4

0.2

0

N
or

m
al

iz
ed

 re
sp

on
se

2
Time (sec)

Toad rods

40

2

1

0

pA

2
Time (sec)

WT

GCAPs-/-

D

DB

Mouse rods

40

A

B

concentration stimulates a large and opposite fractional 
change in channel opening; that is, the fractional change in 
channel opening is opposite in sign to, and up to 12× the 
magnitude of, the originating fractional change in Ca2+ con-
centration. As a result, this molecular mechanism is the most 
potent of the three that contribute to the calcium negative 
feedback loop and hence to setting the adaptational state in 
rods. It is especially dominant at relatively bright background 
intensities, corresponding to low Ca2+ concentrations, and is 
therefore the most important in extending the rod’s operat-
ing range to high intensities.

The role of the GCAP/guanylyl cyclase component of the 
Ca2+ feedback loop in setting the waveform of the incremen-
tal flash response is illustrated in Figure 20.8B, where aver-
aged responses are shown for rods from WT and GCAPs 
knockout mice. In a manner very similar to that seen in 
amphibian rods containing the calcium buffer BAPTA, the 
response in the GCAP knockout case begins rising exactly as 
for the control (WT) case, but it does not recover as soon, 
so that the response continues rising and reaches a larger 
and later peak.

Shortened R* lifetime
Activated rhodopsin (R*) is inactivated by multiple phos-
phorylation steps mediated by rhodopsin kinase (GRK1) 
followed by binding of arrestin (for details, see Chapter 18). 
It is generally assumed that the decline in R* activity follows 
exponential kinetics, and can therefore be described by a 
characteristic lifetime, τR; however, it is worth bearing in 
mind that there is no direct evidence for this assumption. It 
was established by Kawamura6 that GRK1’s phosphoryla-
tion of R* is calcium-dependent and that the effect is  
mediated by the calcium-binding protein recoverin (termed 
S-modulin in frog). The molecular mechanism of this 
dependence is not entirely clear, but some evidence suggests 
that the calcium-bound form of recoverin binds to GRK1, 
thereby preventing it from interacting with R*. In any case, 
it is proposed that a reduction in Ca2+ concentration leads 
to a shortened R* lifetime, τR.

The slowest time constant in the phototransduction 
cascade (the so-called dominant time constant, τdom) can be 
estimated from the steepness of the relationship between the 
duration that the rod is held in saturation by a bright flash 
and the flash intensity (see [7]). Over the years there has been 
considerable debate as to whether this dominant time con-
stant is set by the R* lifetime, τR, or instead by the lifetime τE 
of the transducin-phosphodiesterase (PDE) complex (the 
effector). The situation may differ between rods and cones, 
and may also be species dependent. But in mouse rods Burns 
and colleagues have now clearly established that under dark 
resting conditions the dominant time constant is that of 
transducin-PDE, with τE ≈ 200 ms, while the R* lifetime is 
shorter, with τR ≤ 80 ms8 (see Table 20.1). In this scenario, 
where the R* lifetime is shorter than the transducin-PDE 
lifetime, then further light-induced shortening of τR is likely 
to have very little effect on the response kinetics, but it will 
instead cause a reduction in sensitivity, because fewer mole-
cules of transducin will be activated during the R* lifetime.

Although it remains difficult to establish the effectiveness 
of any individual mechanism in an intact photoreceptor with 
a functional calcium feedback loop, it appears that in rods 
the recoverin-mediated reduction in R* lifetime plays a mod-
erate role, especially at relatively low background intensities.



439

Molecular basis of photoreceptor light adaptation

Channel reactivation
In response to a drop in calcium concentration, Ca2+ unbinds 
from calmodulin (in the case of the rods), leading to a 
lowered dissociation constant ( K 1

2
) for the binding of 

cGMP to the channels. The effect of the lowered K 1
2

 is 
that any given concentration of cGMP will cause the opening 
of a larger fraction of the cGMP-gated channels, leading to 
an increase in circulating current and an influx of more 
calcium. However, the potency of this effect is low in rods, 
and the mechanism contributes only weakly to rod adapta-
tion. In contrast, cone channels possess a more powerful 
regulatory mechanism, mediated by a different calcium- 
sensitive protein9 (see Chapter 19).

Molecular basis of the cone’s incredibly rapid 
recovery from light exposure
The speed of recovery of human cones from prolonged 
intense illumination is extremely rapid (Section 4), and the 
time constants of the various shut-off reactions shown in the 
schematic of Figure 20.7 have been estimated in a number 
of recent studies of primate cones using intact preparations. 
In the case of monkey cones, the parameters were extracted 
via theoretical modeling of results obtained from intracel-
lular recordings of horizontal cells in the retina-RPE-choroid 
preparation. In the case of human cones, the parameters 
were extracted via theoretical modeling of ERG results, 
including those of the kind illustrated in Figure 20.6. The 
shut-off reactions have been found to be extremely rapid, 
and the parameters that have been reported are summarized 
in Table 20.1.

The collected estimates in Table 20.1 are consistent with 
the notion that all four of the shut-off time constants in 
human cones are extremely short, with three of the time con-
stants around 5 ms or less, and one around 10–15 ms. Hence 
the shut-off time constants for both the activated visual 
pigment (R*) and the activated G-protein/PDE (E*), τR and 
τE, are around 20-fold shorter in human cones than in mouse 
rods, where values of ~70 and ~200 ms have been reported.  
It has  recently been discovered that disruption of a molecular 
step involved in shut-off of phototransduction can lead to 
slowed light adaptation in cones (see Box 20.1).

Cone avoidance of saturation
A theoretical analysis10 has shown that the ability of mam-
malian cones to avoid saturation is explicable in terms of 

Box 20.1  Altered light adaptation when 
phototransduction shut-off is disrupted

Changes in light adaptation performance as a result of retinal 
disease are uncommon – any disturbance of the phototransduction 
cascade tends to cause major disruption of signaling, rather than 
a subtle change in adaptation. For example, Oguchi disease, 
which impairs the shut-off of the transduction cascade (through 
mutations in either rhodopsin kinase or arrestin), leads to 
symptoms resembling stationary night blindness.

Recently, it has been discovered that altered light-adaptation 
behavior can result from impairment of the reactions that 
inactivate the light-activated phosphodiesterase (PDE6). Thus, 
mutations in the RGS9-1 or R9AP genes have been shown to 
affect light adaptation,29,30 though in a manner that may appear 
counter-intuitive.31

Patients with mutations in the RGS9-1 or R9AP report difficulty in 
adapting to sudden changes in photopic luminance, and 
experience difficulty seeing moving objects, especially at low 
contrast. This stationary condition has been termed bradyopsia 
(slow vision).29,30 This slowness is expected, because disruption of 
the PDE shut-off process should lead to an extended time-course 
of the photoreceptor response to illumination.

Paradoxically, at low light levels the responses of cones lacking 
RGS9-1 are actually faster than those of normal cones.31 When a 
second effect of PDE is taken into consideration, this result turns 
out to be exactly as predicted. Not only is the PDE involved in 
shutting off the light response, by hydrolyzing cyclic GMP, but it 
is also involved in light adaptation and in response acceleration 
by shortening the “turnover time” for cyclic GMP.5 Thus, with 
RGS9-1 absent, there is more PDE active at low light levels, and 
hence a shorter turnover time for cyclic GMP and thereby a 
“more adapted” state than in the normal case. Accordingly, 
although these patients will have slower than normal vision at 
high lighting levels, they will have faster than normal vision (i.e. 
apparent light adaptation) at dim lighting levels.

Table 20.1 Shut-off time constants estimated for primate cones and mouse rods

τR

ms

τE

ms

τCa

ms

τcG = 1/β (Intense)

ms  Preparation Reference

Cone{
18 Human ERG [20]

5 13 4 Human ERG [21]

3 9 3 4 Monkey retina [22]

3 10 3 6 Human ERG [23]

Rod 70 200 Mouse suction pipette [8]

Estimates for the shut-off time constants, τR, τE, τCa, and τcG, obtained from recent experiments. It is not usually possible to determine which of the two time 
constants τR and τE is which; however, in the case of the mouse rod results, this identification was made using other experiments. Note that the turnover time for 
cyclic GMP, τcG, represents the value applicable during very intense illumination; under dark-adapted conditions, when the light-stimulated activity of the PDE is 
much lower, this time constant will be much longer.

the combination of these two 20-fold shorter time constants, 
together with the bleaching of cone visual pigment.

In human rod photoreceptors in vivo, the circulating 
current is halved at a steady intensity of ~70 scotopic tro-
lands or 600 R* s−1,11 with complete saturation occurring at 
~1000 scotopic trolands (~104 R* s−1) (see also Fig. 20.1B). 
On the assumption that the gain of activation in transduc-
tion is the same in human cones as in human rods, then the 
two very short cone time constants would elevate the intensi-
ties required for half- and full-saturation by some ~400×, to 
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leads to a persistent speeding of the bright-flash response 
upon extinction of the background.13 The change does not 
involve any reduction in the activation phase of transduc-
tion, but instead involves a reduction in the dominant time 
constant of response recovery; typically, the dominant time 
constant τdom drops from around 200 ms under dark-adapted 
conditions to around 100 ms immediately after extinction 
of the saturating light. This adaptational effect develops rela-
tively slowly, building up over 60 s or so, and it requires a 
rhodopsin bleach level of around 2 percent for full effect. 
The effect is relatively long-lasting, declining with a time 
constant of around 80 s.

The molecular mechanism giving rise to this adapta-
tional effect is not known, though some evidence suggests 
that it corresponds to a reduction in lifetime of the activated 
transducin-PDE complex. If so, it represents a phenom-
enon distinct from the actions of dimmer adapting lights.

Light-induced translocation of proteins
Light-induced translocation of transducin, recoverin, and 
arrestin in photoreceptors is considered in Chapter 18 and 
will briefly be mentioned here. Movements of protein are 
elicited only at quite high intensities (generally in the satu-
rating range), and they occur over a time-scale of many 
minutes. In mouse rods, intensities above 3000 photo-
isomerizations s−1 for 30 min (which bleach a substantial 
fraction of the rhodopsin) trigger the movement of trans-
ducin from the outer segment to the inner segment, while 
slightly lower intensities of 1000 photoisomerizations s−1 or 
more trigger the movement of arrestin in the opposite direc-
tion; recoverin also leaves the outer segment in bright light.

Protein movements of these kinds may well affect the 
adaptational state of the rod, though this has not yet been 
definitively established. Because the movements are trig-
gered only by saturating light intensities, the electrical effects 
cannot readily be observed during the illumination, because 
the circulating current is completely suppressed. One pos-
sibility is that the changes help prepare the rod for its return 
to lower intensities, as occurs around dusk. Interestingly, in 
one attempt that was made to detect any change in the 
amplification constant of human rods (using the ERG) fol-
lowing exposures to intensities that elicit transducin trans-
location in mouse rods, no change in amplification was 
detectable.14

6.  Dark adaptation of the rods:  
very slow recovery from bleaching

After our eye has been exposed to very intense illumination, 
our visual threshold is greatly elevated and may take tens of 
minutes to recover fully.15 Comparable effects can be also 
measured at the level of the rod bipolar cells16 or the rod 
photoreceptors.11 The slow recovery of sensitivity is referred 
to as “dark adaptation” or “bleaching adaptation”, but this 
use of the term “adaptation” is misleading. Adaptation nor-
mally refers to beneficial adjustments, yet the changes that 
persist after extinction of intense illumination are distinctly 
disadvantageous – thus, there can be no advantage in having 
one’s vision greatly compromised following exposure to 
intense light.

levels of ~240,000 and ~4 × 106 R* s−1 in human cones. An 
additional factor is that the cGMP-gated channels of mam-
malian cones show increased cGMP binding affinity when 
Ca2+ falls,9 thus further increasing the R* rate required for 
saturation.

How do these estimated rates of isomerization compare 
with the maximum rate at which the cone visual pigment 
can be bleached during steady illumination? At steady-state, 
the rate of photoisomerization equals the rate of pigment 
regeneration, which is set by the delivery of 11-cis retinal to 
opsin. For human L/M cones, the maximal rate of regenera-
tion has been measured as ~45 percent min−1, or 0.75 percent 
s−1. If the outer segment contains ~40 million pigment mol-
ecules, then the maximal rate of photoisomerization during 
intense steady light will be ~300,000 R* s−1. This rate simply 
cannot be exceeded in the steady-state, because a higher 
initial rate of isomerization would deplete the available 
pigment thereby lowering the rate.

Hence, from the numbers in the preceding paragraphs, the 
rate of photoisomerization required to saturate the human 
cone current exceeds the highest rate of isomerization of cone 
pigment molecules (~300,000 R* s−1) that can be elicited by 
a steady light of arbitrarily high intensity. Therefore, the 
human cone photoreceptor cannot be saturated by steady 
lights, no matter how bright they are. This does not mean that 
the cone can never be saturated; if an intense light is pre-
sented from dark-adapted conditions (when the cone ini-
tially has a full complement of visual pigment), then it will 
transiently be driven into saturation until bleaching reduces 
the amount of visual pigment to a suitably low level.

Modeling of human cone light adaptation
A computational model of human cone light adaptation has 
been developed,12 that puts factors of the kind described in 
the preceding section into a comprehensive theoretical/
numerical model. The molecular description that they use is 
closely similar to that illustrated in Figure 20.7, including 
pigment bleaching, and they express the system as a set of 
differential equations. Their simulations confirm that human 
cones will indeed not saturate with steady intensities of any 
level, and predict that the sensitivity will conform to Weber’s 
Law over a very wide range of background intensities.

5.  Slow changes in rods: light 
adaptation or dark adaptation?

In addition to the conventional features of rod photorecep-
tor light adaptation that occur extremely rapidly (on a sub-
second time-scale), other changes have been reported to 
occur over a time frame of minutes of exposure, in response 
to lights that saturate the cell’s response. As the effects of 
these changes are very slow, and can only be observed in 
darkness when the adapting exposure is extinguished, there 
is a semantic issue as to whether these phenomena should 
be thought of as light adaptation or as dark adaptation.

Light-induced change in the dominant  
time constant
Exposure of mouse rods to a just-saturating intensity of 
around 1000 photoisomerizations s−1, for 1 min or more, 
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humans and other mammals, measured by retinal densitom-
etry; (ii) normal human dark adaptation behavior (as in Fig. 
20.9); and (iii) the slowed regeneration of pigment and the 
slowed dark adaptation that is characteristic of a number of 
diseases that affect the photoreceptors and/or RPE (see Boxes 
20.2 and 20.3).19

The recovery of visual threshold for a human subject is 
plotted in Figure 20.9, following the cessation of nine light 
exposures that bleached from 0.5 percent to 98 percent of 
the rhodopsin.17,18 For a bleach of 20 percent, the visual 
threshold was initially elevated by 3.5 log units. This indi-
cates that the elevation of threshold is out of all proportion 
to the fraction of pigment remaining unbleached; even 
though 80 percent of the rhodopsin remained functional, 
the threshold was raised 3000-fold. Instead, there is now 
overwhelming evidence that the phenomenon arises from 
the presence within the outer segment of unregenerated 
opsin (i.e. the presence of the protein part of the visual 
pigment, prior to its recombination with the regenerated 
11-cis retinal).

Remarkably, the recovery of scotopic (rod-mediated) 
threshold exhibits a region of common slope across all the 
bleach levels, as indicated by the parallel black lines in Figure 
20.9. This region is termed the S2 component of recovery, 
and has a slope ΨS2 = −0.24 log unit min−1 that is character-
istic of dark adaptation recovery in normal (young adult) 
human eyes. Also characteristic is the nature of the rightward 
shift of the recovery traces as a function of increasing bleach 
level – the form of this shift is as expected for a rate-limited 
(zero-order) recovery process, as distinct from an exponen-
tial (first-order) recovery process.

From a detailed analysis of results of this kind, in combi-
nation with knowledge of the retinoid cycle, Lamb & Pugh19 
developed a cellular model that can account for human dark 
adaptation behavior. They postulated (1) that the presence 
of opsin (without chromophore) gives rise to a phenome-
non closely equivalent to light, through activation of the 
G-protein cascade of transduction, and (2) that the elimina-
tion of opsin via its reconversion to rhodopsin follows rate-
limited kinetics because of a limitation in the supply of 
11-cis retinal that results from the diffusion of this substance 
from a pool in the retinal pigment epithelium.

Application of this cellular model has provided an accu-
rate account of: (i) the regeneration of visual pigment in 

Figure 20.9 Human psychophysical dark adaptation. Recovery of 
log threshold elevation in a normal human observer is plotted as a 
function of time in darkness, after a wide range of bleaching 
exposures (from 0.5 percent to 98 percent). Parallel black lines 
represent component S2, with a slope of −0.24 decades min−1 (see 
text). The lateral shift between the lines is consistent with the 
rate-limited delivery of 11-cis retinal from the RPE to opsin in the 
outer segments. (From Lamb TD & Pugh EN. Phototransduction, dark 

adaptation, and rhodopsin regeneration. The Proctor Lecture. Invest 

Ophthalmol Vis Sci 47(12):5138–5152. Reproduced from Association for 

Research in Vision and Ophthalmology.18)
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Box 20.2  Diseases exhibiting slowed dark 
adaptation

A variety of diseases lead to slowed dark adaptation, and the 
great majority of these do so by affecting reactions of the 
retinoid cycle, and thereby reducing the effective concentration 
of 11-cis retinal in the retinal pigment epithelium.18

Mild cases of systemic vitamin A deficiency (VAD) lead to a 
slowing of the S2 component of dark adaptation, yet without any 
alteration in the final fully dark-adapted visual threshold.32 This 
occurs because all the bleached opsin is able (eventually) to 
recombine with retinoid – the recombination is simply slowed.  
In these mild cases, supplementation with vitamin A can lead  
to a rapid and complete recovery of dark adaptation, showing 
that no other pathology was present. With more pronounced or 
extended deficiency, the final visual threshold becomes elevated, 
and eventually the photoreceptors may degenerate.

Fundus albipunctatus typically results from mutation of the 11-cis 
retinol dehydrogenase RDH5 gene. The S2 component of rod 
dark adaptation is greatly slowed, but (as in vitamin A deficiency) 
the final visual thresholds are entirely normal.33

Sorsby fundus dystrophy is caused by a mutation in TIMP3, a 
metalloproteinase of the matrix in Bruch’s membrane. All the 
features of this disease are consistent with the slowing of dark 
adaptation being caused by ocular VAD.32

Bothnia dystrophy is one of a group of rare diseases that involve 
mutations in CRALBP, the chaperone protein for 11-cis retinal. In 
these patients, loss of CRALBP leads to enormously slowed dark 
adaptation.34
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Box 20.3  Slowed dark adaptation as an early 
indicator of age-related maculopathy (ARM)

The speed of dark adaptation is slowed in age-related 
maculopathy (ARM).35–37 Thus, the slope of the S2 component of 
recovery is noticeably lower in patients with early ARM than in 
healthy subjects of similar age. Characteristic changes in ARM 
include a thickening of Bruch’s membrane and the deposition of 
neutral lipids. Hence, the likely explanation for the slowing of 
dark adaptation in ARM is that the transport of vitamin A from 
the choroidal circulation is hindered, so that the RPE/retina 
becomes vitamin A deficient; i.e. that there is ocular VAD.

As a result, measurement of the slowing of dark adaptation is 
likely to provide a valuable and non-invasive bioassay, both as a 
diagnostic tool for predicting the likelihood of onset of macular 
degeneration, and as a means of assessing the efficacy of 
treatments of the disease.
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The basic architecture, signal flow, and neurochemistry of 
signaling through the vertebrate retina is well-understood: 
photoreceptors, bipolar cells (BCs), and ganglion cells (GCs) 
are all thought to be glutamatergic neurons1 and the funda-
mental synaptic chain that serves vision is photoreceptor → 
BC → GC.2 But, our understanding of detailed signaling is 
far from adequate and a complete description of synaptic 
interactions or signaling mechanisms is lacking for any 
retinal network.3 For example, GCs express different mix-
tures of ionotropic glutamate receptors (iGluRs) and each 
receptor can be composed of many different subunits leading 
to a vast array of possible functional varieties.1 At a larger 
scale, network topologies are too numerous to resolve with 
current physiological or pharmacologic data.4 Each GC con-
tacts many different amacrine cells (ACs) and a full descrip-
tion of the inputs to any given GC does not yet exist.5 
Physiology can screen only a limited parameter space for any 
cell. Pharmacology is still an emergent field with many 
incomplete tools and an immense diversity of neurotrans-
mitter receptor subunit combinations, modulators, and 
downstream effectors remains to be screened for any cell 
type. Molecular genetics, despite its power to modulate sig-
naling elements, remains an ambiguous tool for analyzing 
retinal networks. Morphology, augmented by immuno-
chemistry and physiology, remains the core tool in discover-
ing new details of retinal organization.

Nothing has been as powerful as transmission electron 
microscopy for discovering retinal networks. Mammalian 
night (scotopic) vision is a prime example. Its unique path-
ways were described by Kolb & Famiglietti using electron 
microscopy.6 Subsequent physiological analyses7,8 provided 
clarification of how the network functions but would not 
have yielded the correct network architecture. Further com-
plexities have been discovered by anatomical studies,9–11 
including the fact that the network rewires in retinal degen-
erations (Box 21.1).12 But, electron microscopy has not kept 
pace with the demands for high-throughput imaging until 
recently. We are now on the verge of a new era in imaging 
that will provide a deluge of new information about retinal 
circuitry.4 Finally, the basics of retinal development and new 
findings in neuroplasticity are beyond the scope of this 
chapter,13,14 but the implications should be held in mind 

throughout: the connections we have long considered as 
static or hard-wired in retina display many of the same 
molecular attributes as plastic pathways in brain.

The basic signal flow in retina is overlaid on a well- 
studied cell architecture (Fig. 21.1). Retinal ON and OFF BC 
polarities are generated in the outer plexiform layer and 
mapped onto the inner plexiform layer into largely separated 
zones. The distal sublamina a receives inputs from OFF BCs 
and therein the dendrites of OFF GCs collect signals via BC 
synapses. The proximal sublamina b receives inputs from 
ON BCs and therein the dendrites of OFF GCs collect signals 
via BC synapses. ON-OFF GCs thus collect inputs from both 
sublayers.

Kinds of neurons

The retina is a thin, multilayered tissue sheet … an image 
screen … containing three developmentally distinct, inter-
connected cell groups that form signal processing 
networks:

• Class 1 :: sensory neuroepithelium (SNE) :: 
photoreceptors and BCs

• Class 2 :: multipolar neurons :: GCs, ACs, and axonal 
cells (AxCs)

• Class 3 :: gliaform neurons :: horizontal cells (HCs)

These three cell groups comprise over 60–70 distinct 
classes of cells in mammals2,3,15–17 and well over 100–120 in 
most non-mammalian retinas.18

The SNE phenotype includes photoreceptors and BCs. 
These cells are polarized neuroepithelia with apical ciliary-
dendritic and basal axonal-exocytotic poles.19 They form the 
first stage of synaptic gain in the glutamatergic photorecep-
tor → BC → GC → CNS vertical chain. This aggregates 
photoreceptor signals into BC receptive fields and amplifies 
their signals. The basal ends of the BCs form the inner plexi-
form layer. There are at least 12 kinds of BCs in mammals16,20 
and BCs delimit different functional zones in the IPL, sug-
gesting nearly 1 micron precision in lamination. Both pho-
toreceptors and BCs use high fusion-rate synaptic ribbons as 
their output elements, fueled by hundreds to thousands of 
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retina has exploited a re-entrant use of synapses to enhance 
scotopic vision. The relationship between BCs and photore-
ceptors is still unclear, but there is both anatomical and 
molecular evidence that BCs were initially photoreceptors. 
For example, many non-mammalians possess BCs Landolt 
clubs, which are apical extensions extending from a BC 
primary cilium, extending past the outer plexiform layer into 
the outer nuclear layer, and containing packets of outer-
segment-like membranes. Whether they are photosensitive 
has never been determined. Further, SWS1 blue cones and 
cone BCs share some SWS1 cis-regulatory sequences.23

The multipolar neuron phenotype
The multipolar neuron phenotype2 includes ACs, AxCs, and 
GCs. Multipolar neurons can be further divided into axon-
bearing (GCs, AxCs) and amacrine cells (ACs). Mammals 
display ≈ 30 kinds of ACs.15 The 15–20 kinds of mammalian 
GCs3,17 are classical projection neurons. GCs are postsynaptic 
at their dendrites and presynaptic at their axon terminals in 
CNS projections. So far, all are presumed to be glutamater-
gic. ACs are local circuit neurons similar to periglomerular 
cells in the olfactory bulb. ACs lack classical axons and often 
have mixed pre- and postsynaptic contacts on their den-
drites, though some ACs partition inputs and outputs into 
different parts of their dendritic arbors. Most ACs are 
GABAergic and the remainder are glycinergic.24 Several 
classes of ACs are dual transmitter cells, expressing both 
acetylcholine and GABA, serotonin and GABA (in non- 
mammalians) or peptides and GABA or glycine.1 In between 
are the AxCs, also known as polyaxonal cells and intraretinal 
GCs, which have distinct axons that project within the 
retina.25–27 One dramatic example of the AxC phenotype is 
the TH1 dopaminergic AxC.28 This cell releases dopamine at 
unknown but probably axonal sites and likely glutamate at 
others,29 similar to nigrostriatal neurons.30 Some polyaxonal 
cells are GABAergic. There is no evidence for a glycinergic 
AxC. Multipolar neurons are characterized by numerous 
neurites branching in the plane of the retina, most collecting 
signals from BCs. Multipolar neurons are among the earliest 
to develop in the retina and quickly define the borders of 
the IPL and its stratifications. Multipolar neurons all mani-
fest somewhat classical “Gray”-like synapses, generally with 
small clusters of less than 200 vesicles.

The gliaform cell phenotype
This phenotype contains the horizontal cells (HCs), whose 
somas and processes are restricted to the outer plexiform 
layer.31 Though HCs are multipolar, neuron-like, and may 
display axons, they do not spike. Further, they express many 
glial features such as intermediate filament expression and 
very slow voltage responses. Further, HCs produce high 
levels of glutathione and make direct contact with capillary 
endothelial cells in some species, suggesting they play  
homeostatic roles similar to glia. Even so, HCs clearly 
mediate a powerful network function, collecting large 
patches of photoreceptor input via AMPA receptors and pro-
viding a wide-field, slow signal antagonistic to the vertical 
channel. The mechanism of HC antagonism remains a matter 
of uncertainty and debate. HCs do make conventional-
appearing synapses onto neuronal processes in the outer 
plexiform layer, and in fishes these synapses are made onto 

nearby vesicles. The retina is the only known tissue where 
SNE cells are arrayed in a serial chain.

As summarized in Figure 21.2, most mammals possess 
three classes of photoreceptors: rods expressing RH1 visual 
pigments, blue cones expressing SWS1 visual pigments, and 
green cones expressing Long-Wave System green (LWSG) 
visual pigments.21 Conversely, the most visually advanced 
and diverse vertebrate classes (teleost fish, avians, reptiles) 
possess up to seven known classes of photoreceptors (RH1 
rods, SWS1 UV/violet cones, SWS2 blue cones, LWSR and 
RH2 green members of double cones, LWSR and RH2 green 
single cones).22

Similarly, the diversity of BCs in mammalians is lower 
(10–13) than non-mammalians (>20). This reduced diver-
sity is a result of the Jurassic collapse of the mammalian 
visual system, where over half of the visual pigment genes, 
half of the neuronal classes and almost two-thirds of the 
photoreceptor classes were abandoned to exploit nocturnal 
niches. In addition, the disproportionate proliferation of 
rods in the mammalian retina was accompanied by the loss 
of mixed rod–cone BCs in mammals and their replacement 
with pure rod BCs. How this occurred is unknown, but it 
cannot be due to an absolute selectivity of rod BCs for rods, 
as they will readily make contacts with cones when rods are 
lost in retinal degenerations. As we will see, the mammalian 

Box 21.1  Retinal Remodeling in Retinal 
Degenerations

• Primary photoreceptor or RPE degenerations leave the neural 
“inner” retina deafferented

• The neural retina responds by remodeling in phases, first by 
subtle changes in neuronal structure and gene expression and 
later by large-scale reorganization

• In Phase 1, expression of a primary insult activates 
photoreceptor and glial stress signals

• In Phase 2, ablation of the sensory retina via complete 
photoreceptor loss or cone-sparing rod loss triggers revision 
in downstream neurons

• Total photoreceptor loss triggers wholesale bipolar cell 
remodeling

• Cone-sparing degenerations trigger BCs reprogramming, 
down-regulating mGluR6 expression and up-regulating iGluR 
expression

• Loss of cone triggers Phase 3: a protracted period of global 
remodeling, including:
• neuronal cell death
• neuronal and glial migration
• elaboration of new neurites and synapses
• rewiring of retinal circuits
• glial hypertrophy and the evolution of a fibrotic glial seal

• In advanced disease, glia and neurons may enter the choroid 
and emigrate from the retina

• Retinal remodeling represents the pathologic invocation of 
plasticity mechanisms

• Remodeling likely abrogates or attenuates many cellular and 
bionic rescue strategies

• However, survivor neurons are stable, healthy, active cells
• It may be possible to influence their emergent rewiring and 

migration habits
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Kinds of neurons

cones and rods. Importantly, the axon of HCs appears to be 
electrically inactive and these somatic and terminal regions 
are believed to act independently. HCs also appear to be 
early-developing pioneer cells that define the outer plexi-
form layer. After the GCs and HCs define the layout of the 
inner and outer plexiform layers respectively, photoreceptors 
and BCs mature and search for connections.

True glia and vasculature
The neurons of the retina are embedded in an array of verti-
cal Müller glia that span the entire neural retina, forming 
one-third to one-half of the retinal mass and generating 
high-resistance seals at the distal and proximal limits of the 
retina. Most mammalian retinas are vascularized in three 

dendrites of glycinergic interplexiform cells, a form of AxC.32 
However, these are so sparse in all species and contain so 
few vesicles that they cannot be the source of the large 
sustained opponent surrounds of retinal neurons that HC 
generate. HCs must use some other mechanism.

The phylogenetics of HCs has been thoroughly reviewed.33 
HCs in mammals are postsynaptic to cones at their somatic 
dendrites. One class of HCs common in mammals (foveal 
type I in primates, type A in rabbits and cats, and absent in 
rodents) contacts cones alone. A second class of HCs (extra-
foveal type I in primates, type B in rabbit and cats, and the 
only known HC in rodents) displays axons several hundred 
microns long that branch profusely and form massive arbori-
zations contacting hundreds to thousands of rods. Another 
class of primate HC (type II) has axon terminals contacting 

Figure 21.1 A summary of major cell superclasses and synaptic connections in the mammalian retina. Photoreceptors include rods (cyan) and cones (green, 
blue) that hyperpolarize in response to light. All photoreceptors are glutamatergic and drive HC AMPA receptors on HCs, ON BC mGluR6 receptors, and OFF 
BC KA or AMPA receptors. All BCs are glutamatergic and drive either predominantly AMPA receptors on rod pathway interneurons or various mixtures of 
AMPA and NMDA receptors on cone pathway ACs and GCs. Homocellular gap junctions are formed between like pairs of cells (HCs, certain ACs) and 
heterocellular gap junctions are formed between different cell pairs (rods and green LWS cones; glycinergic rod ACs and ON cone BCs; some ACs and certain 
GCs). Two classes of feedback pathways exist. There is a putative HC → cone feedback path mediated by a pH-sensitive process. AC → BC feedback is 
primarily GABAergic, as is AC → GC feedforward. Mammalian rod pathways are unique and not shared by any other vertebrate class. Rod BC signals are 
collected by a glycinergic rod AC that mediates a reentrant bifurcation into cone ON BC channels via gap junctions and cone OFF BC channels via 
glycinergic synapses. The outflow from the retina is largely split into ON GC channels that spike in response to light increments and OFF GC channels that 
spike in response to light decrements. The retina is precisely laminated into cellular and synaptic zones distal-to-proximal starting with the outer nuclear layer 
(ONL), the outer plexiform layer (OPL), the inner nuclear layer (INL), the inner plexiform layer (IPL), ganglion cell layer (GCL), and optic fiber layer (OFL). The INL 
is subdivided into the horizontal cell layer (HCL), bipolar cell layer (BCL), Müller cell layer (MCL) and amacrine cell layer (ACL). The IPL is subdivided into 
sublamina a that receives the output of OFF BCs and sublamina b that receives the output of ON BCs.
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of synapses, most of which do not follow the single presyn-
aptic “bouton” → single postsynaptic target pattern of brain. 
Further, the arrangement of these systems into synaptic 
chains in retina is unlike any other known network, includ-
ing olfactory bulb. In retina, the first stage of synaptic signal-
ing is a direct SNE → SNE synapse (Fig. 21.3): photoreceptor 
→ BC. No other instance of this topology has been dis-
covered in any organism. There are at least six modes of 
presynaptic–postsynaptic pairing in retina.

1. Photoreceptor ribbon synapses:  
small-volume multi-target signaling
It is thought that all photoreceptor signaling is glutamater-
gic, but sporadic indications of cholinergic physiology and 
molecular markers have been found in many non-mamma-
lians.1 Glutamate release from photoreceptors is effected by 
high rates of vesicle fusion at active sites on either side of a 
large synaptic ribbon35 positioned close to the pre-synaptic 
membrane. The presynaptic zone is a protrusion or ridge 
with vesicle fusion sites positioned on the slopes of the ridge 
(Fig. 21.4). The releasable vesicle pool is so large that pho-
toreceptors and BCs are capable of maintaining continuous 
glutamate release in response to steady depolarizations. 
This, among other things distinguishes photoreceptors and 
BCs from ACs, which have very small presynaptic vesicle 
clusters.

capillary beds: at the GC-inner plexiform layer border, the 
AC-inner plexiform layer border, and the outer plexiform 
layer. Squirrels (Sciurids) display two beds (at the GC-inner 
plexiform layer and AC-inner plexiform layer borders; and 
rabbits (Lagomorphs) have none at all, similar to all other 
non-mammalian vertebrates. The GC layer of many species 
also displays classical astrocytes, though their role remains 
unclear. In brain, astrocytes carry out some of the operations 
attributed to retinal Müller glia, including transport of spill-
over K+ and glutamate, and glucose supply via vascular > 
glial cell > neuron transcellular transport. Why and how 
most vertebrate retinas function without vasculature remains 
uncertain, but it is likely that Müller glia act as a surrogate 
vascular system with the added ability to accumulate large 
glycogen stores (like hepatocytes) as part of a glucose-skele-
ton homeostasis. The segregation of retinal astrocytes away 
from the inner plexiform layer remains a mystery.

Basic synaptic communication

With the discovery of the signaling mechanisms of the neu-
romuscular junction decades ago,34 one might have thought 
that the archetypal synaptic format had been discovered. Yet 
it has become clear, especially in retina, that every kind of 
synapse is subtly different, with diverse physics, topologies, 
and molecular mechanisms leading to very different forms 

Figure 21.2 Photoreceptor cohorts and 
connections in vertebrates. Non-mammalians 
display multiple pigment classes and cone types. 
There are five pigment classes and seven 
photoreceptor types for a fresh water turtle, 
including rods (comprising less than 10 percent of 
the photoreceptors) expressing class RH1 
rhodopsins, three kinds of LWS cones (short 
members of double cones, long members of 
double cones with orange oil droplets, single cones 
with rod oil droplets), single cones expressing RH2 
green cone pigments and a yellow oil droplet, 
single cones expressing SWS2 blue cone pigments 
and a UV-opaque clear oil droplet, and single cones 
expressing SWS1 UV cone pigments and a 
UV-transparent clear oil droplet. The connection 
patterns for non-mammalians are mixed rod–cone 
BCs and pure cone BCs, leading to mixed rod–cone 
GCs and pure cone GCs. Mammals display three 
pigment classes (one rod and two cone), two cone 
color types in non-primates and three color types 
in primates, including RH1 rods, SWS1 cones, and 
LWS cones. The LWS cone class forms one green 
type in most mammals, and red (LWSR) and green 
(LWSG) chromatypes in primates. The main 
connection rules for mammalians are pure rod BCs 
and pure cone BCs, with only cone BCs driving GCs, 
with rod ACs (cyan) providing the re-entrant 
crossover.
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target 11 kinds of BCs20 and one kind of HC. In sum, cone 
pedicles form a multi-ribbon → small volume, multi-target 
architecture.

2. BC ribbon synapses: semi-precise  
target signaling
Like photoreceptors, BC signaling is generally considered 
glutamatergic.1 Sporadic evidence of exceptions exists. In 
mammals (especially primates) and amphibians, some BCs 
contain biomarkers of GABA-related metabolism.24 In 
contrast to photoreceptors, BC synaptic endings are topo-
logical spheroids, usually multiple (depending on BC  
type), with dozens to hundreds of ribbons abutting the 
surface. BCs form no invaginations, so there is no restricted 
volume into which glutamate is injected by vesicle fusion. 
In most cases each ribbon is directly apposed to a pair  
of postsynaptic targets, usually ACs. This is termed a dyad 
and, while monads, triads and tetrads do occur, dyads  
dominate. Large BC terminals such as those found in teleost 
fishes can drive up to 200 distinct processes. Mammalian 
BCs drive many fewer targets and most BCs have elaborate, 
branched terminals with connecting neurites often as  
small as 100 nm. In contrast to photoreceptors, the targets 
of BCs are focal. BC terminals are largely fully encapsulated 
by neuronal processes at their release sites to which they are 
presynaptic or postsynaptic, with rarely direct contact 
between the terminal and Müller glia near the synaptic 
release zone. This means that any glutamate that escapes 
from the synaptic cleft may travel some distance before glial 
glutamate transporters can clear it. Thus the potential for 
glutamate overflow at BC synapses is substantial. This may 
be particularly important for the activation of NMDA recep-
tors, as they are suspected to be displaced from primary 
AMPA receptors. Thus, BCs form multi-ribbon → semi-precise 
target architectures.

Various vertebrate rods and cones differ greatly in the 
number of ribbons and postsynaptic targets arrayed within 
the presynaptic terminals. For example, most mammalian 
and teleost fish rods have small grape-like presynaptic spher-
ules ≈ 3 µm in diameter with a small entrance aperture 
leading to an enclosed extracellular invagination or vestibule 
in which thin postsynaptic dendrites are contained (Fig. 
21.3). Importantly, glial processes are excluded from the 
interior of the spherule and any glutamate release must 
diffuse out of the spherule to reach the Müller glia. However, 
mammalian rods express the EAAT5 glutamate trans-
porter1 and likely regulate their own intrasynaptic glutamate 
levels. Each spherule contains one or two synaptic ribbons 
and a few postsynaptic targets.36 In fishes, the postsynaptic 
targets are the dendrites of roughly five kinds of mixed rod–
cone bipolar cells37 and one kind of rod horizontal cell.33 
Thus each ribbon serves no less than six different types of 
postsynaptic targets. In mammals, only two targets are 
common: the dendrites of one kind of rod BC and the axon 
terminals of HCs. There are some instances of sparse OFF 
BC contact in mammals, but this seems to vary with species 
and may be an evolutionary relict with variable expression 
rather than a major signaling pathway.38–40 In sum, rod 
spherules form a sparse-ribbon → small volume, sparse-
target architecture.

Cones and rod terminals in some non-mammalians  
(e.g. urodele amphibians) adopt a different topology, with 
the presynaptic ending expanding to form a foot-piece or 
pedicle some 3–5 µm wide shaped either like a cupola 
(fishes) whose broadly concave interior admits some  
50–100 or more fine dendrites served by roughly 12  
synaptic ribbon sites;41 or like a true pediment (e.g. primate 
cones) whose shallow concavity is studded with up to  
50 ribbon sites (Fig. 21.3).42 Cone pedicles in primates 
target at least ten different kinds of BCs and at least two 
kinds of HCs. Mouse cone pedicles are smaller but still  

Figure 21.3 Basic organization of mammalian 
photoreceptor synaptic terminals. Primate cone 
terminals contain many ribbons, mitochondria 
clustered at the head of the pedicle and thousands 
of synaptic vesicles (white dots), some of which 
form organized zones near the plasma membrane 
opposite an array of cone-specific postsynaptic 
processes including type H1 and H2 HCs as lateral 
invaginating elements (primate H1 cells tend to 
avoid SWS1 cones, while H2 cells contact all 
cones). Cone ON BCs tend to center their dendrites 
between the lateral HC processes at varying 
distances from the synaptic ribbon, forming 
so-called invaginating and semi-invaginating 
contacts. Most cone OFF BCs position their 
dendrites outside the HC processes at so-called flat 
contacts. It is thought that most of these express 
KA receptors. Some occasional OFF BCs processes 
invaginate, and they may express AMPA receptors.
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and also uses conventional synapses.1 However, we know of 
no distinguishing anatomical differences between GABA- 
and ACh-utilizing synapses in retina.

4. AC, AxC, and efferent slow transmitter 
synapses: large volume signaling
Dopamine (and possibly norepinephrine/epinephrine) as 
well as peptides in retina appear to be released by a non-
focal, Ca2+-dependent vesicular system,45 but without any 
clear postsynaptic associations. Dopamine and the other 
slow transmitters likely act via volume conduction46 and 
modulate a range of cellular responses largely via G-protein 
coupled receptors (GPCRs). In non-mammalians, efferent 
systems from CNS target ACs with fast neurotransmitter syn-
apses, especially GABA.5 In mammals, all known efferents 
appear to release either histamine or serotonin, likely as 
volume signaling systems.47

3. AC and AxC conventional fast synapses: 
precise presynaptic → postsynaptic signaling
ACs and AxCs are the only retinal cells that make synaptic 
contacts resembling CNS “Gray”-like, non-ribbon conven-
tional synapses. ACs target BCs, GCs, or other ACs. The 
targets of most AxCs are not well known but appear likely 
to be ACs and GCs. Though each AC may make many hun-
dreds of synapses, each synapse contacts only and only one 
postsynaptic target, similar to classical multipolar neurons 
in CNS and spinal cord.43 The dominant fast transmitters of 
AC systems are GABA and glycine, with GABAergic neurons 
making up half to two-thirds of the AC population depend-
ing on species.1 Additional transmitters such as acetylcho-
line, peptides, or serotonin (in non-mammalians) are also 
associated with GABAergic (in most cases) or glycinergic 
systems.1,44 Acetylcholine (ACh) is a fast excitatory transmit-
ter and is found in paramorphic starburst ACs in mammals 

Figure 21.4 A detailed schematic of synaptic organization at cone (left) and BC (right) ribbon synapses. Each synaptic ribbon is a pentalaminar structure in 
cross-section, in reality a disc or lozenge-shaped solid with its two broad faces serving as attachment sites for tethered vesicles and its small paramembrane 
face attached to a dense structure known as the arciform density (composition unknown). Ribbons serve as the major site for the “readily releasable” pools of 
synaptic vesicles for continuous glutamate transmission, and facilitate high-speed formation of docked vesicles. Upon depolarization of the presynaptic 
membrane, voltage-gated calcium channels (VGCCs, black barrels) open, allowing docked vesicles to fuse and release glutamate into the synaptic cleft. At 
some distanced from the ribbon, endocytosis mediates vesicle recovery. BC ribbons tend to be shorter than photoreceptor ribbons. Cytoplasmic glutamate 
(orange) is formed glutamine via mitochondrial phosphate-activated glutaminase and loaded into vesicles via vGlut vesicular transporters. Glutamate release 
by vesicle fusion diffuses away from the release site (shaded orange) and is cleared by both presynaptic and distant Müller glia glutamate transporters (white 
barrels). Müller glia synthesise glutamine from glutamate via glutamine synthetase (GS) and exports glutamine via transporters (grey barrels). Similarly, 
neurons import glutamine via transporters. Vertebrate photoreceptors also express presynaptic cystine-glutamate (Xc-) exchangers (orange barrels) whose 
function is unknown. Glutamate released by cones activates ON BCs via mGluR6 receptors (light blue barrels), HCs via AMPA receptors (dark blue barrels) and 
OFF BCs via either AMPA or KA receptors (bright blue barrels). HCs are positioned at the highest glutamate concentration zone and OFF BCs at the lowest. 
Glutamate released by BCs activates ACs and GCs via AMPA receptors (dark blue barrels) and NMDA receptors (gold barrels). Feedback at photoreceptors 
appears to be mediated by either focal connexin (yellow barrel) or a pH modulator (magenta barrel) close to the photoreceptor VGCC. Feedforward from 
HCs to BCs may be GABAergic in some species and mediated by GABAC receptors (dark red barrels). Feedback at BCs is mediated by vesicular GABA (red 
shading) release from ACs targeting largely GABAC receptors. Feedforward from ACs to BCs is mediated by largely by GABAA receptors (bright red barrels). 
ACs and mammalian Müller glia also have GABA transporters that clear the synaptic space. GABA is converted via the GABA-transaminase (GABA-T) complex 
to glutamate in glia. Cone synaptic terminals also have a number of other proteins including Na-Ca exchangers (NCKX), plasma membrane Ca transporters 
(PMCA), transient receptor potential channels (TRPC), metabotropic glutamate receptors (mGluR) and possibly histamine receptors (H2). BC terminals may 
share some of these.
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basic classes of KA receptors (GluR5, 6, 7 and KA1, 2) can 
be assembled into tetrameric KA receptors. With some excep-
tions, these receptor assemblies can have nearly any stoichi-
ometry. NMDA receptors are a distinct group of iGluRs in 
several ways. First, they have an obligate tetrameric subunit 
composition. Second, they are coincidence detectors that 
require dual activations by glutamate and by a glycine-like 
endogenous agonist. There is substantial evidence that this 
co-ligand may be D-serine released from Müller glia.62 
Finally, the mGluRs represent a complex collection of GPCRs 
whose functions are far from clear.

Different classes of neurons express different types or dif-
ferent combinations of receptors and. in the end, the gluta-
mate receptor profile of a cell is diagnostic for its class. 
Mammalian BCs are unique in expressing either mGluR6, 
KA, or AMPA receptors as their glutamate decoding system. 
BCs seem functionally monolithic in having their signals 
dominated by one of these three receptor systems. But 
immunochemical and mRNA expression analysis suggest 
that these associations are not so precise, and iGluR subunit 
expression occurs in nominally mGluR6-driven cells.63 HCs 
predominantly express AMPA receptors, but show no NMDA-
mediated responses. Finally, ACs and GCs resemble CNS 
neurons in expressing AMPA receptors augmented by varying 
amounts of NMDA receptors.

The key glutamate receptor systems of retina operate on 
the principle of cation permeation.1,64 When activated, 
iGluRs generate increased channel conductances and carry 
inward currents, carried mostly by Na+ and Ca2+. Thus the 
canonical iGluR AMPA, KA, and NMDA families of receptors 
are nominally sign-conserving (>) depolarizing systems that 
“copy” the polarity of the presynaptic source voltage input 
in the postsynaptic target. The facts that many inputs con-
verge on one postsynaptic cell; that small presynaptic volt-
ages can modulate the release of many vesicles (in SNE 
cells); and that glutamate gates large postsynaptic conduct-
ance changes to cations with a positive reversal potential 
means that such synapses have high gain. Signals from  
photoreceptor to brain are successively amplified by a chain 
of glutamate synapses.

The group III mGluR6 system is unique and, in retina, is 
expressed by ON BCs (Box 21.2). No known multipolar 
neuron in the CNS uses this receptor as its primary signaling 
modality. As a classical GPCR, with Goα as its cognate G-
protein,65 the binding of glutamate triggers a cascade of 
signals that ultimately leads to the closure of cation channels 
on BC dendrites, thus moving the BC membrane potential 
closer to the K+ equilibrium potential. Thus mGluR6 recep-
tors are nominally sign-inverting (>i) hyperpolarizing systems 
that invert the polarity of the input in the postsynaptic target. 
The modulation of a strong cation current renders the 
mGluR6 mechanism high-gain in spite of its inverted 
polarity.

The differential expression of iGluRs and mGluR6 in BCs 
creates the two fundamental signal-processing channels  
of the retina: OFF and ON BCs respectively.1 Unknown 
mechanisms regulate the expression of glutamate receptors 
in BCs. In general, BCs that express iGluRs such as KA or 
AMPA receptors do not express functional mGluR6 receptor 
display, and vice versa. However, there is evidence that  
BCs expressing mGluR6 also express low levels of iGluR 
protein, but there is as yet no evidence that such iGluR  

5. HC non-canonical signaling
HCs generate potent, large-field, slow surround signals in 
retinal GCs, BCs, and even in non-mammalian cone pho-
toreceptors.48–50 There is evidence for both feedforward sig-
naling via the cone → HC → BC path51 and feedback 
signaling via the cone → HC → cone → BC path52,53 and, 
now, the rod → HC → rod path.54 The efficacy and sustained 
nature of the feedback signal is such that no known vesicular 
mechanism could maintain it (other than a ribbon-style 
synapse). Vesicular HC synapses are very rare and small. 
Several models of non-canonical signaling have been pro-
posed including synaptic pH regulation,55 hemi-junction 
mediated ephaptic signaling,56 and even transporter-
mediated signaling. Some of these will be discussed in detail 
below, but this unusual functionality is further evidence that 
HCs are not classical neurons.

6. Coupling types and coupling patterns
While gap junctional coupling was first discovered between 
HCs, only in the past decade has it become clear how power-
ful and pervasive intercellular coupling is in retina.57,58 There 
are two simple classes of coupling: homocellular and hetero-
cellular (between like and different classes of cells, respec-
tively). The participant connexins in each case are respectively 
likely to be homo- or heterotypic (similar or dissimilar con-
nexin types).37 The strength of coupling is associated with 
the size of the junctions, as they represent summed parallel 
conductances, and with functional modulation by various 
signaling pathways. Activated dopamine D1 receptors 
decrease conductances between coupled HCs45,59 and coupled 
ACs,60 and dopamine D2 receptors modulate rod–cone cou-
pling.61 The significance of coupling is clear in certain cases, 
such as the ability of HCs to spatially integrate signals over 
large fields (> 1 mm diameter) or the crossover of rod signals 
into cones via heterocellular rod–cone and rod AC–cone BC 
coupling. However, such knowledge does not readily extra-
polate, and other coupling patterns are poorly understood, 
such as heterocellular AC–GC coupling and even HC–BC 
coupling.

Fast, focal neurochemistry, synaptic 
currents, and amplification

One of the most powerful discoveries of the last two decades 
has been the diversity of the primary fast neurotransmitter 
receptors of the vertebrate nervous system. Again, the primary 
signaling channel of retina is the vertical glutamatergic chain 
from photoreceptors to brain.1 Rods, cones, and BCs encode 
their voltage responses as time-varying glutamate release. 
The targets of photoreceptors and BCs, in turn, decode time-
varying extracellular glutamate levels as time-varying cur-
rents with glutamate receptors. There are two major classes 
of glutamate receptors: ionotropic and metabotropic (iGluRs 
and mGluRs, respectively). The iGluRs are separable into 
two distinct families: the AMPA/KA receptors and NMDA 
receptors. AMPA and KA receptors are related but pharma-
cologically and compositionally distinct. Four basic classes 
of glutamate receptor subunits (GluR1, 2, 3, 4) can be 
recruited to form a tetrameric AMPA receptor. Similarly, five 
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Global neurochemistry and 
modulation

There are a number of alternative neurochemical mecha-
nisms that appear to operate on a larger spatial scale than 
conventional synapses. The most thoroughly described, 
though incompletely understood, is the dopamine.45 In 
mammalian retinas, dopaminergic neurons are largely AxCs 
that arborize primarily in the distal-most layer of the IPL, 
appear to receive direct inputs from BCs, and have predomi-
nantly ON-type responses.67 The exact sites of dopamine 
release are not known, although these cells clearly have 
small accumulations of synaptic vesicles distributed sparsely 
in their processes. Data from many species suggest that 
dopamine acts largely via volume conduction:46 i.e. 
dopamine diffuses throughout the retina and targets high-
affinity type D1 and D2 receptors distributed on almost 
every class of cell, including Müller cells. Actions triggered 
by D1 receptors include the uncoupling of HCs,68 the uncou-
pling of rod-driven glycinergic ACs,60 and enhanced spike 
speeds69 (faster waveforms). All of these are consistent with 
the process of converting the retina from a scotopic to a 
photopic state. Dopaminergic neurons are also thought to 
contain a fast transmitter. Previous evidence in the mouse 
suggested that they were GABAergic, but other studies 
support the possibility that they are glutamatergic.

A similar role is posited for the rapidly diffusing neuroac-
tive gas NO. A variety of retinal cells are posited to produce 
NO via the neuronal NO synthase (nNOS) pathway, acti-
vated by binding of Ca-activated calmodulin.70 Thus synap-
tic currents with high Ca-permeability (e.g. those mediated 
by NMDA receptors) can turn on nNOS, which catalyzes the 
oxidation of one of the guanido nitrogens of arginine to NO. 
NO appears to have the capacity to diffuse through trans-
cellular regimes (how far is in debate) and activate  
soluble guanyl cyclases to produce cGMP. Acting via cGMP-
dependent protein kinase G or directly on cyclic-nucleotide 
gated cation channels, cGMP can effect a number of modula-
tory actions. One site of action is thought to be the heterocel-
lular coupling of ON cone BCs and glycinergic rod ACs,60 
and increased cGMP appears to uncouple this network, 
again a light-adaptive action. While many cells appear to be 
able to produce NO, the best-known architecture for NOS-
containing neurons is a wide-field GABAergic AC.71

Many retinas contain a number of neuropeptides as 
cotransmitters, largely in wide-field GABAergic ACs with 
cone BC inputs. These peptides include somatostatin,  
substance P, and neurotensin, with many more in non- 
mammalian, such as enkephalins.44 This is probably the least 
understood neurochemical aspect of the retina. In general, 
it is thought that peptides act via specific peptide receptor 
GPCRs to modulate various ion channels. However, very 
little research on retinal peptides has been carried out in 
recent years.

Modulation by transporters
An important part of every signaling process is termination. 
Given the ability of glutamate to activate excitotoxic pro-
cesses, the expression of high-affinity sodium-glutamate 
transporters by Müller glia likely represents the last line of 

subunits contribute to an electrically detectable signaling 
event.63

There are additional mGluRs expressed in retina, includ-
ing both the group I mGluR1 and mGluR5 and group III 
mGluR 4, 7, and 8, all largely expressed in varying patterns 
in the inner plexiform layer.66 Their roles are thought to be 
associated with presynaptic glutamate feedback.

Box 21.3  Glutamate excitotoxicity

• Glutamate excitotoxicity has often been invoked as a 
mechanism in retinal diseases

• The evidence is mixed and controversial. On balance:
• Elevations of vitreal glutamate in glaucoma111 have not 

been validated
• Glaucoma-mediated loss of GCs does not match known 

excitotoxic patterns in retina
• Starburst ACs are the most glutamate sensitive cells in the 

retina64

• There are no established AC losses in primate glaucoma
• NMDA receptor antagonists appear neuroprotective in 

models of glaucoma112

• The mechanism of NMDA neuroprotection may be indirect
• retinal GC death in glaucoma likely involves Ca2+-

mediated apoptosis
• NMDA antagonists (like many drugs) will decrease Ca2+ 

loads in neurons
• weak NMDA antagonists likely have no lasting role in 

glaucoma therapeutics
• Glutamate is likely a major player in retinal damage in 

diabetes and ischemic insults
• Neuroprotection is difficult to achieve in those cases as it 

involves AMPA receptors
• Excitoxicity in hypoxic retina is likely initiated by reverse 

transport of glutamate by BCs
• Competitive, non-translocated transporter ligands may be 

safer ocular neuroprotectants

Box 21.2  The mGluR6 receptor and vision

• The retina expresses mGluR6 receptors in both rod and cone 
ON BCs

• The human mGluR6 gene GRM6 is expressed predominantly 
in retina

• The mGluR6 receptor converts rod/cone hyperpolarizations 
into depolarizing BC signals

• The mGluR6 receptor dominates scotopic, but may not be 
essential for photopic vision

• Some human night-blind patients have GRM6 mutations,109 
with no photopic deficit

• The mGluR6 drives blue ON center cone BCs and GCs
• fMRI in rodents110 shows that blockade of mGluR6 receptors 

attenuates blue-driven signals in the LGN
• Simultaneously, blue-driven cortical signals are enhanced, 

suggesting that blue percepts are effectively or even primarily 
carried by OFF channels

• OFF center BCs can support photopic vision
• The perceptual world under pure OFF vision is yet unknown
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binding and the opening of cation channels and depolariza-
tion of ON BCs (see Box 21.3). This is an explicit, high-gain, 
metabotropic sign-inverting (>m) synaptic transfer.

Non-mammalians display a twist on this mechanism that 
perhaps reveals the evolutionary history of mammalian ON 
BCs. The apparent homolog of the ancestral mammalian rod 
BC exists in the retinas of modern fishes as the mixed rod–
cone BC. This cell has an unusual behavior in that it has 
different reversal potentials and conductance changes for 
different stimuli. Scotopic lights that activate rods generate 
ON responses that display a positive reversal potential (like 
a cation) and an increase in conductance (like a channel 
opening). This is very like mammalian rod and cone ON 
BCs, and indeed it appears to have the same pharmacology: 
2-amino-4-phosphonobutyrate (AP4) is an agonist at 
mGluR6 receptors72 and blocks rod ON BCs responses in 
fishes. However, upon light adaptation, fish ON BCs change 
their behaviors. In response to photopic lights that activate 
cones, the “ON” reversal potential moves to very negative 
values (like an anion) and the cells display a decrease in 
conductance (like a channel closure). In fact, the cone-driven 
ON responses of fish BCs are mediated by an anion channel 
coupled to a glutamate transporter.73,74 Thus, in photopic 
“dark”, glutamate release activates the transporter and its 
coupled chloride current, leading to hyperpolarization of the 
BC. Thus the fish cone → ON BC synapse is sign-inverting, 
but not metabotropic. The degree of its amplification is also 
unknown.

In the inner plexiform layer, BC → AC and GC signaling 
is all mediated by AMPA or AMPA+NMDA receptors.3,64,75 
Thus all BC output synapses are sign-conserving (Fig. 21.1). 
The bulk of AC → BC, AC or GC signaling is either GABAer-
gic or glycinergic via increased anion conductances.76 Thus 
these synapses are characteristically sign-inverting (>i). 
GABAergic and glycinergic transmission is also usually very 
low gain, often because the reversal potential is very close to 
the membrane potential and/or the total conductance 
change experienced by a target cell leads to a tremendous 
decrease in total cell input resistance, thus decreasing signal 
efficacy. In any case, it takes a significant amount of inhibi-
tion to control glutamate synapses. Some inhibitory mecha-
nisms involve the metabotropic GABAB receptor, which is a 
GPCR that can lead to a tremendous increase in potassium 
currents, but can also show paradoxical excitation.73 Since 
potassium currents are usually outward (positive current 
flowing outward), GABAB can produce a strong and long-
lasting inhibition near threshold. Different GABA receptors 
tend to be expressed at different sites (ionotropic GABAA on 
ACs and BCs, ionotropic GABAC on BCs), but the distribu-
tion of GABAB receptors is less well understood.

Synaptic chains and polarity
The effect of cascading synapses through various pathways 
can be estimated in terms of polarity and gain. For example, 
though the mechanism of HC action is very poorly under-
stood, its efficacy is not in doubt. As first established in fish 
retinas, currents injected into HCs have stereotyped actions 
on different GCs. The net pathway from HCs to ON GCs is 
sign-conserving. The net pathway from HCs to OFF GCs is 
sign-inverting.48,49 From a signal processing perspective, this 
means that the polysynaptic chain from a given HC, 

defense.1 A molecule of glutamate must have already left the 
synaptic cleft by diffusion to encounter glial glutamate trans-
porters. However, both photoreceptors and BCs express 
glutamate transporters, presumably near the sites of synaptic 
release1 and these likely play a major role in determining the 
temporal dynamics of extracellular glutamate levels, though 
this has been difficult to quantify. Even so, every fast  
transmitter has a corresponding presynaptic transporter  
mechanism. Though numerous studies support the roles  
of transporters in signal termination, the precise localization 
of transporters has not been achieved.

Signal processing
The roles of synaptic networks are to convert graded sensory 
photoreceptor potentials into patterns of action potentials 
for long-range transmission to the CNS, and perform spatial, 
temporal, and spectral signal processing on the input signals 
of the photoreceptors. This latter action converts the retinal 
image into the parallel signaling behaviors of 15–20 differ-
ent classes of retinal GCs in mammals. The concept of signal 
processing, as derived from electrical engineering, is particu-
larly relevant.49 Each kind of synapse, each kind of cell, and 
each topology of network is invoked in various ways to 
generate the kinds of “filters” through which the visual scene 
must be encoded. The physiological analysis of retina in the 
1970s (especially as carried out by Naka) represented a sea-
change in thinking; a move away from Sherringtonian con-
cepts of spinal excitation, inhibition, and circuits (loops) 
and towards engineering notions of polarity, inversion, net-
works, and filters.

Sign-conserving (>) and sign-inverting 
(>i, >m) transfers
The behavior of a photoreceptor is neither excitatory nor 
inhibitory. Photoreceptors encode time-varying changes in 
light intensity with fairly faithful (though nonlinear) time-
varying changes in voltage. As glutamatergic neurons, one 
would normally think of them as “excitatory” in brain, but 
a more robust concept is derived by looking at the behaviors 
of target neurons. HCs (driven by AMPA receptors) and OFF 
BCs (driven by AMPA or KA receptors) merely copy the 
polarity of presynaptic photoreceptors (see Fig. 21.1). When 
light hyperpolarizes photoreceptors, this decreases the rate 
of synaptic glutamate release and (in conjunction with gluta-
mate transport) leads to a decrease in synaptic glutamate 
levels. Since AMPA and KA receptors are iGluRs, decreased 
synaptic glutamate means that AMPA and KA receptor-gated 
currents will decrease and the HCs and OFF BCs will hyper-
polarize. Conversely, when a fly navigates across the visual 
field, local darkening will depolarize some photoreceptors 
and the HCs and OFF BCs will follow. Thus photoreceptor 
→ HC and OFF BC signaling is termed sign-conserving (>). 
In addition, iGluRs typically mediate high-gain responses 
(i.e. strong amplification) and, over modest voltage ranges 
this amplification is symmetric and polarity-invariant. ON 
BCs behave in a totally different manner. In mammals, all 
ON BCs express functional mGluR6 receptors that activate a 
cation channel when unbound and close it upon binding of 
glutamate. Thus, when photoreceptors decrease their gluta-
mate release, this leads to decreased mGluR6 receptor 
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somehow reaching a BC and thence to an ON GC must 
contain either no sign-inverting elements or an even number 
of them. The path to an OFF GC must contain an odd 
number of sign-inverting elements. This poses fundamental 
constraints on where and how signals flow in the retina and 
can be used as a model for network investigations. Similarly, 
we know that there are chains of two and three serial ACs in 
the inner plexiform layer of most retinas.5 While there are 
no network models that use such chains, the minimum 
architecture for such a chain is BC → AC → AC → BC or GC. 
If the AC outputs are sign-inverting, the net transfers of the 
chain are > >i >i > (sign-conserving). Importantly, the low 
gain of GABAergic and glycinergic synapses prevents such 
chains from being runaway excitations.5,77 What roles might 
such networks play? In non-mammalians, the bulk of 
GABAergic ACs also receive some form of GABAergic input 
as evidenced by their pharmacology. It was presumed that 
similar networks existed in mammals, but recently Hsueh 
et al78 argued that in rabbit, the only synaptic crossover net-
works are glycine → GABA.

Feedback, feedforward, and nested  
feedback/feedforward
Designing analog operational amplifier networks is very 
similar to evolving a retina: every stage of forward amplifica-
tion needs feedback control.79 In retina, sign-inverting 
GABAergic mechanisms are used as feedback and feedfor-
ward control systems. Feedback is the most powerful way  
to set synaptic gain, improve signal-to-noise ratios, and 
improve synaptic bandpass. We will skip the mathematic 
demonstration of this, but note that it has been widely dis-
cussed.76,80 On the other hand, feedforward is an effective 
way to generate strong antagonistic mechanisms in target 
cells. These architectures are clearly at play in retina but we 
have only a hazy idea of their importance. For example, 
blocking GABAergic inhibition converts directionally selec-
tive GCs into non-selective cells, but has little effect on the 
center-surround organization of other GCs, despite the 
abundance of GABAergic synapses in the inner plexiform 
layer. Thus is it hard to generalize function from anatomy. 
Conversely, it is impossible to understand function without 
anatomy.

Caveats
Three major problems have emerged in understanding how 
GABAergic (or any classical inhibitory transmitter) works in 
retina. The first is the chloride reversal potential. We have a 
very poor idea of which way GABA receptor-gated anion 
currents will flow: inward or outward. Small retinal cells may 
have the ability to adjust intracellular chloride levels with 
various ion transport systems. The KCC2 system tends to 
export Cl while the NKCC system tends to import it.51 If 
intracellular Cl is locally high, opening an anion channel 
may evoke an outward negative current and depolarize the 
cell. However, most studies of GABAC receptors at the syn-
aptic terminals of retinal BCs support the view that it is 
inhibitory.1 A second problem is temporal delay. Imagine a 
cell responding to a light input with a sinusoidal voltage. 
Then imagine a surrounding cell giving a similar response 
and providing feedback with a sign-inverting polarity. If the 

feedback was delayed so that the phase is shifted by 180 
degrees, the “inhibitory” local surround would sum with the 
center response. There is much evidence to suggest that 
simple AC → BC inhibitory feedback cannot explain all BC 
responses.81 Finally, it has been long assumed that BCs were 
effectively isopotential, and that simple lumped-parameter 
calculations would suffice to model their network functions. 
But reconstructions of BCs in mammals4 suggest that the 
isopotentiality assumption is not correct and that complex 
local information processing can be effected at the synaptic 
terminals without any evidence of that filtering appearing at 
the BC soma.

Networks

The synaptology of center-surround 
organization
The long-standing view of any BC or GC receptive field is 
that it has antagonistic center-surround organization (Fig. 
21.5). Where does the surround come from? Anatomically, 
the vast number of AC synapses at the BC synaptic terminal, 
as well as evidence of GABAC receptor function, suggested 
that ACs should have a powerful surround effect.5 Con-
versely, direct current injection into non-mammalian HCs 
clearly shows an effective, low-frequency dominated, sus-
tained path from HCs to GCs. Reconciling the mechanism 
has been problematic but is likely simple. HCs and ACs 
function on very different time and space scales. HCs are 
slow, sustained (beyond the capacity of any normal neuron) 
and have immense receptive fields due to strong coupling by 
gap junctions. Thus the presence of very large antagonistic 
surrounds in GCs is likely driven through HCs. Experiments 
using fast pH buffers such as HEPES block these surrounds.55 
Conversely, GABAergic drugs have no effect on these large 
surrounds (in mammals). So what about ACs and all those 
synapses? Why don’t they create the large surrounds of GCs? 
First, ACs have much smaller receptive fields than HCs and 
their range of action will thus be smaller. Second, many ACs 
themselves show antagonistic center-surround organization, 
likely due to AC >i AC chains.82,83 Third, ACs are very fast 
and their actions at the BC terminal likely have more to do 
with feedback stabilization of synaptic gain than creating 
large, slow antagonistic surrounds. ACs work in a highly 
time-and-space-restricted domain.

The synaptology of mammalian rod pathways 
– evolution of a new amplification scheme
As we have described earlier, the synaptic chains that drive 
GCs in all retinas are grouped into ON and OFF pathways. 
In non-mammalians, rod and cone pathways both use this 
direct chain to target the CNS. Thus rod signals undergo 
two-stage amplification before being encoded as a spike 
train: rods >m ON BCs, rods > OFF BCs and BCs > GCs. In 
mammals, a new amplification scheme evolved using cone 
BCs as the output stages, with rod BCs and glycinergic (gly) 
rod ACs as interneurons. Mammalian rod BCs are homolo-
gous to non-mammalian mixed rod–cone BCs, but have lost 
both cone inputs and the ability to target GC dendrites. 
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Networks

Two-stage amplification:

(3) rods :: cones >m ON cone BCs > ON GCs
(4) rods :: cones > OFF cone BCs > OFF GCs
(5) rods > OFF cone BCs > OFF GCs (sparse and species 

variable)
(6) rods >m ON cone BCs84 > ON GCs (sparse).

Thus, rod vision is parsed into ranges served by different 
networks: (i) the gly rod AC network with two arms of  

Nevertheless, six possible rod networks arising from three 
primary pathways (Fig. 21.6) exist in mammals, here grouped 
by amplification.

Three-stage amplification:

(1) rods >m ON rod BCs > gly rod ACs :: ON cone BCs > 
ON GCs

(2) rods >m ON rod BCs > gly rod ACs >i OFF cone BCs > 
OFF GCs.

Figure 21.5 The synaptic flow that forms GC receptive fields. Cone signals (C) converge on BCs (B) which then converge on GCs (G), creating the canonical 
receptive field center, represented by a peak in the signal strength form the GC. The coupled HC layer (H : H) forms the large, slow antagonistic surround, 
while narrower ACs (A) form fast, small surrounds with damp oscillatory wings. The HCs dominate sustained signaling, so typical receptive field maps of the 
light required to excite cells represent BC+HC contributions. For ON cells, a spot of bright light will excite, while flanking regions of darkness will excite. For 
OFF cells, a spot of darkness will excite, while flanking regions of light excite. The red zones indicate regions outside the field where neither excites.
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remaining silent when targets move in the opposite, “null” 
direction.86–88 DS GCs come in two classes: ON-OFF and ON 
GCs. These networks engage BCs and perhaps several differ-
ent AC inputs, including the ON and OFF subtypes of88 
starburst GABAergic/cholinergic ACs and other GABAergic 
ACs.89,90 OFF starburst ACs hyperpolarize to light and are 
driven by OFF cone BCs. ON starburst cells have somas 
displaced to the GCL, depolarize to light and are driven by 
ON cone BC inputs. Each class stratifies with and synapses 
on the dendrites of DS GCs. The precise classes of other γ 
ACs in DS GC networks are not known, but the functional 
roles of GABAergic inhibition are emerging. At least one 
GABAergic AC inhibits the starburst ACs, and others inhibit 
DS GCs. Thus, as stimuli come from the preferred side, a 
combination of excitatory glutamatergic BC and cholinergic 
starburst AC signals converge on the GC in advance of 
GABAergic inhibition. The excitatory gain is likely enhanced 
by the BC > starburst AC > GC chain, which should have 
greater gain than a direct BC > GC transfer. In the null direc-
tion, a strong GABA signal reaches the DS GC in advance of 
the excitatory input and prevents it from reaching spike 
threshold (Fig. 21.7). GABAA receptor antagonists block this 
strong inhibition and convert DS GCs into non-directional 
cells.86 The inhibition seems so strong (almost like veto syn-
apses in cerebellum) that the BC > starburst AC > GC circuit 
can’t break through. In fact, that may be the raison d’etre for 
starburst ACs: to break through any residual inhibition in 
the preferred direction as GABA inhibition is strong even in 
the preferred direction. This is likely an archetype for all AC 
circuits, where spatial properties, timing, and convergence of 
multiple cell classes select for fine grain features such as 
edges, texture, or flicker.

The synaptology of color – HC  
surrounds again?
Humans and old-world primates have cone mosaics with 
sparse blue (B, SWS1) cone arrays91 surrounded by randomly 
distributed red cones and green cones (R, LWSR; G, LWSG). 
Most mammals possess dichromatic vision via B and G cone 
opponencies. Complete trichromatic vision has two oppo-
nent processes:92 (1) blue/yellow (B/Y) opponency (where 
the Y signal is the sum of R and G cones signals);93,94 and 
red/green (R/G) opponency. Both pose conceptual prob-
lems. The R and G pigment genes are tandem head-to-tail 
LSW arrays on the X chromosome.21,92 LSW cones can express 
only one pigment, either LWSR or LWSG, creating either R 
or G cones95,96 and this may be the only gene product that 
discriminates R and G cones. This suggests that the connec-
tivity of R and G systems is probabilistic. Even so, R/G 
opponency is robust in trichromatic primates.

R/G opponency
In the foveola, each midget BC contacts only one cone and 
each midget GC contacts only one midget BC. Thus four 
types of center/surround R/G color opponency emerge (Fig. 
21.8).97 If the behavior of a single foveal R cone is not con-
founded by R :: G coupling, a midget BC > midget GC chain 
should manifest a pure R or G center. Thus all midget GCs 
will be color opponent (Fig. 21.8) since their surrounds, 
whether derived from HCs or ACs, should be “yellower” 
than both: always greener than R cones or redder than G 

three-stage amplification for threshold scotopic vision and 
(ii) the rod :: cone → cone BC → GC two-stage amplification 
for high brightness (moonlit) scotopic vision. Additional 
rod > cone BC contacts have been shown in some 
mammals,38,39 but whether these additional pathways are 
structural errors in evolution or functional is not certain, as 
their incidences vary across mammalian species.84

The rod circuit is all the more complex for the involve-
ment of GABAergic ACs, also known as S1 and S2 classes.11 
These γ rod ACs have dendritic arbors 1 mm in diameter and 
contact over 1000 rod BCs with reciprocal feedback syn-
apses, with S2 cells providing twice the number of feedback 
synapses as S1.85 This feedback likely further speeds the ini-
tially sluggish rod threshold response.

The synaptology of motion – AC  
surrounds from afar
While the roles of ACs in forming the center-surround fea-
tures of sustained GCs are cryptic, their primacy in encoding 
motion is established. Directionally selective (DS) GCs 
respond to targets moving in a preferred direction, but 

Figure 21.6 The synaptology of the mammalian scotopic network. Rod 
signals predominantly reach GCs by three pathways. The main dark-adapted 
pathway flows from rods → rod BCs → glycinergic rod ACs which then 
redistributes the signal back into the cone BC channels via gap junctions 
(ON BCs) or glycinergic synapses (OFF BCs), and thence to GCs. The second, 
less-sensitive path is via rod : cone gap junctions. A rarer path, not found in 
all mammals, is the occasional sampling of rod signals by OFF BCs. (Symbols 
as in Fig. 21.1.)
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Networks

Revising the retinal synaptic networks  
with disease
It was once thought that retinal networks were laid down 
once and for all in development by a process independ-
ent of sensory experience, but that is clearly incorrect.  
No less correct is the idea that, during the process of pho-
toreceptor deconstruction and death, the neural retina 
remains normal. Many studies show that retina behaves 
much like CNS in response to challenges such as oxidative 
stress, denervation and trauma by remodeling its synaptic 
connectivity and reprogramming neural signaling rules.  
For example, the loss of photoreceptors in retinitis pig-
mentosa leads to the retraction of BC dendrites and the 
evolution of new axon-like structures; the generation of 
abundant new processes from retinal neurons of all kinds; 
the formation of new synaptic zones in the form of micro-
neuromas; the switch from mGluR6 to iGluR expression in 
former ON rod BCs; and the ultimate death of many 
neurons.12,107,108 These changes challenge many strategies to 
restore vision by genetic, molecular, cellular, and bionic 
schemes. But beyond that, they demonstrate two very impor-
tant concepts. First, synaptic communication is likely never 
static and that signaling mechanisms are stabilized by active 
mechanisms. Second, the rules used by any neuron to decide 
which glutamate (or other) receptors to express are not 
known. We do not understand which transcriptional regula-
tors make the decision to choose mGluR6 initially, much 
less choose AMPA or KA receptors in response to 
reprogramming.

cones. HCs do not show any spectral selectivity for R or G 
cones and sum their inputs.98 It was once posited that the 
GC surrounds were pure (pure R versus pure G) via selective 
contact of opponent BCs by ACs, but electron microscopy 
shows this is not so;99 that the AC driven surrounds of 
midget GCs encode mixtures of R and G cones. Even so, 
some midget GCs show nearly pure opponent sur-
rounds,100–102 perhaps because of the patchiness of R and G 
cone distributions103 and the small size of midget GC sur-
rounds. Thus there is much more to be understood about 
midget GC networks. For example, why don’t broad yellow-
sensitive (Y) HC surrounds dominate midget BCs, as they 
do for B/Y opponent GCs?

B/Y opponency
GCs that convey blue signals are thought to be of two varie-
ties: large and small bistratified B+/Y- GCs93,97 receive B 
cone ON BCs synapses in sublamina b and Y inputs from 
diffuse OFF BCs in sublamina a. Though it was thought that 
B/Y centers and surrounds overlapped tremendously, recent 
data suggest that the Y surround comes from HCs via HC >i 
cone feedback and is much larger.53 Recent anatomical evi-
dence suggests the existence of a midget B cone OFF BC 
pathway in monkey104 and a diffuse B cone OFF BC in 
rabbit.105 Further, melanopsin GCs are putative B-/Y+ GCs 
with large receptive fields.106 Which cells carry “the” blue 
signal remains uncertain as human patients lacking the 
mGluR6 receptor (and thus lacking ON BC signaling) appar-
ently have quite excellent photopic sensitivity and appar-
ently no color deficits.

Figure 21.7 One possible synaptology for the mammalian ON-center DS GC network. ON DS GCs collect glutamatergic excitatory signals from ON cone BCs 
and cholinergic excitatory signals from ON starburst ACs. This amplifies the center response. ON starburst ACs also provide GABAergic feedback onto BCs. 
However, additional GABAergic inputs exist in the DS strata of the IPL. Such cells may receive inputs in the surround on one side and send axons (dotted) to 
target distant DS GC dendrites. Thus stimuli approaching form the left will excite and those from the right will inhibit. (Symbols as in Fig. 21.1.)
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Figure 21.8 Possible color channel synaptologies for the mammalian (primate) retina. Midget pathways arise from midget BCs that contact only one cone 
and midget GCs that contact only one BC. This creates pure red (R) or green (G) center GCs in both ON and OFF channels. However the surround 
information from HCs and ACs collect from both R and G channels, generated “yellow” (Y) surrounds. GCs that are R/Y will generate net R/G percepts (shown 
in parenthesis), with similar outcomes for the three other possible R and G channels. OFF midget blue channels are likely antagonists by “yellow” H1 HCs and 
either Y or “white” (W) ACs that collect from all classes of cone BCs. GCs that are B/W will generate net B/Y percepts (shown in parenthesis), with similar 
outcomes for the three other possible R and G channels. It is also possible that diffuse BCs that contact all LWS cones (summarized as Y cones) may have 
surrounds from “white” H2 HCs (either by feedback as shown or feedforward) that generate Y-/W+ fields leading to Y-/B+ percepts. Finally, the best known B 
pathway involves selective for SWS1 B cones. The GCs that collect these signals are small bistratified cells with ON B BC inputs in sublamina b and Y selective 
OFF BC inputs in sublamina a. There are at least three possible -Y channels: H1 HC feedforward to B cones, direct OFF BC inputs from LWS-selective BCs, and 
W opponent inputs from non-selective ACs. The inability of GABA antagonists to block Y opponency in these cells suggest that the HC network dominates. 
(Symbols as in Fig. 21.1.)
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C H A P T E R 22 

Signal Processing in  
the Outer Retina

Samuel M. Wu

Light-evoked hyperpolarizing signals in rods and cones are 
transmitted to and processed by neurons in the rest of the 
retina through a complex, but highly organized network of 
electrical and chemical synapses.14 In the outer retina, pho-
toreceptors are electrically coupled to one another,5 and rods 
and cones send output signals to second-order retinal cells, 
the horizontal cells (HCs) and bipolar cells (BCs), via chem-
ical synapses. HCs make feedback synapses on cones, and 
send feedforward synaptic signals to BCs.5 BCs can be clas-
sified into two major types, the on-center (or depolarizing 
bipolar cells, DBCs) and the off-center (or hyperpolarizing 
bipolar cells, HBCs).78 Additionally, they can be further clas-
sified according to their relative rod/cone inputs, color 
opponency, axonal outputs and other parameters. BCs are 
the first neurons along the visual pathway that exhibit clear 
center-surround antagonistic receptive field (CSARF) organi-
zation, the basic code for spatial information processing in 
the visual system,25 and the synaptic circuitry underlying 
bipolar cell receptive fields will be discussed in this chapter.

Electrical synapses (coupling) between 
photoreceptors

Electrical coupling between photoreceptors was first discov-
ered in the turtle retina by Baylor et al in 1971.5 Electron 
microscopic studies revealed that gap junctions exist between 
photoreceptors in many vertebrate species. In the primate 
retina, anatomical data have shown large gap junctions 
between cones and smaller junctions between rods and 
cones, suggesting that cone–cone coupling is stronger than 
rod–cone coupling.59,60 In the turtle and ground squirrel 
retina, couplings are found between cones of the same spec-
tral sensitivity and between rods;5,9,11,63 whereas in amphib-
ians, rods are strongly coupled to each other, but cones are 
not.3,4 Coupling between rods and cones has been observed 
in turtles, tiger salamander and mammals, but the coupling 
strength is weaker than that between cones (in turtles) and 
between rods (in tiger salamander).4,62 Recent evidence has 
shown that gap junctions between photoreceptors are medi-
ated by connexin 35/36 gap junction proteins (Fig. 22.1)10,53,94 
and double patch recordings have revealed detailed proper-
ties of electrical synapses between photoreceptors. For 

example, junctional conductance between salamander rods 
is linear, with an average value of 500 pS (Fig. 22.2A).95 In 
ground-squirrel, green–green cone pairs are coupled with an 
average conductance of 220 pS, whereas coupling is unde-
tectable in blue–green cone pairs (Fig. 22.2B).39 In the 
monkey retina, coupling has been found between red-cones, 
between green-cones and between red- and green-cones  
(Fig. 22.2C).22

Although most rods are weakly coupled with cones in the 
tiger salamander retina, a small fraction of rods (10–15%) 
are strongly coupled with adjacent cones. Voltage responses 
of these rods (named rodCs) to current injection into a next-
neighbor cone are about three to four times larger than those 
of the other rods.87 RodCs behave like hybrids of rods and 
cones, and one of their functions is to generate off overshoot 
responses in higher-order retinal neurons under light-
adapted conditions.82

Photoreceptor coupling decreases resolution (visual 
acuity) of the visual system by spatially averaging photo-
receptor signals over some lateral distance in the retina. 
However, the advantage of this arrangement is that it 
improves the signal-to-noise ratio of the photoreceptor 
output when the retina is uniformly illuminated. This is 
especially important for the rods to detect dim images under 
dark-adapted conditions when the voltage noise is high. It 
can be shown mathematically, however, that photoreceptor 
coupling decreases the signal-to-noise ratio of the photo-
receptor network if the number of illuminated photo-
receptors is less than the square root of the number of 
photoreceptors that are effectively coupled (Box 22.1).

Rod and cone photoreceptors operate in different ranges 
of illumination, and they exhibit different spectral sensitivi-
ties. Electrical coupling between rods and cones broadens 
the operating ranges and spectral sensitivity spans of both 
types of photoreceptor by mixing their light-evoked signals. 
Additionally, under conditions when the signal in one type 
of photoreceptor is suppressed (e.g. rod response in the pres-
ence of background light), its output synapse can be used to 
transmit signal from the other type of photoreceptor (e.g. 
cones). It has been shown that rod–cone coupling in the 
tiger salamander retina is enhanced by background light.88 
This allows transmission of cone signals through the rod 
output synapses. Such “synapse sharing” minimizes the 
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photoreceptors are depolarized.8 Calcium enters photo-
receptor synaptic terminals through voltage-gated calcium 
channels and triggers exocytosis of glutamatergic vesicles,73 
releasing packages of glutamate, each of these packages acti-
vates a number of glutamate receptors that initiate transient 
postsynaptic currents termed spontaneous excitatory postsy-
naptic currents, or sEPSCs.41,55 sEPSCs are seen in most HBCs, 
but analogous (sign inverted) discrete postsynaptic currents 
are generally not observed in the DBCs.57,85 This probably 
reflects a difference in the kinetics of the glutamate receptors 
in DBCs and HBCs.2 Postsynaptic responses of the HBCs and 
horizontal cells (HCs) are mediated primarily by ionotropic 
glutamate receptors (kainate (KA) or α-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid (AMPA) re  ceptors),13,40,45,55 
and the responses of the DBCs are mediated mainly by 
metabotropic (mGluR6, or L-α-amino-4-phosphonobutyrate 
(L-AP4)-sensitive) receptors (Fig. 22.3).50,51,64,66 Glutamate 
released from photoreceptors in darkness binds to the KA/
AMPA receptors in HBCs and HCs and opens postsynaptic 
cation channels. It also binds to the mGluR6 receptors in 
DBCs, resulting in a G protein-mediated process, which 
closes cation channels. Light suppresses glutamate release 
from photoreceptors, closes AMPA/KA-mediated cation 
channels and results in hyperpolarization in HBCs and HCs, 
and it opens mGluR-mediated cation channels and results in 
depolarization in DBCs. In fish, cone transmission to DBCs 
has been shown to be mediated by a glutamate-activated 
chloride current (TBOA-sensitive) that is shut down in the 
light, resulting in membrane depolarization.18,80

It has been shown that the AMPA/KA receptors in HBCs 
are largely desensitized in darkness, leading to small postsy-
naptic currents and reduced response dynamic ranges.13 In 
the salamander retina, rod-dominated HBCs have been 
found to evade postsynaptic receptor desensitization by 
using synchronized multiquantal release at multiple invagi-
nating ribbon junctions and GluR-4 AMPA receptors as the 
postsynaptic receptors.55 The large multiquantal events have 
fast decay time so that self-desensitization is avoided and 
they allow long intervals between events so that mutual 
desensitization is minimized. Consequently HBCRs are not 
desensitized in darkness, allowing light signals to be encoded 
by the full operating range of the glutamate-gated postsyn-
aptic currents.

The exact gating mechanism of the mGluR6 receptor-
mediated cation channels is unclear.67 The mGluR6 recep-
tors generate substantially slower conductance changes 
compared with the AMPA/KA receptors in HBCs, and thus 
the sEPSC events in DBCs are heavily filtered.

Detailed descriptions of ionotropic and metabotropic 
glutamate receptors and glutamate transporters in the retina 
are also given in Chapter 21.

Horizontal cell responses

Intracellular recordings from the horizontal cells were first 
made by Svaetichin in the bream retina,72 and thus the light 
responses of these cells were termed S-potentials. In the fish 
retina, two major types of horizontal cells which receive 
cone inputs may be distinguished: the L-type (luminosity), 
which hyperpolarizes to light stimuli of all wavelengths; and 
the C-type (chromaticity or color), which hyperpolarizes to 

amount of neural hardware and facilitates cone inputs in 
second-order retinal cells.84

Glutamatergic synapses between 
photoreceptors and second-order 
retinal neurons

Vertebrate photoreceptors use glutamate as their neurotrans-
mitter, which is released continuously in darkness as the 

Figure 22.1 Connexin36 in the photoreceptor network. Confocal 
image of a salamander flatmount retina (with focal plane at the level of the 
distal region of rod cell bodies) double labeled with anti-Cx35/36 (red) and 
recoverin (green). Recoverin differentially labeled rods (r, weak green) and 
cone inner segments (c, strong green). The strong Cx35/36 punctate 
labeling on membrane contacts outlined the mosaic of the rod network in 
the field. Scale bar = 20 µm.

Box 22.1 Photoreceptor Coupling Alters the  
Signal-to-Noise Ratio of the Photoreceptor Network

If N photoreceptors are coupled and k photoreceptors are 
uniformly illuminated, then the average (sample) signal is S = 
kS1/N (where S1 is the light-evoked signal in one photoreceptor 
and σ1 is the noise, or the standard deviation of S1 from the 
mean), and the average (sample) variance: 
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and thus

The average (sample) signal-to-noise ratio: 

S kS N N k N Sσ σ σ= ( ) √( ) = √( )( )1 1 1 1 .

Therefore when k > √N , S/σ > S1/σ1, the average signal-to-noise 
ratio improves, and when k < √N , S/σ < S1/σ1, the average 
signal-to-noise ratio worsens.
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Horizontal cell responses

from rods are found in many species. The light responses of 
these cells differ from those of the cone horizontal cells in 
two ways: Rod S-potentials in the carp are found to have 
peak spectral sensitivity around 520 nm while the L-type 
cone S-potentials peak around 600 nm. The sensitivity to 
light is much higher in rod S-potentials than the L-type 
S-potentials.34 The receptive fields of horizontal cells are 
much larger than those of the photoreceptors. Naka & 
Rushton showed that the amplitude of the L-type horizontal 
cell response continued to increase up to a light spot  

light stimuli within certain ranges of wavelength but depo-
larizes to light in other wavelength ranges. The C-type hori-
zontal cells may be divided into the biphasic and the 
triphasic cells. Two kinds of biphasic C-cells have been 
reported: the green/blue cells, which depolarize to red and 
green flashes and hyperpolarize to blue light; and the red/
green cells which depolarize to red light and hyperpolarize 
to green and blue lights. The triphasic C-cells, on the other 
hand, hyperpolarize to both blue and red lights and depolar-
ize to green light.48 Horizontal cells which receive input only 

Figure 22.2 Rod–rod coupling in the tiger salamander retina (A), cone–cone coupling in the ground squirrel retina (B), and cone–cone 
coupling in the monkey retina (C). (A) (a) A pair of rods simultaneously patch clamped and filled with Lucifer yellow through two recoding pipettes. 
(b) Simultaneous dual whole-cell voltage clamp recordings from a pair of next-neighboring rods. The membrane potential of two rods was held at −40 mV. 
Upper panel: when a series of voltage step commands (V1) (from −120mV to 60mV with an increment of 20mV) were applied to cell 1 (driver cell), the 
voltage activated current responses (I1) (arrowheads) were recorded in cell 1 (left panel) and the junctional currents of the opposite polarity (I2) (arrows) 
were recorded in cell 2 (follower cell, right panel). Lower panel: switching the position of driver/follower cells. (c) Relations of transjunctional current (Ij) and 
transjuctional voltage (Vj) obtained in upper and lower panels in b. The junctional conductance (Gj) measured in either direction is 500 pS. (From Zhang & 
Wu 2005.95) (B) (a) Junctional currents from a pair of green cones during a series of steps in transjunctional voltage (lower traces in c). (b) The green cones in 
(a) were labeled with Alexa Fluor 568 (red) and 488 (green). A blue cone (blue) is adjacent to the green cone pair. (c) Junctional currents (upper traces) from 
a pair of blue and green cones during a series of transjunctional voltage steps (lower traces). (d) The blue cone in (c) was labeled with Alexa Fluor 568 (red) 
and the green cone was labeled with Alexa Fluor 488 (green) (e) Plot of the steady transjunctional current versus transjunctional voltage  
for the green-green pair (green) and blue-green pair (blue). (f) Histogram of junctional conductance for 38 green-green and 20 blue-green cone pairs. Bin 
widths, 50 pS for green-green pairs; 5 pS, blue-green pairs. (From Li & DeVries 2004.39) (C) (a) Change in membrane current in a red cone (I2) in response 
to change in membrane potential (V1) in an adjacent green cone. The red cone was voltage clamped to −55 mV and the green cone voltage was stepped 
from an initial value of −55 mV. (b) The slope of the relationship between the transjunctional current Ij and the transjunctional voltage Vj gives a coupling 
conductance of 1,086 pS. (c−e) Histograms of cone junctional conductances for 24 green-green pairs (c), 9 red-red pairs (d) and 15 red-green pairs (e). 
(From Hornstein et al 2004.22).
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cell) and through feedforward synapses (HC → bipolar cell). 
The HC → cone sign-inverting feedback synapse was dis-
covered by Baylor et al (the same paper that discovered  
photoreceptor coupling),5 and the HC → bipolar cell feed-
forward synapses were suggested by anatomical evidence.15,37 
Injection of hyperpolarizing current into horizontal cells 
elicits depolarizing responses in cones (Fig. 22.5A–D)5 
and HBCs and hyperpolarizing responses in DBCs,44,47 con-
sistent with the notion that horizontal cells drive the sur-
round responses in these cells. Figure 22.5E shows the 
depolarizing surround responses in a cone, mediated by the 
sign-inverting feedback synapse from horizontal cells to  
the cone.65 Three synaptic mechanisms have been proposed 
for the HC feedback actions on cones. The first is that  
HCs release an inhibitory neurotransmitter (GABA in several 
species) in darkness that opens chloride channels in cones, 
and surround light hyperpolarizes the HCs, suppresses  
feedback transmitter release, depolarizes the cones, and 
results in depolarization in HBCs and hyperpolarization  
in DBCs.46,83

The second mechanism is that surround light hyperpolar-
izes HCs, resulting in an outward current through hemichan-
nels in their dendrites near the cones, charging the cone 
membrane and modulating calcium currents in cones, 
thereby increasing their calcium-dependent glutamate 
release which depolarizes the HBCs and hyperpolarizes  
the DBCs.28,29

Figure 22.3 Schematic diagram of glutamatergic synapses between photoreceptors and second-order retinal neurons. HC: horizontal cell, 
DBC: depolarizing bipolar cell, HBC: hyperpolarizing, bipolar cell, Glu-T: glutamate transporters, mGluR6: metabotropic glutamate receptor 6, AMPA: 
α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor, KA: kainate receptor, L-AP4: L-α-amino-4-phosphonobutyrate. gC: cation channel, 
gCl: chloride channel, G: G-protein, Glu-T-gCl:, glutamate transporter coupled chloride channel.
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diameter of 1.2 mm.49 Very similar results have been 
obtained in the amphibian and cat horizontal cells.69,93

Horizontal cells in the vertebrate retina are electrically 
coupled to one another. In fish retina, the electrical (gap) 
junctions between HCs are very extensive. Gap junctions are 
observed between HC perikarya or between HC processes, 
but the couplings are only made between HCs of homolo-
gous types. For example, the H1 cone HCs in the fish couple 
only with other Hl cells, H2s couple only with other H2 
cells, and HC axon terminals couple only with other HC 
axon terminals.31,79 In the salamander retina and most 
mammals, there are two types of HC somas, one not bearing 
axons (axonless, A-type) and the other has axons (B-type).16,38 
B-type axon terminals are functionally isolated from the 
B-type somas and form their own network. All three types 
of HCs (A-type soma, B-type soma and B-type axon termi-
nals) are electrically coupled with their own kinds. A-type 
somas are weakly coupled and thus they have narrow recep-
tive fields, whereas B-type soma and B-type axon terminals 
are strongly coupled (with their own type) and thus they 
have wide receptive fields (Fig. 22.4).93

Horizontal cell output synapses

Horizontal cells mediate bipolar cell surround responses 
through a feedback synaptic pathway (HC → cone → bipolar 
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Horizontal cell output synapses

Figure 22.4 Morphology, dye coupling, light responses and receptive field properties of three types of horizontal cells. Confocal fluorescent 
micrographs (A: low magnification at distal INL, B: high magnification at distal INL, C: at IPL and D: z-axis rotation) stained by injection of Lucifer yellow (red) 
and neurobiotin (green), voltage responses to 700 nm and 500 nm lights of various intensities (E), the response-intensity relations (F), voltage responses to a 
stepwise (120-µm steps) moving light bar (50 µm wide) in the x- and y-directions (G), and voltage responses to center and surround light stimuli (H) of 
A-type horizontal cell somas (left panels), B type horizontal cell somas (middle panels) and B type horizontal cell axon terminals (right panels). Scale bar = 
200 µm (A), 50 µm (B). The spectral difference, ΔS (see definition in Fig. 22.6 legend), was determined by the separation of the two V-Log I curves for a 
criterion response of 5 mV. (From Zhang et al 2006.93)
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Figure 22.5 Feedback synapse from horizontal 
cells to cones. (A) Voltage responses of a horizontal 
cell (H) and a cone (C) to a light flash (600 µm radius) 
in the turtle retina. (B) of hyperpolarizing current (−1 
to −2 × 108A) in the horizontal cell produced graded 
depolarization in the cone. (C) light responses after 
withdrawal of the electrode from the horizontal cell. 
(D) No depolarization was observed in the cone 
when hyperpolarizing current was passed through 
the extracellular electrode (withdrawn from the 
horizontal cell). (E) Voltage responses of a cone in the 
tiger salamander retina to a center light spot (300 µm 
diameter) of various intensities (numbers on the left 
indicate log units of light attenuation) and a light 
annulus (650 µm inner diameter, 2.5 log unit 
attenuation). (A–D from Baylor et al 1971;5 E from Skrzypek 

& Werblin 1983.65)
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The third mechanism is that surround-induced HC hyper-
polarization elevates the pH in the HC-cone synaptic cleft, 
leading to an increase of calcium current in cones and a 
higher rate of glutamate release which depolarizes the HBCs 
and hyperpolarizes the DBCs.21,75 It is possible that different 
species under different conditions favor different feedback 
synaptic mechanisms, and/or different types of HC-cone 
synapses in the same animal may use one or more of these 
three HC-cone feedback mechanisms. This idea is supported 
by a recent study demonstrating that the responses of sala-
mander GCs to dim surround stimuli are sensitive to GABA 
blockers and those to bright surround stimuli are sensitive 
to carbenoxolone, a gap junction/hemichannel blocker.27

Properties of the feedforward synapses are less well under-
stood. Results from salamander retina suggest that HC → 
DBC feedforward synapses may be functional, as application 
of L-AP4 (which blocks the cone → DBC synapse) converts 
the DBC depolarizing response to a sustained hyperpolar-
izing response.20,89 However, application of GABA on BC 
dendrites in Co2+ Ringer’s does not elicit any response, indi-
cating that if feedforward synapses are chemical, the neuro-
transmitter is not GABA.42 Histochemical evidence suggests 
that only about 50–60% of the HCs in the salamander retina 
are GABAergic, and the identity of neurotransmitter(s) in the 
remaining HCs is unknown (but unlikely to be glycine).84,96 
Recent studies on the rabbit and salamander retinas have 
shown that HCs and subpopulations of DBC are dye coupled 
(see Fig. 22.7 below).74,92 This raises the possibility that 
HC–DBC electrical coupling may mediate the HC–DBC 
feedforward signal for the DBC surround response.

Rod and cone pathways and bipolar 
cell output synapses

Rods are responsible for vision under conditions of dim 
illumination when cones are not responsive. Cones operate 
under conditions of bright illumination, and they mediate 
color vision and provide high spatial resolution, features 
that rods do not handle.61 In addition to dividing into DBCs 
and HBCs, BCs are further classified according to their rod/
cone inputs. In mammals, rods and cones make synaptic 
connections with rod and cone BC separately, and one type 
of rod BC and 9–10 types of cone BCs have been identi-
fied.7,17 In fish small BCs make synaptic contacts exclusively 
with cones, and large BCs make contacts with both rods and 
cones.32,70 BCs in amphibian retinas contact both rods and 
cones, but some are clearly rod-dominated where others are 
cone-dominated.90 Despite these differences between species, 
BCs in most vertebrate retinas have many common func-
tional and morphological features.

It has been established in many vertebrate species, for 
example, that axon terminals of DBCs ramify in the proxi-
mal half (sublamina B) of the IPL whereas those of the HBCs 
ramify in the distal half (sublamina A) of the IPL.1,52 Axon 
terminals of rod BCs in mammalian retinas end near the 
proximal margin of the IPL, and axon terminals of cone BCs 
ramify in more central regions of the IPL.7 This agrees with 
the patterns of BC axon terminal stratification in the sala-
mander: axon terminals of rod-dominated BCs ramify at the 
two margins of the IPL whereas those of cone-dominated 

BCs ramify at central regions of the IPL.86 Additionally, 
despite the fact that mammalian rod and cone BCs make 
segregated synaptic contacts with rods and cones, their light 
responses are somewhat mixed with rod/cone signals like 
most BCs in lower vertebrates, partially because rods and 
cones are electrically coupled (see above), and partially 
because rod BC signals can be transmitted to cone BCs 
through AII amacrine cells.54,56,71 Furthermore, although rod 
HBCs have not been identified anatomically in mammalian 
retinas, recent physiological evidence suggests that rod 
signals may be transmitted by HBC-mediated channels in at 
least some mammals.12,68

Based on the properties of BCs across vertebrate species, 
it is reasonable to propose that most vertebrate retinas have 
6 major functional types of BCs: the rod (or rod-dominated), 
cone (or cone-dominated) and mixed (rod/cone) depolar-
izing and hyperpolarizing bipolar cells (DBCR, DBCC, DBCM, 
HBCR, HBCC and HBCM). Each carries a characteristic set of 
light response attributes and projects them to the inner 
retina through axons that terminate at segregated regions 
(strata) of the IPL. Such stratum-by-stratum projection of 
light response attributes is exemplified by a large-scale patch 
clamp study of the salamander BC responses and morphol-
ogy (Fig. 22.6).57 This study reveals several rules for the 
function–morphology relationships of retinal bipolar cells:

(1) Cells with axon terminals in strata 1–5 (sublamina A) 
are HBCs (generated by outward light-evoked cation 
currents (ΔIC)) and those in strata 6–10 (sublamina B) 
are DBCs (generated by inward ΔIC). This agrees with 
the sublamina A/B rule observed in many vertebrate 
species.

(2) Cells with axon terminals in strata 1, 2 and 10 are 
rod-dominated, those in strata 4–8 are cone-
dominated, and those in strata 3 and 9 exhibit mixed 
rod/cone input.

(3) ΔIC at light onset in rod-dominated HBCs and DBCs 
are sustained, that of the cone-dominated HBCs 
exhibits a smaller sustained outward current followed 
by a transient inward current at the light offset, and 
that of the cone-dominated DBCs exhibit a sustained 
inward current followed by a small transient off 
outward current.

(4) ΔICl (light-evoked chloride currents) in rod-dominated 
bipolar cells are sustained ON currents whereas those 
in cone-dominated bipolar cells are transient ON–OFF 
currents. ΔICl in all BCs are outward, and thus they 
are synergistic to ΔIC in HBCs and antagonistic to ΔIC 
in DBCs.

(5) Bipolar cells with axon terminals stratified in multiple 
strata exhibit combined light response properties of the 
narrowly monostratified cells in the same strata.

(6) Bipolar cells with pyramidally branching or globular 
axons exhibit light response properties very similar to 
those of narrowly monostratified cells whose axon 
terminals stratified in the same stratum as the axon 
terminal endings of the pyramidally branching or 
globular cells.56,57

Electrical coupling between bipolar cells has been reported 
in several vertebrate retinas. Electron microscopic studies 
have revealed that gap junctions are made between bipolar 
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Figure 22.6 Stratum-by-stratum rules for correlating patterns of axon terminal ramification and physiological responses in retinal bipolar 
cells. (A) 22 morphologically identified (by Lucifer yellow filling) BCs and their light-evoked excitatory cation current (ΔIC) and inhibitory chloride current (ΔICl) 
recorded from dark-adapted salamander retinal slices. Each cell is named according to their spectral difference (ΔS) and ΔIC polarity as rod-dominated, 
cone-dominated, mixed rod/cone hyperpolarizing or depolarizing bipolar cells (HBCR, HBCC, HBCR/C, DBCR, DBCC or DBCR/C). BCs with inward ΔIC are DBCs and 
with outward ΔIC are HBCs. The spectral difference, ΔS, is defined as S700 − S500 (where S700 and S500 are intensities (in log units) of 700 nm and 500 nm light 
eliciting responses of the same amplitude). Since ΔS for the salamander rods is about 3.4 and that for the cones is about 0.1, BCs with ΔS>2.0 are rod-
dominated (HBCR or DBCR), with ΔS<1.0 are cone-dominated (HBCC or DBCC), and with 1.0<ΔS<2.0 are mixed rod/cone cells (HBCR/C or DBCR/C) (also named 
HBCM or DBCM, see Figs 22.7 and 22.8). displaced HBCCs: HBCCs with somas displaced in the outer nuclear layer. (Modified from Pang et al 2004;56 and Maple 
et al 1994.41) (B) Stratum-by-stratum correlation of BC axon terminal ramification in the IPL with physiological function. ΔIC: light-evoked excitatory cation 
current, +ΔIC: outward ΔIC, -ΔIC: inward ΔIC, ΔICl: light-evoked excitatory chloride current, sEPSC: spontaneous excitatory postsynaptic current, 
sIPSC: spontaneous inhibitory postsynaptic current. More saturated hues indicate stronger response parameters.
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cell axon terminals in the inner plexiform layer.43,81 Current 
injection into fish bipolar cells elicits sign-preserving 
responses in adjacent bipolar cells.36 In the tiger salamander 
retina, the diameter of the bipolar cell receptive field center 
is about 10–20 times larger than the diameter of the den-
dritic arbors of these cells.6,19 These results suggest that 
bipolar cells of the same type are extensively coupled to one 
another at least in certain species or certain areas of the 
retina. Recent evidence has shown that bipolar cells of the 
same types are dye coupled (see Fig. 22.7),92 consistent with 
the notion that bipolar cell receptive field centers are medi-
ated by dendrites from more than one bipolar cell. The 
primary function of bipolar cell coupling is to increase the 
receptive field center of these cells. Additionally, bipolar cell 
coupling also improves the signal-to-noise ratio of the 
bipolar cell output signals. The disadvantage of bipolar cell 
coupling, however, is that it reduces the spatial resolution of 
bipolar cell outputs.

Bipolar cell responses and  
center-surround antagonistic 
receptive field (CSARF) organization

Center-surround antagonistic receptive fields (CSARF) are 
the basic alphabet for encoding spatial information in the 
visual system.25 CSARF was first discovered by Kuffler in 
1953, who demonstrated that light falling on the central 
region of the receptive field of cat retinal ganglion cells elic-
ited a response of opposite sign as that elicited by light 
falling on the surround region of the receptive field.35 Later 
studies showed that such CSARF also exist upstream in 
retinal bipolar cells78 and downstream in cells in the lateral 
geniculate nucleus and the primary visual cortex.24,26 Further-
more, complex receptive fields of neurons in higher visual 
centers are probably mediated by arrays of upstream neurons 
that exhibit CSARF organization.
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Figure 22.7 Morphology, light responses and receptive fields of six types of bipolar cells in the tiger salamander retina. (A): Fluorescent 
micrographs of a neurobiotin-filled HBCR (column 1), a HBCM (column 2), HBCC (column 3), a DBCC (column 4), a DBCM (column 5), and a DBCR (column 6) 
viewed with a confocal microscope at the outer INL/OPL level (ai), the IPL level (aii) and with z-axis rotation (aiii). Calibration bar: 100 µm. (B) (bi): BC voltage 
responses to 500nm and 700nm light steps of various intensities. (bii): response-intensity (V-Log I) curves of the responses to 500 nm and 700 nm lights. ΔS 
(spectral difference, defined as S700 − S500, where S700 and S500 are intensities of 700 nm and 500 nm light eliciting responses of the same amplitude) of the 6 
BCs are 2.13, 1.51, 0.30, 0.57, 1.45 and 2.25. Since ΔS for the rods is about 3.4 and that for the cones is about 0.1 in the salamander retina, BCs with ΔS >2.0 
are rod-dominated BCs, BCs with ΔS<1.0 are cone-dominated BCs, and BC with 1.0 <ΔS<2.0 are mixed rod/cone BCs. (C): Measurements of BC receptive field 
center diameters (RFCD) by recording voltage responses to a 100-µm wide light bar moving stepwise (with 120 µm step increments) across the receptive 
field. (D): Voltage responses of the 6 types of BCs elicited by a center light spot (300 µm) and a surround light annulus (700 µm inner diameter, 2000 µm 
outer diameter). The surround light annulus was of the same intensity (700 nm, −2) for all 6 cells whereas the intensity of the center light spot was adjusted 
so that it allowed the annulus to produce the maximum response. (E): Voltage responses of the 6 types of BCs elicited by a center light spot and a surround 
light annulus (same as in D), and by a train of −0.1-nA/200-msec current pulses passed into the cell by the recording microelectrode through a bridge circuit. 
(From Zhang & Wu 2009.92)

The first neurons along the visual pathway that exhibit 
ON-center and OFF-center CSARFs are the retinal bipolar 
cells, first reported by Werblin & Dowling in 196978 and 
Kaneko in 1970.30 The center input of a bipolar cell is medi-
ated by direct photoreceptor output synapses made on its 
dendrites (and the dendrites of adjacent bipolar cells electri-
cally coupled). The surround input is mediated by the hori-
zontal cells in the outer plexiform layer and by amacrine 
cells in the inner plexiform layer.76–78 As mentioned earlier, 
two major types of bipolar cells are found in all vertebrates, 
the depolarizing bipolar cells (DBCs) depolarize to central 
illumination and hyperpolarize to concentric surround illu-
mination (ON-center cells); the hyperpolarizing bipolar 
cells (HBCs) hyperpolarize to central illumination and 
depolarize to concentric surround illumination (OFF-center 
cells). In the mudpuppy and salamander retinas annular 
illumination does not polarize the bipolar cells unless the 
centers of their receptive fields are simultaneously 
illuminated.65,78

The CSARF is also a major vehicle for carrying color infor-
mation in the visual system. In some species the receptive 
field of certain bipolar cells and ganglion cells exhibit 
“double-opponent” organization. For instance, the receptive 
field center of a bipolar cell is depolarized by red and hyper-
polarized by green, while the surround is depolarized by 
green and hyperpolarized by red.33 In other species bipolar 
cells have other color coding configurations that include 
opponent receptive field centers with non-opponent sur-
round, or vice versa.91 These types of color-coded CSARF 
organizations help the visual system to detect stationary and 
moving color edges.

In addition to projecting signals to various strata of the 
IPL (described in Fig. 22.6), BCs with various light response 
attributes have different CSARF organizations. Figure 22.7 
shows the morphology, patterns of dye coupling, light 
responses, CSARF properties and membrane resistance 
changes associated with the center and surround voltage 
responses of the six functional types of BCs (HBCR, HBCM, 
HBCC, DBCC, DBCM and DBCR) in the tiger salamander 
retina.92 The BC receptive field center diameters (RFCD) vary 
with the relative rod/cone input: RFCD is larger in DBCs 
with stronger cone input, and it is larger in HBCs with 
stronger rod input. RFCD also correlates with the degree of 
dye coupling: BCs with larger RFCD are more strongly dye 
coupled with neighboring cells of the same type, suggesting 
that BC–BC coupling significantly contributes to the BC 
receptive field center.

Membrane resistance measurements in Figure 22.7E dem-
onstrate that the center responses of all HBCs are associated 
with a resistance increase and the center responses of all 
DBCs are accompanied with a resistance decrease. This is 
consistent with the notion that glutamate released from  
rods and cones in darkness opens AMPA/kainate receptor-
mediated cation channels in HBCs and closes mGluR6 
receptor-mediated cation channels in DBCs. Center light 
stimuli hyperpolarize rods and cones, suppress glutamate 
release, and result in a resistance increase (close ion chan-
nels) in HBCs and a resistance decrease (open ion channels) 
in DBCs.

Figure 22.8 is a schematic representation of the possible 
and unlikely synaptic pathways underlying surround inputs 
of various types of BCs, based on the surround response 
polarity and accompanying resistance changes shown in 
Figure 22.7.92 These results suggest that the HC–cone–BC 
feedback synapses may contribute to the surround responses 
of all six types of BCs. The negative HC–cone feedback syn-
apses (pathway I in Fig. 22.8) partially “turn off” the center 
responses by depolarizing the cones, as the membrane resist-
ance changes associated with surround responses of all BCs 
are opposite to the resistance changes associated with center 
responses (Fig. 22.6E).

In addition to the common HC–cone–BC feedback 
pathway, various types of BCs use different HC and AC syn-
aptic pathways to mediate their surround responses. It is 
unlikely, for example, that HBC surround responses are 
directly mediated by chemical synaptic inputs from hyper-
polarizing lateral neurons such as HCs and ACOFFs because 
of resistance change mismatch, and thus HBCs may only 
receive surround inputs from HC-cone-HBC and ACON–HBC 
synapses. On the other hand, resistance analysis suggests that 
DBC surround responses can be mediated by HC–cone–
DBC, HC–DBC and ACOFF–DBC chemical synapses, but not 
the ACON–DBC synapses. Moreover, dye coupling (Fig. 
22.7A) results indicate that DBCCs receive additional sur-
round inputs from wide-field HCs through electrical syn-
apses. Despite the heterogeneity, it is interesting to point out  
that an ON/OFF crossover inhibition rule applies here: cells 
with OFF (hyperpolarizing) responses (HCs and ACOFFs) 
mediate surround inhibitory inputs to ON cells (DBCs);  
and cells with ON (depolarizing) responses (ACONs) mediate 
surround inhibitory inputs to OFF cells (HBCs). ON/OFF 
crossover inhibition from amacrine cells to ganglion cells 
have been reported in the salamander and mammalian 
retinas,23,58 and the data shown in Figure 22.7 suggest that it 
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AC→BC (GABA/glycine, pathways IV and V in Fig. 22.8). It 
is conceivable that the surround responses of different BCs/
GCs from different animals under different conditions are 
mediated by different combinations of surround synaptic 
pathways, and thus they are sensitive to different synaptic 
blockers. The wide variation of synaptic circuitries underly-
ing surround responses of various functional types of BCs 
allows for flexibility in function-specific modulation of BC/
GC receptive fields. Hence different features of spatial and 
contrast information, such as rod/cone and ON/OFF signals, 

may be a general rule for lateral inhibition in the visual 
system.

The AC–BC contribution to BC surround responses is 
mediated by GABAergic or glycinergic synapses, and detailed 
studies on these synapses are discussed in the next chapter. 
As illustrated in Figures 22.7 and 22.8, surround responses 
of different functional types of BCs in the salamander retina 
are mediated by different combinations of synaptic circuit-
ries: HC → cone → BC (pathway I in Fig. 22.8), HC→BC 
(chemical/gap junction, pathways II and III in Fig. 22.8) and 

Figure 22.8 Center-surround antagonistic receptive field organization of bipolar cells. (A) Schematic diagrams of center (green) and surround (red) 
synaptic pathways of HBCs (left) and DBCs (right). R: rod, C: cone, HCB: B-type HC somas, HCBAT: B-type HC axon terminals, HBC: hyperpolarizing bipolar cell, 
DBC: depolarizing bipolar cell, AC: amacrine cell, ACON: ON amacrine cell, ACOFF: OFF amacrine cell, GC: ganglion cell, arrows: chemical synapses, zig-zags: 
electrical synapses. I-V: five surround synaptic pathways list in B. (B) Variations in synaptic pathways mediating center (green) and surround (red) responses of 
the HBCR, HBCM, HBCC, DBCC, DBCM and DBCRs. +++: strong, ++: intermediate, +: moderate, yes: possible, no: unlikely. For the possible pathways, response 
polarities (hyp: hyperpolarization, dep: depolarization) in each neuron and the synaptic sign ((+): sign-preserving or (−): sign-inverting) in each synapse in the 
pathways are indicated [e.g. in the HBCR HC → cone → BC pathway: (hyperpolarization in HC) via a sign-inverting synapse → (depolarization in cone) via a 
sign-preserving synapse → (depolarization in BC)]. (From Zhang & Wu 2009.92)
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Signal Processing in  
the Inner Retina
Peter D. Lukasiewicz & Erika D. Eggers

The inner plexiform layer (IPL) is the second synaptic layer 
of the retina (Fig. 23.1) and the final stage for processing 
visual information before it leaves the eye. Visual signals 
from rod and cone photoreceptors are first processed in the 
outer plexiform layer (OPL; Fig. 23.1), where horizontal cells 
modulate their signaling to bipolar cells. Bipolar cells then 
transmit these signals to the inner plexiform layer (IPL), 
where amacrine cells shape bipolar cells signaling to gan-
glion cells. The visual signals are first separated into separate 
signaling streams at the bipolar cells. Distinct classes of 
bipolar cells form parallel pathways that convey information 
about different aspects of the visual world. Synaptic connec-
tions between bipolar cells, amacrine cells and ganglion cells 
in the IPL produce complex processing of the visual signals. 
These synaptic interactions in the IPL process spatial, motion, 
and directional information within the visual scene. The 
outputs of the IPL are transmitted to distinct ganglion cell 
types that convey visual signals to different brain regions.

Bipolar cells form parallel pathways 
and provide excitatory input to the IPL

A variety of bipolar cell types form parallel signaling path-
ways that relay the processed photoreceptor output to the 
IPL. Excitatory inputs to the IPL originate from ON bipolar 
cells and OFF bipolar cells that depolarize in response to 
increasing or decreasing illumination within their receptive 
field centers, respectively. These distinct responses are deter-
mined by separate classes of dendritic glutamate receptors.1,2 
ON and OFF bipolar cells respond with opposite polarities 
because, in darkness, glutamate release from photoreceptors 
hyperpolarizes ON bipolar cells by activating mGluR6Rs 
that close cation channels and depolarizes OFF bipolar cells 
by activating AMPA/KA receptors that open cation channels. 
The axon terminals of ON and OFF bipolar cells stratify in 
two distinct sublaminae of the IPL, contacting the dendrites 
of ON and OFF ganglion cells and amacrine cells. The outer 
half of the IPL encodes responses to light OFF and the inner 
half encodes responses to light ON.3,4 The ON and OFF 
sublaminae are further divided into ten bipolar cell types 
that have axon terminals in different morphological strata 
(Fig. 23.2), encoding different aspects of the visual scene.5

An additional major functional subdivision of both the 
ON and OFF sublaminae is a stratification of the processes 
of temporally distinct responses.5–7 Retinal neurons generate 
either transient or sustained responses to continuous visual 
stimulation that encode the temporal and spatial features of 
the visual scene, respectively. A transient response can signal 
the offset and/or onset of a light stimulus, while a sustained 
response can signal the duration of the light stimulus. 
Similar to the ON and OFF response separation, sustained 
and transient responsiveness is first observed at the bipolar 
cells. Transient and sustained ON and OFF signals recorded 
in bipolar cells have been attributed to variations in the 
types of mGluR6 and AMPA/KARs expressed on ON and 
OFF bipolar cell dendrites, respectively.2,6 Transient bipolar 
cell terminals contact transient amacrine cell and ganglion 
cell processes in the mid IPL and sustained bipolar cell  
terminals contact the sustained amacrine cell and gan-
glion cell processes near the inner and outer margins of  
the IPL.6–8

These functional divisions in the IPL illustrate a common 
organizational property of the retina. Distinct retinal neuron 
types have different morphological classifications. The mor-
phology of retinal neurons determines their functional prop-
erties by constraining the IPL strata at which they receive 
inputs and make outputs. Because neuron morphology is so 
tightly correlated with neuron physiology in the retina, 
many studies make use of the morphological properties  
to help elucidate neuronal function. However, the organiza-
tion of the IPL may be disrupted by degenerative photore-
ceptor diseases (Box 23.1).

Synaptic mechanisms shape excitatory 
signals in the IPL

When ON and OFF bipolar cells are depolarized by incre-
ments or decrements of illumination, respectively, they 
release glutamate, which excites ganglion cells and amacrine 
cells. Bipolar cells do not spike or fire action potentials, but 
instead use slow-graded depolarizations to signal.9,10 Their 
transmitter release machinery is optimized for sustained 
glutamate release (Fig. 23.3A). L-type calcium channels in 
bipolar cell terminals mediate a sustained calcium influx 
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of tethered, glutamate-filled vesicles that mediate sustained 
signaling.

The excitatory output of each bipolar cell class is shaped 
by both pre- and postsynaptic processes (Fig. 23.3B). 
Response termination at bipolar cell to ganglion cell syn-
apses11,12 is attributed to the clearance of glutamate by presy-
naptic transporters, which limit the amplitude and time 
course of ganglion cell excitation.11 Blocking glutamate 
transporters, located in the IPL, increased the amplitude and 
duration of the excitatory signal from bipolar cells to gan-
glion cells.11,12 This role of transporters is unique to the 
retina11–13 and some other specialized synapses in other parts 
of the CNS.14–16 Elsewhere in the CNS, responses are typically 
terminated by either the chemical degradation of transmitter 
or rapid diffusion of transmitter from the synapse.17,18 Gluta-
mate transporters may regulate excitatory responses in gan-
glion cells by limiting signaling attributable to glutamate 
spillover. Spillover signaling results from released glutamate 
activating postsynaptic receptors that are distant from the 
release sites.

Glutamate transporters may affect signaling in the IPL  
in several ways. Transporters may improve the temporal 
response properties of some classes of ganglion cells by 

Figure 23.1 Schematic cross-sectional view of 
retinal layers, showing the vertical and lateral 
signaling pathways. Vertical signaling pathways 
are composed of photoreceptors, bipolar cells and 
ganglion cells. Two lateral pathways, comprised of 
horizontal cells in the OPL and amacrine cells in the 
IPL, modulate the flow of information along the 
vertical pathway. The somata of neurons are 
located in three cellular layers. Rod (R) and cone (C) 
photoreceptor somas are located in the outer 
nuclear layer (ONL); horizontal cell (HC), bipolar cell 
(BC) and amacrine cell (AC) somas are located in 
the inner nuclear layer (INL); ganglion cell somas 
are located in the ganglion cell layer (GCL). Synaptic 
connections occur in two layers. Synapses between 
photoreceptors, bipolar cells and horizontal cells 
are made in the outer plexiform layer (OPL). 
Synapses between bipolar cells, amacrine cells  
and ganglion cells are made in the inner plexiform 
layer (IPL).
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Figure 23.2 Bipolar cells form parallel retinal signaling pathways. Vertical view drawings of Golgi stained bipolar cells from macaque monkey retina 
illustrate distinct morphological subtypes. The axon terminals stratify at different depths of the IPL. ON bipolar cells have axons that terminate in the inner 
half of the IPL (ON sublamina) and OFF bipolar cells have axons that terminate in the outer half of the IPL (OFF sublamina). Rod bipolar cell (RB) dendrites 
exclusively contact rods. The remaining cone bipolar cells (CB) only contact cones. The OFF (FMB) and ON (IMB) midget bipolar cells and the blue bipolar cell 
(BB) transmit color information. (Reprinted from Ghosh KK, Bujan S, Haverkamp S, Feigenspan A, Wässle H. Types of bipolar cells in the mouse retina. J Comp Neurol 2004; 

469:70–82; with permission from Wiley-Blackwell.)
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Box 23.1 Degenerative Photoreceptor Diseases 
Disrupt the Organization of the Inner Plexiform Layer

Many retinal diseases, such as macular degeneration and retinitis 
pigmentosa, result in the degeneration of photoreceptors. It was 
long thought that the inner retina was spared in photoreceptor 
degeneration. Recent studies71,72 show that this is clearly not 
accurate. The inner nuclear layer and IPL of animal models of 
photoreceptor degeneration show aberrant organization and the 
formation of inappropriate synaptic contacts, strongly suggesting 
that the elimination of photoreceptors providing the sensory 
input to inner retina leads to the profound disorganization of the 
inner retina. This large-scale structural and presumably functional 
reorganization of the inner retina points out that caution must be 
exercised when using approaches to restore vision with 
photoreceptor transplantation or prosthetic devices.

because they do not desensitize to prolonged depolariza-
tion, unlike other subtypes of calcium channels found at 
conventional CNS synapses. Similar to photoreceptor and 
hair cell synapses, bipolar cells possess specialized ribbons 
that are located at release zones, containing large numbers 
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also shapes ganglion cell responses to glutamate released 
from bipolar cells. Reducing AMPAR desensitization 
enhances excitatory light responses in ganglion cells, sug-
gesting that AMPAR desensitization shapes ganglion cell 
responses.11,21 Additionally, glutamate and protons that are 
released from bipolar cells can restrict glutamate release.22–24 
Both glutamate and protons are contained in synaptic vesi-
cles and act presynaptically upon metabotropic glutamate 
receptors and calcium channels, respectively, on bipolar cell 
terminals to reduce vesicular release.

Amacrine cells mediate inhibition  
in the IPL

Excitatory signaling in the IPL is also controlled by inhibi-
tory amacrine cell inputs. Amacrine cells receive excitation 
from bipolar cells and mediate inhibition in the IPL by 
releasing either GABA or glycine onto ganglion cell den-
drites, bipolar cell axon terminals and other amacrine cells 
(Fig. 23.4). Approximately 50 percent of amacrine cells are 
GABAergic and 50 percent are glycinergic. Ganglion cells 
receive mainly amacrine cell input,25 underscoring the 
importance of inhibition in shaping the retinal output. 
Bipolar cell terminals are inhibited by presynaptic amacrine 
cell inputs, limiting excitatory signaling. Amacrine cells also 
inhibit other amacrine cells, resulting in serial, inhibitory 
synaptic interactions26–28 that shape the timing and spatial 
sensitivity of inhibition. Using ERG recordings, some of the 
synaptic processing in the IPL can be assessed non-invasively 
(Box 23.2).

Presynaptic GABAergic inhibition occurs at the terminals 
of all classes of bipolar cells and is mediated by GABA recep-
tors (GABARs).29,30 The retina is unique because it possesses 
two types of ionotropic GABA receptors, the GABAA and 
GABAC receptors. Both receptor subtypes gate chloride chan-
nels, but they are composed of distinct molecular subunits, 
have distinct pharmacological profiles and have different 
biophysical properties. GABAC receptors are more sensitive 
to GABA than GABAA receptors and as a result have much 
slower activation and decay kinetics in response to GABA 
application compared to GABAARs. These distinct receptor 
properties shape GABA-mediated synaptic responses in 
bipolar cells. GABAAR-mediated light-evoked inhibitory 
postsynaptic currents (L-IPSCs) rise and decay rapidly and 
determine the rise time and peak amplitude of bipolar cell 
inhibition31 (Fig. 23.5B). In contrast, GABACR-mediated 
L-IPSCs rise and decay slowly and determine the duration  
of bipolar cell inhibition (Fig. 23.5B). These two forms of 
presynaptic inhibition distinctly limit bipolar cell outputs. 
Slow GABACRs limit the extent of glutamate release and 
the duration of excitatory responses in amacrine and gan-
glion cells, while fast GABAARs limit the initial glutamate 
release and the initial postsynaptic excitatory responses, as 
detailed below.

In different bipolar cell classes, the L-IPSC time course 
depended on distinct contributions of GABAARs and 
GABACRs. GABAergic L-IPSCs in rod bipolar cells decay 
slowly because they are dominated by GABACRs, while in 
OFF cone bipolar cells L-IPSCs decayed rapidly, reflecting a 
larger GABAAR contribution (Fig. 23.5C). These different 

speeding the decay of ganglion cell light responses. Another 
possible role of transporters in the IPL is to limit crosstalk 
between different sublaminae in the IPL to preserve the  
functional segregation of distinct layers.5,7 The findings 
that glutamate transporters regulate the spillover activa-
tion of glutamate receptors11,19,20 suggests that a potential 
site for controlling IPL signaling is the regulation of gluta-
mate transporters, which control the excitatory signal to  
ganglion cells.

The desensitizing AMPA receptor (AMPAR), a subtype of 
postsynpatic glutamate receptor on ganglion cell dendrites, 

Figure 23.3 (A) Schematic of a bipolar cell terminal showing the processes 
that contribute to sustained glutamate release. Sustained, graded 
depolarizations, prolonged calcium influx through L-type calcium channels 
and a large pool of ribbon-associated vesicles contribute to tonic glutamate 
release. (B) Schematic illustrating the synaptic mechanisms that shape 
excitatory signaling from bipolar cells to ganglion cells. Transporters remove 
glutamate from the synapse, limiting excitatory signaling. Desensitizing 
glutamate receptors (X) attenuate responses to sustained glutamate release. 
Glutamate release may be reduced by the activation of presynaptic GABAA 
and GABAC receptors.
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Figure 23.4 The major types of amacrine cells in mammalian retina. Amacrine cells comprise the most diverse class of retinal neurons. This illustrates 
amacrine cells that were morphologically identified in rabbit retina. Narrow field amacrine cells are shown in the top row and wide field amacrine cells are 
shown in the lower two rows. (Adapted from Masland RH. Neuronal diversity in the retina. Curr Opin Neurobiol 2001; 11:431–436; with permission from Elsevier. Copyright 

Elsevier 2001.)

Amacrine cells

Figure 23.5 GABAA and GABAC receptors shape 
light-evoked inhibition at bipolar cell axon 
terminals. (A) Diagram illustrating light stimulation 
and recording procedures for measuring GABAergic 
L-IPSCs in bipolar cells. (B) Pharmacologically 
isolated GABAA- and GABAC-receptor-mediated 
L-IPSCs recorded from a bipolar cell, scaled to the 
same peak amplitude to compare response kinetics. 
The GABAA-receptor-mediated L-IPSC exhibited fast 
rise and decay times, while the GABAC-receptor-
mediated L-IPSC exhibited slow rise and decay 
times. GABA-mediated L-IPSCs were isolated by 
pharmacologically blocking glycine receptors.  
The scale bar is 200 ms. (Reprinted with permission 

from Eggers ED, Lukasiewicz PD. Receptor and transmitter 

release properties set the time course of retinal inhibition.  

J Neurosci 2006; 26:9413–25.) (C) A gradient of GABAC-
receptor-mediated inputs differently shape bipolar 
cell responses. GABAergic L-IPSCs (isolated with 
glycine antagonist strychnine) were recorded from 
the bipolar cell classes. Rod bipolar cells had a large 
slow L-IPSC, consistent with large GABAC receptor-
mediated input. ON cone bipolar cells had a faster 
L-IPSC and less GABAC receptor input. OFF cone 
bipolar cells had an even faster GABAergic L-IPSC 
and primarily fast GABAA receptor input. The scale 
bar is 5 pA and 200 ms. (Reprinted with permission 

from Eggers ED, McCall MA, Lukasiewicz PD. Presynaptic 

inhibition differentially shapes transmission in distinct 

circuits in the mouse retina. J Physiol 2007; 582:569–82.)
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contributions influence bipolar cell outputs. Removing 
GABACR-mediated presynaptic inhibition in bipolar cells 
enhances ON, but not OFF pathway signaling in the IPL,19 
suggesting that presynaptic inhibition is asymmetric (Fig. 
23.6). Different complements of GABAARs and GABACRs 
appear to match the time course of inhibition with the time 
course of rod and cone photoreceptor input to different 
bipolar cells.32

There are two forms of presynaptic inhibition of bipolar 
cell terminals by amacrine cells. Local presynaptic or  
feedback inhibition shapes the time course33 and extent 
of glutamate release.19 Lateral inhibition, mediated by 
long-distance presynaptic inhibitory signaling, contrib-
utes to the antagonistic receptive field surround of  
ganglion cells.34–36

Box 23.2 Assessing IPL Function using ERGs

ERG recordings are routinely used clinically and in the laboratory 
for assessing photoreceptor and bipolar cell function. Retinal 
function attributed to synaptic interactions in the IPL can also be 
assessed with ERG recordings (see Chapter 24 for details). 
Oscillatory potentials (OPs) that are superimposed on the ERG 
B-wave (attributed to ON bipolar cell responses) reflect synaptic 
activity in the IPL.73 Photopic negative responses and scotopic 
negative responses, ERG response components observed  
when cone and rod pathways, respectively, are activated, is 
thought to reflect ganglion cell responses to light-elicited 
inputs.74 These more subtle components of the ERG may be 
helpful in assessing IPL function in the healthy and diseased 
retina.
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feedback can control the excitatory ganglion cell response  
to light by limiting the spillover activation of NMDA 
receptors.

Both ON and OFF bipolar cells receive presynaptic input 
at their axon terminals from amacrine cells, suggesting that 
signaling to ON and OFF ganglion cells is shaped by presy-
naptic inhibition. However, presynaptic inhibition differen-
tially shapes ON and OFF pathway signaling in the IPL.19 
When GABAC receptor-mediated presynaptic inhibition was 
eliminated, ON, but not OFF, ganglion cell responses were 
augmented, consistent with asymmetric presynaptic inhibi-
tion (Fig. 23.6). Electrophysiological measurements showed 
that presynaptic inhibition alters the response range in ON 
ganglion cells by limiting glutamate release from ON, but 
not OFF bipolar cells.

GABAergic inputs to the bipolar cell 
axon terminals contribute to surround 
signaling in the retina

While the receptive field surround of ganglion cells is often 
attributed to lateral interactions in the outer retina,39,40 sub-
sequent work demonstrated that inhibitory pathways in the 
IPL also contribute to surround inhibition measured in ama-
crine and ganglion cells.34,35,41,42 Recordings from amacrine 
and ganglion cells suggest that GABAA and GABAC receptors 
on bipolar cell terminals, and GABAA receptors on the den-
drites of third-order cells, mediate surround signaling.35,41,43 
The details of the lateral inhibitory signals that modulate 
distinct bipolar cell signaling pathways are starting to emerge. 
Since each bipolar cell class has different proportions of 
GABAA and GABAC receptors, lateral, inhibitory signaling for 
different bipolar cell pathways may vary.30,32

We do not know the relative roles of lateral inhibition 
feeding back to bipolar cell terminals versus lateral inhibi-
tion feeding forward onto third-order neuron dendrites. 
Experiments in salamander retina show that dim surround 
illumination activated GABAC receptors on bipolar termi-
nals, but did not activate GABAA receptors on ganglion cell 
dendrites. GABAA receptor-mediated IPSCs were recorded in 
ganglion cells, but only in response to bright surround illu-
mination.36 These differences may be attributable to either 
the different complements of GABA receptors on bipolar and 
ganglion cells, or different inhibitory pathways contacting 
the two cell types.

The contributions of the inner and 
outer retina to ganglion cell receptive 
field surround organization

Although there is evidence for lateral inhibition in both the 
OPL and the IPL, the relative roles of these two pathways in 
the formation of the ganglion cell surround are not known. 
The roles of these inner and outer retinal pathways were 
investigated by measuring the effects of surround illumina-
tion on ganglion cells responses after either IPL or OPL 
signaling was blocked.36 Dim surround illumination reduced 
the ganglion cell response to center illumination. The dim 
surround effect was diminished upon GABAC receptor 

GABAergic feedback inhibition 
changes the timecourse of bipolar 
cell signaling

GABA receptors on bipolar cell axon terminals mediate 
inhibitory feedback from amacrine cells that reduces and 
shortens bipolar cell transmitter release.33 In the mouse, 
these distinct GABA receptors temporally tune inhibitory 
input to bipolar cells.28 Recordings of light-evoked inhibitory 
inputs from rod bipolar cells show that slowly responding 
GABAC receptors prolong the response decay (Fig. 23.5B) 
and rapidly activating and decaying GABAA receptors (Fig. 
23.5B) determine the rise time and peak amplitude of the 
response.31 Because bipolar cell light-evoked excitatory 
responses are slow, GABAC receptors are thought to be better 
suited than GABAA receptors for mediating inhibitory feed-
back signals. Consistent with this, feedback inhibition to 
salamander bipolar cells33,37 is more sensitive to GABAC 
receptor blockade than GABAA receptor blockade.

The GABAC receptor-mediated feedback inhibition of 
bipolar cell release also determines the nature of the excita-
tory signal to amacrine and ganglion cells.19,38 When feed-
back to bipolar cell terminals is reduced with GABAC receptor 
blockers, glutamate release is increased and the NMDA 
receptor-mediated component of the ganglion cell light 
responses are enhanced, attributable to the spillover activa-
tion of NMDA receptors.19,38 So GABAC receptor-mediated 

Figure 23.6 Asymmetric presynaptic inhibition differentially affects ON and 
OFF pathway signaling. Peristimulus time histograms (PSTHs) illustrating 
spontaneous and light-evoked firing in WT (Ai) and GABACR null (Null) (Aii) 
ON-center ganglion cells (GCs); and WT (Bi) and Null (Bii) OFF GCs. The lower 
traces in (A) and (B) indicate the duration of the stimuli, a bright, centered 
spot for ON GCs and a dark, centered spot for OFF GCs, presented on an 
adapting background. Spontaneous and light-evoked firing rates were 
significantly increased only in ON GCs in Null mice, compared to WT mice. 
No difference in spontaneous or light-evoked firing rates was seen between 
the WT and Null OFF GCs. (Modified from Sagdullaev BT, McCall MA, Lukasiewicz 

PD. Presynaptic inhibition modulates spillover, creating distinct dynamic response 

ranges of sensory output. Neuron 2006; 50:923–35; with permission from Elsevier. 

Copyright Elsevier 2006.)
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blockade, consistent with an IPL signaling role. Brighter sur-
round illumination further reduced ganglion cell center 
responses, but this effect was insensitive to GABA or glycine 
receptor blockade, suggesting that it was not mediated by 
the inner retina. Carbenoxolone or HEPES, both of which 
decrease horizontal cell feedback to cones,44,45 reduced the 
bright surround effects,36,46,47 suggesting they were mediated 
in the OPL. Thus lateral, inhibitory pathways in the OPL and 
IPL may affect ganglion cell responses to center illumination 
in different ways. The effects of bright surround illumination 
were mediated by horizontal cells in the outer retina, while 
the effects of dim surround illumination were mediated by 
GABAergic amacrine cells in the inner retina.

Glycinergic inhibition plays several 
different roles in the IPL

Presynaptic glycinergic inhibition has different roles than 
GABAergic inhibition. Rod and OFF cone (but not ON cone) 
bipolar cells receive input from glycinergic amacrine cells.28,32 
Glycine signaling plays a prominent role in the rod signaling 
pathway. In mammals, rod signals flow to ganglion cells by 
a unique pathway, consisting of rod bipolar cells and AII 
amacrine cells that both depolarize in response to light. AII 
amacrine cells then split the rod signal into the ON and OFF 
pathways within the IPL by contacting ON and OFF bipolar 
cell terminals via electrical and inhibitory chemical syn-
apses, respectively. Slow rod signals are transmitted to OFF 
bipolar cell terminals by AII amacrine cells, which in turn 
contact OFF ganglion cells that send rod signals to the brain. 
Light-evoked presynaptic inhibition is slow and mediated by 
glycine, matching the time course of rod signaling. In con-
trast to GABAergic inhibition, the slow time course of gly-
cinergic inhibition is determined primarily by transmitter 
release and not receptor properties.48

The two inhibitory transmitters GABA and glycine are 
utilized in the IPL in distinct signaling pathways. In mam-
malian retina, GABAergic amacrine cells have wide field 
processes, signal laterally and are confined to the same sub-
laminae,49 where they play a critical role in the processing 
of spatial information and contribute to the receptive field 
surround of ganglion cells.34,35 Wide field GABAergic ama-
crine cells synapse onto bipolar cell terminals and ganglion 
cell dendrites to form two IPL surround signaling pathways. 
In contrast to wide field GABAergic amacrine cells, glyciner-
gic amacrine cells have narrow field processes that extend 
vertically within the IPL, mediating signaling between differ-
ent sublaminae.5,50 Glycinergic inhibition, which is reduced 
by light, acts in a push–pull manner with increased bipolar 
cell excitation to enhance light responses in amacrine, 
bipolar and ganglion cells.51–53

Neuromodulators in the IPL

In addition to inhibitory synaptic transmission that shapes 
signaling in the IPL, neuromodulators are also prevalent in 
the retina that shape inner retinal signaling. Dopamine, the 
best-studied neuromodulator in the retina, is found in a 
small subset of amacrine cells (reviewed by Witkovsky54). 
Although the population of dopaminergic amacrine cells is 

small in number, their processes tile or cover the entire 
retina. GABA is co-localized with dopamine in this class of 
amacrine cells. Dopamine can act as a paracrine substance 
that is released into the extracellular space, affecting both 
local and distant targets. Dopamine is a mediator of light 
adaptation in the retina that acts in both the inner and outer 
retina. Dopamine reduces signaling through rod pathways 
and enhances signaling through cone pathways. At the IPL, 
dopamine reduces rod-mediated signaling by uncoupling 
the electrical synapses between AII amacrine cells. Dopamine 
may also modulate fast synaptic signaling by GABAA and 
GABAC receptors in the IPL.

Numerous neuroactive peptides are localized to specific 
populations of amacrine cells with immunocytochemistry.55 
Throughout the CNS, neuropeptides modulate the actions 
of fast excitatory and inhibitory transmitters or the activity 
of voltage-gated channels. The precise mechanisms by which 
neuropeptides modify visual information processing in the 
retina remain unknown. Different amacrine cells contain 
neuroactive peptides, such as neuropeptide Y, somatostatin, 
vasoactive intestinal polypeptide and enkephalins. Imaging 
experiments suggest that both neuropeptide Y56 and soma-
tostatin57 inhibit calcium currents in rod bipolar cell termi-
nals, presumably limiting glutamate release.

Parallel ganglion cell output pathways

Another critical processing mechanism in the inner retina is 
the separation of visual information into bipolar cell path-
ways. Parallel bipolar cell signaling pathways relay different 
aspects of the visual signal to 10–15 morphological types of 
ganglion cells.49,58 Ganglion cells are also divided into two 
major ON and OFF classes, both possessing antagonistic 
surrounds59 (Fig. 23.7). ON and OFF types can be further 
divided into X- and Y-cells that respond to illumination in 
either a sustained (X) or transient (Y) fashion, similar to 
bipolar cells60 and correspond to distinct morphological 
types, alpha and beta ganglion cells, respectively.61 The X and 
Y ganglion cells are similar to the parvo (P) and magno (M) 
classes of primate ganglion cells, corresponding to the  
morphological midget and parasol classes, respectively.62 
P-ganglion cells transmit form and color information, while 
M-ganglion cells transmit motion and spatial relationship 
information to the lateral geniculate nucleus.63 Retinal dis-
eases such as diabetic retinopathy and glaucoma can result 
in structural and functional pathologies in the IPL and in 
ganglion cells (Boxes 23.3 and 23.4).

Ganglion cells encode color information
Midget ganglion cells transmit color information to the 
brain – they receive input from midget bipolar cells. Their 
central, excitatory, response is determined by a strong single 
red or green cone input, while the inhibitory surround is 
determined by weak mixed cone inputs, resulting in red–
green color opponency. Another ganglion cell that processes 
color is a bistratified ganglion cell that is excited by blue 
light, via blue bipolar cells that make contacts at the inner 
IPL, and inhibited by yellow light, via red and green signal-
ing bipolar cells that make contacts at the outer IPL to 
process blue–yellow color opponency. These two ganglion 
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amacrine cell is critical for D-S responses in ganglion cells. 
The genetic ablation of starburst cells, which provide both 
cholinergic and GABAergic input to D-S cells, results in the 
elimination D-S responses.66

Intrinsically photosensitive ganglion cells
Surprisingly, about 1–3 percent of ganglion cells can directly 
sense light.67 This phenomenon has been attributed to pres-
ence of the photopigment melanopsin.68 Disrupting rod and 
cone signaling to these ganglion cells does not eliminate 
their light responsiveness, consistent with their intrinsic 
photosensitivity.67 Light responses from these ganglion cells 
are distinct from conventional ganglion cells. These responses 

cell pathways are the main carriers of color information into 
the visual cortex.64

Directional selective ganglion cells
An additional ganglion cell type – directionally selective 
(D-S) cells – responds to the movement of images, but only 
in preferred directions. Image motion in the preferred direc-
tion excites D-S cells, but image motion in the null direction 
elicits no response because inhibition reduces the excitatory 
input. Although D-S ganglion cells were first described over 
40 years ago,65 the precise synaptic basis for their behavior 
remains unknown. One point of agreement between most 
studies is that a type of amacrine cell called the starburst 

Figure 23.7 (A) Drawing of a parasol ganglion cell dendritic 
arbor. A stimulus the diameter of the solid dark green line 
would activate the receptive field center, and a stimulus the 
diameter of the solid light green line would also activate the 
receptive field surround. (Reprinted with permission from Diller L, 

Packer OS, Verweij J et al. L and M cone contributions to the midget 

and parasol ganglion cell receptive fields of macaque monkey retina.  

J Neurosci 2004; 24:1079–88.) (B) Responses of an ON parasol 
ganglion cell to a 300-µm-diameter spot (stimulus trace 
below) square wave stimulus that would activate the receptive 
field center. (C) Responses of a parasol ganglion cell to a 
2000-µm-diameter spot (stimulus trace below) square wave 
stimulus that would activate both the center and surround. 
The response is smaller because of the surround antagonism. 
(Reprinted with permission Davenport CM, Detwiler PB, Dacey DM. 

Effects of pH buffering on horizontal and ganglion cell light responses 

in primate retina: evidence for the proton hypothesis of surround 

formation. J Neurosci 2008; 28:456–64.)

A
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ganglion cell outputs of the IPL. The ability to detect the 
direction of movement and certain colors occurs because of 
processing in the IPL.
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are long-lasting and activated by moderate to bright light 
intensities. Intrinsically photosensitive ganglion cells also 
receive input from higher-sensitivity rod and cone synaptic 
pathways, which elicit lower light intensity responses. 
Although these ganglion cells are relatively few in number, 
they have extensive dendritic fields that completely tile the 
retina, leading to responsivity across the retina. These gan-
glion cells project to brain areas that control pupillary 
reflexes and the entrainment of circadian rhythms.

Ganglion cell types form a retinal mosaic
The subtypes of neurons that form the bipolar cell and gan-
glion cell parallel pathways each sample the entire retina, 
forming a mosaic of cells through a developmental process 
called tiling. Each individual cell type is distributed across 
the surface of the retina, with very little overlap between cells 
of the same type.69 Since each pathway is sampling a differ-
ent kind of visual information, this allows each cell type to 
reassemble the entire visual scene and contribute unique 
information to the downstream visual pathways.70 This tiling 
mechanism occurs through developmental processes that are 
not yet well understood.

Conclusions

The IPL is a critical stage in visual processing. Distinct bipolar 
cell types comprise parallel input streams to the IPL. This 
information is then shaped by synaptic interaction between 
inhibitory amacrine cells with the bipolar cell inputs and 

Box 23.3 Ganglion Cell and IPL Pathologies Occur in 
Diabetic Retinopathy

While diabetic retinopathy is viewed clinically as a disease 
affecting retinal vasculature, a large body of work shows that it 
also has neurodegenerative effects in the IPL and in ganglion 
cells. Diabetic patients and experimental animals have abnormal 
oscillatory potentials in their ERG responses, consistent with 
signaling abnormalities in the IPL.75 Morphometric measurements 
show that ganglion cell dendritic trees are smaller and less 
elaborate in diabetic retinas.76 The functional and morphological 
abnormalities observed in diabetic retinas are often observed 
before vascular-related pathologies,75 suggesting a primary 
retinal dysfunction before vascular problems arise. These early 
functional deficits also suggest an avenue of detection of early 
diabetic retinopathy.

Box 23.4 Glaucoma, a Leading Cause of Blindness, 
is Attributed to Ganglion Cell Loss

Animal models of glaucoma show that ganglion cell morphology, 
synaptic connectivity and function is altered in early stages of the 
disease.77–79 These changes are manifested in the IPL and suggest 
that synaptic inputs to ganglion cells and their ability to process 
visual information is perturbed. The mechanism of damage to 
ganglion cells in glaucoma is unclear, but these early changes 
provide an opportunity for ganglion cell protection, and possibly 
prevention of their eventual death.
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C H A P T E R 24 

Electroretinogram of Human, 
Monkey and Mouse

Laura J. Frishman & Minhua H. Wang

Introduction
The electroretinogram (ERG) is a useful tool for objective, 
non-invasive assessment of retinal function both in the 
clinic and the laboratory. It is a mass electrical potential that 
represents the summed response of all the cells in the retina 
to a change in illumination. Recordings can be made in vivo 
under physiological or nearly physiological conditions using 
electrodes placed on the corneal surface. For standard record-
ings in the clinic,1 ERGs such as those illustrated in Figure 
24.1 are recorded from alert subjects who are asked not to 
blink or to move their eyes. Anesthesia, selected for having 
minimal effects on retinal function, may be required for 
recordings from some very young human subjects, and is 
generally used for recordings in animals. The positive and 
negative waves of the ERG reflect the summed activity of 
overlapping positive and negative component potentials 
that originate from different stages of retinal processing. The 
choice of stimulus conditions and method of analysis will 
determine which of the various retinal cells and circuits are 
generating the response. Information about retinal function 
provided by the ERG is useful for diagnosing and character-
izing retinal diseases, as well as for monitoring disease pro-
gression, and evaluating the effectiveness of therapeutic 
interventions.

Much of the basic research on the origins, pathophysiol-
ogy and treatment of retinal diseases that occur in humans 
is carried out in animal models. The ERG provides a simple 
objective approach for assessing retinal function in animals. 
In recent years it has been of particular benefit in studies of 
mouse (rat, and other species) models of retinal disease, and 
it has been valuable for evaluating the retinal drug toxicity.2 
The ERG also has been useful for characterizing changes in 
retinal function that occur as a consequence of genetic altera-
tions in mice and other models, which affect the transmis-
sion and processing of visual signals in the retina.3,4

This chapter provides information on retinal origins and 
interpretation of the ERG, with emphasis on advances in our 
understanding of the ERG that have occurred through phar-
macological dissection studies in macaque monkeys whose 
retinas are similar to those of humans. The similarity of the 
waveforms of flash ERGs of humans and macaques can be 
seen in Figure 24.2. The chapter also will examine origins of 
the mouse ERG, and consider similarities and differences 

between mouse and primate ERG. Although the focus of this 
chapter is on primate and rodent retinas, it is important to 
note that the ERG is a valuable tool for assessing retinal 
function of all classes of vertebrates. This includes amphib-
ians and fish in which classical studies of the retina were 
carried out (for a review, see Dowling5) and in which current 
work continues to improve our understanding of retinal 
function under normal, genetically altered6 and pathological 
conditions.

This chapter provides useful background information for 
interpreting the ERG, but does not provide a comprehensive 
review of the characteristics of ERGs associated with retinal 
disorders encountered in the clinic. Recent texts by Fishman 
et al,7 Heckenlively & Arden8 and Lam9 are recommended 
resources for learning more about clinical applications.

Generation of the ERG

Radial current flow
The ERG is an extracellular potential that arises from currents 
that flow through the retina as a result of neuronal signaling, 
and for some slower ERG waves, potassium (K+) currents in 
glial cells. Local changes in the membrane conductance of 
activated cells give rise to inward or outward ion currents, 
and cause currents to flow in the extracellular space (ECS) 
around the cells, creating extracellular potentials. Although 
all retinal cell types can contribute to ERGs recorded at the 
cornea, the contribution of a particular type may be large, 
or hardly noticeable in the recorded waveform, depending 
upon several factors detailed below.

The orientation of a cell type in the retina is a major factor 
in determining the extent to which its activity will contribute 
to the ERG. A schematic drawing of the mammalian retina, 
with the various cell types labeled, can be found in Chapter 
21 (Figs 21.1 & 21.2). When activated synchronously by a 
change in illumination, retinal neurons that are radially ori-
ented with respect to the cornea, i.e. the photoreceptors, and 
bipolar cells, make larger contributions to the major waves 
of the ERG than the more laterally oriented cells and their 
processes, i.e. the horizontal and amacrine cells. The major 
waves at light onset are, as marked in Figures 24.1 and 24.2, an 
initial negative-going a-wave (mainly from photoreceptors), 
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ECS to re-enter the cells at another (the current sink), creat-
ing a current dipole. These retinal currents also travel through 
the vitreous humor to the cornea, where the ERG can be 
recorded non-invasively, as well as through the extraocular 
tissue, sclera, choroid and high resistance of the retinal 
pigment epithelium (RPE) before returning to the retina. 
Local ERGs can be recorded near the retinal generators using 

which is truncated by a positive-going b-wave, mainly gener-
ated by ON (depolarizing) bipolar cells. For longer duration 
flashes (Fig. 24.2, bottom row), the light-adapted ERG 
includes another positive-going wave, the d-wave, at light 
offset, with major contribution from OFF (hyperpolarizing) 
bipolar cells. Currents that leave retinal cells and enter the 
ECS at one retinal depth (the current source), will leave the 

Figure 24.1 Standard tests for full field clinical electrophysiology. The Society for the Clinical Electrophysiology of Vision (ISCEV) has recommended 
five standard ERG tests with full-field stimulation for use worldwide in clinical electrodiagnostic facilities. This figure, from the 2008 update of “ISCEV Standard 
for Full-Field Clinical Electroretinography”1 shows examples, but not norms, of ERGs elicited using the recommended tests in normal humans. Light 
calibrations in candela seconds per meter squared (cd.s.m–2) for each test appear above the ERGs. Large arrowheads indicate the time at which the stimulus 
flash occurred. Dotted arrows show common ways to measure time-to-peak (“t”, implicit time), and a- and b-wave amplitudes. For some purposes, e.g. 
quantitative analyses to separate various ERG components, amplitude measurements at a fixed time after stimulus onset are more appropriate (see Fig. 
24.12). (From Marmor MF, Fulton AB, Holder GE, Miyake Y, Brigell M, Bach M. ISCEV Standard for full-field clinical electroretinography (2008 update). Documenta Ophthalmologica 

2009;118(1): pp. 69–77, used with permission.)
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Figure 24.2 Full-field flash electroretinograms (ERGs) of human subjects and macaque monkeys. (A) Top: Dark-adapted ERG responses to brief 
high energy flashes of ~400 scotopic troland seconds (sc td.s) from darkness that occurred at time zero for a normal alert human subject (left) and an 
anesthetized macaque (right). For macaque ERGs, and ERGs from all animals in subsequent figures, subjects were anesthetized. (Adapted from Robson & 

Frishman 1998,16 used with permission.) Bottom: Light-adapted ERGs in response to longer duration flashes (150 or 200 ms). For both subjects, white Ganzfeld 
flashes of 4.0 log photopic (ph) td were presented on a steady rod-saturating background of 3.3 log sc td. (Adapted from Sieving et al 1994,110 used with 

permission.) (B) ERG recording setup: Recordings made using a traditional Ganzfeld bowl (left) or more modern LED-based full-field stimulator. Use of DTL fiber 
electrodes32 is illustrated. ERG recordings are amplified and sent to a computer for averaging, display and analysis.
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buffering.12,13 Return currents in the retina are formed by Na+ 
and Cl–. The regional distribution and electrical properties 
of inward rectifying K+ (Kir) channels in Müller cells (see Fig. 
24.3C) are critical for the spatial buffering capacity of the 
cells. Studies of Kofuji and co-workers have shown that 
strongly rectifying Kir2.1 channels in Müller cells are located 
in ‘source’ areas, particularly in synaptic regions where [K+]o 
is elevated due to local neuronal activity.14,15 In contrast, 
Kir4.1 channels (weakly rectifying) are densest in Müller cell 
endfeet, in inner and outer limiting membranes and in proc-
esses around blood vessels. K+ enters Müller cells through 
Kir2.1 channels that minimize K+ outflow and K+ exits the 
Müller cells via the more bidirectional Kir4.1 channels to 
enter the extracellular ‘sink’ areas with low [K+]o: the vitreous 
humor, subretinal space (SRS), and blood vessels.14

ERG waves associated with glial K+ currents have a slower 
timecourse than waves related to currents around the neurons 
whose activity causes the changes in [K+]o. As [K+]o increases 
or decreases with neuronal activity, the resulting glial K+ cur-
rents will be related to the integral of the K+ flow rate, e.g. the 
glial contribution to the b-wave modeled in Figure 24.11.16 
Other waves generated by glial K+ currents in Müller cells, or 

intraretinal microelectrodes in animals, while simultane-
ously recording the global ERG elsewhere in the current 
path, e.g. from the corneal surface, or using an electrode in 
the vitreous humor, with a reference electrode behind the 
eye.10,11 Such recordings have provided useful information 
about the origins of the various waves of the ERG.

Glial currents
The ERG waveform also will be affected by glial cell currents. 
Retinal glial cells include Müller cells, RPE cells, and radial 
astrocytes in the optic nerve head. One crucial function of glia 
is to regulate extracellular K+ concentration, [K+]o, to maintain 
the electrochemical gradients across cell membranes that are 
necessary for normal neuronal function. Membrane depolari-
zation and spiking in retinal neurons that occur in response 
to changes in illumination lead to leak of K+ from the neurons 
and to K+ accumulation in the ECS. Membrane hyperpolari-
zation, in contrast, leads to lower [K+]o as the membrane leak 
conductance is reduced, but the Na+ K+ ATPase in the mem-
brane continues to transport K+ into the cell.

K+ currents in Müller cells move excess K+ from areas of 
high [K+]o to areas of lower [K+]o by a process called spatial 

Figure 24.3 Distal retinal components of the 
direct current (dc)-ERG, and distribution of 
inward rectifying potassium channels, Kir2.1 and 
Kir4.1 in Müller cells. (A) Simultaneous intraretinal 
(local) and vitreal (global) ERG recordings from the 
intact eye of the cat. Top: Trans-retinal, and trans-
epithelial (TEP) potentials were recorded in response 
to a 5-minute period of illumination. The a- and 
b-waves cannot be seen due to the compressed time 
scale. The intraretinal recordings show the two (sub)
components of the c-wave: (1) the retinal pigment 
epithelium (RPE) c-wave, which is the TEP recorded 
between a microelectrode in the subretinal space 
(SRS) and a retrobulbar reference, and (2) slow PIII, the 
cornea-negative trans-retinal component generated 
by Müller cell currents (see text), recorded between 
the same microelectrode and the vitreal electrode. The 
vitreal ERG (bottom), recorded between the vitreal 
electrode and retrobulbar reference, is the sum of the 
RPE c-wave, and slow PIII. The c-wave is followed by 
the fast oscillation trough (FOT) and then the light 
peak (LP), both of which are exclusively RPE responses. 
(From Steinberg et al 1985,161 used with permission.) 
(B) dc-ERG recorded from a C57BL/6 mouse in 
response to a 7-minute period of illumination. FO, LP, 
and OFF-response amplitudes are marked by arrows. 
Upper record shows the early portion of the response 
on an expanded (×5) time scale. Amplitude calibration: 
0.5 mV. (From Wu et al 2004,35 used with permission.) 
(C) Strongly rectifying Kir2.1 channels are widely 
distributed in the Müller cell membrane. K+ in synaptic 
regions enters Müller cells through strongly rectifying 
Kir2.1 channels, and exits through weakly rectifying 
(bidirectional) Kir4.1 channels concentrated in the ILM, 
OLL and Müller cell processes around blood vessels. 
(Modified from Kofuji et al 2002,14 used with permission.)
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Non-invasive recording of the ERG

signal-to-noise characteristics, is a contact lens with a con-
ductive metal electrode set into it (Burian Allen electrode). 
It has a lid speculum to reduce effects of blinking and eye 
closure. In the bipolar form of the electrode, the outer 
surface of the lid speculum is coated with conductive mate-
rial that serves as the reference. This type of electrode is best 
tolerated (in alert subjects) when a topical anesthetic is used. 
Other types of contact lens electrodes have been used as well, 
e.g. the jet electrode which is disposable. Some clinicians 
and researchers use thin mylar fibers impregnated with silver 
particles, called DTL electrodes,32 as illustrated in Figure 
24.2B, or gold foil, or wire loop electrodes (H-K loop) that 
hook over the lower eyelid. For rodents, metal wires, in loops 
or other configurations placed in contact with the corneal 
surface are often used. Some labs use cotton wick electrodes 
and some use DTL fibers under contact lenses, or another 
form of contact lens electrode.26,33 Corneas are kept hydrated 
with a lubricating conductive solution in all cases. The refer-
ence electrode can be placed under the ey lid, e.g. the specu-
lum of a contact lens electrode, as described above, or 
remotely, for example on the temple, the forehead, or the 
cornea of the fellow eye. ERG signals ranging from > micro-
volt to a millivolt or more, peak to peak, for responses to 
strong stimuli, are amplified, and digitized for computer 
averaging and analysis. Filtering is done to remove signals 
outside the frequency range of retinal responses to stimula-
tion (<1 and >300 Hz), and to remove line frequency noise 
(e.g. 50 or 60 Hz).

other retina cells with glial function, such as the RPE, include 
the c-wave and slow PIII (Fig. 24.3A,B), both related to the 
reduction in [K+]o in the SRS that occurs when photoreceptors 
hyperpolarize in response to a strong flash of light.15,17–21 The 
negative scotopic threshold response (nSTR) and photopic 
negative response (PhNR), both originating from inner 
retinal activity, are also thought to be mediated by glial K+ 
currents in retina or optic nerve head.22–29

Stimulus conditions
Aside from structural and functional aspects of the retina, 
stimulus conditions are of great importance in determining 
the extent to which particular retinal cell or circuits contrib-
ute to the ERG. Signals will be generated in rod pathways, 
in cone pathways or both depending upon the stimulus 
energy, wavelength and temporal characteristics, as well as 
upon the extent of background illumination, with rods 
responding to, and being desensitized by lower light levels 
than cones. Fully dark-adapted, ERGs driven by rods only 
(i.e. scotopic ERGs) are thus useful for assessing rod pathway 
function (Figs 24.1 and 24.2, top), and light-adapted ERGs 
driven only by cones (i.e. photopic ERGs), for assessing cone 
pathway function (Figs 24.1 and 24.2, bottom). Figure 24.1, 
bottom right, also shows responses to 30 Hz flicker which 
isolates cone-driven responses because rod circuits do not 
resolve well such high frequencies. Very bright light flashes 
elicit small wavelets superimposed on the b-wave called 
oscillatory potentials (OPs) that are generated by circuits 
proximal to bipolar cells.30,31 OPs can be isolated by band-
pass filtering: 75–300 Hz in Figure 24.1, top right.

The spatial extent of the stimulus is an important factor 
in ERG testing. For standard clinical tests, as illustrated in 
Figure 24.1, and listed in Box 24.1A, as well as for most 
testing of animal models, a full-field (Ganzfeld) flash of light 
is used (Fig. 24.2B). A full-field stimulus generally elicits the 
largest responses because more retinal cells are activated and 
the extracellular current is larger than for focal stimuli. It  
also has the advantage that all regions of retina are evenly 
illuminated, and with respect to background illumination, 
evenly adapted. Pupils are generally dilated for full-field 
stimulation. More spatially localized (focal) stimuli are 
useful for analysis of function of particular retinal regions, 
e.g. foveal vs peripheral regions in primates. Multifocal  
stimulation allows assessment of many small regions 
simultaneously.

ERG responses illustrated in Figure 24.1 are to a minimum 
set of stimuli selected by the International Society for the 
Clinical Electrophysiology of Vision (ISCEV) to efficiently 
acquire standard, comparable data on rod and cone pathway 
function from clinics and laboratories around the world.1 
Names of the standard tests are listed in Box 24.1A. Tests 
using stimuli presented over a fuller range of stimulus condi-
tions to allow more complete or specific evaluation of retinal 
function, are listed in Box 24.1B, and a few of these tests will 
be described later in this chapter.

Non-invasive recording of the ERG

ERGs can be recorded from the corneal surface using various 
types of electrodes. A commonly used electrode, with good 

Box 24.1 Standard and More Specialized ERG Tests

A.  Standard ERG tests

Described by ISCEV Standard for full-field clinical 
Electroretinography (2008 update).1 All numbers are stimulus 
calibrations in cd.s.m–2

• Dark-adapted 0.01 ERG (“rod response”)
• Dark-adapted 3.0 ERG (“maximal or standard combined 

rod–cone response”)
• Dark-adapted 3.0 oscillatory potentials (“oscillatory potentials”)
• Light-adapted 3.0 ERG (“single-flash cone response”)
• Light-adapted 3.0 flicker ERG (“30 Hz flicker”)
• Recommended additional response: either dark-adapted 10.0 

ERG or dark-adapted 30.0 ERG

B.  Specialized types of ERG and recording procedures

• Macular or focal ERG
• Multifocal ERG (see published guidelines162)
• Pattern ERG (see published standard91)
• Early receptor potential (ERP)
• Scotopic threshold response (STR), negative and positive
• Photopic negative response (PhNR)
• Direct-current (dc) ERG
• Electro-oculogram (see published standard39)
• Long-duration light-adapted ERG (ON–OFF responses)
• Paired-flash ERG
• Chromatic stimulus ERG (including S-cone ERG)
• Dark and light adaptation of the ERG
• Dark-adapted and light-adapted luminance-response analyses
• Saturated a-wave slope analysis
• Specialized procedures for young and premature infants163
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reduction in subretinal [K+]o add together to form the 
c-wave,15,17–19,34 which, as shown in Figures 24.3 and 24.4, is 
positive-going in the dark-adapted ERG of the cat. This is 
because, as illustrated by the intraretinal recordings from 
intact cat eye in Figure 24.3A, the positive-going RPE contri-
bution, is larger than the negative-going Müller cell contri-
bution. In mice, the c-wave also is positive-going,35 as shown 
in Figure 24.3B. In humans and monkeys, slow PIII and the 
RPE c-wave are more equal in amplitude, and the corneal 
c-wave is less positive. Two slower potentials that arise from 
the RPE, the fast oscillation potential (FO) and light peak 
(LP), are also present in cat and mouse dc-ERG recordings 
(Fig. 24.3). The mouse LP is much smaller in amplitude than 
that in the cat. The cellular mechanisms that generate these 
slow waves were reviewed in more detail in previous reviews 
of ERG origins.37,38

In alert human subjects it is not possible to obtain stable 
dc-ERG recordings necessary for recording slow events, e.g. 
those arising from the RPE, that occur over seconds or 
minutes, because the eyes move too frequently. Therefore, to 
measure slow potentials, the electro-oculogram (EOG), an 
eye-movement-dependent voltage, is recorded. The EOG is a 
corneo-fundal potential that originates largely from the RPE; 
its amplitude changes with illumination, being maximal at 
the peak of the light peak. Use of EOGs to evaluate retinal/
RPE function is described in an ISCEV Standard publication 
on clinical EOG.39

Full-field dark-adapted (Ganzfeld) 
flash ERG

Figure 24.5 shows full-field dark-adapted ERG responses to 
a range of stimulus strengths for a human subject (left), a 
macaque monkey, whose retina and ERG are similar to that 
of human (middle), and a C57BL/6 mouse (right). The 
mouse ERG is similar to the primate ERG, but larger in 
amplitude (see calibrations). For higher stimulus strengths 
than shown in the figure, the mouse ERG develops larger 
oscillatory potentials than those generally seen in the primate 
ERGs (e.g. Fig. 24.6). The ERGs in Figure 24.5 were generated 
almost entirely, except for responses to the strongest stimuli, 
by the most sensitive, primary rod circuit, This circuit is 
described more fully in previous chapters. For all three sub-
jects, the strongest stimuli evoked an a-wave, followed by a 
b-wave. For stimuli more than two log units weaker than the 
strongest one, b-waves were still present, but a-waves were 
no longer visible. B-waves can be seen in responses to weaker 
stimuli than a-waves partly because of the convergence of 
many rods (20–40) onto the rod bipolar cells generating the 
response, which increases their sensitivity,40–42 and partly 
because of the large radial extent of ON bipolar cells in the 
retina. The slow negative wave in the ERGs of the three sub-
jects in response to the weakest stimuli, called the (negative) 
scotopic threshold response (nSTR), and the equally sensi-
tive positive (p)STR are related to amacrine and/or ganglion 
cell activity, as described more fully in a later section.22,25–27,43 
The high sensitivity of the STRs relative to b-waves (and 
a-waves) reflects the additional convergence of rod signals 
in the primary rod circuit in the inner retina proximal to the 
rod bipolar cells.40,44,45

Classical definition of components  
of the ERG

The origins of the various waves of the ERG have been of 
longstanding interest to clinicians and researchers. Our 
current understanding of the cellular origins of the ERG 
profits from extensive knowledge, as described in previous 
chapters, of the functional microcircuitry of the retina, and 
particularly of the physiology and cell biology of the retinal 
cell types, and the identity and action of retinal neurotrans-
mitters, their receptors, transporters and release mecha-
nisms. However, a classical study, using ether anesthesia, 
provided the first pharmacological separation of ERG 
components.

Granit’s36 classical pharmacological dissection of the ERG, 
illustrated in Figure 24.4, provided valuable insights on 
origins of ERG waves as well as a nomenclature for waves 
based on their distinct retinal origins. Component “proc-
esses” were found to disappear from the ERG during the 
induction of ether anesthesia in the following order: process 
(P)I, the slow c-wave response that follows the b-wave; gen-
erated predominantly by the RPE; PII, the b-wave, generated 
by bipolar cells; and eventually PIII, the photoreceptor-
related responses that remained the longest. PII and PIII are 
still commonly used terms for ERG components generated 
by ON bipolar cells and photoreceptors respectively.

Slow PIII, the c-wave and other slow 
components of the direct current 
(dc)-ERG

PIII of the ERG can be separated into a fast and a slow 
portion: fast PIII is the a-wave, which reflects photoreceptor 
current (see below), and slow PIII results from Müller cell 
currents induced by photoreceptor-dependent reduction in 
[K+]o in the SRS (Fig. 24.3C). Negative-going slow PIII and 
the positive-going pigment epithelial response to the same 

Figure 24.4 Dark-adapted ERG of the cat and its three component 
processes revealed by induction of ether anesthesia. The solid black 
line indicates the ERG of the intact cat eye in response to a 2 s flash (14 
Lamberts) from darkness. Dashed lines indicate three processes (PI, PII, and 
PIII), numbered in the order in which they disappeared from the ERG during 
induction of ether anesthesia. (Modified from Granit 1933,36 used with permission.)
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Full-field dark-adapted (Ganzfeld) flash ERG

Negative ERGs
The receptoral origin of the a-wave also was demonstrated 
in early studies in amphibians using compounds that 
blocked synaptic transmission, Mg2+, Co2+, and Na+-
aspartate, and isolated photoreceptor signals in the ERG, 
while abolishing responses of postreceptoral neurons.49,50 
These manipulations also caused the b-wave to disappear, 
indicating its postreceptoral origin. As our understanding  
of synaptic pharmacology has improved, it has become 
more common to use glutamate agonists and antagonists to 
block transfer of signals from photoreceptors to specific 
second-order neurons. For example, blocking metabotropic 
transmission to depolarizing (ON) bipolar cells, with  

Dark-adapted a-wave
It has long been appreciated that the dark-adapted a-wave 
primarily reflects the rod receptor photocurrent. The a-wave 
generator was localized to photoreceptors in classical intra-
retinal recording studies in mammalian retinas, some of 
which included current source density (CSD), or source-
sink, analyses.10,11,46–48 The most direct demonstration of the 
a-wave’s cellular origin was provided in such experiments by 
Penn and Hagins47,48 in isolated rat retina. These experiments 
produced evidence that light suppressed the circulating 
(dark) current of the photoreceptors, and the investigators 
proposed that this suppression is seen in the ERG as the 
a-wave.

Figure 24.5 Dark-adapted full-field ERG of a 
human subject, a macaque monkey and a 
mouse. ERGs of a human, macaque and C57BL/6 
mouse, in response to brief (<5 ms) flashes from 
darkness generated by computer-controlled LEDs. 
Responses to the weakest stimuli were rod-driven 
(scotopic), whereas for the strongest stimuli they 
were driven by both rods and cones. (Adapted from 

Robson & Frishman 1998,16 used with permission.)
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Figure 24.6 Negative ERG of mouse lacking a b-wave. 
Single-flash responses on short (left) and long (right) time 
scales from a control C57BL/6 mouse (A) and a Nob1 mouse 
(B). ERGs on the left are responses to flashes of 0.11, 0.98, 2.57, 
4.37, 17.4, 27.5, and 348 sc cd.s.m–2, on the right, to flashes of 
40.0, 68.4, 102, 170, and 348 sc cd.s.m–2. (From Kang Derwent et al 

2007,58 used with permission.)
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Hood and Birch’s model to the dark-adapted a-wave of  
a normal human subject and a patient with retinitis  
pigmentosa (RP).

Photoreceptor models of Hood and Birch,74–76 Lamb and 
Pugh,72 and more recent ones, with improved fits,55 all 
provide parameters to represent the maximum amplitude of 
the a-wave, which is Rmax in equations of Hood and Birch, 
and the sensitivity (S) of the response. Rmax and S vary 
depending upon the pathology and stimulus conditions 
(e.g. adaptation level). For example, S is thought to be more 
affected than Rmax in eyes whose photoreceptors are hypoxic 
and more generally for abnormalities in the transduction 
cascade or increases in retinal illumination, whereas Rmax is 
more affected by photoreceptor loss. Both parameters may 
be affected in RP, but in the case illustrated in Figure 24.7, 
Rmax was affected more than S.77

Although models of the leading edge of the a-wave yield 
useful parameters for describing the health of the photore-
ceptors, simpler approaches, using stronger flashes than 
those advised by the ISCEV Standard (Fig. 24.1 and Box 
24.1)1 are helpful. Hood and Birch,77,78 and other investiga-
tors,79 have noted that a pair of strong flashes, or even a 
single flash that nearly or just saturates the rod response can 
be analyzed without fitting a model, to make a rough esti-
mate of Rmax, and to measure a peak time that is related to 
S. Such measurements for a single flash77 are illustrated in 
the bottom row of Figure 24.7. The flash strength used was 
4.0 log sc td.s which is 63 times (1.8 log units) higher than 
the current ISCEV standard flash1 for mixed rod-cone ERG 
(assuming an 8 mm pupil).

Mixed rod-cone a-wave
For weak to moderate stimuli flashed from darkness, a-waves 
are dominated by rod signals, but stronger flashes such  
as those used for responses in the top row of Figure 24.5 
elicit mixed rod–cone ERGs. To investigate relative contribu-
tions of rod and cone-driven responses to the ERG, it is 
necessary to separate them. Figure 24.8 shows the ERG (red 
circles) of a dark-adapted macaque in response to two dif-
ferent flash strengths, and the individual rod- and cone-
driven contributions.

Rod-driven responses (blue circles) in Figure 24.8 were 
extracted by subtracting the isolated cone-driven response to 
the same stimulus from the full mixed rod–cone response. 
Isolated cone-driven responses (triangles) were obtained  
by briefly (1 s) suppressing, rod-driven responses with an 
adapting flash, and then measuring the response to the origi-
nal test stimulus, presented 300 ms after offset of the rod-
suppressing flash. Cone-driven responses in primates recover 
to full amplitude within about 300 ms, whereas rod-driven 
responses take at least a second, making it possible to isolate 
the cone-driven responses. The cone photoreceptor-driven 
portion of the leading edge of the a-wave represented about 
20 percent of the saturated response in Figure 24.8. Model 
lines for the rod (blue) and cone (purple) photoreceptor 
responses are modifications of Lamb and Pugh’s model.55,72 
The entire cone-driven a-wave (green line) is larger than the 
modeled photoreceptor contribution (purple line) because 
it includes additional negative-going signals from postrecep-
toral OFF pathway that can be eliminated with ionotropic 
glutamate receptor antagonists, as described in a later section 
on light-adapted ERG.

L-2-amino-4-phosphonobutyric acid (APB or AP4) an 
mGluR6 receptor agonist,51 eliminates the b-wave, and pro-
duces a negative ERG.52,53 Much of the remaining ERG is the 
rod photoreceptor response, although late negative signals 
also arise from OFF pathway neurons.54,55

An essentially identical negative ERG to that after APB 
occurs in mice in which the mGluR6 receptor is genetically 
deleted,56 or when there are mutations in the mGluR6 
receptor or other proteins whose function is necessary  
for normal signal transduction in ON bipolar cells.57 For 
example, Figure 24.6 shows the typical negative ERG of the 
dark-adapted Nob1, i.e. no b-wave, mouse.58,59 The Nob1 
mouse has a mutation in the Nyx gene that encodes nycta-
lopin, a protein found in ON bipolar cell dendrites.60,61 
Mutation of this protein produces a negative ERG in human 
patients who are diagnosed with X-linked complete congeni-
tal stationary night blindness (CNSB-1).62,63 Negative ERGs 
also occur for other forms of CSNB caused by mutations in 
mGlur6 receptors, and in Nob3 and Nob4 mice with such 
mutations,57,64 as well as in Nob2 mice in which glutamater-
gic transmission from photoreceptors is compromised.65 
Although the ERG of the Nob1, and other mice lacking 
b-waves, is almost entirely negative-going, it rises from its 
trough at the timecourse of the c-wave. Photoreceptor-
dependent slow responses such as c-wave and slow PIII are 
not affected by blockade of postreceptoral responses in 
neural retina.

Retinal ischemia due to compromised inner retina circu-
lation also isolates the a-wave and eliminates postreceptoral 
ERG components. This was demonstrated in early experi-
ments in monkeys by occlusion of the central retinal 
artery.66,67 A “negative ERG” in which b-waves are reduced 
or missing is a common clinical readout of central retinal 
artery and vein occlusions, as well as other disorders affect-
ing postreceptoral retina such as melanoma-associated retin-
opathy, X-linked retinoschisis, muscular dystrophy or toxic 
conditions.7,9

Modeling
The utility of the a-wave in studies of normal and abnormal 
photoreceptor function was advanced by the development 
of quantitative models based on single cell physiology that 
could predict the behavior both of the isolated photorecep-
tor cells and ERG a-wave in the same or similar species. 
Hood and Birch68,69 demonstrated that the behavior of 
the leading edge of the dark-adapted a-wave in the human 
ERG can be predicted by a model of photoreceptor func-
tion derived to describe in vitro suction electrode record-
ings of currents around the outer segments of single primate 
rod photoreceptors.70 Lamb and Pugh71,72 followed a 
simplified kinetic model of the leading edge of the photore-
ceptor response (in vitro current recordings initially in 
amphibians) that took account of the stages of the bio-
chemical phototransduction cascade in vertebrate rods (see 
Chapter 21). This model was subsequently shown to predict 
the leading edge of the human dark-adapted a-wave gen-
erated by strong stimuli,73 and has been used extensively 
in clinical studies of retinal disease, and in analyses of  
photoreceptor function in animal models. A simplified for-
mulation presented by Hood and Birch74–76 often is used 
(see legend to Fig. 24.7), and can be adjusted to applica-
tion to cone signals as well. Figure 24.7 shows fits of 
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cones. Note that the (derived) photoreceptor response is 
quite large at its peak time for the ERG responses to weaker 
stimuli, when the leading edge of the a-wave is too small  
to be seen. The nicely illustrates the overlapping nature of 
ERG components arising from different stages of retinal 
processing.

Dark-adapted b-wave (PII)
It is well accepted that the dark-adapted b-wave arises pri-
marily from ON bipolar cells. Results of intraretinal record-
ing and CSD analyses were consistent with its originating 
from bipolar (or Müller cells),10,11,66 and as described above, 
pharmacologic blockade of postreceptoral responses and 
specifically those of ON bipolar cells was found to eliminate 
the b-wave,53 as did mutations that prevent signaling by ON 
bipolar cells (Fig. 24.6).57,59

There also is good evidence that for most of its dynamic 
range, the dark-adapted b-wave is generated by rod bipolar 

Timecourse of the rod photoreceptor response
The leading edge of the a-wave is the only portion of the 
photoreceptor response that normally is visible in the brief 
flash ERG. As shown for the Nob1 mouse in Figure 24.6, 
elimination of the major postreceptoral contributions to the 
dark-adapted ERG leaves the c-wave present in the record. 
For studying photoreceptor responses in isolation from all 
other ERG components, a paired flash technique was devel-
oped by Pepperberg80 and colleagues to derive, in vivo, the 
photoreceptor response. The derived photoreceptor responses 
for a macaque monkey are shown for three different stimu-
lus strengths, all of which saturated the b-wave in Figure 24.9 
(top). The time course of the derived response is similar to 
that of current recordings from individual rod outer seg-
ments in the monkey,70 although the derived response tends 
to reach its peak a little earlier in vivo in the ERG than in 
vitro. This approach has been used in studies in humans, 
macaques, and other animals, to study responses of rods and 

Figure 24.7 Modeling the leading edge of the dark-adapted a-wave. (A) and (B) Rod-isolated ERG of a normal human subject (A), and a retinitis 
pigmentosa (RP) patient (B) in response to flashes of increasing strengths near a-wave saturation. Responses are fit with the Hood & Birch75 adaptation of the 
Lamb & Pugh72 model, expressed in the following equation: 

R I t I S t td R t tmax d, exp( ) = − − ∗ ∗ −( ) ( )∗ >1 2 For

where response amplitude, R, is a function of flash strength, I, and the time, t, after the occurrence of brief (impulse) flash of light. S is the sensitivity that 
scales the stimulus strength, Rmax is the maximum amplitude, and td, a brief delay commonly between 2.4 to 4 ms. (C) and (D) Simple approach for estimating 
Amax, and tmax, indicators for model parameters, Rmax and S for the normal human subject (C) and RP patient. (D). (From Hood & Birch 2006,77 used with permission.)
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unlikely in mice because mice with genetically inactivated 
Kir4.1 channels in their retinas still produce b-waves.15

Figure 24.11B plots ERG amplitude, measured at a fixed 
time (110 ms) near the peak the b-wave (and pSTR) before 
and after GABA injection. After GABA injection, with the 
pSTR removed, the response rises in proportion to stimulus 
energy and then saturates in a manner that is adequately 
described by a simple hyperbolic function (see Fig. 24.10 
legend). These findings are consistent with a single mecha-
nism, i.e. one retinal cell type, producing the isolated PII 
component of the ERG.83,86

Although bipolar cells play a major role in generating 
b-waves, Müller cells also contribute. The PII component, 
pharmacologically isolated from macaque ERG (Fig. 24.11B), 
is similar in its rising phase to PII of the other species illus-
trated in Figure 24.11A However PII in macaque (and cat) 
recovers more slowly to baseline. Macaque PII in Figure 
24.11B has been analyzed into a fast component, and a slow 
component that is a low-pass filtered version of the fast 
component. In cat, intravitreal injection of Ba2+ to block 
inward rectifying K+ channels in Müller cells did not elimi-
nate the b-wave,25,87 but did remove a slow portion of iso-
lated PII that is similar in timecourse to a low pass filtered 
version of the response.38 Although the slow component (in 
response to a brief flash) is lower in amplitude than the fast 
component, the area under the two curves is similar in both 
cat and the macaque. With longer-duration stimuli such as 
those used in early studies in amphibians,88 contributions of 
neuronal and glial generators of the b-wave could be equal.

Scotopic threshold response (STR)
As illustrated in Figures 24.5 and 24.10, for very weak flashes 
from darkness, near psychophysical threshold in humans,27,89 

cells in the primary rod circuit. Only for very strong  
stimuli, will rod signals pass via gap junctions to cones and 
then to cone bipolar cells, which also will then contribute 
to the dark-adapted flash response.41,44,81,82 For the dark-
adapted, scotopic ERGs it has been possible to isolate  
Granit’s PII from other ERG components and to compare  
its characteristics with those of rod bipolar cells recorded  
in retinal slices. One approach is to pharmacologically 
isolate PII.

Figure 24.10A shows the dark-adapted ERG of a C57BL/6 
mouse before and after intravitreal injection of the inhibi-
tory neurotransmitter γ-aminobutyric acid (GABA) to sup-
press inner retinal activity. GABA receptors are present in 
bipolar cell terminals, as well as in amacrine and ganglion 
cells of inner retina, as described in Chapter 23. The figure 
shows that the most sensitive positive and negative going 
waves (p- and n-STR) were removed by GABA,26,83 leaving 
a pharmacologically isolated PII, likely generated by rod 
bipolar cells. Loss of the sensitive STRs was not due to a 
general loss of retinal sensitivity; a-wave amplitude and 
kinetics, reflecting photoreceptor function, did not change 
after GABA injection (Fig. 24.10C).

Figure 24.11B shows PII, isolated by intravitreal GABA 
from ERGs of four C57BL/6 mice in response to stimuli 
producing about 1 Rh* per rod. Also included in Figure 
24.11A is PII isolated in humans using a weak adapting light 
to suppress the very sensitive STRs.84 Isolated PII has been 
superimposed on an average of several patch electrode 
current recordings from rod bipolar cells in a mouse retinal 
slice preparation, in response to similarly weak stimuli.85 
The timecourse of PII isolated from the ERG and of single 
cell currents is remarkably similar, supporting the view that 
isolated PII reflects rod bipolar cell activity. A primary role 
for an alternative generator for PII, the Müller cells, is 

Figure 24.8 Mixed rod–cone dark-adapted ERG of 
macaque monkey showing separate components. (A) ERG 
responses of a macaque to a brief blue LED flash of 188 sc td.s 
(57 ph td.s,) and (B) to a xenon-white flash of 59,000 sc td.s 
(34,000 ph td.s). In both plots, the largest response, (red circles) is 
the mixed rod-cone a-wave; the red dashed line shows the 
modeled mixed rod/cone response. The second largest response 
is the (isolated) rod-driven response (filled blue squares and 
circles), and the dashed blue line is the modeled rod 
photoreceptor contribution. The second to smallest response 
(filled triangles) is the isolated cone-driven response, and the 
dashed green line shows the modeled response (including 
postreceptoral portion). The smallest response (purple line) is the 
modeled cone photoreceptor contribution, based on findings 
after intravitreal injection of cis-piperidine-2,3-dicarboxylic acid 
(PDA, 5 mM intravitreal concentration, assuming a vitreal volume 
of 2.1 ml in macaque eye in this and subsequent figures). The 
stimulus for part A (for 8.5 mm pupil) was 1 ph cd.s.m–2, i.e. 
about 3 times weaker (for cones) than the ISCEV standard flash 
of 3 cd.s.m–2 whereas for part B it was 200 times stronger than 
the standard flash. (From Robson et al 2003,55 used with permission.)
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characteristic manner, as has been demonstrated in single cell 
recordings in mammalian retinas70,92 as well as for a- and 
b-waves in numerous other studies. To isolate PII at higher 
stimulus strengths when the photoreceptor contribution to 
the ERG is significant (see Fig. 24.9), the PIII (photoreceptor) 
component must be removed, A model line for PIII is shown 
in Figure 24.10B and D for the higher stimulus strengths.26

The neuronal origins of the nSTR and pSTR are species-
dependent. In macaques, the nSTR may originate predomi-
nantly from ganglion cells; it was eliminated in severe 
experimental glaucoma with selective ganglion cell death, 
whereas the pSTR remained.43 In contrast, in rodents the 
pSTR requires the healthy function of ganglion cells. The 
pSTR was eliminated in mice and rats by removing ganglion 
cells (optic nerve crush (ONC) or transection and subse-
quent degeneration) and in mice in which ganglion cells 
were deleted genetically, whereas the nSTR was only partially 
removed in rat, and of normal amplitude in mice.22,93–95 In 
cat (and human) the nSTR also survives ganglion cell loss,96 
and in cat, it has been demonstrated that nSTR generation 
involves K+ currents in Müller cells.24

Mice lacking connexin 36 gap junction proteins (Cx36) 
provide additional insights to the neuronal origins of the 
STR. Cx36 is expressed in the electrical synapses (gap junc-
tions) between AII amacrine cells, AII amacrine cells and ON 
cone bipolar cells as well as between the rod and cone ter-
minals.82,97 In the scotopic ERG of mice with Cx36 geneti-
cally deleted, pSTR remains, whereas the nSTR is absent.44 
Because Cx36 is essential for transmission of ON pathway 
signals to ganglion cells in the primary rod pathway,82 pres-
ervation of the pSTR in Cx36(−/−) mice suggests that the 
pSTR, shown to be ganglion cell related in rodents, must 
depend upon activity of OFF, rather than ON ganglion cells. 
The nSTR, in contrast, depends on the syncytium of AII 
amacrine cells and their electrical synapses with ON cone 
bipolar cells, no longer functional in Cx36-deficient mice. 
Figure 24.11A includes an example of PII isolated from the 
scotopic ERG of a Cx36(−/−) mouse (already lacking the 
nSTR) but also lacking the pSTR, due to a ganglion cell lesion 
subsequent to ONC. This isolated PII is very similar to PII 
isolated pharmacologically or by light adaptation, as well as 
to the rod bipolar cell recordings from the retinal slice.

Because of their specific inner retinal origins, the n- and 
pSTRs are of particular interest in animal models of diseases 
that affect the inner retina, such as glaucoma. They provide 
non-invasive readouts of pathologic changes in function, 
and can be used to document effects of neuroprotective 
agents.22,43,98

Light-adapted, cone-driven ERGs

Isolating cone-driven responses
To study the cone-driven (photopic) flash ERG, rods must 
be suppressed, or unable to respond due to characteristics  
of the stimuli selected. Typically for recording photopic 
ERGs, rods are rendered unresponsive by imposing a steady 
background light sufficient to saturate their responses  
(i.e. >25 cd.m–2). Another approach is to briefly saturate 
rod responses, and to wait for cones to recover. Cones 
recover more quickly than rods: in primates, in about 300 ms 

the nSTR and pSTR dominate the ERG of most mammals 
studied. The nSTR was shown in intraretinal analyses in cat 
to be generated more proximally in the retina than PII.27 In 
non-invasive recordings, the p and nSTR can be suppressed 
and thus separated from PII, using a weak adapting back-
ground, inhibitory neurotransmitters (GABA, as illustrated 
in Figs 24.10 and 24.11, or glycine).90 Blockade of inon-
tropic glutamate receptor antagonists (see legend to Fig. 
24.11), or use of an agonist for N-methyl-D-aspartate 
(NMDA) receptors present on inner retinal neurons, also 
remove the STRs.86,91 The effects of GABA on the pSTR in 
mouse (measured at 110 ms after the flash), and the nSTR 
(measured at 200 ms) are shown in Figure 24.10B and D 
respectively. In both cases, after GABA injection the remain-
ing responses can be modeled as the PII component alone.

The plots in Figure 24.10B and D include a linear model 
of the dark-adapted ERG that takes into account contribu-
tions not only from PII, but also from the pSTR, nSTR (and 
PIII) components of the mouse ERG. These components add 
together to form the ERG response (blue solid line) at a par-
ticular time after the stimulus flash. The model assumes that 
each ERG component (dashed and red lines) initially rises  
in proportion to stimulus strength, and then saturates in a 

Figure 24.9 Derived rod photoreceptor response from the dark-
adapted ERG of a macaque monkey. Top: ERG responses of a macaque 
are shown to three test stimuli (0.28, 1.24, and 6.86 sc td.s). The 
photoreceptor response was derived using the paired flash technique of 
Pepperberg et al:80 a rod saturating probe flash followed a test flash at fixed 
intervals after its onset, and the residual response to the probe was 
subtracted from the probe alone response to derive the rod receptor 
response at each time point (data points). Bottom: ERG response to a 
stimulus of 2.6 log sc td.s for which the rod photoreceptor response was 
saturated. Model lines in this and the upper plot were generated using 
equations modified from Robson et al.55
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spectral sensitivity of their medium wave-length M-cones 
peaks near 515 and 510 nm respectively99,100 and overlaps 
with that of rods, which peaks around 500 nm. Scotopic 
stimulus calibrations are thus adequate, and more appropri-
ate than photopic calibrations (based on human spectral 
sensitivity) for the rodent M-cone responses. However, for 
any subject, spectral separation of responses of individual 
cone types is possible using ERG flicker photometry.101 In 

as described above for results in Figure 24.8.55 In mice and 
rats, the recovery time of cone signals is longer, about a 
second.93,99

Rod and cone signals also can be separated by selection 
of appropriate stimulus wavelength. In trichromatic pri-
mates, L-cones can be isolated using red light, at wavelengths 
greater than 630 nm, and excluding wavelengths much 
lower. However mice and rats do not have L-cones, and the 

Figure 24.10 Dark-adapted mouse ERG before and after intravitreal injection of GABA: analysis of ERG components. (A) ERG of a C57BL/6 
mouse in response to brief flashes of increasing stimulus strength recorded before and after intravitreal injection of GABA (30 mM intravitreal concentration 
assuming for this and subsequent panels, a 20 µl vitreal volume in mouse). (B) ERGs of three mice measured at 110 ms (mean ± SEM) after a brief flash, at 
the peak of the pSTR and b-wave. The modeled full ERG (blue line) includes four components: PII, pSTR, nSTR and PIII. All components are assumed to 
increase in proportion to stimulus strength before saturating. Explicitly, the exponential saturation of the pSTR, nSTR and PIII is defined by: 

V V I Io= − −( )(max exp1

where Vmax is the maximum saturated amplitude, and Io, the stimulus strength for an amplitude of (1 − 1/e)Vmax.
The hyperbolic relation used for PII is described by the function: 

V V I I Io= +( )max

where Vmax has the same meaning as for the exponential function but Io is the stimulus strength at which the amplitude is Vmax/2.26

(C) ERGs measured at 6 ms after a brief flash, to measure a-wave amplitude on its leading edge. (D) ERGs measured at 200 ms to measure nSTR amplitude. 
Model lines for the full response and for component parts are as described for panel B.
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rods and cones, i.e. rodless, coneless mice,106 can be used to 
study function of a more recently identified photoreceptor 
pigment, melanopsin, found in a small population of retinal 
ganglion cells. Contributions to ERGs from melanopsin-
driven responses are thought to be minimal.107

Figure 24.12 shows photopic ERG responses to brief stim-
ulus flashes on a rod-saturating background for human, 
macaque monkey, and mouse. As shown above for the dark-
adapted ERG, the responses to brief flashes are similar in 
man and macaque. In mice, however, the b-wave rises more 
slowly to its peak, does not return to baseline as early, and 
OPs are more prominent. Very strong stimuli produce more 
prolongation of responses in mice, and produce larger OPs 
(inset on the right of Fig. 24.12) than in primates. For 
macaques, a second peak after the b-wave, probably an  
OFF pathway response (i-wave),108 emerges, and in some 
cases (not shown) more of the response is below the  
baseline level.

Light-adapted a-wave
The a-waves in the photopic ERG are smaller than those in 
the scotopic ERG, reflecting the large difference in retinal 
densities of cones vs rods. In human and macaque about 5 
percent of the photoreceptors are cones, and only up to 3 
percent in mice, and fewer in rats are cones. In addition, use 
of glutamate analogs has shown that much of cone-driven 
a-wave is postreceptoral in origin. Results of using glutamate 
analogs in macaques109,110 are illustrated in Figure 24.13. 
The a-wave was reduced in amplitude by the ionotropic 
glutamate receptor antagonists PDA (cis-2,3-piperidine-
dicarboxylic acid) (and kynurenic acid, KYN, not shown) 
that block kainate and AMPA receptors of OFF bipolar and 
horizontal cells as well as cells of inner retina. In contrast, 
APB, which eliminates the b-wave, did not reduce the ampli-
tude of the leading edge of the a-wave. Figure 24.13 also 
shows that PDA had a similar effect to that of aspartate, used 
to block all glutamatergic transmission, or to cobalt (Co2+), 
used to block voltage-gated Ca2+ channels that are essential 
for vesicular release of the neurotransmitter glutamate, for 
signal transmission to postreceptoral neurons.

PDA-sensitive postreceptoral neurons, rather than cones, 
or APB-sensitive ON bipolar cells (and more proximal cells 
receiving ON signals), were found to generate the leading 
edge of the a-wave for the first 1.5 log units of increasing 
flash strength that elicited a cone-driven a-wave in macaque, 
reaching an amplitude of 10–15 µV in experiments of the 
studies illustrated in Figure 24.13.109 Postreceptoral cells 
continued to contribute 25–50 percent of the leading edge 
of the a-wave for higher stimulus strengths when cone pho-
toreceptor contributions also were present. The relative sizes 
of the postreceptor and receptor-driven portions of the pho-
topic a-wave were modeled in Figure 24.8 for cone-isolated 
responses in the macaque dark-adapted ERG-based results 
after PDA. Responses up to ~5 ms after the flash in Figure 
24.8 were cone photoreceptor responses, as indicated by the 
blue model line.55

Experiments in mouse to investigate the origins of the 
photopic a-wave yielded similar results to those in 
macaque. PDA-sensitive responses dominated the leading 
edge of the a-wave for the initial 1.5 log units, and at least 
half of the response to stronger stimuli. Photoreceptor 

mice and rats such studies have isolated short-wavelength 
UV (S-) cones that peak around 358 or 359 nm.100,102

Separation of rod and cone signals in mice can also be 
achieved using genetically manipulated models in which 
either rods or cones have been inactivated. Examples of such 
models include: Rho(−/−) (rod opsin knockout) mice which 
have cone function only, but also eventual cone degenera-
tion103, Tra(−/−) (transducin α knockout) with cone function 
only104, Cnga3(−/−) (cone cyclic nucleotide channel defi-
cient) mice4 or GNAT 2cpfl3 (GT protein) mutant mice with 
rod function only.105 Mice with inactivated or degenerated 

Figure 24.11 Rod bipolar cell component, PII, of the dark-
adapted ERG of a human subject, macaque monkey and mouse. 
(A) Comparison of rod bipolar cell current from patch recordings in mouse 
retinal slice (Field & Rieke, 2002) with isolated PII (by weak light adaptation) 
from humans, isolated PII from ERGs of six C57BL/6 mice by intravitreal 
injection of GABA (32–46 mM) and from a Cx36(−/−) mouse lacking 
ganglion cells. (From Cameron et al 2006,84 which was modified from Robson et al 

2004;83 used with permission.) (B) PII of macaque, isolated by pharmacologic 
blockade [6,7-dinitroquinoxaline-2,3-dione (DNQX), 0.1 mM; N-methyl-D-
aspartic acid (NMDA, 3 mM)] of inner retinal responses. PII has been 
analyzed into a fast component, proposed to be a direct reflection of the 
post-synaptic current, and a slow component that is a low-pass filtered 
version of the faster component, believed to be the Müller-cell contribution. 
(From Robson & Frishman 1998,16 and unpublished observations.)
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push–pull effect109,110), or by inhibitory feedback via cones 
from horizontal cells.110,112 Only an isolated photoreceptor 
response of slow onset, but more rapid offset, remained after 
all postreceptoral activity was eliminated, either by APB fol-
lowed by PDA, or PDA followed by APB.

The outcome in mouse of parallel experiment to that in 
Figure 24.14A to determine origins of the photopic b-wave 
is shown in Figure 24.16B. The figure shows that the control 
response to a 200 ms stimulus in a C57BL/6 mouse is dif-
ferent from that in primates, and in fact, the b-wave looks 
similar to the response in macaque after PDA. APB removed 
the b-wave in the mouse, but did not reveal a d-wave, only 
a tiny positive intrusion was present.113,114 Similar results 
have been observed in rat.115 PDA injection in mouse pro-
duced only a small increase in b-wave amplitude; but it 
removed OPs, and the small positive intrusion. APB com-
bined with PDA left a negative ERG of slower onset than in 
the normal ERG due to removal of the leading edge of the 
a-wave. The slow recovery of the isolated photoreceptor-
related response, compared to that of the macaque, was due 
to the presence, in mouse, of slow PIII in the ERG.116

Recent studies in mice and rats found that TTX signifi-
cantly reduced the amplitude of the light-adapted b-wave.93,116 
This finding is consistent with presence of TTX-sensitive 
voltage-gated sodium channels in cone bipolar cells (in 
rats).117 In macaques, in contrast, the light-adapted b-wave 
amplitude increased, rather than decreased after TTX, prob-
ably due to removal of the negative-going photopic negative 
response (PhNR) which originates from spiking neurons in 
inner retina.28,108,112

signals were present in response to strong flashes up to 8 ms 
after the flash. A significant portion of the a-wave also was 
removed by NMDA, which suppresses responses of inner 
retinal neurons, indicating contributions to the leading edge 
of the a-wave from more proximal neurons in the OFF 
pathway (unpublished observations, Maeda, Kaneko, and 
Frishman).

Light-adapted b-wave
Intraretinal recording studies described above for studying 
origins of the dark-adapted ERG, indicated a bipolar cell 
origin for light-adapted b-waves, but ON cone bipolar cells, 
rather than rod bipolar cells were implicated.46,111 Origins of 
the photopic b-wave also were studied in the same series of 
experiments in macaques as those illustrated in Figure 24.13. 
Figure 24.14A, top right, shows the macaque photopic ERG 
response to long-duration flashes, before and after intravit-
real injection of APB (eye 1, left).110 APB removed the tran-
sient b-wave, supporting a role for ON bipolar cells in 
generating the response (although the possibility of glial 
mediation was not eliminated in these studies). In contrast, 
when PDA was injected first (Eye 2, right), to remove OFF 
pathway and inner retinal influences (and horizontal cell 
inhibitory feedback), the b-wave was larger in amplitude 
and the maximum amplitude was sustained for the duration 
of the stimulus. These findings indicate that cone-driven 
b-waves in primates are normally transient because they are 
truncated by (PDA-sensitive) OFF pathway contribution of 
opposite polarity to the ON bipolar cell contribution (a 

Figure 24.12 Light-adapted full-field ERG of a 
human subject, macaque monkey and mouse. 
ERGs measured in response to brief (<5 ms) white LED 
flashes for primates, green for mouse, except for insets 
for the macaque and mouse showing responses from 
different subjects to white xenon- flashes. Steady 
background was 100 sc cd.m–2 for primates, 
63 sc cd.m–2 for mice. (Unpublished observations.)
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slower offset of cone photoreceptor responses in rodents 
may explain, in part, the lack of d-waves for stimuli that elicit 
them in primates. The lack of d-waves in rodents is not due 
to differences in relative numbers of ON and OFF cone 
bipolar cells in rodents and primates, the proportions are 
similar.120

Light-adapted d-wave
The d-wave is a positive-going wave at light offset that is a 
characteristic of the photopic ERG. The d-wave is prominent 
in all-cone retinas, but also can be seen in the photopic ERG 
of the mixed rod–cone retina of man and macaque monkey 
for stimulus durations of 150 or 200 ms, as shown in Figures 
24.2A and 24.14A. As described above, the mouse (and rat) 
photopic ERG does not include a d-wave in response to 
offset of light flashes of only a few hundred ms in 
duration.114–116

Intraretinal analysis in monkey retina initially indicated 
that d-waves represent a combination of a rapid positive-
going offset of cone receptors followed by the negative- 
going offset of the b-wave.66,67,118 However intravitreal 
injection of glutamate analogs in macaques revealed a prom-
inent role, at light offset, for OFF cone bipolar cells as well, 
in generating d-waves (see Fig. 24.14).110,119 The relatively 

Figure 24.13 Postreceptoral contributions to the a-wave of the 
macaque monkey ERG. Comparison of effects of intravitreally injected 
L-2-amino-4-phosphonobutyric acid (APB, 1mM) and APB+PDA (5 mM) with 
effects of aspartate (ASP, 0.05 M) and cobalt (Co2+, 1 mM); on photopic 
a-waves of three different eyes of two macaques. The inset at the top shows 
the control response of eye #1 to the 200 ms stimulus of 3.76 log td 
(100 cd.m–2) on a steady background of 3.3 log td (35.5 cd.m–2). The a-waves 
are shown below on an expanded time scale. For the stimulus used, the 
a-wave leading edge (10 µV) was mostly postreceptoral in origin.
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Figure 24.14 Effects of APB and PDA on the light-adapted ERG of 
macaque monkey and mouse. (A) Macaque: Intravitreal injections were 
given in two different eyes sequentially: APB followed by PDA for eye 1, and 
PDA followed by APB for eye 2. The vertical line shows the time of the 
a-wave trough in the control response. The 200 ms stimulus and drug 
concentrations were the same as reported for Fig. 24.15. (From Bush & Sieving 

1994,109 used with permission from Association for Research in Vision and 

Ophthalmology.) (B) Mouse: Control ERG and response after intravitreal 
injection of APB (1 mM) and PDA (0.5 mM)+ APB in a C57BL/6 mouse. The 
200 ms stimulus was 4.6 log sc td (3.9 log cd.m–2) on a steady background 
of 2.6 log sc td (63 cd.m–2). (From Shirato & Frishman, unpublished.)
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The interactions of ON and OFF pathways in flicker ERGs 
have been examined in macaque over a wide range of tem-
poral frequencies.123 The typical temporal frequency response 
function of the photopic ERG of the macaque, illustrated in 
Figure 24.15A, is similar to that seen in humans.124 Response 
amplitude dips at frequencies around 10–12 Hz before 
rising to a maximum amplitude around 50 Hz. Injections of 
APB and PDA revealed that the dip is due to cancellation of 
contributions to the response at different phases from ON 
and OFF pathways. Other experiments demonstrated small 
more proximal retinal contributions to the flicker responses, 
at the fundamental frequency of stimulation, and prominent 
TTX-sensitive contributions to the second harmonic compo-
nent of the response that peaked around 8 Hz.122

Flicker ERG
The fast flicker ERG (nominally 30 Hz flicker) is used to  
assess the health of cone-driven responses in humans because 
rod-driven responses do not respond to such fast flicker, 
resolving up to about 20 Hz. It is a particularly valuable test 
for monitoring residual cone function in degenerative dis-
eases, such as retinitis pigmentosa. Studies using APB and 
PDA in macaques have shown that most of the fast flicker 
response (e.g. Fig. 24.1) is generated by postreceptoral cells in 
ON and OFF pathways.121,122 Intravitreal injection of APB, to 
block the b-wave, left a delayed peak that was practically 
eliminated by addition of PDA to block OFF pathway 
responses.

Figure 24.15 Amplitude and phase of the temporal frequency response of the light-adapted ERG in macaque monkey and mouse. 
(A) Flicker ERG response of three macaques (mean ± SEM) to sinusoidal stimulation before and after pharmacological separation of ON and OFF pathway 
components of the fundamental response. Flicker mean luminance was 457 cd.m–2; 80 percent contrast, on a 40 cd.m–2 white background. Blue circles: 
control; red circles: after APB (1mM); green circles: after APB + PDA, 5mM). (From Kondo 2001,123 used with permission.) (B) Flicker ERG responses of three C57BL/6 
mice (mean ± SEM) and three Nob1 mice to sinusoidal stimulation. Mean luminance was 63 cd.m–2, 100 percent contrast. Blue circles: fundamental response 
of control; red circles: Nob1 mice; triangles: Nob1 mice after intravitreal injection of PDA (5.2–6.2 mM). (From Shirato et al 2008,113 used with permission from 

Association for Research in Vision and Ophthalmology.)
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cells to amacrine and ganglion cells. Consistent with this, 
PDA removed OPs from the mouse light-adapted ERG illus-
trated in Figure 24.16B. GABAergic involvement is limited 
to specific receptor types; genetic deletion of GABAC recep-
tors in mice enhanced amplitudes of the OPs,129 whereas 
blockade of GABAA receptors removed OPs in C57BL/6 mice 
(unpublished observations).

Although the observations described above indicate 
involvement of amacrine or retinal ganglion cells in generat-
ing OPs, the role of ganglion cells has been controversial. 
Loss of OPs after ganglion cell death has not been observed 
consistently across species, making amacrine cells more 
likely generators. Reductions in OPs have been reported in 
conditions such as diabetic retinopathy that compromise 
inner retinal circulation, but not ganglion cell function  
selectively. However, in Ogden’s studies in macaques, optic 
nerve section and subsequent ganglion cell degeneration 
lead to disappearance of the OPs.130 Further, in the macaque 
photopic “flash” ERG studies of macular regions (using a 
multifocal stimulus), both severe experimental glaucoma 
and TTX removed a high-frequency band of OPs (centered 
at 143 Hz), while a lower-frequency band (at 77 Hz) 
remained intact.128,131 In contrast, OPs were still present in 
full-field dark-adapted ERGs.43

The mechanisms for generating OPs are likely to involve 
both intrinsic membrane properties of cells and neuronal 
interactions/feedback circuits. Oscillatory activity has been 
observed most frequently in amacrine cells (ACs). For 
example, GABAergic wide-field ACs (WFAC) isolated from 
white bass retina generated high-frequency (>100 Hz) oscil-
latory membrane potentials (OMPs) in response to extrinsic 
depolarization.132 These OMPs were shown to arise from “a 
complex interplay between voltage-dependent Ca2+ currents 
and voltage- and Ca2+-dependent K+ currents”.132

A feedback mechanism is consistent with effects on OPs 
of GABA and glycine, both of which participate widely in 
feedback circuits in inner retina, e.g. between amacrine cells 
and bipolar cells or other amacrine cells (see Chapter 23). 
A feedback model has been proposed to account for high-
frequency oscillatory (or “rhythmic”) activity seen in some 
mammalian ganglion cell recordings from whole retina that 
involves electrical synapses, indicated by tracer coupling pat-
terns, as well as inhibitory feedback circuits between ama-
crine and ganglion cells.133

OPs are more prominent in mice than in primates or rats. 
Peak temporal frequencies of OPs, in dark-adapted C57BL/6J 
mice range from 100 to 120 Hz or higher, as in humans, 
whereas they are about 70–85 Hz in light-adapted mice.134 
In rats where OPs are much smaller overall, two frequency 
bands of OPs have been reported for dark-adapted ERG, one 
peaking around 70 Hz and the other, more like other species, 
around 120–130 Hz. In the light-adapted ERG, only the 
lower-frequency band is present, similar to the findings in 
mice.135 In mice and rats, OPs under dark- and light-adapted 
conditions are present at frequencies lower than common in 
primates, i.e. down to 50 Hz, and in mice small OPs can 
occur at frequencies as low as 30–40 Hz.134

Photopic negative response
A slow negative wave after the b-wave, called the photopic 
negative response (PhNR) can be seen in the light-adapted 

Flicker ERGs in mice differ from those in primates in 
several ways. The frequency response for the primary rod 
pathway in mice extends up to 30 Hz and secondary rod 
pathway responses up to 50 Hz.81 These ranges overlap sub-
stantially with the range for cone pathway responses shown 
in Figure 24.15B for a control C57BL/6 mouse.81,113,124 The 
overlap of rod- and cone-driven frequency responses means 
that flicker cannot easily be used in rodents to selectively 
stimulate cone-driven responses. The lower photopic fre-
quency response of mice relative to primates is due at least 
in part to the slower recovery of cone photoreceptors in 
mice.113 Figure 24.17B also shows the frequency response of 
Nob1 mice that lack ON pathway responses. The low ampli-
tude of responses in Nob1 mice indicates that OFF pathway 
contributions to the light-adapted frequency response are 
smaller in mice than in primates. The figure also shows that 
ON and OFF pathway responses do not interact to cancel 
responses at midrange frequencies in mice. Similar to 
macaques, however, the photoreceptors, whose contribution 
was isolated by injection of PDA, contributed only a small 
signal.113 Second harmonic responses in C57BL/6 mice, that 
peak around 17 Hz, were found to be greatly reduced either 
by loss of ON pathway responses,113 or injection of TTX.

Oscillatory potentials
Oscillatory potentials (OPs) in flash ERG responses to strong 
stimuli consist of a series of high-frequency, low-amplitude 
wavelets superimposed on the b-wave. OPs are present under 
dark- and light-adapted conditions. The mixed rod–cone 
flash ERG of a human (Fig. 24.1 top): includes at least four 
OPs that can be extracted by filtering the response to remove 
frequencies lower than ~75 Hz signals. The number of wave-
lets varies between four and ten depending upon stimulus 
conditions; the temporal characteristics of OPs vary as well. 
As an example, a recent study described dark-adapted OPs in 
humans as ranging in frequency from 100 Hz or less to more 
than 200 Hz, with a peak around 150 Hz for moderate stim-
ulus strengths, but closer to 100 Hz for the strongest stimuli.125 
Light-adapted OPs also can include a high-frequency band 
peaking around 150 Hz, but have a lower-frequency band 
peaking that peaks around 75 Hz and extends to frequencies 
of about 50 Hz, below the low-frequency cutoff (75 Hz) for 
isolating OPs recommended by ISCEV.

There is consensus, from experiments in amphibians and 
mammals, that OPs are generated by inner retinal neurons,30 
making them useful for evaluating inner retinal function. 
However the discrete origins of different OPs, numbered in 
order from the first to occur, and mechanisms of their gen-
eration, are not well understood. Intraretinal studies using 
stimuli that elicited responses from both rod and cone 
systems in macaques localized OPs, as a group, to inner 
retina.31 For a brief light flash, the major OPs in the photopic 
ERG were found to be APB-sensitive, indicating an origin in 
the ON pathway, but later OPs in the brief flash response, 
and at light offset for longer duration stimuli were found to 
originate from OFF pathway.126,127 TTX reduced amplitudes 
of later OPs more than early ones in rabbits, but this finding 
has not been consistent across species.127,128 Inhibitory neu-
rotransmitters glycine and GABA suppress OPs in monkeys 
and other mammals, as do iontotropic glutamate receptor 
antagonists that block transmission of signals from bipolar 
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from amacrine cells. It is reduced in amplitude by TTX, PDA 
blockade of block transmission to inner retina in rats and 
mice, NMDA to suppress inner retinal activity,137 but not by 
loss of ganglion cells in mice, as shown in the inset to  Fig. 
24.17,116 or rat.93 Glial involvement in generation of the 
PhNR in rodents is likely. In Royal College of Surgeons rats, 
a large photopic ERG negative response develops in the 
degenerating retina,137 due at least in part to increased 
density of Kir4.1 channels in Müller cell endfeet. These chan-
nels are critical for producing glial currents that contribute 
to the ERG.14,15

Pattern ERG
A common technique for assessing ganglion cell function  
is to record a pattern ERG (PERG). The stimulus is usually  
a contrast-reversing checkerboard or grating pattern for 
which changes in local luminance occur with each reversal, 
but the mean luminance remains constant. This causes  
the linear signals that produce a- and b-waves to cancel, 
leaving only the non-linear signals in the ERG. Non-linear 
signals that compose the PERG are known to depend upon 

ERG, more prominently in primates than in mice and rats. 
In humans and monkeys the PhNR is thought to reflect 
spiking activity of retinal ganglion cells.28,29,122 As shown in 
Figure 24.16, the PhNR is reduced in macaque eyes with 
experimental glaucoma (or after TTX injection),28 and in 
humans with primary open angle glaucoma (POAG).29 It 
also is reduced in several other disorders affecting the optic 
nerve head and inner retina. The slow timecourse of the 
PhNR suggests glial involvement, perhaps via K+ currents in 
astrocytes in the optic nerve head set up by increased [K+]o 
due to spiking of ganglion cells. PhNRs can be evoked using 
white flashes on a white background, if the flash is very 
bright. However a red LED flash on a blue background, as 
was used for responses in Figure 24.16, elicits PhNRs over a 
wider range of stimulus strengths. The red flash may mini-
mize spectral opponency that would reduce ganglion cell 
responses, and use of a blue background suppresses rods 
while minimizing light adaptation of L-cone signals.112 The 
PhNR can be exaggerated relative to other major ERG com-
ponents using slowed focal stimuli confined to the macula.136

In rodents, with relatively fewer ganglion cells than in 
primates, the PhNR is small, and probably originates mainly 

Figure 24.16 Photopic negative response (PhNR) in macaque 
monkey and human in normal and glaucomatous eyes. 
(A) Full-field flash ERG showing the PhNR of a macaque in response to 
long (top) and brief (middle) red LED flashes on a rod saturating blue 
background (3.7 log sc td) from the control (left) and “experimental” 
(middle) fellow eye with laser-induced glaucoma, and the difference 
between control and experimental records (right). Arrows mark the 
amplitude of the PhNR. (Adapted from Viswanathan et al 1999,28 used with 

permission from Association for Research in Vision and Ophthalmology.) 
(B) Full-field flash ERGs of an age-matched 63-year-old normal human 
subject and a patient with POAG under similar stimulus conditions to 
those used above for monkeys. (Adapted from Viswanathan et al 2001,29 

used with permission from Association for Research in Vision and 

Ophthalmology.)
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Multifocal ERG

The multifocal ERG (mfERG) provides a technique for 
simultaneously recording local ERG responses from many 
small retinal regions, typically 60 or 103, over 35–40 degrees 
of the visual field. Focal ERGs from individual regions are 
recorded in some clinics and labs,151 but sampling more 
than a couple of regions is time consuming. Figure 24.18A 
illustrates the stimulus and mfERG records from a normal 
human subject, The individual hexagons of the stimulus 
were reversed in contrast following a pseudorandom (m-) 
sequence which is shifted in time uniquely for each  
sector to enable extraction via correlation of individual 
responses.152,153 The reversal rate was locked to the frame 
rate of the visual stimulator, 75 Hz for CRTs, 60 Hz for  
LCD. Each hexagon had a 50 percent chance of reversing 
contrast on each frame change. The test is usually done 
under light-adapted conditions, for which the foveal response 
is large, allowing changes in function, such as occur in  
Stargardt’s disease, or other macular dystrophies to be  
easily seen. The scotopic mfERG, rarely attempted, was 
found to be more susceptible than light-adapted recordings, 
to effects of scattered light.154 Dark-adapted recordings in 
rodents required use of large focal regions,155 and although 
difficult, some light-adapted recordings in rodents have been 
possible.156

Studies using glutamate analogs have shown that despite 
different methods of generation and response timing of the 
mfERG, the cellular origins of the major positive and nega-
tive waves are essentially the same as the light-adapted flash 
ERG; see Figure 24.18B.157 This was the case for the standard 
fast mfERG, as well as when the stimulus presentation was 
slowed by interleaving blank frames between m-steps, to 
allow the full ERG to form.158

A small optic nerve head component from axons of retinal 
ganglion cells may also be observed in the mfERG, especially 
when stimuli are arranged to optimize the response.159,160 

the functional integrity of retinal ganglion cells. PERGs are 
eliminated, while a- and b-waves of the flash ERG are  
still present (e.g. see Fig. 24.17), following optic nerve 
section or crush that causes degeneration of ganglion cell 
axons and subsequently, their cell bodies in several 
mammals. Initial studies done in cat138, were extended to 
monkey139, rodents116,140–143 and a human with accidental 
nerve transection144

The PERG has been used widely in clinical studies assess-
ing ganglion cell function in eyes with glaucoma and other 
diseases that affect inner retina (see reviews by Holder145 and 
Bach and Hoffman).146 The PERG can be a sensitive test in 
early glaucoma when visual field deficits are minimal.146–148 
It shares this attribute with the PhNR which has similar 
retinal origins to the PERG in macaque.122

The PERG is also useful for study of rodent models of 
glaucoma. The DBA/2J mouse model of inherited glaucoma 
has normal ganglion cell numbers at 2 months of age, and 
progresses to massive retinal ganglion cell degeneration by 
12–14 months.149 This is reflected in the PERG which is of 
normal amplitude in young DBA/2J mice, whereas it is prac-
tically eliminated in older mice.143 Because the PERG is a 
non-invasive measure it can be used in these mice and other 
rodent models of glaucoma to track progression of ganglion 
cell loss as well as to document effects of therapies to slow 
progression and protect neurons.

PERGs can be recorded as transient responses to low 
reversal frequencies, 1–2 Hz, or as steady state responses to 
higher frequencies, e.g. 8 Hz. The transient PERG has promi-
nent early positive and later negative waves, named respec-
tively, P50 and N95 (see Fig. 24.17) in humans, denoting 
the timing of the peak and trough following each pattern 
reversal.91 Both waves reflect ganglion cell activity, although 
P50 may include some non-spiking input.150 The early posi-
tive (P1) and later negative (N2) component (Fig. 24.17) 
in the mouse transient PERG, different in exact timing, but 
have similar general appearance to P50 and N95 in 
primates.116,143

Figure 24.17 Transient pattern electroretinogram (PERG) of human, macaque monkey and mouse. (A) Representative transient PERG of a normal 
human subject, elicited with a contrast-reversing checkerboard pattern (0.8 deg checks), mean luminance >80 cd.m–2, modulated at 2 Hz, 100 percent 
contrast. Amplitude for normal humans ranges from 2 to 8 µV, according to the “ISCEV standard for clinical pattern Electroretinography 2007 update” from 
which the figure was adapted. (From Holder et al 2007,91 used with permission.) (B) Transient PERG of a macaque, elicited with a checkerboard (0.5 deg checks), 
mean luminance of 55 cd.m–2 modulated at 2 Hz, 84 percent contrast. (Unpublished, Luo & Frishman). (C) PERG of a C57BL/6 mouse before (blue line) and 40 
days after (red line) unilateral optic nerve crush (ONC) when ganglion cells had degenerated. The pattern was a 0.05 c/deg horizontal bar grating, mean 
luminance 45 sc cd.m–2, contrast-reversed at 1 Hz, 90 percent contrast. Inset shows brief flash ERGs for the same eye: 57 cd.s.m–2 flash on a 63 sc cd.m–2 
background before (black line) and 40 days after (red line) ONC. (From Miura et al 2009,116 used with permission.)
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The optic nerve head component is the likely generator of 
high-frequency oscillatory potentials in the slow sequence 
mfERG that are reduced in experimental glaucoma in 
macaques.128,131

Closing comments

The ERG provides a means for non-invasive evaluation of 
normal and abnormal retinal function in humans and in 
animal models. Its value as a test has increased as we have 
better understood the retinal circuits involved and mecha-
nisms of generation for each wave. Our current understand-
ing of the origins of the ERGs recording in standard testing, 
and in more specialized testing, as reviewed in this chapter, 
are summarized in Boxes 24.2 and 24.3 respectively.

Figure 24.18 Multifocal electroretinogram (mfERG) and its major 
components. (A) mfERG trace array (field view) using 103 hexagons scaled 
with eccentricity and covering about 35 deg of visual angle, as illustrated 
above the traces. (From Hood et al 2008,162 used with permission.) (B) Model for 
the retinal contributions to the human mfERG based on results from the 
macular region of a macaque after pharmacological separation of 
components. (From Hood et al 2002,157 used with permission from Association for 

Research in Vision and Ophthalmology.)
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Box 24.2 Retinal Cells Contributing to the Flash and 
Flicker ERG in Standard Clinical Testing

a-wave Photoreceptors
Dark-adapted a-wave: rods
Light-adapted: cones
Late postreceptoral contributions 

from OFF cone (hyperpolarizing: 
HCB) bipolar cells and more 
proximal cells in the OFF pathway

b-wave Bipolar cells
Dark-adapted b-wave, rod bipolar 

cells (RBC)
Light-adapted b-wave, ON cone 

(depolarizing: DCB), OFF cone 
bipolar cells, and horizontal (Hz) 
cell feedback via the cones

d-wave Bipolar cells
Mainly a light-adapted response: 

OFF cone bipolar cells, offset of 
cone photoreceptors, and offset 
of ON cone bipolar cells

The d-wave is not present in mice 
and rats

Oscillatory 
potentials (OPs)

Amacrine and ganglion cells, bipolar 
cell terminals?

‘30 Hz’ fast flicker Bipolar cells
ON and OFF cone bipolar cells, and 

a small cone photoreceptor 
contribution

Box 24.3 Retinal Cells Contributing to the ERG in 
Specialized Testing

Scotopic threshold 
response

Inner retinal neurons

pSTR Amacrine cells (monkey)
Retinal ganglion cells (rodents)

nSTR Retinal ganglion cells (monkey)
Partially retinal ganglion cells (rats, 

human?)
Amacrine cells (AII) (mice)
Partially amacrine cells (rats, human)
Glial currents

Photopic negative 
response (PhNR)

Retinal ganglion cells (human, 
monkey)

Amacrine cells (rodents)
Glial currents

Pattern ERG (PERG) Retinal ganglion cells (human, 
monkey, rodent)

Glial currents (transient PERG:  
N95, N2?)

Multifocal ERG Initial negative and positive waves 
have similar origins to a- and 
b-waves in photopic ERG 
(monkey, and presumably human)
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C H A P T E R 25 

Regulation of Light  
through the Pupil

Randy Kardon

The pupillary opening appears to occupy a central location, 
but if carefully measured, it is actually situated slightly infe-
rior and nasal to the center of the cornea. Thus, the pupil 
center may not correspond exactly to the optical axis defined 
by a target viewed in the distance and the fovea. The major 
functions of the pupil are outlined in Figure 25.1 and are 
summarized as follows.

First, pupil movement in response to changing light 
intensity aids in optimizing retinal illumination to maxi-
mize visual perception. In dim light, dilation of the pupil 
provides an immediate means for maximizing the number 
of photons reaching the retina, which in turn supplements 
the slower dark adaptive mechanisms involving retinal gain 
control at the photoreceptor and bipolar cell level. With 
exposure to bright light, pupil constriction can reduce retinal 
illumination by up to 1.5 log units within 0.5 seconds. 
Although this reduction in retinal illumination is only a 
portion of the 12 log unit range of light sensitivity of the 
retina, it provides an important and immediate means for 
light adaptation.47 Patients with a fixed immobile pupil are 
usually symptomatic during an abrupt change in illumina-
tion; they may be photophobic when they are subjected to 
sudden increases in light, and they may not be able to 
discern objects in their environment when they first enter 
dim lighting conditions. These symptoms are described by 
patients with an immobile pupil because compensatory 
retinal photoreceptor adaptation is not fast enough. This 
emphasizes the important role of the pupil in optimizing 
visual perception in a timely fashion over a wide range of 
lighting conditions of the environment.

Second, the diameter of the pupil can also contribute to 
improving (up to a point) the image quality of the retina 
when the steady-state pupil diameter is small. A small pupil 
reduces the degree of chromatic and spherical aberration.10,57 
Part of the reason is that a smaller aperture size limits the 
light rays entering the optical system to the central cornea 
and lens, avoiding more peripheral portions of the cornea 
and lens, where aberrations are greater (Box 25.1).

Third, a small pupil increases the depth of focus of the 
eye’s optical system, similar to the known pinhole effect of 
camera lenses used for photography.9 When a subject views 
objects at near, not only the accommodation power of the 
eye changes but the near response of pupil contraction helps 

bring objects into better focus by increasing the depth of 
focus afforded by the smaller aperture size.

Besides the physiologic functions of the pupil explained 
earlier and outlined in Figure 25.1, the pupil diameter and 
its movement under different conditions also provide an 
important indicator used for clinical assessment of a patient. 
The clinical aspects of pupil function (Fig. 25.2) (Box 25.2) 
consist of (1) pupil movement as an objective indicator of 
afferent input, (2) pupil diameter as an indicator of wakeful-
ness, (3) pupil inequality as a reflection of autonomic nerve 
output to each iris, (4) the influence of pupil diameter on 
the optical properties of the eye, and (5) the pupil response 
to drugs as a means of monitoring pharmacologic effects.

Inequality of the pupils, termed anisocoria, is another 
important clinical state of the pupils because it may repre-
sent autonomic nerve interruption to the iris from the sym-
pathetic or parasympathetic nervous system, direct damage 
to the iris sphincter or dilator muscle, or pharmacologic 
exposure of the iris to mydriatic or miotic drugs. The clinical 
significance of anisocoria and the various causes of it are 
covered in more detail later in this chapter.

Large pupils may produce clinically significant visual 
symptoms in the form of aberrations in form and color of 
images, particularly at night or after dilating drops, when 
pupil diameter is largest. A large immobile pupil resulting 
from scarring, dilating drops, or damage to the iris sphincter 
muscle or its nerve supply may produce extreme sensitivity 
to light. This is because the normal function of the pupil in 
controlling retinal illumination is impaired.

The pupil may be used clinically as a pharmacologic indi-
cator of peripheral or central drug effects. With topical deliv-
ery of drugs into each eye with eye drops, the sensitivity of 
the iris sphincter or dilator muscle can be compared between 
the two eyes because, under normal conditions, the two eyes 
should be matched in their response. Dilute concentrations 
of cholinergic or adrenergic drops, which normally cause 
little, if any, pupil response, may produce asymmetric exag-
gerated mydriasis (adrenergic, sympathomimetic drugs) or 
constriction (cholinergic, parasympathetic drugs) if the iris 
has been deprived of its nerve innervation for as little as a 
few days. In cases of unilateral oculosympathetic nerve 
damage, topical drugs such as cocaine or apraclonidine may 
be used to confirm the diagnosis. Once the diagnosis of an 

S E C T I O N   8 
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The neuronal pathway of the pupil light reflex and near pupil response

is interested in pursuing these subjects in much greater detail 
is advised to consult the excellent book by Loewenfeld.42

The neuronal pathway of the pupil 
light reflex and near pupil response

To understand the major factors that can affect the diameter 
and movement of the pupil to various stimuli, it is impor-
tant to know the basic neuronal pathway for the pupil light 
reflex and near response. This is schematically depicted in 
Figure 25.3. The pupil light reflex consists of three major 
divisions of neurons that integrate the light stimulus to 
produce a pupil contraction: (1) an afferent division, (2) an 
interneuron division, and (3) an efferent division.

The afferent division consists of retinal input from pho-
toreceptors, bipolar neurons, and ganglion cells. Axons of 
retinal ganglion cells from each eye provide light input infor-
mation that is conveyed by synapses to interneurons located 
in the pretectal olivary nucleus of the midbrain. In turn, 
these interneurons distribute pupil light input to neurons  
in the right and left Edinger–Westphal nuclei through 
crossed (decussating) and uncrossed (non-decussating) con-
nections. From here, the neurons of the Edinger–Westphal 
nucleus send their preganglionic parasympathetic axons 
along the oculomotor nerve to synapse at the ciliary gan-
glion in each orbit. The neurons in the ciliary ganglion give 
rise to postganglionic parasympathetic axons that travel in 
the short ciliary nerves to the globe (suprachoroidal space), 
where they synapse with the iris sphincter muscle.

The pupil constriction to a near stimulus involves activa-
tion of neurons in the rostral brainstem that relay their 
signal to the same Edinger–Westphal neurons that are  
activated in the light reflex. Therefore the efferent pathway 
for the near pupil constriction is the same as for the light 
reflex, but the input pathway to the Edinger–Westphal 
nucleus differs.

The integration of the pupil light reflex and pupil near 
response, including the anatomy of the involved neurons, 
their receptive field properties, and their response to various 
attributes of light stimuli, has been recently reviewed.28 

oculosympathetic lesion is confirmed, hydroxyampheta-
mine drops may be used a few days later to localize the 
lesion to the preganglionic or the postganglionic site along 
the sympathetic nervous system chain (covered in more 
detail later in this chapter). The pupil response to topical 
inhibitors of narcotics (naloxone) has also been used to 
study the effect of narcotic tolerance in addicted individuals. 
Pupillary responses to psychosensory stimuli has also been 
used in a laboratory setting to aid in the diagnosis and 
monitoring of treatment in psychiatric disorders such as 
depression and schizophrenia and as an objective indicator 
of cognitive function.

In this chapter the physiology of the normal pupil is dis-
cussed, and examples of abnormalities of pupil function are 
also shown to apply knowledge of normal pupil physiology 
to understanding various pathologic states. The reader who 

Figure 25.1 Functions of the pupil include control of retinal 
illumination, reduction in optical aberrations, and improved depth  
of focus.
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Box 25.1  Optics and the pupil

After refractive surgery, younger patients, who usually have 
larger pupils in dim light compared with older individuals,  
often experience bothersome symptoms of glare and image 
degradation, especially at night, as a result of optical aberrations.

The area of the pupil is large enough in these patients to exceed 
the corneal optical zone of refractive surgery. Most refractive 
surgeons attempt to address this problem by carefully measuring 
the pupil diameter in dim lighting conditions preoperatively and 
then adjusting the optical zone of corneal refractive surgery 
according to pupil diameter.

Topical drops that produce miosis may reduce pupil diameter 
enough in dim lighting conditions (without affecting 
accommodation) to alleviate the symptoms of aberration.

There is a limit to the beneficial optical effects of a small pupil 
because constriction beyond a certain diameter results in image 
degradation as a result of increased diffraction and reduction of 
retinal illumination below an optimal level.11 Therefore there 
exists an optimal range of pupil diameter for vision, and this size 
may vary somewhat, depending on the individual optical 
characteristics of a person’s eye.
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recently, it was thought that all photoreceptor input was 
shared by both conscious perception of light and the pupil 
light reflex. In previous studies, almost all changes in light 
input producing a change in visual perception also produced 
a comparable change in pupil size. In fact, in almost every 
way measured, the pupil responses to light parallel those of 
visual perception. For example, the wavelength-sensitivity 
profile of pupil threshold for a small transient contraction 
as the color of light is changed from blue to red exactly paral-
lels the same wavelength-sensitivity profile of visual percep-
tion. The shift in sensitivity is also the same as the eye is 
changed from a condition of light adaptation to dark adapta-
tion (Purkinje shift), providing further evidence that the 
same photoreceptors are used for both pupil and vision. 

In the following sections, these neuronal pathways are 
summarized.

Afferent arm of the pupil light reflex
The neural integration of the pupil light reflex begins with 
the afferent pathway in the retina, consisting of the photore-
ceptors, bipolar cells, and ganglion cells. For many years, it 
was disputed whether it was the rods or cones that contrib-
ute to the pupil light reflex and whether these were the same 
photoreceptors as those contributing to visual perception. 
Extensive experimental and psychophysical work has shown 
that the neuronal pathways mediating the pupil light reflex 
and visual perception share the same photoreceptors. Until 

Figure 25.2 Clinical importance of the pupil. RAPD, Relative afferent 
pupillary defect.
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Box 25.2  Diagnosis and the relative afferent pupillary defect

The amount of transient pupil contraction to a light stimulus or the 
steady-state diameter of the pupil under constant illumination can 
reflect the health of the retina and optic nerve and may be used to 
detect disease.

The most common clinical test for assessing input asymmetry 
between the two eyes is the alternating light test, commonly 
referred to as the swinging flashlight test. As a light is alternated 
back and forth between the right and left eyes, the clinician 
observes the pupil movements in response to the light.

If the two eyes are matched with respect to retinal and optic nerve 
input, the pupil movements appear similar when either eye is 
stimulated. However, if one eye’s input has been diminished 
because of disease affecting the retina or optic nerve, the pupil 
responses to light shown in that eye become noticeably less during 
the alternating light test.

When this input asymmetry is observed during the alternating light 
test, it is called a relative afferent pupillary defect (RAPD): RAPDs are 
discussed in greater length in a subsequent portion of this chapter.

Pupil diameter can also be used to determine the extent of 
midbrain supranuclear inhibition, which is also related to an 
individual’s state of wakefulness.

An excited, aroused person will have larger-diameter pupils 
because of the increase in central inhibition of the parasympathetic 
nerves innervating the iris sphincter, which originate in the 
midbrain, and the increase in sympathetic tone to the dilator 
muscle.

Conversely, a sleepy individual, a fatigued individual, or one under 
the influence of general anesthesia or narcotics will have smaller 
pupils as a result of central disinhibition at the level of the 
midbrain. Careful monitoring of the diameter of the pupil in this 
setting may be clinically useful for ascertaining the presence of 
sleep disorders such as narcolepsy, the level of anesthesia, or the 
presence of narcotics.

The extent of pupil dilation to sensory stimuli such as pain or 
sound may also serve as an objective indicator of how intact the 
sensory input is.
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special class of retinal ganglion cells containing the primitive 
visual pigment melanopsin found in the retina of lower 
animals.60–71 Besides being activated by rod and cone input 
causing a transient pupil response, the melanopsin retinal 
ganglion cell is also directly sensitive to light, providing a 
sustained steady-state pupil constriction to light. This intrin-
sic, direct activation pathway of the melanopsin-containing 
retinal ganglion cells causes the cell to discharge in a sus-
tained way and is directly proportional to steady-state light 
input, similar to a DC light meter, which does not show 
classical light adaptation properties. In genetically altered 
mice that completely lack functional rods and cones, it was 
discovered that a rather robust pupil light reflex was still 
present. This unexpected finding was followed by a series of 
studies to identify what retinal element could be contribut-
ing to the pupil light reflex in the absence of rod and cone 
input. Through clever labeling experiments, a specific gan-
glion cell was identified containing melanopsin, which was 
itself photosensitive, with a broad spectral peak centering on 
about 490 nm, which is blue light. These melanopsin gan-
glion cells have been found to project both to the suprachi-
asmatic nucleus in the hypothalamus and also to the pretectal 
nucleus (the site of the first midbrain interneuron synapse 
for the pupil light reflex pathway (Box 25.3)).

Elegant electrophysiologic recordings coupled with the 
study of response properties of these ganglion cells have 
revealed that the melanopsin-containing retinal ganglion 
cells provide the midbrain pathway for the pupil light reflex 
and also provide light sensing information for the diurnal 
regulating areas of the hypothalamus that modulate the cir-
cadian rhythm. These melanopsin ganglion cells also receive 
rod and cone input to the pupil light reflex, but are also 
capable of transduction of light directly (under photopic 
conditions), without photoreceptor input, and may be 
responsible for providing more of steady-state light input to 

Patients with various abnormalities of rods and cones can 
be shown to have the same deficits in color vision or lack of 
appropriate sensitivity change during dark adaptation when 
the results of visual threshold are compared with pupil 
threshold for small contractions to light stimuli.50 Both rods 
and cones contribute to the pupil light reflex, but to a dif-
ferent extent depending on the lighting conditions.

Under conditions of dark adaptation and in response to 
low-intensity lights, the pupil light reflex becomes a sensitive 
light meter and is mediated primarily by rods, giving rise to 
low-amplitude pupil contractions. However, with brighter 
light stimuli and under conditions of greater light adapta-
tion, the cones dominate most of the transient pupil light 
contractions. Therefore the rods are primarily responsible  
for the pupil’s ability to give rise to small contractions in 
response to low-intensity lights under conditions of dark 
adaptation – they provide a high sensitivity to the pupil light 
reflex at low light levels, just as they do for visual perception. 
The cones provide the input responsible for the larger tran-
sient pupil contractions that are easily observed under direct 
clinical observation, occurring at suprathreshold levels of 
light, mainly under photopic conditions. Loewenfeld37 has 
summarized the extensive literature on this subject and her 
text should be consulted by the reader desiring a more com-
plete discussion of this topic. It is also believed that the 
bipolar cells, which receive input from the photoreceptors, 
are the same neurons providing input to the pupil light reflex 
as those mediating visual perception.

Although it appears that the pupil and visual systems 
share rod and cone photoreceptor input, a number of inter-
esting observations in recent years has revealed a previously 
unrecognized and important new aspect of light transduc-
tion through the pupil pathway.

New evidence in the last few years has shown that the rod 
and cone input to the pupil light reflex is mediated by a 

Figure 25.3 Diagram of the nerve pathways involved 
in the pupil light reflex. Afferent input from the nasal 
retina crosses to the contralateral side, and the pupil 
input from retinal ganglion cell axons exits the optic 
tract in the brachium of the superior colliculus to 
synapse at the pretectal olivary nucleus. The temporal 
retinal input from the same eye follows a similar course 
on the ipsilateral side. The neurons in the pretectal 
olivary nucleus send crossed and uncrossed fibers by 
way of the posterior commissure to the Edinger–
Westphal nucleus on each side. From here, the 
preganglionic parasympathetic fibers travel with the 
oculomotor nerve and then synapse at the ciliary 
ganglion. The postganglionic parasympathetic neurons 
pass from the ciliary ganglion by way of the short 
ciliary nerves to the iris sphincter muscle.
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midbrain with the next neurons in the light reflex located  
at the olivary pretectal nucleus. These neurons represent 
interneurons because they serve to integrate the afferent 
input coming from the retina with the efferent output of the 
pupil light reflex exiting the midbrain.

The receptive field properties of the pretectal neurons 
have been elucidated in the awake primate.18,19 These 
interneurons are the way-station for the converging receptive 
field impulses of the retinal ganglion cells from the retina 
and are fewer in number, summating the ganglion cell input 
at this location. The receptive field of each pretectal neuron 
has been found to receive input from ganglion cells over a 
large area of retina (up to 20 degrees). Some of these neurons 
exhibit a “flat” response, firing equally well from input over 
its entire receptive field. However, another subset exhibits  
a “foveal-weighted” response, discharging at a higher fre-
quency when a stimulus is placed near the center of the 
visual field (and receptive field of the neuron). This may 
partly explain why the pupil light reflex appears to be more 
sensitive to light coming from the center of the visual field.

Patients with a relatively small area of damage to their 
central visual field have also been found to show an obvious 
decrease in the pupil light reflex in the affected eye compared 
with the fellow eye, which may relate to the receptive field 
properties of the pretectal interneurons. The pretectal 
neurons discharge at a frequency that is linear to the log of 
intensity of the light stimulus given. However, not all of 
these neurons respond in the same range; it appears that 
some are more sensitive in different ranges of intensities, so 
together, there is an interneuron response covering at least 
a 4 log unit range of input. Neurons in the pretectum send 
crossed and uncrossed fibers, through the posterior commis-
sure, to the small population of neurons comprising the 
paired Edinger–Westphal nuclei. This allows afferent input 
from the pretectal nucleus on each side to be distributed 
almost equally to the pupil efferent pathway originating in 
the Edinger–Westphal nucleus (Box 25.4).

The uncrossed pathway appears to have evolved during 
development of binocularity and stereovision. Animals with 
eyes located more to the side of the head (e.g. birds, rabbits) 
have almost completely crossed pathways with no signifi-
cant uncrossed component. That is why shining a light in 
one eye of these animals produces an almost totally crossed 
input to the pretectum, which then sends an almost com-
pletely crossed output to the Edinger–Westphal nucleus.  
The result is that only the pupil of the eye being stimulated 
will contract. Cats are between birds and primates in this 

the brain. This helps to explain why some patients blind 
from photoreceptor loss still exhibit both a pupil light reac-
tion to bright blue light72 and also maintain a circadian 
rhythm, while patients blind from optic nerve lesions (loss 
of melanopsin ganglion cell input) often lack a normal cir-
cadian rhythm.

As stated earlier, the melanopsin-containing retinal gan-
glion cells appear to mediate the classic midbrain pathway 
of the pupil light reflex. However, there is also evidence that 
ganglion cells conveying visual information to the occipital 
cortex may also play a role in modulation of pupil move-
ment in response to different types of visual stimuli. For 
example, patients with isolated occipital infarcts have 
homonymous visual field defects that show corresponding 
pupil defects to small (2 degrees in diameter) focal lights 
presented to the same cortically blind visual field area. This 
phenomenon has been reported previously, but only recently 
has the correspondence between the shape characteristic of 
the homonymous pupil and visual field defect been fully 
appreciated.1,3,4,12,20–23,26,30,44,46 This correspondence provides 
compelling evidence for a role of cortical mediation of the 
pupil light reflex when small, focal light stimuli are used. In 
addition, the pupil has also been shown to respond to 
changes in complex stimuli such as spatial frequency, 
motion, and contrast, providing additional evidence for a 
higher-level cortical process that is capable of mediating 
pupil contractions to visual stimuli.5,6,13,49,54,58,59 Such evi-
dence implies that other types of ganglion cells, in addition 
to the classic luminance responding cells that project to the 
midbrain, may also participate in the pupil reflex, perhaps 
the same ones that also mediate visual perception.

The interneuron arm of the pupil light reflex
The ganglion cell axons conveying light input to the classic 
pupil light reflex pathway segregate from the rest of the 
ganglion cell axons at the distal portion of the optic tract 
before the lateral geniculate nucleus. As in the visual input 
pathway, the pupil ganglion cell axons from the nasal retina 
(temporal field) decussate at the chiasm to the opposite side, 
and the axons from the temporal retina (nasal field) stay on 
the same side. Therefore pupil ganglion cell axons from 
homonymous areas of the visual field (temporal field from 
the contralateral eye and nasal field from the ipsilateral eye) 
distribute within the optic tract. From there, they travel in 
the brachium of the superior colliculus and synapse in the 

Box 25.3  Melanopsin-containing retinal ganglion 
cells and the pupil

Activation properties of the melanopsin retinal ganglion cells via 
input from rods, cones or intrinsic light stimulus can be assessed 
in humans by recording pupil light reflexes at different 
wavelengths of light under scotopic and photopic states of 
retinal adaptation.

Application of the newly discovered physiology of the pupil light 
reflex may provide an objective clinical means of differentiating 
retinal from optic nerve disease and determining which class of 
photoreceptive neurons are being affected by disease.73

Box 25.4  Dorsal midbrain lesions and the pupil

Damage to the posterior commissure from tumors compressing 
the dorsal midbrain from above (e.g. pinealomas) or from 
encephalitis (e.g. tertiary syphilis) may block the impulse pathway 
from the pretectal neurons to the Edinger–Westphal nucleus.

This situation can result in a loss of the pupil light reflex but 
spares the near pupil response (which originates from a more 
rostral location in the midbrain, before synapsing with the 
Edinger–Westphal nucleus), causing a light-near dissociation of 
the pupil.
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evolutionary respect, with approximately 70 percent of their 
pupil pathway crossed. Placing a pet cat so that one of its 
eyes points more toward a light produces a greater reaction 
of the pupil in the eye facing the light, causing an anisocoria. 
In humans, in whom the crossed and uncrossed pathways 
are almost equal, the direct and consensual pupil light reflex 
is equal. This is why illuminating one eye normally does not 
result in pupil inequality (anisocoria). Similarly, input defi-
cits to one eye caused by damage to the retina or optic nerve 
should not normally produce an anisocoria in humans.

In some individuals the crossed pathway slightly exceeds 
the uncrossed pathway in both the retina and midbrain, 
leading to a slightly greater pupil response in the eye stimu-
lated compared with the pupil contraction of the fellow  
eye, similar to cats, but not to the same extent. This consen-
sual deficit, termed contraction anisocoria, is small and can 
usually be recognized only with the aid of pupillographic 
recordings.

The efferent arm of the pupil light reflex
The efferent arm of the pupil light reflex is diagrammatically 
summarized in Figure 25.4, which also shows the site of 
common lesions along this pathway that may be encoun-
tered in clinical practice. The neurons in the Edinger–
Westphal nucleus send preganglionic axons into the right 
and left fascicle of the oculomotor nerve (third nerve) to join 
the motor axons destined for the eye muscles, as well as the 
preganglionic accommodative fibers that originate in nearby 
nuclei. The right and left fascicles of the third nerve exit the 
midbrain through the subarachnoid space, where each con-
tinues as the third nerve toward the orbital apex (Box 25.5).

After passing through the cavernous sinus to the orbital 
apex, the preganglionic pupillary fibers and accommodative 
fibers synapse in the ciliary ganglion (parasympathetic gan-
glion). A lesion at this site may produce an Adie’s pupil. 
From here, the last neurons in the chain, the postganglionic 
neurons, pass into the eye by way of the short ciliary nerves, 
located in the suprachoroidal space, where they distribute to 
the anterior segment of the eye to innervate the iris sphincter 
muscle. The postganglionic accommodative fibers, which 
outnumber the pupil fibers 30 : 1, supply the ciliary muscle 
within the ciliary body of the eye. The postganglionic pupil-
lary neurons appear to innervate the iris sphincter muscle in 
a segmental distribution over approximately 20 clock-hour 
sections. This is why lesions of the ciliary ganglion, such as 
in Adie syndrome, usually cause a number of sectors of the 
iris sphincter to become acutely denervated, with loss of the 
pupil contraction only in these segments (Box 25.6).

Figure 25.4 Innervation of the iris sphincter, from the Edinger–Westphal 
nucleus by way of oculomotor nerve, ciliary ganglion, and short ciliary 
nerves, with some of the causes of a fixed dilated pupil.
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Box 25.5  Pupil-involving third nerve palsy

The pupillary preganglionic fibers are located on the superior 
aspect of the oculomotor nerve as it exits the midbrain, but soon 
come to lie on the medial aspect.34

This is the reason aneurysms of the circle of Willis that lie in  
this area, such as aneurysms of the posterior communicating 
artery, often cause pupillary efferent deficits early on, because  
of the medial location of the artery with respect to the 
oculomotor nerve.

Box 25.6  Light-near dissociation

The postganglionic parasympathetic accommodative axons, 
which innervate the smooth muscle of the ciliary body, 
outnumber the postganglionic light reflex axons, which innervate 
the iris sphincter muscle in a ratio of 30 : 1.

Damage to the postganglionic parasympathetic axons can occur 
as a result of an Adie’s pupil or trauma or after orbital surgery. 
After acute injury, the surviving nerve cell bodies within the 
ciliary ganglion sprout axons and grow toward the ciliary body 
muscle and the iris sphincter after about 8 to 12 weeks.

Because the accommodative cell bodies outnumber the pupil 
light reflex cell bodies, almost all of the axonal sprouts reaching 
the iris sphincter muscle originate from the accommodative cell 
bodies. This reinnervation of the iris sphincter is therefore 
aberrant because the pupil sectors that were denervated still do 
not respond to light, but they now contract in response to 
activation of the accommodative neurons, hence producing a 
light-near dissociation of the pupil reflex.
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visceral part of the Edinger–Westphal nuclei. The same 
supranuclear neuronal input also stimulates the more 
numerous accommodative neurons, located nearby in the 
remaining visceral portion of the Edinger–Westphal nucleus. 
These preganglionic neurons give rise to accommodative 
axons that travel together with the pupil preganglionic light 
reflex neurons within the oculomotor nerve to synapse at the 
ciliary ganglion in the orbit (see previous section).

In summary, with a near stimulus, both the accommo-
dative neurons (which mediate ciliary muscle contraction) 
and light reflex neurons (which mediate iris sphincter  
contraction) in the Edinger–Westphal visceral motor nuclei 
are stimulated from a supranuclear level. This gives rise  
to a separate neuronal output of accommodative and light 
reflex preganglionic neurons by way of the oculomotor  
nerve to the ciliary ganglion, which in turn gives off sepa-
rate postganglionic innervation to the ciliary body and  
iris sphincter muscles. The preganglionic and postgangli-
onic light reflex pathways make use of the same neurons to 
mediate pupil contraction to either near or light stimuli.26

Pupil reflex dilation: central and peripheral 
nervous system integration
Normally, when the pupil dilates, two integrated processes 
take place: the iris sphincter relaxes, and the iris dilator con-
tracts, helping actively pull the pupil open.38,39 Because the 
iris sphincter is stronger than the dilator muscle, pupil dila-
tion does not readily occur until the sphincter muscle relaxes. 
Relaxation of the iris sphincter is accomplished by supranu-
clear inhibition of the Edinger–Westphal nucleus at a central 
nervous system level, most notably from the reticular activat-
ing formation in the brainstem. It appears from animal 
studies that this neuronal inhibitory pathway involves the 
central nervous system’s sympathetic class of neurons. These 
sympathetic neurons pass through the periaqueductal gray 
area and innervate the pupil efferent neurons at the Edinger–
Westphal nucleus and at the synapse there is an α2-adrenergic 
receptor activation.35 When this central inhibition is active, 
the preganglionic parasympathetic output from the Edinger–
Westphal nucleus is suppressed, resulting in a relative relaxa-
tion of the iris sphincter and pupil dilation. When this 
inhibition is inactive, such as during sleep, with anesthesia, 
or with narcotics, the preganglionic neurons fire at a high 
rate, causing miosis. The neurons of the Edinger–Westphal 
nucleus are unique in this respect because their baseline 
discharge frequency, without any input, is high. If all input 
to these neurons is disconnected, they fire at a high rate, 
which results in a sustained pupil contraction and miosis. 
This is why deep sleep or anesthesia, which reduces almost 
all inhibitory supranuclear input to the Edinger–Westphal 
nucleus, results in small pupils.

Alternatively, during a state of wakefulness, the supranu-
clear inhibition is active and the neurons of the Edinger–
Westphal nucleus are suppressed, causing the pupils to 
become larger again. If a light stimulus is given at this point, 
a train of neuronal impulses from the retina and then the 
pretectal interneuron will arrive at the Edinger–Westphal 
nucleus, which momentarily overcomes this inhibition, 
causing the pupil to constrict. If the light is turned off or the 
retina begins to become light adapted, the supranuclear inhi-
bition again dominates, causing a reflex dilation of the pupil.

The pupil near reflex and accommodation

When fixation of the eye is shifted from a far to a near object 
of interest, the eyes converge, the intraocular lenses accom-
modate, and both pupils constrict. This triad of ocular ver-
gence, accommodation, and pupil contraction is called the 
near response. Despite many contentions in the literature 
claiming that this pupil constriction is exclusively dependent 
on either convergence or accommodation, clinical and exper-
imental data indicate that any one of the three functions can 
be selectively abolished or elicited without affecting the 
others. These experimental and clinical observations have 
resulted in general agreement that the impulses that cause 
accommodation, convergence, and pupil constriction must 
arise from different cell groups within the oculomotor nucleus 
and travel by way of separate fibers to their effector muscles. 
Accommodation, convergence, and pupillary constriction are 
associated movements and are not tied to one another in the 
manner usually referred to by the term reflex. They are control-
led, synchronized, and associated by supranuclear connec-
tions, but they are not caused by one another. The components 
of the near pupil reflex were recently summarized.28,34

The miosis of the near response and the pupillary con-
striction to light have a single final common efferent pathway 
from the Edinger–Westphal nucleus to the iris sphincter  
by way of the ciliary ganglion. They primarily differ in the 
origin of the supranuclear pathways that are elicited by light 
and near that both converge on the Edinger–Westphal 
nucleus. With a near stimulus, such as accommodation, the 
pupil normally constricts even with no change in retinal 
luminance. It is important to realize that this near reflex of 
the pupil is mediated by the same efferent nerve pathway 
originating from the same neurons in the Edinger–Westphal 
nucleus that mediate the pupil light reflex. There does not 
appear to be a separate neuronal efferent pathway that  
mediates the near pupil constriction.

However, the supranuclear control over this response is 
different from the one mediating the light reflex. In the case 
of the light reflex, the supranuclear input comes from the 
pretectal nucleus, as described in the previous section. In the 
case of the near reflex involving accommodation, conver-
gence, and miosis, the supranuclear input is thought to origi-
nate from cortical areas surrounding visual cortex and from 
cortical areas within the frontal eye fields. The cortical 
neurons providing input for the near reflex are thought to 
synapse at least once, before passing ventral toward the vis-
ceral neurons overlying the oculomotor complex in the mid-
brain. This is because a cortical lesion in this area does not 
produce atrophy within the oculomotor nuclear complex (it 
is at least one synapse removed). It is also important to 
realize that the near reflex consists of convergence of the 
eyes, accommodation, and pupil contraction, all of which 
should be thought of as co-movements and, as stated earlier, 
are not strictly dependent on one another. Any one of the 
three co-movements may occur in the absence of the others, 
as discussed by Loewenfeld.37 Because the supranuclear 
pathway for the near reflex passes ventral in the midbrain 
and the supranuclear pathway for the light reflex passes 
dorsal in the midbrain, the two systems may be differentially 
affected by disease processes (Box 25.4).

The supranuclear neuronal input from a near visual task 
stimulates the pupil constrictor neurons located in the  
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left side of the neck. The third neuron, the postganglionic 
neuron, follows a long course along the internal carotid 
artery into the head and orbit. As these neurons pass through 
the cavernous sinus, they are associated with the abducens 
and then the trigeminal nerve before entering the orbit  
and distributing to the iris dilator muscle via the long  
ciliary nerves.25

In addition to the neuronal mechanisms involved in 
pupil dilation, humoral mechanisms also may contribute to 
pupil diameter. Circulating catecholamines in the blood 
(e.g. a bolus released from the adrenal glands) may act 
directly on the iris dilator muscle either through the blood-
stream or, potentially, indirectly through the tears, resulting 
in mydriasis. Clinical conditions that influence the integra-
tion of the parasympathetic inhibition, sympathetic stimula-
tion, and humoral release of neurotransmitters may take 
various forms and may affect the dynamics of reflex dilation 
in a characteristic manner that may be diagnostic of clinical 
conditions. This is revisited later in this chapter when pupil 
inequality and conditions that impede pupil dilation are 
discussed.

Other neuronal input to the iris
In addition to the autonomic nerves supplying the iris, 
sensory innervation to the iris is provided by the ophthalmic 
division of the trigeminal nerve.24,48 However, these sensory 
nerves may play an additional role in modulating pupil 
diameter. It is well known to cataract surgeons that mechani-
cal and chemical irritation of the eye can cause a strong 
miotic response that is non-cholinergic and fails to reverse 
with autonomically acting drugs. In rabbits and cats the 
response seems to be caused by the release of substance P or 
closely related peptides from the sensory nerve endings, but 
in monkeys and humans, substance P has little or no miotic 
effect. Cholecystokinin (in nanomolar amounts) caused 
contraction of isolated iris sphincter from monkeys and 
humans.2 Intracameral injections in monkeys caused miosis 
that was not prevented by tetrodotoxin or indomethacin,  
indicating that the miosis was not caused by either stimula-
tion of nerve endings or release of prostaglandins but by 
direct action on sphincter receptors. The cholecystokinin 
antagonist lorglumide caused competitive inhibition of the 
response.

Structure of the iris

Iris sphincter, iris dilator, and iris color
It is important to understand the structure of the iris and its 
histology to understand how the iris tissue accommodates 
changes in pupil diameter during contraction and dilation 
and how disorders of the iris tissue affect pupil movement. 
The iris can be divided into two main layers: the posterior 
leaf and the anterior leaf (Fig. 25.6). The posterior iris 
leaf contains the dilator muscle, the sphincter muscle, and 
the posterior pigmented epithelium. From a front view of 
the iris, the dilator muscle is located circumferentially, in the 
midperiphery of the iris.

The sphincter muscle is located just inside the pupillary 
border; its circumference is made up of approximately 20 

Almost all of the conditions mentioned previously cause 
changes in pupil diameter resulting from the modulation of 
the neuronal output from the Edinger–Westphal nucleus. In 
addition, the same factors causing a reflex dilation of the 
pupil also result in an increase in output to the peripheral 
sympathetic nervous system innervating the iris dilator 
muscle. The sympathetic nerve activity can be thought of as 
a “turbo-charge” for pupil dilation. Peripheral sympathetic 
nerve activation is not a requirement for pupil dilation to 
occur (parasympathetic inhibition alone can accomplish 
that to some extent), but it greatly enhances the dynamics 
of pupil dilation in terms of speed and maximal pupil diam-
eter attained.

The sympathetic outflow to the iris dilator muscle can be 
thought of as a paired three-neuron chain (Fig. 25.5) on 
both the right and left side of the central and peripheral 
nervous system without decussations. The first neuron origi-
nates in the hypothalamus and descends through the brain-
stem on each side into the lateral column of the spinal cord, 
where it synapses at the cervicothoracic level of C7–T2. The 
second preganglionic neuron leaves this level of the spinal 
cord and travels over the apical pleura of the lung and into 
the spinal rami to synapse at the superior cervical ganglion 
at the level of the carotid artery bifurcation on the right and 

Figure 25.5 Sympathetic innervation to the eye, showing the three-neuron 
chain of central, preganglionic, and postganglionic fibers. (Modified from 

Maloney WF et al: Am J Ophthalmol 1980; 90:394.)

Postganglionic

Preganglionic

Central



510

SECTION 8 Non-perceptive vision   Chapter 25  Regulation of Light through the Pupil 

with small, 3-mm diameter pupils in dim light would obvi-
ously not show as large a pupil contraction to a standard 
light stimulus compared with a person with 5-mm diameter 
pupils, but the retina and optic nerves of both persons may 
be completely normal. A similar situation would occur if one 
attempts to quantify the response to a topical miotic or 
mydriatic agent. Therefore, the structure of the iris can pose 
physical constraints on pupil movement in response to 
sensory stimuli or pharmacologic agents, and this should be 
considered carefully when comparing the response in differ-
ent eyes.

The color of the iris is determined by its mesodermal and 
ectodermal components. In Caucasians, the stroma is rela-
tively free of pigment at birth. The stroma absorbs the long 
wavelengths of light, allowing the shorter (blue) wavelengths 
to pass through to the pigmented epithelium, where they are 
reflected back, causing the iris to appear blue. If pigmenta-
tion does not develop in the anterior stromal layers, the iris 
remains blue throughout life. If the stroma becomes denser 
and contains significant numbers of melanosomes, the blue 
color gives way to gray. The accumulation of pigment in the 
iris melanocytes of individuals destined to have non-blue 
irides occurs during the first year of life and is dependent on 
sympathetic innervation of the melanocytes (derived from 
neural crest cells). Interruption of the oculosympathetic 
nerve supply to one eye during this time period usually 
results in heterochromia, with the denervated iris remaining 
blue. In a heavily pigmented iris, the fine pattern of iris 
vessels is hidden by pigment and the surface of the iris looks 
brown and velvety.

Properties of light and their effect on 
pupil movement

Properties of light stimulating the retina that affect the pupil 
response include intensity, duration, temporal frequency, 
area, perimetric location, state of retinal adaptation, wave-
length, and spatial frequency. There is a wealth of informa-
tion on how these properties of light stimuli affect the 
pupillary response with regard to latency and amplitude of 
movement. Loewenfeld41,42 has presented the most complete 
review of this topic in her book on the pupil, which should 
be consulted for a detailed literature review and for examples 
illustrating these different light effects. In general, the ampli-
tude of pupil movement increases in proportion to the log 
light intensity of the stimulus, whereas the latency time of 
the pupil light reflex (time from stimulus onset to beginning 
of pupil contraction) becomes shorter (Fig. 25.7). With 
increasing duration of light stimulus, the contraction ampli-
tudes become greater and more prolonged. With long-
duration light stimuli, after an initial contraction, the pupil 
may undergo oscillations (hippus) and undergo slow  
dilation, or ‘pupil escape,’ because of light adaptation (Fig. 
25.7). Table 25.1 summarizes the different light effects.

Most investigations of the pupillary light reflex have 
focused on the response of the pupil to changes in light level 
because the neuronal pathway for this reflex was thought to 
respond only to stepwise changes in light intensity. With the 
advent of computer graphics and sophisticated software  
programs, more complex stimuli can be presented to  
allow properties of spatial frequency, color, motion, and 

motor segments connected together but innervated individ-
ually by postganglionic branches of the ciliary nerve. In the 
normal iris these segments receive nerve excitation in a 
roughly simultaneous fashion, and the entire circumference 
contracts in concert. Both the dilator and sphincter muscles 
are derived embryologically from the anterior layer of the 
two layers of posterior pigmented epithelium.

The more superficial, anterior iris leaf consists of con-
nective tissue stroma with cells, blood vessels, and nerves 
supplying the sphincter and dilator, but there is no epithelial 
layer in primate species. The different components of the 
posterior and anterior iris undergo structural alterations  
to accommodate changes in pupil diameter during contrac-
tion and dilation.45 These alterations in structure confer 
mechanical non-linearities influencing how much the pupil 
can constrict or dilate in response to changes in light or 
pharmacologic stimulus and was extensively studied by 
Loewenfeld.40

The mechanical non-linearities are important because 
they impose limitations on the range of pupil diameter over 
which the extent of pupil movement can be used for assess-
ing neuronal reflexes to light stimuli or near stimuli or for 
pharmacologic testing of the pupil. For example, a person 

Figure 25.6 Histology of the iris in cross section. Upper arrow points to 
sphincter muscle drawn in higher magnification; lower arrow points to 
dilator muscle of bleached preparation drawn in higher magnification. (From 

Saltzmann M: Anatomy and histology of the human eye-ball, Chicago: University of 

Chicago Press, 1912.)
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Table 25.1 Effect of properties of light stimuli on the pupillary light reflex

Stimulus property Effect on pupillary light reflex

Light intensity Amplitude of contraction increases linearly over at least a 3 log unit range of stimulus intensity (stimulus under photopic 
conditions). The entire stimulus-response function resembles an ‘S’-shaped curve. Latency time, the time from stimulus 
onset to the start of pupil contraction (200–450 msec), becomes more prolonged with dimmer light stimuli (in the range 
of 20–40 msec further delay/log unit decrement of light intensity).

State of light adaptation In the dark-adapted state, the threshold light intensity needed to produce a pupil contraction becomes less as rods are 
brought into play. However, rods in the dark-adapted state do not produce as much increase in pupil contraction in 
response to increases in stimulus intensity, compared with cones in the mesopic and photopic states.

Duration When stimulus duration is shorter than 70 msec, there is a reciprocal relationship between the duration and intensity, 
which is required to produce a given pupil contraction amplitude. With longer-duration stimuli, the pupil contracts more, 
there is a shorter latency time (up to a point), and the pupillary contraction is more sustained; however, pupil escape 
(relative dilation) may occur as a result of light adaptation.

Area The pupillary light reflex shows much greater area summation properties than visual perception (for visual threshold of 
perception, summation is minimal with stimuli greater than 1 degree). With full-field Ganzfeld stimuli, the pupil threshold 
can be equal to visual threshold (or even smaller); with stimuli smaller than 1–2 degrees, visual threshold is usually more 
sensitive (by 0.5–1.0 log units).

Perimetric location Under dark adaptation, the fovea shows a decreased sensitivity compared with surrounding retinal areas because of the 
lack of rods here. In mesopic and photopic adaptation, the pupil responds greatest in the central field; the temporal field 
response is usually greater than the nasal field response.

Spectral sensitivity The wavelength sensitivity of the pupillary light reflex follows that of visual perception with a blue shift under dark 
adaptation and a peak sensitivity at green under photopic conditions.

Temporal frequency The normal pupil cannot move much faster than 4 Hz because of the relatively slow contraction of smooth muscle. 
Animals with striated iris muscle (pigeons) can easily follow a 10-Hz stimulus. At frequencies of 9–25 Hz, the steady-state 
pupil diameter increases, indicating loss of sensitivity in neuronal integration of light within this frequency range.

Spatial frequency When the change in average luminance across a stimulus patch is kept constant, the pupil undergoes small contractions 
when a sinusoidal grating is presented or when the grating bars are alternated between dark and light. The mechanism is 
thought to be independent of a luminance response. The greater the spatial frequency, the less the pupil contracts to the 
stimulus and this has been correlated with visual acuity.

Motion Recent evidence suggests that the pupil may respond to a motion stimulus even under isoluminant conditions.

Figure 25.7 (A), (B), and (C): Dark-adapted normal subject. Light flashes, 
b, of increasing intensity were given to the right eye to produce  
increasing pupillary constriction. Latent period decreases with intensity of 
flash. Both pupils were recorded simultaneously using an infrared 
pupillography device. The right pupil tracing (solid line) and the left pupil 
tracing (broken line) move in synchrony. (D) Reactions of the pupil to 
prolonged light of different intensities. At the dimmest intensity there  
was a short pupil light constriction and the pupil dilated (escaped)  
during the light stimulus. At the brighter intensities, the contractions were 
larger and more sustained, also exhibiting oscillations (hippus).  
(From: Lowenstein O, Loewenfeld IE. In: Davso H, ed. The eye, vol 3. New York: 

Academic Press, 1962.)
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luminance to be controlled more carefully. A number of 
investigators have taken advantage of this technology to 
investigate whether the pupil is capable of responding to 
visual stimuli that change in color or spatial frequency when 
the average luminance does not change.21–25,28,31

The results of these studies provide evidence that the 
pupil contracts to either an onset or offset of spatial fre-
quency or color exchanges. From a practical standpoint, 
these responses allow the pupil response to be used as an 
objective indicator of visual acuity and color discrimination. 
From a theoretical standpoint, the pupil response to isolu-
minant stimuli provides a means to explore how and where 
different signals are processed in the visual system. From 
these studies it is becoming more apparent that visual cortex 
plays a role in modulating the pupil response to these 
complex stimuli, providing evidence that small pupil reflexes 
elicited by properties of visual stimuli besides luminance 
involve more than just midbrain processing.

Relative afferent pupillary defects

Clinical observation of the pupil light reflex
One of the most important clinical uses of the pupil has to 
do with its role in assessing afferent input from the retina, 
optic nerve, and anterior visual pathways (chiasm, optic 
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amount of working visual field. Therefore, damage to periph-
eral portions of the retina and visual field defects outside  
of the central field can also reduce the amplitude of the  
pupil light reflex. This is in contrast to other objective tests 
of visual function such as the Ganzfeld electroretinogram 
(which measures diffuse damage to the retina and not local 
damage) and visual evoked potentials (which are center 
weighted and therefore affected mainly by central field loss). 
The pupil light reflex is one of the few objective reflexes that 
can be used as a clinical test for detecting and quantifying 
abnormalities in the retina, optic nerve, optic chiasm, or 
optic tract, and is also able to detect regional visual field 
damage in the center or periphery.

Estimating the amount of the RAPD in log units is impor-
tant to confirm and validate how much visual field damage 
(asymmetry between the two eyes) is present and whether it 
is consistent with the results of the visual field test. For 
example, a patient with a small amount of macular degen-
eration in one eye and not the other might be expected to 
have only a 0.3 log unit RAPD. However, if that patient had 
a 1.0 log unit RAPD, some other cause of visual loss, such 
as a previous branch retinal artery occlusion or optic neu-
ropathy, would have to be considered. In addition, the area 
and extent of visual field loss would be expected to be more 
than that caused by a small amount of macular degenera-
tion. The importance of quantifying the RAPD cannot be 
overemphasized. In general, in the case of unilateral visual 
damage, loss of the central 5 degrees of the visual field results 
in an RAPD of approximately 0.3 log units. Loss of the entire 
central area of field (10 degrees) causes about a 0.6 to 0.9 log 
unit RAPD. Each visual field quadrant outside of the macula 
is worth about 0.3 log units (Fig. 25.10), but the temporal 
field loss seems to result in more loss of pupil input com-
pared with the nasal field quadrants. Examples of the log 
unit magnitude of the RAPD expected for common clinical 
disorders are given in Table 25.2. The correlation between 
the relative afferent defect and the area and extent of visual 
field loss, however, is only approximate. Differences between 
the two may be important clues as to the cause and extent 
of damage to the anterior visual system (Box 25.7).

Recent studies using computerized pupillography to more 
precisely quantify the log unit RAPD have also revealed that 

tract, and midbrain pathways). The pupil light reflex sums 
the entire neuronal input from the photoreceptors, bipolar 
cells, ganglion cells, and axons of ganglion cells. Therefore, 
damage at any one of these sites along the visual pathway 
will reduce the amplitude of pupil movement in response to 
a light stimulus.42,43 The pupil light reflex can show consider-
able variation even among normal individuals as a result of 
supranuclear influences on the midbrain pupillomotor 
center that are not related to afferent input of the retina and 
optic nerve. However, the pupil light reflex is symmetric 
between the two eyes of a normal individual. The normal 
symmetry of input between the two eyes allows the clinician 
to pick up any asymmetric damage between the two eyes by 
simply comparing how well the pupil contracts to a standard 
light shined into one eye compared with alternating the light 
over to the other eye.36 Observation of the pupil movement 
in response to alternating the light back and forth between 
the two eyes (Figs 25.8 and 25.9) is the basis for the alternat-
ing light test or swinging flashlight test for assessing the 
RAPD.51,52 The RAPD, or input asymmetry, can be quantified 
in log units using neutral density filters of increasing strength 
placed in front of the better responding eye. A log density 
filter that neutralizes or balances the asymmetry of pupil 
movement between the two eyes, until they are matched, is 
chosen and is taken as the log unit RAPD.

Another important property of the pupil light reflex is that 
when a diffuse light stimulus enters the eye, the entire area 
of the visual field is summated into the pupil response, with 
some increased weight given to the central 10 degrees.42 The 
area summating properties of the pupil light reflex make  
the amplitude of its movement roughly proportional to the 

Figure 25.8 A patient is shown with a large relative afferent pupil defect of 
the right eye. In the top photograph a light is shined in the normal left eye 
and both pupils constrict to a small diameter. When the light is alternated 
to stimulate the right eye (bottom photograph), the pupils hardly constrict 
at all.

Stimulus

Normal left eye
Optic nerve normal

Damaged right eye
Optic nerve damage

Decreased pupil
contraction amplitude

Normal pupil
contraction amplitude

1 2 3 4 5 6 7Seconds

Figure 25.9 Pupillographic demonstration of a right relative afferent pupil 
defect. With short light pulses the pupil light reflex (bottom tracings) are of 
lesser amplitude when the stimulus was given to the right eye compared 
with stimulus to the left eye.
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some normal subjects with normal visual fields and exami-
nation can have a small 0.3 log unit RAPD.25,33,55 Therefore 
small RAPDs discovered incidentally in a patient without 
ocular complaints and a normal examination can probably 
be dismissed.

Estimating the amount of the pupillomotor input asym-
metry (the RAPD) can also be done more subjectively, 
without using neutral density filters, by grading the asym-
metry of pupil response as +1, +2, +3, or +4. This subjective 
grading can also be classified according to the amount of 
pupil escape or dilation of the pupils as the light is alternated 
to the other eye.7 However, most subjective grading of the 
RAPD has serious limitations; it is subject to some large 
errors resulting from age variations in pupil diameter and 
pupil mobility. For example, a patient with small pupils and 
small pupil contractions to light may have a large RAPD that 
may appear deceptively small on the basis of the small dif-
ferences in pupil excursion observed as the light is alternated 
between the two eyes. However, the amount of neutral 
density filter needed to dim the better eye until the small 

Figure 25.10 Approximate distribution of the amount of log unit relative 
afferent pupil defect expected for corresponding loss of input in the regions 
of the retina shown, assuming the other eye is normal.

.3 log units

.3 log units

.3 lu

.3 lu

.6-.9 log units

Table 25.2 Common diseases producing relative afferent pupillary defects (RAPD) and expected magnitude of defect

Condition Site Log unit RAPD Influencing factors

Intraocular hemorrhage Anterior chamber or vitreous 
(dense)

0.6–1.2 Density of hemorrhage

Intraocular hemorrhage Anterior chamber (diffuse) 0.0–0.3 Density of hemorrhage

Intraocular hemorrhage Preretinal (central vein 
occlusion or diabetic)

0.0 Preretinal location does not significantly 
reduce light

Diffusing media opacity Cataract or corneal scar 0.0–0.3 (in opposite eye) Dispersion of light producing increase in 
light input

Unilateral functional visual field loss None 0

Central serous retinopathy (CSR) or 
cystoid macular edema (CME)

Retina (fovea) 0.3 log units Area of retina involved

Central or branch retinal vein 
occlusion (CRVO, BRVO)

Inner retina 0.3–0.6 (non-ischemic)
0.9 (ischemic)

Area of visual field defect and degree of 
ischemia

Central or branch retinal artery 
occlusion (CRAO, BRAO)

Inner retina 0.3–3.0 Area and location of retina involved

Retinal detachment Outer retina 0.3–2.1 Area and location of detached retina (e.g. 
0.6 log units for macula + 0.3 log units for 
each quadrant)

Anterior ischemic optic neuropathy Optic nerve head 0.6–2.7 Extent and location of visual field defect

Optic neuritis (acute) Optic nerve 0.6–3.0 Extent and location of visual field defect

Optic neuritis (recovered) Optic nerve 0.0–0.6 No visual field defect, residual RAPD

Glaucoma Optic nerve Usually none, if symmetric 
damage to both eyes

Degree of visual field asymmetry between 
the two eyes correlates with the log unit 
RAPD

Compressive optic neuropathy Optic nerve 0.3–3.0 Extent and location of visual field defect

Chiasmal compression Optic chiasm 0.0–1.2 Asymmetry of visual field loss, unilateral 
central field involvement

Optic tract lesion Optic tract 0.3–1.2 (in the eye with 
temporal field loss)

Incongruity of homonymous field defect, 
hemifield pupillomotor input asymmetry

Postgeniculate damage Visual radiations
Visual cortex

0.0 Stimulus light area (no RAPD but definite 
pupil perimetry defects)

Midbrain tectal damage Olivary pretectal area of pupil 
light input region of midbrain

0.3–1.0 Similar to optic tract lesions, but no visual 
field defect
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objective pupil perimetry.26,30 A video camera is pointed at 
the pupil, and the amplitude of each light reaction is meas-
ured and stored in the computer. This has turned out to be 
helpful as an objective form of perimetry and as a way to 
localize lesions in the pupillary pathways (Fig. 25.12). Pupil 
perimetry is also useful in cases of non-organic, functional 
visual loss to show objectively that messages are indeed 
going normally into the brain from parts of the visual field 
in which the patient claims to see nothing.

Efferent pupillary defects

Anisocoria
When a pupil inequality is seen, it usually means that 
damage has occurred to either the iris sphincter or dilator 
muscle, their innervation has been interrupted, or there are 
external pharmacologic factors influencing pupil movement 
(Fig. 25.13). To sort out which muscle is not working right, 
it helps to know how the anisocoria is influenced by light. 
It is worth noting that an anisocoria always increases in the 
direction of action of the paretic iris muscle, just as an 
esotropia increases when gaze is in the direction of action of 
a weak lateral rectus muscle. If the iris sphincter is paretic, 
the lighting condition that normally brings into action that 
muscle accentuates the weakness; adding bright light tends 
to increase the anisocoria. Alternatively, if the iris dilator is 
paretic, the anisocoria is expected to increase as light is taken 
away because reflex dilation to darkness is impaired. Table 
25.3 provides a summary of the common causes of anisoco-
ria that are discussed in the following section.

contractions are equal could easily approach 0.9 to 1.2 log 
units, representing substantial input damage. Estimating the 
size of an RAPD without using filters is much like estimating 
an ocular deviation “by Hirschberg” without doing a prism 
cover test. More accurate quantification of the RAPD is 
accomplished by determining the log unit difference needed 
to balance the pupil reaction between the two eyes using 
photographic neutral density filters, as described previously. 
If one pupil does not move well because of weakness of the 
sphincter or pharmacologic immobility, one can still check 
for a RAPD by observing the pupil that still works – and 
comparing its direct reaction with its consensual reaction.

Computerized pupillometry
Various computerized, infrared-sensitive pupillometers are 
commercially available. Most of these elegant instruments 
can precisely record the dynamics of pupillary movement in 
the light or in the dark (Fig. 25.11). Once recorded, the 
pupillary information can be analyzed by sophisticated soft-
ware (see pupil tracings in the alternating light test, shown 
in Fig. 25.9). This allows quantitative information about the 
pupillary light reflex to be assessed. In the near future, this 
may help automate the clinical determination of pupil input 
deficits caused by retinal and optic nerve diseases.14,15,17,31–33 
Such instrumentation is also useful for detecting and diag-
nosing causes of anisocoria (unequal pupils) when both 
pupils are recorded simultaneously (refer to the section on 
oculosympathetic defects).

Pupil perimetry
The pupil light reflex may also be used to obtain objective 
information about the sensitivity of local areas of the visual 
field by recording small pupil contractions in response to 
focal light stimuli placed in different perimetric locations. 
An automated perimeter can be modified to record pupil 
responses to each focal light stimulus to produce a form of 

Figure 25.11 Computerized infrared pupillographic instrument, which 
records the bright image of both pupils simultaneously, is shown. This 
instrument can be used to give full-field light stimuli to either eye produced 
on a monochrome monitor inside the box, or it may also be used to present 
focal light stimuli to provide a form of objective pupil perimetry.

Box 25.7  Relative afferent pupillary defect and 
management

The amount of the relative afferent papillary defect (RAPD) is 
correlated largely with the amount of asymmetry of visual field 
deficit between the two eyes, and helps substantiate abnormal 
results of visual field testing.8,25,31,53 This can often help the 
clinician determine whether a patient’s visual field defects are 
reliable and reflect the true pathologic state.

The correlation between the visual field asymmetry and the RAPD 
is also useful in following the course of disease to determine 
whether there is a worsening or improvement in function  
over time.

The RAPD is a relative measure of the input of one eye compared 
with the other. Bilateral symmetric damage should not produce 
an RAPD.

A patient who exhibited a definite RAPD in one eye on the first 
visit may show no RAPD at all on the follow-up visit. This may 
represent improvement in the previously damaged eye. However, 
it may also indicate that there is now damage in what was 
previously the better eye, matching the damage to the other eye, 
so that there are now symmetric visual field defects and no RAPD.
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dim light but the dynamics of pupil dilation is impaired in 
oculosympathetic defects, but not in simple anisocoria. 
Other features also characterize simple anisocoria from 
Horner syndrome.

A simple anisocoria may vary from day to day, or even 
from hour to hour, and it is visible in about one-fifth of the 
normal population. In some people it may be present most 
of the time, and the larger pupil may always be in the same 
eye. In other people it may come and go, and the larger pupil 
may often switch to the other eye. Physiologic anisocoria is 
not related to refractive error. The cause of physiologic ani-
socoria is not known with certainty, but current evidence 
favors a transient, asymmetric, supranuclear inhibition of 
the Edinger–Westphal nucleus. This would cause the pupil 
on the more inhibited side to be larger. If this mechanism 
is correct, it would also explain why any stimulus that  
transiently overcomes supranuclear inhibition, such as 
bright light, near stimulus, sleep, or anesthesia, causes the 
physiologic anisocoria to decrease. Simple anisocoria is  
considered benign.

The characteristic dilation lag of the Horner’s pupil can 
easily be seen in the office with a hand light shining from 
below. At the time the room lights are switched off, the reflex 
dilation of the two pupils should be simultaneously observed 
and the smaller pupil assessed to see whether it dilates slower 
than the other pupil does (Box 25.8). Pupil dilation is nor-
mally a combination of sphincter relaxation and dilator con-
traction. This combination produces a prompt dilation in a 
normal pupil when the illumination is abruptly decreased. 

Figure 25.12 Example of a patient with anterior 
ischemic optic neuropathy showing the 
correspondence between the visual field and 
pupil field defect.

Figure 25.13 The cause of anisocoria in room light (top panel) is 
determined by first adding bright light to determine whether the anisocoria 
increases (middle panel) or decreases (bottom panel).

Pupil inequality that increases in the dark
In patients who have pupil inequality that increases in the 
dark, the problem is distinguishing Horner syndrome from 
a simple anisocoria (or physiologic anisocoria). In both of 
these conditions, the pupil inequality becomes greater in 



516

SECTION 8 Non-perceptive vision   Chapter 25  Regulation of Light through the Pupil 

Ta
b

le
 2

5
.3

 C
om

m
on

 c
au

se
s 

of
 a

ni
so

co
ria

 a
nd

 a
ss

oc
ia

te
d

 fe
at

ur
es

C
o

n
d

it
io

n
C

au
se

A
n

is
o

co
ri

a
Li

g
h

t 
re

sp
o

n
se

N
ea

r 
re

sp
o

n
se

Sl
it

 la
m

p
P

h
ar

m
ac

o
lo

g
ic

 t
es

ti
n

g

A
cu

te
 A

di
e’

s 
pu

pi
l

D
en

er
va

tio
n 

of
 

p
ar

as
ym

p
at

he
tic

 
p

os
tg

an
g

lio
ni

c 
ne

rv
es

 t
o 

p
up

ill
ar

y 
sp

hi
nc

te
r 

(s
eg

m
en

ta
l)

A
ni

so
co

ria
 in

cr
ea

se
s 

in
 b

rig
ht

 li
g

ht
Se

g
m

en
ta

l l
os

s 
of

 li
g

ht
 

re
ac

tio
n 

in
 s

om
e 

sp
hi

nc
te

r 
ar

ea
s 

ar
ou

nd
 t

he
 

ci
rc

um
fe

re
nc

e

Sa
m

e 
ar

ea
s 

w
he

re
 li

g
ht

 
re

sp
on

se
 is

 lo
st

 a
ls

o 
sh

ow
 

lo
ss

 o
f n

ea
r 

co
ns

tr
ic

tio
n

Re
m

ai
ni

ng
 in

ne
rv

at
ed

 
sp

hi
nc

te
r 

ar
ea

s 
p

uc
ke

r 
w

ith
 li

g
ht

 a
nd

 p
ul

l 
d

en
er

va
te

d
 s

eg
m

en
ts

Su
p

er
se

ns
iti

vi
ty

 t
o 

0.
1%

 
p

ilo
ca

rp
in

e;
 c

he
ck

 r
es

p
on

se
 o

f 
b

ot
h 

p
up

ils
 in

 d
ar

kn
es

s 
af

te
r 

30
 

m
in

ut
es

C
hr

on
ic

 A
di

e’
s 

pu
pi

l (
gr

ea
te

r 
th

an
 8

 w
ee

ks
 a

ft
er

 
ev

en
t)

Re
in

ne
rv

at
io

n 
of

 d
en

er
va

te
d

 
sp

hi
nc

te
r 

se
g

m
en

ts
 b

y 
p

os
tg

an
g

lio
ni

c 
ac

co
m

m
od

at
iv

e 
ne

rv
es

M
ay

 b
e 

no
 

an
is

oc
or

ia
 in

 r
oo

m
 

lig
ht

 o
r 

af
fe

ct
ed

 
p

up
il 

m
ay

 b
e 

th
e 

sm
al

le
r 

p
up

il

Po
or

 r
es

p
on

se
 t

o 
lig

ht
; 

p
oo

r 
d

ila
tio

n 
in

 d
ar

kn
es

s 
as

 a
 r

es
ul

t 
of

 t
on

ic
al

ly
 

co
nt

ra
ct

ed
 s

eg
m

en
ts

 t
ha

t 
ha

ve
 r

ei
nn

er
va

tio
n

Li
g

ht
-n

ea
r 

d
is

so
ci

at
io

n 
is

 
p

re
se

nt
 w

ith
 g

oo
d

 n
ea

r 
ef

fo
rt

 fr
om

 t
he

 p
at

ie
nt

Si
m

ila
r 

ap
p

ea
ra

nc
e 

as
 in

 
th

e 
ac

ut
e 

st
at

e,
 

re
in

ne
rv

at
ed

 s
eg

m
en

ts
 

sh
ow

 d
iff

us
e 

co
nt

ra
ct

io
n 

to
 n

ea
r

A
s 

se
g

m
en

ts
 b

ec
om

e 
re

in
ne

rv
at

ed
, c

ho
lin

er
g

ic
 

su
p

er
se

ns
iti

vi
ty

 is
 lo

st
; s

m
al

l, 
to

ni
c 

p
up

il 
d

ila
te

s 
no

rm
al

ly
 t

o 
an

tic
ho

lin
er

g
ic

s

Ph
ar

m
ac

ol
og

ic
 

m
yd

ria
si

s 
(a

nt
ic

ho
lin

er
gi

c)

Sc
op

ol
am

in
e 

p
at

ch
, e

ye
d

ro
p

s,
 

p
la

nt
s 

(ji
m

so
n 

w
ee

d
)

A
ni

so
co

ria
 in

cr
ea

se
s 

in
 b

rig
ht

 li
g

ht
Lo

ss
 o

f r
es

p
on

se
 t

o 
lig

ht
; 

re
si

d
ua

l s
m

al
l r

ea
ct

io
n 

m
ay

 
oc

cu
r 

w
ith

 s
ub

m
ax

im
al

 
ex

p
os

ur
e 

or
 a

ft
er

 s
uf

fic
ie

nt
 

tim
e 

ha
s 

el
ap

se
d

Sa
m

e 
d

eg
re

e 
of

 lo
ss

 o
f 

ne
ar

 r
es

p
on

se
 a

s 
lo

ss
 o

f 
lig

ht
 r

es
p

on
se

; n
ea

r 
p

oi
nt

 
of

 a
cc

om
m

od
at

io
n 

is
 

m
or

e 
re

m
ot

e

A
ny

 r
es

id
ua

l l
ig

ht
 

re
sp

on
se

 o
f t

he
 s

p
hi

nc
te

r 
is

 d
iff

us
e 

an
d

 n
ot

 
se

g
m

en
ta

l

Su
b

se
ns

iti
vi

ty
 t

o 
p

ilo
ca

rp
in

e 
of

 
al

l c
on

ce
nt

ra
tio

ns
 c

om
p

ar
ed

 
w

ith
 t

he
 o

p
p

os
ite

 u
na

ffe
ct

ed
 

ey
e 

(o
b

se
rv

ed
 in

 d
im

 li
g

ht
 o

r 
d

ar
kn

es
s)

Ph
ar

m
ac

ol
og

ic
 

m
yd

ria
si

s 
(a

dr
en

er
gi

c)

Lo
w

 c
on

ce
nt

ra
tio

n 
of

 
ad

re
ne

rg
ic

s 
fo

un
d

 in
 

ov
er

-t
he

-c
ou

nt
er

 e
ye

d
ro

p
s 

fo
r 

re
d

 e
ye

s,
 c

oc
ai

ne
, 

N
eo

-S
yn

ep
hr

in
e

A
ni

so
co

ria
 in

cr
ea

se
s 

in
 b

rig
ht

 li
g

ht
, b

ut
 

no
t 

as
 m

uc
h 

as
 in

 
an

tic
ho

lin
er

g
ic

 
m

yd
ria

si
s

D
im

in
is

he
d

 r
es

p
on

se
 t

o 
lig

ht
, b

ut
 d

ila
to

r 
m

us
cl

e 
ca

n 
b

e 
ov

er
co

m
e 

b
y 

st
ro

ng
 s

p
hi

nc
te

r 
co

ns
tr

ic
tio

n 
to

 b
rig

ht
 li

g
ht

Sa
m

e 
d

im
in

is
he

d
 r

es
p

on
se

 
as

 li
g

ht
 r

ea
ct

io
n;

 n
ea

r 
p

oi
nt

 o
f a

cc
om

m
od

at
io

n 
is

 u
na

ffe
ct

ed
 a

nd
 is

 
no

rm
al

Be
si

d
es

 d
im

in
is

he
d

 
re

ac
tio

n,
 t

he
 p

up
il 

m
ov

em
en

t 
lo

ok
s 

no
rm

al
 

an
d

 is
 n

ot
 s

eg
m

en
ta

l

Re
ve

rs
al

 o
f a

ni
so

co
ria

 w
ith

 
ad

re
ne

rg
ic

 b
lo

ck
ad

e 
(d

ip
yr

id
am

ol
e 

or
 t

hy
m

ox
am

in
e)

; 
m

ay
 b

e 
ov

er
co

m
e 

w
ith

 
p

ilo
ca

rp
in

e

D
am

ag
e 

to
 ir

is
 

sp
hi

nc
te

r
Is

ch
em

ia
, a

ng
le

-c
lo

su
re

 
g

la
uc

om
a,

 h
er

p
es

 z
os

te
r 

iri
tis

, 
tr

au
m

a,
 a

ft
er

 a
nt

er
io

r 
se

g
m

en
t 

su
rg

er
y

A
ni

so
co

ria
 in

cr
ea

se
s 

in
 b

rig
ht

 li
g

ht
Lo

ss
 o

f r
es

p
on

se
 t

o 
lig

ht
, 

so
m

e 
sp

hi
nc

te
r 

se
g

m
en

ts
 

m
ay

 b
e 

m
or

e 
af

fe
ct

ed
 

th
an

 o
th

er
s

U
su

al
ly

 a
ffe

ct
ed

 t
o 

th
e 

sa
m

e 
d

eg
re

e 
as

 t
he

 li
g

ht
 

re
fle

x;
 m

ay
 h

av
e 

no
rm

al
 

ac
co

m
m

od
at

iv
e 

am
p

lit
ud

e

Tr
an

si
llu

m
in

at
io

n 
d

ef
ec

ts
 

m
ay

 b
e 

p
re

se
nt

La
ck

 o
f r

es
p

on
se

 t
o 

1%
 

p
ilo

ca
rp

in
e 

in
 d

am
ag

ed
 a

re
as

 o
f 

th
e 

iri
s 

sp
hi

nc
te

r

Iro
n 

or
 c

op
pe

r 
m

yd
ria

si
s

In
tr

ao
cu

la
r 

fo
re

ig
n 

b
od

y
A

ni
so

co
ria

 in
cr

ea
se

s 
in

 b
rig

ht
 li

g
ht

Lo
ss

 o
f r

es
p

on
se

 t
o 

lig
ht

, 
no

t 
us

ua
lly

 s
eg

m
en

ta
l

U
su

al
ly

 a
ffe

ct
ed

 t
o 

th
e 

sa
m

e 
d

eg
re

e 
as

 t
he

 li
g

ht
 

re
fle

x

U
su

al
ly

 h
et

er
oc

hr
om

ia
 is

 
p

re
se

nt
, w

ith
 t

he
 ir

is
 

b
ei

ng
 d

ar
ke

r

M
ay

 s
ho

w
 c

ho
lin

er
g

ic
 

su
p

er
se

ns
iti

vi
ty

Th
ird

 n
er

ve
 p

al
sy

Tr
au

m
a,

 c
om

p
re

ss
io

n,
 r

ar
el

y 
is

ch
em

ia
A

ni
so

co
ria

 in
cr

ea
se

s 
in

 b
rig

ht
 li

g
ht

Lo
ss

 o
f r

es
p

on
se

 t
o 

lig
ht

, 
no

t 
us

ua
lly

 s
eg

m
en

ta
l 

un
le

ss
 a

b
er

ra
nt

 
re

g
en

er
at

io
n 

is
 p

re
se

nt

U
su

al
ly

 a
ffe

ct
ed

 t
o 

th
e 

sa
m

e 
d

eg
re

e 
as

 t
he

 li
g

ht
 

re
fle

x;
 a

cc
om

m
od

at
iv

e 
am

p
lit

ud
e 

is
 d

ec
re

as
ed

U
su

al
ly

 s
ym

m
et

ric
 

w
ea

kn
es

s 
al

on
g

 t
he

 
ci

rc
um

fe
re

nc
e 

of
 t

he
 

sp
hi

nc
te

r 
to

 li
g

ht
 r

ea
ct

io
n

M
ay

 s
ho

w
 c

ho
lin

er
g

ic
 

su
p

er
se

ns
iti

vi
ty

M
ec

ha
ni

ca
lly

 
sc

ar
re

d 
iri

s
Tr

au
m

a,
 ir

iti
s

A
ni

so
co

ria
 in

cr
ea

se
s 

in
 b

rig
ht

 li
g

ht
Lo

ss
 o

f r
es

p
on

se
 t

o 
lig

ht
 

w
he

n 
vi

ew
ed

 w
ith

ou
t 

sl
it 

la
m

p

U
su

al
ly

 a
ffe

ct
ed

 t
o 

th
e 

sa
m

e 
d

eg
re

e 
as

 t
he

 li
g

ht
 

re
fle

x;
 a

cc
om

m
od

at
iv

e 
am

p
lit

ud
e 

is
 n

or
m

al

Sm
al

l m
ov

em
en

t 
of

 t
he

 
sc

ar
re

d
 d

ow
n 

iri
s 

ca
n 

us
ua

lly
 b

e 
ob

se
rv

ed
; 

sy
ne

ch
ia

e 
ca

n 
of

te
n 

b
e 

se
en

 a
ft

er
 d

ila
tio

n

La
ck

 o
f r

es
p

on
se

 t
o 

1%
 

p
ilo

ca
rp

in
e

Ph
ys

io
lo

gi
c 

an
is

oc
or

ia
A

sy
m

m
et

ric
 in

hi
b

iti
on

 a
t 

th
e 

Ed
in

g
er

–W
es

tp
ha

l n
uc

le
us

A
ni

so
co

ria
 in

cr
ea

se
s 

in
 b

rig
ht

 li
g

ht
N

or
m

al
; n

or
m

al
 d

ila
tio

n 
in

 
re

sp
on

se
 t

o 
d

ar
kn

es
s 

an
d

 
au

d
ito

ry
 s

tim
ul

at
io

n

N
or

m
al

; a
ni

so
co

ria
 le

ss
en

s 
w

ith
 a

 g
oo

d
 n

ea
r 

re
sp

on
se

N
or

m
al

N
or

m
al

 r
es

p
on

se
 t

o 
to

p
ic

al
 

ag
en

ts
; c

oc
ai

ne
 le

ss
en

s 
th

e 
an

is
oc

or
ia

O
cu

lo
sy

m
pa

th
et

ic
 

de
fe

ct
 (H

or
ne

r 
sy

nd
ro

m
e)

Sy
m

p
at

he
tic

 n
er

ve
 p

al
sy

; 
p

to
si

s 
is

 u
su

al
ly

 p
re

se
nt

 o
f t

he
 

up
p

er
 a

nd
 lo

w
er

 li
d

; a
nh

id
ro

si
s 

m
ay

 b
e 

p
re

se
nt

A
ni

so
co

ria
 in

cr
ea

se
s 

in
 b

rig
ht

 li
g

ht
N

or
m

al
; s

lo
w

 d
ila

tio
n 

in
 

re
sp

on
se

 t
o 

d
ar

kn
es

s 
an

d
 

au
d

ito
ry

 s
tim

ul
at

io
n

N
or

m
al

; a
ni

so
co

ria
 le

ss
en

s 
w

ith
 a

 g
oo

d
 n

ea
r 

re
sp

on
se

N
or

m
al

; h
et

er
oc

hr
om

ia
 is

 
co

m
m

on
 if

 p
al

sy
 

oc
cu

rr
ed

 e
ar

ly
 in

 li
fe

C
oc

ai
ne

 in
cr

ea
se

s 
th

e 
an

is
oc

or
ia

; 
su

p
er

se
ns

iti
vi

ty
 is

 u
su

al
ly

 
d

em
on

st
ra

te
d

 t
o 

ad
re

ne
rg

ic
 

ag
en

ts

C
on

ge
ni

ta
l 

ps
eu

do
-H

or
ne

r 
sy

nd
ro

m
e

U
nk

no
w

n;
 a

ni
so

co
ria

 is
 o

ft
en

 
p

re
se

nt
 in

 o
ld

 p
ho

to
g

ra
p

hs
 

fr
om

 in
fa

nc
y

A
ni

so
co

ria
 in

cr
ea

se
s 

in
 b

rig
ht

 li
g

ht
A

p
p

ea
rs

 n
or

m
al

, b
ut

 t
he

 
sm

al
le

r 
p

up
il 

d
oe

s 
no

t 
d

ila
te

 w
el

l t
o 

d
ar

kn
es

s 
or

 
au

d
ito

ry
 s

tim
ul

at
io

n

N
or

m
al

; a
ni

so
co

ria
 le

ss
en

s 
w

ith
 a

 g
oo

d
 n

ea
r 

re
sp

on
se

N
or

m
al

M
ay

 g
iv

e 
a 

fa
ls

e-
p

os
iti

ve
 c

oc
ai

ne
 

te
st

; w
he

n 
d

ire
ct

-a
ct

in
g

 a
g

en
ts

 
or

 a
nt

ic
ho

lin
er

g
ic

 d
ro

p
s 

ar
e 

us
ed

, t
he

 p
up

il 
st

ill
 fa

ils
 t

o 
d

ila
te

 
as

 w
el

l a
s 

th
e 

fe
llo

w
 e

ye



517

Efferent pupillary defects

Box 25.8  Horner syndrome

Clinically, Horner syndrome is recognized by looking for the 
associated signs, such as ptosis, “upside-down ptosis” of the 
lower lid, and in a fresh case, conjunctival injection, decreased 
sweating on the involved side, and in some cases, lowered 
intraocular pressure on the affected side.

Pain on the side of the face with the smaller pupil (jaw, ear, and 
cheek pain) is often an important sign pointing to a carotid artery 
dissection as a cause of the Horner syndrome (Fig. 25.14).

Figure 25.14 (A) Example of a patient with acute Horner syndrome on the right with accompanying facial pain. Note the miosis and ptosis on the right 
eye. This patient had a dissection of the internal carotid artery demonstrated by the magnetic resonance imaging scan (B) showing a bright signal in the wall 
of the carotid artery resulting from blood (white “comma” adjacent to carotid lumen in lower left; arrow). The dissection created a false lumen that appears 
as a focal enlargement of the lumen of the carotid artery demonstrated in the carotid angiogram on the right (arrow) (C).

B

C

A

The patient with Horner syndrome has a weak dilator muscle 
in one iris, and as a result, that pupil dilates more slowly than 
the normal pupil (Fig. 25.15). If the sympathetic lesion is 
complete, the affected pupil will dilate only by sphincter 
relaxation; this process takes longer than with an intact sym-
pathetic innervation to the dilator muscle. This asymmetry of 
pupil dilation produces an anisocoria that becomes largest 4 
to 5 seconds after the lights are turned out. Dilation of the 
eye with the oculosympathetic defect is a much slower process 
than most people imagine. After the lights have been out for 
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Figure 25.15 Example of a pupillographic demonstration of dilation lag of the pupil in the eye with Horner syndrome. The smaller pupil is slow to dilate, 
causing an increase in anisocoria during the early phase of dilation and accentuated by a loud sound (S). In the last part of the tracing, no further stimulus 
was given to allow the dilation lag to be observed in the tracing. The dilation lag is a delayed dilation of the smaller pupil; after 5 seconds in darkness, the 
smaller pupil slowly dilates as a result of inhibition of the sphincter muscle, despite loss of sympathetic nerve contribution to pupil dilation.

Light stimulus
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Dilation lag
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occurring (sleeping during this time might result in neither 
pupil dilating to cocaine). If there is little dilation of the eye 
with a suspected oculosympathetic defect and this pupil 
never dilated well in darkness before the drop was given, 
even after 30 seconds of darkness, a false-positive cocaine 
test also must be considered. This can occur if the iris is in 
some way held in a miotic state by either scarring or aberrant 
reinnervation of the iris sphincter. In such cases, adding  
a direct-acting sympathomimetic agent to both eyes (i.e.  
2.5 percent phenylephrine) at the conclusion of a positive 
cocaine test should easily dilate the iris of the suspected eye 
if there really is an oculosympathetic defect, and the cocaine-
induced anisocoria should almost be eliminated. In some 
cases the 2.5 percent phenylephrine may even cause the eye 
with the oculosympathetic defect to have the larger pupil as 
a result of supersensitivity. Pseudo-Horner syndrome, caused 
by the reasons stated earlier, results in inadequate dilation 
to direct-acting sympathetic agents.

The likelihood of a diagnosis of Horner syndrome with 
cocaine testing increases in proportion to the amount of 
anisocoria (measured 50 to 60 minutes after the instillation 
of cocaine). Unlike the hydroxyamphetamine test (used for 
localizing the lesion to either the preganglionic or postgan-
glionic neuron), calculation of the change in the anisocoria 
from before to after cocaine application is unnecessary. It 
has been found that if there is at least 0.8 mm of pupillary 
inequality after cocaine, the presence of Horner syndrome is 
highly likely.29

Recently, it has been proposed that a new pharmacologic 
test using 0.5 percent apraclonidine be used for the diagnosis 
of Horner’s syndrome in place of cocaine.74–78 Typically, 30 
minutes following topical apraclonidine administered to 
both eyes, the miotic eye with the oculosympathetic defect 
dilates and if anything, the normal pupil becomes smaller 
(in dim light), causing the anisocoria to reverse, or at least 
lessen. In patients with anisocoria of other causes, such as 
physiologic anisocoria, no mydriasis occurs. Apraclonidine 
has an advantage over cocaine in that it will actively dilate 
the affected eye and not the normal eye, making its action a 
positive (mydriatic) one in the affected eye rather than a 
negative one in the affected eye and a positive (mydriatic) 
one in the unaffected eye, as with cocaine. Unlike phenyl-
ephrine, whose corneal penetration varies widely among  
individuals, apraclonidine readily penetrates the cornea and 
gains access to the iris, so the limiting factor to its mydriatic 
effect is whether α1 supersensitivity is present in the iris 
dilator muscle. Apraclonidine has potential advantages over 

10 to 20 seconds, the anisocoria lessens as the sympathect-
omized pupil gradually catches up because of continual 
relaxation of the iris sphincter due to central inhibition of the 
parasympathetic pathway at the Edinger–Westphal nucleus. 
The delayed dilation of the involved eye due to a deficit of 
sympathetic innervation to the dilator muscle is a process 
referred to as dilation lag (Fig. 25.15).

Often, the initial increase in anisocoria during the first 
few seconds of darkness can be accentuated by adding an 
auditory stimulus just after the lights are turned out. This 
causes the normal pupil to dilate forcefully in response to 
the extra sympathetic stimulation evoked by the loud noise, 
but in the eye with the oculosympathetic defect, this maneu-
ver has little effect. Comparison of the dynamics of dilation 
of the two pupils is a quick and simple way of distinguishing 
Horner syndrome from simple anisocoria, and it is a test that 
does not require pupillary drug testing. It works well most 
of the time, especially in young people with mobile pupils, 
but if the dilation lag is inconclusive, cocaine eye drops 
should be used to confirm the diagnosis of Horner 
syndrome.

Pharmacologic diagnosis of Horner syndrome 
with cocaine or apraclonidine
Cocaine’s action is to block the reuptake of the norepine-
phrine that is normally released from the nerve endings.  
If, because of an interruption in the sympathetic pathway, 
norepinephrine is not being released, cocaine has no adren-
ergic effect. A Horner’s pupil will dilate less to cocaine  
than the normal pupil, regardless of the location of the 
lesion. Forty-five minutes after cocaine drops have been 
placed in both eyes, the anisocoria should have clearly 
increased because the normal pupil has dilated more than 
the Horner’s pupil.

A solution of 4 percent cocaine HCl drops in both eyes is 
recommended (never more than 2 drops) to be sure that the 
iris gets a full mydriatic dose; this concentration of cocaine 
does not normally produce a corneal epithelial defect. It 
should be said that 2 percent, 4 percent, and 5 percent 
cocaine have also been used as a diagnostic test for Horner 
syndrome and work well. The pH of the solution usually 
causes significant burning after topical application. Pre-
application of topical anesthetic helps counteract the dis-
comfort. After 40 to 60 minutes have elapsed, the anisocoria 
is measured in room light. The patient should stay active 
during that time so that adequate sympathetic discharge is 
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phenylephrine, not only in its ease of corneal penetration, 
but also in the fact that it does not need to be diluted. 
Further studies will clarify the diagnostic efficacy of apraclo-
nidine for the diagnosis of oculosympathetic defects.

Pharmacologic localization of the denervation 
in Horner syndrome
The site of the oculosympathetic lesion in Horner syndrome 
is a question of considerable clinical importance because 
many postganglionic defects are caused by benign vascular 
headache syndromes or more serious carotid dissections and 
a preganglionic lesion is sometimes the result of the spread 
of a malignant neoplasm.

Hydroxyamphetamine eye drops help localize the site of 
the lesion in Horner syndrome. The clinician would like to 
know where the lesion is because that knowledge directs the 
radiographic workup (e.g. to the internal carotid artery 
rather than to the pulmonary apex). Horner syndrome 
sometimes presents itself in such a characteristic setting that 
further efforts at localizing the lesion are not needed. This  
is true of patients with cluster headaches or after surgical 
procedures that interrupt the oculosympathetic chain in a 
known location.

Hydroxyamphetamine acts by releasing norepinephrine 
from storage in the sympathetic nerve endings. When the 
lesion is postganglionic, most, if not all, of the nerves are 
dead, and no norepinephrine stores are available for release. 
When the lesion is complete, a pupil like this will not dilate 
at all in response to hydroxyamphetamine. However, a 
period of almost 1 week from the onset of damage may be 
needed before the dying neurons and their stores of nor-
epinephrine are gone. Therefore a hydroxyamphetamine test 
given within a week of a postganglionic lesion may give a 
false preganglionic localization if the norepinephrine stores 
have not yet disappeared. Horner’s pupils resulting from 
preganglionic or central lesions dilate at least normally 
because the postganglionic neuron with its stores of nor-
epinephrine, although disconnected, is still intact. In fact, 
when the lesion is in the preganglionic neuron, the Horner’s 
pupil often becomes larger than the normal pupil – appar-
ently resulting from “decentralization supersensitivity.”

The hydroxyamphetamine test is simple: The pupils are 
measured before and 40 to 60 minutes after hydroxyampheta-
mine drops have been put in both eyes, and the change in 
anisocoria from baseline state to the after drops state in 
room light is noted. If the Horner’s pupil – the smaller one 
– dilates less than the normal pupil, the anisocoria increases 
and it can be concluded that the lesion is in the postgangli-
onic neuron. If the smaller pupil dilates so well that it 
becomes the larger pupil, the lesion is preganglionic and the 
postganglionic neuron with its norepinephrine stores is still 
intact. The examiner should wait at least 2 to 3 days after 
using cocaine drops before using hydroxyamphetamine; 
cocaine seems to block hydroxyamphetamine’s effectiveness 
because it blocks the uptake of hydroxyamphetamine into 
the postganglionic nerve terminal, thus inhibiting its action.

To understand how to better interpret the hydroxyam-
phetamine test, we studied hydroxyamphetamine mydriasis 
in patients with a known lesion location and in those in 
whom the location of the lesion was unknown. It appears 
that postganglionic lesions (along the carotid artery) can be 

separated from the non-postganglionic lesions (in the brain-
stem, spinal cord, upper lung, and lower neck) with a degree 
of certainty that varies with the amount of change in aniso-
coria induced when the drops are put in both eyes.16 An 
increase in the anisocoria of greater than 0.5 mm (change in 
anisocoria from prehydroxyamphetamine to posthydroxyam-
phetamine) makes a postganglionic lesion highly likely.

Congenital and childhood Horner syndrome
When a child has a unilateral ptosis and miosis, the first 
question is whether it is really Horner syndrome. The ptosis 
of Horner syndrome is moderate, never complete. Some-
times, the elevation of the lower lid (upside-down ptosis) is 
persuasive. A child with a congenital Horner syndrome and 
naturally curly hair has, on the affected side of the head, hair 
that will seem limp and lank. The shape of the hair follicles 
appears to depend on intact sympathetic innervation, as 
does the iris pigment. In children, iris color usually occurs 
after the first 9 to 12 months of life because of accumulation 
of melanosomes in iris melanocytes that are innervated by 
the sympathetic nerves. Therefore, if the iris in the eye with 
Horner syndrome does not develop pigmentation during 
this period, i.e. there is heterochromia, then an oculosym-
pathetic defect was present early in life. However, the pres-
ence of heterochromia does not indicate the cause or whether 
it was congenital versus acquired during the first year of life.

Cocaine eye drops may be of some help in diagnosing 
Horner syndrome in children. If there is no significant  
dilation of the smaller pupil, a drop of 2.5 percent  
phenylephrine should then be administered to each eye to 
substantiate that the pupil can dilate to a direct-acting sym-
pathomimetic agent and that this is not pseudo-Horner syn-
drome (see previous section on the cocaine test). Other signs 
may also be helpful for diagnosing Horner syndrome in 
children. The most telling sign is a hemifacial flush that can 
occur on the normally innervated side in contrast to the 
blanch that occurs on the side with the oculosympathetic 
defect when the infant is nursing or crying. In an air-
conditioned office it may be hard to decide whether there  
is an asymmetry of sweating. A cycloplegic refraction can 
sometimes produce an atropinic flush everywhere except on 
the affected face and forehead and thus can unexpectedly 
solve the diagnostic problem.

In infants the hydroxyamphetamine drop test is not very 
helpful in localizing the lesion because orthograde trans-
synaptic dysgenesis takes place at the superior cervical  
ganglion after an early interruption of the preganglionic  
oculosympathetic neuron. This results in fewer postgangli-
onic neurons, even though there was no postganglionic 
injury, and this, in turn, produces weak mydriasis and 
ambiguous answers from the hydroxyamphetamine test in 
children.56 Therefore, if a hydroxyamphetamine drop test is 
used, the interpretation needs to take this possibility into 
consideration. If, in response to hydroxyamphetamine, the 
affected eye with relative miosis dilates as well as or better 
than the fellow eye, it is probably a preganglionic lesion. 
However, any result showing less mydriasis in the affected 
eye compared with the fellow eye cannot be localized with 
certainty because of the reasons listed earlier. Horner syn-
drome that has been clearly acquired in infancy should be 
evaluated for neuroblastoma, a treatable tumor, using a 
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combination of imaging and testing the urine for metabo-
lites of adrenergic compounds secreted from the tumor.

Pupil inequality that is increased  
in bright light
When the anisocoria increases with bright light, this implies 
that the larger pupil is abnormal and may not contract  
well to light because of direct damage to the iris sphincter 
muscle from trauma or surgery or because of ischemic 
atrophy, scarring (synechia) of the iris to the lens from  
previous inflammation, pharmacologic mydriasis, or dener-
vation of the parasympathetic nerve supply to the iris 
sphincter (see Fig. 25.4). The following sections outline the 
most important clinical observations and tests that may  
be needed to sort out the cause of the efferent pupil defect 
(see Table 25.2).

Examination of the iris with high 
magnification using the slit-lamp 
biomicroscope
Trauma to the globe usually results in a torn sphincter or an 
iris that shows transillumination defects at the slit lamp. The 
pupil is often not round, and there may be other evidence 
of ocular injury. Naturally, such a pupil does not constrict 
well to light. The residual reaction is often associated with 
the remaining normal sectors of the iris sphincter because 
the traumatic tears are usually segmental. An atrophic 
sphincter resulting from previous herpes zoster iritis may 
also reveal large geographic areas of transillumination 
defects seen with the slit lamp from previous ischemic vas-
culitic insults to the iris during the uveitis.

However, if the iris tissue looks normal, the examination 
is focused on whether any part of the iris sphincter is con-
tracting with light. If some contraction occurs, it should be 
determined whether the residual contraction is diffuse over 
the whole circumference or segmental. If there is no segmen-
tal movement of the iris, the possibility of atropinic mydria-
sis should be considered.27 However, a completely blocked 
light reaction can sometimes be seen when the sphincter is 
totally denervated by a preganglionic lesion (third nerve 
palsy) or a postganglionic lesion (fresh tonic pupil), in acute 
angle closure (iris ischemia), or in the presence of an intraoc-
ular iron foreign body (iron mydriasis). If the dilated pupil 
still has some response to light, the dilation could be caused 
by partial denervation of the sphincter or by incomplete 
atropinization or adrenergic mydriasis. When the light reac-
tion is poor because the dilator muscle is in spasm (because 
of adrenergic mydriatics like phenylephrine), the pupil is 
large, the conjunctiva blanched, and the lid retracted. In such 
a case, the near point of accommodation is usually normal 
but may be slightly decreased as a result of spherical aberra-
tion and a shallow depth of field caused by the dilated pupil. 
However, in the case of adrenergic mydriasis, there usually 
is some light reaction to very bright lights because the 
stronger iris sphincter can usually overcome pulling by the 
adrenergic effects on the dilator muscle.

If there is some residual light reaction, the next step is to 
look with the slit lamp for sector palsy of the iris sphincter. 
When the dilator is in a drug-induced adrenergic spasm or 
when the cholinergic receptors in the iris sphincter are 

blocked by an atropine-like drug, the entire 360 degrees of 
the sphincter muscle is less effective. This is not the case 
when the postganglionic nerve fibers have been interrupted: 
Adie’s pupils with a residual light reaction (about 90 percent 
of them) have segmental contractions of the remaining 
normal segments of the sphincter. Some preganglionic 
partial third nerve palsies also have regional sphincter 
palsies, but these can usually be attributed to an associated 
preexisting diabetic autonomic neuropathy or aberrant 
regeneration. This means that when the examiner sees a 
pupil with a weak light reaction but no segmental palsy,  
he or she should consider a drug-induced mydriasis and 
then perhaps look again for lid and motility signs of a third 
nerve paresis.

Pharmacologic response of the iris sphincter 
to cholinergic drugs

Cholinergic supersensitivity
If weak pilocarpine (0.0625 percent, 0.1 percent, or 0.125 
percent) is applied to both eyes and the affected (dilated) 
pupil constricts more than the normal pupil (actually 
becoming the smaller pupil in darkness), the iris sphincter 
has probably lost some of its innervation and has become 
supersensitive (Fig. 25.16). Cholinergic supersensitivity can 
occur within 5 to 7 days. The conclusion that cholinergic 
supersensitivity exists assumes that corneal penetration of 
the drug is the same in each eye (i.e. both corneas are healthy 
and untouched, tear function is normal, and the eyelids are 
working properly in both eyes). It seems likely that with 
postganglionic denervation (damage at the ciliary ganglion 
or distal to it) the sphincter will show more supersensitivity 
than in the preganglionic case (third nerve palsy). However, 
it appears that the differences are not great. For all of these 
reasons, cholinergic supersensitivity of the iris sphincter is 
now considered only a confirmatory sign of Adie syndrome. 
In fact, the results of supersensitivity testing may be ambigu-
ous in Adie syndrome, depending on the chronicity of the 
condition. As reinnervation takes place over time in Adie 
syndrome (with accommodative cholinergic nerves growing 
into the iris sphincter), the reinnervated sphincter segments 
may lose their cholinergic supersensitivity.59 If a patient 
shows the presence of cholinergic supersensitivity in one eye 
without any segmental palsies, other causes besides Adie’s 
pupil should be reconsidered. Subtle signs of ptosis or diplo-
pia should be looked for once more to leave no doubt that 
the oculomotor nerve is not affected. It is rare for an ambula-
tory patient to have an isolated sphincter palsy without other 
signs of oculomotor nerve palsy as a result of compressive 
damage to the intracranial third nerve caused by a tumor or 
aneurysm.

Testing of iris cholinergic sensitivity is best performed 
when comparing an affected eye with its fellow, normal eye. 
Testing for whether cholinergic supersensitivity is present in 
both eyes, without comparing the response with the normal 
fellow eye in the same subject, is problematic because there 
is considerable variation in the cholinergic response among 
different individuals. Even some normal eyes can respond 
to 0.05 percent pilocarpine, so for supersensitivity testing to 
be the most meaningful, the test is best used in the setting 
of unilateral causes.
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Subsensitivity of the iris sphincter  
to cholinergic testing
If the normal pupil constricts only a small amount to dilute 
cholinergic agents and the dilated pupil not at all, the 
mydriasis may be caused by the presence of an anticholin-
ergic drug like atropine, which inhibits the receptors on the 
iris sphincter muscle. A stronger concentration of pilocarpine 
is then needed to settle this point. If, on application of 1 
percent pilocarpine in each eye, the affected pupil does little 
or nothing and the unaffected pupil constricts normally, the 
pupil is not larger because of nerve denervation, but rather, 
because of a problem in the sphincter muscle itself. The  
following are different non-neuronal causes of mydriasis:

• anticholinergic mydriasis (e.g. scopolamine, 
cyclopentolate, atropine)

• traumatic iridoplegia (look for sphincter tears, 
appearing as divots at the pupil border; pigment 
dispersion on the corneal endothelium of lens; and 
angle recession)

• angle-closure glaucoma (ischemia of the iris sphincter 
that occurs during the time when the intraocular 
pressure is high)

• previous herpes zoster iritis causing direct damage to 
the iris sphincter

• synechiae causing a bound-down iris that is 
mechanically immobile

• fixed pupil following anterior segment surgery
• ocular ischemia to the anterior segment, damaging the 

iris sphincter.

The cause for a loss of function of the iris muscle follow-
ing anterior segment surgery is unknown. In some cases with 
a postoperative rise in intraocular pressure, the cause may be 
an ischemic insult to the iris sphincter. An autoimmune 
process may be responsible, but it has not been proven. It 
may be related to the same process as Urrets–Zavalia syn-
drome, in which a dilated, fixed pupil may occur following 
penetrating keratoplasty.

Adie’s tonic pupil: postganglionic 
parasympathetic denervation
Young adults (more commonly women than men) may  
suddenly find that one pupil is large or that they cannot 
focus as well with one eye at near. Slit-lamp examination 
usually shows segmental denervation of the iris sphincter, 
with some remaining normal segments still reacting to  
light. Within the first week, supersensitivity of the iris and 
ciliary muscle to cholinergic substances can be demon-
strated. After about 2 months, nerve re-growth is active and 
fibers originally bound for the ciliary muscle (they outnum-
ber the sphincter fibers by 30 : 1) start arriving (aberrantly) 
at the iris sphincter and the ciliary muscle. The light reaction 
of the denervated segments does not return, but the rein-
nervated segments now show contraction to a near stimulus. 
This produces the characteristic “light-near dissociation”  
of Adie syndrome (Fig. 25.16), as well as a return of 
some accommodative amplitude. Therefore the presence of  
light-near dissociation in this setting is a sign of a chronic 
Adie’s pupil with reinnervation and is not a sign of an acute 
Adie’s pupil. The pupil contraction to a near stimulus is 

Figure 25.16 Example of Adie’s pupil (A) showing little anisocoria in 
darkness (B) and an increasing anisocoria in room light (C). A light-near 
dissociation with a greater contraction of the left pupil to a near stimulus 
compared with light (D), indicating a chronic state resulting from 
reinnervation of the iris sphincter by accommodative neurons. The patient 
still exhibited signs of cholinergic supersensitivity (lower right), with the 
involved pupil contracting more to 0.1 percent pilocarpine than the  
fellow pupil.

Near effort

B

C

A

D
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of patients with Adie’s pupil show evidence of a similar 
process occurring in the other eye.

Pupil involvement in third nerve palsy
There is an old clinical rule of thumb stating that if the pupil-
lary light reaction is spared in the setting of a third nerve 
palsy, the palsy is probably not caused by compression or 
injury, but more likely, it is caused by small vessel disease, 
such as might be seen in diabetes. It is still a fairly good rule, 
provided one bears in mind that a small but definite number 
of pupil-sparing third nerve palsies are caused by midbrain 
infarcts and should have neuroimaging studies. Because the 
preganglionic parasympathetic nerves for the pupil light 
reflex are located on the medial side of the intracranial 
portion of the third nerve as it exits the midbrain, compres-
sion of the third nerve in this location results in some 
element of iris sphincter palsy (Box 25.5). The most common 
cause of this would be an aneurysm (i.e. of the posterior 
communicating artery) or pituitary apoplexy (sudden lateral 
expansion of a pituitary adenoma pressing on the medial 
aspect of the third nerve). Pupil involvement is often incom-
plete, so it is important to look for iris sphincter weakness 
by observing for anisocoria in bright light. In the absence of 

often tonic, being slow to dilate when gaze is shifted to a 
distant target. Although there is also some return of accom-
modative amplitude, the dynamics of focusing in the affected 
eye are also slowed and not normal. Patients often complain 
of difficulties when trying to refocus from near to far because 
the relaxation of accommodation is slower in the affected 
eye. Eventually, the affected pupil becomes the smaller of 
the two pupils, especially in dim light, as a result of the 
amount of reinnervation by cholinergic accommodative 
neurons, which keep the sphincter in a contracted state.  
It turns out that the segmental palsy of the iris sphincter  
in Adie syndrome and the individual sphincter segment 
responses to light, near and pilocarpine, can be seen espe-
cially well by infrared video recording of transillumination 
of the iris (Fig. 25.17). Many of these patients also lack 
normal motor jerk reflexes and may also have decreased 
vibratory sensation, indicating a similar process occurring in 
the spinal cord neurons. However, Adie syndrome is not 
associated with any major neurologic disorder or significant 
dysfunction. The cause of Adie’s pupil is not well under-
stood, but it has been hypothesized that an immune reaction 
may mediate the damage to ciliary ganglion and spinal 
neurons. Younger children may get an Adie’s pupil after 
having chickenpox. After about 10 years, almost 50 percent 

Figure 25.17 Infrared iris transillumination in Adie’s pupil. The iris sphincter appears as a dark ring at the pupillary border when it contracts, as observed 
with infrared iris transillumination. In the patient shown, almost all of the iris sphincter was denervated, except for the segment at the 7 o’clock meridian, 
which darkened when made to contract with light or near (top row, center and right panels). With low-dose pilocarpine, the rest of the sphincter muscle 
that was denervated is the area where supersensitivity was present (bottom row, left panel). Every area darkened after the pilocarpine, except the normal 
segment at the 7 o’clock position, which remains lighter (not contracted), as shown in the upper right panel. After 6 months, the pupil started to become 
smaller and contracted to near (bottom right panel), but it remained unresponsive to light, except for the 7 o’clock segment (center right panel).

Acute - Light

6 mo later - Near

Acute
0.1% Pilocarpine

Acute - Dark Acute - Darkness - Near

6 mo later - Light
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Figure 25.18 Primary aberrant regeneration of the left third nerve 
following chronic compression of the oculomotor nerve by a meningioma. 
In darkness (top and center panels) the left pupil is the smaller of the two 
pupils as a result of innervation by motor nerves. Nerves that normally 
would have supplied the inferior rectus muscle now are innervating the iris 
sphincter muscle, causing pupil contraction on downgaze (lower panel).

B

C

A

Table 25.4 Causes of light-near dissociation of the pupil

Cause Location Mechanism

Severe loss of afferent light input to both 
eyes

Anterior visual pathway (retina, 
optic nerves, chiasm)

Damage to the retina or optic nerve pathways

Loss of pretectal light input to Edinger–
Westphal nucleus

Tectum of the midbrain Infectious (Argyll Robertson pupils) or compression (pinealoma) 
or ischemia (stroke)

Adie syndrome Iris sphincter Aberrant reinnervation of sphincter by accommodative neurons

Third nerve aberrant reinnervation Iris sphincter Aberrant reinnervation of sphincter by accommodative neurons 
or medial rectus neurons

aberrant regeneration (from chronic compression), we have 
yet to observe a case of a pupil involving third nerve palsy 
from an aneurysm that showed segmental palsies; all of the 
cases so far have shown symmetric involvement of the iris 
sphincter over its circumference. Some patients with ischemic 
third nerve palsy and diabetes have shown mild pupil 
involvement with elements of segmental palsies. It appears 
that these patients may have had preexisting pupil involve-
ment from diabetic autonomic neuropathy.

Aberrant regeneration in the third nerve
The third cranial nerve carries bundles of nerves supplying 
different extraocular muscles (medial rectus, inferior rectus, 
inferior oblique, superior rectus, and levator palpebrae 
muscles), as well as preganglionic parasympathetic nerves to 
the iris sphincter and ciliary body. Injury to the third nerve 
and glial scaffolding, through which individual nerve 
bundles pass, causes the nerve fibers to regrow, and they 
often end up in the wrong place. For example, the eye may 
inappropriately turn in when the patient is trying to look 
down, or the pupil may inappropriately constrict with 
depression, adduction, or supraduction of the globe (Fig. 
25.18). With eyelid involvement, the lid fissure may widen 
with infraduction, adduction, or supraduction of the eye. 
Aberrant regeneration of the oculomotor nerve may be 
primary or secondary. In secondary aberrant regeneration, a 
third nerve palsy precedes the aberrant regeneration by at 
least 8 weeks. In primary aberrant regeneration, there is no 
preceding nerve palsy; the damage to the nerve slowly 
progresses simultaneous with the process of aberrant regen-
eration. Primary aberrant regeneration is clinically impor-
tant to recognize because it is almost always caused by a slow 
compression of the intracranial third nerve by a tumor or 
aneurysm.

Light-near dissociation: evaluation  
of the near response
The pupil response to a near effort should be observed as a 
standard part of the pupil evaluation. Any time the pupil 
light reaction seems weak, it is important to check to see 
whether the pupils constrict better to near than they do to 
light. If they do, this is called a light-near dissociation. Causes 
of light-near dissociation are summarized in Table 25.4. 
These are categorized by three major mechanisms:

1. Loss of light input resulting from severe damage to the 
afferent visual system (retina or optic nerve pathways)

2. Interruption of the light input pathways to the 
Edinger–Westphal nucleus from the pretectum (Argyll 
Robertson pupils, dorsal midbrain syndrome)

3. Aberrant regeneration of the pupillary sphincter from 
accommodative fibers (Adie syndrome) or extraocular 
muscle neurons from the oculomotor nerve (medial 
rectus fibers or accommodative fibers from third nerve 
aberrant regeneration).

When the pupil fails to dilate
When one or both pupils stay small and miotic, even  
in darkness, a number of reasons may be responsible  
(Table 25.5). To better understand the different possible 
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Table 25.5 Causes of poor pupil dilation in darkness

Cause Location Mechanism

Past inflammation or surgical trauma Posterior iris surface or sphincter Scarring or synechiae of the iris resulting from past iritis

Acute trauma Sphincter Prostaglandin release causing sphincter spasm

Adie tonic pupil
Third nerve aberrant reinnervation

Sphincter Aberrant reinnervation of iris sphincter by accommodative or 
extraocular motor neurons that are not inhibited in darkness

Pharmacologic miosis Iris sphincter Cholinergic influence

Unilateral episodic spasm of miosis Postganglionic parasympathetic neuron Uninhibited episodic activation of postganglionic neurons

Congenital miosis (bilateral) Sphincter Developmental abnormality

Fatigue, sleepiness Edinger–Westphal nucleus Loss of inhibition at midbrain from reticular activating formation

Lymphoma, inflammation, infection Periaqueductal gray matter Interruption of inhibitory fibers to the Edinger–Westphal nucleus

Central acting drugs Reticular activating formation, midbrain Narcotics, general anesthetics

Old age (bilateral miosis) Reticular activating formation, midbrain Loss of inhibition at midbrain from reticular activating formation

Oculosympathetic defect Sympathetic neuron interruption Horner syndrome

mechanisms it is important to understand what normally 
happens in darkness to allow the pupil to dilate. When a 
light stimulus is terminated, two mechanisms cause the 
pupil to dilate. The majority of pupil dilation comes about 
from inhibition to the Edinger–Westphal nucleus in the 
midbrain. This reduces the firing of the preganglionic para-
sympathetic neurons in the Edinger–Westphal nucleus, 
causing relaxation of the iris sphincter. Within a few seconds, 
sympathetic nerve firing increases, serving to augment the 
pupil dilation by active contraction of the dilator muscle. 
The combined inhibition of the iris sphincter and stimula-
tion of the iris dilator is a carefully integrated neuronal 
reflex. The inability of the pupil to dilate in darkness may 
result from the following causes:

1. Mechanical limitations of the pupil (scarring)
2. Pharmacologic miosis
3. Aberrant reinnervation of cholinergic neurons to the 

iris sphincter that are not normally inhibited in 
darkness (accommodative or extraocular motor 
neurons)

4. Lack of inhibitory input signal getting to the Edinger–
Westphal nucleus

5. Lack of sympathetic input to the dilator muscle.
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Ganglion-Cell Photoreceptors 
and Non-Image-Forming Vision

Kwoon Y. Wong & David M. Berson

Overview
In the past decade, compelling evidence has emerged for a 
novel class of photoreceptors in the mammalian retina. 
These neurons are ganglion cells that express the photopig-
ment melanopsin and respond autonomously to bright light 
with a sustained depolarization and increase in spike fre-
quency. These intrinsically photosensitive retinal ganglion 
cells (ipRGCs) differ radically in form and function from the 
classical rod and cone photoreceptors. In this chapter, we 
discuss the origins of this discovery, the idiosyncratic physio-
logy of these cells and roles they play in retinal processing 
and visual behavior in health and disease.

Historical roots

For most contemporary retinal scientists, the recent discov-
ery of photoreceptors in the inner retina may have come as 
a shock, but the roots of the idea are actually traceable to 
the very beginnings of retinal science (see reviews1–3). Begin-
ning with Descartes and through the first half of the 19th 
century, it was assumed that the photoreceptive elements of 
the retina lined its inner surface, nearest the incoming light.3 
For example, Treviranus,4 the first to conduct systematic 
microscopic studies of the retina, suggested that optic fibers 
passed through all retinal layers to end as photosensitive 
papillae at the vitreal surface. Bidder5 accurately described 
the outer retinal location of the rods, but hypothesized that 
they served a reflective function, like a tapetum, and contin-
ued to view optic fibers in the inner retina as the locus of 
phototransduction. The lack of photosensitivity of the fibers 
of the optic disk, as indicated by the blind spot, eventually 
undermined this view, and prompted Bowman6 and 
Helmholtz7 to propose ganglion cells as the true photorecep-
tors. It was not until the latter half of the 19th century that 
photoreception was convincingly localized to the outer 
retina. The key insights were made by Heinrich Müller, who 
inferred the retinal depth of the photoreceptors by a clever 
geometric analysis of the parallactic displacement of shadows 
of retinal vasculature (the “Purkinje tree”). He also detected 
“visual purple” or rhodopsin in the rods, which Franz Boll 
soon thereafter demonstrated was a photosensitive pigment.

Fifty years would pass before interest in the possibility of 
inner-retinal photoreception would re-emerge. The catalyst 
was the groundbreaking work of Clyde Keeler, who identi-
fied the first animal model of inherited retinal degeneration. 
This strain of mice – which Keeler termed “rodless” – is allelic 
with the rd1 strain (formerly rd); both carry the Pde6brd1 
mutation and phenotypically resemble human autosomal 
recessive retinitis pigmentosa (OMIM 180072).8,9 Keeler 
eventually achieved wide acclaim for this seminal contribu-
tion to the genetics of retinal disease, but a key observation 
he made in these mice received little notice at the time. 
Though his rodless mice were apparently blind when tested 
behaviorally or electroretinographically, they unexpectedly 
retained robust pupillary responses to light.10 This led him 
to suggest that “in mammals the iris may function independ-
ent of vision” either through intrinsic photosensitivity of the 
smooth muscle itself or by “direct stimulation of the internal 
nuclear or ganglionic cells” by light.10,11

Over the next 70 years, a series of studies in retinally 
degenerate mammals confirmed the persistence of the pupil-
lary response and suggested that the functional blindness 
might not be as complete as Keeler had believed. Various 
photic effects on behavior or physiology were noted, despite 
the absence of an outer retina in histological material or  
a detectable electroretinogram (see reviews12,13). These 
included avoidance of a visual cliff, photic suppression of 
activity in open field test, visually guided avoidance of shock 
in a shuttlebox, chromatic discrimination, entrainment of 
circadian rhythms, suppression of pineal melatonin synthe-
sis, and suppression of spontaneous firing in the superior 
colliculus.12,14–19 A number of these studies demonstrated 
that eye removal abolished these residual photoresponses 
and overtly echoed Keeler’s speculation about the possible 
existence of inner retinal photoreceptors, including ganglion 
cells.15,17,18 These suggestions gained only limited currency, 
probably because improved anatomical studies had begun 
to cast doubt on the completeness of the loss of outer retinal 
photoreceptors, especially in the peripheral retina. These 
studies showed that the mouse retina, once believed to 
possess only rod photoreceptors, actually had a modest 
population of cones as well, and that these degenerated far 
more slowly than rods in the rd1 model. Perhaps 20 percent 
survived beyond 80 days of age, albeit without intact outer 
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segments, and a few lasted at least a year.20 This clouded the 
interpretation of the behavioral studies, virtually all of which 
had been conducted in mice young enough to have had 
many surviving cones. With the benefit of hindsight, 
however, it seems plausible that at least some of the residual 
light-driven effects reported in these early studies were 
indeed mediated by inner retinal photoreceptors. Even in 
rd1 animals as young as 6–10 weeks old, surviving rods or 
cones seem unable to support visual function: silencing 
ganglion-cell phototransduction in such animals (as 
described below) abolishes the photic influences on circa-
dian rhythms, the pupil, locomotor activity, and melatonin 
synthesis that these mice would otherwise exhibit.21

In the 1990s, Russell Foster and colleagues took up the 
work on retinally degenerate mice, applying more rigorous 
methods to provide compelling evidence for inner retinal 
photoreception.13,22–28 Their innovations included appropri-
ate controls for genetic background and the use of very old 
rd1 animals and several genetically modified mouse strains 
in which they confirmed nearly complete loss of cones as 
well as rods. They also showed that there was no loss of 
sensitivity of circadian photoreception as rod and cone 
degeneration progressed and that the residual visually 
evoked behaviors extended beyond circadian regulation to 
other outputs of what they called the non-image-forming 
(NIF) visual centers of the brain. These included pupillary 
constriction, acute suppression of locomotor activity and 
acute suppression of melatonin release by light. The case for 
novel inner photoreceptors was bolstered by parallel obser-
vations in human patients with advanced outer retinal 
disease29–31 and by assessment of the spectral tuning of 
residual photoresponses in retinally degenerate animals. 
Yoshimura & Ebihara showed that the photic influence on 
circadian rhythms in retinally degenerate mice was most 
effective at 480 nm, clearly distinct from the optimal wave-
length for the known rod and cone photopigments.32,33 
Remarkably similar spectral data were obtained for residual 
pupillary responses.26

Discovery of melanopsin and 
ganglion-cell photoreceptors

The identities of the mysterious inner-retinal photoreceptors 
and their photopigment were established in a flurry of 
studies in the years 2000 to 2005. These developments have 
been thoroughly reviewed elsewhere,28,34–37 so we provide 
only an abbreviated summary here. A pivotal contribution 
was the discovery of melanopsin.38,39 This novel opsin (coded 
by the opn4 gene) derives its name from the dermal melano-
phores of frogs, the photosensitive cells of the skin in which 
the gene was first identified.38 Ignacio Provencio and col-
leagues showed that in mice and primates, including 
humans, the protein was expressed solely in a small minority 
of cells in the inner retina, mainly in the ganglion cell layer. 
They speculated that melanopsin could be the photopig-
ment of the postulated inner-retinal photoreceptors and that 
the neurons expressing it might be the cells of origin of the 
retinohypothalamic tract. These ideas were at odds with an 
alternative suggestion, introduced a few years earlier, that  
the relevant photopigment might not be an opsin but, rather, 
a cryptochrome, a blue-light-absorbing flavoprotein (see 

reviews35,40). However, overwhelming evidence for melanop-
sin’s central role soon emerged from studies in rodents and 
in heterologous expression systems.

Two key studies in this cohort focused on rat retinal gan-
glion cells shown by retrograde axonal tracing to innervate 
the suprachiasmatic nucleus (SCN) of the hypothalamus, 
the brain’s circadian pacemaker.41–44 The first showed that 
these ganglion cells expressed melanopsin,45–47 while the 
second demonstrated that they generated robust electrical 
responses to light even when pharmacologically or mechani-
cally isolated from other retinal neurons.48,49 Because this 
capacity for autonomous phototransduction distinguishes 
these cells from all other RGCs, they are termed intrinsically 
photosensitive retinal ganglion cells (ipRGCs) or ganglion-
cell photoreceptors. Both mice and primates were also soon 
shown to possess ipRGCs with structural and functional 
properties much like those in the rat (see Box 26.1).46,50–53

The presence of melanopsin within physiologically iden-
tified ipRGCs was first demonstrated directly by Hattar 
et al.46,50,53 The opsin was found not only in the cell body, 
but also in their dendrites46,54 which, like the soma, are 
directly photosensitive.48 Further support for the view that 
melanopsin was the sensory photopigment in these cells 
came from the opsin-like action spectrum of the light 
response in ipRGCs48,51,53 and from the observation that 
the intrinsic photosensitivity of these cells was abolished  
in melanopsin knock-out mice.51,55 The capacity of melan-
opsin to function as a sensory photopigment was first  

Box 26.1 An Unrecognized Drawback of Enucleation 
or Evisceration?

Ocular enucleation and evisceration are common surgical 
therapies for managing chronic debilitating ocular pain and 
improving cosmesis of blind eyes.157,158 Such surgery is typically 
indicated only in eyes lacking useful vision. However, the recent 
discovery of inner retinal photoreceptors should prompt a 
reassessment of best practices in such cases. When the blindness 
is attributable to outer retinal diseases such as retinitis 
pigmentosa or Leber’s congenital amaurosis, or to chronic retinal 
detachment, ganglion-cell photoreceptors may continue to 
provide functionally useful signals to the brain.29,30,31,66,159 These 
signals may not be consciously perceived by the patient and may 
escape detection by most standard clinical tests of visual 
function. Such residual functions can nonetheless have significant 
impact on the quality of life for blind patients, since they may 
entrain their circadian rhythms.30 Loss of ipRGCs through 
enucleation or evisceration would be expected to abolish such 
synchronization of circadian rhythms, with associated disruption 
of normal sleep patterns, daytime sleepiness, and other 
complications that plague many blind patients.160 It seems likely 
that photic effects on physiology, including regulation of 
neuroendocrine physiology, alertness and mood, may also persist 
in such patients and be sacrificed when the eyes are removed. 
There is thus a pressing need to develop both a more inclusive 
concept of “useful vision” in ocularly blind patients and a more 
comprehensive panel of assessments of photosensory capacity 
when enucleation or evisceration is being weighed as a 
treatment option. Although tests of circadian or neuroendocrine 
effects would in principle allow residual inner retinal 
photoreceptor function to be evaluated, these would require 
highly specialized testing. Assessments of residual pupillary 
responses may be a promising avenue to explore.133,159,161
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demonstrated biochemically,56 and subsequently confirmed 
by electrophysiology and calcium imaging in heterologous 
expression systems.57–59 There is remarkably good concord-
ance in the spectral sensitivity in this system, as assessed 
from absorbance of heterologously expressed or purified 
melanopsin, from the action spectrum of ipRGCs, and from 
behaviors mediated by inner retinal photoreceptors; all 
closely adhere to a retinaldehyde template function with  
a best wavelength near 480 nm26,32,33,48,51,53,58–63 (but see refs 
56 & 57).

Distinctive functional properties  
of ipRGCs

Ganglion-cell photoreceptors have physiological properties 
that are optimized for their roles in NIF vision and contrast 
markedly with those of the rod and cone photoreceptors that 
feed the cortical circuits mediating the perception of form, 
color and motion.

Melanopsin chromophore and pigment 
bistability
In both vertebrate and invertebrate photopigments, the 
opsin apoprotein is covalently linked to a retinaldehyde 
molecule derived from vitamin A that serves as the light-
absorbing moiety, or chromophore. In darkness, the retinal-
dehyde is in the 11-cis form. Absorption of a photon converts 
it into all-trans retinaldehyde. This triggers a conformational 
change in the opsin which in turn activates a G-protein, 
initiating the transduction cascade. Before the photopigment 
can undergo another cycle of photoexcitation, the all-trans 
retinaldehyde must be reisomerized to 11-cis. For rod and 
cone photoreceptors, such reisomerization is carried out 
through multiple enzymatic steps. Several of these occur in 
cells of the retinal pigment epithelium (RPE), which are 
essential for the visual cycle in rods and important, if not 
obligatory, for cones (see Chapter 13 for more information). 
The visual cycle in invertebrate photoreceptors appears to  
be radically different, in part because their photopigments 
are bistable: after photoexcitation, all-trans retinaldehyde 
remains covalently bound to the opsin and is reisomerized 
to 11-cis by subsequent absorption of light in a process 
known as photoreversal.64

The visual cycle of melanopsin in ipRGCs has not been 
well characterized. The chromophore of melanopsin in situ 
is unknown, but is doubtless a retinoid, and is most likely 
to be 11-cis retinaldehyde.56–61,65 Sequence homology indi-
cates that melanopsin resembles invertebrate opsins more 
than it does vertebrate ones,38,39 implying that it might be 
bistable. There is growing evidence in support of this 
view57,61,65–68 (but see ref. 69). If melanopsin is indeed bi -
stable, it would be expected to be less reliant than rods or 
cones on the enzymatic machinery of the RPE for the regen-
eration of its chromophore, and might be utterly independ-
ent. Indeed, ipRGC photoresponses can be recorded for 
many hours in vitro in retinas isolated from the RPE.48 Fur-
thermore, neither acute pharmacological disruption of the 
retinoid cycle nor genetic deletion of the essential isomero-
hydrolase of the RPE (RPE65) abolishes the melanopsin-
based photoresponse of ipRGCs or their ability to 

Box 26.2 Sparing of ipRGC Function in Conditions 
Involving the RPE: Retinal Detachment and Leber’s 
Congenital Amaurosis

There are at least two clinical conditions in which disruption of 
normal interactions between RPE and neural retina compromise 
rod and cone function but may permit continued 
phototransduction by ipRGCs. Retinal detachment disrupts the 
close contact between rod and cone outer segments and the 
RPE. This compromises the bidirectional exchange of retinoids 
across the subretinal space and thus the photosensitivity of rods 
and cones. Leber’s congenital amaurosis (LCA), an autosomal 
recessive, early-onset form of retinitis pigmentosa, is caused in 
some cases by mutations in the rpe65 gene. This disrupts the 
function of RPE65, a retinoid isomerase essential for the 
regeneration of 11-cis chromophore for rod and cone 
photopigments. Both retinal detachment and LCA have 
devastating consequences for photosensitivity of rods and cones. 
Evidence from animal studies (see main text) predicts that 
photosensitivity of ipRGCs should be substantially preserved 
under these conditions and should thus provide some useful 
photic information to the brain.

photoentrain circadian rhythms66,70 (but see ref. 65). The 
evidence implies that to a remarkable degree, the melanop-
sin in ipRGCs can be loaded with its chromophore and can 
recover from photoactivation independent of retinoid 
processing by RPE. Melanopsin might acquire its retinoid 
mainly in the form of all-trans retinal which it then photo-
isomerizes to a cis isomer to form a photoexcitable pigment. 
This autonomy is important for the intrinsic photosensitivity 
of ipRGCs, because these cells are located far from the RPE 
(see Box 26.2).

Spectral tuning
As noted above, melanopsin has peak sensitivity in the blue 
region at around 480 nm, different from the spectral sensi-
tivities of the rod and cone visual pigments (Fig. 26.1). This 
wavelength roughly coincides with the peak of solar emis-
sion, perhaps the result of evolutionary pressures to opti-
mize the sensitivity of this system to daylight. Though 
melanopsin is often described as a blue-light-sensitive 
pigment, it is important to recognize that, like other opsin-
based photopigments, its spectral tuning is rather broad. 
Throughout the spectral range from 340 to 590 nm, sensitiv-
ity is within 2 log units of that seen with the optimal wave-
length (Fig. 26.1). Though there is evidence that ipRGCs 
project to the lateral geniculate nucleus (LGN) and could 
thus contribute to cortical function,53,71 we are unaware of 
any evidence that the unique spectral tuning of melanopsin 
is exploited in the conscious appreciation of color, which is 
well accounted for by the three cone photopigments and 
trichromatic theory (see Box 26.3).

The spectral behavior of the ipRGC output signal is much 
more complex than predicted simply from the action spec-
trum of the intrinsic light response as measured in dark-
adapted ipRGCs. This is in part because melanopsin appears 
to be a bistable photopigment (see the previous section). 
The absorption spectrum of the activated form of the 
pigment, and thus of photoreversal, is shifted to longer 
wavelengths with respect to that of melanopsin in the dark 
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Figure 26.1 Spectral tuning of human photoreceptors. 
The spectral sensitivity of melanopsin-based 
phototransduction in intrinsically photosensitive retinal 
ganglion cells (ipRGCs) differs from that of the other four 
types of human retinal photoreceptors. The best wavelength 
for ipRGCs is at about 480 nm, as compared to 437 nm for 
the short-wavelength cone (“S-cone”), 498 nm for the rod, 
533 nm for the mid-wavelength cone (“M-cone”), and 
564 nm for the long-wavelength cone (“L-cone”).
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state (e.g. refs 61 & 67). How this shapes the ipRGC output 
signal under physiologically relevant lighting conditions is 
still in dispute,67,69,72 but it suggests the possibility of a form 
of spectral opponency under some conditions. A second 
source of complexity and potential spectral opponency is the 
functional input to the ipRGCs from classical rod and cone 
photoreceptors, discussed in detail below. Because the 
threshold for melanopsin activation is above that for rods 
and cones, the spectral tuning of ipRGCs can be expected to 
be intensity dependent. Furthermore, there is evidence in 
primates that the cone input to ipRGCs is itself spectrally 
opponent, with activation of short-wavelength cones driving 
OFF responses in ipRGCs, and activation of mid- and long-
wavelength cones driving ON responses.53

Invertebrate-like phototransduction cascade
In a photoreceptor cell, the light-absorbing pigment signals 
through an intracellular biochemical pathway to transduce 
light into electrical activity across the cell membrane. Inter-
estingly, in ipRGCs this phototransduction cascade is more 
similar to those in invertebrate photoreceptors than to  
those in rods and cones. We have already noted that melan-
opsin has greater sequence homology with invertebrate pho-
topigments than with the rod and cone opsins.38,39 Upon 
stimulation by light, melanopsin activates a G-protein 
belonging to the Gq/11 family, which in turn signals to the 
effector enzyme phospholipase C (PLC).58,59,61,76–77 PLC then 
somehow causes the opening of a cation channel, which has 
been proposed to belong to the family of transient receptor 
potential (TRP) channels.77–79 While the signaling intermedi-
ates coupling PLC to the cation channel remain to be eluci-
dated, the critical components are likely to be within or 
closely associated with the plasma membrane because 
patches of cell membrane isolated from ipRGCs continue to 
exhibit light-evoked electrical responses.73 Thus, the entire 
ipRGC phototransduction cascade is very similar to that in 
Drosophila photoreceptors80 but differs drastically from the 
rod/cone cascade81 (see also Chapter 18) (Fig. 26.2). This 
invertebrate-like phototransduction cascade has prompted 
speculation that ipRGCs and invertebrate photoreceptors 
share a common evolutionary origin.82 It also confers 
upon ipRGCs properties well suited to NIF vision, as  
discussed below.

Depolarizing photoresponse with  
action potentials
The endpoint of the melanopsin phototransduction cascade 
is the opening of ion channels in the plasma membrane. 
These behave like cation-selective channels.48,49 The interior 
of an ipRGC is negatively charged relative to the extracellular 
space so the opening of light-gated channels results in net 
influx of cations and membrane depolarization. In this 

Box 26.3 Spectral Issues in the Design of Intraocular 
Lens Implants

Designers of intraocular lens implants must grapple with the fact 
that there are both harmful and salutary effects of short-
wavelength visible light. The goal must be to strike the 
appropriate balance between photoprotection and 
photoreception. High-pass filters that block blue as well as 
ultraviolet wavelengths offer better retinal photoprotection than 
those that block only ultraviolet light, while leaving rod and cone 
photoresponses (which peak near 500 nm and 555 nm 
respectively) relatively unaffected. However, because melanopsin 
is most sensitive to blue light with peak sensitivity at 480 nm, 
lenses that block blue wavelengths can compromise NIF 
photoreception.162 On the other hand, reducing NIF 
photoreception in this manner might have the benefit of 
reducing the harmful effects of light exposure at night on the NIF 
visual system, as discussed in the main text below. These factors 
need to be considered in the design and selection of lens 
implants. A recent study showed that for the typical person, 
long-pass filtering with a sharp filter cutoff near 445 nm may 
provide the best compromise between photoprotection and light 
reception.163
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ipRGCs once again resemble invertebrate rhabdomeric 
receptors, which likewise depolarize when illuminated, and 
differ from the vertebrate rods and cones, which are hyper-
polarized by light. If the depolarizing ipRGC light response 
is large enough, it brings the membrane potential above  
the threshold for activating voltage-gated sodium channels, 

Figure 26.2 Contrasting phototransduction cascades in vertebrate photoreceptors. Top: Phototransduction cascade in rod and cone 
photoreceptors. In darkness, guanylyl cyclase converts GTP into cGMP, which binds to and opens cyclic nucleotide-gated (CNG) channels in the plasma 
membrane. The resulting continuous influx of cations maintains the cell in a depolarized state. Light absorption excites the opsin molecule within the disk 
membrane. This activates the G-protein transducin (Gt), which in turn stimulates phosphodiesterase (“PDE”). PDE cleaves cGMP to GMP, closing the CNG 
channels and hyperpolarizing the cell. Bottom: Phototransduction cascade in ipRGCs. Solid lines indicate established components and pathways; dotted lines 
indicate those that are possible but not proven. When melanopsin is excited by light, it signals through a G-protein of the Gq/11-family to activate 
phospholipase C (“PLC”). This ultimately opens a cation channel that probably belongs to the TRP superfamily, but the identity of the channel and the gating 
mechanism remain unknown. The signaling pathway is closely linked to the membrane and may involve depletion of the PLC substrate phosphatidyl 
4,5-bisphosphate (PIP2), its metabolite diacylglycerol (“DAG”), or polyunsaturated fatty acids (“PUFA”) generated from DAG by DAG lipase. An isoform of 
protein kinase C (PKC) also appears to play an important role and, by analogy with Drosophila phototransduction, may be linked to PLC by an INAD-like 
scaffolding protein that contains PDZ domains. The cytosolic product of PIP2 hydrolysis, inositol 1,4,5-trisphosphate (IP3), acts at its cognate receptor (IP3R) to 
liberate calcium from intracellular stores. Though such calcium mobilization is not necessary for phototransduction, it appears to play a significant 
modulatory role.
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Figure 26.3 Melanopsin-driven light response of an ipRGC. Ganglion-cell photoreceptors can respond to light through not only their melanopsin 
phototransduction but also rod/cone-driven synaptic input. Here, the light-evoked response of a rat ipRGC was recorded intracellularly in the presence of 
pharmacological agents that blocked synaptic input, thus isolating the intrinsic photosensitivity of this cell. The dotted black line marks the prestimulus level 
of the membrane potential. Notice that the light-evoked action potentials begin long after stimulus onset and that they persist throughout and even long 
after the stimulus (K. Y. Wong, unpublished).
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triggering action potentials (Fig. 26.3). This represents yet 
another divergence from the rod/cone photoreceptors, 
which do not spike. Action potentials are necessary for 
ipRGCs, as for other RGCs, to propagate electrical informa-
tion faithfully along the optic nerve and tract to relatively 
distant central visual centers. By contrast, rod and cone 
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Distinctive functional properties of ipRGCs 

Analysis of activity-dependent induction of the immediate 
early gene cfos in putative ipRGCs implies that these pho-
toreceptors can respond continuously to light for at least 19 
hours.86 Thus, the ipRGC intrinsic photoresponse is far more 
sustained (Fig. 26.3) than the cone response, which adapts 
much faster and more completely, making the response very 
transient. The ability of ipRGCs to continuously signal the 
presence of bright light for many hours is a key feature of 
the NIF visual system, which features tonic responses to 
steady diffuse illumination and the ability to integrate 
photon flux over periods of more than an hour, as explained 
in further detail below.

The termination of the melanopsin light response is 
extraordinarily slow. After the cessation of light stimulation, 
cone and rod responses terminate within hundreds of mil-
liseconds and several seconds, respectively. But termination 
of the intrinsic photoresponse of ipRGCs takes up to several 
minutes, especially for very high light intensities.48,51,53 The 
reason for this slow recovery is not established, but the 
similarity of melanopsin to invertebrate rhabdomeric opsins 
suggests that it results in part from the thermal stability of 
the light-activated (metarhodopsin) form of the photopig-
ment.61,68 If so, the slowly decaying post-stimulus voltage 
response is directly analogous to the persistent depolarizing 
afterpotential of invertebrate photoreceptors.64 This is sup-
ported by the observation that the poststimulus depolariza-
tion can be suppressed by exposure to long-wavelength light, 
presumably by triggering photoreversal of the pigment.68 
However, light is not required for response termination, 
because this can occur in complete darkness. The light-
independent mechanisms for response termination are 
unknown. By analogy to other better characterized pho-
totransduction cascades, however, they seem likely to involve 
phosphorylation of melanopsin followed by arrestin 
binding.

Morphology, retinal distribution  
and receptive field
In all mammals studied to date, melanopsin-expressing 
retinal ganglion cells represent a small minority of all RGCs. 
These are now recognized as comprising multiple cell types. 
The best studied type has a very large, sparse dendritic arbor 
stratifying in outermost inner plexiform layer (IPL), abutting 
the inner nuclear layer (INL).46,48,49,53,54,87 In mouse and 
primate retinas, there is an additional wide-field melanopsin 
ganglion cell type stratifying in inner IPL53,54,71,87–89 (Fig. 
26.4). In humans, there are roughly equal numbers of these 
two cell types, and most of the outer-stratifying type have 
somas displaced to the INL. Bistratified cells have also been 
described,49,88,89 although it is not clear if these define a dis-
tinct cell type. Recent evidence in the mouse suggests there 
are several additional types with very low levels of melanop-
sin expression.90 Differences among these cell types in func-
tional properties or projections to the brain are just beginning 
to be explored.90,91 A very few human cones of the far retinal 
periphery have been reported to express melanopsin, but 
their functional significance is unknown.92

The morphology and distribution of human ipRGCs have 
been described in detail.52,53 Of the ~1.2 million RGCs in 
humans, only about 3000 (about 0.2 percent) express 
melanopsin. The somas of these cells are relatively large in 

axons are very short, and passive spread of the electrical 
signals generated in the outer segment is sufficient for appro-
priate voltage modulation of the axon terminal.

Sensitivity
A salient feature of ipRGCs is the relative insensitivity of 
their melanopsin-mediated responses to light. The threshold 
intensity for the ipRGC intrinsic photoresponse is 1 to 2 
orders of magnitude (i.e. 10–100 times) higher than that for 
cones, and up to 5 log units higher than that for rods.48,53,83 
Such insensitivity is apparently due mainly to the low abun-
dance of melanopsin molecules in ipRGCs, and the resulting 
low probability of photon absorption.84 This in turn is 
related to the fact that ipRGCs lack any structural specializa-
tion for increasing the packing of pigment-laden membrane 
in the cell, such as the disks in the outer segments of rods 
and cones or the rhabdomeric microvilli of invertebrate pho-
toreceptors. The insensitivity of intrinsic, melanopsin-based 
responses in ipRGCs means that such responses are triggered 
mainly by bright sunlight during the day, which is the most 
effective stimulus for circadian photoentrainment and full 
pupillary constriction. Because the dynamic range of these 
responses complements those of the rod and cone photore-
ceptors, and because all three of these signals converge on 
the ipRGCs (see below), the ipRGCs and at least some of the 
NIF visual responses they drive are able to function over the 
entire intensity range of naturally encountered light stimuli.53,55

Kinetics
The temporal characteristics of the melanopsin-based ipRGC 
photoresponse are drastically different from those of the rod 
and cone photoreceptors, with remarkably slower onset and 
termination, and great stability in the face of sustained illu-
mination. Rod and cone photoresponses begin within 
several milliseconds of light onset and peak within tens of 
milliseconds. Even the fastest ipRGC intrinsic responses, 
evoked by very high light intensities (>1014 photons/cm2/sec 
at 480 nm), are much slower, with the first action potential 
appearing no earlier than a few hundreds of milliseconds 
after light onset and peak firing rate achieved only after 
several seconds. Latencies rise dramatically for less intense 
flashes, and for near-threshold light stimuli (~1011 photons/
cm2/sec at 480 nm) can be as long as tens of seconds to the 
first spike and several minutes before the peak discharge is 
reached.48 The basis for such sluggish onset is unknown, but 
it is of interest that when melanopsin was heterologously 
introduced into three different cell culture systems, the pho-
toresponses recorded had very slow onset in all three 
cases.57–59 Such sluggishness appears unlikely to be an intrin-
sic property of melanopsin, because single-photon responses 
in ipRGCs reportedly have relatively brisk onsets.84 The long 
latencies, especially near threshold, seem more likely to 
result from the temporal integration of many low-amplitude, 
long-lasting, single photon events.

In response to a prolonged light flash, the melanopsin-
driven response gradually decays from an early peak to a 
lower steady-state level. This reflects light adaptation, which 
prevents saturation of the phototransduction cascade.85 After 
light adaptation is complete (which typically requires several 
minutes), membrane potential and thus spike frequency 
remain elevated for as long as the light stimulus persists. 
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representations at the cortical level that permit high acuity 
spatial vision.

Resistance to pathological states
Several studies have suggested that ipRGCs are more resist-
ant to certain types of retinal damage than are other ganglion-
cell types. For instance, after axotomy, melanopsin-expressing 
RGCs have a higher survival rate.93 In addition, melanopsin 
RGCs are less susceptible to artificially induced chronic 
ocular hypertension in Sprague-Dawley rats,94 although their 
number are certainly reduced.95 Furthermore, ganglion cells 
exhibiting cFos induction by light (presumably including 
ipRGCs) were much less vulnerable to systemically admin-
istered monosodium glutamate,96 suggesting that ipRGCs 

primates, typically 15–25 µm in diameter. Their dendritic 
fields are the largest of any ganglion-cell type, ranging from 
300 µm in the central retina to 1200 µm in the periphery 
(Fig. 26.4). The dendrites of neighboring cells overlap exten-
sively so that the entire retina, except for the fovea, is covered 
by a network of melanopsin-containing processes (Fig. 
26.5). Because both the cell bodies and the dendrites of 
these cells are intrinsically photosensitive,48,53 each ipRGC 
integrates photons over a region comparable to its dendritic 
field size. These large receptive fields and low spatial densi-
ties make ipRGCs ill-suited for fine spatial discriminations, 
but ideal for the pronounced spatial integration that char-
acterizes NIF functions. They contrast sharply with the  
very small receptive fields of rods and cones (<10 µm in 
diameter), the foundation for the fine-grained retinal  

Figure 26.4 Morphology of ipRGCs. Top: Morphology of primate ipRGCs as seen in wholemounted retina. The dendritic arbors of these cells cover much 
less area in the central retina (left) than they do in the periphery (right), but at all eccentricities they have among the largest fields of any primate ganglion 
cells. For comparison, the much smaller and more densely branching dendritic fields of midget and parasol cells (two ganglion cell types mediating 
image-forming vision) are also shown. (Reproduced with permission from Dacey DM, Liao HW, Peterson BB, Robinson FR, Smith VC, Pokorny J, et al. Melanopsin-expressing 

ganglion cells in primate retina signal colour and irradiance and project to the LGN. Nature. 2005 Feb 17;433(7027):749-54. By permission from Macmillan Publishers Ltd.53) Bottom: 
Dendritic stratification of ipRGCs as seen in a schematic cross-section of the retina. There are two main types of ipRGCs, differing in the level at which their 
dendrites arborize within the inner plexiform layer (“IPL”). Outer-stratifying ipRGCs have dendrites that terminate in the OFF sublamina of the IPL and their 
cell bodies are located either in the ganglion cell layer (“GCL”; red cell) or displaced to the inner nuclear layer (“INL”; blue cell). The inner-stratifying ipRGCs 
(green cell), by contrast, have dendrites restricted to the ON sublamina of the IPL and have somas in the GCL. In primates, including humans, inner-stratifying 
cells and displaced outer-stratifying cells apparently predominate. OS, outer segments; ONL, outer nuclear layer; OPL, outer plexiform layer.
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bipolar-cell terminals. Spontaneous glutamate-mediated 
excitatory postsynaptic currents are detectable in ipRGCs, 
and these almost certainly derive from bipolar cell syn-
apses.83,100 Under appropriate recording conditions, white 
light elicits two excitatory ON response components in 
ipRGCs. The first has a high threshold, is sluggish in its onset 
and termination, and is insensitive to synaptic blockers; 
these properties testify to its origin in intrinsic melanopsin-
based phototransduction. The other component occurs 
much more rapidly after light onset, can be abolished by 
pharmacological blockade of synaptic transmission, and is 
attributable to excitatory synaptic input from ON bipolar 
cells.53,83,100 Both rods and cones contribute to these extrinsic 
light responses, making them about five orders of magnitude 
more sensitive to light than the melanopsin photo-
response53,83 (Fig. 26.8).

It is surprising that the ON channel provides the domi-
nant bipolar input to all ipRGCs. ON bipolar cell axons are 
thought to contact ganglion cell dendrites only in the inner 

are relatively resistant to excitotoxicity. The molecular basis 
for these kinds of resistance is largely unknown, although 
the PI3 K/Akt signaling pathway appears to be involved.97 
Further investigation into the molecular basis of ipRGC  
survival after retinal injuries may lead to novel strategies  
for preventing and/or treating various retinal diseases (see 
also Box 26.4).

Synaptic input

Unlike conventional RGCs, ipRGCs do not require synaptic 
input to respond to light because they are directly photosen-
sitive. Nonetheless, both primate and rodent ipRGCs receive 
synaptic inputs from amacrine and bipolar cells, and these 
have consequences for the timing, spectral behavior and 
sensitivity of the light-evoked discharges of these cells. A 
schematic diagram summarizing the intraretinal synaptic 
inputs to ipRGCs appears in Figure 26.7.

Bipolar cell input
There is strong structural and physiological evidence for syn-
aptic contacts from bipolar cells onto ipRGC dendrites. The 
earliest anatomical evidence came from electron-microscopic 
immunohistochemical data in mice showing ribbon syn-
aptic (bipolar) contacts onto melanopsin-expressing den-
drites98 and this has been supported by subsequent structural 
observations.87,88,99 Bipolar-cell input to ipRGCs has also 
been confirmed electrophysiologically. Rodent ipRGCs are 
excited by applied glutamate, the transmitter released by 

Figure 26.5 Distribution of melanopsin-expressing ganglion cells. 
In this experiment, ipRGCs in a macaque retina were revealed by anti-
melanopsin immunofluorescence. Left: Plot of a flattened whole retina, with 
each dot representing the cell body of a melanopsin-immunopositive cell. 
In this retina, a total of 2921 melanopsin-expressing ganglion cells were 
found. S, superior; I, inferior; N, nasal; T, temporal. Right: The network of 
melanopsin-immunoreactive dendrites in the peripheral retina (top) and 
around the fovea (bottom). Notice the absence of melanopsin staining in 
the fovea. (Reproduced with permission from Dacey DM, Liao HW, Peterson BB, 

Robinson FR, Smith VC, Pokorny J, et al. Melanopsin-expressing ganglion cells in 

primate retina signal colour and irradiance and project to the LGN. Nature. 2005 Feb 

17;433(7027):749–54. By permission from Macmillan Publishers Ltd.53)
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Box 26.4 Promise of Melanopsin-based Gene 
Therapy for Blindness

Transient transfection with the melanopsin gene is sufficient to 
induce photosensitivity in a variety of cell types in culture57–59 
(Fig. 26.6 top). Introduction of melanopsin into inner retinal cells 
thus holds promise as a candidate gene therapy for restoring 
sight in retinitis pigmentosa and other forms of outer retinal 
blindness. The practicality of this approach is enhanced by the 
fact that ipRGCs do not depend upon the RPE for chromophore 
regeneration. Another advantage is that all of the critical 
elements of melanopsin-driven phototransduction appear to be 
associated with the plasma membrane, thus reducing the 
requirements for specialized cytosolic machinery. Indeed, two 
recent studies using a mouse model of retinitis pigmentosa 
report that transfecting conventional RGCs with the melanopsin 
gene renders most of them photosensitive and can rescue some 
light-driven behavioral responses156,164 (Fig. 26.6 bottom).

However, several disadvantages of this approach need to be 
considered. First, in both ipRGCs and the various heterologous 
expression systems, the melanopsin-based photoresponse is far 
more sluggish than those of the rods and cones. Thus, even if 
image-forming vision is restored, the patient’s perception of 
stimulus motion and of the timing of transient visual events 
would presumably be highly distorted. Second, ipRGCs are even 
less sensitive to light than cones, so visual threshold would be 
even higher than for people suffering from night blindness. Still, 
melanopsin is ~3–5 log units more sensitive than the most 
promising alternative candidate for gene therapeutic induction of 
inner-retinal photosensitivity, namely the microbial light-gated 
ionophore channelrhodopsin-2.165,166 Threshold intensities are 
approximately 1011 photons/cm2/sec for melanopsin as compared 
to ~1014 to 1016 photons/cm2/sec for channelrhodopsin-2. Third, if 
melanopsin is targeted to RGCs, all of which have dendritic fields 
vastly larger than the profile of rod and cone outer segments, 
then spatial resolution would be quite poor. The average 
receptive field diameter of melanopsin-transfected mouse RGCs 
in one study was about 100 µm.164 To improve spatial resolution, 
it might be better to selectively target bipolar cells for 
melanopsin transfection,166 though it is unknown if these cells 
express critical components of the melanopsin phototransduction 
cascade. Even if they do, sensitivity is likely to be an even greater 
concern than in ganglion cells; the relatively small area of surface 
membrane in bipolar cells would presumably limit the number of 
melanopsin molecules available for photon absorption.
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Figure 26.6 Induction of photosensitivity by ectopic 
melanopsin expression. Artificially expressing the gene for 
melanopsin in cells that normally lack photosensitivity can 
render them light-responsive. Top: Intracellular recording of the 
light-evoked depolarization in a human embryonic kidney cell 
transiently transfected with the mouse melanopsin gene (K. Y. 
Wong, unpublished). Bottom: An intracellular recording of light 
response in a ganglion cell in a retinal degeneration mouse 
retina virally transfected with the melanopsin gene. (Reproduced 

with permission from Lin B, Koizumi A, Tanaka N, Panda S, Masland RH. 

Restoration of visual function in retinal degeneration mice by ectopic 

expression of melanopsin. Proc Natl Acad Sci U S A. 2008 Oct 

14;105(41):16009–14.156) This light sensitivity was induced by the 
genetic manipulation because this morphological type of 
ganglion cell is not intrinsically photosensitive in control 
retinas. In both cases, the artificially induced light responses 
resemble the intrinsic light response of ipRGCs (compare with 
Fig. 26.3).-40
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Figure 26.7 Synaptic circuits involving outer-stratifying ipRGCs. In rat and mouse retinas, outer-stratifying ganglion-cell photoreceptors are known to 
receive direct synaptic inputs from ON bipolar cells (“ON BC”), OFF bipolar cells (“OFF BC”), and amacrine cells (“AC”). ON bipolar cells normally innervate 
ganglion cells in the proximal, ON sublamina of the IPL, but because the dendrites of outer-stratifying ipRGCs are mainly in the distal, OFF sublamina, ON 
bipolar cells use ectopic synapses in the OFF sublamina to signal to these ipRGCs (left and right ON BCs). However, since the proximal dendrites of these 
ipRGCs are in the ON sublamina, it is conceivable that some ON bipolar cells synapse onto these proximal dendrites (middle ON BC). Weak input from OFF 
bipolar cells is presumably mediated by synaptic contacts in the OFF sublamina. Amacrine cells provide a strong inhibitory input to outer-stratifying ipRGCs, 
although it remains to be determined whether this takes place in the OFF sublamina, the ON sublamina, or both. In addition, outer-stratifying ipRGCs exert 
synaptic output to some dopaminergic amacrine cells (“DA”), whose processes costratify in the OFF sublamina with the ipRGC dendrites. It is possible that 
dopaminergic amacrine cells signal to outer-stratifying ipRGCs through the inhibitory transmitter GABA and there is evidence that their release of dopamine 
modulates phototransduction in these ganglion cells.
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Figure 26.8 A rat ipRGC generating rod/cone-driven and melanopsin-based light responses. Extracellular recordings of spiking in a rat ipRGC 
evoked by light stimuli at three intensities (dimmest at bottom, brightest at top); the vertical lines in the traces are action potentials. Left: Under normal 
physiological conditions, this cell is capable of generating both rod/cone-driven and melanopsin-based light responses. At the two dimmest light intensities, 
only rod/cone-mediated responses are induced, and they have fast onset and termination. At the highest intensity, the melanopsin response is also 
activated, resulting in prolonged poststimulus spiking. Right: In the presence of drugs that block synaptic transmission, only the intrinsic melanopsin light 
response is induced. Notice the slow response onset and prolonged poststimulus persistence, which are similar to those in the intracellular recording shown 
in Figure 26.3. (K. Y. Wong, unpublished)
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half of the IPL, that is, in the ON sublamina.101,102 While this 
arrangement is congruent with the ON input to the inner-
stratifying variety of ipRGCs, it seems at odds with the obser-
vation that the ON channel also dominates the synaptic 
inputs to the outer-stratifying type, which arborizes largely 
or exclusively within the OFF sublamina.48,53,54,87–90 Because 
many of the outer-stratifying cells have somas in the gan-
glion cell layer, their dendrites must traverse the ON sub-
layer en route to the OFF sublayer, so some of the ON 
channel input may occur in the ON sublayer on proximal 
dendrites (Fig. 26.7). Indeed, Belenky et al98 reported that 
virtually all bipolar cell contacts onto melanopsin dendrites 
were found in the inner half of the IPL, although they did 
not indicate whether these dendrites derived from the outer- 
or inner-stratifying subtype of melanopsin RGCs. Østergaard 
et al99 have also suggested that rod bipolar cells (a subtype 
of ON bipolar cells) make direct contact onto the somas of 
melanopsin-expressing RGCs in the ganglion cell layer. 
However, contacts solely on the soma or proximal dendrites 
would severely restrict the size of the synaptically driven 
receptive fields of these cells, when in fact they are large and 
coextensive with the dendritic arbor.53,83 This suggests that 
there must be additional ON bipolar input to distal den-
drites in the OFF sublayer. This inference is further sup-
ported by the observation that displaced ipRGCs, which 
have somas in the INL and dendrites restricted to the OFF 
sublamina, nonetheless exhibit synaptically mediated ON 
responses.53,103 There is emerging evidence that these para-
doxical ON bipolar inputs are made by ectopic ON bipolar 
cell axon terminals in the OFF sublamina103 (Fig. 26.7).

Pharmacological blockade of ON bipolar cells and ama-
crine cells reveals in some outer-stratifying ipRGCs a very 
small depolarizing ipRGC response at light offset, indicating 
a relatively weak input from OFF bipolar cells.83 The ana-
tomical basis for this influence may be the sparse bipolar 
cell contacts onto melanopsin dendrites in the OFF sub-
lamina reported in the marmoset retina,87 although these 
contacts could also be ectopic ON bipolar terminals.

Amacrine cell input
Ganglion-cell photoreceptors also receive substantial synap-
tic input from amacrine cells. Initial evidence came from an 

electron microscopic study in mouse documenting amacrine 
cell synaptic release sites in close apposition to melanopsin-
containing dendrites in the IPL.98 The dominant effect of 
these inputs is almost certainly inhibitory because virtually 
all amacrine cells contain one of two major inhibitory trans-
mitters – γ-aminobutyric acid (GABA) or glycine. However, 
excitatory amacrine cell influences cannot be excluded 
because a wide variety of neurotransmitters or modulators 
have been found to be co-expressed with GABA or glycine 
in amacrine cells, including dopamine, acetylcholine and 
various neuropeptides, and some of these can exert excita-
tory effects. To date, however, only inhibitory modulation 
on ipRGCs has been documented. Studies in rodent retina 
have demonstrated that exogenously applied or endog-
enously released GABA or glycine trigger inhibitory chloride 
currents in ipRGCs and that such currents can be activated 
by light, primarily at light onset.83,88,100 In primate ipRGCs, 
amacrine inputs have not been investigated electrophysio-
logically but there is anatomical evidence for them in the 
marmoset, where they contact both outer- and inner-
stratifying melanopsin-expressing dendrites and outnumber 
those from bipolar cells,87 consistent with electrophysiologi-
cal evidence in rat ipRGCs that inhibitory synaptic conduct-
ances can dominate excitatory ones.83 However, under 
normal physiological conditions, the net effect of light-
driven synaptic input to ipRGCs is depolarizing (Fig. 26.8). 
This is presumably because the resting potential of ipRGCs 
is close to the reversal potential for chloride, so that increased 
chloride conductance triggered by amacrine-cell synaptic 
input induces little change in membrane potential.

There are at least two dozen subtypes of amacrine cells in 
mammalian retinas, differing in dendritic stratification and 
field size as well as in their neurochemical signature.104–106 
Work to identify which of these amacrine types innervate the 
ipRGCs has barely begun, but several have already been 
identified in the mouse.88 One of these is the dopaminergic 
amacrine cell,88,99,107 which has processes stratifying almost 
exclusively in the most distal sublayer of the IPL,108 the same 
stratum in which dendrites of outer-stratifying ipRGCs 
arborize.46,48,53,54 Dopamine is a key retinal neuromodulator, 
and its primary role is to help retinal cells and circuits adapt 
to different background lighting conditions.104,109 Thus, 
ipRGCs can potentially adapt to light not only through 
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intrinsic mechanisms (“photoreceptor adaptation”85), but 
also through synaptic inputs (“network adaptation”). Sup-
porting this possibility, dopamine has been shown to regu-
late the transcription of melanopsin in rat over a time course 
of several hours,110 and preliminary studies have demon-
strated additional, more acute effects of dopamine on the 
intrinsic photoresponse of ipRGCs (Van Hook, Wong & 
Berson, unpublished observations). There is indirect evi-
dence that cholecystokinin-containing amacrine cells might 
also be presynaptic to the ipRGCs.111

Color coding of synaptic inputs
In primate ipRGCs, the intrinsic melanopsin-based responses 
are invariably depolarizing, but the polarity of the extrinsic, 
synaptically mediated light response is wavelength-
dependent.53 Blue light elicits hyperpolarizing extrinsic 
responses, whereas longer wavelengths evoke depolarizing 
ones (Fig. 26.9). While the depolarizing responses are almost 
certainly driven by ON bipolar cells, the circuit responsible 
for the hyperpolarizing response to short-wavelength light 
remains to be determined. Inhibitory input from amacrine 
cells may be involved. The overall spectral behavior of 
ipRGCs is unusually complex, because it is shaped not only 
by their synaptic inputs but also by the two spectrally dis-
tinct states of their melanopsin photopigment which exert 
opposing photic effects on the phototransduction cascade 
(see above).

Synaptic output and physiological 
functions

Ganglion-cell photoreceptors send axons to various brain 
regions involved in NIF visual functions, such as the pupil-
lary light reflex, circadian photoentrainment, and masking 

Figure 26.9 Color-opponent light responses in macaque ipRGCs. 
Light stimuli selectively modulating L-cone and M-cone influences on 
ipRGCs drive depolarizing or “ON” responses to light (left), whereas 
S-cone-isolating stimuli trigger hyperpolarizing or “OFF” responses (right). 
(Reproduced with permission from Dacey DM, Liao HW, Peterson BB, Robinson FR, 

Smith VC, Pokorny J, et al. Melanopsin-expressing ganglion cells in primate retina signal 

colour and irradiance and project to the LGN. Nature. 2005 Feb 17;433(7027):749-54. By 

permission from Macmillan Publishers Ltd.53)

Light stimulus:
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of circadian rhythms. Melanopsin phototransduction 
enables ipRGCs to drive these visual behaviors in the absence 
of functional rods and cones (see above). Conversely, when 
the melanopsin gene is genetically knocked out in mice, 
abolishing the intrinsic photosensitivity of ipRGCs, these 
behaviors are largely, though not completely, preserved (see 
below), indicating that the rod/cone photoreceptors can also 
drive these visual functions.21,33,55,112,113 However, when the 
ganglion-cell photoreceptors are selectively killed either 
genetically or pharmacologically, leaving the rest of the 
retina including the rods and cones intact, these NIF behav-
ioral responses to light were largely abolished.114–116 Thus, 
ipRGCs are essential for channeling rod/cone-driven light 
signals to the various NIF visual brain centers, presumably 
by relaying their synaptic inputs from bipolar and amacrine 
cells, as described earlier. The ipRGCs also make synaptic 
outputs within the retina and to at least some brain regions 
involved in image-forming vision. This section surveys both 
the intraretinal and extraretinal outputs of these ganglion 
cells and their possible functional roles.

Intraretinal output
The first suggestion of a possible intraretinal output of 
ganglion-cell photoreceptors emerged almost simultane-
ously with the definitive proof of their existence. Hankins & 
Lucas117 reported that light alters the latency of the human 
cone electroretinogram (ERG) through an intraretinal mech-
anism driven by a non-classical opsin (Fig. 26.10). While 
their study did not identify that opsin, subsequent work 
leaves little doubt that it is melanopsin. The spectral tuning, 
high threshold, and extensive temporal integration of the 
ERG modulation they reported closely parallel those of the 
melanopsin-dependent responses of ipRGCs and the behav-
ioral responses they mediate. Related findings in the mouse 
support a role for melanopsin in the regulation of the ERG, 
although the nature of that regulation appears somewhat 
different than in the human eye.118

Another early indication of possible intraretinal outputs 
of ipRGCs came from the imaging study of Sekaran et al.50 
In retinas of retinally degenerate mice, they detected light-
evoked calcium signals in many more cells of the ganglion 
cell layer than were melanopsin immunoreactive. Similar 
findings were reported in a study using photic induction of 
the immediate early gene cfos to identify retinal neurons 
activated directly or indirectly by ipRGCs in a functionally 
rodless/coneless mouse.119 The interpretation of these results 
has been complicated somewhat by the recent evidence that 
immunohistochemical staining underestimates the number 
and diversity of ganglion cells expressing melanopsin.90 
However, the prevalence of Fos immunopositive cells in the 
inner nuclear layer119 seems greater than can be accounted 
for by the rare displaced ipRGCs and seems to suggest that 
some amacrine and/or bipolar cells might receive excitatory 
input from ipRGCs.

Evidence strongly indicating just such an input has 
recently emerged from studies of dopaminergic amacrine 
(DA) cells. As mentioned previously, ipRGC dendrites co -
stratify with those of DA cells and seem to receive synaptic 
inputs from them. Studies of the light responses of the 
dopamine cells suggest that this synaptic input is recipro-
cated.120 Most DA cells have brisk, relatively transient 
ON responses to light. These are abolished by the ON 



537

Synaptic output and physiological functions

Figure 26.10 Intraretinal synaptic outputs and modulatory influences of ipRGCs. Top: Intracellular recording of a dopaminergic amacrine cell made 
under conditions blocking rod/cone-driven inputs, and revealing excitation from ipRGCs. The signatures of melanopsin photoresponses – sustained 
excitation, slow onset, and poststimulus persistence – are evident. Unlike the intracellular recordings shown in the previous figures, this is a “voltage clamp” 
recording, which monitors the ionic currents across the cell membrane. Downward deflection indicates that light induces an inward flow of cations into the 
dopaminergic amacrine cell. The black dotted line marks the prestimulus baseline level (K. Y. Wong, unpublished). Bottom: ipRGC signaling to dopaminergic 
amacrine cells might modulate the image-forming visual system in human. These electroretinograms were recorded from a human subject at night under 
dark-adapted conditions. The top recording was obtained at 9:00 p.m., showing a b-wave (which arises from ON bipolar cell light responses) with a relatively 
long latency to peak. A 15-min bright light pulse delivered at 11:00 p.m. accelerated the b-wave recorded at 3:00 a.m. (bottom). A plausible explanation for 
this phenomenon is that the bright light stimulated ipRGCs and consequently dopaminergic amacrine cells, elevating the release of dopamine which then 
modulated the kinetics of the ON bipolar cell photoresponse. “F” = flash. (From Hankins MW, Lucas RJ. The primary visual pathway in humans is regulated according to 

long-term light exposure through the action of a nonclassical photopigment. Curr Biol. 2002 Feb 5;12(3):191–8. Copyright Elsevier 2002.117)
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bipolar cell blocker L-(+)-2-amino-4-phosphonobutyric acid 
(L-AP4),121 indicating that they are driven exclusively by ON 
bipolar cell input. However, a minority of DA cells continue 
to be excited by light in the presence of L-AP4. These residual 
responses have all the hallmarks of mediation by melanopsin-
expressing ipRGCs: they are sluggish, very sustained (Fig. 
26.10), and exhibit the action spectrum of melanopsin-
based phototransduction, peaking in sensitivity near 
480 nm. The inference that ipRGCs mediate this excitatory 
influence is further supported by the finding that it can be 
recorded from about 25 percent of the DA cells in rd/rd 
mice.120 This centrifugal transmission of ipRGC signals can 
potentially regulate the intraretinal release of dopamine. In 
fact, two studies have shown significant light-evoked retinal 
dopamine release in retinally degenerate rats lacking virtu-
ally all rod and cone photoreceptors122,123 (but see ref. 124). 
Because retinal dopamine plays a key role in modulation of 
retinal physiology by light adaptation and circadian phase, 
the influence of ipRGCs on DA cells may mediate the cen-
trifugal influences of melanopsin on the ERG discussed 
earlier.

This centrifugal influence is likely to involve dendroden-
dritic synapses between presynaptic ipRGCs and postsy-
naptic DA cells in the most distal sublayer of the IPL, where 
these two cell types costratify (Fig. 26.7). An ionotropic 

glutamatergic synapse is probably involved, because the sus-
tained, L-AP4-resistant light responses in DA cells could be 
abolished by blockade of AMPA/kainate-type receptors.120,125 
This is the first known instance in the mammalian retina of 
a ganglion cell’s dendrites as the presynaptic element at a 
chemical synapse, though there is a precedent in catfish.126 
Gap junctional contacts constitute an alternative route by 
which ipRGCs might influence other retinal neurons. Sekaran 
et al50 argued for just such communication based on their 
observation that the gap junctional blocker carbenoxylone 
abolished the light-evoked calcium signal in some neurons 
in rd mice. This intriguing suggestion needs to be followed 
up with more definitive tests for the presence of gap junc-
tions, heterotypic tracer coupling and functional electrical 
synapses between ipRGCs and other retinal neurons. In any 
case, gap junctions do not seem likely to be the conduit for 
ipRGC signals to DA cells because these are blocked by 
glutamate receptor antagonists, as noted above.120,125

Central projections
The axonal projections of melanopsin RGCs have been char-
acterized in greatest detail in rodents45,46,71,90,127–130 (Fig. 
26.11), though some data are available in primates.53 Most 
of the available information concerns the projections of the 
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Figure 26.11 Central projections and possible 
functional roles of ipRGCs. The major brain nuclei 
receiving axonal innervations from melanopsin RGCs 
are listed in this diagram, with the monosynaptic 
projections in light green and the indirect pathway 
leading to the pineal in dark green. The visual 
behaviors served by these nuclei (summarized in 
parentheses) are mainly reflexive, non-image-forming 
functions.

Dorsal lateral
geniculate nucleus

(conscious visual perception)

Ventral lateral
geniculate nucleus

(visuomotor regulation)

Ventrolateral
preoptic nucleus
(sleep promotion)

Intergeniculate leaflet
(circadian system)
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Superior colliculus
(gaze control)

Olivary pretectal nucleus
(pupillary reflex)
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(limbic system)

Paraventricular
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Intermediolateral
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Superior cervical
ganglion

Pineal
(melatonin secretion)
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outer stratifying variety, and characterizing the outputs of 
other subtypes remains an important near-term goal. 
Ganglion-cell photoreceptors are believed to influence their 
postsynaptic targets by releasing both L-glutamate and pitui-
tary adenylate cyclase-activating polypeptide (PACAP).129,131,132

The pupillary light reflex
One of the three main targets of melanopsin RGCs is the 
olivary pretectal nucleus (OPN). This small component of 
the pretectal region, which lies just rostral to the superior 
colliculus, is an essential link in the polysynaptic circuit 
driving the pupillary light reflex (PLR). The direct input from 
ganglion-cell photoreceptors to the OPN is thought to 
account for the persistence of the PLR when rod and cone 
contributions are lost either through inherited degeneration, 
or by genetic or pharmacological manipulation.10,11,26,55,133 
The properties of this persistent PLR are strikingly concord-
ant with those of the direct light responses of ipRGCs, 
including a very high threshold, an action spectrum peaking 
near 480 nm, and a complete loss of the response when the 
melanopsin gene is deleted.26,31,55,133 Rods and cones also 
clearly drive the PLR. Thus, in melanopsin-knockout mice 
with intact rods and cones, the PLR is normal at low or 
moderate light intensities that are subthreshold for melan-
opsin activation; it is only at high intensity (>1011 photons/
cm2/sec) that the PLR is incomplete.55 The outer and inner 
retinal photoreceptor contributions to the PLR differ in 
terms of kinetics, as revealed by experiments involving 
humans and macaques. The time course of the PLR closely 
mirrors that of the light response in ipRGCs, with rod/cone 
photoreceptors mediating the fast component and the 
endogenous phototransduction generating the slower com-
ponent which outlasts the light stimulus133,134 (Fig. 26.12). 
When pharmacological agents were injected into the eye of 
a macaque to block rod/cone signaling to the inner retina 
but leaving melanopsin phototransduction intact, only the 
sluggish component of the ipRGC light response and of the 
PLR remained.133 Thus, the classical photoreceptors mediate 
brisk pupillary responses to dim and moderate intensities, 

whereas melanopsin-based phototransduction by ipRGCs 
drives sluggish pupillary responses to bright light. As noted 
earlier, ipRGCs receive substantial synaptic inputs from rod 
and cone circuits, and are thus a likely conduit for the influ-
ence of classical photoreceptors on the PLR. Indeed, when 
most ipRGCs are killed by genetic modification, the rod-
component of the PLR is effectively abolished.114 Available 
evidence leaves no doubt that the outer-stratifying type of 
ipRGCs contributes to the pupillomotor circuit, but leaves 
open the possibility that inner-stratifying types may contri-
bute as well.130 Further information about the PLR is avail-
able in Chapter 25.

Circadian photoentrainment and photic 
modulation of the pineal
Other than the OPN, the main brain targets of ipRGC axons 
are the SCN of the hypothalamus and the intergeniculate 
leaflet (IGL), which is a part of the lateral geniculate nucleus 
of the thalamus. Both of these are components of the circa-
dian visual system. In all living organisms, many physiologi-
cal processes (e.g. sleep–wake cycles, body temperature, 
food intake) display daily rhythms that help the organisms 
cope with predictable environmental change. In mammals, 
the central pacemaker for these rhythms is the SCN. Clock 
cells in the SCN have neuronal activities that exhibit intrinsic 
rhythms with a period of about 24 hours. These rhythms are 
known as circadian rhythms (circa = approximately; dies = 
day). During the “subjective night,” the SCN coordinates 
hormonal, physiological and behavioral adaptations to the 
nocturnal environment, and during the “subjective day,” it 
adapts the brain and body to the daytime world. Because the 
period of the SCN rhythms is not exactly 24 hours, these 
rhythms must be reset periodically so that the internal clock 
remains in phase with the external light–dark cycles. In other 
words, subjective day (or night) needs to be synchronized, 
or “entrained,” with the environmental light cycle (Fig. 
26.13). Such entrainment is accomplished mainly by the 
phase-shifting effects of light on the SCN, mediated by its 
direct input from the retina. If the SCN clock is too fast, 
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ipRGCs. These reach the circadian pacemaker through a 
monosynaptic pathway called the retinohypothalamic tract, 
and also through an indirect pathway involving the IGL.135 
Because a diurnal organism is typically exposed to daylight 
for 8–16 hours per day but light can phase-shift a misaligned 
clock only at the transitions between the light and dark 
phases, it is crucial that the retinal signal to SCN is sustained 
throughout those 8–16 hours so that it is still active near the 
end of the light phase. Therefore, the sustainedness of the 
melanopsin photoresponse is important for entraining 
diurnal animals like humans. Indeed, melanopsin-driven 
light responses recorded from the SCN retain the sustained 
nature of the ipRGC intrinsic photoresponse.136,137 Melanop-
sin is sufficient for photoentrainment not only in rodents, 
but also in primates including humans.30,31,138 Rods and 
cones, on the other hand, generate relatively transient light 
responses, and are therefore somewhat less effective in medi-
ating entrainment.21

The SCN sends several output signals to drive circadian 
rhythms throughout the organism. One of the primary 
outputs is a polysynaptic circuit that leads to the pineal 
gland, which releases the hormone melatonin. Under the 
influence of the SCN clock, melatonin release is lowest at 
subjective day and highest at subjective night. This hormone 
induces a range of physiological responses throughout the 
body that are suitable to nighttime, such as sleepiness for 
diurnal animals.139 In addition to entraining the circadian 
rhythm of melatonin secretion, light can acutely suppress 
secretion of this molecule during the subjective night. This 
may be associated with significant adverse health conse-
quences. For example, there is a high correlation between 
the amount of light exposure at night and the incidence of 
breast cancer.140–142 This may be attributable in part to the 
photic suppression of nocturnal melatonin, which has been 
shown to exert various oncostatic and antitoxic effects.143 
Melatonin suppression by light at night may therefore be 
one risk factor responsible for the higher incidence of breast 

subjective night starts too early, so the organism is exposed 
to environmental light during early subjective night, which 
delays the clock. On the other hand, if the clock is too slow, 
subjective night starts and ends too late, so the SCN gets 
photic input during late subjective night, which advances the 
clock.41,43,44 The same mechanism is responsible for the 
recovery from jet lag when traveling across time zones. While 
both classical and ganglion-cell photoreceptors can mediate 
photoentrainment, all light signals are channeled through 

Figure 26.12 Similarity between the ipRGC photoresponse and the 
pupillary light reflex in macaque. The time course of the macaque 
pupillary light reflex closely follows that of the ipRGC light response. In both 
cases, a fast component that is mediated mainly by rods and cones is 
detected during the light stimulus, whereas a more sluggish, melanopsin-
based component is evident after light off. (From Gamlin PD, McDougal DH, 

Pokorny J, Smith VC, Yau KW, Dacey DM. Human and macaque pupil responses driven 

by melanopsin-containing retinal ganglion cells. Vision Res. 2007 Mar;47(7):946–54. 

Copyright Elsevier 2007.133) This temporal separation of rod/cone- and 
melanopsin-driven components may allow the pupillary light reflex to serve 
as a diagnostic test to reveal rod/cone versus ganglion cell defects in 
patients (See Box 26.5).
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Box 26.5 The Pupillary Light Reflex as a Diagnostic 
Test

The PLR has potential utility as a diagnostic tool to differentiate 
between outer retinal disorders affecting rod or cone circuits and 
inner retinal diseases affecting ganglion cells.161 As illustrated in 
Fig. 26.12, components of the PLR mediated by the rod and cone 
photoreceptors are temporally separable from those mediated by 
melanopsin. The earliest component of the light-driven constriction 
is mediated almost exclusively by rods and/or cones. By contrast, 
the slowly decaying post-stimulus constriction is driven by 
melanopsin; this presumably reflects the persistent depolarizing 
after-potential in ipRGCs that, in turn, is thought to be supported 
by a slowly depleting pool of photoactivated (meta) melanopsin 
(see “Melanopsin chromophore and pigment bistability” in the 
main text above). It should also be possible to tease out specific 
photoreceptor contributions by exploiting differences among 
them in threshold and saturating intensities and in spectral 
sensitivity. Red light may be presented under rod-saturating 
photopic conditions to selectively evoke a cone-driven PLR, 
whereas bright blue light is most effective for inducing a 
melanopsin-mediated response that persists beyond stimulus 
termination. To elicit a response driven mainly by the rods, a dim 
green light presented under a dark-adapted condition is ideal.
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Figure 26.13 Photoentrainment of a diurnal animal. 
In this simulated actogram, the locomotor activity of a 
diurnal animal is plotted as vertical black bars for about a 
month. This diagram is double-plotted, with each row 
displaying two consecutive 24-hour periods and each 
24-hour period plotted twice. During the first 10 days, the 
animal is kept in constant darkness, allowing its circadian 
pacemaker to “free run”. Since this animal’s circadian clock 
has a period that is slightly longer than 24 hours, its 
locomotor activity starts slightly later each day, as reflected 
in the gradual rightward shift of the period of activity.  
On days 11 through 20, on the other hand, a 12-hour 
light:12-hour dark lighting schedule is presented, and the 
animal’s active period becomes synchronized or “entrained” 
to the light–dark cycle. On day 21, the light–dark cycle is 
abruptly delayed by 6 hours, mimicking the consequences 
of a westward flight that crosses 6 time zones. It takes the 
circadian clock several days to re-entrain the animal to this 
new cycle.
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Box 26.6 Inner-retinal Photoreception, Seasonal 
Affective Disorder and Sleep in the Blind

In seasonal affective disorder (SAD), patients suffer recurring 
bouts of depression, fatigue, and lethargy in fall and winter, when 
days are short.167 Though the etiology of the disease is unknown, 
several observations, including the effectiveness of 
phototherapy,168,169 point to a possible defect in NIF 
photoreception and prolonged periods of nocturnal melatonin 
release in winter.170 The efficacy of phototherapy is probably at 
least partly attributable to its ability to suppress melatonin 
release. While single-wavelength studies have shown that blue 
light is more effective than longer wavelengths due to the peak 
sensitivity of melanopsin at ~480 nm,60 certain polychromatic 
stimuli have been reported to be even more potent by strongly 
activating not only melanopsin but also the rod and cone 
photopigments.171 A recent study found that a specific missense 
variant of the melanopsin gene occurred at higher frequency in 
SAD patients than in healthy control subjects.172 The functional 
consequences of this variation for melanopsin photochemistry or 
the intrinsic photosensitivity of ipRGCs are unknown.

Another melatonin-related clinical application concerns the 
treatment of sleep disorders in blind people. While some blind 
people retain inner retinal photosensitivity and hence NIF visual 
functions despite the total loss of functional rods and cones,29–31 
others suffer more serious retinal degenerations and do not have 
any capacity to support NIF vision. One of the major problems 
experienced by this latter group is their complete lack of 
photoentrainment, causing their sleep–wake cycle to be 
uncoupled from the solar cycle. An often effective treatment is 
the daily administration of melatonin, to mimic the SCN output 
signal that normally occurs once every 24 hours in properly 
entrained sighted individuals.160,173

cancer in industrialized countries. Thus, it is important to 
minimize light exposure at subjective night, especially for 
night-shift workers whose subjective night is during the day-
light hours. It has been shown that in humans, melatonin 
release is most effectively suppressed by blue light close to 
the best wavelength for melanopsin phototransduction.60,144 
Therefore, if exposure to light at subjective night is unavoid-
able, red light would presumably be less harmful than 
broad-spectrum light (See also Box 26.6.).

Acute regulation of activity and sleep
Melanopsin RGCs project to the ventrolateral preoptic 
nucleus (VLPO), a brain region implicated in the regulation 
of sleep.71,127 Indeed, besides influencing the sleep–
wake cycle through entrainment of the circadian system, 
melanopsin-mediated photoreception has been shown to 
acutely modulate sleep and alertness. The polarity of this 
effect is apparently species-dependent and related to diurnal 
or nocturnal lifestyle. In humans, these ipRGC outputs 
increase alertness and vigilance,31,145 whereas in nocturnal 
rodents they induce sleep.146,147

A related acute effect of light, termed “negative masking,” 
has emerged from studies of circadian activity rhythms in 
nocturnal rodents.148 Bright light presented at subjective 
night rapidly suppresses wheel-running and other locomo-
tor activity that would otherwise occur at this circadian time 
(Fig. 26.14). Both classical and ganglion-cell photoreceptors 
contribute to this photic response, but in different ways. In 
rodless–coneless mice (as in wild-type animals), steady illu-
mination by bright light continuously suppresses activity  
for at least 3 hours. In contrast, in melanopsin-knockout 
animals, in which rods and cones are the only functional 
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Studies in rodents clearly demonstrate that ipRGCs are the 
first photoreceptors to become fully functional in the devel-
oping retina.51,150,151 This is likely to be true also in the 
human eye. Melanopsin is expressed in human fetuses by 9 
weeks post-conception,152 many weeks before the appear-
ance of rod and cone opsins.153,154 Though outgrowing retin-
ofugal axons reach their brain targets at around the onset of 
melanopsin expression,155 it is unlikely that any environ-
mental light can reach the fetal eye at intensities sufficient 
to drive melanopsin phototransduction. Thus, the func-
tional significance of such early emergence of melanopsin 
expression is unknown. Neither deletion of melanopsin nor 
killing of ipRGCs early in development result in any gross 
alteration in retinal structure.113–115
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photoreceptors, the suppression of activity by light is less 
effective, decays gradually and has largely dissipated by 1.5 
hours.149 This indicates that the sustained melanopsin pho-
toresponse of the ipRGCs is necessary for normal negative 
masking, especially when triggered by prolonged light pulses. 
Furthermore, ipRGCs appear to be an essential relay for rod 
and cone influence over the masking mechanism, because 
killing these ganglion cells eliminates the acute photic sup-
pression of wheel running activity.114–116 It remains unclear 
which brain regions are involved in negative masking. 
Lesions of image-forming visual centers such as the visual 
cortex, lateral geniculate nucleus and superior colliculus do 
not abolish negative masking, and there is conflicting  
evidence on a possible role for the SCN.135 Interestingly, 
negative masking appears to be driven by neuronal path-
ways distinct from those mediating acute photic regulation 
of sleep.146

Lateral geniculate nucleus and conscious  
light perception
In primates and rodents, melanopsin RGCs make substantial 
projections to the dorsal lateral geniculate nucleus (dLGN), 
the thalamic relay of retinal signals in the image-forming 
visual pathway.53,90 In a recent study, a blind woman evi-
dently lacking functional rods and cones reported conscious 
perception of light, with peak sensitivity near 480 nm, as 
expected for a melanopsin-based mechanism.31 Thus, 
whereas the sluggish light responses and large dendritic 
fields of ipRGCs make them ill-suited for the analysis of fine 
details or motion in the retinal image, they may nevertheless 
contribute to conscious appreciation of ambient illumina-
tion, presumably through their projection to the dLGN. As 
mentioned above, synaptic input to ipRGCs in primates is 
color-opponent.53 Thus, it is conceivable that ipRGCs con-
tribute in some way to conscious discrimination of color, 
although there is presently no evidence for this. There are 
also weak projections from ipRGCs to the superior collicu-
lus,71 a midbrain center involved in redirecting gaze to visual 
targets. Photic effects on collicular activity have been detected 
in mice with very advanced outer retinal degeneration.12 
Thus, ipRGCs may play some role in spatial vision.

Figure 26.14 Negative masking of a nocturnal 
animal. This simulated actogram of an entrained 
nocturnal animal shows that a 2-hour light pulse 
delivered during the night phase acutely suppresses 
locomotor activity. This non-image-forming visual 
response is known as “negative masking”.
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C H A P T E R 27 

Overview of the Central  
Visual Pathways
Joanne A. Matsubara & Jamie D. Boyd

The role of the central visual pathways is to process and 
integrate visual information that travels to the brain by 
means of the optic nerves. Although the eye is responsible 
for transducing patterns of light energy into neuronal signals, 
it is the brain that is ultimately responsible for visual percep-
tion and cognition. Vision at the level of the central nervous 
system is perhaps the best understood of all the sensory 
systems, partly because there is a wealth of information on 
its neuroanatomic and functional organization. In this 
chapter, an overview of the central visual pathways is given, 
beginning with a brief description of the retinal projections 
and their putative functional roles and ending with an over-
view of the consequences of lesions along the visual pathway. 
Schematic views of the central nuclei that receive a retinal 
projection are shown in Figures 27.1 and 27.2. The most 
significant, in terms of the number of optic nerve fibers, is 
the projection to the lateral geniculate nucleus (LGN) in the 
thalamus. The LGN, described in detail in Chapter 29, is an 
important relay in the visual pathway involved with form 
vision. The precision and specificity of the retinogeniculate 
connections are crucial to form vision. From the LGN, the 
visual pathway proceeds to the primary visual cortex, V1. It 
is at the level of V1 that visual signals undergo complex 
processing, which is detailed in Chapter 30. Visual process-
ing of a combination of stimulus features such as form, 
color, contrast, motion, texture, depth and is further 
enhanced by over 30 extrastriate cortical areas, some of 
which are described in Chapter 31. Finally, we discuss in 
detail the role of experience and visual deprivation on the 
development of the central visual pathways in Section II.

Targets of the retinal projections

The major targets of the retinal ganglion cell axons are the 
LGN, superior colliculus (SC), pretectum, and pulvinar. 
There is a weaker projection to several small hypothalamic 
nuclei (including suprachiasmatic, supraoptic, paraventricu-
lar nuclei) and the accessory optic system (AOS) (including 
the nucleus of the optic tract (NOT) and the dorsal, medial, 
and terminal nuclei) (Box 27.1, Fig. 27.2 and see Fig. 9.8).

The LGN of the thalamus is the major termination site  
of the retinal ganglion cells, and plays an important role in 
the visual pathway leading to the primary visual cortex. 

Approximately 90 percent of all retinal ganglion cells project 
to the LGN, which is laminated and displays retinotopic 
organization. Each LGN layer receives input from a specific 
eye and class of ganglion cell. While electrophysiological 
studies have determined that the neuronal signals coming 
into and leaving the LGN are not appreciably different, the 
processing that takes place in the LGN appears to be involved 
in regulating the flow of information to the primary visual 
cortex (V1), the major projection target of the LGN (see 
Chapter 29).

The SC is a midbrain structure which, in conjunction with 
the cortical frontal eye fields and the brainstem reticular 
formation, is involved in the generation of visually guided 
saccadic eye movements1,2 (see Chapter 9). The SC is a lami-
nated, retinotopically organized nucleus, and as seen in the 
LGN, the retinal projection retains eye segregation with alter-
nating columns of left and right eye terminals forming a 
banded pattern throughout the superficial layers. Approxi-
mately 10 percent of all retinal ganglion cells project to the 
SC. The majority of retinal axons that terminate in the SC 
are small caliber, originate from ganglion cells with small 
dendritic fields, and do not project to other retinal targets.3

The pretectal complex, a group of small midbrain nuclei, 
is just rostral to the SC. It receives signals from a group of 
small-diameter retinal ganglion cells with large receptive 
fields and is involved with the control of the pupillary light 
reflex (see Chapter 25) by means of a projection to the 
Edinger–Westphal nucleus of the oculomotor complex. The 
pupillary light reflex demonstrates a consensual response 
primarily resulting from crossed and uncrossed optic nerve 
fibers that enter each pretectal complex which in turn sends 
a bilateral projection to the Edinger–Westphal nucleus (see 
Chapter 9).

Retinal ganglion cells also project to three of four major 
subdivisions of the pulvinar nucleus of the thalamus.4,5 
The pulvinar is the largest nuclear mass in the primate tha-
lamus and receives a projection from the small-caliber fibers 
from the optic nerve and the SC. It projects to several visual 
cortical areas, including V1, and extrastriate, parietal areas. 
Thus, the pulvinar represents a pathway that can bypass the 
LGN to get to V1 and may play a role in processing form 
vision. More recent studies point to a role for the pulvinar 
in the coding of the “importance” of visual stimuli (i.e. 
visual salience or “attention”).6 It has been shown that the 
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Box 27.1  Central targets of the optic nerves

• LGN
• Superior colliculus
• Pretectum
• Pulvinar
• Hypothalamic nuclei
• AOS

Several small hypothalamic nuclei receive a direct retinal 
projection. The suprachiasmatic nucleus receives a sparse 
projection from fibers that leave the dorsal surface of the 
optic chiasma and has been implicated in the synchroniza-
tion of circadian rhythms.10 The paraventricular and supra-
optic nuclei are likely also involved with the regulation of 
the light–dark cycle for neuroendocrine functions.

The AOS consists of several small nuclei, the lateral ter-
minal nucleus (LTN), the medial terminal nucleus (MTN), 
and the dorsal terminal nucleus (DTN), as well as the NOT 
in the midbrain.11 The AOS plays an important role in optoki-
netic nystagmus (OKN) in which slow compensatory and 
pursuit-type eye movements alternate with fast saccadic-type 
eye movements in response to viewing prolonged large field 
motion (see Chapter 9). In primates, lesions of the NOT and 

pulvinar integrates neural signals associated with eye and 
hand and arm movements and may receive signals associ-
ated with saccadic eye movements, which suggests its role is 
also one of formulating reference frames for hand-eye 
coordination.7–9

Figure 27.1 Schematic drawing of a section 
through the human brain at the level of the 
midbrain-diencephalon transition. Several of the 
target sites of the retinal projection are present at 
this level, and labeled in bold on the right: the 
superior colliculus, pretectum, accessory optic 
system (AOS), pulvinar and lateral geniculate 
nucleus (LGN). Optic nerve fibers originating from 
ganglion cells of the contralateral nasal retina cross 
at the optic chiasm and join the uncrossed optic 
nerve fibers from the ipsilateral temporal retina to 
form the optic tract. The layers of the LGN, the 
major termination site of the optic nerve fibers, 
receive contralateral eye (layers 1,4,6; blue) or 
ipsilateral eye (layers 2,3,5; red) inputs. Cells in all six 
layers of the LGN project to the primary visual 
cortex via the optic radiation. SC, Br, Brachium of 
the superior colliculus.
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Visual field lesions

the DTN have been shown to modify the OKN and reduce 
or abolish optokinetic after-nystagmus (OKAN).12

Visual field lesions

Much of our knowledge of the retinotopic organization of 
the central visual nuclei arises from the visual field defects 
associated with lesions along the major pathway leading to 
form vision, the retinogeniculocortical pathway (Box 27.2). 
Figure 27.3 illustrates several known anatomical lesions, 
from the retina to the occipital lobes, and their subsequent 
effect on the visual fields. In the example shown in Figure 
27.3A complete interruption of one optic nerve, which may 
occur with severe degenerative disease or injury, results in 
permanent blindness in the affected eye. Partial interruption 
of the nerve fibers results in a partial loss of the visual field 
and can occur with glaucoma, optic disc drusen, pits, inf-
arcts, or optic neuritis.

Slightly further along the visual pathway, interruption of 
the decussating optic nerve fibers in the optic chiasm (Fig. 
27.3B) results in loss of vision in the temporal visual hemi-
fields of both eyes called bitemporal hemianopia. Damage 
of this type commonly occurs with pituitary tumors as they 
grow and compress the overlying optic chiasm. Rarely, pres-
sure is exerted on the lateral edge of the optic chiasm (Fig. 
27.3C) – damage arises primarily in the uncrossed fibers, 

Figure 27.2 Schematic drawing of a section through 
the human brain at the level of the anterior commissure. 
Retinal target in the hypothalamic area are labeled in bold 
(bottom enlargement). A small number of fibers branch 
off the optic tract, forming the retinohypothalamic tract, 
and terminate in the supraoptic, suprachiasmatic and 
paraventricular nuclei of the hypothalamus. Visual input 
to the hypothalamus drives the light–dark entrainment 
of neuroendocrine function and other circadian rhythms.
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Box 27.2  Visual field lesions

A. Monocular blindness is caused by a lesion of the optic nerve 
or nerve fiber layer and may vary from complete blindness to 
various sizes of scotoma, depending on the extent of the lesion.

B. Bitemporal hemianopia results from a lesion at the level of the 
optic chiasm affecting the decussating optic nerve fibers.

C. Nasal hemianopia results from a lesion of the uncrossed fibers 
in the optic nerve at the level of the optic chiasm. Nasal visual 
field defects not necessarily respecting the vertical meridian 
are common with optic nerve head disease.

D. Homonymous hemianopia with an afferent pupillary defect in 
the contralateral eye results from a complete interruption at 
the level of the optic tract.

E. Normal visual fields may accompany an afferent pupillary 
defect caused by a lesion that is specific to the brachium of 
the superior colliculus, sparing the retinogeniculate fibers.

F. Homonymous hemianopia may also result from a lesion at the 
level of the LGN, which can be distinguished from (D) by the 
absence of an afferent pupillary defect.

G. Homonymous hemianopia with sparing of the macular field 
results from a lesion at the level of the optic radiation and is 
usually seen after vascular lesions of the occipital lobes. 
Several hypotheses exist for the macular sparing, including 
overlapping vascular fields of the middle and posterior 
cerebral arteries in the occipital lobes where the macula is 
represented.
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resulting in loss of vision in the nasal hemifield, or nasal 
hemianopia, ipsilateral to the compression.

Lesions that occur after the chiasm are characterized by 
visual field defects that involve the temporal hemifield of the 
contralateral eye and the nasal hemifield of the ipsilateral 
eye; this is because of the partial decussation of optic nerve 
fibers at the optic chiasm. In this type of lesion, visual field 
loss occurs on the side contralateral to the lesion. Complete 
interruption at the level of the optic tract (Fig. 27.3D) or 
beyond results in loss of vision in the contralateral visual 
field, i.e. homonymous hemianopia. It is usually difficult to 
determine whether the site of the lesion is at the level of the 
optic tract, LGN, or visual cortex for most homonymous 
hemianopias. In cases in which the lesion is in the optic 
tract, the homonymous hemianopia may be accompanied 
by an afferent pupillary defect in the contralateral eye. The 
reason for this is likely because ganglion cells in the nasal 
retina outnumber those in the temporal retina, thus causing 

Figure 27.3 Visual field defects associated with lesions of the visual pathway. The bars (A–G) depict the location of lesions, and the associated visual field 
defect is shown at the right (shaded area represents visual field loss). A: Lesion of the right optic nerve causes blindness in the right eye. B: Optic chiasm 
lesion results in a bitemporal hemianopia, a loss of vision in the temporal visual field of both eyes. C: Lesion affecting only the uncrossed fibers of the optic 
chiasm results in a loss of vision in the nasal field of the ipsilateral eye. D: Lesion of the optic tract causes homonymous hemianopia, or complete loss of 
vision in the contralateral visual field. An afferent pupillary defect also arises from a lesion at this level. E: Lesion affecting the fibers in the brachium of the 
superior colliculus (SC, Br) results in an afferent pupillary defect, but with intact visual fields because the projection to the lateral geniculate nucleus (LGN) 
remains intact. F: Lesions at the level of the LGN are similar to lesions at D and result in homonymous hemianopia, but with an intact, normal pupillary reflex. 
G, Lesions at the level of the optic radiation also result in a homonymous hemianopia, but with sparing of macular vision.
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a greater loss of fibers for the pupillary response of the con-
tralateral eye14 (however, also see reference 3) Lesions at the 
level of the brachium of the SC (Fig. 27.3E), may result in 
an afferent pupillary defect in the contralateral eye, but with 
intact, normal visual fields because lesions at this level spare 
the retinogeniculate fibers.

Lesions involving the LGN (Fig. 27.3F) are often difficult 
to distinguish from other optic tract lesions, but usually 
present with a visual field defect and an intact contralateral 
afferent pupillary reflex because lesions at this level normally 
spare the retinal fibers terminating in the pretectum respon-
sible for the afferent pupillary reflex.

Lesions involving the optic radiation (Fig. 27.3G) or the 
visual cortex result in homonymous hemianopia (Box 27.3), 
but with sparing of the central, macular field. Several  
hypotheses have been put forward to explain macular 
sparing, but in many patients, macular sparing is likely more 
apparent than real because it is likely an artifact of visual 
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Box 27.3  Blindsight

Blindsight is a phenomenon in which people with lesions of 
primary visual cortex and hemifield defects are unconsciously 
aware of visual stimuli presented in their blind hemifield. 
Methodology used to obtain these results may be responsible for 
the apparent visual awareness and thus the concept of blindsight 
is heavily surrounded by controversy. However, when 
methodology can be ruled out, blindsight may be explained by 
the existence of retinal inputs to central targets other than the 
LGN, specifically the superior colliculus and pulvinar, and their 
projections to extrastriate cortical areas.15

field testing caused by poor foveal fixation or eye move-
ments. In other patients in whom macular sparing is not 
artifactual, the most likely explanation is the immense areal 
dimension of the cortical representation of the retinal fovea. 
The posterior cerebral artery supplies the occipital poles, but 
in some individuals they are supplied by both the posterior 
and middle cerebral arteries. Thus infarcts of the posterior 
cerebral artery would affect only part of the occipital poles, 
sparing portions of the foveal representation and sparing 
macular vision.
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Optic Nerve
Jeffrey L. Goldberg

Introduction
The two optic nerves carry the axons of retinal ganglion cells 
(RGCs), and along these axons transmit all of the visual 
information from the inner retina (Chapter 23) to the brain 
(Chapters 29–31). Thus, diseases that affect the optic nerve 
commonly cause vision loss. The retina and optic nerve are 
developmentally an outgrowth of the forebrain, and, like 
other white matter tracts of the central nervous system 
(CNS), the optic nerve does not repair itself after most types 
of injury. Thus, blindness from optic nerve injury or degen-
erative disease is typically irreversible. This chapter reviews 
the principal aspects of optic nerve anatomy, development, 
and physiology, and discusses the pathologic changes at the 
molecular and cellular levels in the context of clinical disease.

Optic nerve anatomy

Retinal ganglion cell axons within the nerve 
fiber layer
RGC axons begin at the RGC bodies in the inner layer of the 
retina. Although most neurons in this layer are RGCs and 
the layer is commonly referred to as the ganglion cell layer, 
in humans approximately 3 percent of cells in the central 
retina and up to 80 percent in the peripheral retina may be 
other cell types, primarily displaced amacrine cells.1 In addi-
tion, studies in mammals have demonstrated a few displaced 
RGCs located in the inner nuclear layer.2 As discussed in 
Chapter 23, the RGCs receive input from bipolar cells and 
amacrine cells, and project their axon towards the vitreous, 
whereupon they turn approximately 90° and project towards 
the optic nerve head in the nerve fiber layer. The nerve fiber 
layer is not quite radially arranged around the optic nerve 
head (optic disk), as axons near the center of our visual field 
course away from the fovea, and then towards the optic disk, 
entering in the superior and inferior portions of the disk 
(Fig. 28.1). This interesting anatomy prevents axons from 
crossing the high-sensitivity fovea, where they might other-
wise scatter light and degrade visual acuity. The axons from 
more peripheral RGCs are more superficial (vitread) to those 
arising from less peripheral ganglion cells3 (Fig. 28.2). In 
addition, there is strict segregation of those fibers arising 

from RGCs located superior to the temporal horizontal 
meridian (raphe) and those fibers arising from RGCs located 
inferior to the horizontal raphe. Because of this segregation, 
visual field defects corresponding to injury to RGC axons 
typically have stereotyped patterns, e.g. superior or inferior 
nasal steps, temporal wedges, or arcuate scotomas. These are 
called nerve fiber bundle defects, and with other visual field 
defects are covered in more detail in Chapter 35. The nerve 
fiber layer can be measured using various modalities in 
human eyes (Box 28.1).

Intrascleral optic nerve
The optic nerve itself is considered to begin at the optic nerve 
head which, when viewed through the front of the eye, is 
observed as the optic disk. There is an approximately 1-mm 
component of optic nerve within the intrascleral part of the 
globe, which includes the lamina cribrosa (Fig. 28.3). Once 
at the optic disk, ganglion cell axons turn away from the 
vitreous and dive into the optic disk towards the brain. 
Axons arising from more peripheral RGCs are peripheral 
within the optic nerve head.4 The optic disk contains the 
nerve fibers around its edge, the neuroretinal rim, and the 
central cup which does not contain RGC axons. The cup-to-
disk ratio may range from 0 to 1.0, depending on natural 
variation in the size of the disk, and whether there is less 
than a full complement of axon fibers, for example as a result 
of damage from glaucomatous optic neuropathy (see below).

Intraorbital optic nerve
The optic nerve extends approximately 30 mm from the 
globe to the optic canal.5 The straight-line distance from the 
back of the globe to the optic canal is much less (the exact 
amount depending on individual orbital depth), with the 
excess optic nerve laxity allowing for free movement of the 
globe during eye movements. Excessive proptosis stretches 
the optic nerve tautly, resulting in some cases in direct injury 
to or even avulsion of the nerve itself. Beginning behind the 
globe, the nerve is ensheathed by the layered meninges 
extending from the brain, bathing the optic nerve in cerebro-
spinal fluid and providing vascular support along the length 
of the nerve (see below).

The retinotopic segregation of RGC axons (topographic 
correspondence of optic nerve fibers to retinal location), 
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The loss of retinotopy is not absolute, because the fibers 
from the nasal (but not temporal) macula continue to be 
located centrally within the nerve over a considerable dis-
tance.10 Fibers from large RGCs are less retinotopically 
organized than those from smaller ganglion cells.10 Although 
studies in humans are difficult to do ante-mortem, post-
mortem studies of nerves with specific visual field defects 
demonstrate similar findings, while post-mortem studies of 
developing fetuses and adult eyes also show loss of retin-
otopy within the transition from the optic nerve head to the 
nerve.6,11 Within the orbit, the optic nerve travels within the 
muscle cone formed by the superior rectus, lateral rectus, 
inferior rectus, and medial rectus muscles. Tumors within 
the cone are common sources of compression of the optic 
nerve, or compressive optic neuropathy. Examples of these 
tumors include cavernous hemangioma, hemangiopericy-
toma, fibrous histiocytoma, lymphoma, and schwannoma. 
In addition, enlargement of the muscles themselves, particu-
larly the inferior rectus and/or the medial rectus in Grave’s 
ophthalmopathy, may also compress the optic nerve.

The optic canal
The optic nerve enters the cranium via the optic canal, a 
5–12 mm passage which lies immediately superonasal to 
the superior orbital fissure.12 The optic canal contains some 
axons of sympathetic neurons destined for the orbit, as well 
as the ophthalmic artery. The latter lies immediately infero-
lateral to the optic nerve itself, covered in dura. At the distal 
end of the canal, there is a half-moon-shaped segment of 
dura which overhangs the optic nerve superiorly, and thereby 
lengthens the canal by a few millimeters. As in the intra-
orbital portion of the optic nerve, within the canal, and  
immediately posterior to the optic canal, meningeal tissue 
ensheathes the optic nerve. Benign tumors of the meninges, 
or meningiomas, are frequent causes of compressive optic 
neuropathies in these locations. Small tumors within the 
canal itself, where there is very little free space, may lead to 
compressive optic neuropathy without a radiographically 
visible tumor.

particularly the segregation between axons arising from the 
superior and inferior retina, is gradually lost as the axons 
course through the nerve (Fig. 28.3). There is only moderate 
retinotopy in the initial segment of the optic nerve.6 The 
retinotopy decreases distally,7,8 and then becomes ordered 
vertically for eventual nasal decussation near the chiasm.9 

Figure 28.1 Axons of retinal ganglion cells take a specific course through 
the retina, such that fibers more temporal to the fovea skirt around the 
edge of the macula and enter the optic nerve head closer to the superior or 
inferior poles. Neither the axons nor the blood vessels typically cross the 
horizontal meridian of the retina.

RGC axons Arteries and veins

Fovea Optic disk

Figure 28.2 Retinal ganglion cell axons enter the optic nerve head with 
specific retinotopic organization (as in Fig. 28.1). With increasing distance 
from the optic nerve head, however, the axons become increasingly 
jumbled, losing their topographic organization. Thus focal damage to nerve 
at the nerve head will produce specific retinotopic defects, while focal 
damage to axons further posterior to the eye will produce scotomas that 
lack retinotopic organization.

Straight,
organized

Loss of topographic
organization

RGC axons

Box 28.1 

The number of RGC axons in the optic nerve is, in most cases, 
probably well-approximated by the number of RGC axons in the 
nerve fiber layer of the retina immediately adjacent to the optic 
nerve. The peripapillary nerve fiber layer can be measured 
quantitatively using a variety of modalities including coherence 
tomography (OCT), which measures layer thickness based on 
reflectance of light from the interfaces between layers, and by 
scanning laser polarimetry (SLP), which estimates nerve fiber 
layer thickness based on the interaction of polarized light with 
organized bundles of microtubules inside axons. Each of these 
technologies may face limitations. OCT estimation of RGC axons 
may be complicated by the presence of retinal astrocytes, which 
accompany RGC axons through the nerve fiber layer and 
contribute to nerve fiber layer thickness. SLP estimation of axon 
integrity may be limited by degradation or disorganization of 
RGC microtubules that may precede axon loss. All such 
technologies are limited by their inability to measure optic nerve 
axons specifically, and rather substitute peripapillary axon 
measurements.
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of fibers which cross versus those which do not cross is ana-
tomically 53 : 4714 and functionally 52 : 48.15 This small dif-
ference between the number of crossing and non-crossing 
fibers is commonly reported to be responsible for the relative 
afferent pupillary defect seen in disorders of the optic tract, 
in which an afferent pupillary defect is seen contralateral to 
the injured tract (see Chapter 25), but could also reflect the 
fact that some fibers from specialized cells within the retinal 
responsible for the pupillary reflex may cross from the tem-
poral retina into the contralateral optic tract.15

The optic tract and lateral geniculate nucleus
Although the optic nerve anatomically ends at the chiasm, 
RGC axons continue within the optic tract until the lateral 

Intracranial optic nerve and the optic chiasm
Once the nerve has entered the cranium, there is a highly vari-
able (8–19 mm, mean of 12 mm) length of nerve until the 
chiasm is reached.13 The length of the chiasm itself 
is approximately 8 mm. The intracranial optic nerve and 
chiasm are immediately above the planum sphenoidale and 
sella turcica, the latter of which contains pituitary gland. 
There is approximately 10 mm between the inferior part of  
the nerve and the superior part of the pituitary. Tumors of the 
pituitary which increase in size enough to compress the 
chiasm may therefore cause compressive optic neuropathy.

At the optic chiasm, RGC axons from the temporal retina 
remain ipsilateral, and those from the nasal retina cross the 
chiasm and course towards the contralateral brain. The ratio 

Figure 28.3 (A) Histochemical staining of the 
human optic nerve head. (B) The optic nerve 
head is at various points adjacent to retina (R), 
choroid (C), and sclera (S), and demonstrates a 
varied cellular morphology along this distance.  
(1) Superficial nerve fiber layer; (2) Anterior 
prelaminar region; (3) Posterior prelaminar region; 
(4) Laminar region; (5) Retrolaminar region. (A from 

Figure 1 in: Sigal et al, Exp Eye Res 2009; 90(1):70–80;  

B from Scheme 1 in: Trivino et al, Vision Res 1996; 

36(14):2015–28.)
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Microscopic anatomy and cytology

atrophy. Compared with the optic tract, there is relatively 
little segregation of axons by size within the optic nerve, 
except for a tendency for finer axons to be located 
inferocentrotemporally.7,28

There is variability of axonal diameter and myelin thick-
ness from the retina to the brain. Studies in the ferret show 
that the diameters of the largest axons increase as the dis-
tance from the retina increases.29 The diameter of individual 
axons is regulated by multiple factors, including oligodendro-
cytes30 and activity,31 increases during development, and cor-
relates with local accumulation of specifically phosphorylated 
neurofilament proteins.32

Oligodendrocytes and myelin
Conduction of nerve impulses down the axons in the optic 
nerve depends on the presence of myelin, a fatty multilami-
nated structure which insulates each axon and greatly 
increases the speed and efficiency of conduction (discussed 
below). The retrolaminar optic nerve is completely myeli-
nated under non-pathological circumstances (Fig. 28.4). 
There are non-myelinated axons of the peripheral nervous 
systems within the adventitia of the central retinal artery33 
and non-myelinated and myelinated Schwann cells around 
peripheral axons of the outer dura.34 Each axon is myelinated 
with several lamellae of myelin bilayers, with the number of 
lamellae varying from axon to axon35 but in strict proportion 
to the diameter of the axon. Individual oligodendrocytes 
elaborate an average of 20–30 processes per cell, each of 
which myelinates 150–200 µm of axon length.36

Oligodendrocytes and axons regulate each other during 
development and throughout adulthood. Oligodendrocytes 
depend on the presence of axons for their survival,37 and for 
production of myelin proteins.38 Axons regulate oligodendro-
cyte survival and proliferation, and thus their number, 
through expression of specific signaling proteins39 and 
through axonal electrical activity,40 controlling oligodendro-
cyte number to match the number of axons.41 Conversely, 
axons are signaled by oligodendrocytes to regulate axon 
number and diameter, and to prevent axon sprouting or 
branching in the optic nerve.30,42 Later, in the adult, oli-
godendrocytes and myelin are partially responsible for inhi-
bition of axon regeneration after optic nerve damage or 
degeneration (see below).43,44

Astrocytes
Astrocytes, named for their stellate appearance, are ubiqui-
tous glial components of the central nervous system, and 
function in white matter tracts like the optic nerve to regulate 
ionic and energy homeostasis. Astrocytes are highly efficient 
at transporting potassium, and increases in the level of extra-
cellular potassium as a result of repolarization are buffered 
by astrocytes. Their ability to accumulate glycogen may 
allow them to serve as an energy source for the optic nerve 
in the absence of glucose (e.g. ischemia), by shuttling lactate 
to adjacent axons.45 Astrocytes form the glial-limiting mem-
brane,46 and their processes are concentrated at the nodes of 
Ranvier and in contact with nearby capillaries. This positions 
the astrocyte to play a role in transportation of substances 
between the local circulation and the axons; in inducing 

geniculate nucleus, superior colliculus, pretectal nuclei, or 
hypothalamus (see below). Circuitry and processing by these 
targets are discussed in Chapters 25 and 29.

Optic nerve axon counts and 
dimensions

In the normal adult human optic nerve, manual techniques 
have demonstrated an estimated 1,200,000 RGC axons per 
nerve;16 automated counting algorithms give figures between 
700,00016 and 1,400,00017,18 axons. There is a strong correla-
tion between the size of the neuroretinal rim and the number 
of axons,18,19 and between the number of axons and the size 
of the scleral canal in primates,20 although the degree of cor-
relation is controversial.18,21

Many factors affect the number of axons within the optic 
nerve, from inherited differences to damage from disease, 
i.e. optic neuropathy (see below). In addition, there is a 
gradual loss of RGCs during normal human aging, with an 
approximate 5000 axon loss per year of life.16,17,22,23 For 
unclear reasons, there is a smaller degree of loss of macular 
RGCs with age, compared to peripheral RGCs, and this may 
reflect contraction of the macula with time.24

Although the number of RGC axons entering the optic 
nerve is fairly constant, the diameter of the optic nerve varies 
widely. At the disk itself, where the fibers are completely 
unmyelinated, the mean vertical diameter of the disk is 
1.9 mm (range 1.0–3.0 mm) and the mean horizontal 
diameter is 1.7–1.8 mm (range 0.9–2.6 mm).19,25 The mean 
area of the disk is 2.7 mm2 (range 0.8–5.5 mm2). The mean 
area of the neuroretinal rim (not including the cup) is 
2.0 mm2 (range 0.8–4.7 mm2). Because the axonal tissue 
entering the optic disk varies much less than the size of the 
optic disk itself, the optic cup in the center of the disk can 
vary greatly without necessarily reflecting any underlying 
deficit in the number of ganglion cell axons. The diameter 
of the optic nerve approximately doubles posterior to the 
globe as a result of myelination of the axons.

Microscopic anatomy and cytology

Axons
There are no other neuronal cell bodies within the optic 
nerve, making it a pure white matter tract of the central 
nervous system. Although the optic nerve itself may contain 
other small nerves, particularly tiny peripheral nerves 
(branches of the trigeminal system) which carry pain sensa-
tion or control vascular tone, the vast majority of the optic 
nerve is composed of the approximately 1,200,000 axons of 
the retinal ganglion cells. Optic nerve axons are collected in 
fascicles, which are separated by pia-derived septa. The 
number of fascicles ranges from approximately 50 to 300, 
being maximal immediately retrobulbar and at the optic 
canal.26 The mean axon diameter is slightly less than 1 µm, 
with a unimodal distribution skewed to the left. The mean 
diameter may decrease during aging, either through loss of 
large-diameter axons,27 or from a general, aging-induced 
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Microglia
Microglia, a type of resident macrophage, are an important 
cellular component of the optic nerve. Although their origin 
was debated for decades, they have been shown experimen-
tally to be of peripheral, bone marrow origin, and are not 
derived from the neuroectoderm that yields neurons, astro-
cytes, and oligodendrocytes.48,49 Microglia share several 
markers with macrophages, with both having Fc receptors 
(for immunoglobulin), C3 receptors (for complement), 
binding of Griffonia isolectin B4, and antigenicity for F4/80 
and ED1 monoclonal antibodies.50 In the human optic 
nerve, microglia can be seen at 8 weeks after conception, 
when they are relatively undifferentiated. Microglia become 
more differentiated during fetal development, going from 
tuberous to amoeboid to a ramified morphology.51 They are 
associated with axon bundles, but not necessarily with blood 

endothelial cells to form the blood–brain barrier;47 and 
perhaps in signaling blood vessels to dilate or constrict 
according to local metabolic needs. Astrocytes also mediate 
connectivity between optic nerve axons and the adjacent 
connective tissues, such as the pial septa, the adventitia of 
the central retinal artery and vein, and the pia in a layer 
named the glial mantle of Fuchs.33

Interestingly, the most common intrinsic tumor of the 
optic nerve is an astrocytoma, or optic nerve glioma. This is 
usually a low-grade tumor of well-differentiated astrocytic 
cells that appear hair-like, or “pilocytic.” Pilocytic astrocyto-
mas are usually seen in childhood, and have a favorable 
prognosis. They are also commonly seen in association with 
neurofibromatosis. Rarely, more malignant neoplasms of 
astrocytic origin develop in adults. These resemble the 
higher-grade astrocytic neoplasms found elsewhere in the 
central nervous system, and are usually fatal.

Figure 28.4 Transverse sections through the 
adult rat optic nerve demonstrate typical profiles 
of myelinated axons and the fibrous glial septae 
that separate bundles of axons. Scale bars are 
4 mm in the left panel, 500 nm in the right.  
(From Figure 3 in, Gong & Amemiya, Exp Eye Res 2001; 

72:363–9.)
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Blood supply

central retinal artery arising out of the optic nerve head. As 
it branches on the optic disk into the retinal arterioles, the 
central retinal artery provides partial perfusion of the super-
ficial optic disk via small capillaries. Along the optic nerve 
itself, however, the central retinal artery provides minimal 
perfusion of the nerve through which it courses.59

In contrast, branches of the medial and lateral short pos-
terior ciliary arteries, originating from the ophthalmic artery, 
provide the major blood supply to the optic nerve head, as 
well as the choroid. Their branches perfuse the optic nerve, 
both anteriorly via direct branches and posteriorly via a 
retrograde arteriolar investiture of the optic nerve (see 
below). Anastomoses of posterior ciliary artery branches60,61 
form the circle of Zinn-Haller, which contributes significant 
perfusion to the optic nerve head. In addition, there are 
contributions from recurrent choroidal arterioles to the 
prelaminar and laminar optic nerve head, and contributions 
from recurrent pial arterioles to the laminar and retrolami-
nar optic nerve head. A clinical implication of the common 
posterior ciliary arterial source of the choroid and deep  
optic nerve head is that they will fluoresce simultaneously 
during the earliest phase of fluorescein angiography, before 
the retinal arterioles transit dye.

Unlike the choroidal vessels, which have fenestrated 
endothelial cells, optic nerve vessels have non-fenestrated 
endothelial cells with tight junctions, surrounded by peri-
cytes. Optic nerve vessels therefore share the same blood–
nerve barrier characteristics as the blood–brain barrier. Only 
a restricted number of molecules can cross the blood–nerve 
barrier. For example, gadolinium enhancement on magnetic 
resonance imaging is not seen unless there is some pathologi-
cal process within the optic nerve that would disrupt the 
blood–nerve barrier, e.g. inflammation.62,63 Another major 
difference between choroidal and optic nerve head vessels is 
that only the latter can autoregulate, i.e. maintain approxi-
mately constant blood flow despite most changes in intravas-
cular or intraocular pressure.64–66 Thus there is compensation 
of perfusion for a wide range of intraocular pressures in 
normal individuals. A dysregulation in optic nerve head 
autoregulation, and any ischemia that would follow, may 
contribute to the pathophysiology of glaucoma (see below).

vessels, and are found in both the nerve parenchyma and  
its meninges. Nerve and meningeal microglia are similar 
ultrastructurally except for vacuoles and endoplasmic reticu-
lum in the former. This may be due to their phagocytosis of 
dying axons during development.52 Microglia share several 
characteristics of immune capacities of macrophages. By 
phagocytosing extracellular material, degradation within 
intracellular compartments can occur. This may be followed 
by antigen presentation on the cell surface. In combination 
with certain histocompatibility antigens, this presented 
antigen can cause stimulation of T lymphocytes and subse-
quent immune system activation (see below).

Meninges and meningothelial cells
The optic nerve is covered with three layers of meninges, 
dura, arachnoid, and pia. The meninges can also be divided 
up into pachymeninges (dura) and leptomeninges (arachnoid 
and pia). The outermost dura is a thick fibrovascular tissue, 
which is in immediate contiguity with the sclera, periorbita, 
and the dural layer of the lining of the cranial contents. The 
middle arachnoid layer is a loose, thin, fibrovascular tissue. 
The innermost pia is a thin, tightly adherent layer with exten-
sions into the nerve itself forming the pial septae, through 
which the fascicles of ganglion cell axons course.26 In the 
optic canal, there are numerous trabeculae connecting the 
dura through the arachnoid to the pia, which reduce the free 
space of the nerve sheath in this area.53

The space between the dura and arachnoid is the subdural 
space, while the space between the arachnoid and pia is the 
subarachnoid space. The subdural space around the optic 
nerve is small, and is not in communication with the intra-
cranial subdural space. The subarachnoid space, on the other 
hand, is in communication with the intracranial subarach-
noid space. The optic nerve subarachnoid space ends ante-
riorly within a blind pouch just before the optic disk. This 
extension of the subarachnoid space from the brain into the 
orbit explains why elevated intracranial pressure may cause 
compression of the optic nerve via elevating the hydraulic 
pressure. There is an appreciable pressure within the sub-
arachnoid space, measuring from 4 to 14 mmHg.54

Meningothelial cells may have several functions,55 includ-
ing wound repair and scarring, phagocytosis, and collagen 
production. The meningeal vessels include pericytes and 
endothelial cells, which form tight junctions.34 Macro-
phages56 and mast cells57 are also found in the meninges. 
The role of these and other resident cells in meningeal 
inflammations is only speculative.

Blood supply

Optic nerve head
Studies of histological sections and of corrosion casting of 
the vessels themselves have added greatly to our understand-
ing of the optic nerve blood supply58 (Fig. 28.5). The oph-
thalmic artery provides the major vascular supply to the 
inner retina and optic nerve. The central retinal artery 
branches off of the intraorbital ophthalmic artery, and enters 
the optic nerve during approximately 12 mm behind the 
globe. In the retina, RGC bodies and the nerve fiber layer are 
supplied by capillary branches derived primarily from the 

Figure 28.5 Vascular anatomy of the optic nerve head. The optic nerve is 
supplied by branches from the central retinal artery, from penetrating 
meningeal arterioles, from recurrent arterioles off of the inner retinal 
vasculature, and from diffusion from the fenestrated blood supply of the 
choroid.

Optic
nerve

Retina

Choroid

Sclera Meningeal
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specialized collagen74 and pial fibroblasts, beyond which are 
astrocytic foot processes.33,69,75 These pial septae are not a 
constant feature of mammalian optic nerves; rats, for 
example, do not have septae.

The vessels within the nerve have their own innervation. 
These nervi vasorum contain multiple neurotransmitters76 
including adrenergic, cholinergic, and calcitonin gene-
related peptide; neuropeptide Y; substance P; and vasoactive 
intestinal peptide.77 Human posterior ciliary arteries respond 
to the potent vasoconstrictor angiotensin II.78

Optic nerve development

Generation of optic nerve oligodendrocytes 
and myelination
Oligodendrocytes develop from oligodendrocyte precursor 
cells (OPCs). OPCs migrate from the brain into the optic 
nerve, perhaps from the base of the preoptic recess, and this 
migration may continue during adult life.79 The OPC has a 
complex regulatory mechanism, with in vitro and animal 
studies implicating platelet-derived growth factor (PDGF), 
basic fibroblast growth factor (bFGF), ciliary neurotrophic 
factor (CNTF), and other factors in the control of differentia-
tion, division, and renewal of the progenitor cell popula-
tion.80,81 An intrinsic developmental clock controls the 
differentiation of OPCs into oligodendrocytes,82 after which 
the cell is mitotically unresponsive to PDGF.83–87 In normal 
development, some OPCs persist into the adult and may 
participate in remyelination after injury or in diseases like 
optic neuritis.88

After oligodendrocyte differentiation from OPCs, there is 
typically a short delay before myelination starts, which may 
be regulated by inhibitory signals from axons activating the 
notch signaling pathway.89 The developmental regulation of 
myelination of the optic nerve and tract occurs earliest at the 
brain end of the optic nerve, then travels distally toward the 
eye, i.e. proximally with respect to the ganglion cell axon. 
This is opposite to myelination elsewhere in the CNS, which 
usually occurs from the neuron cell body outward along the 
axon. The brain-to-eye direction of myelination correlates 
with animal studies demonstrating OPC migration and then 
differentiation outward along the optic nerve.90,91 In humans, 
oligodendrocytes are not seen in the optic nerve before 18 
weeks of gestation.90 Later, optic tract and intracranial nerve 
axons begin myelination at 32 weeks of gestation, with the 
process virtually complete at birth. The axons adjacent to the 
globe begin myelination only at birth; all are myelinated by 
about 7 months of age.92 Further myelination continues, 
however, and thickening of axonal myelin may continue past 
2 years, or longer.

In longitudinal studies of rat optic nerve development,93 
axons that become myelinated increase in diameter. The 
signal for change in caliber is generated by the oligodendro-
cytes.30,94 Although unmyelinated and not yet myelinated 
axons can conduct electrical impulses in the developing 
optic nerve, there is a surprising increase in conduction 
velocity during development, independent of diameter or 
myelination status, the reasons for which are unclear.95

Interestingly, intraretinal RGC axons are not normally 
myelinated in most species; indeed, there are normally no 

Intraorbital optic nerve and optic canal
The intraorbital optic nerve is perfused primarily by the pial 
circulation, which branches off of the ophthalmic artery 
either directly or indirectly via recurrent branches of the short 
posterior ciliary arteries. The pia sends penetrating vessels 
into the intraorbital optic nerve along the fibrovascular pial 
septae, from which a capillary network extends into neural 
tissue (axons and glia). Similarly, the intracanalicular optic 
nerve is perfused by up to three branches of the ophthalmic 
artery, namely a medial collateral, lateral collateral, and 
ventral branch,67,68 which perfuse the pial surface and then 
penetrate the nerve. An important clinical implication of the 
pial supply relates to optic nerve sheath meningiomas. If a 
surgeon strips the meningioma away from the nerve, then the 
pia will be removed as well, resulting in loss of the blood 
supply to the nerve, and possible infarction and blindness. 
Another clinical correlation is related to the small amount of 
free space within the canal, when occupied by blood from 
shearing of the delicate vessels there, this may result in a 
sight-threatening compressive hematoma68 (and see below).

Intracranial optic nerve, chiasm,  
and optic tract
The intracranial optic nerve and chiasm are perfused by the 
internal carotid artery and its branches, primarily the  
anterior cerebral, anterior communicating, and the superior 
hypophyseal artery. The posterior chiasm may also be per-
fused by branches of the posterior communicating artery. 
The optic tract is predominantly perfused by branches of the 
posterior communicating and anterior choroidal arteries. 
Similar to the intraorbital and intracanalicular optic nerve, 
the blood supply occurs via small pial penetrating vessels. 
However, there is no dura or arachnoid surrounding the 
optic nerve posterior to the optic canal, and thus the risk of 
infarction is not from stripping a tumor off the nerve, but 
from inadvertent detachment of the fine vessels during  
surgical manipulation.

Vascular biology
Vessels of the human optic nerve contain endothelial cells 
separated from pericytes by a basement membrane, with 
endfeet of astrocytes surrounding the two.69 The tight junc-
tions between endothelial cells contribute to the blood–
nerve barrier, which is present in normal optic nerve 
throughout its length. The anterior part of the optic nerve, 
however, shares a distinctive feature with the area postrema, 
choroid plexus, and median eminence, in that there is local 
disturbance of this blood–brain barrier. Although the optic 
nerve capillary endothelial cells in the anterior optic nerve 
have tight junctions, leakage can occur from adjacent chorio-
capillaris through the border tissue of Elschnig at the level 
of the lamina choroidalis.70,71 Further leakage from this area 
into the subretinal space may be prevented by tight junctions 
between the glia making up the intermediary tissue of 
Kuhnt.70,72 The blood–nerve barrier may be incompetent in 
focal inflammatory disorders, such as optic neuritis.73

The optic nerve differs from almost all other areas of the 
CNS in that there is connective tissue around vessels.33 
The vessels are closely surrounded by morphologically  
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Optic nerve development

Axon number
Studies in animals suggest that approximately 50–100 
percent excess RGCs are produced in the retina. During early 
development, the number of RGCs decreases by programmed 
cell death called apoptosis (discussed in the context of axon 
injury, below), in many cases because not all of the axons 
properly connect to their target regions within the brain.109,110 
This form of programmed cell death may be adaptive if it 
does not release toxic intracellular components into the 
extracellular environment and thereby does not affect neigh-
boring cells that are already integrated to survive. Likewise, 
in humans, up to two-thirds of developing RGCs die, pre-
dominantly during the second trimester.111

Axon growth
Considerable progress has been made in recent years in our 
understanding of the development of the optic nerve, par-
ticularly at the level of molecular and cellular regulation. 
Axon growth requires specific extracellular signals – merely 
inhibiting cell death is not sufficient for inducing axon 
growth in developing RGCs.112,113 The most potent signals 
for axon growth are the same peptide trophic factors that 
most strongly promote RGC survival, and multiple trophic 
factors can often combine to induce even greater axon 
growth.113–116 The best-studied peptide trophic factors for 
RGC axon growth are brain derived neurotrophic factor 
(BDNF), ciliary neurotrophic factor (CNTF), insulin-like 
growth factor (IGF), basic fibroblast growth factor (bFGF), 
and glial cell line-derived neurotrophic factor (GDNF), 
although it is not clear how critical any of these are for axon 
growth during normal development.112,117,118 Other than 
peptide trophic factors, extracellular matrix molecules like 
laminin and heparin sulfate proteoglycans, and cell adhe-
sion molecules like L1 and N-cadherin are expressed in the 
visual pathway119,120 and provide a critical substrate along 
which axons extend. Eliminating N-cadherin expression, for 
example, clearly decreases RGC axon growth in vivo.121 
Finally, other extracellular signals as simple as purine nucle-
otides may be critical to induce axon growth, although the 
mechanism of this activity is still mysterious.122

Electrical activity (discussed below) is not required for 
axon growth, but likely plays a role in sculpting axonal mor-
phology. Thus, after injecting tetrodotoxin into the eye to 
block action potentials,123 or in experimental mice in which 
synaptic release of neurotransmitters is essentially elimi-
nated,124 RGCs and other CNS neurons successfully elongate 
their axons to their targets in the absence of electrical activ-
ity. RGC activity may increase the rate of axon arborization 
in their target fields by stabilizing growing branches,125–127 
and may influence the specificity of local connectivity and 
targeting of axons.128–130 Considerable progress has been 
made in understanding these molecular mechanisms for 
axon growth, and these have been reviewed elsewhere.131

Axon guidance
Optic nerve axon guidance is heavily influenced by the earli-
est pathfinding axons,132 which serve as a substrate and guid-
ance cue for the growth of the axons that follow. During 
development, RGC axons are guided by neuronal and glial 
molecules that attract and repel axonal growth cones.133,134 

oligodendrocytes in the retina. Studies of rat optic nerve 
head and anterior optic nerve demonstrate an abnormal 
transition zone from unmyelinated axons to myelinated 
axons, with varying lengths and thicknesses of myelin, 
unusual nodal region morphology, and few normal oligo-
dendrocytes.96 Studies of rat optic nerve suggest that a signal 
found at the lamina cribrosa blocks the migration of OPCs 
into the retina.97 This barrier is possibly due to the presence 
of specialized optic nerve head astrocytes,79 serum factors 
from a focally deficient blood–nerve barrier98,99 or the adhe-
sion substrate tenascin.100 In rabbits, which have no lamina 
cribrosa, there are axons myelinated by oligodendrocytes in 
the retina, and intraretinal OPCs can be identified.97 Further, 
the retinal portion of the ganglion cell axon has no constitu-
tive barrier to myelination because ganglion cell axons of 
retina transplanted into rat midbrain can be myelinated,99 
and OPCs injected intraretinally can differentiate and myeli-
nate RGC axons.101 Myelination may also be artifactually 
induced by injuring the retina from the scleral side. This 
trauma leads to migration of Schwann cells and subsequent 
intraretinal myelination.102 In human eyes, myelination of 
part of the nerve fiber layer is occasionally seen; it is assumed 
that this is secondary to ectopic oligodendrocytes, although 
there are reports of Schwann cells myelinating intraretinal 
axons in the cat103 and rat.104 Although oligodendrogliomas 
within other parts of the central nervous systems are some-
times seen, neoplasms of oligodendrocytes within the optic 
nerve are very rare.

Generation of optic nerve astrocytes
Astrocyte precursor cells have been considerably less well 
studied. Like oligodendrocytes, developmental regulation of 
astrocyte number is determined by the RGC.105 Astrocyte 
precursor cells may depend on CNTF or LIF for differentia-
tion into astrocytes,106 at which point they upregulate the 
expression of glial fibrillary acidic protein (GFAP), an inter-
mediate filament protein. GFAP itself is important to optic 
nerve development, as transgenic mice lacking GFAP dem-
onstrate abnormal myelination and blood–brain barriers.107 
Astrocytes may also be critical for optic nerve development 
in that they may serve as the substrate over which extending 
ganglion cell axons grow.108

Development of optic nerve meninges
The anatomy and development of the optic nerve meninges 
have been well described.34,55 All three meningeal layers are 
formed from fibroblast-like cells, which vary in ultrastruc-
tural appearance from typical process-bearing fibroblasts to 
mesothelial cells lining the subdural and subarachnoid 
space. The meningeal layers are particularly rich in collagen 
and elastin. Trabeculae between the arachnoid and pia are 
formed from collagen and are lined with the same mesothe-
lial cells that line the subarachnoid space. The most rapid 
proliferation of human meningeal cells during development 
occurs within 8–18 weeks of conception, with centrally 
located fibroblasts and peripherally located cells containing 
glycogen that increase during this time.34,56 By 14 weeks, the 
three layers of the meninges can be distinguished. These 
glycogen-rich cells go on to produce large amounts of col-
lagen, which is deposited in the dura after 14 or 15 weeks.
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fibers continue to the pupilloconstrictor muscle, constriction 
of which is visible as the pupillary light reflex. The combined 
ipsilateral and contralateral projections from the retina to 
the pretectal nuclei, and from the pretectal nuclei to the 
Edinger–Westphal subnuclei necessitate that a light stimulus 
causing impulses along either optic nerve will cause equal 
constriction of both pupils. This is the physiological basis 
for detecting an afferent pupillary defect (also called a 
Marcus Gunn pupil). If there is a functional difference in the 
number of optic nerve axons carrying impulses from each 
retina, then light shined into the eye with fewer axons will 
cause a lesser amount of (bilaterally symmetric) pupillary 
constriction than light shined into the other eye. By alternat-
ing the light between the two eyes and observing the differ-
ence in pupil size dependent on which eye the light is shined 
into, one can detect which optic nerve is functionally con-
ducting less than the other. This measure is highly correlated 
with differences in the number of surviving RGCs or RGC 
axons.157 It has been proposed that there are differences 
between the myelin surrounding axons destined for the 
lateral geniculate nucleus and those responsible for the pup-
illomotor reflex because of the existence, albeit rare, of 
patients with demyelinative optic neuropathies and mono-
cular blindness with preserved pupillary reflexes.158 
These patients do not have apparent conduction toward the 
lateral geniculate nucleus but do have conduction toward  
the pretectal areas responsible for the pupillary reflex.  
Detection of the afferent pupillary defect is discussed at 
length in Chapter 25.

A fourth projection of optic nerve axons is via the  
retinohypothalamic tract to the suprachiasmatic nucleus  
and the paraventricular nucleus159–161 within the hypotha-
lamus. These fibers are responsible for circadian control  
of the sleep–wake cycle, temperature, and other systemic 
functions.

Retrograde labeling studies in pigeons162 and rats163 indi-
cate that only a few percent of RGC axons project to the 
pretectal and suprachiasmatic nuclei. Recently, a population 
of intrinsically photosensitive RGCs has been identified,164 
that express the photopigment melanopsin,165–167 and project 
to the subthalamic nuclei to mediate circadian rhythm  
and pupillary light response.168,169 Thus, even if all rod and 
cone photoreceptors are lost (as in retinitis pigmentosa,  
for example), these intrinsically photosensitive RGCs can  
continue to collect light for circadian rhythm entrainment, 
for example.

Optic nerve physiology

Retinal ganglion cell electrophysiology and 
synaptic transmission
In the retina, RGCs receive synaptic input from bipolar  
and amacrine cells, which primarily use glutamate as the 
major excitatory neurotransmitter. RGCs have both NMDA 
and non-NMDA ionotropic glutamate receptors, as well  
as metabotropic receptors.170–175 Other neurotransmitters 
modulating RGC activity include GABA,174 acetylcho-
line,176,177 and aspartate (acting on NMDA receptors), as well 
as serotonin and dopamine.178 Within the retina itself the 
levels of glutamate are modulated by Müller cells, which 

For example, embryonic RGC axons are repelled by Müller 
glia away from deeper retinal layers into the nerve fiber 
layer.135,136 Within the retina, the interesting course of retinal 
axons in the macular nerve fiber layer are likely due to a 
foveal repellant combined with an optic disk attractant.137 
RGC axons are directed centrally in the retina away  
from chondroitin sulfate proteoglycans (CSPGs)138 and are 
attracted into the optic nerve head by netrins.139,140 A sema-
phorin, sema5A, may contribute to keeping the developing 
axons within the substance of the developing optic nerve.141 
Ipsilateral-projecting axons are repelled at the optic chiasm 
by slit1 and slit2,142 ephrin-B,143,144 and CSPGs.145 The devel-
opmental ordering of the axons as they pass through the 
chiasm and go on to innervate the lateral geniculate prima-
rily reflects their time of arrival.146,147

RGC axons reach four main targets: (1) the lateral genicu-
late nucleus of the thalamus; (2) the superior colliculus; (3) 
the pretectal nucleus; and (4) the suprachiasmatic nucleus. 
Most axons course unbranched to the lateral geniculate 
nucleus, but studies in many animals,148 including pri-
mates,149 have demonstrated the existence of axon collaterals 
to the other targets, suggesting that the same may be true for 
human optic nerves.

The lateral geniculate nucleus is the primary synaptic 
target for visual information processing on the way to the 
visual cortex (discussed at length in Chapter 29). The primate 
lateral geniculate nucleus has six layers: layers 1 and 2 consist 
of large (magnocellular) cells, and layers 3, 4, 5, and 6 
consist of small (parvocellular) cells. The magnocellular 
layers receive input from the midget RGCs, while the parvo-
cellular layers receive input from the parasol RGCs. Layers 
2, 3, and 5 receive input from the ipsilateral retina, while 
layers 1, 4, and 6 receive input from the contralateral retina. 
In addition, there are interlaminar cells forming the konio-
cellular layers. These cells are smaller than those of the  
parvocellular layers, and receive synaptic input from blue-
yellow RGCs.150

A second set of optic nerve axons project to the superior 
colliculus, a paired structure of the dorsal midbrain. In lower 
animals, e.g. rodents, the majority of fibers of the optic nerve 
project to the superior colliculus. In primates, including 
humans, only a minority does so, with the majority of axons 
destined instead for the lateral geniculate nucleus. These 
fibers arise from most of the retina, except for the central 10 
degrees.151 The superior colliculus has a laminar organiza-
tion, and is retinotopically mapped.152 Most studies of supe-
rior colliculus architecture have been done in animals, 
although the human superior colliculus appears to have 
similar anatomy.153 The function of the superior colliculus 
is to coordinate retinal and cortical control of saccades and 
fixation.152 Fibers branching to midbrain terminal nuclei sta-
bilize the retinal image during movement of the eye, head, 
or body.154 The role of the superior colliculus in extraocular 
movements is covered in Chapter 9.

The pretectal nucleus in the midbrain receives RGC fibers 
important for the pupillary response.155,156 The pretectal pro-
jection is bilateral, and in addition fibers from each pretectal 
nucleus project both ipsilaterally and contralaterally to the 
Edinger–Westphal subnuclei of the third nerve nucleus. The 
latter then projects parasympathetic axons along the course 
of the third nerve to the ciliary ganglion within the orbit, 
where a synapse is made. Postsynaptic parasympathetic 
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the sodium equilibrium potential than by the potassium 
equilibrium potential. Why do the sodium channels open? 
These channels are voltage-sensitive, and a relatively small 
depolarization of the membrane will cause them to open 
transiently. Increased potential within the axon rapidly 
affects adjacent sections of the axon, and causes sodium 
channels in these adjacent areas of axonal membrane to 
likewise become partially depolarized. These then com-
pletely open, and cause a compete depolarization. This 
chain of events continues down the axon, resulting in a 
transmission of action potential.

Repolarization is the return of the axonal membrane 
potential to the original (negative resting potential) state, 
and is necessary for more than a single action potential to 
be transmitted down the axon. Repolarization is due to the 
closure of the voltage-sensitive sodium channels and a tran-
sient opening of voltage-sensitive potassium channels. Once 
the latter occurs, the membrane resting potential is weighted 
more by the potassium equilibrium potential than by the 
sodium equilibrium potential. This results in a restoration 
of membrane potential to the resting state.

In the process of transmission of an action potential there 
is movement of sodium and potassium ions along their 
concentration gradients. If action potentials continued 
indefinitely, the sodium and potassium concentrations 
would reach equilibrium across the axonal membrane, 
resulting in loss of their concentration gradients and conduc-
tion block. In order to re-establish these concentration gra-
dients, there is a relatively slow redistribution process of 
these ions via the Na+-K+-ATPase. This is a highly energy-
dependent process, and will fail to happen if axonal metabo-
lism is disturbed.

Role of oligodendrocytes and myelin
Myelin confers two electrophysiological functions. First, it 
decreases capacitance, meaning less sodium ion-positive 
charge needs to enter the axon in order to depolarize the 
membrane. Second, it increases resistance, meaning that 
there is less leakage of charge across the membrane. Together, 
these properties decrease the amount of ionic flux needed to 
achieve changes in voltage across the membrane, saving on 
the Na+-K+-ATPase activity and thus energy needed to main-
tain ionic homeostasis after conduction.

Oligodendrocytes and myelin confer other critical proper-
ties for axonal conduction. Neonatal unmyelinated axons 
have a low density of sodium channels spread along the 
length of the axon, which allows a measure of axon conduc-
tion. In the adult, however, ion channels are not distributed 
uniformly along a myelinated axon. Instead, the channels 
are segregated into patches located within the small areas 
where the axon is unmyelinated, called nodes of Ranvier.196 
Conduction in a myelinated axon, called saltatory conduc-
tion, becomes much faster, as depolarization “jumps”  
from one node to the next. The clustering of sodium chan-
nels into nodes, as well as an important developmental 
switch in sodium channel isoforms, are also induced by 
oligodendrocytes.197–199

Role of astrocytes
Although neurons are classically considered the only electri-
cally active cell population in the CNS, astrocytes also  
have ion channels. For example, multiple voltage-sensitive 

have glutamate transporters, and which contain the enzyme 
glutamine synthetase, converting glutamate to the amino 
acid glutamine. Glutamate reuptake within the retina is  
necessary for maintaining appropriate RGC function.179–182 
The electrophysiology of RGCs is complex,183–188 and is 
discussed at length in Chapter 23 and elsewhere.189 RGCs 
themselves are glutamatergic, but they also use other neuro-
transmitters, including substance P and serotonin.190–194

Axonal conduction

Action potentials
RGC axons transmit information via action potentials, which 
are all-or-nothing spikes of electrical activity. This is in  
contrast to most intercellular communication within the 
retina, where graded potentials are used to transmit informa-
tion. With action potentials, the actual amount of voltage 
change, i.e. depolarization, is the same, while the number of 
impulses per second and the distribution of impulses within 
various axons is the mechanism by which visual information 
is carried down the optic nerve. Conduction down individ-
ual axons occurs via the same biophysical mechanisms 
which occur in any myelinated axon (see section on myelin, 
below). Variations in conduction velocity of individual 
axons may help coordinate conduction time between RGCs 
located at differing distances between their retinal location 
and the optic nerve.195

The mechanism of axonal conduction is straightforward. 
At rest, the inside of an axon is at a negative voltage with 
respect to the outside of the axon. This negative resting 
potential primarily results from the higher concentration of 
potassium within the axon compared to its extracellular con-
centration. As a small number of potassium ions flow down 
their concentration gradient from the inside of the axon to 
the outside, this leak current out of the axon results in a nega-
tive potential within the axon. Outward flux of potassium 
continues until the charge separation becomes too great, and 
can no longer be driven by the concentration difference 
between inside and outside the axon. The point at which the 
gradient for potassium concentration is balanced by the gra-
dient for separation of charge results in an equilibrium 
potential for potassium. While the resting potential is pri-
marily determined by potassium, there is also a smaller con-
tribution from sodium flowing down its concentration 
gradient. In the case of sodium, the concentration in the 
extracellular space is high, compared with a low concentra-
tion within the axon. This concentration gradient would 
induce sodium to enter the axon, and movement of a small 
number of sodium ions results in a positive sodium equilib-
rium potential. However, in a resting (non-depolarizing) 
axon the conductance for sodium is much smaller than that 
for potassium, and therefore the final resting potential is 
weighted much more by the equilibrium potential for potas-
sium than for sodium.

The situation changes during axonal conduction. Partial 
axon depolarization (resulting from an adjacent section of 
membrane that is already depolarized) induces opening of 
voltage-sensitive sodium channels located within the mem-
brane. These allow much greater amounts of sodium to enter 
the axon, and the positive sodium ions cause the axon to 
become more positive, i.e. depolarized. In this case, the 
potential across the membrane is now weighted far more by 



560

SECTION 9 Visual processing in the brain   Chapter 28  Optic Nerve

vesicle localization and signaling effects remains a largely 
unanswered question, but is clearly important for the main-
tenance of normal axon physiology.

Optic nerve injury

Clinical implications
The optic nerve is commonly involved in disease, resulting 
in optic neuropathy and visual loss. Glaucoma is the most 
common optic neuropathy; others include inflammatory 
optic neuropathies such as optic neuritis associated with  
the demyelinating disease multiple sclerosis; ischemic optic 
neuropathy usually affecting older adults; and compressive 
optic neuropathy, commonly associated with a tumor or 
aneurysm. Although not proven, some researchers believe 
that Leber’s hereditary optic neuropathy and some of the 
toxic optic neuropathies may reflect damage to the RGC 
body within the retina. Except for these, most optic neuropa-
thies are due to damage directly to the optic nerve. Therefore, 
the vast majority of optic neuropathies involve axonal injury. 
Importantly, in all forms of axon injury, there is typically no 
capacity of RGC axons to regrow in the adult optic nerve, 
and thus little endogenous repair.

Types of optic nerve injury

Traumatic optic neuropathy
Although traumatic optic neuropathy, particularly optic 
nerve transection, is one of the least common human sce-
narios in which RGC axons are injured, it has been the best 
studied animal model by far. In humans, concussive injury 
can indirectly traumatize the optic nerve and injure axons, 
as might happen after a car accident or other blunt injury. 
Direct transection, though more rare, might result from a 
bullet, or fragment of broken orbital bone, or by optic nerve 
avulsion. In animal models, typically, the optic nerve is 
surgically cut or crushed within the orbit behind the eye, 
although experiments crushing the nerve intracranially have 
also been studied. Regenerative response is assayed by labe-
ling RGC axons and determining whether any extend past 
the lesion site.222 Interestingly, although injuring the optic 
nerve at increasing distances from the eye delays the onset 
of RGC death,223 there may be less regenerative response 
with more distal injury.224

Ischemic optic neuropathy
Because the vascular supply to the optic nerve is complex 
and varies qualitatively along its course, a variety of clinical 
syndromes may result from ischemia or infarction at each 
location. Arteritic and non-arteritic anterior ischemic optic 
neuropathies are associated with histopathologically verifi-
able occlusion of posterior ciliary arteries. An infarction of 
the central retinal artery or one of its branches will result in 
RGC axon loss, with a pale disk and loss of axons within the 
optic nerve itself. Ischemia may also result from hypotension 
or severe blood loss, although the resulting pathophysiology 
may vary.225,226 Finally, there is a tremendous controversy as 
to whether the effects of intraocular pressure causing axonal 
damage in glaucomatous optic neuropathy is an ischemic or 
compressive process.

sodium channels have been demonstrated in rat optic nerve 
astrocytes.196,200,201 Both sodium and potassium channels 
have been studied electrophysiologically in cultured astro-
cytes.202,203 Within the intact optic nerve, non-vesicularly 
released glutamate from the axon may inducing glial cell 
spiking204 and possibly other effects.205 Whether ion channels 
or neurotransmitter receptors on optic nerve glia are physio-
logically important in vivo has yet to be demonstrated, but 
their presence suggests that optic nerve astrocytes may be 
more functionally specialized than previously recognized.

Axonal transport
The entire length of the RGC axon must be maintained by 
transporting proteins and other subcellular constituents 
many centimeters from the cell body, where the nucleus and 
most of the protein synthetic machinery resides. Axonal 
transport occurs in two directions, orthograde (away from 
the cell body and towards the brain), and retrograde (towards 
the cell body and away from the brain). By injecting radioac-
tive, fluorescent, or enzymatically active macromolecular 
tracers into either the eye or the terminal fields of the axons, 
the course and timing of orthograde and retrograde trans-
port can be determined. Studies have generally been per-
formed in experimental mammals, with findings generally 
consistent across species.206 The rates of transport of specific 
moieties may vary as a function of stage of optic nerve devel-
opment, suggesting a developmental regulation of axonal 
transport.207 Different rates of axonal transport may be 
related to differences in the motor proteins interacting with 
microtubules, e.g. kinesin208 for fast transport and dynein209 
for slow transport.

Fast axonal transport, at 90–350 mm/day,210,211 carries 
several subcellular organelles, such as the vesicles of neuro-
transmitter used in synaptic transmission, towards the axon 
terminal.212 This class of transport continues despite transec-
tion of the axon distal to the cell body, suggesting that intra-
axonal components are sufficient for the process to occur. 
Slow axonal transport is divided into two classes, a slower 
class at 0.2–1 mm/day that carries cytoskeletal proteins, 
such as neurofilament proteins and the tubulins that make 
up microtubules,213 and a more rapid class at 2–8 mm/day, 
which carries proteins such as actin and myosin, metabolic 
enzymes, and mitochondria.214–216 Slow axonal transport 
does not continue after transection of the axon distal to the 
cell body, unlike fast axonal transport.217

Retrograde transport occurs at about half the velocity  
of fast orthograde transport. Retrograde transport of neuro-
trophic molecules during development may signal the cell 
body that the axon is reaching its targets in the brain. How 
do growth signals at the axon get passed along to the distant 
cell body, where gene transcription and translation are 
induced to support survival and axon growth? Neurotrophin-
mediated activation of Trk receptors leads to endocytosis of 
activated, ligand-bound receptors into clathrin-coated vesi-
cles. These signaling endosomes carry with them the machin-
ery of the ras-raf-MAP kinase signaling cascades, and can 
continue to activate these pathways once inside the cell.218 
Neurotrophin signaling endosomes may then be retro-
gradely transported back to the cell body along microtu-
bules, where they can activate transcriptional regulators and 
induce new gene expression.219–221 The relationship between 
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likelihood that an adjacent section of demyelinated axon 
will be able to depolarize enough to cause opening of its 
own voltage-sensitive sodium channels. This leads to 
temperature-sensitive conduction block.

Optic neuritis has been modeled in rat and mouse models 
of experimental autoimmune encephalomyelitis, in which 
rodents’ immune systems are stimulated to react against 
myelin-associated proteins. Immunization against myelin-
oligodendrocyte glycoprotein (MOG) induces multiple 
sclerosis-like demyelination throughout the brain including 
in the optic nerve,258 but creating transgenic mice with T cells 
directed against MOG, or passively transferring anti-MOG T 
cells in rats, creates demyelinating disease largely confined 
to the optic nerve, mimicking optic neuritis.259,260 In such 
models, RGC axons are incidentally severed and fail to 
regenerate, and as after optic nerve trauma, RGCs die with a 
1–2 week delay.261

Compressive optic neuropathy
Compression of the optic nerve is a common clinical cor-
relate of a large number of optic neuropathies. Besides  
the obvious causes such as neoplasms and aneurysms, the 
optic nerve can also be compressed by enlarged extraocular 
muscles (as in Grave’s ophthalmopathy), edema (as seen 
with indirect traumatic optic neuropathy, where the nerve is 
contused within the optic canal), or optic disk drusen. Com-
pression intrinsic to the nerve itself may occur in some forms 
of glaucomatous optic neuropathy, where increased intra-
ocular pressure may cause bowing out and shifting of the 
lamina cribrosa, constricting the bundles of optic nerve 
axons within the cribrosal pores.262 Although all three layers 
of meninges are present in the intraorbital and intracanalicu-
lar optic nerve, only the pia continues along the intracranial 
optic nerve. The clinical relevance of this is that a tumor 
arising from the optic nerve meninges themselves, i.e. an 
optic nerve sheath meningioma, will normally continue 
through the optic canal, but then extend along the sphenoid 
bone, and not along the course of the intracranial optic 
nerve or optic chiasm. This means that it is extremely rare 
for an optic nerve sheath tumor to extend towards the 
chiasm, and thereby affect the other side. The more common 
way for optic nerve sheath meningiomas to become bilat-
eral is by directly extending along the sphenoid bone 
meninges.

The effects of chronic experimental compression of the 
intraorbital optic nerve have been delineated at the micro-
scopic and ultrastructural level.263,264 Demyelination occurs 
initially, followed by remyelination, even while the axons are 
still compressed, with relatively little axonal loss. Demyeli-
nated axons or the direct effects of pressure might be expected 
to lead to conduction block, which would be reversible. This 
could therefore explain the remarkable return of visual  
function after removal of tumors compressing the optic 
nerve.265

Glaucoma
The most common optic neuropathy is glaucomatous optic 
neuropathy, distinguished by a distinct morphology of pro-
gressive excavation of the nerve head without significant 
pallor of the remaining neuroretinal rim. Within the retina, 
there are decreased numbers of RGC bodies in glau-
coma,266–268 and this likely reflects death by apoptosis.269–272 

The pathophysiology of myelinated axonal ischemia  
is complex.227,228 The presence of myelination affects the 
metabolism of the axon. Because less current is necessary for 
depolarization to occur, less ATP is needed for transmission 
of action potentials. At the same time, the myelinated axon 
is more sensitive to anoxic damage. Although neonatal optic 
nerve, which is not myelinated, does not easily suffer irre-
versible damage from anoxia, more mature nerves from 
animals that have just undergone myelination are highly 
sensitive to anoxia. Similarly, optic nerves from md rats, a 
myelin-deficient rat strain, are sensitive to anoxia.229 Finally, 
myelinated axons (white matter) are relatively less sensitive 
to ischemia than neuronal cell bodies (gray matter).230

Ischemic optic nerve injury can be modeled in experimen-
tal animals via a variety of approaches. A powerful method 
is to occlude the posterior ciliary arteries, best done in pri-
mates, but which has the disadvantage of also affecting the 
choroidal circulation.231,232 Infusion of the vasoconstrictor 
endothelin-1 into the perineural space is a good model of 
subacute to chronic ischemia, and can be performed in a 
variety of species.233–239 More recently, direct vascular damage, 
tissue edema, and vascular compromise have been modeled 
at the optic disk240,241 and at the retrobulbar optic nerve.242

Optic neuritis and inflammation
Inflammation of the optic nerve, or optic neuritis, is the 
most common form of acute optic neuropathy in young and 
middle-aged adults, and is a frequent harbinger of multiple 
sclerosis.243,244 Demyelination is the most common patho-
logical accompaniment of optic nerve inflammation, and 
conduction block due to this or other effects of inflamma-
tion245 is responsible for the usually temporary loss of 
visual function seen in patients with optic neuritis. Demy-
elination itself would not necessarily cause loss of RGCs, and 
as in multiple sclerosis, multiple rounds of demylination 
and associated inflammation may be required for axonal 
loss.246–248 Axonal loss in optic neuritis has been long appre-
ciated clinically as optic atrophy and loss of the nerve fiber 
layer,249 and experimental models of optic nerve inflamma-
tion can be used to elucidate how this axonal damage 
occurs.250–252 It is likely that one major effect of inflammation 
is on the axonal cytoskeleton, as witnessed by changes in 
microtubule and neurofilament organization,252 and by 
changes in axonal transport.253–255

In cases of acquired loss of myelin, for example in idio-
pathic optic neuritis, there is abnormal conduction because 
of the changes in resistive and capacitive properties of  
the membrane brought about by demyelination. This can 
happen via loss of the compact morphology of the myelin 
alone, i.e. without frank demyelination.256 A low density of 
internodal sodium channels in adult optic nerve may allow 
some conduction after demyelination, as in optic neuritis.257 
Axonal conduction becomes slowed, however, and in some 
cases may be blocked (“conduction block”), both resulting 
in decreased visual function. Even in a completely demyeli-
nated axon, a low density of internodal sodium channels in 
demyelinated optic nerve may still allow conduction.257 
Another phenomenon peculiar to demyelination is worsen-
ing of vision with heat or exercise, or Uhthoff’s phenomenon. 
Increased temperature and exercise are thought to decrease 
the sodium channel open-time during depolarization,  
resulting in less charge entering the axon, and a decreased 
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slow axonal transport,321,322 evidence for abnormalities of 
fast axonal transport (which would include retrograde trans-
port) is less clear,322,323 and in part depends on experimental 
paradigms where papilledema is simulated by ocular hypo-
tony.324,325 It is also unclear whether the visual loss associated 
with chronic papilledema results from disturbances of 
axonal transport, or from ischemia due to congestion of the 
optic nerve head.

Retinal ganglion cell death after optic  
nerve injury
Death of RGCs is the final common pathway underlying 
virtually all diseases of the optic nerve, including glaucoma-
tous optic neuropathy, anterior ischemic optic neuropathy, 
optic neuritis, and compressive optic neuropathy. In many 
diseases affecting the RGC axons (e.g. glaucoma or arteritic 
ischemia), visual loss is permanent, reflecting the fact that 
RGC loss is irreversible. In some cases (e.g. chronic compres-
sive optic neuropathy, acute optic neuritis, or papilledema) 
visual loss can be reversed when the axonal damage is 

The number of RGCs lost correlates with the visual field 
deficit.273 In addition to the RGC cell body loss, there is loss 
of the ganglion cell axons, manifested by segmental loss of 
the nerve fiber layer,274–278 increased cup-to-disk ratio, thin-
ning of the optic nerve279 and chiasm,280 changes in post-
synaptic cell counts within the lateral geniculate nucleus281–284 
(the main target of RGC axons in higher animals), and in 
the cerebral cortex.285,286

That the site of primary injury is likely at the optic disk is 
consistent with a wide variety of evidence demonstrating 
pathology at that level,268,287 particularly at the lamina crib-
rosa.262,288–299 The focal areas of optic nerve axonal injury 
correlate with the focal areas of cell body loss in the retina 
and visual field defects.22,23 Thus the most typical glauco-
matous visual field defects spread in an arcuate pattern  
but stop at the horizontal meridian in the nasal field. This 
site in the visual field corresponds to the temporal raphe of 
the nerve fibers within the retina. Although there is a small 
distance between adjacent RGCs across the temporal raphe, 
the axons that correspond to these RGCs are separated by a 
large distance at the optic disk (Fig. 28.1). In those cases 
when defects are seen on both sides of the horizontal merid-
ian, it can be seen that spread has occurred in both the 
superior and inferior visual fields, but not directly across the 
meridian. Thus the spread of visual field loss in glaucoma 
reflects the spread of pathology at the optic nerve head, fol-
lowed later by RGC cell body loss in the retina.

What mechanisms induce RGC death in glaucoma?  
Glaucoma has been extensively modeled in animals (see 
reviews300,301). Studies of tissue from human patients with 
glaucoma and non-human primates and other mammals 
with experimental glaucoma confirm changes at the optic 
nerve head, such as with respect to bowing out of the lamina 
cribrosa, intra-axonal accumulation of organelles (consistent 
with blocked axonal transport; Fig. 28.6), and Wallerian 
degeneration distal to the lamina cribrosa.262,302,303 Whether 
due to mechanical trauma of axons,223,304–306 ischemia,238 gen-
eration of nitric oxide,307,308 or other causes, axonal injury 
causes changes in RGCs, eventually resulting in death. 
Increased intraocular pressure perturbs rapid anterograde and 
retrograde axonal transport at the lamina cribrosa.309–312 This 
may cause RGCs to be deprived of neurotrophic factors or 
other survival signals produced by brain targets. Studies in 
experimental animals have shown that injury to the optic 
nerve, for example from increased intraocular pressure in 
experimental glaucoma, blocks the retrograde transport of the 
neurotrophic factor brain-derived neurotrophic factor 
(BDNF) along with its associated receptor, TrkB.313–315 Inter-
estingly, one of the genes associated with a hereditary form of 
glaucoma, optineurin,316 may in its mutated form contribute 
to RGC sensitivity to optic nerve insults by failing to ade-
quately participate in retrograde transport of neurotrophin 
signaling complexes, or by oxidative dysregulation.317–320

Papilledema
Papilledema is defined as optic disk edema secondary to 
elevated intracranial pressure, and should not be used non-
specifically to denote disk edema. Pathological examination 
of optic nerve heads with papilledema reveals intra-axonal 
edema, consistent with abnormalities of axonal transport. 
However, the pathogenesis of papilledema is controversial. 
While primate experiments show definite abnormalities of 

Figure 28.6 Failure of axoplasmic flow in the optic nerve injury associated 
with elevated intraocular pressure. The radiographs capture the optic nerve 
through the prelaminar region (A), the lamina cribrosa (B), and the 
post-laminar orbital optic nerve (C). Optic nerves were harvested after 
tritiated leucine was injected into the eyes of normal monkeys (left), or eyes 
of monkeys with moderately (center) or more severely (right) experimentally 
elevated intraocular pressure. With increasing IOP, increasing accumulation 
of radioactive label is appreciated at the lamina cribrosa, with an associated 
decrease in grains transported posterior to this point. (From Figures 2–4 of 

Anderson & Hendrickson, Invest Ophthalmol 1974; 13(10):771. Reproduced with 

permission from Association of Research in Vision and Ophthalmology.)
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cannot activate apoptosis by themselves, but can facilitate 
apoptosis by interfering with Bcl-2 or Bcl-xL’s ability to regu-
late Bax, for example. If anti-apoptotic proteins are unable 
to balance the proapoptotic family members, either because 
they are sequestered by Bim-like proteins, or are in short 
supply due to inadequate production, the anti-apoptotic 
proteins will increase mitochondrial membrane permeabil-
ity, and enhance release of cytochrome c into the cytoplasm. 
Cytochrome c binds to an adaptor protein Apaf-1, forming 
a complex that can initiate a cascade of enzymatic degrada-
tion of cellular components by a family of enzymes called 
caspases, beginning with the activation of procaspase-9. Also 
released from the mitochondria, a protein called Smac/
Diablo binds to and inactivates an anti-apoptotic protein 
called Inhibitor of Apoptosis (IAP), which normally represses 
activation of procaspases. Thus by at least two mechanisms, 
mitochondrial permeabilization by Bax inclines the balance 
towards apoptosis. Once the apoptosome is formed from the 
factors released from the mitochondria, the activation of 
caspases takes place. These in turn activate other caspases, 
and this cascade of events results in the activation of other 
enzymes within the cell which results in the breakdown of 
DNA and other macromolecules, membrane-bound com-
partmentalization of cell components, and then phagocyto-
sis by adjacent cells.

Besides axonal injury, several other modes of cell death 
may induce apoptosis. For example, the binding of tumor 
necrosis factor to tumor necrosis factor receptors may induce 
apoptosis via death domain signaling and subsequent activa-
tion of caspase-8, initially bypassing the caspase-9 activation 
by the mitochondria. Glutamate excitoxicity may also induce 
apoptosis,353 and RGCs are particularly susceptible to high 
levels of glutamate in the extracellular space.175,354–356 It has 
been proposed that excitotoxic RGC death may explain path-
ological conditions, such as glaucoma.357 The evidence sup-
porting this is that antagonists of glutamate excitotoxicity 
mediated by NMDA receptors generally decrease RGC death 
after optic nerve injury,358,359 and that there may be eleva-
tions of glutamate levels within the eye after optic nerve 
injury,360 or experimental or human glaucoma.361 Changes in 
NMDA receptor subunit expression follow axonal injury,362 
and may underlie changes in susceptibility to excitotoxicity. 
Variability in the sensitivity of RGCs to excitotoxicity in 
animal models,363 and the failure of clinical efficacy of 
NMDA receptor inhibition for prevention of progression in 
glaucoma, however, raises significant questions about this 
mechanism.364

Signaling of axonal injury
How does axonal injury result in induction of apoptosis? 
RGC death after optic nerve injury or target removal  
appears to take place through several mechanisms, including 
lack of neurotrophic factors from the target tissue, excito-
toxicity from physiological or pathological levels of gluta-
mate, free radical formation, leakage of cellular constituents 
out the end of the axon, proliferation of macroglia, activa-
tion of microglia, build-up of excess retrogradely transported 
macromolecules, and breakdown of the blood–brain 
barrier.117,332,341,343,359,365–367 Even the contralateral retina may 
be affected by a unilateral optic nerve injury, suggesting the 
involvement of intrachiasmal signaling or axon fibers that 
run towards the retina.368

relieved, presumably because RGC death has not yet 
occurred. Even in glaucoma, there is now evidence  
that there is some period of RGC electrophysiological dys-
function and visual field deficit, that precedes frank cell 
death.326–328 However, if allowed to continue, these disorders 
eventually can result in permanent RGC death.

Time course
The rate and timing of RGC death after optic nerve injury 
depends on the species, age, RGC cell body size, and the 
distance from the site of injury to the RGC. For example, 
after optic nerve injury in goldfish and frogs, ganglion  
cells do not die, but hypertrophy and regenerate axons 
within 1–2 months.329–331 Conversely, in adult rodents, optic 
nerve injury leads to initiation of cell death within 5–7 days, 
and 50–90 percent cell death taking weeks to sometimes 
months.304–306,332–335 Similarly, ganglion cells from squirrel 
and owl monkeys die approximately 4–6 weeks after 
axotomy.336,337 In humans with chiasmal compression for at 
least 6 months, there is extensive loss of ganglion cells from 
the nasal hemiretinas; yet even 35 days after transection of 
the ipsilateral optic tract there is sparing of some temporal 
ganglion cells.338 In contrast, neonatal RGCs are far more 
sensitive to axotomy than adults,304,339,340 perhaps because 
naturally occurring developmental cell death is taking place 
at the same time. As an example, in postnatal rodents, 90 
percent of RGCs die within 48 hours of optic nerve crush.

It is controversial whether the response of ganglion cells 
to axotomy depends on the distance between the lesion and 
the cell body. Some studies have shown that the shorter that 
distance, the more rapid the degeneration332,333 and the more 
severe the effect.341–344 This could be due to lack of a trophic 
signaling along a length of residual axon, or more rapid 
transmission of a signal mediating cell death, either mecha-
nism possibly mediated through retrograde axonal trans-
port.306,337,345 Others have suggested that the timing of 
ganglion cell degeneration is not correlated with the distance 
to the lesion.336,337 Axotomized fibers from the macula 
degenerate later than those more peripheral, suggesting that 
the distance from the site of axotomy to the retina does not 
affect timing of RGC death.337 Differences in ganglion cell 
survival also depend on the site of optic nerve transection in 
relation to the vascular supply of the retina. If the ophthal-
mic or central retinal arteries are transected, then the inner 
retina, including the ganglion cell layer, will be infarcted,346 
rapidly speeding RGC death.

Apoptosis
A variety of techniques have been used to show that the 
death of RGCs after axotomy occurs by apoptosis.223,269,347–350 
Pathological studies show condensation of the nucleus and 
cytoplasm, budding of the cytoplasmic membrane, cleavage 
of DNA into 180–200-bp fragments, fragmentation of the 
cell into membrane-bound bodies, and heterophagy of these 
bodies.351,352 The apoptosis program is an intricate and 
sequential activation of multiple intracellular enzymes, 
including cysteine-dependent aspartate-directed proteases 
(caspases), and endonucleases, regulated from the mito-
chondrial membrane by the Bcl-2 family of proteins. Pro-
apoptotic family members such as Bax, Bak, and Bok are 
held in check by antiapoptotic members such as Bcl-2 and 
Bcl-xL. A third group in this family, including Bim and Bad, 
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oligodendrocytes, phagocytosed at distant sites of Wallerian 
degeneration. This is supported by the findings of ED1-
positive macrophages in regions of GFAP-negative crushed 
optic nerve.395 Microglia can be observed to invade the 
myelin sheath and disrupt the myelin lamellae, the frag-
ments of which are then phagocytosed.396 Deficiencies in the 
activation of microglia may lead to decreased clearance of 
myelin debris, and subsequent inhibition of axonal regen-
eration;397 conversely, increasing macrophage-mediated 
clearance of debris can increase regeneration.398

Gliosis
The role of optic nerve astrocytes in the pathologic processes 
of gliosis is complex.399,400 As a reaction either to local injury 
or to remote death of adjacent axons, astrocytes hypertrophy 
and extend processes, partly as a type of scar formation, but 
likely also as part of the process of recruiting or modulating 
other cell types. Astrocyte activation after injury may explain 
in part the failure of ganglion cell axons to regenerate after 
injury44 (see below).

Failure of axon regeneration
In adult mammals, there is essentially no axon regenerative 
response after optic nerve injury. This contrasts with lower 
vertebrates – for example, not only do goldfish RGCs survive 
after their axons are transected,401 but they are also able to 
extend neurites and ultimately establish correct connections 
with their targets.402 Research in the early 20th century 
showed that mammalian RGCs, like other centrally project-
ing neurons, make only abortive attempts to regenerate their 
axons. Even when conditions permit axonal extension, only 
a small minority of RGCs eventually extend their axons. For 
example, severed rodent RGC axons approach the optic 
nerve head but then reverse and meander in another direc-
tion.403 Analysis of the proximal stump of the transected 
optic nerve just posterior to the optic nerve head shows early 
sprouting termed abortive regeneration, which then fails to 
continue and dies back.404

Thus in most cases, optic nerve injury and axon loss leads 
to permanent vision loss. Our understanding of the mecha-
nisms preventing axon regeneration in adult mammals  
continues to advance, particularly with respect to the role  
of inflammation, discussed above, of glial-associated inhibi-
tory signals, and of neuron-intrinsic limitations to axon 
repair, discussed below.

Glial inhibition of neurite extension
Since the early experiments of Aguayo and colleagues, it has 
long been known that RGCs and other central nervous 
system (CNS) neurons regenerate axons into peripheral 
nervous system (PNS) grafts (e.g. sciatic nerve), but not into 
CNS tissue.222,405 Since RGCs do not extend axons in the 
absence of specific extracellular signals (discussed above), 
regenerative failure might be explained in part by a relative 
inability of mature CNS astrocytes and oligodendrocytes to 
secrete trophic signals after injury. Evidence has supported 
this hypothesis, but it turns out that astrocytes and oli-
godendrocytes also actively inhibit axons from regenerating. 
The non-permissive nature of the CNS (but not PNS)  
substrate for axonal elongation is therefore of great interest, 

RGCs are highly dependent on neurotrophic factors 
during development and in the adult for their survival. 
Support for the role of neurotrophin dependence comes 
from experiments using identified neurotrophic factors to 
rescue injured neurons, including RGCs after axotomy in 
adult animals.117,118,335,369–375 The survival of ganglion cells in 
adult animals is facilitated by BDNF, FGF, GDNF, CNTF, and 
conditioned medium from transected sciatic nerves.118,376–380 
Purified neonatal RGCs (which are axotomized during dis-
sociation) can be kept alive for significant periods beyond 
the normal time of developmental death with a cocktail of 
factors, including BDNF, CNTF, forskolin, and insulin.381 
Supplying neurotrophin alone is insufficient, as responsive-
ness to neurotrophin also appears to require cAMP eleva-
tion382,383 or physiological levels of electrical activity.113 
Microglia may play a role in ganglion cell death, based on 
experiments using macrophage inhibitory factor (MIF) to 
inhibit microglial activation and enhance ganglion cell sur-
vival after axotomy.384

Our understanding of how neurotrophic factor depriva-
tion causes neuronal cell death derives from understanding 
how these factors normally maintain neuronal survival. For 
example, TrkB functions as a receptor for BDNF, and both 
TrkB and BDNF are expressed in RGCs during postnatal 
development.385 TrkB itself is regulated by activity or cAMP 
levels.383 TrkB binding by BDNF causes autophosphoryla-
tion, inducing binding of specific adapter proteins, and  
activation of a cascade of GTP-binding proteins and  
kinases called the Ras-Raf-MAP kinase cascade.386 Ras activity 
also leads to activation of PI3-kinase, which transduces  
a separate set of signals through activation of Akt (protein 
kinase B).387,388

If the optic nerve is injured, BDNF or other neurotrophins 
introduced into the vitreous or retina increases survival of 
RGCs.117,118,335,369–371 However, there is no direct evidence that 
adult RGCs are normally dependent on BDNF or other neu-
rotrophic factors, and it is possible that the increased survival 
seen after neurotrophin administration is not a specific rescue 
from neurotrophin deprivation, but rather a generalized pro-
survival effect. Furthermore, retrograde axonal transport is 
rapid, and the subacute time-course by which RGCs die after 
axonal injury does not reflect the time-course of interrupted 
retrograde axonal transport. This probably explains why 
damage to the RGC axon in several different places results 
in similar rates of death after axonal injury.

Phagocytosis and immune activation
Optic nerve injury also leads to activation of local glial  
cells and recruitment of immune cells. For example, during 
Wallerian degeneration, resident microglia as well as  
circulating monocytes phagocytose myelin debris,72 and 
there may also be a contribution from oligodendrocytes  
and astrocytes.77,104,389–391 Probably most phagocytes in the 
degenerating optic nerve are derived from the circulation, 
although not all studies are in agreement.392,393 A partial 
answer to the contradictory reports of phagocytic cells after 
optic nerve injury may come from a study in which several  
zones of the monkey nerve were examined after  
transection behind the globe.394 Under these conditions, 
phagocytosis by macrophages of presumed hematogenous 
origin were seen focally, whereas endogenous cells, perhaps 
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down-regulating the activation of such integrins,420 although 
they continue to respond to laminin-2 (merosin).421 Enhanc-
ing integrin signaling enhances regeneration in animal 
models.422 Similarly, a difference in trophic receptor levels 
or responsiveness to trophic signals could explain these dif-
ferences. For example, depolarization rapidly elevates TrkB 
receptors on the surface of CNS neurons.381,423

Indeed, almost any molecule in the cell could be crucial 
to determining axon growth.131 It is attractive to first consider 
transcription factors that could activate the expression of 
whole programs of axon growth, and recent data have 
pointed to a family of transcription factors that may regulate 
axon regenerative ability in RGCs.424,425 Transcription factors 
are not the only master regulators in a cell, however. Levels 
of specific complements of proteins can be regulated post-
translationally by ubiquitination and degradation; the  
ubiquitin ligase anaphase-promoting complex (APC) has a 
significant role in regulating the axon growth rate of cerebel-
lar granule neurons.426 Cytoplasmic kinases or phosphatases 
such as Ca2+-dependent signaling kinases, calmodulin 
kinases (CaMKs), may provide a downstream mechanism 
for axon growth control as well.427 Second messengers such 
as cAMP and cGMP have also been implicated in the RGC’s 
intrinsic axon regenerative control, perhaps by modulating 
responsiveness to positive neurotrophic factors113 or to 
myelin-associated axon growth inhibitors.428 Finding the 
molecules that, when modified, truly enhance functional 
regenerative repair remains a major ongoing goal in optic 
nerve research today.

Optic nerve repair

The major goal of any optic nerve repair strategy must be to 
protect or regenerate the connections of RGC axons to their 
targets in the brain, as these connections are ultimately what 
serve vision.

Optic nerve remyelination
In the case of optic neuritis, where the primary defect in RGC 
function is attributable to oligodendrocyte demyelination, 
strategies to enhance remyelination are paramount. Cur-
rently, the major approach involves treating patients with 
steroids, which presumably interferes with an ongoing 
inflammatory insult and allows a faster re-wrapping of optic 
nerve axons and return to baseline vision. In the presence of 
demyelination, oligodendrocytes may reconstitute them-
selves and remyelinate axons,429 although the nature of the 
inducing chemical signals has not been well characterized.430 
Similarly, chronic treatment with immune modulators 
decreases the risk of subsequent demyelinating events.

Neuroprotection and retinal ganglion  
cell survival
A first step to protecting optic nerve axons from a degenera-
tive process is preventing RGC death. Neuroprotection, first 
proposed for other central nervous system diseases, has  
been considered in recent years as a possible treatment  
for optic neuropathies.431,432 Neuroprotective strategies 
include blocking retinal excitotoxicity mediated by  

and has resulted in a large number of candidate molecules. 
The most studied inhibitory molecules are components of 
oligodendrocyte myelin and proteoglycans expressed by 
astrocytes, and these molecules and their signaling mecha-
nisms have recently been reviewed in detail.406

Resident microglia and/or macrophages recruited to the 
site of injury may also inhibit or fail to support axon growth. 
Although macrophages/microglia do increase in number at 
the site of injury,395,407 they may not be appropriately acti-
vated for support of axonal extension,398,408 and may differ 
from other macrophages in fundamental ways.409 If activated 
macrophages/microglia are poorly able to phagocytose 
degraded myelin, then the inhibitory signals found in myelin 
may prevent axonal regeneration.397

Neuron-intrinsic limitations to axon regeneration
Interest has also focused on the possibility that failure of 
regeneration reflects a specific inability of an adult RGC to 
extend its axon, since embryonic axons are able to do so 
when transplanted into adult tissue. Recent research has 
focused on determining whether the rate and extent of axon 
growth depends purely on extracellular signals and sub-
strates, as discussed above in regards to optic nerve develop-
ment, or also on the intrinsic state of the neuron. Elsewhere 
in the CNS, embryonic neurons can regenerate their axons 
quite readily, but they lose their capacity to regenerate with 
age.410–412 This developmental loss of regenerative ability has 
generally been attributed to the maturation of astrocytes and 
oligodendrocytes, and to the production of myelin, all of 
which strongly inhibit axon growth after injury. In experi-
ments in which the inhibitory environment is removed or 
molecularly blocked, however, only a few percent of axons 
regenerate, and functional recovery typically proceeds 
remarkably slowly (discussed further below). For example, 
RGCs may take two months to regenerate through a periph-
eral nerve graft.413,414

These experiments indicate that the neurons themselves 
are partly responsible for regenerative failure. For example, 
axons from postnatal day 2 or older hamster retinas lose the 
ability to reinnervate even embryonic tectal explants.415 
When cultured in the complete absence of CNS glia, embry-
onic RGCs extend their axons 10 times faster than postnatal 
or adult RGCs.416 Interestingly, the decrease in axon growth 
ability of RGCs occurs sharply at birth during the period of 
target innervation, but target contact may not be responsible 
for this change. Rather, retinal maturation, and possibly a 
membrane-associated signal from retinal amacrine cells, 
may be sufficient to induce the developmental decrease in 
RGC axon growth ability.416 Once this signal is sent, the loss 
is permanent – removal of the amacrine cells does not allow 
the RGCs to speed up again. This may explain the failure of  
RGC regeneration, at least in part – even in a perfect environ-
ment, RGCs may lack the intrinsic capacity to rapidly grow 
their axons again, after they have done it once during 
development.

What molecular changes underlie the developmental loss 
in rapid axon growth ability? RGCs could gradually increase 
expression of genes that limit axon growth or decrease 
expression of genes necessary for faster axonal elongation, 
or both. For instance, in the developing chick, RGCs lose 
axon growth responsiveness to laminin either by down-
regulating specific integrins (laminin receptors),417–419 or by 
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combined with cAMP elevation and trophic factor delivery 
to enhance regeneration even further.460

Does the loss of intrinsic axon growth ability by RGCs416 
contribute to their failure to regenerate after injury in the 
adult? As mentioned above, a loss of intrinsic axon growth 
ability could explain why in many animal models of optic 
nerve injury, regeneration proceeds remarkably slowly, even 
when glial inhibitory cues have been removed. For example, 
most RGCs take 2–3 months to regenerate through periph-
eral nerve grafts to the superior colliculus.413,414 This is far 
slower than the 10 days they would take if they elongated 
their axons at an embryonic growth rate of 10 mm/day. It is 
not clear whether this developmental switch will be revers-
ible, either: soluble signals from optic nerve glia or periph-
eral nerve glia, or from retinal or superior collicular cells 
were not able to reverse the loss of rapid axon growth ability 
in RGCs in vitro, suggesting that the developmental switch 
may normally be permanent.416 There remains the possibil-
ity, however, that other signals, or the discovery and manip-
ulation of genes involved in this transition, may revert the 
postnatal neurons to their embryonic axon growth ability, 
and that this may be critical to increase regeneration in the 
CNS. Thus a combinatorial approach may be required – 
both the intrinsic neuronal growth state and the extrinsic 
environment may have to be optimized for successful regen-
eration after injury.

“Neuroenhancement” of retinal ganglion  
cell function
Before RGCs have died, and even before their axons are fully 
damaged in the optic nerve and would require a pro-
regenerative therapy, RGCs may be partially inhibited in the 
optic nerve from their full functional capacity. For example, 
glaucoma causes dysfunction and then death of RGCs, but 
the window between dysfunction and death in humans  
is not currently known. Acute studies of IOP raising and 
lowering in humans, and chronic studies of IOP raising and 
lowering in animal models, both suggest that a window 
between dysfunction and death exists in this degenerative 
disease.326–328 Thus, factors known to enhance RGC health 
and, ultimately, survival, could be applied to intervene 
before death and potentially reverse dysfunction, an 
approach termed “neuroenhancement”. These remain major 
goals for the biomedical community for patients with 
glaucoma.

Neuroenhancement has been used in the literature either 
generically to refer to improvement of axon regeneration, or 
more specifically to improvement of cognitive function in 
degenerative brain disease.461–463 Compared to the many 
years it would take a glaucoma trial to demonstrate neuro-
protection (e.g. one would ideally demonstrate that progres-
sion of visual field losses is slowed or halted), it may be 
possible to measure an enhancement of RGC structure or 
function acutely. A potential “neuroenhancement” therapy 
would target RGCs that are dysfunctional and/or atrophic. 
With the same neurotrophic factors that stimulate neuropro-
tection in the long term, such dysfunctional RGCs could 
hypertrophy to their normal size, or resume normal electri-
cal responsiveness or optic nerve transmission of visual 
information, or both. It is likely that the same neurotrophic 
factors that stimulate RGC survival, such as GDNF,441–443 

glutamate (which binds to N-methyl-D-aspartate [NMDA] 
receptors and induces RGC death);433 activation of small 
molecule receptors, which may enhance neuronal resistance 
to insult;434,435 inhibition of nitric oxide synthases, which 
may prevent axonal injury at the lamina cribrosa;436 and 
immunization with certain synthetic polypeptides.437 Fur-
thermore, as was seen for RGCs in vitro,113 elevation of cAMP 
levels in RGCs enhances their regenerative ability after optic 
nerve injury in vivo.438–440 None of these strategies has yet 
been successfully proven in randomized controlled clinical 
trials in human patients with glaucoma. However, there is a 
variety of laboratory evidence using cell culture or animal 
models of optic nerve disease to suggest that one or more 
neuroprotective methodologies eventually may be successful 
in clinical disease.

Most promising may be administration of neurotrophic 
factors which maintain RGC survival.117,335,370 Indeed, ample 
evidence exists to support a role for neurotrophins in stimu-
lating RGC survival in vivo. The same peptide trophic factors 
that stimulate RGC axon growth in vitro enhance survival 
and axon regeneration in vivo. GDNF,441–443 BDNF,444–446 and 
CNTF447 strongly promote RGC survival. Generally, these 
neurotrophic factors tend to work on any optic neuropathy 
model. For example, CNTF has a potent effect in enhancing 
RGC survival after optic nerve transection in the adult 
rat;118,438,448–450 in the adult mouse;451,452 and in the adult 
cat.440,453 Sustained delivery with viral vectors may be as or 
more effective.452,454,455 Similarly, peptide trophic factors 
have proven neuroprotective in multiple animal models for 
ocular hypertension or glaucoma.447,456,457 Thus neurotrophic 
factors provide a potent approach for RGC neuroprotection 
in multiple optic neuropathies.

Similarly, the convergence of many cell death signals onto 
the common pathways of apoptosis (discussed above) pro-
vides another avenue for therapeutic intervention and neu-
roprotection. Interfering with the apoptosis cascade at any 
of these points may provide a mechanism to protect RGCs 
from death after optic nerve injury. Inhibitors of cytochrome 
c, mitochondrial membrane depolarization, caspase activa-
tion, and IAP signaling are all in development for neuropro-
tection in the eye, brain, or elsewhere in the body.

Regeneration of RGC axons
The same neurotrophic factors that strongly promote retinal 
ganglion cell survival also tend to strongly promote RGC 
axon regeneration in vitro113 and in vivo.452 Recent evidence 
has extended the list of neurotrophic signaling molecules 
beyond these traditional families. For example, a small, 
macrophage-derived, calcium-binding protein named onco-
modulin binds RGCs and strongly promotes RGC axon 
growth in vitro and in vivo.458

Furthermore, our understanding of the mechanisms of 
axon growth has generated much progress in understanding 
regenerative failure. For example, understanding that the 
regulation of both repulsion and collapse of growth cones 
by inhibitory molecules rely on the same intracellular signal-
ing pathways suggests that manipulating these common 
regulators can increase regeneration. Thus, blocking the 
growth cone collapsing activity of the small GTPase rho 
increases RGC regeneration in the inhibitory environment 
of the optic nerve in vivo.459 Such manipulations may be 
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BDNF,444–446 or CNTF,447 will also stimulate measurable neu-
roenhancement in these cells.

Conclusions

The optic nerve is the critical conduit from the eye to the 
brain. The past decade has seen dramatic increases in our 
fundamental understanding of optic nerve physiology and 
pathophysiology, particularly at the cellular and molecular 
levels, but much remains to address the many optic neuro-
pathies that lead to vision loss and blindness. The next 
decade will likely prove even more exciting, as advances in 
regenerative medicine begin to transition from the bench to 
the clinic.
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C H A P T E R 29 

Processing in the Lateral 
Geniculate Nucleus (LGN)

Vivien Casagrande & Jennifer Ichida

The lateral geniculate nucleus:  
the gateway to conscious visual 
perception

Conscious perception requires the visual information that 
passes through the dorsal lateral geniculate nucleus (LGN) 
in primates. Although the retina sends axons to many sub-
cortical nuclei, only the pathway from the retina to LGN to 
cortex is critical to visual awareness.

The LGN is a distinctively layered structure and is located 
at the posterior lateral margin of the dorsal thalamus  
(Fig. 29.1). Although there is agreement that the LGN 
provides the key visual gateway to cortex, there is less  
agreement over LGN function.1,2 The main reason is that 
receptive field properties of LGN cells are so similar to  
those of their retinal ganglion cell inputs. Given that visual 
signals are transformed in other visual areas it is puzzling 
that a similar transformation can not be identified in the 
LGN. The most reasonable explanation is that the main role 
of the LGN is to regulate the flow and strength of visual 
signals sent to V1. Evidence indicates that this regulation is 
much more complex than simply opening and closing a 
single gate. The LGN and visual cortex, working together, 
form part of a dynamic system designed to rapidly and  
efficiently process the most useful visual signals for survival. 
The parallel processing of visual information, elaborate cir-
cuitry and many extraretinal inputs, including the massive 
visual cortical feedback to the LGN, all suggest that visual 
signals are regulated in a variety of specific and general ways 
within the LGN.

The purpose of this chapter is to illuminate the structure 
and function of the LGN by first reviewing LGN anatomy 
and physiology and then current controversies over signal 
processing. The field has moved from static descriptions of 
LGN cell receptive field properties to dynamic descriptions 
that take into account eye movements, motor planning, 
arousal level, attention and possibly even more complex 
information concerning visual memories. In the following 
two sections, we describe the basic architecture, connections 
and neurochemistry of the LGN. The next four sections con-
sider the LGN in a functional context beginning with the 

basics of signal processing in section four. Then we consider 
the potential functional impact of attention, motor plan-
ning, and binocular rivalry. The final section summarizes key 
points.

Overview of lateral geniculate 
anatomy

Layers and maps
The LGN is an elongate layered structure with each layer 
representing the opposite visual hemifield (Fig. 29.2). Within 
each layer the opposite hemifield is represented such that 
the superior and inferior visual fields are located toward the 
lateral and medial zones of the layer, respectively, and the 
central (toward the fovea) and peripheral visual fields are 
located, respectively, at the posterior and anterior zones of 
each layer. Each layer receives monocular input from the 
retina and only those layers receiving input from the con-
tralateral eye (nasal retina) represent the entire contralat-
eral visual hemifield since LGN layers receiving input from 
the ipsilateral eye (temporal retina) cannot represent the 
monocular portion of the hemifield. This means that the 
ipsilateral layers are always shorter in all dimensions  
than the corresponding contralateral layers (Fig. 29.2). The 
maps in each layer are retinotopically aligned such that  
each point in visual space is represented along a line per-
pendicular to the layers. The alignment of the maps is so 
precise that a cell-free gap, representing the optic disk (see 
arrows in Figs 29.1B and 29.2), exists in all contralaterally 
innervated layers in order to maintain retinotopic alignment 
with the ipsilaterally innervated layers. This is because  
the optic disk contains no receptors and is located in the 
nasal retina.

There are three types of cell layers, those with large cells 
(the magnocellular or M layers), those with medium size 
cells (the parvocellular or P layers) and those with very small 
cells (the koniocellular or K layers). All primates have at least 
two P and two M layers with K layers lying below each M 
and P layer. In humans and some other primates, each P 
layer can split into two or more layers in the portion of the 
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Figure 29.1 (A) Schematic diagram showing the location of the human LGN in relationship to the rest of the brain, with a magnified diagram of 
the LGN. (Modified from Kandel et al.48) (B) Nissl (cell) stained coronal section through the human LGN showing the laminar organization. Arrow in (B) indicates 
the optic disc representation which appears as a cell free gap in contralaterally innervated layer P4. (Reproduced with permission from Hickey & Guillery.3)
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LGN that represents central vision (∼2–17 degrees). The 
normal human LGN can contain as few as two or as many 
as six P layers.3

Among primates, the laminar organization and topogra-
phy of the LGN has been studied in the most detail in  
the macaque monkey. Malpeli and colleagues4,5 performed 
careful reconstructions of the entire LGN documenting  
the retinotopic organization and number of M and P cells 
in each LGN layer (K cells were not counted). These  
studies have shown that in macaque monkeys the repre-
sentation of the central visual field is magnified in the  
LGN (Fig. 29.2 and see Fig. 29.5 below). The magnified 
representation of the central few degrees in the LGN is  
easy to understand given that each LGN cell receives input 
from approximately one to three retinal ganglion cells  
and ganglion cell density is much higher in central retina. 

Only within the portion of the nucleus representing eccen-
tricities from 2 to 17 degrees do the two P layers split to 
represent four or more P layers, an arrangement which  
may reflect an increase in the diversity of retinal ganglion 
cells representing this portion of visual space. Classical  
textbook sections of the LGN typically are taken from this 
region of the LGN which shows four P layers and two M 
layers; as mentioned, we now know that K layers lie below 
each P and M layer as depicted for the macaque monkey in 
Figure 29.3.

Cell classes
All LGN cells can be grouped into two principal cell classes, 
relay cells that send an axon to visual cortex and interneurons 
whose axons remain within the LGN. LGN relay cells use  
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the transmitter glutamic acid (glutamate) and interneurons 
use the transmitter gamma-amino butyric acid (GABA). 
Relay cells and interneurons occur in a ratio of approxi-
mately 4:1 throughout the LGN and exhibit distinct  
dendritic morphologies. The LGN contains several classes  
of interneurons6 whose general role is to regulate signals 
that will ultimately pass to cortex from the retina via  
relay cells. The M, P, and K cells mentioned previously  
are all classes of relay cells and, in addition to size, can  
be distinguished based on dendritic morphology, calcium 
binding protein content, physiological properties, and 
axonal projection patterns to cortex.1,7–9 P and M LGN 
cells play a major role in setting up the properties of V1  
cells, but it remains controversial as to whether P and M cells 
belong to just two classes. Evidence from retinal inputs,  
axon projection patterns and physiology indicate that  
there are subclasses of P and M cells that perform  
somewhat different functions in V110 (see also below). It 
is even more likely that K cells are not a single LGN cell  
class given the diversity of their connections to cortex8 (see 
also below).

Inputs: the retina
Classically it was argued that there were two pathways from 
the retina to the LGN, the P and the M pathways; all other 
retinal ganglion cells were presumed to project to other sub-
cortical nuclei.11 Evidence from more recent studies has 
shown that 10 or more different types of retinal ganglion 
cells send axons to the LGN based primarily on morphol-
ogy12 (Fig. 29.4). This finding complicates the picture because 
it becomes unclear whether K, M, and P LGN cells, as 
described above, receive unique inputs from only one class 
of ganglion cell or more than one class. It is evident from 
projection patterns of LGN axons in V1 that at least 10 axon 
classes have been identified that could support the argument 
that each retinal ganglion cell class has a unique conduit to 
cortex via a labeled line through the LGN8 (see also Fig. 29.6 
below).

Inputs: extraretinal sources  
and cortical feedback
In addition to retinal input, LGN cells receive input from a 
variety of both visual and non-visual extraretinal sources. 
These extraretinal afferent sources provide a much larger 
input to the LGN, in terms of synapse number, than does 
the retina (see review2). These extraretinal inputs also 
regulate the flow of information in the LGN in a variety  
of ways given the different transmitters they contain and  
the number of transmitter receptors that exist on LGN 
neurons13 (Fig. 29.5). Input from extraretinal visual sources 
maintains retinotopic fidelity, meaning, regions representing 
a common point in visual space are connected. Extraretinal 
visual input to the LGN has been documented from the  
following areas in primates with their transmitter type in 
parentheses: primary visual cortex (glutamate), some  
extrastriate areas (likely glutamate), superior colliculus 
(glutamate), pretectum (GABA), parabigeminal nucleus 
(acetylcholine or ACh), and the visual sector of the thalamic 

Figure 29.2 A reconstructed parasagittal section through the LGN of a 
macaque monkey. Light and dark bands represent eccentricity hemizones 
that have been mapped onto the LGN layers. Numbers refer to the 
eccentricity at the border between two adjacent eccentric hemizones.  
The gap in magnocellular layer 1 (M1) represents the optic disk (arrow).  
The cluster of arrows indicates anatomical orientation (D, dorsal; V, ventral;  
P, posterior; A, anterior). (Reproduced with permission from Malpeli et al.5)
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Figure 29.3 A coronal Nissl (cell) stained section through the LGN of a 
macaque monkey showing the parvocellular (P), magnocellular (M), and 
koniocellular (K) layers. At this cross-sectional level of the nucleus there are 
four P layers, two M layers, and six K layers. Scale bar = 500 µm.
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Figure 29.4 Many different types of retinal ganglion cells project to the LGN. Photomicrographs show details of cell morphology (scale bars = 50 µm) and 
the cell drawings and disks show the relative dendritic field sizes. The midget (red circle) and parasol (gray) cells are known to project to the P and M layers, 
respectively. The small bistratified cells (blue) are known to project to the K layers. Several other types of retinal ganglion cells (yellow) are also known to 
project to the LGN, but the layer specificity of their projection is currently unknown. The other cell types shown do not project to the LGN. (Modified from 

Dacey.12 © 2004 Massachusetts Institute of Technology, by permission of the MIT Press.)
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reticular nucleus (GABA). Of these extraretinal visual sources 
the two major sources, in terms of synapse number, come 
from the thalamic reticular nucleus and the primary visual 
cortex. The input from the thalamic reticular nucleus has 
been studied in great detail, and together with the primary 
visual cortex, provide retinotopically localized regulation  
of LGN signals to cortex. The massive cortical feedback 
pathway is highly specific in that cells in different subdivi-
sions of layer VI of V1 send axons to either the P or M LGN 
layers but not both. This feedback also targets the K LGN 
layers and the thalamic reticular nucleus but only via axon 
collaterals destined for either the P or M LGN layers at least 
in owl monkeys.14

Extraretinal input to the LGN also arrives from several 
non-visual sources. The most well studied of these afferents 
are the cholinergic afferents from the pons that innervate all 
LGN layers and also contain the transmitter nitric oxide at 
least in the cat.15 Other afferent sources include a serotoner-
gic input from the dorsal raphé nucleus and a histaminergic 
input from the hypothalamus.16–19

Outputs: projections to V1 and beyond
In primates the bulk of the efferent axonal output from the 
LGN terminates within the primary visual cortex and the 
visual sector of the thalamic reticular nucleus (TRN). 
Although not documented in primates, in cats the projection 
to the equivalent of the visual sector of the TRN comes from 
collateral branches of LGN relay cell axons not from a sepa-
rate projection that goes solely to this thalamic nucleus. A 
smaller efferent projection from the LGN also has been 
reported to terminate in several extrastriate visual areas. The 
most well documented of these projections is to the middle 
temporal area (MT). This projection appears to originate 
from K LGN cells, based upon double labeling studies using 
retrograde tracers and immunocytochemistry for calbindin, 
and arises from K cells that do not send collateral projections 
to V1.20 Although this projection involves only about 1 
percent of LGN cells, it has been implicated in the residual 
vision referred to as “blindsight” in patients that have lost 
their primary visual cortex21 (Box 29.1).



578

SECTION 9 Visual processing in the brain   Chapter 29  Processing in the Lateral Geniculate Nucleus (LGN)

Figure 29.5 Diagram illustrating the brain areas 
connected directly with the macaque LGN and 
their chemical messages. Input from visual 
sources is indicated in red, input from non-visual 
sources is in blue. Bold text indicates areas that 
provide the heaviest input to the LGN in terms of 
synapse number. (Modified from Casagrande et al.38)
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Box 29.1 The “blindsight” controversy

Cats (A; courtesy of Julie Mavity-Hudson) show only a slight loss 
in visual acuity following bilateral removal of primary visual 
cortex49 and tree shrews (B; courtesy of Robert Strawn) (the 
closest living relatives of primates) show no deficit in acuity 
following similar lesions.50 In both of these species it has been 
argued that vision is preserved via alternative subcortical routes 
to extrastriate cortex. Humans, however, appear to be completely 
blind following similar damage to V1. Nevertheless, it has been 
argued by some investigators that residual vision within the 
“blind” field (so called “blindsight”) exists even in patients with 
damage or complete loss of V1. Controversy persists, however, 
over whether such vision simply reflects small remaining pieces 
of V1 that are functional or is really the result of a separate 
functional pathway to extrastriate cortex as has been 
demonstrated in cats and tree shrews. Even among those who 
believe that a functional retinal route exists in humans and other 
primates that bypasses V1 there is debate as to whether this 
route passes through the LGN via direct projections from 
koniocellular (K) cells to extrastriate cortex21 or involves a 
pathway from the retina to the superior colliculus to the pulvinar 
to extrastriate cortex as has been demonstrated in tree shrews.51

A B

In primates, studies have shown that P cells send axons 
principally to the middle and lower tier of layer IVC of V1 
(using the nomenclature of Brodmann22). In addition, some 
P cells in macaque monkeys may send axons to IVA. The 
projection to layer IVA appears to be a specialization of only 
certain primates since it is absent in chimpanzees and likely 
also humans. M cells send their efferent axons to the middle 
and upper tier of layer IVC of primary visual cortex. Finally, 
K cells send their axons to cortical layers IVA (in macaque 
monkeys) and IIIB/IIIA where they terminate in patches of 
cells whose mitochondria contain high amounts of cyto-
chrome oxidase (CO), the “CO blobs” and to layer I (see 
review23). Some M and P cells also have sparse projections 
to layer VI in V1. The pathways to V1 are summarized in 
Figure 29.6.

LGN circuits: How are visual signals 
regulated?

Feedback and feedforward pathways
Visual signals within the LGN are regulated by circuits 
involving two groups of inhibitory neurons, local inhibitory 
neurons and TRN inhibitory neurons. These inhibitory 
neurons are connected in feedforward and feedback circuits 
to LGN relay cells involving, respectively, retinal input to 
local inhibitory cells and relay cell input to TRN neurons as 
shown schematically in Figure 29.7A. The feedforward 
pathway involves a unique synaptic arrangement referred to 
as a triad in which a retinal terminal synapses upon a relay 
cell dendrite and the dendrite of an inhibitory interneuron 
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Circuit neurochemistry
Although the feedback and feedforward circuits to LGN  
relay cells form the basic architecture for controlling visual 
signals, the final information that is sent on to the visual 
cortex is dependent in complex ways on all of the inputs  
that can impinge upon this circuitry and the variety of  
transmitter receptors that are activated by these inputs.  
Given space limitations we can only give a few examples 
here. Many of the same inputs that contact LGN relay cells 
are known to also contact inhibitory interneurons within  

(Fig. 29.7B). The dendrite of the inhibitory interneuron, in 
turn, makes a dendro-dendritic synapse on the same relay 
cell dendrite. In contrast, in feedback inhibition the relay cell 
synapses on the dendrite of a TRN neuron that then sends 
an inhibitory connection back to terminate on the dendrite 
of the same relay cell (Fig. 29.7A). Given that feedforward 
and feedback circuits can influence how retinal input is 
modulated, further documentation of ultrastructural differ-
ences in the circuits within the different layers of the primate 
LGN will become critical to the development of accurate 
physiological models.

Figure 29.6 (A) Simplified schematic diagram of 
the efferent projections of LGN cells. Parvocellular  
(P, red), magnocellular (M, black), and koniocellular 
(K, blue) LGN cells have different projections to 
primary visual cortex (V1). P cells mainly terminate 
in lower and central layer IVC with some 
projections to layer IVA. M cells have the bulk of 
their terminations in upper and central layer IVC.  
K cells in the cytochrome oxidase blobs in  
layer III, layer IVA and layer I. K cell projections  
to layer I and the blobs in layer III usually arise 
from populations of K cells that lie in different  
LGN layers. (Modified from Casagrande & Xu.23) 

(B) Connections and possible functions of the 
eight parallel pathways within V1. In this diagram 
the ventral to dorsal sequence of layers in V1 is 
laid out from left to right. V1 projects directly to 
different compartments within the secondary 
visual area (V2) and to the middle temporal visual 
area (MT). Not shown: V1 also sends axons to the 
dorsal medial visual area (DM) also called V3a 
which exit from CO blob columns, to the third 
area (V3), and very sparsely to the fourth visual 
area (V4). See text for details. 
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Signal processing in the LGN

Receptive field properties  
and parallel processing
With some exceptions the receptive field properties of LGN 
cells are inherited from retinal ganglion cells even though 
the synaptic inputs from other sources outnumber those of 
retinal axons within the LGN. It has been argued that retinal 
axons, therefore, are “drivers” for LGN cells and the other 
inputs are “modulators” based upon the impact that each 
source has on LGN relay cell output. The impact of retinal 
axons is mirrored in their anatomy given that these axons 
terminate closer than other excitatory inputs to the axon 
hillock of relay cells, have much larger terminals, and signal 
through fast ionotropic glutamate channels located at these 
synaptic sites on LGN relay cell dendrites.25

As in the retina, the majority of primate LGN cells have 
receptive fields defined as ON or OFF center with opposing 
surrounds. Some K LGN relay cells, however, appear to have 
non-standard visual receptive fields that have been difficult 
to characterize. Included in this category are cells with large 
diffuse fields, cells with no clear surround, and cells with 
more complex properties such as direction selectivity. Since 
some non-standard cells have also been identified in the 
primate retina, these unusual LGN cells also may reflect their 
retinal inputs (see reviews12,26).

When the input from the retina is measured within an 
LGN relay cell in the form of synaptic or S-potentials and 
these S-potentials are compared to the output of that  
same cell recorded as action potentials, the ratio of S poten-
tials that result in action potentials (the transfer ratio) is 
less than 1.0, typically around 0.3–0.5 in an anesthetized 
preparation27. This would seem, ostensibly, to be a wasteful 
loss of important visual information. Kaplan et al27 however, 
argued that such a decrease in the transfer ratio of signals 
between retina and LGN is non-linear and is largest when 
higher stimulus contrasts are used. They argue that this  
non-linear transfer of signals from retina to LGN serves, in 
part, to protect the cortex from response saturation under 

the LGN or within the TRN although the transmitter recep-
tors in some cases differ. The visual cortex is known to 
provide the most massive extraretinal input to the LGN. This 
glutamatergic input arriving from cells in layer VI of cortex 
activates both ionotropic and a specific class (group 1)  
of metabotropic glutamate receptors, both of which can 
directly depolarize relay cells although (importantly) with 
very different time courses and potentially different effects 
on the firing pattern of LGN relay cells24 (see also2). Since 
cortical axons also synapse with inhibitory interneurons  
and TRN neurons that themselves have both types of recep-
tors, the net output from the relay cell can not easily be 
predicted even from a simple circuit involving feedback from 
visual cortex.

A second major input to the LGN comes from cholinergic 
neurons in the pons (the parabrachial region in the cat). 
These cholinergic fibers innervating the interneurons and 
relay cells of the LGN and the TRN also are capable of  
releasing a second transmitter, nitric oxide. The impact of 
this input on the output of visual signals to cortex is  
complicated by the fact that ACh can activate both fast  
ionotropic nicotinic receptors and slower metabotropic M1 
receptors on relay cells; both result in relay cell depolariza-
tion. These same ACh-containing pontine axons activate  
M2 receptors on interneurons and TRN cells resulting in 
hyperpolarization of these cells. The net impact of this  
ACh input on LGN relay cells, therefore, is generally excita-
tory since relay cells are directly depolarized and feedback 
and feedforward inhibition blocked. Under this condition 
one would predict an increased transfer ratio of retinal 
signals to cortex. In contrast, activation of the inhibitory 
circuitry would lower the transfer ratio and, under some 
circumstances, could change the temporal structure of signals 
arriving from the retina. The cortical and pontine inputs  
and their receptors in the LGN just described are only two 
examples that have been worked out for the cat LGN. The 
number of axonal inputs to the LGN and the variety of 
effects that each can have depending upon which receptor is 
activated argues strongly that LGN gating is not equivalent 
to simply opening or closing a connection between the 
retina to the cortex.

Figure 29.7 Simplified diagram of visual thalamic 
circuitry. (A) Diagram of feedforward and feedback 
inhibitory pathways that influence LGN relay cells. 
Excitatory inputs are indicated in green. Inhibitory 
inputs are indicated in black. TRN: thalamic reticular 
nucleus; LGN: lateral geniculate nucleus; I: LGN 
interneuron. (Modified from Casagrande & Xu23 with 

permission of publisher.) (B) Schematic diagram showing 
the spine triad circuit within the LGN. Within a triad, a 
retinal afferent (RGC) synapses on a relay cell dendritic 
spine (S) and an interneuron dendrite (I), which, in turn, 
synapses onto the same relay cell dendrite.
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have two cones), however, indicates that the P pathway is 
color blind in most primates. This is because primates with 
two cone types always have one S cone and one other longer 
wavelength cone for chromatic comparison. If S cone infor-
mation is transmitted exclusively by K cells, as most investi-
gators believe, and not P cells, then this condition renders P 
cells color blind since P cells would only get input from a 
single cone.31 Although it has been popular to link the physi-
ological properties of LGN cell classes to complex behaviors 
such as P = form, M = motion, and K = color there is unlikely 
to be a direct link between the behavior of single cells and 
the behavior of the whole organism (Box 29.2).

The influence of the “extra-classical” surround
Although the receptive fields of most primate LGN cells are 
pictured classically as concentric ON center/OFF surround 
fields or the reverse, it is known that stimuli presented well 
beyond the classical receptive fields of LGN cells could influ-
ence the behavior of these cells.32,33 It is currently accepted 
that LGN cells do respond to direct stimulation of their 
extra-classical surrounds and that these surrounds overlap 
the classical receptive field and extend beyond its borders. 
This suppressive surround is often referred to as the non-
linear surround or suppressive surround, as stimuli of either 
sign (ON or OFF) reduce the driven responsiveness of 
neurons.34,35 This form of suppression likely plays an impor-
tant role in adjusting the gain of LGN responses to visual 
stimuli. Some investigators have suggested that this cryptic 
surround could contribute to the phenomenon known as 
visual pop-out where highly salient stimuli, such as a red 
ball against a field of blue balls, pops out from the back-
ground. Studies designed to manipulate the extraclassical 
surround of LGN cells also indicate that M cells show greater 
extra-classical surround suppression than P cells and that 
this suppression likely originates in the retina, as suggested 
by much earlier studies of the periphery effect.36

The impact of feedback
As mentioned above, cortical feedback from V1 to the LGN 
forms the largest modulatory pathway impacting the 
responses of LGN cells. Feedback from V1 influences circuits 
in LGN both directly and indirectly via the TRN. Cells in layer 
VI of V1 send axons to both the TRN and LGN (as described 
above) and extend their axons to a larger area of the LGN 
since V1 receptive fields view a larger area of visual space. 
Additionally, V1 cells get feedback of their own from higher 
visual cortical areas such as the area MT. Given that feedback 
pathways in cortex are quite fast this means that slower mes-
sages arriving from the LGN will intersect continually with 
feedback messages. This dynamic interplay means that every 
message from the retina can be modified in the LGN based 
on information received from higher-order visual areas. Such 
a system can be highly efficient because messages of key 
interest can be allotted a higher transfer ratio than messages 
of lower relevance. For example, Sillito and colleagues34 dem-
onstrated that manipulations of the activity in primate area 
MT can significantly change the activity in the LGN. Sillito 
and colleagues increased the activity in a localized region of 
MT by injecting a small amount of a GABA antagonist. 
Simultaneous to this injection in MT, they recorded from 
cells in the LGN and found that the increase in activity in 

conditions of high stimulus contrast and thus preserves the 
dynamic range of cortical cells. Others have argued that rel-
evant visual signals, such as information about stimulus 
contrast, also may be enhanced at the level of the LGN. For 
example, Hubel & Wiesel28 suggested that LGN cells recorded 
in the cat exhibit a stronger surround mechanism than their 
retinal inputs and concluded from these data that the role 
of the LGN was to sharpen contrast differences and reduce 
responses to diffuse illumination (see also29). Although 
other interpretations of Hubel & Wiesel’s original data exist,1 
it is evident that the LGN can act as both a spatial and tem-
poral filter for the visual signals that it receives from the 
retina. We will have more to say about these filtering mecha-
nisms below, but in order to appreciate how the LGN can 
filter or gate retinal signals, it is first necessary to describe 
more about the basic LGN signaling properties.

Physiology of M, P, and K cells
Numerous studies have investigated the detailed physiology 
of LGN P and M cells in different primate species (see 
reviews1,2). Typically, studies of M, P, or K cells have assumed 
that information is coded in the rate of production of action 
potentials over some period of time in relationship to the 
stimulus. There also is evidence that information is con-
tained in the pattern of action potentials. For example, in 
sleeping cats, cells within the LGN can exhibit a regular 
bursting pattern of action potentials. Bursting has been 
observed in awake monkeys, but whether it is capable of 
transmitting information in awake animals has been the 
subject of some debate.30 Sherman and his colleagues have 
argued that bursting performs a non-linear amplification of 
the visual signal, sacrificing signal discrimination for signal 
detectability in the awake animal (see review2). According to 
this hypothesis bursting is more efficient at alerting an 
animal to novel stimuli while tonic firing is more efficient 
for transferring information about stimulus quality. Thus 
far, this hypothesis has not been confirmed.30

In general, using firing rate as a criterion, P LGN cells  
can be distinguished from other cell classes, as a group, by 
their sensitivity to higher spatial and lower temporal fre-
quencies measured using high contrast gratings to stimulate 
their receptive field centers. M cells, as a group, have the 
highest temporal frequency sensitivity and have the lowest 
thresholds for contrast measured in their receptive field 
centers at their preferred spatial and temporal frequency. M 
cells excel at temporal resolution, in part, because they  
signal the entrance or withdrawal of a stimulus in their 
receptive fields whereas P cells give a sustained response to 
the presence of a stimulus. Many K cells fall between the two 
other classes in terms of spatial and temporal resolution 
suggesting that the visual resolution of the whole system 
may reflect a combined contribution of all of these cell 
classes under some conditions. In terms of wavelength selec-
tivity, there is evidence that both P and K cells contribute in 
some diurnal primates. In primates that have trichromatic 
vision, such as humans and macaque monkeys, there is 
evidence that many P cells transmit information about red 
and green in the same manner as their ganglion cell inputs. 
Similarly, some LGN K cells transmit information about 
blue/yellow based on their retinal inputs. Since the majority 
of primates are actually dichromats (meaning that they only 
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Box 29.2 Linking physiology to behavior: lesions in M and P layers

It has been popular to link the properties of cells in specific visual 
pathways to complex behaviors. For example, it is common to hear 
that P cells are for form and red/green color discrimination, K cells 
are for blue/yellow color discrimination and M cells are for 
discriminating motion. We know, however, from physiology that 
the majority of cells in all LGN classes respond to high contrast 
moving gratings of the correct temporal and spatial frequency. So, 
of course, they “see” motion and form. We also know that we can 
discriminate a huge variety of colors. Clearly if retinal ganglion cells 
were already dedicated to a particular complex visual behavior the 
brain would not waste synaptic time sending the information first 
to the LGN, then to V1, etc.

Direct tests of the contributions of P and M cells to visual behavior 
have been attempted by examining visual losses after making 
lesions within either the P layers or the M layers of the LGN in 
macaque monkeys. The monkeys were then trained to look at a 
fixation spot with one eye only (the other eye was covered).  
Stimuli to be discriminated were presented in various locations 
including the part of the visual field corresponding to the damaged 
portion of the M or P layers. Each lesion extended into adjacent 

layers and therefore included some of the K layers. The behavioral 
tests demonstrated that monkeys can discriminate form and motion 
with either pathway assuming that the stimuli are high enough 
contrast and are presented in the spatial and temporal frequency 
range of the remaining pathway. Therefore, it is incorrect to say 
that P cells are necessary for form discrimination while M cells are 
necessary for motion discrimination. Instead, the behavioral tests 
revealed that after P layer lesions (including the associated K layers 
4–6) monkeys lost the ability to discriminate high spatial 
frequencies (B, below) and any forms made up solely of these 
frequencies and colors, whereas after M and associated K layer 
lesions the monkeys lost the ability to discriminate high temporal 
frequencies (and any movements that were very fast) (C). The 
monkeys also suffered a major unpredicted deficit in contrast 
sensitivity following a loss of P cells (B). Taken together, these 
results suggest that the properties that distinguish cell classes at 
the retina and LGN provide basic information about contrast,  
size, wavelength, and speed and that higher level analysis,  
such as that necessary for the discrimination of complex  
shapes and the movement of these shapes in space, is performed 
in cortex.
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Visual losses after selective ablation of the M, P, and associated K 
layers of the LGN in macaque monkeys. Contrast sensitivity for all 
spatial frequencies is reduced when only the M and K layers 1 
through 3 remain intact after lesioning the P layers and the K 
layers 4 through 6. The solid green line in (B) and (C) shows 
sensitivity of the normal monkey; circles show the contribution of 

the P pathway (after M lesions), and squares the contribution of 
the M pathway (after P lesions). (C) Contrast sensitivity to a 
grating with low spatial frequency is reduced at lower temporal 
frequencies when only P cells remain. (D) Color contrast 
sensitivities are lost when only the M cells remain. (Reproduced 
with permission from Kandel et al.48)
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human subjects and compared activation patterns seen in 
each LGN when subjects were asked to shift spatial attention 
to different locations.

Looking at measures of neural activity at the population 
level with fMRI, O’Connor et al,39 using flickering checker-
board stimuli of high and low contrast, showed that 
responses in LGN were reduced to unattended stimuli and 
enhanced to attended stimuli and that the shift between the 
baseline activation of the left and right LGN could be seen 
in anticipation of where the stimulus would come on even 
without retinal input. Surprisingly, O’Connor et al39 also 
showed that the changes in activation relative to attention 
were stronger in LGN than in primary visual cortex (V1). 
This result is surprising because one might predict that the 
attentional shifts in LGN are a result of feedback from V1. 
Alternatively, it may be that both arousal and more specific 
spatial attentional effects are conveyed to the LGN through 
direct or indirect pathways involving either the large cholin-
ergic pathway from the pons (pedunculopontine tegmental 
nucleus, PPT) or the GABAergic pathway from the thalamic 
reticular nucleus (TRN) or both. The latter pathway is of 
particular interest given the original proposal by Crick40 that 
the TRN acts as an “attentional searchlight”. In support of 
this proposal, McAlonan et al41 showed that increases in 
visual attention in monkeys reduced the responses of indi-
vidual visual TRN neurons (whose main output is to the 
LGN). In the LGN both McAlonan et al41 and Royal et al42 
were able to show, recording from single P and M LGN 
neurons in monkeys, that attention modulates their 
responses rapidly at latencies that occur before signals can 
reach cortex (Fig. 29.8).

The LGN and motor planning

The third modulatory input to LGN responses comes from 
eye movements. Visual signals from the retina can only be 
processed usefully in the context of action. In other words, 
as human beings we use vision to interact with the world so 
our visual world is in constant motion. To maintain stability 
we need to know where our head, eyes, limbs, etc. are in 
relationship to the objects around us. It is known that audi-
tory and visual maps in the superior colliculus of the mid-
brain are converted to common motor maps so that 
congruence between head-centered auditory space and eye-
centered visual space exists in motor output neurons from 
this structure.43 The question is, do LGN cells modulate their 
activity in relationship to motor activity? Again, because of 
technical challenges it has been difficult to test this idea. 
General support for the idea that LGN cells modulate in 
relationship to motor commands comes from studies of sac-
cadic suppression. The brain suppresses signals related to 
our eye movements presumably to remove potential retinal 
blur and allow efficient processing between fixations.

There is now good evidence that such suppression occurs 
at the level of the LGN (see reviews38,44). Recording from 
single LGN cells in awake, behaving monkeys Royal et al44 
were able to show that all LGN cell classes (K, M, and P) 
modulate their activity in relationship to saccadic eye move-
ments. What was especially interesting in the latter study was 
that LGN cells modulated their activity in complete darkness 
in anticipation of the pending eye movements. Activity in 

MT can both increase and decrease responses of LGN cells. 
This example shows that the flow of information through the 
LGN can be modulated by high-level cortical feedback.

The LGN and arousal, attention and 
conscious vision

Given the diversity of non-retinal LGN connections and the 
diversity of connections that each of these input sources has 
with the rest of the brain, it stands to reason that LGN cells 
must be modulated by many different sensory, motor, and 
cognitive messages. Closer inspection of the types of circuits 
that impact the LGN suggests that signals leaving this nucleus 
are mainly influenced by four types of information. The 
most well-accepted impact of these non-retinal sources on 
the LGN concerns changes with the state of an animal. 
Numerous investigations, beginning more than 50 years 
ago, have shown that LGN cells change their firing patterns 
depending on whether animals are awake or asleep. During 
sleep LGN cells exhibit burst firing which has been inter-
preted as a disconnection between the thalamus and cortex.37 
During the waking state the LGN is dominated by tonic 
firing which modulates in relationship to visual stimulation. 
Whether the infrequent bursting of LGN cells during wake-
fulness conveys special visual meaning (perhaps alerting 
animals to something unusual) remains a subject of debate2 
(see above and also30). Regardless, there is little doubt that 
the LGN changes its message to cortex depending on the 
level of arousal.

The second source of information that likely impacts the 
LGN is visual attention. The influence of attention on the 
LGN, however, is controversial for two reasons:

(1) there exists an historic bias against the idea that sensory 
thalamic relay nuclei should do more than stably relay 
their messages in a feedforward manner to cortex and

(2) there has been difficulty demonstrating an impact of 
attention on individual LGN cells (see review38).

Demonstrating the impact of attention in LGN poses a 
problem mainly because the classical receptive fields of indi-
vidual LGN cells in primates are quite small. Additionally, 
recording from single LGN cells in awake, behaving monkeys 
is challenging since monkeys cannot hold their eyes com-
pletely stationary. This means that stimuli must be presented 
over areas larger than an individual LGN cell’s receptive field 
center in order to avoid artifactual stimulation of the edges 
of a receptive field during experiments. The result is that LGN 
cells respond poorly because the inhibitory surrounds of 
their receptive fields are being stimulated at the same time 
as their excitatory centers are being stimulated. In extrastriate 
cortex (see Chapter 31) receptive fields are quite large and, 
as a result, it has been much easier to demonstrate that 
changes in visual attention impact the responses of indi-
vidual cells because stimulation can be confined to indi-
vidual receptive fields. The other issue is that many LGN cells 
drive one V1 cell so that effects of attention on any one 
individual LGN cell could be minute but add up to a large 
impact when one considers the number of LGN cells that 
synapse with any one V1 cell. Therefore, it is not surprising 
that one of the first demonstrations of the impact of visual 
attention on the LGN used functional imaging (fMRI) in 
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saccadic eye movements are intimately related. Perhaps the 
cholinergic PPT–LGN pathway conveys information about 
both shifts in attention and the anticipated saccadic eye 
movements that accompany these attentional shifts.38

The LGN and binocular rivalry and 
visual awareness

The fourth source of information that can modulate LGN 
activity is interocular. Although LGN cells are activated only 
by one eye, in the 1970s Sanderson et al33 showed that cat 
LGN cell responses can be suppressed by stimulation of the 
other eye. These results were subsequently replicated in 
primate LGN. A number of investigators have argued that 
binocular interactions in the LGN might account for binocu-
lar rivalry. When two stimuli are presented that cannot be 
fused into a coherent picture by the two eyes (say a face 
presented to one eye and a house presented to the other eye), 
rivalry is induced such that one sees first the face and then 
the house and so forth, alternately. This means that we are 
only “aware” or conscious of one image at a time. Is the LGN 
modulated by such changes in awareness? Recently, at least 
two groups have demonstrated positive results using func-
tional imaging with fMRI.45,46 These groups clearly showed 
that signals in both LGNs and V1 fluctuated while subjects 
viewed rivalrous stimuli. These results argue that the LGN is 
perceptually “aware” or conscious. Where do these signals 
come from? There is anatomical evidence that they could 
exist within the circuitry of the LGN itself47 or arrive via 
feedback connections from V1, either directly or indirectly 
via the TRN. Since fMRI signals have poor temporal resolu-
tion it will take further study with single electrodes to dissect 
these pathways in more detail.

Conclusions

The primate LGN relays all retinal signals necessary for con-
scious visual perception to cortex. Each LGN cell receives 
monocular input from only a few ganglion cells of a given 
class. Since the LGN receives input from as many as 10 dif-
ferent morphological classes of ganglion cells, however, it 
follows that multiple relay cell classes exist in each morpho-
logically defined layer. K LGN cells are the most diverse relay 
cell class based on morphology and physiology. Some K cells 
transmit yellow/blue chromatic signals but the function of 
the majority of K LGN cells remains unknown. M cells likely 
transmit signals important to low resolution form and 
motion, while P cells transmit detail and some P cells trans-
mit red/green chromatic information. The LGN also con-
tains several classes of interneurons that regulate the flow of 
information from the retina through feedforward and feed-
back inhibitory circuitry. In addition to the retina, the LGN 
receives input from a variety of other sources including a 
major feedback projection from V1. These inputs dynami-
cally regulate the signals that the LGN receives from the 
retina, depending on planned action, eye movements,  
and attention. Thus, visual signals arriving from the retina 
immediately become part of a dynamic circuit in the LGN 
that is designed to process that information for the most 
efficient use.

LGN cells was suppressed as much as 100 ms prior to a 
“motor plan” to move the eyes to a new location. Once the 
eyes landed at their new location, activity significantly 
increased (Fig. 29.9). This pattern of changes in LGN activity 
could account for the perceptual phenomenon of saccadic 
suppression and help facilitate efficient transmission of rel-
evant signals during fixation. It is noteworthy, that many 
investigators have argued that attention and planning  

Figure 29.8 Attentional modulation of cells in the LGN. Spike density plots 
of a cell’s response to an attended stimulus (ATTin, solid traces) and an 
unattended stimulus (ATTout, dashed traces). The inset illustrates the 
“spotlight” of attention that is directed to the circle representing the 
receptive field. Responses are aligned to stimulus onset (the dashed  
vertical line). (A) Responses of sample magnocellular LGN cell (LGNm). 
(B) Responses of sample parvocellular LGN cell (LGNp). (C) Responses of 
sample TRN cell. (Reproduced with permission from McAlonan et al.41 Reproduced 

by kind permission of Springer Science + Business Media.)
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Figure 29.9 LGN cell activity during saccades. 
Activity of LGN ON-center and OFF-center cells that 
demonstrate significant perisaccadic modulations 
during spontaneous saccades. (A) Spike density 
functions for 25 LGN cells (10 ON-center, 15 
OFF-center; 5M, 19P, 1K) that demonstrated 
significant saccadic suppression and postsaccadic 
facilitation during spontaneous saccades. Trials are 
aligned on saccade start (0 ms). (B) Spike density 
functions for the same 25 LGN cells with trials 
aligned on saccade end (0 ms) to demonstrate the 
time course of the postsaccadic facilitation. Spike 
density functions were normalized to the highest 
peak-firing rate observed in the two curves. 
(Reproduced with permission from Royal et al.44 “Reproduced 

by kind permission of Springer Science + Business Media”)N
or

m
al

iz
ed

ac
tiv

ity

  0

  0.5

10

–200 2000
Time from saccade end (ms)

On
Off

N
or

m
al

iz
ed

ac
tiv

ity

  0

  0.5

10

–200 2000
Time from saccade end (ms)

On
Off

25. Sherman SM. The thalamus is more than just a relay. Curr Opin Neurobiol 2007; 
17(4):417–422.

26. Xu X, Ichida JM, Allison JD, Boyd JD, Bonds AB, Casagrande VA. A comparison of 
koniocellular, magnocellular and parvocellular receptive field properties in the lateral 
geniculate nucleus of the owl monkey (Aotus trivirgatus). J Physiol 2001; 531(Pt 
1):203–218.

27. Kaplan E, Purpura K, Shapley RM. Contrast affects the transmission of visual information 
through the mammalian lateral geniculate nucleus. J Physiol 1987; 391:267–288.

28. Hubel DH, Wiesel TN. Integrative action in the cat’s lateral geniculate body. J Physiol 
1961; 155:385–398.

29. Wiesel TN, Hubel DH. Spatial and chromatic interactions in the lateral geniculate body 
of the rhesus monkey. J Neurophysiol 1966; 29(6):1115–1156.

30. Ruiz O, Royal D, Sary G, Chen X, Schall JD, Casagrande VA. Low-threshold Ca2+-
associated bursts are rare events in the LGN of the awake behaving monkey.  
J Neurophysiol 2006; 95(6):3401–3413.

31. Casagrande VA, Khaytin I, Boyd JD. Evolution of the visual system: mammals – color 
vision and the function of parallel visual pathways in primates. In: Butler A, ed. 
Encyclopedia of neuroscience. Berlin & Heidelberg: Springer, 2008:1472–1475.

32. McIlwain JT. Some evidence concerning the physiological basis of the periphery effect in 
the cat’s retina. Exp Brain Res 1966; 1(3):265–271.

33. Sanderson KJ, Bishop PO, Darian-Smith I. The properties of the binocular receptive fields 
of lateral geniculate neurons. Exp Brain Res 1971; 13(2):178–207.

34. Sillito AM, Jones HE. Corticothalamic interactions in the transfer of visual information. 
Phil Trans R Soc Lond B Biol Sci 2002; 357(1428):1739–1752.

35. Solomon SG, White AJ, Martin PR. Extraclassical receptive field properties of 
parvocellular, magnocellular, and koniocellular cells in the primate lateral geniculate 
nucleus. J Neurosci 2002; 22(1):338–349.

36. Alitto HJ, Usrey WM. Origin and dynamics of extraclassical suppression in the lateral 
geniculate nucleus of the macaque monkey. Neuron 2008; 57(1):135–146.

37. Steriade M. Arousal: revisiting the reticular activating system. Science 1996; 
272(5259):225–226.

38. Casagrande VA, Sary G, Royal D, Ruiz O. On the impact of attention and motor planning 
on the lateral geniculate nucleus. Prog Brain Res 2005; 149:11–29.

39. O’Connor DH, Fukui MM, Pinsk MA, Kastner S. Attention modulates responses in the 
human lateral geniculate nucleus. Nat Neurosci 2002; 5(11):1203–1209.

40. Crick F. Function of the thalamic reticular complex: the searchlight hypothesis. Proc Natl 
Acad Sci USA 1984; 81(14):4586–4590.

41. McAlonan K, Cavanaugh J, Wurtz RH. Guarding the gateway to cortex with attention in 
visual thalamus. Nature 2008; 456(7220):391–394.

42. Royal D, Sary G, Schall JD, Casagrande VA. Does the lateral geniculate nucleus (LGN) 
pay attention? J Vision 2004; 4(8):622a.

43. Sparks DL. Conceptual issues related to the role of the superior colliculus in the control 
of gaze. Curr Opin Neurobiol 1999; 9(6):698–707.

44. Royal DW, Sary G, Schall JD, Casagrande VA. Correlates of motor planning and 
postsaccadic fixation in the macaque monkey lateral geniculate nucleus. Exp Brain Res 
2006; 168(1–2):62–75.

45. Haynes JD, Deichmann R, Rees G. Eye-specific effects of binocular rivalry in the human 
lateral geniculate nucleus. Nature 2005; 438(7067):496–499.

46. Wunderlich K, Schneider KA, Kastner S. Neural correlates of binocular rivalry in the 
human lateral geniculate nucleus. Nat Neurosci 2005; 8(11):1595–1602.

47. Bickford ME, Wei H, Eisenback MA, Chomsung RD, Slusarczyk AS, Dankowsi AB. 
Synaptic organization of thalamocortical axon collaterals in the perigeniculate nucleus 
and dorsal lateral geniculate nucleus. J Comp Neurol 2008; 508(2):264–285.

48. Kandel ER, Schwartz JH, Jessell TM. Principles of neural science. Principles of neural 
science. New York: McGraw Hill, 2000.

49. Berkley MA, Sprague JM. Striate cortex and visual acuity functions in the cat. J Comp 
Neurol 1979; 187(4):679–702.

50. Ware CB, Casagrande VA, Diamond IT. Does the acuity of the tree shrew suffer from 
removal of striate cortex? A commentary on the paper by ward and Masterton. Brain 
Behav Evol 1972; 5(1):18–29.

51. Brown LE, Goodale MA. Koniocellular projections and hand-assisted blindsight. 
Neuropsychologia 2008; 46(14):3241–3242.

References

1. Casagrande VA, Norton TT. Lateral geniculate nucleus: a review of its physiology and 
function. In: Leventhal AG, ed. The neural basis of visual function. London: Macmillan 
Press, 1991:41–84.

2. Sherman SM, Guillery RW. Exploring the thalamus and its role in cortical function, 2nd 
edn. Cambridge, MA: MIT Press, 2005.

3. Hickey TL, Guillery RW. Variability of laminar patterns in the human lateral geniculate 
nucleus. J Comp Neurol 1979; 183(2):221–246.

4. Malpeli JG, Baker FH. The representation of the visual field in the lateral geniculate 
nucleus of Macaca mulatta. J Comp Neurol 1975; 161(4):569–594.

5. Malpeli JG, Lee D, Baker FH. Laminar and retinotopic organization of the macaque 
lateral geniculate nucleus: magnocellular and parvocellular magnification functions.  
J Comp Neurol 1996; 375(3):363–377.

6. Bickford ME, Carden WB, Patel NC. Two types of interneurons in the cat visual thalamus 
are distinguished by morphology, synaptic connections, and nitric oxide synthase 
content. J Comp Neurol 1999; 413(1):83–100.

7. Casagrande VA. A third parallel visual pathway to primate area V1. Trends Neurosci 
1994; 17(7):305–310.

8. Casagrande VA, Yazar F, Jones KD, Ding Y. The morphology of the koniocellular axon 
pathway in the macaque monkey. Cereb Cortex 2007; 17(10):2334–2345.

9. Hendry SH, Reid RC. The koniocellular pathway in primate vision. Annu Rev Neurosci 
2000; 23:127–153.

10. Boyd JD, Mavity-Hudson JA, Casagrande VA. The connections of layer 4 subdivisions in 
the primary visual cortex (V1) of the owl monkey. Cereb Cortex 2000; 10(7):644–662.

11. Perry VH, Cowey A. Retinal ganglion cells that project to the superior colliculus and 
pretectum in the macaque monkey. Neuroscience 1984; 12(4):1125–1137.

12. Dacey DM. Origins of perception: Retinal ganglion cell diversity and the creation of 
parallel visual pathways. In: Gazzaniga MS, ed. The cognitive neurosciences III. 
Cambridge, MA: MIT Press, 2004:281–301.

13. Casagrande VA, Royal DW, Sary G. Extraretinal inputs and feedback mechanisms to the 
lateral geniculate nucleus (LGN). In: Bowers D, Kremers J, House A, eds. The primate visual 
system: a comparative approach. Chichester, UK: John Wiley and Sons, 2005:191–211.

14. Ichida JM, Casagrande VA. Organization of the feedback pathway from striate cortex (V1) 
to the lateral geniculate nucleus (LGN) in the owl monkey (Aotus trivirgatus). J Comp 
Neurol 2002; 454(3):272–283.

15. Bickford ME, Gunluk AE, Guido W, Sherman SM. Evidence that cholinergic axons from 
the parabrachial region of the brainstem are the exclusive source of nitric oxide in the 
lateral geniculate nucleus of the cat. J Comp Neurol 1993; 334(3):410–430.

16. De Lima AD, Singer W. The brainstem projection to the lateral geniculate nucleus in the 
cat: identification of cholinergic and monoaminergic elements. J Comp Neurol 1987; 
259(1):92–121.

17. Morrison JH, Foote SL. Noradrenergic and serotoninergic innervation of cortical, thalamic 
and tectal structures in Old and New World monkeys. J Compar Neurol 1986; 
8:117–138.

18. Kayama Y, Shimada S, Hishikawa Y, Ogawa T. Effects of stimulating the dorsal raphe 
nucleus of the rat on neuronal activity in the dorsal lateral geniculate nucleus. Brain Res 
1989; 489(1):1–11.

19. Uhlrich DJ, Manning KA, Pienkowski TP. The histaminergic innervation of the lateral 
geniculate complex in the cat. Vis Neurosci 1993; 10(2):225–235.

20. Nassi JJ, Callaway EM. Multiple circuits relaying primate parallel visual pathways to the 
middle temporal area. J Neurosci 2006; 26(49):12789–12798.

21. Vakalopoulos C. A hand in the blindsight paradox: a subcortical pathway? 
Neuropsychologia 2008; 46(14):3239–3240.

22. Brodmann K. Vergleichende Lokalisationslehre der Grosshirnrinde in ihren Prinzipien 
dargestellt auf Grund des Zellenbaues. Leipzig: J. A. Barth, 1909.

23. Casagrande VA, Xu X. Parallel visual pathways: a comparative perspective. In: Chalupa L, 
Werner JS, eds. The visual neurosciences. Cambridge, MA: MIT Press, 2004:494–506.

24. Godwin DW, Vaughan JW, Sherman SM. Metabotropic glutamate receptors switch visual 
response mode of lateral geniculate nucleus cells from burst to tonic. J Neurophysiol 
1996; 76(3):1800–1816.



586

C H A P T E R 30 

Processing in the Primary 
Visual Cortex

Vivien Casagrande & Roan Marion

Overview: The primary visual cortex 
constructs local image features

The visual system provides a description of the location and 
identification of objects that have survival value to the 
species. This description must be made in a dynamic world 
in which our gaze is constantly shifting and in which objects 
move. To be useful, the description must select items of 
importance depending on context and memory; in essence 
the visual system is designed to make useful predictions 
about visual reality, not to actually represent reality. Implicit 
in the architecture of the visual system reside mechanisms 
tuned by evolution and development to optimize useful 
vision. Beginning in the retina, the visual system selects what 
is needed to accomplish this goal. The retina contributes to 
this selection process by eliminating information about 
absolute light intensity, emphasizing local image contours, 
and compressing the visual signal information into a man-
ageable size during a manageable time window to be trans-
mitted to the lateral geniculate nucleus (LGN, see Chapter 
29). The LGN contributes by regulating the flow of visual 
signals. Primary visual cortex (V1), as we will learn, contrib-
utes by coding aspects of local image features including their 
size, orientation, local direction of movement, and binocu-
lar disparity. All of these local descriptions of stimulus 
quality are critical for the more global and complex identi-
fication of objects (“what”) and spatial relations (“where”).

Classically, V1 is described as an area where information 
provided by the separate LGN channels is combined in dif-
ferent ways before it is sent to extrastriate visual areas for 
further processing. In order to do its job, V1 must solve the 
geometry puzzle of representing all stimulus qualities neces-
sary for the subsequent steps of analyses within tissue that 
maps the outside world, i.e. responds to different parts of 
the visual field. V1 accomplishes this goal by a division of 
labor between different layers and different iterated modules 
within each layer. In this classic view, V1 is pictured as the 
beginning stage for several sets of serial processes that take 
place in feedforward hierarchies of visual areas; areas special-
ized to perform a variety of higher-order tasks. Currently, 
however, there is growing recognition that V1 does more. V1 
does not represent stimulus qualities statically. Via dense 

and intricate horizontal and feedback pathways, V1 dynami-
cally interacts with higher visual and non-visual areas, as 
well as the thalamus, and alters its activity and message 
depending on attention, memory, context, and reward. 
Therefore, for efficiency, V1 cells bias their messages to 
emphasize moment to moment relevance. In this chapter we 
initially provide the reader with a road map to the organiza-
tion of V1, we show how the anatomical architecture of the 
V1 sets limits on how visual signals can be processed, and 
we emphasize the laminar architecture, connections, and 
cell types. Next we review the traditional view of how recep-
tive field properties are put together in V1 and review the 
hypothesis that the parallel inputs from the LGN relate in 
functionally specific ways to output channels of V1 (see also 
Chapter 31). The second to last section then briefly reviews 
more controversial ideas concerning the functions of V1, 
including whether V1 is conscious and participates in 
memory or is modified by reward and attention. The final 
section of this chapter summarizes key points.

Overview of cortical organization:  
a general road map

Human V1 ranges in size from 1400 to 3400 mm2, is about 
2 mm thick, and is located within the occipital lobe extend-
ing from the posterior pole along the medial wall of the 
hemisphere1 (Fig. 30.1). Like the rest of the cerebral cortex, 
V1 contains 6 principal layers. V1 is often called striate cortex 
in recognition of its original identification by an Italian 
medical student (Francesco Gennari) more than 200 years 
ago. Gennari observed that if he sliced into the posterior 
pole of an unfixed human brain and observed the cortical 
layers of the slice a striking white stripe was visible, known 
today as the stria of Gennari. The stria of Gennari actually 
marks one heavily myelinated layer in the middle of the gray 
matter of V1. V1 also is referred to by several other names 
including, most commonly, area 17 of Brodmann2 or primary 
visual cortex. For convenience we will use the term V1 in this 
chapter.

Damage to V1 results in a hole (scotoma) or blind spot 
in one visual hemifield. The location of damage to V1 can 
be predicted based upon the topographic map of the  
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localized phosphenes (flashes of light) experienced by the 
subject. Other methods of developing functional maps of  
V1 have used positron emission tomography (PET) and, 
most commonly, functional magnetic resonance imaging  
(fMRI).4–6 In the latter case the subject is presented with 
topographically restricted stimuli in different locations in 
space and the relative activation of V1 measured as a change 
in blood flow. Knowledge about the retinotopic organiza-
tion of V1 in humans is relevant not only to the clinical 
evaluation of damage, but also to research efforts designed 

opposite visual hemifield that is known to exist in this region 
in all mammalian species. In humans, detailed knowledge 
about the manner in which the visual field is mapped onto 
V1 has been obtained from a variety of sources including 
clinical assessments of damage, results of electrical stimula-
tion, and transcranial magnetic stimulation (TMS). The 
latter is a non-invasive method used to excite neurons by 
using rapidly changing magnetic fields to produce weak elec-
trical currents.3 Both direct invasive electrical stimulation 
and non-invasive TMS can give rise to the experience of 

Figure 30.1 (A) Left occipital lobe showing the location of V1 within the calcarine fissure. (B) View of calcarine fissure of V1. The lines indicate the 
coordinates of the visual field map. The representation of the horizontal meridian runs approximately along the base of the calcarine fissure. The vertical lines 
mark the iso-eccentricity contours from 2.5° to 40°. V1 wraps around the occipital pole to extend about 1 cm onto the lateral convexity where the fovea is 
represented. (C) Schematic map showing the projection of the right visual hemifield upon the left visual cortex by transposing the map illustrated in (B) onto 
a flat surface. The row of dots indicates approximately where V1 folds around the occipital tip. The blue oval marks the region of V1 corresponding to the 
contralateral eye’s blind spot. It is important to note that considerable variation occurs among individuals in the exact dimensions and location of V1.  
HM = horizontal meridian. (D) Right visual hemifield plotted with a Goldmann perimeter. The purple region corresponds to the monocular temporal 
crescent which is mapped within the most anterior 8 to 10 percent of V1. (Reproduced from Horton & Hoyt6 with permission of the publisher.)
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to develop visual prosthetic devices involving visual cortical 
electrical stimulation for individuals with incurable retinal 
diseases or loss of eyes (Box 30.1). All of the methods 
used to understand the map of the visual field in V1 are in 
general agreement showing, as illustrated in Figure 30.1, 
that the fovea is represented in the occipital pole and the  
far periphery is represented in the anterior margin of the 
calcarine fissure with the upper and lower visual fields  
being mapped onto its lower (lingual gyrus) and upper 
(cuneus gyrus) banks, respectively.6 As in the LGN, the visual 
field map in human cortex is distorted such that the repre-
sentation of central vision occupies much more tissue than 
does peripheral vision. Whether the foveal representation in 
V1 is expanded over what would be predicted simply by 
assigning each retinal ganglion cell or LGN cell the same 
amount of cortical tissue has been the subject of consider-
able debate. One explanation for this controversy is that the 
proportion of cortex devoted to central vision has been 
shown to be highly individually variable, at least in macaque 
monkeys.7 The latter finding indicates that the relative 
amount of tissue devoted to the fovea could be magnified at 
the cortical level relative to the retina in some individuals 
but not others.

Layers, connections, and cells  
of V1: The inputs, outputs,  
and general wiring

As in other cortical areas, V1 has six main layers that can be 
identified in a cell stain as shown in Figure 30.2. These layers 

Box 30.1 Developing Prosthetic Devices

Given the success of cochlear implants for the deaf, expectations 
have been high that a prosthetic “eye” could be developed soon. 
Although great strides have been made, the results so far are not 
yet optimal. Here we outline progress using V1 as the site for 
visual prosthetic development. Scientists have known for several 
decades that electrical stimulation of the visual cortex will cause 
blind patients to see phosphenes or small spots of light. These 
spots can appear bright or dim or colored or flickering depending 
on the level of electrical stimulation. There are a number of 
problems that need to be overcome to make electrical 
stimulation of V1 useful as a visual prosthetic device. These 
include, but are not limited to, the density and location of 
electrodes implanted in V1, tissue reaction to the electrodes and 
input devices to translate the visual scene into appropriate 
patterns of electrical stimulation. The ideal system would have a 
high density of electrodes activated wirelessly via a light-weight, 
high-performance camera/computer system appropriate for 
ambulatory patients.

Thus far, some successes have been achieved using this method 
by several groups. The most notable successes have been 
reported by the late Dr. William Dobelle and the Dobelle Institute 
(Portugal) where a number of patients have been implanted with 
arrays of electrodes in V1. Although these patients do not 
experience vision in the normal sense they are able to use the 
phosphene patterns generated in V1 to identify the outlines of 
objects and even, in one case (Jens), slowly drive a car around a 
parking lot.

contain two main types of cells, pyramidal and stellate, in 
an 80/20 proportion. The layers and sublayers of V1 have 
been named in different ways depending on investigator 
interpretation. The most common laminar scheme is the one 
adopted by Brodmann.2 Although Brodmann likely made a 
major mistake in his interpretation of V1 layers in all pri-
mates8 his scheme is the most accepted so we use it here (Fig. 
30.2). As in other areas of neocortex, input from the thala-
mus ends primarily in the middle layers (IVC of V1), with 
the superficial layers (above IVC) sending information to 
other cortical areas and the layers below IVC sending signals 
to subcortical targets (Fig. 30.2).

LGN inputs
Studies done in anesthetized monkeys have demonstrated 
that activation of V1 neurons depends completely on input 
from the LGN, because when the LGN is inactivated, visually 
evoked potentials in V1 are blocked.9 LGN axons carrying 
signals from the left and right eyes and from K, M, and P 
layers remain segregated at the first synapse in V1 in non-
human primates and presumably also humans (Fig. 30.3). 
The left and right eye segregation of axons from the M and 
P LGN layers ending in layer IVC of V1 is referred to as ocular 
dominance columns. These “columns” have been directly 
demonstrated to exist in humans as shown in the complete 
reconstruction of the pattern of left and right eye input to 
V1 in Figure 30.4.10 These zebra-stripe-like patterns of 
monocular segregation from LGN can be revealed in tangen-
tial sections of layer IVC of V1 in humans postmortem fol-
lowing long-standing loss of one eye. As shown in Figure 
30.4, the patterns are revealed by a histochemical stain for 
the mitochondrial enzyme, cytochrome oxidase (CO) which 
becomes down-regulated in the zones of layer IVC inner-
vated by LGN axons from the missing eye. As mentioned and 
shown schematically in Figure 30.3, K, M, and P LGN axons 
in macaque monkeys also terminate in separate V1 layers or 
sublayers. M and P axons synapse in sublayers of IVC, and 
K LGN axons synapse in layers IVA, III, and I. Also, K LGN 
axons are likely made up of several classes since those that 
end in different V1 layers appear to come from different 
populations of LGN cells in macaques.11 It is noteworthy, 
however, that the LGN does not project to layer IVA in apes 
and humans,12 reminding us that care must be taken in 
translating data directly from other primates to humans.

The fact that input from the left and right eyes remains 
segregated at the first synapse in V1 raises an interesting 
question concerning the retinotopic map. Recall that in the 
LGN each layer contains a continuous map of the opposite 
visual hemifield. This means that in cortex there must be two 
topographic maps, one for each eye, within the same layer, 
at least at the first synapse from the LGN. This is exactly what 
was found in layer IV of the macaque monkey using detailed 
electrophysiological recordings.13 Tangential recordings 
made within layer IVC revealed that the segments of the 
visual field mapped in one ocular dominance column for 
one eye were also represented in the adjacent column that 
received input from the other eye. As we will see below, 
information from the two eyes and from K, M, and P cells 
is combined in different ways within other layers of V1, 
hence, most cells in V1 receive a combination of many 
extrinsic and intrinsic inputs.
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Figure 30.2 Nissl-stained section through 
macaque monkey V1. As indicated by the 
brackets, layer IVC receives its main input from 
the lateral geniculate nucleus. The layers above 
IVC send projections to other cortical areas, and 
the layers below IVC send projections to 
subcortical areas (see text for details). Roman 
numerals and letters refer to the layers of cortex. 
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Other inputs to V1
Besides the LGN, V1 receives a variety of other modulatory 
inputs both from subcortical and cortical areas. These inputs 
include serotonergic, noradrenergic, and cholinergic inputs 
from the brainstem and basal forebrain nuclei, respectively.14 
The latter inputs show differences in density in the V1 layers, 
but show a much less specific pattern of innervation than do 
LGN inputs. Other input sources include the intralaminar 
nuclei of the thalamus and the pulvinar, both of which send 
broad projections most heavily to layers I and II of V1. Addi-
tionally, there are retinotopically more specific sources of 
input to V1, including from the claustrum and visual (V) 
areas 2, 3, 4, & 5 (V4 and V5 are also referred to as the dorsal 
lateral (DL) and middle temporal (MT) visual areas, respec-
tively).8,15 As a general rule any area to which V1 projects 
also sends feedback to V1. However, some higher-order 
visual areas in the temporal and parietal lobes that do not 
receive direct projections from V1 send axons to V1.16 With 
the exception of the claustrum, whose axons overlap with M 
and P axons in layer IVC, all of the other extrastriate visual 
inputs to V1 terminate outside of layer IVC.

So why are there so many other inputs to V1 if the main 
drive comes from the LGN? As with the LGN described 
earlier, the numerous non-geniculate inputs to V1 regulate 
which visual signals will be transmitted to higher-order 
visual areas. An example of the impact that these non-LGN 
connections to V1 can have has been demonstrated using 
fMRI neural imaging methods. Using fMRI in humans, it has 

been shown that topographic regions of V1 can be activated 
simply by asking normal subjects to imagine (with eyes 
closed) visual objects within particular areas of the visual 
field (i.e. in the absence of any direct stimulus to the retina).17 
Additionally, evidence indicates that, in congenitally blind 
subjects, major rearrangements of connections can take 
place such that somatosensory inputs can now activate V1,18 
or changes in receptor distribution at the retina can cause 
rewiring of V118 (Box 30.2). These findings argue that 
non-LGN inputs can have a strong impact on activity in V1 
and that V1 is highly plastic during development.

Cell classes and connections within V1
In V1, cells containing glutamate account for the vast major-
ity (~80 percent) with the remaining cells containing GABA.19 
These two main cell classes are morphologically distinct. 
There are two types of glutamate-containing cells: the spiny 
stellate cells that occur mainly in layer IV, and the pyramidal 
cells that occur in all of the layers. Both of these glutamate-
containing neurons have a high density of dendritic spines. 
In contrast to the pyramidal cells, the inhibitory GABAergic 
cells have few to no spines on their dendrites. The latter are 
multipolar neurons whose dendritic arbors come in a variety 
of shapes. Many subclasses of GABAergic interneurons have 
been identified based also on physiology and the presence 
of different types of proteins such as different calcium- 
binding proteins, or various peptides. Although many 
models have been proposed to explain the role(s) of  
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Figure 30.3 A schematic of the main LGN projection patterns to visual 
cortex in macaque monkeys. M and P LGN cells project, respectively,  
to layer IVCα and IVCβ while K LGN cells project to IVA, the CO blobs in 
layer III and to layer I. Note, no LGN pathway to IVA exists in apes and 
humans. Roman numerals refer to V1 layers; P, parvocellular; M, 
magnocellular; K, koniocellular. (Reproduced from Casagrande & Kass8 by kind 

permission of Springer Science + Business Media.)
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Figure 30.4 The complete pattern of ocular dominance columns in the 
human brain. (A) The surface area of the flat mount of the right hemisphere 
is 9413 mm2. The V2/V3 border can be identified, based on a subtle change 
in the pattern of CO activity. Alternating dark and light stripes are visible in 
some portions of V2. Their density (see inset in B) fluctuated with an 
average period of 2.3 mm. (B) Thresholded columns, Stripes were drawn 
where visible in V2; the white box shows where the CO density in (A) was 
sampled to measure V2 stripe periodicity by counting the number of peaks. 
Dotted line indicates V2/V3 border. S, Superior; A, anterior; I, inferior;  
P, posterior. Striate cortex = V1. (Reproduced from Adams et al10 with permission 

of the publisher.)
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different types of inhibitory interneurons in V1 there is no 
general agreement on function for any class.

Connections between layers can be made by both excita-
tory and inhibitory neurons (see reviews20,21). Efforts to trace 
the overall flow of information in V1 have been hampered 
by the multiplicity of connections and diversity of cell 
classes. Using pharmacological manipulations it was dem-
onstrated that layer IVC becomes active first, then the upper 
layers, followed by the lower layers.22 Studies of cell responses 
in slices of visual cortex in monkeys (where photic uncaging 
of glutamate has been used to stimulate small groups of 
neurons) have shown that, although connections can be 
quite precise, there exists tremendous diversity of responses 
even among cells thought to have common inputs in the 
same layer.23 If one attempts to trace anatomical pathways 
beyond the main input layer IVC, it also is difficult to deci-
pher how separate output pathways are constructed in V1 
due to the tremendous opportunity of intermixing; neverthe-
less, V1 does appear to give rise to distinct output pathways 
that emerge from somewhat different populations of input 
cells (Fig. 30.5).

Most of the connections between V1 cells are local, either 
within a layer, or within a vertically defined column of cortex 
approximately 350–500 µm wide. There are, however, 

connections of up to 3 mm in macaque monkeys that occur 
typically between cells with similar properties (e.g. selectiv-
ity for the same orientation or ocular preference). These long 
tangential connections are generally found in layers I, III, 
and V.24 These long horizontal connections have been impli-
cated in the changes seen in V1 cell responses when areas 
outside their classical receptive fields are stimulated. We 
discuss this issue in more detail below (see also Box 30.3).

Output pathways from V1
Some cells in all V1 layers except IVC send axons to other 
brain areas (see reviews8,25). The lower layers V and VI send 
axons to the thalamus and to the midbrain and pons. Layer 
VI is unique in that cells in this layer provide direct feedback 
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Box 30.2 Inherited retinal abnormalities can cause major reorganization of visual cortex

Cones are silent under dim light conditions. Since the normal 
human fovea is made up exclusively of cones, humans are blind in 
the area representing the fovea in dim light when only rods are 
operating. Using functional magnetic resonance imaging (fMRI) 
Baseler and colleagues (2002) were able to confirm that the area  
of V1 representing the fovea is inactive in normal humans under 
these dim light conditions. As the schematic below shows the 
fovea is represented over a substantial piece of tissue in cortex 
(several square centimeters). In other words, a large portion of V1 is 
presumably idle while you look for your seat in a dark theater or 
take a romantic moonlight walk.

Interestingly, these same investigators, using the fMRI were able to 
demonstrate a large-scale developmental reorganization in the 
human rod monochromats. Rod monochromats are congenitally 
color-blind individuals that almost completely lack retinal cones. In 
rod monochromats the foveal representation in V1 becomes 
reorganized so that it now responds strongly to visual stimuli 
presented under rod viewing conditions. These findings reinforce 
earlier work in both humans and animals suggesting that V1 is 
plastic and capable of large-scale reorganization when inputs are 
abnormal during development.

Schematic of the activation of V1 for normals (A and B) or for rod 
monochromats (C) under scotopic (B and C) and photopic (A) 
conditions. (D) represents the central 16 degrees of one visual 
hemi-field as described in the text. There is a mapping between 
visual space and cortical space, represented here by the 
correspondence between the colors in the schematic diagram of 
the right visual field (D) and the colors in the schematic diagrams 
of the left V1 unfolded and flattened (A, B, and C). Under normal 

lighting conditions the entire visual cortex of normal viewers is 
activated (A). Under scotopic conditions in normals the foveal 
representation is inactive represented in gray (B). In rod 
monochromats no fovea exists and the cortex is reorganized to 
represent the rest of visual space (C). In (A), (B), and (C) the 
vertical meridian (VM) runs along the upper and lower edges of 
the figure while the horizontal meridian (HM) is represented by 
the dashed horizontal line.

A B C D

HM

VM

to the LGN, and indirect inhibitory feedback to the LGN via 
axon collaterals to the thalamic reticular nucleus (see also 
Chapter 29). This feedback is precise such that M and P LGN 
cells receive axons from distinct cell groups in layer VI.26 
Cells in layer V provide the major driving input to many cells 
in the pulvinar nucleus of the thalamus in monkeys; the 
pulvinar, in turn, provides input to a number of extrastriate 
areas that also feedback signals to V1. In addition, cells in 
layer V send a major projection to the superficial layers of 
the superior colliculus and other midbrain areas such as the 
pretectum, as well as nuclei in the pons that are concerned 
with eye movements. Thus, V1 is in a position to inform 
these structures of its activities.

The superficial cortical layers of V1 provide output con-
nections to a number of extrastriate cortical areas. These 
connections emerge from different layers or modules within 
layers suggesting that they carry different messages. Cur-
rently there is ongoing debate about how many pathways 
actually leave V1 and how separate they are in terms of  
their physiological signatures (Fig. 30.6). Regardless, most 

investigators agree that in macaque monkeys the largest 
output connection is to visual area 2 (V2). Connections to 
V2 emerge from three or four populations of cells. Cells 
within the CO-rich blobs of layers IIIA and IIIB send a major 
output to thin CO-rich bands in V2 (see Chapter 31 for 
details). Cells located in the CO pale interblobs and cells in 
layer IVB send output to different locations within the pale 
and CO thick bands of V2. In addition to these connections 
there are direct connections from V1 layer IIIB and IVB to 
visual areas V3, V3A, V4, and V5.8,25 As the technology 
improves, the story of how many V1 to V2 channels exist 
will continue to be revised.25,27,28

Receptive field properties: How is V1 
different from the LGN?

Examination of the receptive field properties of V1 neurons 
suggests that visual signals are transformed from those seen 
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inhibitory regions. Hubel & Wiesel called these cells simple 
because it appeared that the responses of these cells to 
complex shapes could be predicted by linear summation of 
their responses to individual spots of light. As can be appre-
ciated by examining Figure 30.7, simple cells can give differ-
ent responses depending upon the spatial arrangement of 
their inhibitory and excitatory regions. For example, although 
all the cells shown in Figure 30.7 respond to the same ori-
entation, cells with longer receptive fields such as shown in 
panel C will respond to a narrower range of orientations 
than those with shorter receptive fields as shown in panel A. 
As this figure also illustrates, the receptive fields of simple 

in the retina and LGN. In other words, new properties 
emerge in V1 such as binocularity and sensitivity to stimulus 
orientation and movement direction. At the same time, V1 
cells retain the retinotopic selectivity of their LGN cell inputs, 
although receptive fields are a bit larger.

In the 1950s and 1960s Hubel & Wiesel29,30 began to 
characterize the properties of V1 receptive fields in cats and 
monkeys using a variety of patterns including line segments 
and spots of light displayed on a screen. In these seminal 
studies they showed that V1 cells could be subdivided based 
on their responses to such patterns. Hubel & Wiesel31 pro-
posed that the cell types in V1 were arranged in serial order 
of complexity beginning with those that receive input directly 
from the LGN which they termed simple cells. They origi-
nally proposed that simple cell responses could best be 
explained by assuming that the receptive fields of a number 
of LGN cells were aligned as shown in Figure 30.7.32 Simple 
cells differ from LGN and retinal ganglion cells, most of 
which have more or less circular receptive fields. Simple cells 
have elongated receptive fields with adjacent excitatory and 

Figure 30.5 Schematic diagram showing the main projections from layer 4 
to layer 3 in the owl monkey. IVCα projects primarily to IVB. IVCβ projects 
primarily to IVA. IVCctr, which receives overlapping input from the M and P 
LGN axons, projects to IIIB where K axons from LGN also terminate. IIIA, the 
major output layer to visual area V2, receives signals from layer IVC only 
indirectly via other subdivisions of cortical layers III and layer V. (Modified from 

Boyd et al50 with permission of the publisher.)
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Figure 30.6 Recent data suggest that there may be four output pathways 
from V1 to V2 based on anatomy. Each pathway is represented by arrows. 
One pathway (red) projects from the CO blobs in layer III (indicated by a 
circle) to the CO thin dark stripes in V2, indicated in blue. A smaller number 
of cells (orange) from layer IVB in V1 also project to the CO thin stripes in V2. 
A second pathway (dark green) emanates from cells in the interblobs of 
layer III and projects to the CO pale medial stripes in V2. The third pathway 
(light green) projects to the pale lateral stripes of V1 that also receive input 
from the interblobs in layer III but additionally receive projections (yellow-
green) from layer IVB. The fourth pathway (blue) originates from both cells 
at the edges of blobs in layer III as well as cells in layer IVB that align with 
the edge of blob cells in layer III. (This description of the pathways from V1 to V2 is 

taken from the work of Federer et al27 and Angellucci (personal communication 2009) 

with permission of the authors.)
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feedforward visual information from the two eyes is fused. 
In binocular V1 neurons, there exists a range of cells with 
many responding somewhat more to one eye than the other. 
The bias in ocular response is such that ocular preference 
within a column extending from layer I to layer VI tends to 
reflect the preference of cells in layer IV within that column. 
This is because cortical cells are connected preferentially in 
vertical columns. Binocular cells with slightly displaced 
monocular fields (i.e. cells with a disparity between the 
receptive fields of the left and right eye) have been proposed 
as the possible initial substrate for stereoscopic vision, 
although many researchers argue that the ability to see in 3D 
is actually the function of visual areas beyond V1.

Columns and modules: Outlining the 
functional architecture of V1

As we have seen, V1, like the LGN, is arranged in layers 
containing cells of different types. Unlike the LGN, new 
receptive field properties such as selectivity for stimulus  
orientation, movement direction, and binocularity are  
constructed in V1. Additionally, information about spatial 
frequency, temporal frequency, brightness, and color con-
trast, sent by cells of the LGN, must be either preserved or 
incorporated into the coding of V1 cells. Given the precision 
of the visuotopic map in V1, this means that critical stimulus 
attributes must be coded in an iterated manner to cover each 
location in visual space so that stimulus features that provide 
information relevant to form and movement can be appreci-
ated equally well without holes or gaps at different locations 
in the visual field.

Hubel & Wiesel31 were cognizant of the problem that 
local stimulus features would need to be represented repeat-
edly at each locale in the V1 map. What they noticed early 
on in their studies was that orientation preference in cat and 
monkey V1 changed regularly as the electrode was moved 
tangentially within any layer (Fig. 30.8). An advance of 
1–2 mm was usually found to be sufficient to rotate twice 
through 180 degrees of orientation preference. This distance 
also was found to be sufficient to include at least one left 

cells require that LGN ON and OFF center cells are aligned, 
since it is the center responses of these cells that dominate 
the subfield responses of simple cells within V1.

Hubel & Wiesel also identified other cell classes with 
more complex response properties. These cells, generally 
called complex cells, are different from simple cells in that 
their responses to stimuli cannot be predicted based upon 
linear addition of the cell’s response to spots of light pre-
sented in different parts of the receptive field; complex cells 
do not have discrete regions of excitation and inhibition. 
Instead, complex cells respond to preferred orientations like 
simple cells but complex cells respond equally well to a 
preferred stimulus anywhere in their receptive field. A special 
type of V1 cell referred to as an end-stopped cell responds 
only if the correctly oriented stimulus is of appropriate 
length. Extending the length of a bar beyond the field into 
an inhibitory zone of an end-stopped cell diminishes the 
cell’s responses suggesting that these cells may signal more 
complex shapes. Hubel & Wiesel originally proposed that 
the receptive fields of each cell class (namely, LGN, simple, 
complex, and end-stopped cells) built upon the properties 
of their predecessors in serial order. We know now that such 
a straightforward model can not account for all of the prop-
erties observed, that many complex cells can receive input 
directly from the LGN, and that end-stopped cells can either 
be simple or complex cells.

Other receptive field properties that emerge within area 
V1 are direction selectivity and binocularity. Although in 
some mammals such as rabbits, direction selectivity is a 
characteristic of many ganglion cells, in primates there are 
very few retinal ganglion and LGN cells that exhibit this 
property.33 In V1 there are many cells that respond best to 
one direction of motion of a stimulus. Explanations for how 
direction selectivity emerges generally argue for a time delay 
in inputs either from different classes of LGN cells or between 
cortical cells with the same orientation selectivity such that 
one cell either enhances or suppresses the response of  
the other.

In addition to orientation and direction selectivity, many 
cortical neurons in cats and monkeys are binocular (i.e. 
receive signals from both eyes). V1 is the first place where 

Figure 30.7 Orientation-selective receptive fields can be 
created by summing the responses of neurons with non-
oriented, circularly symmetric receptive fields. The receptive 
fields of three hypothetical neurons are shown. Each 
hypothetical receptive field has adjacent excitatory and 
inhibitory regions. A comparison of (A) and (C) illustrates that the 
degree of orientation selectivity can vary depending on the 
number of neurons combined along the main axis. (Reproduced 

from Wandell32 with permission of the publisher.)
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and one right eye ocular dominance column. From this 
information Hubel & Wiesel constructed a model in which 
they proposed that the cortex is organized as a series of 
repeating modules called hypercolumns. They argued that 
each hypercolumn should contain all of the machinery nec-
essary to analyze one portion of visual space. Subsequently, 
Livingstone & Hubel28 argued that CO blobs should be 
added to this modular organization as zones uniquely 
equipped to transmit color signals to the next cortical level. 
Although there is debate as to whether CO blobs are actually 
uniquely designed for color processing,8 the fact that these 
modules are the targets of LGN input from a separate class 
of cells, the K cells, suggests that CO blobs do process some 
important attributes, perhaps color contrast and brightness 
contrast. Moreover, there appear to be enough CO blobs so 
that whatever is processed within these modules can be 
represented across the V1 topographic map without gaps. 
Since CO blobs are positioned in the centers of ocular domi-
nance columns in macaque monkeys, they were added as 
another dimension to be included within a V1 hypercolumn 
(Fig. 30.8).

The geometric problem is not so difficult for the cortex to 
solve when only three stimulus properties (i.e. orientation, 
ocular dominance, and color) must be represented, but 
when more properties such as spatial frequency, temporal 
frequency, direction selectivity, texture and binocular dispar-
ity (among others) are added, the task becomes more chal-
lenging. Currently, a number of investigators are engaged in 

Figure 30.8 Schematic diagram of the modular organization of V1. Each 
module (or hypercolumn; see text for details) consists of two ocular 
dominance columns (representing right and left eyes), a series of orientation 
columns (representing 180 degrees of rotation) and cytochrome oxidase 
blobs (representing color information). (Reproduced from Livingstone & Hubel28 

with permission of the publisher.)
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modeling how different feature maps may be represented  
in V1.34,35

Optical imaging of signals in V1 has been used to further 
elucidate the relationship between maps of different stimu-
lus properties in single animals. The technique of optical 
imaging of intrinsic signals makes use of tiny differences in 
the reflected light from cortex based upon dynamic differ-
ences in oxygenated and deoxygenated blood that occur as 
a result of changes in the activity of cells. Using this invasive 
technique in non-human primates, it has been found that 
changes in orientation selectivity are represented mainly in 
pinwheel formation, with some regions also showing more 
gradual linear or abrupt fractures in the orientation map. The 
structure of orientation maps in different primates and in 
other species shows a great deal of similarity suggesting that 
orientation selective cells are organized the same way in 
humans. Maps of different stimulus qualities also suggest 
that, although not organized exactly as originally envisioned 
in the hypercolumn model of Hubel & Wiesel, maps of 
stimulus attributes are nevertheless iterated in such a manner 
that there are no “holes” in the map across space. Figure 30.9 
shows an optically imaged map of orientation preference in 
owl monkey V1, V2, and V3.36 The functional compartments 
in V2 are also apparent in this surface image.

How do parallel inputs relate to 
parallel outputs?

It has been popular to suggest that there is a direct link 
between the input and output pathways of V1. There is con-
siderable support for the idea that two hierarchies of extra-
striate visual areas exist: one devoted to object vision, or what 
something is, and one to support spatial vision and complex 
tasks related to where items are in space relative to our-
selves.28,37 The “what” and “where” pathways, also called the 
ventral and dorsal streams, consist of two hierarchies of 
visual areas that receive input from separate cell groups in 
V1 as described earlier. The ventral stream consists of a 
pathway from V2 through V4 to the temporal cortex and the 
dorsal stream consists of a pathway from V2 through MT to 
the parietal cortex25 (see review38). It is less clear whether the 
dorsal and ventral extrastriate pathways are directly linked 
to the K, M, and P LGN input pathways to V1. The best 
evidence for such a direct link comes from studies in which 
input from the M and P pathways and associated K cells were 
blocked in the LGN of macaque monkeys with micro injec-
tions of GABA.39 This study demonstrated that the majority 
of input to visual area MT comes from M LGN cells or M 
and neighboring K cells since the two could not be inacti-
vated separately in these studies. In spite of this finding, 
some MT cells could still be driven by the remaining P and/
or K LGN cells.

As described in Chapter 29, we now know that some K 
cells send axons directly to area MT so this is not surprising. 
A fairly direct pathway for signals from M LGN cells to area 
MT has also been demonstrated anatomically, given that 
cells in layer IVCα, the target layer for LGN M cells, send 
axons directly to cells in layer IVB which, in turn, can send 
signals to area MT. Nevertheless, cells in layer IVB that 
project to MT do not reflect the receptive field properties of 
M cells; instead most are complex direction-selective cells 
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Does V1 Do More?

into account that the responses in V1 cells can be affected 
by time, the visual context of a stimuli and previous experi-
ence. Yet the anatomy described above alerts us to the fact 
that more information may be returning from higher visual 
areas back to V1 than is traveling the other way, and that 
local V1 areas are heavily interconnected both vertically 
across layers and tangentially via horizontal axon pathways, 
and that many other input pathways to V1 from the brain-
stem and thalamus exist. Returning to our introductory 
remarks, we remind the reader that the visual system is not 
designed to represent all physical constants, but to represent 
what is important for survival. In this section we give exam-
ples to show that V1 may do much more than classical 
models would predict.

The importance of time
What is difficult to appreciate from descriptions of wiring 
alone is that the visual system is highly dynamic. The 
problem is that the visual system must maintain stability 
while we move and objects move relative to us. Therefore, 
the receptive fields of V1 neurons can only provide useful 
snapshots within short windows of time. When researchers 
measure receptive field properties, they generally average the 
firing response of cells over long periods of time (a half 
second to several seconds). We can discriminate objects in 
as little as 250 ms; so the question is, does a cell prefer the 
same orientation or spatial frequency if you sampled at dif-
ferent windows of time? The answer is no. Using peak firing 
rate as a measure of preference, investigators have shown 
that cells shift their orientation and spatial frequency prefer-
ences over time significantly. Ringach and colleagues42,43 
have demonstrated that many V1 cells shift both their ori-
entation tuning and spatial frequency tuning quite dramati-
cally over time with some cells actually changing from being 
excited by to being inhibited by the same stimulus attribute 
in as little as 20 ms. As techniques for sampling from many 

whose receptive fields are presumably constructed through 
complex cortical circuits.40 Even more opportunity for inte-
gration between pathways seems to exist before signals enter 
the ventral stream (“what” pathway). Blockade of the P 
layers and surrounding K layers does not silence cells within 
output layers IIIA and IIIB, both of which respond well with 
either M or P layers blocked.41 Moreover, anatomically, 
much of the output to the ventral stream leaves from layer 
IIIA which gets no direct input from layer IVC, but receives 
signals only after they have passed to other layers. Thus, both 
the wiring and physiology suggest that considerable integra-
tion of signals takes place in V1 before they are transmitted 
into the ventral stream for further analysis of object identity. 
Finally, as discussed in Chapter 29, the fact that lesions of 
either M or P layers in the LGN (together with associated K 
layers) do not completely eliminate either form or motion 
vision reinforces the view that it is inappropriate to equate 
complex visual behavior with the threshold properties of 
retinal and LGN cells.

Does V1 Do More?

In the classical view of V1, the visual field is analyzed by 
small receptive fields within separate modules and V1 layers. 
These receptive fields are depicted as static, isolated, and 
stable with respect to attributes being tested including ori-
entation, direction, spatial frequency, etc. The emphasis in 
this classical model is one of serial processing where infor-
mation constructed within these small localized receptive 
fields in V1 is sent, via feedforward connections, to higher 
visual areas where it is combined in different ways until 
complex objects or motions are acted upon by the brain 
areas concerned with executive function. In this model, V1 
becomes a staging area to prepare signals for more complex 
perceptually relevant tasks performed only at the highest 
cortical levels. This classical view, however, does not take 

Figure 30.9 Orientation difference maps of V1 
and V2 in the owl monkey obtained from optical 
imaging of the cortical surface. Four orientation 
difference maps are presented as follows:  
(A) 0/90°; (B) 45/135°; (C) 90/0°; (D) 135/45°. The 
data were obtained by presenting the monkey 
with full field rectangular gratings (duty cycle, 0.2; 
spatial frequency, 0.5 cycles/degree; temporal 
frequency, 2 Hz). The thin and thick dashed lines 
delineate the V1/V2 and V2/V3 borders, 
respectively. Note that orientation preference is 
represented continuously throughout V1 but in a 
series of alternating bands of high and low 
selectivity within V2 and V3. High selectivity for 
the stimulus is indicated by black or white while 
low selectivity is indicated by gray. A, Anterior;  
L, lateral. Scale bar, 1 mm. (Reproduced from Xu 

et al36 with permission of the publishers.)
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attention effects even have been reported at the single cell 
level in the LGN.

Even more surprising are results that show that reward 
and memory can impact the responses of V1 cells. Recently 
Shuler & Bear48 reported that when adult rats experience 
an association between visual stimuli and subsequent 
rewards, the responses of a substantial fraction of cells in V1 

neurons over time in awake monkeys become more sophis-
ticated, it is clear from these examples that our concept of 
how V1 cells contribute to vision will have to move from 
static depictions of single simple cell receptive fields to plots 
that also represent changes in response over time across a 
network of cells.

The importance of context
As described earlier, the connections of V1 are complex and 
include horizontal connections that integrate information 
across separate parts of the visual field, as well as massive, 
fast-conducting feedback connections.44,45 Although these 
feedback connections are retinotopically precise,44 they arise 
from higher visual area neurons that have very large, complex 
receptive fields. Therefore, this heavy feedback connects  
individual higher-order visual cells with large numbers of V1 
cells. When the visual field is analyzed using the small recep-
tive fields of V1 cells, one forgets that these limited views of 
visual space will need to be combined with the rest of the 
field, both in space and in time. Clearly, both horizontal and 
feedback connections could provide the substrate for such 
information. The difficulty, however, of determining the role 
of connections that do not provide the main drive to a cell 
is that their impact can only be measured against the base-
line or driven activity that the V1 cell exhibits.

Within the past few years a number of investigators have 
successfully demonstrated that the activity of a V1 cell can 
be modulated by the activity of its neighbors even when 
these neighbors lie well outside of the classically defined 
receptive field of a V1 cell. One method used to demonstrate 
the impact of stimulating neighboring cells is illustrated in 
Figure 30.10, which shows an example of a V1 cell that 
prefers (based on stimulation of its classical receptive  
field) a vertical bar of light as shown in (A). When, however, 
bars of similar orientation are presented in the receptive 
fields of neighboring cells simultaneously, the response of 
the V1 cell is significantly reduced. Note that stimulating the 
neighbors without simultaneously stimulating the receptive 
field of the V1 cell under study has no effect. Interestingly, as 
shown in (C) the V1 cell’s response is actually enhanced if 
the neighbors are stimulated with a different orientation. 
Finally in (D) if the neighbors are stimulated with orienta-
tions that include a mix of matched and unmatched orienta-
tions, the V1 cell response is unaffected. In other words 
context matters. These effects at the single V1 cell level are 
surprisingly similar to the effects one sees perceptually. It is 
known that the context of a line segment changes its percep-
tual salience. A line segment by itself is quite salient but 
when it is embedded among like neighbors it becomes much 
less obvious. When the neighbors are different the salience 
is again high as the “different” orientation of the target “pops 
out” from the background. If the background and target are 
similar the target is less visible. There are many more 
examples.46

Other forms of context also appear to matter for V1 cells. 
Although there currently exists debate as to the timing of 
effects in V1, a number of laboratories have shown that 
visual spatial attention to a target can modulate the activity 
of V1 such that areas representing the focus of attention 
show enhanced activity at the expense of areas of V1 that are 
not the focus of attention.47 As discussed in Chapter 29, such 

Figure 30.10 The context of a line segment changes both the local firing 
rate of cells and  its perceptual salience. (A) A lone line segment is 
perceptually most salient and cells with a preference for this orientation  
will produce a high firing rate. (B) The same line segment, now embedded 
in similar ones, is much less conspicuous and the cells representing that  
line will show significantly lower firing rate to the same stimulus as in “A”. 
(C) The line segment may pop out when its orientation differs from that of 
the surrounding line segments, restoring its perceptual salience to some 
extent and the cells representing that line segment will again show a high 
firing rate. (D) Global stimulus aspects are taken into consideration, since a 
similar local orientation difference does not produce popout when 
surrounding elements all have different orientations. Thus, when a V1 
neuron is stimulated by presenting these displays, so that its RF only covers 
the same center line segment in all cases, contextual modulation signals the 
perceptual salience of the center line segment. (Modified from Lamme46 

with permission of the publisher.)

A

Classical RF response

B

Response reduced by similar stimuli
in surround

C

Response enhanced by stimuli of
non-optimal orientation

D

Response same assuming all
elements have the same contrast
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enduring themes of these writings are that V1 cell firing 
encodes for local features (especially orientation) and that 
these cells are organized modularly in retinotopic maps. 
However remarkable our knowledge of V1 is, it is more 
remarkable that this tremendous amount of knowledge has 
only begun to explain the function of V1. We are only now 
beginning to understand V1 as part of a dynamic network 
that transmits signals to higher visual areas while simultane-
ously being transformed by feedback signals from these 
areas. This work argues V1 is not a mere conduit from the 
retina to higher-order brain areas but alters its message 
dynamically based on context so that only the essentials are 
transmitted for efficient processing.
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C H A P T E R 31 

Extrastriate Visual Cortex
Jamie D. Boyd & Joanne A. Matsubara

What is extrastriate visual cortex?

The term “extrastriate” refers to all visually responsive cortex 
other than primary visual (striate) cortex, and does not 
receive strong direct projections from the lateral geniculate 
nucleus (LGN) (see Chapter 30). A central hypothesis in 
studying extrastriate cortex is that it is composed of discrete 
cortical areas which can be identified by histology, retinoto
pic mapping, patterns of connections with other areas, and 
the unique contribution each area makes to visual process
ing. Extrastriate areas that receive strong inputs directly from 
primary visual cortex can be thought of as a lower tier within 
a processing hierarchy, compared to a higher tier of areas 
that receive their main visual inputs from relays through 
other extrastriate areas.54 The more relays between an extra
striate area and primary visual cortex, the higher its position 
in the processing hierarchy and, generally speaking, the 
more complex is its visual processing. Superimposed on this 
hierarchy is the concept of parallel streams of visual areas 
that are more strongly interconnected with each other than 
with areas of different streams, and that are all concerned 
with some common aspect of visual processing, such as 
object recognition (ventral stream) or object location (dorsal 
stream).45 At least 25 cortical areas predominately or exclu
sively engaged in vision have been described in monkeys;54 
the number of visual areas identified in humans is rapidly 
approaching, and will probably surpass, that total  
(Fig. 31.1, Box 31.1 and see also Box 31.6).133,160

Methods used to identify extrastriate 
areas in monkeys and humans

Identifying cortical areas and their borders is neither straight
forward nor completely resolved, and different schemata for 
parceling extrastriate cortex into areas exist, depending upon 
how the criteria of histology, retinotopy, connectivity, and 
physiology are weighted. There is most consensus regarding 
areas lower in the hierarchy, nearer to V1, and most diver
gence of opinion for higherlevel areas in the temporal and 
parietal lobes.71,118,133,160,177

Histology
Cortical areas can be expected to have a uniform and distinct 
histology, such that anatomical borders can be recognized 
by changes in the laminar organization, density, or size of 
neurons, myelinated fibers, enzyme activity, neurotransmit
ter levels and their receptors, and so forth. However, not all 
borders can be recognized with all stains. Early parcellation 
schemes based on classical histological techniques are still 
in wide use,162 although containing many known inaccura
cies. Based on Nissl staining of neuronal cell bodies (cyto
architectonics), Brodmann23 divided most of extrastriate 
occipital cortex, in both human and monkeys, into only two 
areas, 18 and 19, each of which includes multiple areas 
defined by other criteria such as retinotopy and connectivity. 
Other histologic stains not available to Brodmann, such as 
cytochrome oxidase (CO; a metabolic enzyme that serves as 
a marker for longterm activity levels of neurons) histochem
istry, reveal the borders of the many visual areas within  
the cortical territory occupied by Brodmann’s areas 18  
and 19.76,91,159,161 Even with improved staining techniques, 
however, it is likely that some areal boundaries may escape 
detection by any histologic methods.

Retinotopic mapping
Each visual area comprises a single map of receptive field 
locations, with V1 demonstrating the most complete map of 
visual space (see Chapter 30). These maps can be studied 
with electrophysiologic recordings in monkeys and with 
functional magnetic resonance imaging (fMRI) or positron 
emission tomography (PET) in humans. However, none of 
the extrastriate maps are as regular as in striate cortex (V1). 
Extrastriate areas have larger receptive fields and more scatter 
in the position of each receptive field, resulting in “cruder” 
maps. Between extrastriate areas, there is generally a smooth 
transition of receptive field locations. Contiguous visual 
areas can have “mirrorimage” representations, where the 
topography of the visual field map is reversed at the border 
of the two contiguous areas. When a mirrorimage area like 
V1 borders a nonmirrorimage representation like V2, the 
vertical meridian representation forms the border of the two 
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Methods used to identify extrastriate areas in monkeys and humans

Figure 31.1 Human (A, B, C) and monkey (D) visual cortical areas. Visual cortical areas are shown on a schematic diagram of the human brain from the 
posterior aspect (A) and mid-sagittal plane (B). Many of the areas cannot be appreciated on the surface view of the brain, and a flat map of the human (C) 
visual cortical areas is also shown. Areas involved in vision are colored and labeled. The depths of the sulci are shown in black and gyri in white to give a 
perspective to location relative to the sulcal patterns. For comparison, a flat map of visual areas in the macaque monkey is shown in (D). Homologous areas, 
insofar as they can be identified, are given the same color and nomenclature, but many more areas have been studied in monkey brain than in human. In 
the occipital cortex of humans, there are: the second visual area (V2); the third visual area, broken into a dorsal (V3d) and a posterior half (VP); V3 anterior 
(V3A); the ventral (V4v) and dorsal (V4d) subdivisions of V4; and the sixth, seventh and eighth visual areas (V6, V7 and V8). Visual responsive areas in the 
parietal lobes include: the middle temporal area (MT); the medial superior temporal area (MST); the lateral occipital area (LO); and the extrastriate body area 
(EBA). Several visual areas in the intraparietal sulcus have been recently studied and named (IPS1, IPS2, IPS3, IPS4). In the occipitotemporal cortex are found 
the fusiform face area (FFA) and the parahippocampal place area (PPA). Monkey extrastriate areas shown in (D) include, in the temporal lobe: the posterior 
inferotemporal area, with dorsal (PITd) and ventral (PITv) subdivisions; the central inferotemporal area, with dorsal (CITd) and ventral (CITv) subdivisions; the 
anterior inferotemporal area, with dorsal (AITd) and ventral (AITv) subdivisions; the superior temporal polysensory area, with anterior (STPa) and posterior 
(STPp) subdivisions; the floor of the superior temporal sulcus (FST); and temporal areas F (TF) and H (TH). In the parietal lobe are found: the medial and 
superior temporal area, with dorsal (MSTd) and lateral (MSTl) subdivisions; the parieto-occipital area (PO); the posterior intraparietal area (PIP); the lateral 
intraparietal area (LIP); the ventral intraparietal area (VIP); the medial intraparietal area (MIP); the medial dorsal parietal area (MDP); the dorsal prelunate area 
(DP); and Brodmann’s area 7a (7a). (Adapted from Swisher et al 2007,149 Larsson & Heeger 2006,88 Sereno & Tootell 2005133 and Tootell et al 2003.160) (Extrastriate areas have 
been variously named by the order in which they were studied, by their position relative to sulci and gyri, and by the classical histological areas to which 
they most closely correspond. A single area can be named by all three methods, as for the Middle Temporal area (MT), known also as V5 and as Brodmann’s 
area 37, and similar sounding names can refer to unrelated areas, as for V7, named in order of its discovery, and 7a, a completely unrelated visual area 
located in Brodmann’s cytoarchitectonic area 7.)

areas and allows continuity of receptive field locations across 
the border. Visual field sign (mirror image or nonmirror 
image) can be computed from the local gradient of receptive 
field position, and can be used to infer borders of extrastriate 
areas.132 Extrastriate maps also tend to show breaks in the 
retinotopy (split representations) along the horizontal 
meridian representation (Fig. 31.2). These breaks often form 
the borders of visual areas, allowing smooth transitions of 
receptive field locations from one area to the next, at the 
expense, in this case, of splitting the receptive field map 
within a single area. The splitting of maps within a single 
area and the continuity of receptive field positions at the 
borders of different areas make it difficult to identify areal 
boundaries on the basis of receptive field maps alone.

Connection patterns
Each visual area is interconnected with a subset of the other 
visual areas and subcortical visual structures, giving it a 
unique connectional signature. Neuroanatomic tracing 
methods in monkeys involve injecting tracers into one area 
either to label cells projecting to the injected area or to label 
axons projecting from the injected area to other areas. 
Tracing connectivity in human visual cortex was classically 
limited to postmortem staining for degenerating axons after 
cortical lesions.30 Two new techniques suitable for studying 
connectivity in human extrastriate areas have recently been 
developed. Connections can be traced between cortical areas 
with an MRI technique that analyses the anisotropy of dif
fusion of water within oriented bundles of axons (diffusion 
tensor analysis; DTI).58,104 Currently, DTI is not, and may 
never be, sensitive enough to demonstrate all connections 
among visual areas,47,83 but it has proved useful in demon
strating pathological changes.135,155 Connectivity can also be 
inferred by imaging a rise in activity of target areas following 
noninvasive activation of a projecting cortical area with  
transcranial magnetic stimulation (TCMS).14,56,122 TCMS 
induces a brief electrical current inside cortical neurons by 
external application of a large, rapidly fluctuating magnetic 
field, and, with proper stimulation paradigms, can either 
activate or inactivate cortical areas.35,102,154 It is important to 
note that connections are between retinotopically corre
sponding points in the visual field representation of the 
interconnected areas. Thus connectivity information has 
been used to infer receptive field maps. This is especially true 
for interhemispheric connections, which, especially for areas 
in the lower tier of the processing hierarchy, are concentrated 
in representations of the vertical meridian.

Functional specificity
The functional properties of neurons are often characteristic 
of each extrastriate area. A range of visual stimuli, selected 
to emphasize, for example, motion versus form and color 
information, can be used to selectively activate specific areas. 
These studies, like those detailed above on retinotopy, can 
be performed in humans using functional imaging  
techniques (fMRI, PET) or in monkeys using imaging or 

Box 31.1 Organization of extrastriate visual areas

“Lower tier” extrastriate visual areas receive predominantly from 
primary visual cortex.

“Higher tier” extrastriate areas receive less from primary visual 
cortex, and more from both lower and higher tier areas and 
generally have more complex visual processing.

Lower Tier Areas
• V2
• V3
• MT
• PO

Higher Tier Ventral Stream Areas (Object Recognition)
• V4
• PIT
• CIT
• AIT
• TH
• TF

Higher Tier Dorsal Stream Areas (Motion and Location of Objects)
• MST
• LIP
• 7a
• VIP
• AIP
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areas being added in humans.81 Lowerlevel areas (V1, V2, 
V3d/VP, and MT) appear to be present in all primates, 
including humans, but there are important species differ
ences in cortical organization for higherlevel visual 
areas.118,133,160 In addition to similarities in histology, retin
otopy, connectivity, and physiology, relative position on the 
cortical surface and with respect to common sulcal and gyral 
landmarks is used to compare human visual areas with those 
of monkeys. This is not straightforward, however, as borders 
of cortical areas relative to sulcal landmarks vary among 
individuals, even more so in humans than in monkeys.79 
Moreover, there is no clear human analog of the macaque 
monkey’s lunate sulcus, in which lie visual areas V2, V3, and 
V4.5 Comparisons between human and monkey extrastriate 
cortex are also made more difficult by the fact that human 
V1 does not extend onto the external aspect of the hemi
sphere as much as in monkeys; accordingly, all of the human 
extrastriate areas appear displaced posteriorly relative to 
their positions in monkeys. The best positional clues to cor
respondence between monkey and human extrastriate areas 
are from each area’s location relative to other cortical areas,118 
which does seem to be relatively well conserved.

electrophysiological techniques. In vivo imaging in humans 
can reveal functional deficits due to cortical lesions caused 
by stroke, and localize the site of the damage to particular 
cortical areas. Repetitive TCMS can be used to reversibly 
inactivate extrastriate cortical areas in humans, allowing defi
cits in function to be associated with the inactivated area.6,35

Comparing visual areas in  
monkeys and humans
Related to the problem of identifying different areas in a 
single species is that of identifying homologous visual areas 
in different species. The functional organization of cortical 
areas has been studied extensively in monkeys, but it has 
been only with the recent advent of new noninvasive 
methods, that comparable studies have been done in 
humans. Most nonhuman data are from a genus of Old 
World monkeys (Macaca sp.). Although these species are 
more closely related to apes (including humans) than other 
primate groups (e.g. New World monkeys and prosimians), 
at least 25 million years of evolutionary history separate 
humans and macaque monkeys, with many new cortical 

Figure 31.2 Maps of human visual areas, generated by functional imaging using visual stimuli that vary in retinotopic locations. (A) Schematic view 
of the retinotopy in V1, V2, and V3 (including upper and lower visual fields). The vertical (dashed line) and horizontal (solid line) meridians and foveal 
representations (stars) are shown. The numbers represent corresponding retinotopic locations in visual space in the three areas. The maps in (B) and (C) are 
flattened views of a right hemisphere, as if the cortex had been removed from the brainstem and flattened. Dorsal is to the top of each map and ventral is 
towards the bottom. In making the reconstruction, a cut (visible to the left in B and C) was introduced along the horizontal meridian representation of V1 to 
relieve the curvature of the cortical mantle and reduce distortion. (B) A map of cortical response plotted as a function of the polar angle of an annular 
stimulus (see text). The dashed and solid lines show the representations of the vertical and horizontal meridians, which form the boundaries of several 
cortical areas. The asterisks mark the location of the foveal representation. (C) A map of the local visual field sign, where yellow is a mirror image 
representation, like V1, and blue is a non-mirror image representation like V2. The locations and extent of V1, V2, V3d/VP, V3A, and V4v can be identified in 
this fashion. (From Tootell et al 1997.156)
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V2

with V3d dorsally and VP ventrally.136 V2 functions closely 
with V1 to organize information for output to higher visual 
areas such as V4 and MT (Box 31.2).143

The segregation of inputs, outputs, and physiological 
properties within area V2 is as dramatic as within V1 and, 
as in V1, is associated with a special pattern of CO staining. 
CO staining in sections of monkey V2 shows a series of 
parallel stripes of alternating dark and light staining that are 
oriented perpendicularly to the V1/V2 border.77,158, The V2 
stripes, which are larger than the blobs in V1, extend across 
the whole width of the area, allowing its borders to be 
demarcated histologically using the CO stain.115 The darkly 
staining stripes differ in thickness, with thin and thick stripes 
alternating, thus defining three compartments (thick, thin, 
and the pale interstripes) within V2. Sections through human 
V2 also reveal a striped organization when stained for cyto
chrome oxidase and other histological stains.25,31,78,179 The 

Figure 31.3 Summary diagram depicting the 
hierarchy of visual areas associated with the ventral 
and dorsal processing streams in monkey and the 
major interconnections between them. All 
connections are shown with bidirectional arrows to 
emphasize that each projection to a higher level 
visual area is matched by a feedback projection. 
Areas V1 and V2 are colored both red and green to 
depict their contributions to processing both 
“what” and “where” information for further, more 
segregated processing in extrastriate cortex.  
The dorsal stream areas, colored in red, process 
information about object location (where stream) 
and project to parietal cortical zones, eventually 
ending in premotor and frontal eye fields. The 
ventral stream areas, colored in green, process 
details of the form, color, shape of objects (what 
stream) and project to inferotemporal cortical 
zones and parahippocampal and perirhinal areas.
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As nearly all of the projections from the LGN terminate 
solely in striate cortex, the extrastriate areas receive their 
visual inputs through area 17, either directly or indirectly. 
(Some extrastriate areas do receive minor thalamic inputs 
from the lateral geniculate body144,182 and the pulvinar, 
which may contribute to blindsight.37) The main extrastriate 
projections of V1 are to V2, V3, V4, and MT. As mentioned 
earlier (see Chapter 30), these projections arise from differ
ent subsets of neurons in V1 with different laminar and 
columnar distributions and likely different functional prop
erties. Zeki186 first pointed out that striate cortex thus acts to 
initially segregate and then recombine the visual inputs of 
the three retinogeniculocortical pathways, magnocellular, 
parvocellular, and koniocellular, such that different visual 
information is parceled out to different extrastriate cortical 
areas for further analysis. As described in Chapter 30 and 
shown in Figure 31.3, projections from V1 give rise to two 
main streams of extrastriate cortical processing, a dorsal 
stream devoted to spatial vision (“where” stream) and a 
ventral stream devoted to object vision (“what” stream).45 As 
in V1, there is often a tangential organization of the inputs 
and outputs from different streams, forming a mosaic pattern 
when viewed from the cortical surface. This columnar and 
tangential organization of connectivity is often marked by 
differences in histochemical, particularly CO, staining.

V2

In nearly all mammals, the second visual area, V2, borders 
V1 laterally and dorsally, extending around V1 nearly com
pletely in the case of primates.127 V2 has a mirrorimage 
visual field map, with the representation of the vertical 
meridian forming the boundary with V1 and a split repre
sentation of the horizontal meridian forming the boundary 

Box 31.2 Area V2

• Part of both the “what” and “where” streams
• Composed of thick, thin, and pale CO stripe compartments
• Thin stripes receive from CO blobs of V1 and project to V4; 

unoriented and color-selective receptive fields predominate
• Thick stripes receive from the interblobs of V1 and project to 

MT; orientation and retinal disparity-sensitive receptive fields 
predominate

• Pale stripes receive from the interblob regions of V1 and 
project to V4; orientation-selective receptive fields 
predominate

• Local connections in V2 interconnect all CO stripe 
compartments

• In humans, V2 is split into four quadrants, with an upper and 
lower visual field representation in each of the two 
hemispheres

• Lesions in V2 give rise to selective visual loss depending on 
the CO stripe compartment affected
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There are differences in the receptive field properties of 
cells in V2 that correlate with CO stripe type,44,94,123,139 
although the absolute degree of segregation of receptive field 
types within and between CO compartments is debated.66,144 
Studies reporting segregation of single cell receptive field 
properties generally agree that thin stripes contain propor
tionately more cells with receptive fields that are unoriented 
and color opponent, whereas the interstripes contain more 
oriented cells and fewer colorcoded units. Clustered in the 
thick stripes are cells that are oriented and sensitive for 
retinal disparity, which is important for generating depth 
perception. The clustering of properties within stripe types 
is thus consistent with the physiology of the areas to which 
they project.

The segregation of selectivity for orientation, color, and 
disparity within compartments of monkey V2 is supported 
by imaging experiments.28,82,95,126,164,178 There is one report of 
imaging experiments in human using highresolution tech
niques to show that, within V2, stripes activated more 
strongly by slowly changing chromatic stimuli interleave 
with those activated by rapidly changing luminance stimuli, 
with a periodicity roughly equal to that of human V2 stripes.92 
Within an individual CO compartment, there is a columnar 
organization according to preferred orientation95,163 (thick 
and pale stripes), disparity28 (thick stripes), luminance178 
(thin stripes), or color95,180 (thin stripes), similar to maps of 
orientation preference in V1 (see Chapter 30).

The visual topography of V2 is interesting in that the CO 
stripes are oriented perpendicular to lines of isopolarity in 
V2, but parallel to the isoeccentricity lines. If V2 had a fine
grained continuous map of the visual field, submodalities 
of visual function associated with each stripe type would  
be restricted to parts of the visual field mapped onto that 
stripe. In fact, the visual map in V2 consists of three distinct, 

stripes are not as regular as in monkeys, and differentiation 
into thick and thin stripes is not clear based on CO staining. 
However, histologic stains known to differentiate thick and 
thin stripes in monkeys demonstrate a clearer stripe organi
zation76,159 with a periodicity of about 0.7–1 cm for a com
plete set of stripes, several times larger than in monkeys. As 
in monkeys, the extent of the stripes shows the extent of 
V2.2,159 The presence of stripes in human V2 suggests that it 
may have the same intricate functional and connectional 
organization as shown in other primates (see below).

Each of the CO stripes has a different set of connections 
(Fig. 31.4). The thin stripes receive input from CO blob 
columns within V1, whereas the thick stripes and the pale
staining interstripes receive input from interblob columns.141 
In each case, the projection originates from magnocellular
dominated layer 4B (layer 3C of Hassler; see Chapter 30 for 
the equation of Hassler’s and Brodmann’s layering sche
mata), layer 3B, which combines inputs from magno and 
parvocellular channels (plus koniocelluar input in CO blob 
columns), and layer 3A, which has little or no direct input 
from LGN recipient layers. The corticocortically and sub
cortically projecting cells of V2 are also segregated into CO 
compartments. The thin stripes and interstripes project to 
V4,44,137,187 a ventral stream area involved in form processing, 
whereas the thick stripes project to MT,44,138 a dorsal stream 
area associated with motion processing. Cells projecting sub
cortically to the superior colliculus are also preferentially 
clustered in the thick stripes.1 However, not all connections 
are segregated by stripe type. Feedback connections from 
higherorder visual areas tend not to be stripe specific and 
the local pathways within V2 interconnect stripes of all 
types.89,98 Thus there is a substrate for binding different 
attributes of a visual stimulus into a coherent perceptual 
whole, even at relatively early levels of visual processing.

Figure 31.4 Schematic diagram depicting the 
parcellation of information from V1 into CO stripe 
compartments of V2 and onwards to MT and V4. MT, a 
dorsal stream area associated with motion processing, 
receives a direct projection from layer 4B of V1, from 
both blob and interblob columns. Interblob areas in 
layers 3A, 3B, and 4B of V1 project to the thick stripes of 
V2, and thence into MT. Interblob areas in layers 3A, 3B, 
and 4B of V1 also project to the pale stripes of V2, 
which then project into V4, a ventral stream area 
associated with color and form processing. V4 also 
receives from the blob compartments of V1 via the thin 
stripes of V2 as well as a direct projection from the 
blobs and interblobs of V1. Although not shown in the 
diagram, blob and interblob streams through V2 
terminate in different columns within V4. (Adapted from 

Sincich & Horton, 2005.143)
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the LGN greatly affects the responses in MT, whereas block
ing the parvocellular layers has much smaller effects on 
responses in MT, suggesting a dominance of the magnocel
lular pathway to MT.100 MT thus serves as a gateway for 
magnocellular information into other areas important for 
motion processing in the STS, the parietal lobe, and the 
frontal eye fields. Not surprisingly, lesions of MT in monkeys 
lead to deficits in motion processing, assessed behaviorally. 
Monkeys with lesions in MT have elevated detection thresh
olds of a motion signal in the midst of masking motion 
noise.112 The detection threshold for contrast of a visual 
stimulus was not affected by the MT lesion, showing that the 
MT lesion effect was selective for motion perception. Deficits 
for eye movements made to moving targets are also impaired 
by MT lesions (Box 31.4), whereas eye movements made 
to stationary targets are unaffected by the MT lesions,  

interleaved maps.125,140 Each region of visual space is repre
sented three times, once for each stripe type. The regular 
progression of receptive field positions seen when traversing 
across a single stripe are interrupted by jumps in receptive 
field location at stripe borders. This ensures that visual space 
is represented completely in all of the stripe types of V2.

Areas of the dorsal stream

The dorsal stream of visual processing deals with the general 
problem of where objects are in visual space and how to 
manipulate them. The dorsal stream solves two main prob
lems, processing motion, and decoding position and 3D 
features from 2D retinal images. Dorsal streambound 
outputs from V1 and V2 funnel through MT and V3 to reach 
areas of the parietal cortex.

MT/V5 and related areas
A group of visual areas exists in the superior temporal sulcus 
(STS) of the macaque monkey, with likely homologs in other 
primate species, including humans. These areas are recog
nized by their interconnections and by the fact that many of 
their neurons are sensitive to the direction of motion of 
moving stimuli.118 The largest of these areas, V5, also known 
as MT (for Middle Temporal area), is probably the most 
easily identified visual area outside of V1. In addition to 
direction selectivity, MT is marked by heavy myelination and 
dark, patchy CO staining, a complete representation of the 
contralateral visual field, and strong direct input from V1 
(Box 31.3). In humans, MT corresponds to an area near the 
occipitotemporal junction, in the dorsal part of the inferior 
temporal sulcus, showing the dense myelination and dark, 
patchy CO staining seen in other primates.31,159 Motion selec
tivity in human MT/V5 has been shown with imaging and 
evoked potential studies comparing activation with moving 
versus stationary stimuli; such studies also show human MT 
to have higher contrast sensitivity than surrounding cortex 
and to respond poorly to contours demarcated solely by 
wavelength.8,93,159,188

MT receives projections from directionselective cells in 
layers 4B (Hassler’s 3C) and 6 of both blob and interblob 
columns in V1103,142 and from the thick stripes of area V2.53,138 
As discussed previously (Chapter 30), layer 4B is associated 
with the magnocellular pathway, while V2 thick stripes 
receive a mixture of both magnocellular and parvocellular 
inputs. Nevertheless, blocking the magnocellular layers of 

Box 31.3 Area V5/MT

• Extrastriate area of the dorsal (where) stream
• Displays motion, direction, and disparity sensitivity
• Strong direct inputs from layers 4B and 6 of V1
• Patchy CO staining and heavy myelination pattern
• Located in the occipitotemporal junction near the inferior 

temporal sulcus in humans
• Clinical condition of akinetopsia (loss of motion perception) 

develops after bilateral lesions to the lateral occipitotemporal 
cortex; unilateral lesions lead to a contralateral deficit that 
may go unnoticed by patients

Box 31.4 Cortical control of smooth pursuit and 
saccadic eye movements

• Smooth pursuit involves motion processing in dorsal stream 
areas, MT, and MST

• Other cortical areas such as the frontal eye fields (FEF) and 
supplementary eye fields (SEF) contribute to the control of 
smooth pursuit

• Asymmetric smooth pursuit function indicates focal lesions in 
the lateral occipitotemporal (MT/MST) or dorsomedial frontal 
(FEF and SEF) regions (lesions limited to V1 do not impair 
smooth pursuit)

• Saccadic eye movements involve posterior parietal areas 
(PPC), the frontal eye fields (FEF), and the dorsolateral 
prefrontal cortex (DLPC)

• Parallel descending pathway from the FEF and SEF to the 
caudate nucleus, midbrain, and brainstem structures are also 
involved with saccadic eye movements

• Unilateral, focal cerebral lesions throughout frontal and 
parietal lobes may cause abnormalities of the in latency and 
accuracy of saccades

• Bilateral frontal or frontoparietal lesions may abolish saccades, 
sparing the quick phase of the vestibular ocular reflex (VOR), 
leading to acquired ocular motor apraxia

• Complete loss of all saccades, including reflexive saccades, 
quick phases, and smooth pursuit is called acquired 
supranuclear ocular motor apraxis and has been reported 
after small bilateral infarcts of both the posterior parietal 
cortex and FEF110
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directionselective cells than MT or MST, while MST has cells 
with larger receptive fields than in MT. MST can be divided 
into a lateral division preferring smaller stimuli and a dorsal 
division with cells responding to “optic flow” stimuli, i.e. 
rotation and expansion of objects, as would occur during 
movement through the environment. In humans, only a 
single visual area has been identified in this region, and it 
has been tentatively identified as MST, based on its large 
receptive fields and responses to optic flow stimuli.12,50,176 An 
area dorsal to MT in humans has been identified as being 
specialized for processing images of the human body,49 
perhaps being involved in the analysis of biological motion.9

V3
V3 consists of a narrow belt of cortex immediately adjacent 
to V2, with the representation of the horizontal meridian 
forming its border with V2, and the vertical meridian repre
sentation forming its outer border.189 The dorsal flank of V3 
contains the lower visual field representation, and the ventral 
flank contains the upper field representation. Because the 
two parts of V3 appeared discontinuous across the represen
tation of the horizontal meridian, being interrupted by V4, 
and because some studies also suggested functional and con
nectional differences between the two parts, the ventral flank 
was originally referred to as the ventral posterior area (VP) 
as distinguished from dorsal V3 (V3d), or V3 proper.26,52

V3 has neurons selective for the basic stimulus parameters 
including orientation, color, direction, and binocular dispar
ity. In both dorsal and ventral halves, cells preferring similar 
orientations are grouped into columns.3,175 As in MT, cells 
with similar preferred disparity are also arranged in columns.3 
About half the cells are strongly selective for direction of 
motion, more than any cortical area other than MT.3,67 VP 
(ventral V3) has been reported to have more cells selective 
for color and fewer cells selective for direction.52

V3 receives projections from V1 and V2 and is strongly 
interconnected with dorsal stream areas MT (and surround
ing areas), and areas in the parietal lobe (PIP and VIP), 
although it also is connected with V4.52 Although it was 
originally thought that only dorsal V3 received projections 
from V1,52 connections between V1 and VP have been 
demonstrated.96 The V1 projections originate mostly from 
magnocellulardominated layer 4B; the connections from V2 
are discontinuous, suggesting they arise from a subset of V2 
CO compartments, but it is not yet known which subset.52 
V3 itself does not show a modular organization with CO 
staining, and it is not known how or if different classes of 
inputs from V1 and V2 are segregated within it.
V3 has been identified in human functional imaging studies, 
by its position relative to V2 and its similar visual field 
organization,136,156 though it is not as narrow relative to V2 
as it is in monkeys.48 Functional imaging studies show 
similar properties compared to monkey V3. Human V3 is 
sensitive to direction of motion and stereoscopic depth, but 
not as strongly as V3a, MT, and parietal areas.21,145,146,168 With 
regards to differences between the dorsal and ventral halves, 
these studies show little difference between V3d and VP in 
humans. Interestingly, VP did show, compared to dorsal V3, 
more activation during a color discrimination task relative 
to activation during a brightness discrimination task,29 con
sistent with earlier results in monkey V3. However, the same 

suggesting that monkeys with MT lesions have more diffi
culty responding to moving than to stationary stimuli.113 
Human patients with lesions that include MT have difficulty 
with motion perception, a condition known as akinetop
sia.185 One such patient complained that she could not cross 
the street because of her inability to judge the speed of a car, 
although she could identify the car itself without difficulty, 
showing the specificity of the deficit.147,193 Temporary inacti
vation of MT with TCMS causes a similar akinetopsia.13

Several forms of columnar organization are found within 
MT. These include organizations for direction tuning, dispar
ity tuning, and selectivity for widefield versus local motion 
contrast.4,15,40 The tangential organization of direction selec
tivity in MT resembles the organization of orientation selec
tivity in V1 (see Chapter 30); regions of gradual change in 
preference are interrupted by sudden shifts of approximately 
180 degrees. Approximately 180 degrees of axis of motion 
are represented in 400 to 500 µm of cortex, similar to the 
size of orientation columns in V1. This organization of 
directionselective neurons made possible an elegant experi
ment using cortical microstimulation in awake behaving 
monkeys, showing how the stimulus selectivity of neurons 
in visual cortex underlies the perception of visual stimuli.129 
A microelectrode in MT in the middle of a cluster of neurons 
that shared a common preferred direction of motion  
was used to stimulate those neurons while the monkey  
performed a motiondiscrimination task. Monkeys were 
required to discriminate between motion shown either in 
the direction preferred by the neurons or in the opposite 
direction, and noise was added to make the difficulty of 
discrimination near the monkeys’ threshold for being able 
to perform the task. When electrical microstimulation was 
applied, the monkeys indicated that the motion was in the 
stimulated neurons’ preferred direction more frequently 
than without stimulation. Thus a functional link was estab
lished between the activity of directionselective neurons 
and perceptual judgments of motion direction.32

In addition to motion selectivity, MT is also important  
for stereoscopic depth perception. Within MT, patches of 
disparityselective neurons alternate with neurons not selec
tive for disparity. Within a disparityselective patch, there is 
a smooth progression of preferred disparity across the corti
cal surface and neurons in the same column have similar 
disparity tuning.40 The presence of disparitytuned neurons 
in MT is not surprising, given the disparity tuning found in 
the thick stripes of V2 and the connections between the thick 
stripes and MT. Microstimulation experiments on disparity
tuned columns in MT similar to the previously described 
experiment for the direction columns show that electrical 
stimulation of clusters of disparityselective MT neurons bias 
perceptual judgments of depth in a way that is predictable 
from the disparity preference of neurons at the stimulation 
site.39 Selectivity for stereoscopic depth has also been shown 
in human MT using fMRI.21 Thus MT is also important in the 
perception of depth, as well as motion. Moreover, the two 
certainly interact, as image movement is an important cue 
for depth perception.105

V5 is strongly interconnected with three nearby motion
selective areas in the superior temporal sulcus, the lateral 
and dorsal divisions of the medial superior temporal areas 
(MSTl and MSTd), and area FST in the Fundus of the Supe
rior Temporal sulcus.17,43,99 FST has a lower proportion of 
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study showed a similar, though not as extensive, difference 
in relative activation of upper and lower visual field repre
sentations of V2 and V1. The consensus is thus emerging that 
V3d and VP are two parts of a single area, and that the dif
ferences between V3d and VP in monkeys are either not large 
enough to warrant division into two areas, or are due to 
mistakenly including adjoining areas in the analysis of VP 
due to its extreme narrowness in macaque monkeys.96,118,160

V3A
V3A corresponds to a complete representation of the visual 
field located anterior to dorsal V3.19,59 Although originally 
thought to function as an “accessory” to V3,192 this area is 
not especially tied to V3 functionally. In monkeys, the 
neurons of V3A differ from those of neighboring dorsal V3 
in being less selective to the speed and direction of stimulus 
motion.64,174 In humans, however, V3A is more motion sensi
tive than V3.156 Repetitive TCMS to V3A disrupts judgment 
of stimulus velocity as much as TCMS to MT.101 In both 
humans and monkeys, V3A is activated by disparity stimuli168 
and responds better to achromatic stimuli than to color
defined stimuli,34,93 placing it in the dorsal stream of visual 
processing. V3A receives ascending projections from V1, V2, 
and V3 and projects most strongly to other dorsal stream 
areas, including MT and MST17 and to parietal area LIP, an 
important area for coordinating stereoscopic vision with pre
hensile hand movements.108 Projections to temporal lobe 
areas exist, but are relatively minor.46

PO/V6
PO and V6 were defined independently in macaque monkeys, 
but were later concluded to correspond, at least in part, to 
the same area in the parietaloccipital sulcus.62 V6 contains 
a complete representation of the visual field, with the repre
sentation of the horizontal meridian forming the posterior 
border, and the vertical meridian forming the anterior 
border.61 Peripheral visual field representation is enhanced 
in V6, relative to other areas. V6 receives an extensive, topo
graphically organized, projection from V1,63 arising mostly 
from layer 4B, but with a component from layer 3B as well. 
As a dorsally located projection zone of V1, V6 resembles 
the medial area (M) and/or dorsal medial area (DM) 
described previously in New World monkeys81 (see Chapter 
30). V6 is connected with other dorsal stream areas,  
and provides input to parietal cortex, especially cortex  
immediately anterior to it, know variously as V6A or MIP.63 
An area claimed to correspond to V6 in humans was discov
ered in the posterior and superior part of the parietooccipital 
sulcus, at the medial border of V3 and V3A.124 Large field 
stimuli were needed to generate responses in this area, as, 
similar to V6 in macaque monkeys, the map emphasizes the 
periphery of the visual field.

Parietal lobe areas
The dorsal stream of visual processing continues in a constel
lation of areas in the parietal lobe, particularly in the intra
parietal sulcus, which form the interface between perceiving 
visual stimuli and planning motor actions for controlling 
arm and eye movements in space.68 In the macaque monkey, 
the most important of these are the lateral intraparietal area 

(LIP) and surrounding areas and area 7a. LIP receives input 
from MT and MST and, in turn, projects to area 7a.90 Area 
7a sends ascending projections to frontal cortex, including 
the frontal eye fields, which are important in programming 
eye movements (Box 31.4), as well as cingulate and parahip
pocampal cortices.27 Area 7a is also interconnected with sub
cortical structures related to ocular and vestibuloocular 
function.51

Receptive fields of intraparietal areas are large, as much as 
60 degrees across, and often extend across the midline. Dif
ferent classes of intraparietal neurons have been identified 
with sensitivities for: depth relative to the fixation plane, 
linear movement in depth, rotation in depth, 3D orientation 
for object manipulation, and 3D axis or surface orienta
tion.128 Neurons in area 7a also receive extraretinal oculo
motor inputs, and their firing may be modulated by the 
horizontal and vertical position of the eyes in the orbits.7 
The combined eye position and visual signal in area 7a is 
sufficient to determine the spatial location of an object. 
Accordingly, lesions in this area lead to deficits in reaching 
for an object in three dimensions using visual guidance.87

As in monkeys, the intraparietal sulcus in humans is 
important for visuomotor tasks comprising target selections 
for arm and eye movements, object manipulation, and visu
ospatial attention. At least four intraparietal visual areas have 
been identified in humans,134,149 although the homology of 
each of these areas with individual areas in macaque monkeys 
is unresolved, probably reflecting true species differences.68,117 
Lesions of parietal visual areas in humans lead to apraxia, 
neglect, and Balint’s syndrome. Similarly, TCMS of human 
posterior parietal cortex degrades accuracy of saccades to 
remembered locations,119, 18 disrupts visually guided reach
ing behavior,171 and reduces detection and exploration of 
contralateral stimuli.106,114,170

Areas of the ventral stream

The ventral stream of visual processing deals with the general 
problem of object recognition. Ventral streambound outputs 
from V1 and V2 funnel through V4 to reach areas of the 
temporal lobe.

V4
V4 was first described in the macaque monkey as a target 
field of projections from V2 and V3 in the lunate sulcus (Box 
31.5).191 V4 is sandwiched between ventral V3 and MT, with 
the lower visual quadrant represented dorsally and the upper 
visual quadrant represented ventrally.65 The upper visual 
quadrant apparently extends into the temporal lobe, 
although the border of V4 here is unclear. Retinotopic 
mapping with functional imaging suggests that the temporal 
extension, V4v, is actually a separate area distinct from V4d.59 
The borders of V4, especially with regard to the issue of 
extension into the temporal lobe, are not architectonically 
distinct.91 A transitional area, V4t is more closely related to 
MT than V4, and separates V4 proper from MT.43 In humans, 
as in monkeys, the boundaries of V4 have been difficult to 
resolve. It has been proposed that a dorsal V4d and a ventral 
V4v exist as in monkeys.75 It has also been proposed that, 
instead of a single V4d, two complete maps of the visual 
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Many V4 neurons show strong systematic tuning for the 
orientation and acuteness of angles and curves.121 Unlike the 
responses of neurons in V2 to complex shapes,80 the tuning 
in V4 can not be accounted for by selectivity for the orienta
tion of a single edge of the angle, but is determined by the 
curvature at a specific boundary location within the shape. 
The computation of curvature selectivity in V4 from more 
basic orientation and spatial frequencyselective inputs from 
V1 and V2 is an intermediate step towards the complex 
shape selectivity found in inferotemporal cortex.116

Inferotemporal cortex
The areas of the inferotemporal cortex form the final stage 
of the ventral visual pathway for the recognition of visual 
objects.60 The inferotemporal cortex receives projections 
from V2 and V4, and is interconnected with many multi
modal brain sites including the hippocampal formation, 
prefrontal cortex, amygdala, and the striatum. Although 
inferotemporal cortex definitely contains several different 
visual areas, the borders of these areas are unclear, and 
several different naming schemes are used.172 Nevertheless, 
it is generally agreed that IT cortex can be divided into more 
posterior areas that receive dense inputs from V4 and V2 
(subdivisions of PIT; roughly corresponding to the classical 
cytoarchitectonic temporal occipital area, TEO), and more 
anterior and ventral areas (CIT and AIT; within cytoarchitec
tonic temporal area TE) that are interconnected strongly with 
PIT/TEO but only weakly with V4 and not at all  
with V2.17,46,107,169

PIT/TEO
Within PIT, retinotopic mapping shows a complete hemi
field representation ventrally (PITv) and some evidence for 
a dorsal (PITd) subdivision.16,20,59,173 Receptive fields are 
larger and shape selectivity is more complex for neurons in 
PIT/TEO than in V4, requiring particular arrangements of 
multiple contour fragments,22 but PIT neurons are not selec
tive for complex objects as are neurons in TE.

PIT receives most of its input from V4, with some inputs 
from V2; the V2 inputs arise from thin and interstripes, the 
same compartments that project to V4.107 Individual columns 
in PIT receive projections from multiple, separate patches in 
V4. Adjacent columns in PIT receiving inputs from separate, 
interleaved sets of V4 patches, showing that the segregation 
of connectivity (and likely function) that is found in V2 
continues through V4 and into PIT.55 PIT projects to visual 
areas in TE.

Not surprisingly, given its inputs from areas known to 
contain colorresponsive cells, PIT contains a class of cells 
that respond selectively to colors.34,85,150 Colorselective 
cells in PIT resemble those in V1 and V4 in their tuning 
properties, responding selectively to a similarly narrow  
range of hues and saturation, but with larger receptive  
field sizes.74 Divergent feedback projections from these cells 
to V4 is thought to create the large, colorselective surrounds 
of V4 neurons. Colorselective cells are found in separated 
patches several millimeters wide throughout a large extent 
of occipitotemporal cortex including ventral V4, PIT/TEO, 
and posterior portions of CIT/TE, suggesting that this  
region could best be described as comprising a single cortical 
area with a largescale modular organization.33,157 Monkeys 

field, given the names LO1 and LO2, occupy the space 
between V3 and MT, and that V4v is a completely separate 
area.88,149 Monkey V4d has also been proposed to be com
posed of rostral and caudal subdivisions,148 although they 
may not correspond to the proposed human subdivisions.

V4 receives ascending projections from V1, V2, and V3.169 
The neurons of origin of the V1 projection are concentrated 
in the foveal part of V1 and arise from neurons in layers 3A 
and 3B, from both CO blobs and interblobs.109,183 Inactiva
tion studies show that V4 depends on both the parvocellular 
and magnocellular LGN channels.57 From V2, projections 
arise from cells in thin stripes and interstripes, so neurons 
projecting from V2 to V4 interdigitate with those projecting 
to MT.137,187 Although no mosaic organization is present in 
CO staining in V4, the projections from thin stripes and 
interstripes appear to be segregated within V4, suggesting 
that the separation of blob/interblobrelated information 
may continue in V4, although not yet seen in the histol
ogy.55,181 The size and arrangement of these columns are not 
well characterized, although they are larger than the modules 
in V2.

The main outputs of V4 are to areas PIT and CIT in the 
temporal lobe, involved in detailed form analysis for object 
vision. These temporal lobe projections also demonstrate 
segregation related to the COdefined streams, as injection 
sites in V4 labeling thin stripes tended to receive more 
restricted feedback from temporal cortex than injection sites 
labeling interstripes.181 Peripheral, but not central, field rep
resentations of V4 are connected with parietal areas (LIP, PIP, 
VIP) which could involve V4 in circuits serving spatial vision 
and spatial attention.169

V4 contributes to many aspects of visual processing, 
including form, color, visual attention, and stereopsis.120 
Cells in V4 show selectivity for stimulus hue, orientation, 
size, and binocular disparity.41,42,131,190 Only a small propor
tion of cells in V4 show direction selectivity. Cells selective 
for color are concentrated in ventral V4,190 and this area may 
best be considered an area separate from V4d. Cells in ventral 
V4, but not in V1 or V2, display shifts in preferred hue with 
changes in illumination. This is necessary for color con
stancy, the ability to perceive an object as being the same 
color when illuminated with light of different spectral com
position.86 Computation of color constancy, which entails 
taking the spectral information from an object and subtract
ing the spectral information from a large area surrounding 
it, is thought to be accomplished in V4 neurons by their 
large, spectrally sensitive, suppressive surrounds.131

Box 31.5 Area V4

• Extrastriate area of the ventral (what) stream
• Displays orientation and color sensitivity as well as binocular 

disparity
• Strong inputs from blob and interblobs of V1 and thin stripes 

of V2 as well as V3
• Projects to PIT and CIT in the inferotemporal areas
• Located in the lingual and fusiform gyri in humans
• Bilateral lesions may cause complete cerebral achromatopsia 

(loss of color perception) in which patients perceive the world 
in different shades of gray; unilateral lesions may go 
unnoticed by patients
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inferior occipital cortex OFA, although it should be stressed 
that these areas are not homologous with facepreferring 
regions in monkeys.71 Patients with lesions of these areas 
display difficulty in face processing, including prosopagno
sia, a specific inability to recognize individual faces.11,38,111

Visual cortical areas in TE project to more ventral and 
rostral parts of the temporal lobe which integrate polymodal 
sensory inputs and are critically involved in the formation 
of memory, including visual memory.60 Functional imaging 
in humans suggests an area on the parahippocampal gyrus 
(parahippocampal place areas; PPA) which is preferentially 
activated by images of places, i.e. buildings and landscapes, 
and appears to be involved in the encoding of places in 
memory (Box 31.6).97
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Faceselective responses were first shown for single 
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Box 31.6 Summary of major points

• Extrastriate visual cortex contains a constellation of richly 
interconnected areas comprising large portions of the 
occipital, parietal, and temporal lobes and contributes to a 
diverse array of visual information-processing tasks

• Extrastriate visual areas are identified by a combination of 
features including receptive field mapping, histology, patterns 
of connections with other brain regions, and functional 
specificity

• In both monkeys and humans a dorsal visual pathway dealing 
with object location extends through V2, V3, MT, PO/V6, and 
into parietal cortex

• In both monkeys and humans a ventral pathway dealing with 
object recognition extends through V2, V4, and into temporal 
cortex
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Early Processing of  
Spatial Form

Robert F. Hess

Introduction

Vision is our most developed sense and unsurprisingly a 
substantial amount of brain processing is devoted to it, with 
over half the primate brain involved in vision-related 
processing.1 A first step in understanding the nature of this 
processing involves an appreciation of the capabilities and 
specialization that define human vision. Such an under-
standing of our overall visual strengths and weaknesses pro-
vides a framework within which the emerging neurophysiology 
and neuroanatomy of different parts of the pathway can be 
best understood.

Early visual processing of spatial form has to contend 
with the fact that information that first impinges on recep-
tors in the eye must be transmitted to the main processing 
sites in the brain. There are transmission bandwidth consid-
erations to ensure the optic nerve/optic track remains of 
manageable size. What this means is that of all the informa-
tion contained in a retinal image, only a fraction of it can 
be efficiently transmitted and processed; hard choices have 
to be made. This leads us into the concept of sensory filtering 
and information compression. The fact that individual cells 
have limited dynamic ranges also leads to a consideration 
of distributed parallel processing. These notions, namely 
filtering, compression, and parallel processing, are impor-
tant principles in sensory analysis in general and visual 
analysis in particular.

Foveal window of visibility

It has only been relatively recently that quantitative methods 
have been developed to help quantify human vision. These 
developed from the realization of the importance of contrast 
and object size (or spatial frequency). That contrast is fun-
damental to the visibility of objects had been known for a 
long time. Bouguer2 developed the first quantitative meas-
urements of contrast sensitivity, using the visibility of the 
shadow of a rod produced by a candle at a specified distance 
away. That the size of objects (more correctly their retinal 
image size) also determines their visibility has also been 
appreciated for a long time, being the basis of acuity testing 
in the last century. The realization that the relationship 

between these two variables could provide a more complete 
description of human vision was a logical consequence of 
the emerging work on optical transfer functions and was 
accelerated by the need for calibrated photographic surveil-
lance methods during World War II.3 Amid great contro-
versy, particularly from certain optical physicists of the time, 
Campbell and co-workers4,5 used this approach to great 
effect to provide a quantitative description of the capability 
of the human visual system, which in turn provided a start-
ing point for considerations of optical quality of the human 
eye and its neural limitations. This function, often referred 
to as the spatial contrast sensitivity function, provided the 
first quantitative description of our “window of visibility” 
and makes explicit the information that our visual system 
processes best.

Figure 32.1 displays a sinusoidal grating stimulus that was 
first developed by Fergus Campbell and John Robson at 
Cambridge in which the spatial frequency (number of cycles 
subtended in one degree at the eye) is modulated along the 
abscissa (low spatial frequencies on the left, high spatial 
frequencies on the right) and contrast is modulated along 
the ordinate (low contrasts at the top, high contrasts at the 
bottom). The reader can observe an inverted U-shaped 
region in which the stripes are visible – this is a demonstra-
tion of our window of visibility.

In Figure 32.2 laboratory measurement of the contrast 
sensitivity function is displayed for a normal observer; its 
overall shape mirrors that seen in Figure 32.1. Here, contrast 
sensitivity, the reciprocal of the contrast needed for thresh-
old detection, is plotted against the spatial frequency of a 
luminance-defined sinusoidal grating (filled circles), in 
cycles per degree of angle subtended at the eye. Our window 
of visibility is defined by an inverted U-shaped function that 
shows we are best at detecting objects subtending about a 
half to a third of a degree (approximately half the width of 
one’s finger nail at arms length). Our sensitivity for detecting 
smaller objects (i.e. of higher spatial frequency) progres-
sively declines, as it also does for detecting objects larger (i.e. 
of lower spatial frequency) than one degree. Information in 
the very low contrast range, particularly if it is of very low 
or very high spatial frequency, is not processed at all by our 
visual system; human vision is specialized in the intermedi-
ate spatial frequency range and within this limited range our 
contrast sensitivity is good to one part in 500 (i.e. 0.2 



614

SECTION 10 Visual perception   Chapter 32  Early Processing of Spatial Form 

percent) under monocular conditions. Other animals have 
visual capabilities adapted to match their particular needs; 
the cat is better than the human at detecting low spatial 
frequencies and the falcon is better than the human at 
detecting high spatial frequencies. These benefits, however, 
come with associated costs. The cat is much worse than us 
at detecting high spatial frequencies and the falcon much 
worse than us at detecting low spatial frequencies. In other 
words the size of the window of visibility is approximately 
the same for different animals but shifts along the abscissa 
(i.e. the spatial frequency axis) to best suit the needs of the 

Figure 32.1 A demonstration of the window of visibility. A sinusoidal 
grating is increased in spatial frequency, going from left to right along the 
abscissa and its contrast is reduced, going from bottom to top along the 
ordinate. The inverted U-shaped region over which the stripes are seen is a 
facet of our visual systems (developed by Campbell & Robson).

Figure 32.2 The contrast sensitivity function for sinusoidal (blue circles) 
and squarewave (red circles) gratings. Contrast sensitivity (reciprocal of the 
contrast threshold) is plotted against the spatial frequency for vertically 
oriented gratings. At each spatial frequency, five cycles of the grating were 
present and the length of the bars was greater than the critical length.66 The 
exceptions were the data at 30 and 40 c/d where 120 cycles were used. 
When measured under comparable conditions of areal summation (length 
and height), the contrast sensitivity function has a broader peak centered at 
around 3 c/d and a low spatial frequency decline beginning at around 
0.5 c/d (data from Hess & Howell10).
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animal. For the cat, this means things within pouncing dis-
tance (resulting in a shift of the function to lower spatial 
frequencies) and for the falcon, for detecting ground prey 
when hovering high in the sky (resulting in a shift of the 
function to higher spatial frequencies).

What limits our contrast sensitivity?
Why are we poor at detecting objects of very high and very 
low spatial frequency? In terms of the former, an obvious 
possibility is that the retinal image may not contain this 
information in the first place due to optical (i.e. cornea, lens) 
losses. Campbell & Green,4 using a laser interferometric tech-
nique to by-pass the optics, showed that the fall-off of con-
trast sensitivity at high spatial frequencies only had a small 
(about one-third) optical component. They argued that two-
thirds of the sensitivity loss at high spatial frequencies was 
neural in nature, due to limitations at the retina/brain (Box 
32.1). More recently it has been suggested that the quantal 
fluctuations in light itself may account for the loss at high 
spatial frequency.6 Although not yet resolved, in light of the 
discussion below in the section on luminance effects, the 
original suggestion that this fall-off is neural in nature seems 
more likely. The sensitivity loss at low spatial frequencies 
only occurs for sinusoidal stimuli (i.e. as opposed to squared-
edged stimuli, as shown in Figure 32.1) and many different 
explanations have been put forward including, relative image 
stabilization,7 a consequence of reduced cycles8 or lateral 
inhibition.9 None of these hold up to scrutiny; providing a 
comparable temporal stimulation and having the same 
number of spatial cycles does not eliminate the low spatial 
frequency decline in sensitivity.10 The lateral inhibition 
explanation can also be rejected for reasons that are outlined 
in the section below on the relation to single cells. Its expla-
nation has proved elusive.

What is the relationship between the  
contrast sensitivity function and the response 
of single cortical cells?
Neurons at various levels of the visual pathway exhibit spa-
tially overlapping excitatory and inhibitory receptive field 
properties11 that endow them with size or spatial frequency 
dependence,12 as illustrated in Figure 32.5. This size selectiv-
ity becomes greater as one progresses from retina to cortex 
owing to the increased strength of the antagonistic surround. 
These neurons also exhibit contrast thresholds, quasi-linear 
contrast response regions and contrast saturation responses.13 
Indeed, efforts to outline the optimum spatial frequency 
response of a sample of contrast-sensitive neurons in the 
monkey have provided a distribution similar to that of the 
human behavioral contrast sensitivity function.14 This can be 
seen in Figure 32.3 from the histogram of the distribution 
of cellular contrast sensitivities in monkey V1 relative to 
human behavioral sensitivities. The contrast sensitivity func-
tion represents the envelope of all the contrast-responding 
cells with the most sensitive ones defining the threshold 
limit.

Visual cortical neurons have sufficiently strong surrounds 
to their classical receptive fields to make them selective  
over a limited part of the spatial frequency range;15–17 an 
example is shown in Figure 32.4. Thus different populations 
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Figure 32.3 Comparison of single cell and behavior. Histogram of the 
distribution of a sample of 75 cortical V1 cells in the monkey where each 
threshold is given relative to the human psychophysical threshold (from 

Hawken & Parker14).

individual spatial frequency selective mechanisms have been 
reported down to as low as 0.2 c/deg.10,19,20 Thus individual 
cortical mechanisms extend across the full extent of the 
visible spatial frequency range. The reason why the lower 
spatial frequency mechanisms are less sensitive is unknown 
but one possibility is that it may be due to a purely retinal 
cause; larger receptive fields must inevitably contain more 
inactive rods (contributing no signal but possibly contribut-
ing noise) under photopic conditions.

The contribution of M & P pathways to 
contrast sensitivity
In the retina there are morphologically and functionally  
different populations of ganglion cells21 two of which, the 
parasol (magno; 10%) and midget (parvo; 80%) retinal gan-
glion cells send their afferents along the retino-geniculate 
pathway. These projections are kept separate in the genicu-
late terminating in the magno- and parvo-cellular layers 
respectively (so called M-cells and P-cells). The afferents of 
these two geniculate cell types are sent to different layers  
of 4C of the visual cortex (i.e. 4C alpha and 4C beta) and 
ultimately make a dominant (though not exclusive) con-
tribution to the dorsal and ventral extrastriate streams 
respectively.

Do these two parallel systems carry the same or 
different contrast sensitivity information?
The combination of single cell recording22 and lesion 
studies23–25 has revealed that these two systems carry different 
though overlapping visual information to the cortex. The 
M-cell information is biased to lower spatial and mid-
temporal frequencies. P-cell information is biased to mid-
higher spatial and lower temporal frequencies. A particular 
subdivision of the M-cell system, the Y-like M cell, exhibits 
properties that suggest it may have a special role26 in percep-
tion. The results shown in Figure 32.6 are from the lesion 
studies of Merigan and colleagues23–25 and represent how the 
spatial and temporal contrast sensitivity function is affected 

Figure 32.4 Typical spatial tuning function of a cortical cell in area V1. 
Cellular response in spikes/sec is plotted against the spatial frequency of an 
optimally oriented grating stimulus (data from Hawken & Parker67).
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Figure 32.5 Illustration of the relationship of the spatial frequency 
selectivity of single cortical cells, measured neurophysiologically, to that of 
the overall contrast sensitivity function of the visual system, measured 
psychophysically.
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of cortical cells underlie the contrast sensitivity curve at dif-
ferent locations along the spatial frequency axis; the overall 
contrast sensitivity curve being the envelope of the sensitivity 
of the most sensitive cortical cells. This is diagrammatically 
illustrated in Figure 32.5.

Psychophysical supporting evidence comes from the 
finding that adaptation or prolonged viewing of stimuli of 
one particular spatial frequency desensitizes responses for 
only stimuli of a similar spatial frequency, also suggesting 
that the overall curve is composed of a number of more 
discrete “channels”.8,18 At one time it was thought that the 
low spatial frequency fall-off in sensitivity was a reflection 
of the surround inhibition of the largest (or lowest spatial 
frequency-tuned) mechanism whose peak was located 
around 1 c/deg.9 There is now ample evidence to doubt this; 
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Figure 32.6 The relative contribution of M- and P- systems to spatial and temporal contrast sensitivity from the LGN lesion work of Merigan and 
colleagues.23–25
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by lesions to parvo- and magno-cellular regions of the LGN 
of the monkey. Parvo-cellular lesions have a large effect on 
spatial contrast sensitivity at all spatial frequencies for static 
stimuli. Magno-cellular lesions reduce temporal contrast 
sensitivity in the mid range for spatial stimuli of low spatial 
frequency. Parvo-cellular lesions also produce a loss of color 
vision since red/green chromatic information is conveyed by 
this system.

The contribution of different cortical areas to 
contrast sensitivity
A number of different regions of the visual cortex contain a 
retinotopic map and are therefore given the status of being 
“distinct” visual areas.27 V1 receives the majority of the input 
from the geniculate although there is evidence that V228 and 
MT29 also receive a direct input in primates, although its role 
may be more modulatory in nature.30 Although V1 contains 
cells with both small and large receptive field sizes at each 
eccentricity (approximately a factor of 4 in receptive field 
size at any one eccentricity from the data of Hubel & 
Wiesel31), cells with smaller receptive fields progressively 
drop out as eccentricity increases, resulting in a shift of the 
mean receptive field size with eccentricity to larger values.31 
Other visual areas have cells with larger receptive field size 
and consequently diminished retinotopy. Area V2 has cells 
that are tuned to lower spatial frequencies than those found 
in V1,32 however there is no compelling evidence from lesion 
studies that cells other than in V1 make a major contribution 
to spatial contrast sensitivity.33

The effect of disease on contrast sensitivity
Having a more quantitative approach for specifying the 
quality of normal vision also provides a more sensitive 

method for documenting visual loss. Given that contrast 
sensitivity is not a unitary function but one representing the 
envelope of a large number of more narrowly tuned func-
tions (i.e. the individual sensitivity of different populations 
of cortical neurons tuned to different ranges of spatial fre-
quency), there was hope that a knowledge of the relative 
susceptibility of these neural populations might lead to a 
better understanding of a number of retinal and cortical 
diseases affecting the visual system. This expectation has 
been only partially realized because although the specifica-
tion of the contrast sensitivity function provided more infor-
mation than before it also has inherent limitations. Without 
an understanding of these limitations any simple interpreta-
tion of contrast sensitivity in disease becomes hazardous. 
The strengths and weaknesses of the approach can be best 
appreciated by one or two examples, one involving a devel-
opmental condition called amblyopia, the other, an acquired 
condition called optic neuritis. The reader can imagine  
how comparable issues could concern the interpretation of 
anomalous contrast sensitivity in related conditions, for 
example glaucoma and age-related maculopathy.

One of the first conditions to be studied with the contrast 
sensitivity approach was amblyopia, a common develop-
mental disorder in which the vision in one eye is compro-
mised in early life. It was shown (Fig. 32.7) that high spatial 
frequencies were selectively affected.34 Although in some 
strabismic amblyopes it was subsequently shown35 that 
additional and unrelated losses can occur at low spatial 
frequencies, the picture today is not substantially different 

Box 32.1

A contrast sensitivity loss at high spatial frequencies may be 
optical or neural in nature.
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detect higher spatial frequencies; however at and above their 
raised thresholds they perceive contrast normally with their 
amblyopic eye.36 This is illustrated in Figure 32.8 in which 
results are shown for contrast matches made between the 
eyes of the two most common types of amblyopia, strabis-
mic (A) (i.e. turned eye) and (B) non-strabismic (i.e. ani-
sometropia without a turned eye). Thresholds are raised 
(unfilled symbols) but as the contrast is raised to supra-
threshold levels, it is perceived normally (solid diagonal line 
indicates matches that are veridical). The difference between 
the raised thresholds and normal perception of suprathresh-
old contrast is abrupt in the case of strabismic amblyopes 
(Fig. 32.8A) but more gradual in the case of non-strabismic, 
anisometropic amblyopes (Fig. 32.8B). In other words, 
thresholds are not representative of contrast vision above 
threshold; the contrast sensitivity function is highly non-
linear when it comes to contrast.

In optic neuritis, which commonly occurs as part of mul-
tiple sclerosis, similar high spatial frequency loss is observed 
in the contrast sensitivity function but it is not just limited 
to threshold. Sufferers of optic neuritis who need, for 
example, a factor of 10 more contrast to detect a given spatial 
frequency will perceive that spatial frequency to be a factor 
of 10 reduced in contrast, no matter what its absolute con-
trast is.37 With respect to the results of Figure 32.8 for 
strabismic and non-strabismic amblyopia, the equivalent 
contrast-matching function for a person with optic neuritis 
would run parallel but below the normal matching line 
(solid diagonal). Amblyopia and optic neuritis can exhibit 
similar threshold losses but their suprathreshold contrast 
losses are very different.

Another limitation is that contrast sensitivity may be 
normal and yet spatial vision may be severely degraded. 

Figure 32.7 The first contrast sensitivity function measured in amblyopia. 
The reciprocal of the contrast threshold is plotted against the stimulus 
spatial frequency. The higher the spatial frequency, the greater the loss of 
sensitivity of the amblyopic (red symbols) compared with the fellow fixing 
eye (blue symbols) (data from Gastalder & Green34).
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from that originally outlined by Gstalder & Green34 over 30 
years ago. Indeed its application to the study of amblyopia 
has highlighted some potential pitfalls of using this 
approach. The first concerns the fact that it is limited to 
threshold. Amblyopes need much more contrast in order to 
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this, our best spatial vision is obtained when fixating with 
the fovea. Visual acuity is best at the fovea and is progres-
sively reduced away from the fovea which is one of the 
reasons why we can’t read print when we look away from 
the text. The way in which our visual spatial capacity varies 
with eccentricity has been the subject of many investigations, 
but the work of Robson & Graham44 has been particularly 
insightful. They measured the rate at which contrast sensitiv-
ity falls off with eccentricity and showed that the higher the 
spatial frequency the faster the decline in sensitivity with 
eccentricity and that, when considered in terms of a relative 
eccentricity metric (i.e. eccentricity not in absolute degrees 
but in number of cycles at a particular spatial frequency), all 
spatial frequencies higher than the peak (i.e. > 1 c/d) fol-
lowed the same rule; sensitivity was lost at the rate of 60 
periods/decade. A later study by Pointer & Hess45 extended 
this to lower spatial frequencies (i.e. 0.8–0.2 c/d) and 
showed that a different rule was in operation for these fre-
quencies, namely sensitivity when considered in units of 
relative eccentricity (i.e. number of equivalent spatial cycles) 
fell off at a much more gradual rate (i.e. 30 periods/decade). 
We still don’t know why there are two different rules, one 
for mid-high spatial frequencies and another for low spatial 
frequencies, though one possibility is that spatial frequen-
cies in these two ranges are processed in different cortical 
areas, each with their characteristic eccentricity dependence. 
For example V1 is likely to process the mid-high spatial 
frequency information, while other higher areas, say V2, 
process lower spatial frequency information.32

Whatever the reason, the consequence when we consider 
eccentricity in terms of degrees is that our window of visibil-
ity narrows in a very characteristic way for progressively 
more eccentric locations. Our visual system selectively loses 
sensitivity at high spatial frequencies; at low spatial frequen-
cies our sensitivity is relatively constant (Fig. 32.9). It’s not 
that the fovea is best at high spatial frequencies and the 
periphery is best at low spatial frequencies, as is sometimes 
thought, humans are just as good at detecting low spatial 
frequencies across the visual field but simply better at detect-
ing high spatial frequencies with the fovea. The fovea is 
specialized for the detection of high spatial frequencies.

It is worth stressing that contrast sensitivity measurements 
are limited by their very nature to threshold and may not 
give the complete picture. For example, a peripherally 
imaged high spatial frequency target that can be detected 
may require say 10 times more contrast than the same target 
viewed with the fovea, as Figure 32.9 suggests. However, 
when the peripheral high spatial frequency target is detect-
able, it does not appear to be reduced in contrast compared 
with its foveal counterpart. In fact, if the contrast of a periph-
erally viewed target is slowly increased from below the detec-
tion threshold, at some point it is first detected but at this 
point its perceived contrast will be high, in fact as high as it 
would be if it were viewed with the fovea. This is illustrated 
by matching the perceived contrast of a foveal and periph-
eral spatial target as shown in Figure 32.10. A range of dif-
ferent fixed contrasts for a peripherally viewed target is 
matched with the same target of variable contrast viewed by 
the fovea. If foveal and peripheral targets are perceived to be 
of the same contrast, the results would fall along the solid 
diagonal line. In fact they do, apart from the fact that a 
higher contrast is needed to first detect the peripheral target 

Some amblyopes perceive severe spatial distortions that 
would render a 1-D sinusoidal grating unrecognizable (i.e. 
spatially scrambled), yet the contrast thresholds for detecting 
such a scrambled stimulus may be normal.38 Finally the fact 
that the assessment involves large repetitive patterns means 
that it supplies no information about how the dysfunction 
is distributed across the visual field corresponding to the test 
stimulus. For example, the contrast sensitivity loss of strabis-
mic and anisometropic amblyopes when measured with a 
relatively large (i.e. 10 degree) centrally fixed stimulus is very 
similar, yet the visual field is affected very differently in these 
two conditions; the central field is selectively affected in 
strabismics and the whole field is evenly affected in 
anisometropes.39,40

In optic neuritis, initial reports suggested that the loss of 
contrast sensitivity could be restricted to just a small subset 
of spatial channels producing a very localized loss of con-
trast sensitivity within the contrast sensitivity function.41 
Later studies showed that contrast sensitivity could be 
reduced in a variety of different ways; high-frequency loss 
alone, low-frequency loss alone, similar loss at all spatial 
frequencies, or a regional frequency loss (the latter was quite 
rare). More importantly, all of these different signatures of 
the contrast sensitivity loss in optic neuritis could be simu-
lated by different types of visual field loss, suggesting that 
the exact nature of the loss across the visual field could be 
the primary determinant of the contrast sensitivity loss.42 To 
decipher the regional nature of any visual loss necessitates 
the use of much more localized stimuli (i.e. a Gabor patch) 
and measurements made at multiple field positions.

Peripheral window of visibility

One of the more important ways the bandwidth of the visual 
system has been kept within limits is due to the fact that our 
ability to process information depends upon where it is 
imaged on our retinae. The density of retinal ganglion cells 
is greatest in the fovea11 and much more of the cortical area 
is devoted to the processing of foveal information than to 
comparable regions of the periphery.43 As a consequence of 

Box 32.3

Contrast sensitivity supplies information about threshold 
detection not suprathreshold perceptions.

Box 32.2

Measurement of constant sensitivity has minimal value for 
differential diagnosis as similar losses occur in different diseases 
but is of value in monitoring sensitivity changes.

Box 32.4

To delineate the regional distribution of the contrast loss, 
sensitivity has to be measured for localized stimuli at multiple 
field positions.
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periphery exhibits slightly better temporal contrast sensitiv-
ity (and a higher temporal acuity) in the high temporal 
frequency range. However this does not apply to the tempo-
ral sensitivity of patterned stimuli (i.e. > 1 c/d) whose sen-
sitivity in the periphery is marginally lower than their foveal 
counterparts.45

Why does contrast sensitivity for high spatial 
frequencies decline with eccentricity?
First, as previously explained, the visual system allocates 
fewer neural resources to peripheral vision; peripherally, 
there is a reduced density of retinal ganglion cells and pro-
portionally less allocated cortical area. Also the size of retinal 
receptive fields increases with eccentricity47 and there is a 
progressive loss of smaller receptive fields with eccentricity 
in the cortex.31 This inevitably means that the spatial range 
over which we can see restricts with eccentricity. This trans-
lates to a foveal specialization. Foveal analysis can be under-
taken at a large number of different spatial scales and this 
provides optimum performance on a number of tasks that 
rely on combining information across different scales. These 
include the so-called “spatial hyperacuities”,48 which have 
erroneously been considered “acuity” measures but are more 
readily understood in terms of sensitivity,49 often involving 
multi-scale analyses.50

Luminance

One of the truly impressive things about visual processing 
is the fact that it can operate with such high sensitivity over 

compared with that of its fovea counterpart (half-filled 
symbols). It is as if there is a switch that simply truncates 
the contrast range of the mechanism processing the periph-
eral stimulus.

Is the periphery specialized for detecting 
anything?
The fact that we can detect a rapidly flickering (> 60 Hz) 
pattern-less field in the periphery and not in the fovea46 does 
suggest that for some forms of purely temporal stimulation, 
the periphery does show a specialization. This is shown in 
Figure 32.11 where the temporal contrast sensitivity of the 
fovea and periphery (60 degrees) are compared for a stimu-
lus of low spatial frequency (0.25 c/d). Notice that the 

Figure 32.9 The characteristic loss of high spatial frequency sensitivity with eccentric viewing (data from Pointer & Hess45). Note that low spatial frequency 
sensitivity shows little or no decline with eccentricity.
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Figure 32.10 Contrast matches made between a peripheral and foveal 
target. The fixed contrasts were presented peripherally and a foveally 
viewed stimulus of variable contrast was used to obtain a perceptual match. 
The half-filled symbols refer to the contrast thresholds and the solid 
diagonal line represents the prediction that contrast is seen veridically in the 
periphery (data from Hess & Bradley36).

10c deg–110c deg–1

1

.003

.01

.03

.1

.3

C
on

tra
st

 o
f v

ar
ia

bl
e 

(c
en

tra
l s

tim
ul

us
)

.003 .01 .03 .003 .01 .03 .1 .3
Contrast of standard (eccentric stimulus) 

A.B. - Normal

[γ = 1º]

1

1c d

3º Foveal

χº

1c deg–1

[χ = 4º]

Box 32.5

Reduced temporal acuity for a large pattern-less field suggests a 
peripheral loss of function.
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such a large luminance operating range. Our luminance 
operating range is over a million, million to one (i.e. 15 log 
units) – from a moonlit night to direct sunlight. The fact that 
we have two receptor systems, one designed to operate opti-
mally during the day, the cones, and another designed to 
operate optimally during the night, the rods, certainly helps. 
However it still means that each receptor system has a 7 log 
unit operating range over which to maintain optimal sensi-
tivity. To achieve this feat, cells in the retina undergo light 
adaptation. They change their response gain depending on 
the prevailing luminance. This allows individual cells to be 
just as sensitive, that is able to respond to just as small lumi-
nance increments at very different mean luminances, often 
many log units apart. The combined effects of the receptoral 
duplicity and postreceptoral luminance-dependent response 
gain changes, allowing our visual processing to operate 
largely independent of the prevailing luminance conditions. 
Light adaptation is accomplished in the retina;51 however the 
cortex also makes an important contribution to our visual 
stability when the ambient light level is reduced. In the 
primary visual cortex the information contained in the 
retinal image has been decomposed into its spatial compo-
nents, and cells with different-sized receptive fields that carry 

Figure 32.11 Superior temporal sensitivity of the peripheral visual field for a uniform field stimulus (data from Allen & Hess46).
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pieces of this spatial puzzle vary in a differential way with 
luminance. The spatial tuning of these cells remains constant 
with reducing luminance (unlike their retinal counter-
parts12), only their sensitivity changes and it does so in a way 
that is dependent on the spatial tuning of the cell.52 This is 
illustrated in Figure 32.12 where the spatial tuning of a corti-
cal simple (A) and complex (B) cell from the cat is shown 
at a number of different mean luminance conditions.

The cell’s response, in terms of contrast sensitivity using 
an auditory criterion, is plotted against the stimulus spatial 
frequency. Notice the peak response of the cell remains con-
stant as the ambient light level is reduced by 4 log units 
(300 cd/m2 to 0.03 cd/m2). The same is true for the tempo-
ral tuning properties as luminance is reduced.52 The lower 
the peak spatial tuning, the more resistant it is to reductions 
in the ambient luminance. This means that as luminance is 
reduced, we lose the contribution of the cells tuned to higher 
spatial frequencies conveying fine scale information but we 
retain the information processed by cells tuned to lower 
spatial frequencies that convey coarse scale information. 
This results is a relatively stable vision as luminance is 
reduced but at the expense of spatial detail. The spatial scale 
dependency of the sensitivity change as luminance is reduced 
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wavelength receptoral input. Another retinal circuit compris-
ing the short wavelength cones connected to small bi-stratified 
ganglion cells conveys another form of chromatic informa-
tion reflecting the short/long+medium wavelength oppo-
nency of their receptoral input.54 The parasol retinal ganglion 
cells (magno) are not so numerous (10%) and carry the 
achromatic signals, reflecting a receptoral input comprising 
the addition of all three photoreceptor signals. These three 
different signals are kept separate in the lateral geniculate 
nucleus in the parvo- (chromatic long/medium wavelength 
opponent system), konio- (short/long+medium wavelength 
opponent system) and the magno-cellular layers (the achro-
matic system).55 The short/long+medium wavelength oppo-
nent system that underlies our perception of blue/yellow has 
a relatively sparse representation as only 7% of cones are 
short wavelength.56 For this reason, the representation of the 
konio-cellular layers in the geniculate is weak, however there 
is evidence from both neuro-imaging in humans57 and single 
cell physiology in animals58 that this signal is amplified in 
the transmission from geniculate to cortex such that there is 
a comparable representation for the two types of chromatic 
systems in the cortex.59

Our chromatic windows of visibility can be obtained by 
making similar measurements to those already described  
for luminance-defined sinusoidal gratings by using stimuli 
whose periodicity is defined solely by either a long/medium 
wavelength modulation (perceived as red/green bars) or 
short/long+medium wavelength modulation (perceived as 
blue/yellow bars). A demonstration is shown in Figure 
32.14. The first detailed measurements60 of our chromatic 
sensitivities are shown in Figure 32.15 where modulation 

is best seen in psychophysical measures of sensitivity. This 
was first shown by Van Nes & Bouman53 and their results are 
reproduced in Figure 32.13.

Contrast sensitivity is plotted against the mean luminance 
for a range of different spatial frequencies. Notice that there 
is a similar form to the response (Fig. 32.13C) at each spatial 
scale; a sloping region (termed the Rose–de Vries region) 
where sensitivity depends on the reducing luminance (varies 
with the square root of the luminance) and a flat region 
(termed the Weber region) where sensitivity is invariant with 
mean luminance. The luminance that corresponds to the 
transition from one behavior to the other also depends on 
the spatial frequency of the stimuli; the lower the spatial 
frequency, the lower the luminance needs to be before it 
begins to affect sensitivity. This is also seen in the responses 
of individual cortical cells tuned to different spatial scales.52 
A limit is reached for human vision10 at a spatial frequency 
of 0.2 c/d, thought to be the largest summation area  
available (corresponding to the lowest spatial frequency 
tuned cell).

Chromatic sensitivity

Primates are unique amongst mammals in having well-
developed color vision. The beginnings of this are seen in 
the retina where information is distributed between different 
sub-populations of ganglion cells coexisting in the same 
retinal regions.47 The majority of ganglion cells (80%) are 
of the midget variety (parvo) and these convey one type  
of chromatic information reflecting their long/medium 

Figure 32.12 Spatial frequency tuning curves from a simple 
(A) and complex (B) cell in cat cortex (using an auditory 
criterion) at a range of different mean luminance (circles 
300 cd/m2; squares 30 cd/m2; triangles 3 cd/m2; inverted 
triangles 0.03 cd/m2). Notice that the peak sensitivity is 
maintained and only sensitivity declines with mean 
luminance (data from Hess52).
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between large regions that have subtly different chromatic 
content.

These overall contrast sensitivity functions represent the 
envelope of numerous much more selectively tuned mecha-
nisms, just as has been shown for the achromatic contrast 
sensitivity function.61,62 Their bandpass shape suggests that 
they represent the responses of chromatically tuned cortical 
neurons that are optimally responsive to different spatial 
frequency ranges, similar to their achromatic counterparts. 
A comparison of how chromatic sensitivity varies across the 
visual field highlights changes that occur to the peripheral 
chromatic window of visibility.63 “Blue/yellow” sensitivity 
shows a gradual decline with eccentricity, not unlike that 
found for achromatic stimuli. However, sensitivity for detect-
ing “red/green” stimuli falls off much more sharply with 
eccentricity. Therefore, the fovea is specialized for red/green 
chromatic processing. This is illustrated in Figure 32.16 
where, on the right, weighting functions are shown that 

sensitivity is plotted against the spatial frequency of the 
stimulus as described above (see Fig. 32.1) for luminance-
defined stimuli. The difference now is that the stimuli are 
only visible by virtue of their chromatic content (red/green 
or blue/yellow symbols), being invisible to the achromatic 
system. Notice that the sensitivity characteristics of the two 
chromatic systems are quite similar. Two differences are 
immediately obvious between these chromatic contrast sen-
sitivity functions (red/green or blue/yellow symbols) and 
their achromatic counterparts (black/green or black/yellow 
symbols), namely the chromatic function is lowpass in its 
overall shape (as opposed to the bandpass shape of the 
achromatic contrast sensitivity function) and secondly sen-
sitivity is reduced at higher spatial frequencies. Our chro-
matic sensitivity is specialized for the low spatial frequency 
range where its sensitivity is superior to that of the achro-
matic system. Therefore, color vision does not provide fine 
detail information but does help to detect boundaries 

Figure 32.13 The effect of mean luminance on contrast 
sensitivity. In (A), the results of van Nes & Bouman53 for 
spatial frequencies in the mid to high range. In (B), the 
results of Hess & Howell10 for low spatial frequencies. 
In (C), normalized sensitivity at different spatial frequencies 
showing the characteristic features of the dependence of 
sensitivity on mean luminance (data from Hess & Howell10).
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approximate the sensitivity fall-off with eccentricity for red/
green chromatic stimuli (top) and achromatic stimuli 
(bottom) from the work of Mullen et al.63 On the left, the 
perceptual effects of these different eccentricity dependences 
are illustrated. Red/green chromatic stimuli are much more 
visible in the fovea compared with the periphery. Achro-
matic (and blue/yellow chromatic) stimuli are only slightly 
less visible in the periphery.

Suprathreshold sensitivity

The use of contrast sensitivity to define a window of visibility 
for the human visual system is an important step in appre-
ciating the quality of our visual perception, but it by no 
means represents the complete picture. The visual system is 
highly non-linear, comprising cells with different thresholds 
and contrast gain control, specialized to encode contrast in 
a distributed fashion.22 One consequence of this is that 
threshold and suprathreshold sensitivity may be quite dif-
ferent. For example, Georgeson & Sullivan64 showed that the 
typical inverted U-shaped contrast sensitivity function meas-
ured using thresholds as described above, is not present for 
stimuli above threshold. In other words, more contrast may 
be needed to detect a stimulus of higher spatial frequency at 
threshold without the stimuli looking different in their con-
trast above threshold. The suprathreshold contrast sensitivity 
function is relatively flat compared with its threshold coun-
terpart. This is shown in Figure 32.17 where the matched 
contrast is plotted against the stimulus spatial frequency for 
a range of different suprathreshold contrasts. The same is 
true for the periphery;36 more contrast may be needed for 

Figure 32.14 Demonstration of the chromatic window of visibility for the human visual system (from Mark E McCourt, NDSU). The sinusoidal bars are 
chromatically defined (by red/green chromatic contrast in the left frame (A) and by blue/yellow chromatic contrast in the right frame (B)) and vary in spatial 
frequency along the abscissa and chromatic contrast along the ordinate. Notice that the bars are now seen in an inverted-L shaped area (i.e. lowpass shaped 
function). Reproduced with the permission of Mark McCourt.

BA

Figure 32.15 Comparison of the contrast sensitivity functions for 
achromatic and chromatic stimuli. In each case the chromatic (red/green on 
left and blue/yellow on right) and achromatic (black/green on left and 
yellow/black on right) contrast sensitivities are compared from the work of 
Mullen.60
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Box 32.6

A selective loss of red/green chromatic sensitivity may simply 
reflect a central field deficit not a selective chromatic deficit  
per se
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dependence of these two populations of cells being different. 
Although at present we do not know the exact explanation, 
from a practical viewpoint a comprehensive understanding 
of visual processing requires both threshold and supra-
threshold information.

Conclusion

Not only does information have to be conveyed from retina 
to cortex via an optic nerve of limited size but also sensory 
cells have limited dynamic ranges. Only a fraction of the 
information that impinges on the retina can be transmitted 
to cortex; to maintain relatively high sensitivity, it needs to 
be parceled out among a population of cells such that all 
cells carry only a part of the information. Parallel processing 
is a fundamental part of visual processing. We have different 
windows of visibility for achromatic and chromatic pro-
cesses, for photopic and scotopic processes, for central and 

peripheral stimuli to be detected without their perception  
at threshold being any different in terms of contrast (see  
Fig. 32.10).

There are a number of different ways of thinking about 
this. First, one could assume that the visual thresholds are 
noise-limited, where the signal is reduced to such levels that 
any intrinsic noise begins to play an important part. The 
shape of the contrast sensitivity function reflects the spatial 
frequency dependence of the noise whose influence is pro-
gressively diminished as the signal (i.e. contrast) is increased. 
Alternatively, the lack of spatial frequency dependency 
reflected in contrast constancy at suprathreshold contrast 
levels could be a side-effect of contrast gain control,65 a 
network of interactions that regulates the contrast respon-
siveness of individual cells. Finally one could argue that 
thresholds reflect the properties of cells with the best sensi-
tivity whereas suprathreshold measures reflect the properties 
of different cells, those with optimal contrast coding proper-
ties in the higher contrast range; the spatial frequency 

Figure 32.16 On the right, the fall-off in sensitivity for achromatic and red/green chromatic stimuli is depicted. The sensitivity fall-off for blue/yellow is 
similar to that for the achromatic stimulus. On the left, the simulated visibility effect this would have on the perception of an array of spatially narrowband 
stimuli. Notice the foveal specialization for red/green chromatic stimuli (data from Mullen et al63).
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peripheral processes and for threshold and suprathreshold 
processes. The fovea exhibits a specialization in terms of 
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involves an appreciation of the neural substrate of each of 
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C H A P T E R 33 

Visual Acuity
Dennis M. Levi

Visual acuity is a measure of the keenness of sight. The Egyp-
tians used the ability to distinguish double stars as a measure 
of visual acuity more than 5000 years ago.1 Over the centu-
ries visual acuity has been studied, measured and analyzed 
because it represents a fundamental limit in our ability to 
see. Consequently, visual acuity has been used as a criterion 
for military service and various other occupations, driving, 
and for receiving social security benefits.

Visual acuity is limited primarily by the optics of the eye 
and by the anatomy and physiology of the visual system. As 
such, visual acuity is perhaps the key clinical measure of the 
integrity of the optical and physiological state of the eye and 
visual pathways (Box 33.1).

Defining and specifying visual acuity

How do we define the keenness of sight? Visual acuity is used 
to specify a spatial limit, i.e. a threshold in the spatial dimen-
sion.2 Over the centuries there have been a large number of 
different ideas about how to define, measure and specify 
visual acuity, and these can be distilled down to four widely 
accepted criteria:

• Minimum visible acuity – detection of a feature
• Minimum resolvable acuity – resolution of two features
• Minimum recognizable acuity – identification of a 

feature
• Minimum discriminable acuity – discrimination of a 

change in a feature (e.g. a change in size, position or 
orientation).

These different criteria actually represent different limits 
and may be determined by different aspects of the visual 
pathway (Table 33.1).

Minimum visible acuity
• Minimum visible acuity refers to the smallest object 

that one can detect.

As early as the 17th century, de Valdez measured the 
distance at which a row of mustard seeds could no longer 
be counted, and early astronomers like Robert Hooke were 
interested in the size of stars that could be detected and their 
relation to retinal anatomy.1 In this context, the minimum 
visible acuity refers to the smallest target that can be detected. 

Under ideal conditions, humans can detect a long, dark wire 
(like the cables of the Golden Gate bridge) against a very 
bright background (like the sky on a bright sunny day) when 
they subtend an angle of just 0.5 arc seconds (≈ 0.00014 
degrees). It is widely accepted that the minimum visible 
acuity is so small because the optics of the eye (described 
below) spread the image of the thin line, so that on the 
retina it is much wider, and the fuzzy retinal image of the 
wire casts a shadow which reduces the light on a row of 
cones to a level which is just detectably less than the light 
on the row of cones on either side. In other words, although 
we specify the minimum visible acuity in terms of the 
angular size of the target at the retina, it is actually limited 
by our ability to discriminate the intensity of the target rela-
tive to its background.

Increasing the target size, up to a point, is equivalent to 
increasing its relative intensity. Hecht & Mintz3 measured the 
visual resolution of a black line against a background over 
a large range of background brightness. They found that the 
minimum visible acuity varied from about 10 minutes at  
the lowest background levels, to about 0.5 arc seconds at the 
highest. The limiting factor in the case of minimum visible 
acuity is the observers’ sensitivity to small variations in the 
stimulus intensity (ΔI/I), i.e. their contrast sensitivity (dis-
cussed below). Indeed, Hecht & Mintz3 state that the retinal 
image produced by the 0.5 arc second line represents a “fine 
fuzz of a shadow extending over several cones”, and they 
calculated that at the highest intensity levels tested, the 
foveal cones occupying the center of the shadow suffers a 
drop in intensity (relative to the neighboring cones) of ≈ 1 
percent – just at the limit of intensity discrimination.

Although the minimum visible acuity represents one limit 
to spatial vision, it is in fact a limit in the ability to discern 
small changes in contrast, rather than a spatial limit per se, 
and minimum visible acuity is not used clinically.

Minimum resolvable acuity
• Minimum resolvable acuity refers to the smallest 

angular separation between neighboring objects that 
one can resolve.

More than 5000 years ago the Egyptians assessed visual 
acuity by the ability of an observer to resolve double  
stars.1 There is currently still debate about how best to define 
and measure resolution. However, today, the minimum 
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we may experience a phenomenon called aliasing, in which 
we misperceive the width or orientation of the stripes). 
Cones in the fovea have a center-to-center separation of 
about 0.5 minutes of arc (0.008 degrees), which fits nicely 
with the observed acuity limit of 1 minute of arc (0.017 
degrees – since we need two cones per cycle to be able to 
perceive it accurately), and each foveal cone has a “private” 
line to a ganglion cell. Rods and cones in the retinal periph-
ery are less tightly packed together, and many receptors con-
verge on each ganglion cell. As a result, visual acuity is much 
poorer in the periphery than in the fovea (more about that 
later).

Table 33.1 Summary of the different forms of acuity and 
their limits

Type of acuity Measured Acuity (degrees)

Minimum visible Detection of a feature 0.00014

Minimum resolvable Resolution of two features 0.017

Minimum 
recognizable

Identification of a feature 0.017

Minimum 
discriminable

Discrimination of a 
change in a feature

0.00024

Figure 33.1 Spatial sampling of a sinusoid whose spatial frequency is (A) lower than the sampling limit set by the spacing of the cones, (B) equal to the 
sampling limit set by the spacing of the cones, (C) higher than the sampling limit set by the spacing of the cones.
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Box 33.1 Visual Acuity

Visual acuity is a measure of the keenness of sight. Visual acuity is 
limited primarily by the optics of the eye and by the anatomy 
and physiology of this visual system. As such, visual acuity is 
perhaps the key clinical measure of the integrity of the optical 
and physiological state of the eye and visual pathways.

resolvable acuity is much more likely to be assessed by deter-
mining the finest black and white stripes that can be resolved. 
Under ideal conditions (e.g. high contrast and luminance), 
humans with very good vision can resolve black and white 
stripes when one cycle subtends an angle of approximately 
1 minute of arc (0.017 degrees). This minimum resolvable 
acuity represents one of the fundamental limits of spatial 
vision: it is the finest high-contrast detail that can be resolved. 
In foveal vision the limit is determined primarily by the 
spacing of photoreceptors in the retina. The visual system 
“samples” the stripes discretely, through the array of recep-
tors at the back of the retina (Fig. 33.1). If the receptors are 
spaced such that the whitest and blackest parts of the grating 
fall on separate cones (Fig. 33.1B), we should be able to 
make out the grating. But if the entire cycle falls on a single 
cone (Fig. 33.1C), we will see nothing but a gray field (or 
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Illiterate E and Landolt C charts are based on the same prin-
ciples as the Snellen chart.

Although Snellen’s notation for visual acuity is com-
monly used, there are other schemes for specifying acuity 
(Table 33.2). For example, the Minimum Angle of Resolu-
tion (MAR) is the angular size of detail of the visual acuity 
letter in minutes of arc – it is the Snellen denominator (the 
number below the line, e.g. 40) over the Snellen numerator 
(the number above the line, e.g. 20). Thus, for example a 
Snellen acuity of 20/20 is equivalent to an MAR of 1′; 20/40 
to an MAR of 2′ and 20/100, an MAR of 5′. Another method 
for specifying acuity is the Snellen fraction (the Snellen 
numerator divided by the denominator or 1/MAR). Acuity 
is sometimes specified as LogMAR (the logarithm of the 
minimum angle of resolution) and sometimes as Log Visual 
Acuity (the logarithm of the Snellen fraction). Snell &  
Sterling4 developed a metric for quantifying visual loss 
due to injury or disease. The Snell–Sterling efficiency scale 
sets 20/20 (MAR = 1′) as 100% efficiency, and reduces the 
efficiency by a fixed percentage (≈ 84%) for every 1 minute 
loss of acuity.

There are many stimulus and subject variables that influ-
ence the minimum recognizable visual acuity (discussed 
below).

Minimum discriminable acuity
• Minimum discriminable acuity refers to the angular 

size of the smallest change in a feature (e.g. a change in 
size, position or orientation) that one can discriminate.

Perhaps the most studied example of minimum discrimi-
nable acuity is our ability to discern a difference in the rela-
tive positions of two features. Our visual systems are very 
good at telling where things are. Consider two abutting hori-
zontal lines, one slightly higher than the other (Fig 33.3A). 
It is very easy to discern that, for example the right line is 
higher than the left (i.e. discriminate the relative positions 
of the two lines) even from a long way away. This is an 
example of a class of visual tasks that have been given the 
label “hyperacuity” by Gerald Westheimer.5 These tasks all 
have in common that they involve judging the relative posi-
tion of objects, and Westheimer coined the term hyperacu-
ity, because, under ideal conditions, humans can make these 
judgments with a precision that is finer than the size or 
spacing of foveal cones.

The smallest misalignment that we can reliably discern is 
known as Vernier acuity – named after the Frenchman, Pierre 
Vernier, whose scale, developed in the 17th century, was 
widely used to aid ship’s navigators. The success of the 
Vernier scale was based on the fact that humans are very 
adept at judging whether nearby lines are lined up or not. 
Thus, Vernier alignment is still widely used in precision 
machines, and even in the dial switches in modern ovens. Figure 33.2 Snellen acuity chart.

6/60

6/36

6/24

6/18

6/12

6/9

6/6

Table 33.2 Different acuity notations

Snellen (Imperial) Notation (Metric) MAR logMAR Decimal SF (c/deg)

20/200 6/60 10 1 0.1 3

20/20 6/6 1 0.0 1.00 30

20/10 6/3 0.5 −0.3 2 60

Minimum recognizable acuity
• Minimum recognizable acuity refers to the angular size 

of the smallest feature that one can recognize or identify.

Although this method has been used since the 17th 
century, the approach still used by eye doctors today was 
introduced more than a century ago by Herman Snellen and 
his colleagues. Snellen constructed a set of block letters for 
which the letter as a whole was five times as large as the 
strokes that formed the letter (Fig. 33.2). The distance of the 
patient was varied until they could no longer accurately read 
the letters. In later adaptations of the Snellen test, the viewer 
was positioned at a constant distance (typically 20 feet [6 
meters]), and the size of the letters, rather than the position 
of the viewer, was altered and visual acuity was defined as:

The distance at which the patient can just identify the 
letters / The distance at which a person with “normal” vision 
can just identify the letters

Thus, “normal” vision came to be defined as 20/20 (6/6 
in metric units). To relate this back to visual angle, a 20/20 
letter is designed to subtend an angle of 5 arc minutes (0.083 
degrees) at the eye, and each stroke of a 20/20 letter sub-
tends an angle of 0.017 degrees (our old familiar 1 arc 
minute). Thus, if you can read a 20/20 letter, you can discern 
detail that subtends 1 minute of arc. If you have to be at 20 
feet to read a letter that someone with normal vision can 
read at 40 feet, you have 20/40 vision (worse than normal). 
Although 20/20 is often considered the gold standard, most 
healthy young adults have an acuity level closer to 20/15. 
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Under ideal conditions, Vernier acuity may be just three arc 
seconds (≈ 0.0008 degrees)! This performance is even more 
remarkable when you consider that it is about ten times 
smaller than even the smallest foveal cones. Note that the optics 
of the eye spread the image of a thin line over a number of 
retinal cones, and that the eyes are in constant motion, 
and this performance appears even more remarkable.

Vernier acuity is not the most remarkable form of hyper-
acuity. Guinness World Records 2005 describes the “highest 
hyperacuity” as follows: In April 1984, Dr. Dennis M. Levi 
(yes – that’s yours truly) “… repeatedly identified the relative 
position of a thin, bright green line within 0.8 seconds of 
arc (0.00024 deg). This is equivalent to a displacement of 
some 0.25 inches (6 mm) at a distance of 1 mile (1.6 km).” 
This “remarkable” position acuity was accomplished with a 
bisection task (Fig. 33.3B), but can actually be understood 
based on a straightforward model of human spatial vision.6

As remarkable as the other hyperacuities (sometimes also 
called “position” acuities) might seem, they do not defy the 
laws of physics. Geisler7 calculated that if you placed a 
machine (known as an ideal discriminator) at the retina, and 
this machine knew precisely the pattern of photons absorbed 
by the retinal photoreceptors when the stripes were aligned, 
and the pattern of photons absorbed when they were mis-
aligned, that this machine could actually perform an order 
of magnitude better than even the best humans. So, the 
information about the Vernier offset is present in the pattern 
of photons absorbed by the photoreceptors; however, 
humans must be able to interpret the information despite 
the constant motion of the eyes. Thus hyperacuity must 
ultimately be limited by neurons in the visual cortex that  
are able to interpolate positional information with high 
resolution.

There is a good deal of evidence that different mecha-
nisms limit position judgments for closely spaced (or abut-
ting) targets, and for widely separated targets. In the nearby 
case, both contrast and contrast polarity are important. For 
example, in a two-line Vernier target Vernier acuity is better 
when the lines are both either bright or dark than if one line 
is bright and the other dark. For longer-range position judg-
ments where the targets are well separated, neither contrast 
nor contrast polarity nor the local stimulus details matter 

very much. For long-range position judgments the visual 
system must localize each of the features, and then compare 
the position labels of separate cortical mechanisms. The idea 
that cortical receptive fields have position labels (in addition 
to labels for other stimulus dimensions) is consistent with 
the topographical mapping of visual space in the brain (i.e. 
each point in space is systematically mapped on to the visual 
cortex). More than a century ago, Hermann Lotze8 wrote:

“So long as the opinion is maintained that the space relations of 
impressions pass as such into the soul, it must of course, in the 
interest of the soul, be further held that each impression is 
conveyed to it by a distinct fibre, and that the fibres reach the 
seat of the soul with their relative situation wholly undisturbed”.

Although we now know much more about the anatomy 
and physiology of the visual system than was known in the 
1880s, Lotze clearly recognized that there must be a topo-
graphical representation of the world in the visual nervous 
system (if not the soul!), and that each “fibre” must carry a 
label about the position of the “impression” that it carried. 
For this reason, position labels were called “Lotze’s local 
signs”. Lotze also concluded that local signs played an impor-
tant role in directing eye movements toward stimuli in the 
peripheral field of vision. So how accurate is “local sign” 
information? It turns out that humans can localize the posi-
tion of a single peripheral feature to within about 1–2 
percent of the eccentricity of the target, a little more precisely 
than we can make saccadic eye movements to peripheral 
targets.9

Limiting factors in visual acuity

In this section we explore the optical, anatomical and physi-
ological factors that limit visual acuity. In the fovea, optics 
anatomy and neural mechanisms conspire to limit our visual 
acuity.

Optical quality of the eye
The optics of the eye spread the retinal image. Consider the 
retinal image of a distant star. Because stars are really far 
away, they are considered to be a “point source”, i.e. if they 
were in perfect focus and the eye’s optics were perfect, they 
would subtend an infinitely small angle at the eye. Point 
sources are useful if you want to learn about the quality of 
the eye’s optics. As it turns out, the eye’s optics are far from 
perfect; in fact your camera might have better optical quality. 
The eye’s optics spread the image, so that a point in space 
forms a distribution (like a Gaussian) on the retina, as illus-
trated in Figure 33.4A. This distribution, like the office foot-
ball pool, is known as the point spread function (if the 
source is a line it’s called the line spread function). Figure 
33.4B–D shows the retinal light distribution for a pair of 
nearby stars. As the stars become closer and closer together, 
their images overlap to a greater and greater degree, so that 
when they are very close, they look like a single distribution. 
When the separation between the stars on the retina is less 
than half the spread of each image, they will appear as a 
single star. This is known as the Rayleigh limit (Fig. 33.4D). 
The Rayleigh limit is determined mainly by the wavelength 

Figure 33.3 Two “hyperacuity” configurations: Vernier acuity (A) and 
bisection acuity (B). In both cases, the subject’s task is to judge the relative 
position of the features.

A

B
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of the light and the size of the pupil (we’ll soon discuss 
why). As noted earlier, the ability to distinguish double stars 
was one of the earliest measures of visual acuity, used by the 
Egyptians more than 5000 years ago.1

Another way to determine the quality of an optical system 
is to measure its modulation transfer function. This is typi-
cally done by passing test patterns of sinusoidal gratings (Fig. 
33.5) of known contrast through the optical system, and 
measuring the contrast in the image. Sinewaves are charac-
terized by their spatial frequency (i.e. the number of stripes 
in a given distance, usually specified in cycles per degree), 
their contrast (i.e. the difference in the luminance of the 
peaks and troughs divided by the sum of the luminance of 
the peaks and troughs), and their phase (the position of the 
peaks). Sinewaves are especially useful because even after 
they are degraded by an optical system, they maintain their 
characteristic shape (i.e. once a sinewave always a sinewave) 
they just become smaller in amplitude (and they may shift 
in phase). The ratio of image contrast to object contrast is a 
measure of image quality. By measuring the ratio of image 
contrast to object contrast for a range of object spatial fre-
quencies, we can measure the modulation transfer of any 
optical system. The red line in Figure 33.6A shows the 
average modulation transfer functions of a large group of 

Figure 33.4 (A) Retinal image of a single point. 
Although the point is infinitesimally small, its image 
is spread on the retina. (B–D) Retinal image of a pair 
of nearby points, separated by distances equal to 
two (B), one (C) and half (D) the spread of each 
image. The latter case is known as the Rayleigh limit.
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observers with 3-mm pupils (about the average size of the 
pupil in a well-lighted room). As the object spatial frequency 
increases the modulation transfer declines, falling to near 
zero at a spatial frequency of around 80 cycles per degree. 
The spatial frequency at which the modulation transfer func-
tion falls to zero is called the cutoff spatial frequency. At 
this spatial frequency the optics do not transmit the sinusoi-
dal variations in the luminance of the object. The theoretical 
cutoff spatial frequency (in cycles/degree), like the Rayleigh 
limit, is determined mainly by the wavelength of the light 
(λ), and the diameter of the pupil (d):

Cutoff SF c deg d( ) = π λ180 *

where d and λ are both specified in millimeters (mm). 
For red light (630 nm or 0.000630 mm as used by Liang & 
Williams10) and a 3-mm pupil (about as small as they get) 
the predicted cutoff spatial frequency is 83 c/deg.

What limits optical image formation of the eye?
As noted above, the optics of the human eye are imperfect. 
Why do the eye’s optics not match up to a fine camera? One 
limitation is diffraction produced by the pupil of the eye (or 
the lens aperture of a camera). For example, when light 
passes through the aperture, instead of staying in a straight 
line, the light from each ray will be scattered into different 
directions. This scatter is known as diffraction, and its con-
sequence is to spread or defocus the image and to reduce the 
transfer of high spatial frequencies in the modulation trans-
fer function. The blue lines in Figure 33.6 show the diffrac-
tion limit (i.e. the modulation transfer of an aberration free 
optical system). As noted above, the cutoff spatial frequency 
in the modulation transfer function depends on the pupil 
diameter. The red line in Figure 33.6B shows the modulation 
transfer function of a large group of human eyes for a large 
(7-mm) pupil size. Note that for the large pupil diameter the 
modulation transfer function is much poorer than predicted 
by the theoretical limit set by diffraction.

In both panels of Figure 33.6, the eye’s optics are always 
worse than the theoretical limit, especially when the pupil 
is large. One important reason is that the eye exhibits aber-
rations. One form of aberrations in the eye is known as 
spherical aberrations, in which light rays passing through 
different parts of the eye’s optics are focussed at slightly dif-
ferent points in the image plane. Larger pupils will result in 
more aberrations because more peripheral rays of light will 
enter the eye. There are also chromatic aberrations. If the 
light source (like starlight) is a mixture of light of different 
wavelengths, then not all of the wavelengths will be in focus 
on the retina (at any given time), so the eye will have differ-
ent point spreads for different wavelengths.

Refractive error and defocus results in a marked 
loss of image quality
The refractive error of the eye is determined by the refractive 
power of the optical components of the eye (i.e. the power 
of the cornea and lens) and the length of the eyeball. To 
focus a distant point source on the retina, the refractive 
power of the optical components of the eye must be perfectly 
matched to the length of the eyeball. This perfect match is 
known as emmetropia. If there is an uncorrected refractive 
error or the optics of the eye are defocused, the image of a 
distant object on the retina will be spread out (i.e. the point 

Figure 33.6 The modulation transfer function of the human eye. (A) The 
red line is the mean MTF of 12 eyes with a 3-mm pupil with refractive error 
corrected. The blue line is the MTF of an aberration-free eye (i.e. limited by 
diffraction only). The green line shows schematically the effect of 
uncorrected refractive error. (Adapted from Liang J. & Williams, D.R. (1997). 

Aberrations and retinal image quality of the normal human eye. J Opt Soc Am A Opt 

Image Sci Vis., 14, 2873–83.10) (B) The red line is the mean MTF of 14 eyes with 
a 7.3-mm pupil with refractive error corrected). The blue line is the MTF of 
an aberration-free eye (i.e. limited by diffraction only). (Adapted from Campbell, 

F. W., and Green, D. G. (1965). Optical and retinal factors affecting visual resolution. J 

Physiol 181: 576–593.55)
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to properly represent the peaks and troughs in the intensity 
profile of a sinewave, there must be at least two cones for 
each cycle of the grating. This is known as the Nyquist limit 
and is represented in Figure 33.1B. More formally, the 
Nyquist limit occurs when the sinewave has a spatial period 
(i.e. the peak to peak distance) that is two times the cone 
spacing. When the spatial period is smaller than twice the 
cone spacing (i.e. when the sinewave spatial frequency is 
higher than the Nyquist frequency) the phenomenon known 
as “aliasing” may occur, i.e. rather than the cones signaling 
a perfect replica of the sinewave on the retina, the signal is 
distorted – it appears to be a sinewave with a lower spatial 
frequency than the original (Fig. 33.8). Since cones in the 
fovea have a center to center separation of around 0.5 arc 
minutes, the cone sampling (or Nyquist) limit is a grating 
spatial period of about 1 minute (i.e. a grating spatial fre-
quency of 60 cycles per degree. Note that because the cones 
have triangular packing, geometry dictates that the Nyquist 
frequency will actually be about 15 percent higher or roughly 
69 c/deg). This represents a fundamental limitation set by 
the spacing of the foveal cones, and it is not far off the limi-
tations set by the eye’s optics. Thus, in the fovea, the cone 
spacing is nicely matched to the eye’s optics. As we’ll see later 
in this chapter, in peripheral vision cone spacing changes 
dramatically, while the optics change only a little.

The notion that there is a “highest” spatial frequency  
that can be accurately represented by the visual system  
(the Nyquist frequency) raises the interesting question of 
whether aliasing actually occurs in human vision. Fortu-
nately for us, our optics “protect” us from the effects  
of aliasing in the fovea by reducing the contrast of high 
spatial frequencies. Interestingly, it is possible to create  
a very high spatial frequency pattern on the retina bypass-
ing the optics of the eye (this can be accomplished  
using lasers to create interference patterns). Under these  
conditions, humans report the appearance of aliasing –  
fine gratings appear coarse (and often appear to change  
their orientation). Figure 33.8 illustrate how viewing a 
grating through too coarse a grid produces the kind of wavy, 
coarse appearance produced by aliasing.

Cone to ganglion cell convergence
If many cones converged on a single ganglion cell, the 
advantage of having closely spaced cones would be lost. 
Recall however that in the fovea each cone effectively has a 
“private line” to the brain via the midget bipolar and gan-
glion cells. So, the receptive field centers of midget ganglion 
cells are effectively one cone wide. In peripheral vision reso-
lution is limited by the retinal ganglion cells that are widely 

spread function will widen) and the modulation transfer 
function will be low (green line in Fig. 33.6A).

For myopes, the power of the optical components is too 
strong for the length of the eyeball, causing the light rays to 
converge too much to focus on the retina. Myopia cannot 
be remedied through accommodation because accommoda-
tion will increase the convergence of the light. The amount 
of image spread depends on the amount of defocus, and the 
pupil size. Reducing pupil size increases the depth of focus, 
so that defocus has less effect with small than with large 
pupils. As a rule of thumb, 1 diopter of uncorrected simple 
myopia will result in a decrease of Snellen acuity, on average, 
to ≈ 20/60.

Myopia can be corrected with negative (minus) lenses, 
which diverge the rays. On the other hand, hyperopia (far-
sightedness) occurs when the power of the optical compo-
nents is too weak for the length of the eyeball, causing the 
light rays to not converge enough to focus on the retina (the 
image plane lies behind the retina in an unaccommodated 
hyperopic eye). If the hyperopia is not too severe, a young 
hyperope can compensate by accommodating, and thereby 
increasing the power of the eye.

The most powerful refracting surface in the eye is the 
cornea, which contributes about two-thirds of the eye’s 
refracting power. When the cornea is not spherical the result 
is astigmatism. With astigmatism, a point source would not 
have a single point focus on the retina (i.e. the pointspread 
function would be asymmetric), and lines of different orien-
tations would be focussed in different planes. Although 
there are other causes for astigmatism, it is usually caused 
by asymmetry of the front surface of the cornea. Cylindrical 
lenses that have two focal points can correct astigmatism 
(e.g. they have different power in the horizontal and vertical 
meridians).

Photoreceptor size and spacing; aperture size; 
the “Nyquist” limit; aliasing
Retinal anatomy plays a very important role in setting the 
limits for foveal resolution acuity. Foveal cones are arranged 
in a regular arrangement (sometimes called a triangular 
array) and are densely packed (see Fig. 33.7). This dense 
packing is critical to fine resolution. The reason is simple. 
The visual world is represented by continuous variations in 
light intensity. However, our visual system “samples” the 
world discretely, i.e. by looking at the light distribution 
through many small individual photoreceptors. The more 
closely packed the photoreceptors, the better the light distri-
bution can be represented to the visual nervous system. As 
illustrated in Figure 33.1, there is a sampling limit. In order 

Figure 33.7 Inner segments of a human cone 
mosaic in a strip extending from the foveal center 
(upper left arrow) along the temporal horizontal 
meridian. The large cells are cones and the small 
cells are rods. The horizontal scale bar indicates 
10 µm. (From Hirsch, J, Curcio, C. The spatial resolution 

capacity of human foveal retina. Vision Research, 29, 

1095–1101; 1989.94)
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spaced (sparsely sampled) and that pool information from 
many cones.

Eccentricity
In contrast to the tight packing of cones in the fovea, cone 
density decreases dramatically with retinal eccentricity,  
and there is substantial convergence of cones to ganglion 
cells (Chapter 32). Humans have many more rods (about 
90 million) than cones (about 4–5 million), and they have 
very different geographical distributions on the retina (Fig. 
33.9). The cones are most concentrated in the center of the 
fovea, and their density drops off dramatically with retinal 
eccentricity. Rods are missing from the center of the fovea, 
and their density increases to a peak at about 20 degrees, 
and then declines again. As can be seen in Figure 33.7, the 
cones in the fovea are much more densely packed than in 
the peripheral retina, and there are no rods in the section 
from the foveal center. This “rod-free” area (about 300 
micrometers on the retina) subtends a visual angle of  

Figure 33.8 (A) The foveal cone mosaic is represented as sample points (bright dots). In the other panels it has been sandwiched with gratings of 40 cpd 
(C), 80 cpd (B) and 110 cpd (D). (From Williams DR. Topography of the foveal cone mosaic in the living human eye. Vision Research, 28, 433–54; 1988. Copyright Elsevier 

1988.95)

BA

DC

Figure 33.9 Distribution of cones (blue) and rods (red) across the retina. 
(Adapted from Osterberg, G. (1935). Topography of the layer of rods and cones in the 

human retina. Acta. Ophthal., Suppl. 6, 1–103.96)
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photoreceptors to retinal ganglion cells, and a large chunk 
of cortex. If we could see the entire visual field with such 
high resolution, we might need to have eyes and brains too 
large to fit in our heads! Thus, we have evolved a visual 
system that provides high resolution in the center, and lower 
resolution in the periphery. In large part, the high foveal 
magnification in the cortex reflects the topography of the 
retina18 (see Fig. 33.7); however, there appears to be addi-
tional magnification of the foveal representation in the 
cortex,19 and the striate cortex contains more than 100 times 
more cells than LGN.

about 1 degree. Moreover, unlike the fovea, in the retinal 
periphery there is considerable convergence of cones onto 
ganglion cells.

Almost 140 years ago, Aubert & Forster11 demonstrated 
that visual acuity declines in an orderly fashion with eccen-
tricity – an important observation that has been often 
repeated and extended to a multiplicity of tasks over the 
years. About 100 years later, Weymouth12 showed that many 
visual functions degrade approximately linearly with eccen-
tricity, and we can characterize the rate of fall-off of many 
visual functions (as well as the anatomical structures that 
limit performance) by the gradient, which can be repre-
sented by a single number called E2. E2 represents the eccen-
tricity at which the foveal value has doubled.13,14

Daniel & Whitteridge15 coined the term “cortical magni-
fication factor” or CMF, to describe the cortical distance 
(usually specified in mm) devoted to one degree in the visual 
field. Although there are still uncertainties about the precise 
CMF of the fovea, in humans, the best estimates (based on 
functional imaging) suggest that it is about 20 mm/deg (i.e. 
1 degree in visual space is represented over a distance of 
about 20 mm in the cortical representation of the fovea). In 
contrast, at an eccentricity of 10 degrees, 1 degree in visual 
space is represented over a distance of only about 1.5 mm 
in the cortex.

The CMF is generally specified in mm/deg. A convenient 
simplification is that the inverse CMF (i.e. the number of 
degrees per millimeter) varies approximately linearly with 
eccentricity (Fig. 33.10A). Thus, in the human fovea, approx-
imately 0.05 degrees of visual space (3′) is represented in 
1 mm of striate cortex, while at 10 degrees eccentricity about 
0.67 degrees is represented in 1 mm. The red line in Figure 
33.10B shows the gradient (i.e. the rate of variation of 
inverse magnification with eccentricity), by plotting the ratio 
of peripheral to foveal inverse magnification at each eccen-
tricity. Essentially, this normalizes inverse magnification at 
each eccentricity by the foveal value. An advantage of using 
the gradient is that it makes it simple to compare changes 
in anatomy or performance with eccentricity for different 
structures and functions.

For inverse cortical magnification (the red line in Figure 
33.10B) the gradient is steep and E2 is ≈ 0.77 degrees.14 In 
contrast, the gradient for midget retinal ganglion cell size 
(the blue line in Figure 33.10B – from Peterson & Dacey16) 
is shallow, and E2 is about 3.7 degrees. The importance of 
the gradients of performance is that they may provide clues 
as to the structures, at various levels of the visual pathway, 
which limit performance. Indeed, one of the reasons Polyak17 
gave for undertaking his classical study of the retina was to 
obtain a better understanding of the “striking difference 
between central and peripheral acuity”. Different psycho-
physical tasks also have different gradients. For example 
Vernier acuity has a steep gradient, while contrast sensitivity 
(discussed below) has a shallow gradient.

Figure 33.11 shows a visual acuity chart in which the 
letters are “scaled” in size, so that each letter covers an 
approximately equal cortical distance, and interestingly, the 
letters should be approximately equally visible!

Why is the foveal representation in the cortex so highly 
magnified? The visual system must make a trade off. High 
resolution (like our foveas) requires a great deal of resources 
– a dense array of photoreceptors; a one-to-one line from 

Figure 33.10 (A) The inverse cortical magnification factor (CMF in 
degrees per millimeter) versus eccentricity. (B) The red line shows the 
gradient (i.e. the rate of variation) of inverse magnification with eccentricity, 
by plotting the ratio of peripheral to foveal inverse magnification at each 
eccentricity. For inverse cortical magnification the gradient is steep. In 
contrast, the gradient for midget retinal ganglion cell size (the blue line) is 
shallow.
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Crowding in peripheral vision
In peripheral vision, the identification of a letter is severely 
impaired by neighboring letters (Box 33.2). This “crowding” 
phenomenon20 has been discussed scientifically for some 60 
years, but is only beginning to be understood (see recent 
reviews21,22). The reader can experience this phenomenon by 
viewing Figure 33.12. When looking at the fixation point, 
the letter R is clearly legible in the top panel, where it is 
presented in isolation. However, it is much more difficult to 
read in the lower panel, when flanked by other letters.

Inspection of Figure 33.12 makes it obvious that crowd-
ing does not result in reduced apparent contrast – rather, 
crowded letters are high contrast but indistinct or jumbled 
together. Tyler & Likova23 also note their strong subjective 
impression of a “gray, or inchoate, smudge between the two 
outer letters, including the inner parts of those letters.”

In peripheral vision, the spatial extent of crowding 
depends on eccentricity, and can be as large as ≈ 0.5 times 
the target eccentricity. Several recent studies have varied  
both target size and eccentricity, and show that the extent  
of peripheral crowding is more or less invariant to target 
size.24–27

Figure 33.11 A visual acuity chart in which the letter size has been “scaled” 
according to the cortical magnification factor. (From Anstis SM. A chart 

demonstrating variations in acuity with retinal position. Vision Research, 14, 589–92; 

1974. Copyright Elsevier 1974.97)

Figure 33.12 Crowding. The reader can experience crowding by fixating 
the dot, and trying to identify one letter: in isolation (A), surrounded by 4 
random flanking letters (B), surrounded by 2 horizontally placed random 
flanking letters (C), surrounded by 2 vertically placed random flanking letters 
(D). (From Levi DM. Crowding—An essential bottleneck for object recognition: A 

mini-review. Vision Res., 48, 635–54; 2008. Copyright Elsevier 2008.21)

A

B

C

D

Box 33.2 Crowding

In peripheral vision and in the central field in strabismic 
amblyopia, the identification of a letter, which can be easily 
identified in isolation, is severely impaired by neighboring letters. 
This “crowding” phenomenon has been discussed scientifically 
for some 60 years, but is only beginning to be understood. 
Crowding represents an essential bottleneck for object 
recognition and reading.

The strength and extent of peripheral crowding are much 
greater than the strength and extent of masking,24,28 so that 
in peripheral vision, the suppressive spatial interactions due 
to nearby flanks are not likely to be a consequence of simple 
contrast masking.

A number of studies, using very different stimuli and  
tasks, have shown convincingly that crowding is indifferent 
to whether the target and flanks are presented to the same 
eye or to different eyes (target to one eye, flanks to the 
other14,29–31). The fact that crowding occurs when target and 
flanks are presented to separate eyes immediately places the 
site of the interaction at or beyond the site of combination 
of information of the two eyes. Remarkably, this dichoptic 
interaction even occurs when the flankers are presented 
around the blindspot of one eye, and the target in the 
“monocular” region corresponding to the blindspot of the 
other eye.32 This is both surprising and interesting because 
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Contrast
Visual acuity is generally tested with high contrast (≈ 100% 
contrast) optotypes, and reducing the contrast results in a 
systematic reduction of acuity.43–46 Figure 33.14 (from Legge 
et al47) shows that one’s visual acuity for Sloan letters varies 
linearly on log–log coordinates, with a log–log slope of  
≈ −0.5. In other words, visual acuity improves in proportion 
to the square root of the target contrast. Similarly, other types 
of acuity (e.g. abutting Vernier acuity) depend strongly on 
target contrast. Interestingly, relative position judgments 
with widely separated targets show little dependence on con-
trast, luminance, or polarity, as might be expected if these 
judgments are limited by a local sign mechanism (discussed 
earlier).

Time
For many visual tasks including visual acuity and abutting 
Vernier acuity, performance is degraded when the stimulus 
presentation is brief.48,49 This effect can largely be under-
stood on the basis of stimulus energy or visibility, i.e. reduc-
ing the duration below a “critical” duration, reduces the 
number of quanta and the visibility of the stimulus. This 
effect of duration can be cancelled by increasing the illumi-
nation or contrast of the stimulus to maintain a constant 
visibility (or a constant number of absorbed quanta2,49,50).

Motion
Even when you try to hold your eyes completely stationary, 
they continue to execute small but important movements. 
These involuntary eye drifts and small jerks keep the retinal 
image “fresh”; if the eye muscles are temporarily paralyzed 
– say, as a result of taking curare51 – the entire visual world 
gradually fades from view. Using retinal image stabiliza-
tion, Keesey52 showed that these small involuntary eye 

there is a complete absence of direct retinal afferents from 
one eye to this region of cortex.

Note that there is no evidence of crowding when looking 
directly at the letters in Figure 33.12. Except near the limit 
of resolution33 in the normal fovea the extent of “crowding” 
is proportional to stimulus size and cannot easily be distin-
guished from ordinary masking.34,35 At the limit, foveal 
crowding extends over a tiny distance just 4–5 minutes  
of arc.33,36–38

We will return to the issue of crowding in the section on 
amblyopia.

Luminance
Visual acuity is usually measured under moderate photopic 
luminance conditions (80 to 320 cd/m2), and under those 
conditions (and indeed luminance levels ranging from full 
moonlight to a bright sunny sky) visual acuity remains fairly 
constant.2,39,40 At very low luminance levels, visual acuity is 
markedly reduced. Under very low (scotopic) luminance 
conditions visual acuity is mediated by rods, and rod acuity 
asymptotes at an acuity level between 20/100 and 20/200. 
Figure 33.13 shows the acuity vs log luminance function for 
normal fovea (red) and for patients with retinal lesions due 
to a disease of Bruch’s membrane (green) and macular toxo-
plasmosis (blue). Retinal disease lowers both the upper 
asymptote and the slope of the acuity vs luminance 
function.

Similarly, Vernier acuity for abutting lines is markedly 
reduced at low luminance levels.42 Reducing luminance 
alters the visibility of a stimulus. For example, the contrast 
(ΔI/I) necessary to detect a thin line increases as retinal illu-
minance is reduced. Specifically, both line detection thresh-
olds and (abutting) Vernier thresholds decrease with the 
square root of retinal illuminance, suggesting that photon 
statistics may be the main source of information loss.7,41,42 
Interestingly, when the effect of luminance on target visi-
bility is taken into account (by making the target contrast  
a fixed multiple of the detection threshold at each lumi-
nance level) Vernier acuity becomes independent of target 
luminance.42

Figure 33.13 Acuity vs log luminance for normal fovea (red) and for 
patients with retinal lesions due to a disease of Bruch’s membrane (green) 
and macular toxoplasmosis (blue). (Modified from Doc Ophthalmol.40)
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reading is equal to the critical spacing for crowding22,27,57 
(Fig. 33.17). The notion that crowding limits reading is sur-
prising and perhaps controversial, because reading rate has 
generally been thought to be linked to letter size rather than 
spacing. Changing the viewing distance for normal reading 
material changes both size and spacing; however, experi-
ments measuring reading performance versus letter size with 
normal and doubled letter spacing (i.e. 1.1 and 2.2 times the 
letter size) reveal that it is spacing that matters.57 Thus crowd-
ing appears to represent a limit for reading in normal and 
amblyopic central vision.57 This is consistent with the con-
clusions of Legge and his co-workers that the “visual span” 
(i.e. the number of letters in a line of text that can be recog-
nized reliably without moving the eyes) represents a sensory 
bottleneck for reading.58–60

movements have little or no effect on visual acuity. Indeed, 
visual acuity measured with Landolt C’s and Vernier acuity 
are unaffected by retinal image motion of up to ≈ 2.5 degrees/
second.53 Beyond that, Vernier acuity for targets consisting 
of closely spaced dots or lines is strongly degraded by fast 
motion. For very large blurred stimuli (low spatial frequency 
sinusoids), Vernier acuity is quite robust to even very high 
velocities.54

Anisotropies
There are anisotropies in visual acuity. For example, in the 
fovea visual acuity and contrast sensitivity at high spatial 
frequencies are better for horizontal and vertical gratings 
than for oblique (Fig. 33.15). The W-shaped function shown 
in Figure 33.15 is known as the oblique effect.55 It is not an 
optical effect since it occurs when interference fringes are 
imaged directly on the retina, thus bypassing the optics of 
the eye.56 In peripheral vision the oblique effect gives way to 
a radial organization, with acuity being better for gratings 
oriented along a line connecting the fovea to the peripheral 
location (radial orientation) and worse for the orthogonal 
orientation. The most profound anisotropy is found under 
conditions of crowding. Crowding in peripheral vision is 
much more extensive when the flankers are radially arranged 
than when they are tangentially arranged (Fig. 33.16).27,38 
The reader can see this effect for themselves in the lower two 
panels of Figure 33.12. In panel (D), the flanks are arranged 
radially, in panel (C), tangentially.

Visual acuity and reading
The ability to read quickly and accurately is crucial in our 
society, and difficulty in reading is one of the most frequent 
reasons that patients visit their eye doctor. Clearly, if acuity 
is substantially reduced, reading will be impaired. However, 
recent work shows that it is text spacing not text size that 
limits reading speed. When the text spacing is closer than a 
critical spacing, reading is slowed. The critical spacing for 

Figure 33.15 Oblique effect. (Modified from J Physiol.98)
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Figure 33.17 The critical spacing for reading is equal to the critical spacing 
for crowding for normal foveal, peripheral and amblyopic vision. (Reproduced 

with permission from Association for Research in Vision and Ophthalmology57)
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While the critical spacing for crowding and reading are 
also identical in peripheral vision (suggesting that crowding 
represents one limit to fast reading in the periphery), reading 
slows with increasing eccentricity even when crowding is 
controlled for (by scaling with eccentricity), for reasons that 
remain mysterious.

Spatial vision with low contrast

Up until now we’ve been discussing the smallest, high- 
contrast details that we can resolve; however, most of the 
objects in our world are larger than the resolution limit, and 
have lower contrast.

How can we measure and quantify how well we see 
objects that are larger than the resolution limit? Recall how 
the performance of an optical system was measured earlier 
in this chapter. Test patterns consisting of sinusoidal gratings 
(see Fig. 33.5) of known contrast and a range of sizes (spatial 
frequencies) were passed through the optical system, and the 
ratio of image contrast to object contrast was used as a 
measure of modulation transfer of the optical system. Sinu-
soidal gratings have some important advantages for testing 
optical systems, and therefore should be useful in character-
izing human pattern vision. There is, however, a problem. 
In an optical system, it is relatively easy to measure the con-
trast of the image; however, that’s not so easily done in 

Figure 33.18 The contrast sensitivity function: our window of visibility.
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human vision, because the image is on the retina. More 
importantly, how well we see sinusoidal gratings will be 
determined by both the optical components of the eye, and 
by any neural processing in the visual pathway. Thus, what 
we really want to know is about the quality of the image that 
reaches the brain and gives rise to perception. Schade61 first 
addressed this by showing people sinusoidal gratings and 
asking them to adjust the contrast of the gratings until they 
could just be detected. By repeating these measurements for 
a wide range of different spatial frequencies (stripe widths), 
Schade was able to describe the “contrast sensitivity func-
tion” – i.e. contrast sensitivity for gratings of different spatial 
frequencies. Almost 10 years later, Campbell & Green55 pub-
lished what is widely regarded as a classical paper, describing 
a relatively simple method for measuring the contrast sensi-
tivity function, and showed that both optical and neural 
processes influence the function.

The contrast sensitivity function represents 
our window of visibility
The red line in Figure 33.18 shows a contrast sensitivity 
function (CSF). The vertical axis shows the observer’s con-
trast sensitivity plotted as a function of the spatial frequency 
of the sinusoidal gratings (with low spatial frequencies, or 
broad stripes represented on the left, and high spatial fre-
quencies or fine stripes, on the right). Surprisingly, the func-
tion is shaped like an upside-down U. The modulation 
transfer of the eye (or any other optical system) reduces the 
contrast of high spatial frequencies, so the fall-off of sensitiv-
ity at high spatial frequencies is to be expected based on the 
optics of the eye. However, the fall-off of sensitivity at low 
spatial frequencies is unexpected. Poor optics will not reduce 
sensitivity at low spatial frequencies, so this low spatial fre-
quency fall-off must be due to neural factors (we’ll discuss 
these later).

Contrast sensitivity is obtained by measuring the smallest 
amount of contrast needed to detect the target (the contrast 
threshold), and sensitivity is defined as the reciprocal of the 
threshold contrast. Thus, if the contrast at threshold is 0.01, 
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less pronounced. At intermediate (mesopic) luminance 
levels, CSF is reduced mainly at high spatial frequencies. The 
CSF also changes its shape when the gratings are moved, 
flickered on and off or temporally modulated in other ways 
(Fig. 33.21). These changes in the shape of the CSF reflect 
neural changes.

The CSF in peripheral vision
Visual resolution declines with eccentricity. How the CSF 
changes with eccentricity depends in large part on how it is 
measured. In early studies, peripheral CSFs were measured 
with a patch of gratings that was fixed in size (say 1 degree). 
As illustrated in Figure 33.22A, when a fixed-size patch is 
viewed in the periphery, contrast sensitivity decreases dra-
matically at all spatial frequencies – with the most marked 

contrast sensitivity will be 100, and a contrast threshold of 
0.1 will give a contrast sensitivity of 10. Thus, the red line 
in Figure 33.18 corresponds to the lowest contrast one can 
see, and the pink region under the curve represents the 
window of visibility. Any pattern whose spatial frequency 
and contrast fall within the pink region will be visible, while 
any combination of spatial frequency and contrast in the 
region above the curve will be invisible. For example, a 
spatial frequency of 1 c/degree will be invisible if its contrast 
is less than 0.01 and will be visible with any contrast greater 
than 0.01. For this spatial frequency, the contrast sensitivity 
is 100. Note that contrast sensitivity equal to 1 corresponds 
to a contrast of 100 percent. This is the rightmost point on 
the CSF (at around 50 c/degree), and corresponds to the 
observer’s resolution limit. It is the finest grating the observer 
can detect with 100 percent contrast.

Figure 33.19 allows you to visualize your own CSF. This 
figure shows a sinusoidal grating whose contrast increases 
continuously from the top of the figure to the bottom, and 
whose spatial frequency increases continuously from the left 
side of the graph to the right side. If you hold the figure at 
a distance of about 50 cm, you will notice the inverted U 
shape where the grating fades from visibility to invisibility. 
This is your own CSF – because it tells us how your sensitiv-
ity varies over a wide range of target sizes, it is more informa-
tive than visual acuity.

Figure 33.18 illustrates a typical CSF, obtained with foveal 
viewing of stationary gratings at high levels of illumination 
(i.e. using cone vision). The CSF changes its shape at low 
luminance (Fig. 33.20). For example, at very low (scotopic) 
luminance levels, sensitivity is markedly reduced at all 
spatial frequencies, and the low spatial frequency fall off is 

Figure 33.19 Contrast and SF modulated grating (Robson & Campbell). 
(From Robson, J., and Campbell, F. (1997). A quick demonstration of your own contrast 

sensitivity function. In D. G. Pelli and A. M. Torres, Thresholds: Limits of Perception. New 

York: NY Arts Magazine.99)

Figure 33.20 The CSF at photopic, mesopic and scotopic luminance levels.
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of grating at each eccentricity. (This “scaling” was accom-
plished by viewing the same patch on the screen from suc-
cessively closer viewing distances as the eccentricity increased, 
thus increasing the angular size of the stimulus patch.) The 
result is that peak contrast sensitivity is almost the same at 
each eccentricity (Fig. 33.22B). Note, however, that even with 
the larger field size, both the peak of the CSF and the cutoff 
spatial frequency shift toward lower spatial frequencies as 
eccentricity increases.

How is it that peripheral contrast sensitivity improves so 
much at low spatial frequencies when the patch size is 
increased? Robson & Graham63 showed that the improve-
ment could largely be explained by a process known as 
probability summation. They measured contrast sensitivity 
for patches with different numbers of grating cycles. They 
found that contrast sensitivity improved as they added 
cycles, and the improvement followed a power function (i.e. 
a straight line on log–log axes). In the fovea, the function 
saturated when there were around 8 cycles, so that adding 
yet more cycles did not improve sensitivity much (Fig. 33.23 
– blue line). However, in peripheral vision sensitivity 
improved up to 64 cycles (the maximum number they 
tested; see Fig. 33.23 – red line). Recall that the scaling 
method of Rovamo et al increased the field size when testing 
the periphery. Thus, the periphery would get the benefit of 
having more cycles of the grating than the fovea, and as 
Robson & Graham showed the periphery uses every cycle it 
gets! Robson & Graham argued that the improvement in 
sensitivity as more cycles are presented, accrues from having 
more opportunities to detect the pattern. Their notion of 
probability summation across space was that the grating 
would be detected if it landed on a mechanism (receptive 
field) that was sensitive to the target, and signaled its  

effect at high spatial frequencies. Based on these types of 
measurements, it was commonly assumed that the periphery 
was basically able to function to detect light and movement, 
but not to be capable of making useful judgments about 
patterns or form. However, Rovamo et al62 showed that the 
peak contrast sensitivity of the periphery could be almost 
(but not quite) as high as that of the fovea, if the stimulus 
size was magnified in order to compensate for the reduced 
representation of the periphery in the visual nervous system. 
This basic idea, now widely known as magnification theory, 
has been shown to apply to a wide variety of visual stimuli 
and tasks. Rovamo et al62 magnified the stimulus size by a 
scale factor that was actually based on retinal ganglion cell 
density at each eccentricity, so in essence, they equated the 
number of ganglion cells that were stimulated by the patch 

Figure 33.22 Contrast sensitivity functions at 3 eccentricities: fovea (green), 
7.5 degrees (red) and 30 degrees (blue). (A) With fixed field size (2 degree 
half circle). (B) With field size scaled in proportion to ganglion cell density at 
each eccentricity. (Modified from Rovamo, J., Virsu, V. & Näsänen, R. (1978). Cortical 

magnification factor predicts the photopic contrast sensitivity of peripheral vision. 

Nature, 271, 54–6. By permission from Macmillan Publishers Ltd.62)
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20/100 lines is very coarse (50%), while the change from 
20/50 to 20/40 is much finer (20 percent), so that testing 
accuracy varies depending on the acuity level.

Most contemporary charts incorporate some or all of the 
design principles (Box 33.3) proposed by Bailey & Lovie;64 
the same number of letters on each line; a constant ratio 
from one letter size to the next (i.e. each line is a fixed per-
centage smaller than the previous line); spacing between 
letters and lines proportional to letter size, and nearly equal 
legibility to the optotypes (or nearly equal average legibility 
at each letter size). A distinguishing feature of charts that 
incorporate these principles is the V-shaped appearance, 
since each line is proportionally smaller than the preceding 
line. Figure 33.24 shows two such charts, the Bailey–Lovie 
chart and the Early Treatment of Diabetic Retinopathy Study 

presence, and they further assumed that each receptive field 
acted independently. Based on these simple assumptions, 
they were able to predict the effect of the number of cycles 
by simply pooling the responses of independent mecha-
nisms sensitive to the target.

Clinical testing of visual acuity

Visual acuity chart design considerations
The original Snellen chart consisted of seven letter sizes, with 
a single (20/200) letter at the top, two (20/100) letters on 
the next line, with the number of characters (letters and 
numbers) increasing on each subsequent line, and the inter-
letter spacing varying from line to line see (Fig. 33.2). More-
over, the change in letter size between the 20/200 and 

Figure 33.24 The Bailey–Lovie chart (A) and the Early 
Treatment of Diabetic Retinopathy Study (ETDRS) 
charts (B). Courtesy of Dr. Ian Bailey.
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versions (e.g. the Bailey–Lovie chart and the Regan low con-
trast chart). It should be noted that different clinical contrast 
sensitivity tests measure different aspects of vision. For 
example, the Pelli–Robson test (fixed large letter size) pro-
vides information about the sensitivity near the peak of the 
CSF, while the low-contrast variable letter size tests (e.g. 
Bailey–Lovie and Regan charts) provide information about 
sensitivity along the high-frequency limb of the CSF (i.e. the 
smallest letter size that can be resolved at a fixed low  
contrast). Although contrast sensitivity testing provides 
useful information for clinical trials, assessing treatment 
outcomes, etc., it is not clear how widely used it is in clinical 
practice. For example, fewer than 20% of eye-care practition-
ers who responded in a survey, frequently or always meas-
ured contrast sensitivity in pre-operative cataract patients.69

Glare
Glare – the effect of a bright or dazzling light source can be 
uncomfortable and can lead to a loss of visual function 
(known as disability glare). Disability glare is a consequence 
of excessive light scatter which reduces the contrast of the 
retinal image. Clinically, disability glare can be estimated by 
measuring the reduction in visual acuity or contrast sensitiv-
ity in the presence of a peripheral glare source, and there are 
several clinical tests available (e.g. the Miller–Nadler Glare 
tester; the Brightness Acuity Tester; the Optec 3000 and 
Vistech MCT8000). Disability glare tests have proved useful 
in clinical trials (e.g. ref. 70) and research on aging (dis-
cussed below) but the utility of glare testing in routine prac-
tice is not clear.

Development of spatial vision
We used to think of infant vision as “a buzzing, blooming, 
confusion”.71 However, studies over the past 20 years or so 
have shown that the visual system is much more developed 
at birth than we used to think (see Chapter 38).

Development of visual acuity and CSF
The emerging picture suggests that peak contrast sensitivity 
increases, and the peak of the CSF shifts toward higher 

(ETDRS) charts. The constant ratio (logarithmic) size scaling 
is based on the psychophysical principle that just-noticeable 
differences and their variability scale logarithmically.65

One impetus for using proportional spacing is the idea 
that letter spacing should be proportional to letter size in 
order to keep the effect of contour interaction consistent 
across acuity levels.36 However, in peripheral vision24 and in 
the central field of strabismic amblyopes crowding66 is a 
fixed spatial distance, not a fixed multiple of the target size.

Clinically, acuity can be measured with a variety of opto-
types and charts. These include illiterate E’s; Landolt C’s  
and letters. One of the great advantages of using letters  
for measuring acuity is that the likelihood of randomly 
guessing the correct letter is low (≈ 4% or 1 out of 26 if 
all the letters are used). Many charts used a reduced letter 
set, and for these the guess rate will be higher. For example, 
the ETDRS chart uses the Sloan letter set (C,D,H,K,N, 
O,R,S,V,Z), while the Bailey–Lovie chart uses the British 
letter set (D,E,F,H,N,P,R,U,V,Z). For both of these, the guess 
rate is 10 percent (1 out of 10). Operationally, visual acuity 
charts come in several formats: printed, projected and  
computer-generated.

There is a wide range of special methods for testing 
infants, toddlers and others who have limited capacity to 
respond to standard acuity charts. These run the gamut from 
objective tests such as visual-evoked potentials (VEP), 
optokinetic nystagmus (OKN) and preferential looking (PL), 
often used for infants and discussed in Chapter 38, to symbol 
and picture charts.

Clinical tests for CSF
Contrast sensitivity is not routinely measured in the clinical 
setting; however, there are now several methods available  
for doing so. These include the Functional Acuity Contrast  
Test (FACT CS Test – Stereo-Optical Co) that replaced the 
original Vistech chart.67 This chart has 5 different sinusoi-
dal grating frequencies, each presented at 9 contrast levels, 
allowing determination of the full CSF. A more popular 
approach is the Pelli–Robson CS chart68 (Fig. 33.25) 
which consists of 16 “triplets” of letters. The letters in each 
triplet have the same contrast, with the contrast between 
successive triplets decreasing by 0.15 log units. Since the 
patient’s task is to simply read the letters as far down the 
chart as they can, it is essentially identical to other visual 
acuity measures. What is different is that letter size is  
constant (0.5 degrees at 3 meters or 20/120) and contrast 
varies. There are also several conventional charts (varying 
letter size) that are available in both high- and low-contrast 

Figure 33.25 The Pelli–Robson chart for measuring contrast sensitivity. 
(From Pelli, D. G., Robson, J. G., & Wilkins, A. J. (1988) The design of a new letter chart 

for measuring contrast sensitivity. Clinical Vision Sciences 2, 187–199. Copyright Elsevier 

1988.68)

Box 33.3 Chart Design

Most contemporary charts incorporate some or all of the 
following design principles: the same number of letters on each 
line; a constant ratio from one letter size to the next (i.e. each line 
is a fixed percentage smaller than the previous line); spacing 
between letters and lines proportional to letter size, and nearly 
equal legibility the optotypes (or nearly equal average legibility 
at each letter size). Clinically, acuity can be measured with a 
variety of optotypes and charts. These include illiterate E’s; 
Landolt C’s and letters. Operationally, visual acuity charts come in 
several formats: printed, projected and computer-generated.
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age, after which it begins to decline.77 The decline is impor-
tant because the graying of the population of the US.  
According to US Census 2000, 35 million Americans are  
65 years and over (12.4 percent of the population). Those 
over 85 years are growing at roughly three times the rate of 
the general population – 50,000 Americans are over 100 
years old.

There are a number of reasons why one might expect 
visual function to decline with age. These include:

• decreased pupil size particularly in dim light
• decreased lens transmission particularly for short-

wavelength (blue) light
• increased intraocular light scattering.

All of these result in reduced retinal image contrast (par-
ticularly for small targets) and reduced retinal illumination. 
Thus, one might expect that visual performance is impaired 
most under low-contrast and low-light conditions NOT the 
high-luminance and high-contrast conditions normally used 
to test visual acuity.

Until ~10 years ago, only high-contrast acuity was  
known in elders. However, the SKI study, which has fol-
lowed some 900 elderly persons from Marin county, CA over 
a period of about 7 years, suggests that high-contrast acuity 
greatly underestimates the loss of visual function in the 
elderly.78 Figure 33.26 shows this graphically by presenting 
the letter m sized in proportion to the median acuity for  
4 measures of visual acuity in 60–65-year-olds and in 
85–90-year-olds.

For high-contrast, high-illumination targets, acuity is 
reduced by about a factor of 1.8 in the older group (i.e.  
the “m” must be about 1.8 times larger). Low-contrast  
acuity with glare is reduced by about a factor of 3 in the 
younger (60–65) group, but by almost a factor of 7 in  
the older group. Although the SKI study population is  
probably not representative of the population at large (it is 
primarily white, well educated with high socioeconomic 
status) it has important implications for understanding  
the visual problems of the elderly. Specifically, it shows  
that high-contrast visual acuity greatly underestimates the 
true age-related decline in vision, and that older persons 
with good standard visual acuity may be visually impaired 
under conditions of reduced contrast, reduced lighting, 
changing light level, or reduced contrast in the presence  
of glare.

spatial frequencies, with increasing age. Low spatial fre-
quency sensitivity develops much more rapidly than high 
spatial frequency sensitivity. Thus, peak contrast sensitivity 
may reach adult levels as early as about 9 weeks of age, 
whereas sensitivity at higher spatial frequencies continues to 
develop dramatically, and there remains a roughly 20-fold 
difference in the contrast sensitivity of adults and 8-month-
olds.72 Visual acuity is only adult-like around 3–5 years 
post-natal.73

Development of hyperacuity
The early development of Vernier actually appears to be 
somewhat delayed, compared to resolution. Shimojo and 
co-workers74,75 suggested that Vernier acuity is initially 
worse than grating acuity, and then shows a dramatic 
improvement (relative to grating acuity) between about  
2 and 8 months. At 8 months, Vernier acuity was about  
twice as good as grating acuity. The Vernier acuity of  
very young infants remains controversial. However, the 
important point is that Vernier acuity and grating acuity 
reach adult levels of performance at different ages. The 
attainment of adult levels of hyperacuity – which is 6 to 10 
times better than grating acuity is delayed compared to 
resolution.

It is interesting to speculate why Vernier acuity has a  
slow late development, reaching adult levels considerably 
later than resolution. If we consider that Vernier acuity is 
limited by the precision with which the brain “knows”  
the position of each afferent, then it is perhaps not so sur-
prising that intrinsic positional uncertainty can only reach 
adult levels after retinal development is fully complete. The 
primary postnatal changes in the retina concern differentia-
tion of the macular region.73 After birth, foveal receptor 
density and cone outer segment length both increase, as 
foveal cones become thinner and more elongated. There is 
a dramatic migration of ganglion cells and inner nuclear 
layers from the foveal region, as the foveal pit develops 
during the first 4 months of life, and it is not until about  
4 years of age that the fovea is fully adult-like.76 From 
birth to beyond 4 years of age, cone density increases in the 
central region, due to both migration of receptors, and 
decreases in their dimensions. Both of these factors result in 
finer cone sampling (by decreasing the distance between 
neighboring cones). It is likely that alterations in cone 
spacing and the light-gathering properties of the cones 
during early development contribute a great deal toward the 
improvements in acuity and contrast sensitivity during the 
first months of life. The massive migration of retinal cells, 
and the alterations in the size of retina and eyeball (along 
with changes in interpupillary distance), may necessitate the 
plasticity of cortical connections early in life. It seems rea-
sonable to speculate that the brain cannot “know” the posi-
tions of foveal cones with high levels of precision, until after 
these changes in the retina are complete. Interestingly, the 
peripheral retina appears to develop much more rapidly 
than the fovea.76

Visual acuity through the lifespan
Visual acuity reaches adult levels around 3–5 years of age, 
and remains rather constant until around 55–60 years of  

Figure 33.26 The letter m sized in proportion to the median acuity for 4 
measures of visual acuity in 60–65-year-olds and in 85–90-year-olds.78
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Box 33.4 Amblyopia

Amblyopia is a developmental disorder of spatial vision usually 
associated with the presence of strabismus, anisometropia or 
form deprivation early in life.79 Reduced visual acuity in an 
apparently healthy eye, despite appropriate optical correction is 
the sine qua non of amblyopia. However, there is a great deal of 
evidence showing that amblyopia results in a broad range of 
neural, perceptual, and clinical abnormalities.

ptosis). The severity of the amblyopia appears to be asso-
ciated with the degree of imbalance between the two eyes 
(e.g. dense unilateral cataract results in severe loss), and  
to the age at which the amblyogenic factor occurred. Pre-
cisely how these factors interact is as yet unknown, but it  
is evident that different early visual experiences result in dif-
ferent functional losses in acuity and contrast sensitivity 
amblyopia85 (Fig. 33.27), and a significant factor that distin-
guishes performance amongst amblyopes is the presence  
or absence of binocular function. Amblyopes who lack bin-
ocularity (primarily strabismic amblyopes) show much 
greater losses in Vernier and Snellen acuity than in grating 
resolution.86,87

Crowding and amblyopia
Extensive crowding occurs in the central field of strabismic 
amblyopes. As first reported by Irvine:88 “single letters 
or direction of … an E could be identified by the ambly-
opic eye, if viewed one letter at a time, but when placed  
in conjunction with other letters in a line, confusion  
affected the interpretation.” The ophthalmologist Hermann 
Burian noted that his orthoptist recorded better visual  
acuities in amblyopic patients than he did. The orthop-
tist used isolated letters to measure acuity, whereas he  
used letters arranged in a row.89 The phenomenon of 
crowding in strabismic amblyopia has been repeatedly 
confirmed.20,35,36,66,86,87,90–93

While the extent of crowding in the central field of ambly-
opic observers was originally thought to be proportional to 
the amblyope’s uncrowded acuity, and similar to normal 
observers when the resolution deficit was taken into 
account,36 the story seems to be a bit more complicated. 
Recent studies suggest that crowding is qualitatively differ-
ent in strabismic and anisometropic amblyopes.88,89 In 
anisometropic amblyopes crowded acuity is proportional  
to the amblyope’s uncrowded acuity, similar to normal 
vision with blur, whereas in strabismic amblyopes it is  
worse, often very much so, similar to normal peripheral 
vision.

Amblyopia
Amblyopia is a developmental disorder of spatial vision 
usually associated with the presence of strabismus, ani-
sometropia or form deprivation early in life (Box 33.4).79 
Amblyopia is clinically important because, aside from refrac-
tive error, it is the most frequent cause of vision loss in 
infants and young children,80 and it is of basic interest 
because it reflects the neural impairment which can occur 
when normal visual development is disrupted. The damage 
produced by amblyopia is generally expressed in the clinical 
setting as a loss of visual acuity in an apparently healthy eye, 
despite appropriate optical correction; however, there is  
a great deal of evidence showing that amblyopia results  
in a broad range of neural, perceptual, and clinical 
abnormalities.81–84 Currently there is no positive diagnostic 
test for amblyopia. Instead, amblyopia is diagnosed by 
exclusion: in patients with conditions such as strabismus 
and anisometropia, a diagnosis of amblyopia is made 
through exclusion of uncorrected refractive error and under-
lying ocular pathology.

In humans, amblyopia occurs naturally in about 2–4 
percent of the population79 and the presence of amblyopia 
is almost always associated with an early history of abnormal 
visual experience: binocular misregistration (strabismus), 
image degradation (high refractive error and astigmatism, 
anisometropia), or form deprivation (congenital cataract, 

Figure 33.27 Mean locations of the 11 clinically 
defined categories in the two-factor space. The 
diagonal bars show 1 SEM measured along the 
principal axes of the elliptical distributions, which we 
use only as descriptive indicators of dispersion. 
(Reproduced with permission from Association for Research in 

Vision and Ophthalmology85)
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C H A P T E R 34 

Color Vision
Jay Neitz, Katherine Mancuso, James A. Kuchenbecker & Maureen Neitz

The ability to perceive color is a highly valued sensory capa
city, and it has been a subject of experimental inquiry for 
over 200 years. Prior to the development of modern biologi
cal techniques, breakthroughs in color vision research 
stemmed from careful consideration of perceptual experi
ences. From colormixing and matching experiments it was 
deduced that three different receptors in the eye, each maxi
mally sensitive to a different region of the visible spectrum, 
were required to explain normal color vision. Thus, the 
threecomponent theories of Young and Helmholtz, as well 
as Hering’s conflicting hypothesis of three paired, opponent 
color processes were developed in the 1800s, long before the 
three types of retinal cone photopigment were isolated and 
characterized. It is now understood that normal, or trichro
matic, color vision is mediated by three types of cone pho
toreceptor – designated short (S), middle (M), and long (L) 
wavelengthsensitive – the activities of which are, indeed, 
combined in later opponent organization to provide color 
perception. The first direct measurements of the absorption 
properties of primate cone photopigments occurred in the 
1960s using a technique called microspectrophotometry. 
Since then, additional techniques including the electroretin
ogram and molecular genetics have allowed for refinement 
of the spectral sensitivity curves for the S, M, and L pigments, 
shown in Figure 34.1.

The fact that most humans have trichromatic color vision 
explains why computer monitors and televisions mix just 
three primary colors, red, green, and blue, in order to 
produce colors that match almost all those seen in the real 
world. Likewise, if humans were tetrachromatic, having four 
cone photopigments, televisions with four primaries would 
be required. The presence of three classes of cone photore
ceptor also explains color blindness. That is, loss of function 
of each individual cone class is associated with an inherited 
form of color vision deficiency: protan defects involve  
loss of L cone function, deutan defects with loss of M cone 
function, and tritan defects with loss of S cone function  
(Box 34.1). Each type of color vision defect results from 
rearrangements, deletions, or mutations in the genes encod
ing the corresponding L, M, or S photopigment, and color 
vision tests have been developed which can detect changes 
in the cone complement. Observations that cannot be 
explained by the presence of three types of cone photorecep
tor, however, involve the appearance of color. The neural 

circuitry for color vision extracts signals from only three cone 
types, and yet gives rise to six hue percepts arranged in oppo
nent pairs: blueyellow, redgreen, and blackwhite. These 
topics, including the molecular genetics of color vision defi
ciencies, tests of color vision, and the neural circuitry of color 
perception, will be discussed in detail in the following 
sections.

Molecular genetics of color vision and 
color deficiencies

Although the tendency for color vision defects to run in 
families and to be more prevalent among men had long 
been recognized, a major advancement in understanding the 
biological basis of color vision and its defects came in 1986 
when Jeremy Nathans and colleagues cloned and sequenced 
the genes encoding the S, M, and L cone opsins and verified 
that the L and M opsin genes are in adjacent positions on 
the Xchromosome.1–3 Further breakthroughs in understand
ing differences in the quality of color vision among individu
als with anomalous trichromacy followed, with identification 
of the amino acids involved in spectral tuning, which are 
responsible for the ~30 nm difference in peak sensitivity of 
the L and M pigments underlying normal color vision.4,5

The majority of inherited redgreen color vision defects 
are caused by rearrangement and deletions of the L and  
M opsin genes on the Xchromosome that come about  
by meiotic recombination during oogenesis in females. A 
dichromatic phenotype results in males who inherit an 
Xchromosome in which all but one of the opsin genes have 
been deleted. A protanopic type defect is characterized by 
the absence of L opsin genes, and a deuteranopic type defect 
is characterized by the absence of M opsin genes (Box 34.2). 
Although humans often have more than just two opsin 
genes on the Xchromosome, only two are typically expressed, 
and these determine color vision phenotype. If meitoic 
recombination creates an array in which the first two genes 
encode pigments with identical spectral properties, a male 
who inherits the array will be dichromatic, either protanopic 
or deuteranopic. However, a male with an array in which the 
first two genes encode opsins of the same class (M or L), but 
differ slightly in spectral sensitivities, will be an anomalous 
trichromat. He will be protanomalous if the genes encode 
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color discrimination that could be reliably classified as just 
outside the normal range until the L/M separation was 
reduced to about 12 nm or less.9 Another surprising finding 
occurred with the development of adaptive optics, a tech
nique that allows resolution of the cone photoreceptor 
mosaic in living humans. Selective bleaching allowed iden
tification of the different cone types and revealed that indi
viduals with normal color vision have roughly the same 
number and arrangement of S cones, but there is tremen
dous variation in the ratios of L and M cones.10,11 This was 
startling in light of the widely held belief that the quality of 
redgreen color vision would be affected by extreme cone 
ratios, and it is a testament to the fact that the visual system 
is tuned for detecting very small differences.

Inherited blueyellow color vision, or tritan, defects are 
considerably more rare than redgreen defects. They are 
caused by mutations in the S opsin gene,12–15 and are inher
ited in an autosomal dominant fashion, meaning that an 
individual who is heterozygous for an S opsin gene mutation 
will often exhibit the phenotype. Recent evidence from 
adaptive optics imaging of tritan subjects suggests that the 
defect is an Scone dystrophy, similar to rod dystrophy 
caused by heterozygous mutations in the rod pigment rho
dopsin in retinitis pigmentosa.15 Tritan defects are said to be 
incompletely penetrant, meaning not everyone with an S 
opsin gene defect exhibits the phenotype, but this is perhaps 
due to a progressive loss of S cones which must reach a criti
cal threshold before the phenotype is manifested.

two M opsins, or deuteranomalous if they encode two L 
opsins. The extent of color vision loss in anomalous trichro
mats is determined by the degree of similarity in the spectral 
peaks of the two pigments.6–8

It has been assumed that the 30 nm spectral separation 
between the L and M pigments was optimized during evolu
tion, and that there is also an optimal ratio of L and M cones. 
However, recent studies have shown that much smaller spec
tral separations between, and skewed proportions of, L and 
M cones still provide robust redgreen color vision. For 
example, redgreen chromatic sensitivity was recently dem
onstrated to exhibit a nonlinear relationship with photopig
ment proximity, and observers did not show a reduction in 

Figure 34.1 Absorption spectra of the three types of cone photopigment, 
short- (S), middle- (M), and long- (L) wavelength sensitive. The S 
photopigment is maximally sensitive to wavelengths near 415 nm, the M 
pigment to wavelengths near 530 nm, and the L pigment to wavelengths 
near 560 nm. Neural comparison of the rates of quantal absorption by the 
three cone types gives rise to four unique hue percepts – blue, yellow, red, 
and green – in addition to hundreds of intermediate colors in the visible 
spectrum.
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Box 34.1 Nomenclature for inherited color vision 
deficiencies

Protan defects are the least common form of red-green color 
vision defects affecting about 2 percent of males in the US. There 
are two categories: dichromatic (protanopia), and anomalous 
trichromatic (protanomaly), each affecting about 1 percent of 
males. The severity of protan defects varies over a relatively 
narrow range. Protan comes from the Greek root for ‘the first.’ 
Protan color vision is mediated by S cones and M cones.

Deutan defects are the most common form of red-green color 
vision defects, affecting about 6 percent of males in the US. There 
are two categories: dichromatic (deuteranopia) and anomalous 
trichromatic (deuteranomaly). Deuteranomaly and deuteranopia 
affect ~5 percent and ~1 percent of males, respectively. The 
severity of deutan defects varies over a relatively broad range, 
from nearly normal to nearly dichromatic. Deutan comes from 
the Greek root for ‘the second.’ Deutan color vision is mediated 
by S cones and L cones.

Tritan defects are relatively rare and are characterized by 
impaired blue-yellow color vision. There is only one category, 
dichromatic (tritanopia). Tritan defects display incomplete 
penetrance, meaning there is variability in the degree to which 
color vision is impaired among individuals with the same 
underlying gene defect, even within a family. Tritan comes from 
the Greek root for ‘the third.’ Tritan color vision is mediated by M 
and L cones.

Box 34.2 Visual pigments, cone opsins, and official 
gene designations

Visual pigments, also known as photopigments, are composed of 
an apoprotein and an 11-cis retinal chromophore. The genes, 
OPN1LW, OPN1MW, and OPN1SW, each encode an apoprotein 
(termed opsin). The chromophore is a vitamin A derivative that 
absorbs ultraviolet light; when covalently bound to an opsin,  
the chromophore absorption spectrum is shifted to longer 
wavelengths. Amino acid differences among the opsins are 
responsible for the differences in the absorption spectra of  
the three cone classes (Fig. 34.1). Within the L and M classes, 
variations or polymorphisms in the amino acid sequences 
produce relatively small spectral shifts giving rise to variants of L 
and M photopigments.

• OPN1MW: middle-wavelength sensitive cone opsin, expressed 
in M cones, commonly referred to as ‘green’ cones. OPN1MW 
is on the X-chromosome at location Xq28. Deutan defects  
are most commonly associated with the absence or lack of 
expression of the OPN1MW gene(s).

• OPN1LW: long-wavelength sensitive cone opsin, expressed in 
L cones, commonly referred to as ‘red’ cones. OPN1LW is on 
the X-chromosome at location Xq28. Protan defects are most 
commonly associated with the absence or lack of expression 
of the OPN1LW gene(s).

• OPN1SW: short-wavelength sensitive cone opsin, expressed in 
S cones, commonly referred to as ‘blue’ cones. OPN1SW is on 
chromosome 7 at 7q32.1. Tritan defects are caused by a 
missense mutation in one copy of the OPN1SW gene.  
A missense mutation is a change in the amino acid coding 
sequence of a gene that substitutes one amino acid for 
another in the encoded protein.
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circumstances. Because of this, for general diagnosis of color 
vision defects, the results from a battery of tests can provide 
the most complete picture from which to make a differential 
diagnosis. Ideally, for diagnosis of color vision defects, one 
should obtain information on the ‘type’ of problem. Is it a 
redgreen or blueyellow deficiency, or mixed? If it is red
green, is it a ‘protan’ or ‘deutan’ defect? Is it a genetic disor
der or is it acquired? The test should also provide information 
about severity. Does the person have a severe dichromatic 
form, or a milder ‘anomalous’ form of deficiency? If it is an 
anomalous form, is it very mild, mild, moderate, or more 
severe? Under some conditions it is impractical to adminis
ter a battery of tests. Cole et al16 recently recommended the 
latest edition of the Richmond HRR Pseudoisochromatic test 
as the ‘one of choice for clinicians who wish to use a single 
test for color vision.’ It has plates for detecting protan, 
deutan, and tritan defects, and its classification of mild, 
medium, and strong categories for deutan and protan  
defects is useful. To absolutely distinguish dichromats from 
anomalous trichromats, the anomaloscope, the D15, or 
both should be used in conjunction with a pseudoisochro
matic plate test.

Genetic testing is the most reliable means of distinguish
ing acquired color vision defects from inherited color vision 
defects. Presently, genetic tests are not commercially availa
ble; however, the technology exists to perform such tests 
because the molecular genetics of inherited color vision 
defects is well understood, as described in the previous 
section.

Color appearance

The neural circuitry for color vision receives input from only 
three cone types (Fig. 34.2) and yet gives rise to six hue 
percepts arranged in opponent pairs: blueyellow, redgreen, 
and blackwhite. The dogma has been that for blueyellow 
opponency, signals from S cones are combined antagonisti
cally with an additive signal from M and L cones, abbrevi
ated as S(M+L); and for redgreen opponency, signals from 
L cones are combined antagonistically with those from M 
cones (abbreviated as LM). However, color vision testing in 
humans has established that the spectral signatures of hue 
perception actually involve contributions from all three cone 
types in the following manner: blue = (S+M)L; yellow = 
L(S+M); red = (S+L)M; and green = M(S+L). Therefore, 
while much progress has been made in identifying neurons 
in the visual system with color opponent responses, those 
matching the spectral signatures of human perception 
remain to be found. Results from molecular biology have 
shed new light on the evolution of primate color vision, 
imposing constraints on the possibilities for the underlying 
circuitry. Evolutionary constraints coupled with recent 
observations from human subjects with a retinal circuitry 
deficit are leading toward a new understanding of the color 
vision circuits.

Blue-yellow circuitry
In order to understand the neural operations responsible  
for transforming the cone signals into perception, it is 
helpful to first consider reduced color vision systems  
with fewer cone types and fewer fundamental sensations. 

Tests of color vision

As described above, color vision defects are the result of 
genetic changes that are responsible for either the alteration 
or loss of cone photopigments. Since color vision is based 
on neural comparisons between different classes of cone 
photoreceptor, both the loss of a photopigment type and 
changes in the peak sensitivity of a photopigment such that 
there is a reduction in the differential responses of the two 
cone classes, will result in a reduced ability to distinguish 
colors.

Pseudoisochromatic plate tests are perhaps the most 
familiar tool for diagnosing color vision deficiencies. Popular 
examples include Ishihara’s test of color vision and the 
Hardy, Rand, and Rittler (HRR) pseudoisochromatic plates. 
The plates consist of printed pages with dots of various 
colors and shades of gray, each containing a colored 
symbol(s) that is visible to individuals with normal color 
vision, but invisible to those with certain color vision defects. 
Subjects are asked to identify the symbols, and the specific 
pattern of errors on a series of plates in a test allows for 
diagnosis of the likely presence or absence of a color vision 
defect, and for some tests, an indication of the type and 
severity.

A fundamentally different testing strategy is used with 
arrangement tests, in which subjects are asked to arrange a 
series of colored discs ‘in order’ so that each disk is placed 
adjacent to the discs that are most similar in color appear
ance. Misordering of the disks allows a diagnosis of the 
presence or absence of a color vision defect. Popular exam
ples of arrangement tests are the FarnsworthMunsell 100 
Hue Test and its abridged version, the FarnsworthMunsell 
Dichotomous D15 Test.

The Rayleigh color match is often referred to as the ‘gold 
standard’ for color vision testing. It is performed on the 
anomaloscope, an instrument which contains an optical 
system that produces two sidebyside lighted fields. One 
field, the ‘test light,’ is a monochromatic amber color, and 
the other is a mixture of red and green light. The person 
being tested adjusts the ratio of redtogreen light in the 
mixture until it exactly matches the amber test light. Setting 
a match with a higher or lower ratio of redtogreen light 
compared to the match made by a person with normal color 
vision is diagnostic of an inherited color vision abnormality 
caused by a shift in the spectral peak of either the L or M 
pigment. This test is extraordinarily sensitive and can detect 
genetic alterations in the spectral sensitivities of the photo
pigments, even in subjects in whom the alteration in the 
photopigment has little or no effect on the person’s ability 
to discriminate between different colors. Its extreme sensitiv
ity in detecting the presence of anomalous photopigments 
is why the anomaloscope has been widely adopted as the 
‘gold standard.’ However, it must be emphasized that mild 
photopigment abnormalities may be associated with little or 
no loss in color discrimination ability. Even with shifted 
pigments, the quality of color vision may still be quite good. 
Combining genetic analysis with the Rayleigh match can 
provide a more precise assessment of the likely quality of 
color vision.

Each of the widely used color vision tests has its separate 
advantages and is considered to be best under different  
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output, via H2 horizontal cells, to the midget ganglion cell 
pathway.

In the region of primate retina that serves highest visual 
acuity, the fovea, more than 90 percent of ganglion cells are 
of the ‘midget’ variety, so called because of their small den
dritic arbors, which in the central 7–10 degrees connect to a 
single cone via a ‘midget’ bipolar cell. There are two types of 
midget ganglion cells, ON and OFFcenter, which receive 
input through a corresponding pair of ON and OFFmidget 
bipolar cells, which have opposite responses to the neuro
transmitter, glutamate, released by cones (Chapters 22, 23). 
Midget ganglion cells do not receive direct center input from 
Scones, only from M/L cones. Thus, in a dichromatic ances
tor to humans that had only S and L cones, the midget 
ganglion cell system’s major function was to compare 
absorptions of S vs. L cones to provide achromatic lumi
nance signals (Fig. 34.2b); presumably giving rise to white 
percepts through the ONpathway and black percepts 
through the OFFpathway (Fig. 34.3, top right). Because S 
cones are relatively sparse and roughly evenly spaced across 
the retina, and the signal strength to neighboring cones  
falls off exponentially with distance, only a small number  
of midget ganglion cells would receive significant input  
from Scones in their receptive field surrounds, providing a 

Shortwavelength cones are an evolutionarily ancient pho
toreceptor type and blueyellow color vision appears to be 
the ancestor from which all other color vision evolved. Our 
dichromatic primate ancestors had two types of cone, short 
and longwavelengthsensitive and, presumably, they also 
had similar circuits underlying their vision as modernday 
dichromats, including a highacuity spatial vision circuit 
served by the midget ganglion cell system (introduced in 
Chapter 21), in addition to the blueyellow color vision 
circuit.

It is not completely clear which ganglion cell subtypes are 
specialized for carrying information corresponding to blue
yellow color vision. In primates, the Scones have only two 
significant output pathways that have been described thus 
far (Fig. 34.3, left). One pathway is the straightthrough 
output to the receptive field center of Sconespecific ON 
bipolar cells which, in turn, output to the small bistratified 
ganglion cells providing a ‘blueon’ signal.17 The second 
pathway from Scones occurs through H2 horizontal cells to 
the terminals of adjacent L/M cones,18 which then output to 
midget ganglion cells via L/M specific bipolar cells; however, 
the physiological role of this anatomical connection has 
remained unclear. Historically, the small bistratified gan
glion cells have been viewed as the major candidate to serve 
as a neural substrate for blueyellow color vision. However, 
they all respond to blue and inhibit to yellow, leaving us 
without a physiological basis for the yellow half of this 
opponent system. Furthermore, recent assessment of human 
subjects with a genetic mutation that renders the ON bipolar 
pathways inactive seems to cast doubt onto the role of small 
bistratified cells in blue perception. Specifically, the muta
tion occurs in the metabotropic glutamate receptor expressed 
on the ONbipolar cells, and clinically, these subjects present 
with congenital stationary night blindness19 (Box 34.3). If 
small bistratified cells were, indeed, the physiological sub
strate for blue perception, with no input from the Scone ON 
bipolars, CSNB patients would be expected to have a tritan 
color vision defect. However, standard tests indicate that 
they have normal, trichromatic color vision. While the visual 
mechanisms associated with this ONpathway deficit require 
further inquiry, these results suggest that blue perceptions 
may be mediated by a separate pathway, leading us now to 
consider the possible role of the second anatomical Scone 

Figure 34.2 (A) Illustration of the arrangement of the three cone classes in a trichromat. S cones (colored blue) represent a minority, ~5 percent of the total, 
and are roughly evenly spaced across the retinal mosaic. The arrangement of L cones (colored red) and M cones (colored green) is very close to random for 
trichromats. Midget ganglion cells have center-surround receptive fields with the center derived from a single cone (for example, within the inner ring of the 
two concentric circles). The six adjacent cones are the most important contributors to the surround (enclosed by the outer ring). (B) Arrangement of cones in 
a deuteranope, a dichromat with only two different cone classes, L and S. In a dichromat, usually all of the cones in the surround are of the same class as the 
center input to a midget ganglion cell. (C) Arrangement of cones in a protanope, a dichromat with only M and S cones.

A B C

Box 34.3 A clue for blue: Congenital Stationary 
Night Blindness (CSNB)

The two types of photoreceptor in the human eye, rods and 
cones, serve different functions. Rods provide vision only under 
very low light levels, such as at night when little light is available. 
In contrast, cones serve vision at relatively higher light levels, 
such as daylight and standard indoor lighting.

While L/M cones synapse with both ON and OFF bipolar cells, the 
S cones and rods synapse with only ON-type bipolar cells. The 
dendrites of ON bipolar cells express a metabotropic glutamate 
receptor, mGluR6, and mutations in this receptor result in 
ON-pathway deficit. Curiously, while rod-mediated vision is 
compromised in CSNB patients, producing loss of nocturnal 
vision, S-cone mediated (blue) color vision appears to be 
unaffected.
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blueyellow perception seems plausible when considering 
the effects produced when a third type of cone was added 
during evolution. Results from molecular genetics indicate 
that trichromatic color vision arose relatively recently from 
a gene duplication event that added M cones. In order for 
this lowprobability genetic event to get passedon and even
tually confer routine trichromacy to Old World primates, 

possible substrate for L vs. S cone comparisons required for 
blueyellow opponency (Fig. 34.3, top left).

Red-green circuitry
The idea that midget ganglion cells with Scone input in  
their receptive field surround may serve as a substrate for 

Figure 34.3 Retinal circuits based on known anatomical connections that would give rise to signals matching the spectral signatures of human perception 
following addition of a third cone type. ‘Branch 1’ indicates the straight-through S-cone output to the small bistratified ganglion cell pathway; ‘branch 2’ is a 
second known anatomical connection that may provide S-cone output to the midget ganglion cell pathway via H2 horizontal cells (see text). The addition of 
M cones to a dichromat only changes the ‘surrounds’ of small bistratified ganglion cell receptive fields, and they would continue to have similar spectral 
response properties, making them an unlikely substrate for hue sensations of red, green, blue, and yellow. In contrast, both the ‘center’ and ‘surround’ of 
midget ganglion cell receptive fields become altered by the addition of M cones, splitting the pre-existing blue-yellow circuit into two organizations with 
distinct spectral response properties, one for blue-yellow and one for red-green (inset). Even though midget ganglion cells in trichromats respond both to 
diffuse red or green lights and dark-light edges, ultimately the two percepts must be separated from each other at a higher level of visual processing; we 
have illustrated the idea that only the ‘black-white’ signals from purely L/M opponent circuits are propagated to the cortex (bottom right).
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direct input from the axons of color opponent neurons in 
the LGN.

The receptive field properties of VI neurons are quite dif
ferent from those of the LGN, in that few cortical neurons 
respond to spatially uniform stimulation and most are  
selective for the orientation of edges. Furthermore, most VI 
neurons respond well to achromatic modulation and less 
well or not at all to chromatic modulation, which, in con
trast, is a powerful stimulus to most LGN cells. Altogether, 
only about 5–10 percent of neurons in V1 respond robustly 
to purely chromatic modulation and little, if at all, to  
achromatic modulation.20 This lends credence to the idea 
that even though LGN cells receiving input from purely L/M 
opponent receptive fields respond to both spatially uniform 
colors and blackwhite edges, most of the chromatic signals 
become subtractedout and disregarded, perhaps by a second 
round of lateral antagonism at the level of the cortex, analo
gous to horizontal cell interactions at the level of the retina. 
A second round of cortical antagonism would have been 
serendipitous in preserving the neural outputs of the pre
existing achromatic luminance circuitry in primate ancestors 
when a third cone type was added, leaving this system dedi
cated to the original purpose for which it evolved, respond
ing to edges (Fig. 34.3, bottom right). Accordingly, only the 
small subset of midget ganglion cells receiving input from 
all three cone types would be able to pass color signals to 
higher cortical levels (Fig. 34.3, bottom left), thereby rectify
ing the apparent imbalance between the inputs to the red
green and blueyellow systems.

Future directions

Much has been learned about the neural types and their 
interconnections in the retina responsible for luminance and 
color, and there is a growing body of information about the 
higher visual centers; yet, how these ultimately operate to 
provide vision remains a fascinating puzzle. Many clues have 
come from information about the evolution of the visual 
system and about its anatomy and physiology, and contin
ued progress will undoubtedly arise from rapidly emerging 
technologies. One such example has resulted from the devel
opment of viral vectormediated gene therapy to address 
human visual disorders. Using recombinant adenoassociated 
virus containing conespecific promoter elements, it is pos
sible to target transgene expression to subclasses of mam
malian cone,21,22 including in primates.23 Introducing new 
cone photopigments into animal models with reduced color 
vision provides an experimental tool for probing the neural 
circuitry for color vision and understanding the evolutionary 
requirements for developing a new dimension of redgreen 
color vision.

There is currently no cure for redgreen color vision defi
ciency. However, in the majority of cases the cone photore
ceptors are healthy and viable, and viralmediated gene 
therapy is a feasible option for delivering the missing cone 
opsin gene to photoreceptors to rescue the deficit. If all of 
the neural circuitry required for taking advantage of a third 
cone type is present in dichromatic individuals, as was also 
possibly the case in dichromatic primate ancestors, gene 
therapy holds promise for providing redgreen color blind 
adults with full trichromatic color vision.

including humans, it must have produced an immediate 
advantage for the primate ancestor by adapting a preexisting 
visual circuit for a new dimension of redgreen color vision. 
In ancestral primates with only S and L cones, the small 
bistratified ganglion cell circuitry would have been little 
affected in its spectral response characteristics by the addi
tion of M cones (Fig. 34.3, bottom left); that is, the center 
would remain unaltered due to the Scone specific connec
tions made by small bistratified cells, and the surround 
would be transformed from ‘L’ to ‘L+M.’ Thus, the simple 
addition of a third cone type would not ‘split’ this ganglion 
cell class into two spectral types, one for blueyellow and 
one for redgreen color vision, as required by the evolution
ary constraint that an immediate advantage was produced. 
In contrast, when M cones were randomly added to the pre
existing midget system, the small subset of spectrally 
opponent midget ganglion cells would have automatically 
become segregated into two different classes. The center of 
the receptive field would have become either ‘L’ or ‘M;’ 
accordingly, the receptive field surrounds would be trans
formed to either ‘M + S’ or ‘L + S,’ automatically producing 
midget cells with two different spectral response character
istics – one corresponding to redgreen and the other to 
blueyellow color vision (Fig. 34.3, inset).

In summary, it appears plausible that midget ganglion 
cells receiving Scone input in their receptive field surround 
may provide the physiological substrate giving rise to hue 
circuits in the cortex. The cone forming the receptive field 
center can be either L or M, and the ganglion cells can be 
either ON or OFF center. The resulting four possible combi
nations would correspond to the known spectral signatures 
of the four main hue percepts of trichromats. That is, an 
ONcenter ganglion cell receiving input from an M cone 
center with S and L cones in the surround would provide 
M(S+L)–green; this same receptive field through an OFF
center ganglion cell produces (S+L)M–red. An L cone center 
with an M and S surround would result in L(S+M)–yellow; 
this same receptive field through an OFFcenter ganglion cell 
produces (S+M)L–blue.

Black-white circuitry
A remaining unresolved mystery in color vision stems from 
the fact that addition of a randomly distributed longto
middle wavelength sensitive cone type causes almost every 
midget ganglion cell in the retina, as well as the cells they 
project to in lateral geniculate nucleus (LGN), to respond  
to either spatially uniform red or green lights in addition  
to darklight edges. Earlier color vision models thus attrib
uted the redgreen system to outputs of the L and M cones, 
about 95 percent of the cone population, while the whole 
blueyellow system was considered to be centered on just  
the remaining 5 percent of cones, the S cones. Because  
an imbalance seems inherently implausible based on the 
similar perceptual acuities of both color systems, it has  
been proposed that the preponderance of L/M cones indi
cates that these cone types alone are used for luminance 
(darklight) detection, suggesting that only a fraction of the 
spectrally opponent information from L/M cones actually 
contributes to color vision. While this idea seemed heretical 
at first, it has become more plausible in light of recordings 
from neurons in primary visual cortex (VI) which receive 
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The Visual Field
Chris A. Johnson & Michael Wall

Introduction
Perimetry and visual field testing have been used as diagnos-
tic procedures for evaluation of visual function for nearly 
200 years, and a historical review of these techniques may 
be found in several publications.1–5 During this period of 
time, a variety of new techniques have been developed, 
although the standard clinical procedure of detecting a small 
white target superimposed on a uniform background at dif-
ferent peripheral locations in the field of view is still the 
method that is most commonly used by eye care specialists. 
Perimetry is used clinically to detect functional losses pro-
duced by pathology to the visual pathways, for differential 
diagnostic purposes to identify the location of a visual 
deficit, to monitor the status of acute and chronic disease 
processes, and to evaluate the efficacy of treatment. In spite 
of the similarity of current test procedures to early tech-
niques, significant progress has recently been made in the 
presentation, analysis and interpretation of visual field find-
ings. This has resulted in the automation of procedures, 
standardization of methods, the immediate statistical evalu-
ation of test results and enhanced efficiency of testing. In this 
chapter, we will provide an overview of the psychophysical 
basis for perimetry, a discussion of the types of perimetric 
test strategies, the data representation formats that are used 
for visual field testing, important factors for interpreting 
visual field results, recognition of patterns of visual field loss, 
strategies for monitoring progression of visual field changes, 
and guidelines for assessment of visual field information in 
a clinical setting. Additionally, we will briefly describe some 
of the new visual field test procedures that have been shown 
to provide salient information concerning the functional 
status of the visual system and have been reported by many 
investigators to be clinically useful.

The psychophysical basis  
for perimetry

For conventional perimetric testing, the patient’s task is to 
detect a small white target superimposed on a uniform back-
ground luminance at different visual field locations. The 
detection task is based on the increment or differential light 
threshold, which determines the minimum amount of light 
that must be added to a stimulus (ΔL) in order to make it 

distinguishable from the background (L) and is known as 
Weber’s Law, or ΔL/L = C.6 In order for Weber’s Law to be 
valid, the background adapting luminance of the perimeter 
must be in the photopic range (typically 31.5 apostilbs, or 
10/candelas per meter squared), pupil size must be suffi-
ciently large (greater than 2 mm), ocular media must be 
relatively clear, and other test conditions (stimulus size, 
stimulus duration, etc.) must be within appropriate levels. 
Under these conditions of photopic adaptation in a normal 
eye and visual system, the fovea is the visual field location 
with the highest sensitivity. As eccentricity from the fovea 
increases, there is a significant drop in sensitivity out to 
about 3 degrees, then a more gradual sensitivity decline out 
to about 30 degrees radius, followed by a more rapid decrease 
beyond 30 degrees. The temporal visual field (away from the 
nose) extends farther than the nasal visual field, and the 
inferior visual field extends farther than the superior visual 
field. The three-dimensional shape of the sensitivity profile 
of the visual field has therefore often been referred to as the 
“hill of vision” or the “island of vision in a sea of blindness”, 
as shown in Figure 35.1. Note that there is a “hole” in the 
island of vision that represents the blind spot, a location 
where the optic nerve exits the eye where no photoreceptors 
or other retinal neural elements are present. The blind spot 
is represented as an area of non-seeing by a dark solid oval 
located approximately 15 degrees from the center of view 
(fixation) in the temporal visual field extending one-third 
above and two-thirds below the horizontal meridian. From 
a clinical standpoint, one of the primary purposes of perim-
etry and visual field testing is to search for departures from 
this normal sensitivity profile (sensitivity losses) and deter-
mine the shape and location of the deficit.

As with all psychophysical assessments, there is variability 
in the values obtained for repeated measures in the sensitiv-
ity to light increments. Several laboratories have indicated 
that under clinical testing conditions, the standard deviation 
of repeated measures is approximately 3 dB for individual 
visual field locations with normal sensitivity.7–15 As sensitiv-
ity declines in damaged visual field areas, there is an increase 
in variability of about 300–400 percent that extends the 95 
percent confidence interval to nearly the entire operating 
range of the perimeter.15 One method of quantitatively eval-
uating this variability is by obtaining a frequency of seeing 
(FOS) curve, which plots the percentage of stimuli seen as a 
function of the luminance of the stimulus. The FOS curve is 
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components (cornea, lens, pupil) of the eye. The light image 
is converted into electrical impulses that are transmitted 
through more than 100 million photoreceptors to other 
retinal neural elements and eventually to approximately 1 
million retinal ganglion cells. The retinal ganglion cell axons 
enter the optic nerve and travel back to eventually reach 
primary visual cortex. As the optic nerve fibers leave the eye 
and travel towards the brain, there is a separation of nerve 
fibers subserving the nasal and temporal visual field along 
the vertical meridian. This separation occurs at the optic 
chiasm, whereby the nasal visual field from one eye com-
bines with the temporal visual field of the other eye, so that 
the left half of vision is represented in the right hemisphere 
and the right half of vision is represented in the left hemi-
sphere. At this point in the visual pathways, there is not a 
point-for-point retinotopic mapping of locations between 
the two eyes. The nerve fibers continue on to a portion of 
the thalamus (the lateral gen iculate nucleus) where they 
synapse with nerve fibers that convey information to primary 
visual cortex known as area 17 or V1. In primary visual 
cortex, there is a point-for-point mapping of retinotopic 
information from both eyes (under normal development) as 
a consequence of rearrangement of fibers traveling from the 
optic chiasm. Beyond primary visual cortex, there are 
complex interactions with other areas of the brain that are 
beyond the scope of this chapter.

Types of perimetric testing

Currently, there are three different forms of visual field 
testing that are performed clinically: kinetic perimetry, static 
perimetry, and suprathreshold static perimetry. Each of these 
procedures has particular advantages and disadvantages, as 
described below, and each of them serves distinct purposes 

typically quite steep in areas with normal sensitivity, and 
becomes flatter at greater eccentricities and in damaged 
visual field areas. From a clinical perspective, it is important 
to minimize response variability so that subtle changes in 
sensitivity that are due to pathology can be more readily 
detected. This can be accomplished by using larger stimuli, 
modifying the type of stimulus used, adjusting the response 
estimate algorithm and several other procedures.7–15

The physiologic basis for perimetry

Proper interpretation of visual field results requires knowl-
edge of the anatomical arrangement of the visual path-
ways. As shown in Figure 35.2, a panoramic image of the 
visual field of view is formed on the retina by the optical 

Figure 35.1 Three-dimensional representation of the eye’s sensitivity to 
light throughout the visual field. An illustration for a right eye (OD) is 
presented.

Figure 35.2 Schematic illustration of the human 
visual pathways.
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Advantages of kinetic perimetry include the ability to 
characterize the entire central and peripheral visual field, 
enhanced flexibility and interaction between the examiner 
and the participant, the ability to accurately characterize the 
shape of visual field deficits, and a highly efficient method 
of evaluating the far peripheral visual field. Disadvantages 
consist of higher variability than other forms of perimetric 
testing, large individual differences in clinical performance 
among examiners, poorly standardized procedures, limited 
normative population characteristics, and difficulty in char-
acterizing generalized or widespread visual field sensitivity 
loss for different age groups.

Although there are no specific quantitative features that 
can be easily described, Figure 35.3 presents an example of 
a normal visual field. Most kinetic perimetric testing is per-
formed manually, except that several automated perimeters 
have recently incorporated kinetic testing procedures.16–20

Static perimetry
To date, static perimetry is the most common method of 
clinical visual field testing, particularly for automated perim-
eters. Static perimetry involves the detection of a small  
stationary target that is superimposed on a uniform white 
background. At each visual field location that is tested, the 
measurement consists of the minimum amount of light 
increment (differential light threshold) that can be just dis-
tinguished from the background. Different visual field loca-
tions are tested along various radial meridians between the 
central point of fixation and eccentric locations, or according 
to a Cartesian grid of locations that usually bracket the hori-
zontal and vertical meridians. A variety of test strategies have 
been developed for static perimetry, including the ascending 
method of limits,2 bracketing or staircase procedures,21–23 
forecasting (Bayesian) threshold estimation procedures,24–29 
and other efficient and adaptive testing strategies.30–33 Most 
eye care specialists today use some form of adaptive forecast-
ing procedure such as the Swedish Interactive Threshold 

for clinical diagnostic testing. In this view, it should be  
noted that these techniques should be regarded as comple-
mentary, with only moderate amounts of overlap in clinical 
performance.

Kinetic perimetry
As implied by its name, kinetic perimetry involves the move-
ment of a small target on a uniform background consisting 
of a 1- or 2-meter dark tangent screen or a light hemi-
spherical bowl perimeter (Goldmann or Goldmann-like 
perimeter). A skilled kinetic perimetrist usually requires a 
considerable amount of apprenticeship time (6–12 months) 
to become proficient in these techniques. A thorough 
description of kinetic perimetry strategies is beyond the 
scope of this chapter, although an excellent description of 
kinetic perimetric techniques and strategies may be found in 
the book by Anderson.4

Kinetic perimetry consists of mapping the hill of vision 
(boundary between seeing and non-seeing) by moving a 
target of predetermined size and luminance from the periph-
ery towards the fixation point along successive meridians 
separated by approximately 15 degrees of angular extent. The 
rate of smooth movement should be 4–5 degrees per second 
for greater eccentricities, and 1–2 degrees per second for 
locations near fixation. For a particular target, the boundary 
locations are connected by a line of equal sensitivity known 
as an isopter. Multiple isopters can be generated by changing 
the size or luminance of the target. For the far periphery, 
target size is usually varied, whereas luminance is altered for 
evaluation of nearer eccentricities. A normal isopter is rela-
tively egg-shaped, with the long axis of the egg extending to 
the temporal visual field and the short portion of the axis of 
the egg projecting to the nasal visual field. Similarly, the 
inferior visual field extends farther peripherally than the 
superior visual field. If an isopter corresponds to this shape, 
then no further evaluation is needed. However, if local 
indentations of an isopter are present, further moving target 
scans should be directed from the periphery in a direction 
perpendicular to an imaginary line drawn between the two 
points. If further definition of the isopter contour is needed, 
this process should be repeated. Typically, between 3 and 6 
isopters are required to provide a thorough characterization 
of the visual field.

Within the central 30–40 degrees radius of the visual field, 
a series of arcuate “spot checks” are usually performed 
between isopters and in locations where one or more isop-
ters show an indentation. Static spot checks are performed 
with the kinetic isopter stimulus, inside the isopter and 
consist of a brief flash of the target. A location where a spot 
check is missed should be checked again to confirm non-
detection. In these missed spot check areas or regions with 
local recession or depression of isopters, scotoma mapping 
should be performed, beginning at the presumed center of 
the defect and moving outwards in 8 radial directions (hori-
zontal, vertical and oblique). Additional intermediate scans 
can also be performed to better characterize the shape of the 
deficit, and multiple targets should be used to indicate the 
depth of the deficit and the slope of its borders. The final 
result is a topographic mapping of the hill of vision to 
provide a two-dimensional representation of the three-
dimensional structure of the visual field.

Figure 35.3 Representation of a normal visual field for kinetic visual field 
testing using a Goldmann-type perimeter.
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presentation patterns range from a small number of targets 
(less than 30) to nearly 200 locations. Some strategies 
present all targets at a fixed stimulus luminance, others use 
multiple stimulus luminance levels that are varied according 
to eccentricity, some perform threshold estimates for loca-
tions that have sensitivity below normal limits, some present 
multiple stimulus luminances in damaged locations to esti-
mate the magnitude of sensitivity loss, some provide a retest 
of missed locations to confirm suspected sensitivity losses, 
and some use an adaptive strategy that provides greater 
spatial resolution of test points for suspicious visual field 
locations. Only a few studies have compared results obtained 
from different procedures or have evaluated screening results 
in comparison to threshold visual field techniques.40–46 This 
has created an opportunity for future investigations to deter-
mine methods that are appropriate for visual field screening 
in a clinical setting as well as population-based screening.

Suprathreshold static perimetry has the advantage of pro-
viding simple and efficient visual field screening techniques 

Algorithm (SITA), Zippy Estimation of Sequential Thresh-
olds (ZEST), Tendency Oriented Perimetry (TOP) or a similar 
procedure.24–33 Additionally, methods of evaluating test per-
formance (false positive responses, false negative responses, 
and blind spot fixation checks) and alignment (eye and  
head position) tracking have also been developed for static 
perimetry.34–39

The representation of visual field results from automated 
static perimetry is typically displayed as numerical sensitivity 
values, general and pattern deviations from average expected 
normal values for a specific age group, gray scale sensitivity 
representations of visual field sensitivities, probability plots 
(deviations from average normal), and in some instances 
three-dimensional sensitivity density plots. Also, for the 
Humphrey Field Analyzer, summary statistics known as 
visual field indices are also determined to provide an indica-
tion of generalized or widespread sensitivity loss (mean 
deviation [MD]), localized sensitivity loss (pattern standard 
deviation [PSD]), visual field loss produced by asymmetric 
superior and inferior visual hemifield loss characteristic of 
glaucoma (glaucoma hemifield test [GHT]), and visual field 
progression (glaucoma progression analysis [GPA]) and  
rate of progression (glaucoma progression index [GPI]). 
Similar types of analyses are available for other automated 
perimeters.

Advantages of automated static perimetry include the use 
of a standardized test procedure, the ability to exchange 
information from one device and office to another, avail-
ability of an age-corrected normative database, immediate 
comparison of individual results to normal population char-
acteristics, and methods for monitoring response reliability, 
attention and cooperation, proper alignment and greater 
reproducibility. Disadvantages of automated static perimetry 
consist of time-consuming and limited methods of evaluat-
ing the entire peripheral visual field, less flexible test proce-
dures, a more demanding burden on the patient’s attention 
and performance, and very high test–retest variability when 
sensitivity is less than 20dB for a size III target.

Figure 35.4 presents examples of gray scale plots of static 
perimetry conducted for (a) a normal visual field, (b) a 
generalized or widespread visual field loss and (c) a localized 
visual field deficit.

Suprathreshold static perimetry
Suprathreshold static perimetry is generally used as a rapid 
screening procedure to detect visual field deficits. However, 
there are several drawbacks to suprathreshold static visual 
field testing using standard automated perimetry: (1) with a 
few exceptions,40–46 the vast majority of basic research in this 
area has been directed towards threshold estimation strate-
gies rather than suprathreshold screening procedures, (2) 
there are a limited number of clinical studies that have  
been performed to evaluate the performance characteristics 
of these procedures, (3) threshold estimation strategies  
have become considerably more efficient and can actually 
take less time than some suprathreshold screening proce-
dures, and (4) there is no consensus as to which supra-
threshold visual field screening procedures are most suitable 
for routine use.

There are a wide variety of forms of suprathreshold static 
perimetric methods that are currently in use. The stimulus 

Figure 35.4 A gray scale representation of static perimetry test results 
obtained for (A) a normal visual field, (B) generalized or widespread visual 
field loss, and (C) localized visual field loss.
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visual acuity). False negative errors that exceed 33 percent 
are outside normal limits, although this occurs frequently in 
eyes with visual field loss.47 Excessive false positives are infre-
quent, and are often associated with excessive fixation losses 
because patients are “trigger happy”.48 For the Full Threshold 
procedure a criterion of 33 percent is used, but for SITA a 
new algorithm is being used, and 15 percent is the appropri-
ate criterion for excessive false positives.49 Fixation losses 
that exceed 33 percent are considered to be excessive34,35 but 
methods can be employed to dramatically reduce excessive 
fixation losses, and head tilts can falsely elevate this 
percentage.50

Below this information are the patient’s foveal threshold 
(if it is enabled for the test), an XY graphical presentation of 
sensitivity values, and a gray scale representation of visual 
sensitivity. The sensitivity values are indicated in decibels 
(dB), which for standard automated perimetry is defined as 
the contrast (increment threshold or Weber fraction, ΔL/L) 
needed to just detect a stimulus superimposed on the 
uniform background and reflects visual field sensitivity on a 
logarithmic scale. A value of 0 dB represents the brightest 
stimulus that can be produced by the instrument and super-
imposed on the background. Each 1 dB increment repre-
sents a 0.1 log unit increase in stimulus luminance. Thus, a 
10 dB sensitivity represents an ability to detect a target that 
is 10 times dimmer than the maximum stimulus luminance, 
a 20 dB stimulus represents an ability to detect a target that 
is 100 times dimmer than the maximum stimulus lumi-
nance, and so forth. The gray scale representation of visual 
field sensitivity provides an immediate indication of the 
sensitivity properties of the hill of vision, and is able to 
convey areas of reduced sensitivity in the form of darkened 
portions of the graph. This provides a very rapid method of 
depicting the location, size, shape and depth of area of 
reduced visual field sensitivity.

Immediately below the gray scale representation are the 
values for the Mean Deviation (MD), Pattern Standard Devi-
ation (PSD) and Glaucoma Hemifield Test (GHT) calcula-
tions. MD indicates the deviation of the patient’s visual field 
from the average normal results for an individual of the 
same age. PSD is the departure (root mean square [RMS] 
deviation) from the average decline in sensitivity from the 
fovea to the periphery out to 30 degrees radius (0.6 dB per 
degree for a Size III target). In some ways, PSD may be 
regarded as a quantitative indicator of visual field perturba-
tion (irregularities in visual field surface with eccentricity), 
particularly because the edges of scotomas provide a distinct 
transition from a smooth sensitivity profile. The Glaucoma 
Hemifield Test (GHT) compares the sensitivity of clustered 
points for mirror image regions of the superior and inferior 
hemifields, as shown in Figure 35.7. The five regions in the 
superior and inferior hemifields are designed to be repre-
sentative of arcuate nerve fiber bundle areas that are most 
frequently involved in glaucomatous visual field losses 
(nasal steps, paracentral losses, partial arcuate and arcuate 
defects). In normal eyes, there are only minimal differences 
in sensitivity between these regions in the superior and infe-
rior hemifields. However, in glaucoma and some other optic 
neuropathies, the damage to retinal locations corresponding 
to the superior and inferior hemifields is often asymmetric, 
resulting in large sensitivity differences between regions in 
the superior and inferior hemifields.

for the patient and the examiner, standardized procedures 
and the ability to test the entire peripheral visual field. Dis-
advantages include limited quantitative information, lower 
sensitivity and specificity in comparison to threshold tech-
niques, a lack of appropriate decision rules and scoring 
systems that have been validated, and limitations in the 
ability to monitor progressive changes.

Figure 35.5 presents visual field screening results for the 
right eye of a patient with superior arcuate glaucomatous 
visual field loss using a multiple stimulus luminance test 
strategy for the Humphrey Field Analyzer.

Detection of perimetric sensitivity loss 
and interpretation of results

Perhaps the best method of providing instruction about 
interpretation of visual field results is to conduct a systematic 
overview of the findings that are presented on the printed 
output. Figure 35.6 presents a single visual field analysis of 
the results for the left eye of a patient with an inferior acruate 
glaucomatous visual field deficit that was obtained using the 
24-2 SITA Standard test procedure on the Humphrey Field 
Analyzer II.

The top portion of the visual field printout shown in 
Figure 35.6 provides (from left to right and top to bottom) 
an indication of the patient’s name, the eye that was tested, 
the patient’s ID code and date of birth. Below this is infor-
mation pertaining to the test conditions used (background 
luminance, stimulus size, fixation target, fixation monitoring 
method), the test strategy (SITA, Full Threshold, Supra-
threshold screening), performance characteristics (false posi-
tive errors, false negative errors, fixation losses), the patient’s 
age, and ocular conditions (distance refraction, pupil size, 

Figure 35.5 An example of a two-zone, threshold-related 120 point visual 
field screening test on the Humphrey Field Analyzer for the right eye of a 
primary open angle glaucoma patient with a superior arcuate defect.

=

=

=
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Figure 35.6 Standard Automated Perimetry (SAP) results using the SITA Standard 24-2 test procedure on the Humphrey Field Analyzer for the left eye of a 
patient with primary open angle glaucoma, depicting an inferior arcuate visual field defect. Note that eye alignment, as indicated by the gaze tracking 
presentation, became variable towards the end of the test procedure.
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to be nearly identical, which is indicative of localized  
visual field sensitivity loss. Finally, Figure 35.8D shows 
abnormal visual field locations for both the Total and  
Pattern Deviation probability plots, with some locations 
indicated as abnormal for both graphs and other locations 

To the left of the visual field indices are the Total Devia-
tion and Pattern Deviation graphs. The upper left graph for 
Total Deviation indicates the deviation of the patient’s 
threshold sensitivity from the average normal observer of the 
same age (plus values indicate higher than average normal 
sensitivity and minus values reflect lower than average 
normal sensitivity). The Pattern Deviation values to the right 
are derived by adjusting the patient’s visual field according 
to the 85th percentile (7th most sensitive point for the 24-2 
stimulus presentation pattern) to account for widespread or 
generalized sensitivity differences (i.e. higher sensitivity 
values for the patient are adjusted down and lower sensitiv-
ity values are adjusted up). Once this is accomplished, the 
deviation from average normal sensitivity for a person of  
the same age is calculated. Below the numerical values for 
the Total and Pattern Deviation calculations are the proba-
bility plot graphs. For each visual field location, these plots 
display single dots for values that are within the normal 95 
percent confidence limits, and dithered symbols of increas-
ing darkness and density to indicate locations with sensitiv-
ity below the average age-adjusted normal 5 percent, 2 percent, 
1 percent and 0.5 percent probability levels, respectively. 
Comparison of the Total and Pattern Deviation probability 
plots can be very useful for interpreting the visual field.

Figure 35.8 presents four examples of visual field results 
represented by the Total and Pattern Deviation probability 
plots. Figure 35.8A displays a normal Total Deviation plot, 
with many abnormal results for the Pattern Deviation plot. 
This indicates that the patient’s eye had sensitivity values 
that were above the 95 percent normal age-adjusted values, 
which is commonly caused by a “trigger happy” patient who 
inappropriately responds to targets that are not usually 
detected by normal individuals. Fixation losses and false 
positive errors are often outside normal limits in these cases 
as well. Figure 35.8B shows abnormalities that appear for 
the Total Deviation probability plot, but are not present for 
the Pattern Deviation probability plots. This is indicative of 
widespread or diffuse visual field loss. Figure 35.8C shows 
Total and Pattern Deviation probability plots that appear  

Figure 35.7 The clusters of visual field locations used to evaluate superior 
and inferior hemifield asymmetry as part of the glaucoma hemifield test. 
The clusters were selected to generally correspond to the pattern of nerve 
fiber bundles entering the optic nerve head.

Figure 35.8 Examples of the results for Total and Pattern Deviation 
probability plots for (A) a “trigger happy” patient with abnormally high 
sensitivity related to pressing the response button too often, (B) generalized 
or widespread visual field loss, (C) localized visual field loss, and (D) mixed 
localized and widespread visual field loss. Note that these data 
representations provide highly useful clinical information.

Total deviation Pattern deviation
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into account. Often, there is a temptation to concentrate on 
portions of the printout and ignore or discount other infor-
mation that is presented. This is not a good habit to estab-
lish, however, because it can lead to misinterpretation of the 
visual field findings and artifactual results due to specific 
testing circumstances that can be missed. It is also critical to 
remember that visual field testing is only one part of the 
vision examination, and that additional information from 
the patient’s exam, ocular and medical history, family 
medical history, and other factors need to be included in the 
final assessment.

Patterns of visual field loss associated 
with different pathologic conditions

Proper evaluation of patterns of visual field loss is probably 
the most vital aspect of visual field interpretation. It is 
important to keep in mind the three-dimensional nature of 
visual field properties so that X (width), Y (height) and Z 
(depth) coordinates are all taken into account. The shape 
and extent of a visual field defect, whether it has steep or 
sloping boundaries, and whether it “respects” (terminates 
abruptly) certain anatomical borders are all important fea-
tures to consider. Figure 35.10 presents some schematic rep-
resentations of fibers at different levels in the visual pathways 
and the patterns of visual field loss that correspond to 
damage at these locations.

In this section, we will outline some key features and  
patterns of visual field loss that will be of assistance in  
visual field interpretation.

• Generalized or widespread visual field sensitivity loss. This 
can be produced be a variety of conditions, ranging 

demonstrating an abnormality on the Total Deviation plot 
but not on the Pattern Deviation plot. This is a common 
presentation, which indicates a mixture of localized and 
widespread or diffuse visual field sensitivity loss.

Below this is the name and address of the eye clinic in the 
lower right, and a printout of gaze tracking from left to right. 
Gaze tracking is a valuable component of the visual field 
printout. During the test, a video camera is monitoring the 
location of the first Purkinje image (corneal reflex) relative 
to the edges of the pupil (retinal red reflex) from an infrared 
light source that does not interfere with the test procedure. 
This method can then be used to monitor eye and head 
alignment during the test, as well as eye blinks and droopy 
lids during the visual field test procedure. The visual field 
printout has a time line from left to right that presents eye 
blinks and upper eyelid drooping (a contiguous series of 
downward deflections) as well as eye and head alignment 
(upward tick mark deflections) throughout the test proce-
dure. As shown in Figure 35.9, this information can reveal 
much about the attention and cooperation of the patient 
during the test procedure. Figure 35.9A shows the results for 
a patient with good fixation and blinking behavior through-
out the test. Figure 35.9B shows the results for a patient who 
develops excessive blinking and tear film breakup that may 
be related to the tested eye drying out from exposure to the 
infrared light (a rest break can assist in minimizing this 
problem). Figures 35.9C–E present results for a patient who 
becomes sleepy (droopy upper eyelid) throughout the test, 
a patient that becomes fatigued as the test progresses, and a 
patient with head and eye alignment problems during the 
test, respectively.

It is important to keep in mind that all of the information 
provided on this printout is essential, and that proper inter-
pretation of visual fields requires taking all of these results 

Figure 35.9 Examples of gaze tracking results for the Humphrey Field Analyzer. Upward deflections indicate alignment difficulties (eye and head 
movements) and downward deflections indicate blinking or droopy eyelid: (A) good gaze tracking, (B) excessive blinking, (C) droopy eyelid, 
(D) fatigue, and (E) alignment problems.
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retinal ganglion cell nerve fiber bundles, and are 
indicative of glaucoma or some other type of optic 
neuropathy. However, compromises of the retinal 
vasculature (e.g. a branch artery occlusion) can also 
produce this type of defect.

• Arcuate scotomas. These types of defects again typically 
affect either the arcuate nerve fiber bundles (glaucoma 
or other optic neuropathies) or the retinal vasculature.

• Nasal steps. These defects are primarily associated with 
glaucoma or other optic neuropathies.

• Centrocecal scotomas. These defects represent pathology 
to the papillomacular bundle of nerve fibers that 
subserve the region between the blind spot and 
fixation. Usually, the deficit is produced by optic 
neuropathies, but they can also be created by retinal 

from changes in the ocular media to pathology to 
various portions of the visual pathways to attentional 
and cognitive factors. It is therefore a rather non-
specific diagnostic sign.

• Ring scotomas. These defects (either a total or a partial 
ring of sensitivity loss in the mid periphery surrounded 
by normal visual field locations) are typically indicative 
of retinitis pigmentosa or some other type of retinal 
degeneration.

• Central scotomas. Generally, these types of defects are 
associated with diseases of the macular region of the 
retina, although optic neuropathies can also produce 
central scotomas.

• Defects that “respect” the nasal horizontal meridian. 
Generally these types of defects are associated with the 

Figure 35.10 Examples of visual field loss produced by damage to the visual pathways at various locations from the retina to primary visual cortex.
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results as an outcome measure has used a different method 
of defining progression.14,51–55 A review of the various 
methods used to determine visual field progression has been 
reported by several sources.14,51–55 Basically, visual field pro-
gression techniques can be divided into the categories of 
clinical judgment methods, classification systems, event 
analyses and trend analyses.51 Each procedure has its advan-
tages and disadvantages. It should also be noted that most 
of the procedures for determining visual field progression 
have been directed towards glaucoma.

Clinical judgment consists of a practitioner using his/her 
knowledge and experience to make a determination of 
whether or not the visual field has undergone systematic 
changes over time. The main advantage of this procedure is 
that it is an easy, efficient method of evaluating visual field 
progression. The primary disadvantage is that there is a large 
amount of variability among eye care specialists for inter-
preting visual field progression. Previous investigations have 
demonstrated that even highly experienced, competent eye 
care specialists have a tendency to “overcall” visual field 
progression.

Classification systems consist of staging the amount of 
visual field damage into a series of categories. A historical 
review of visual field staging and classification systems for 
glaucoma has recently been published.56 In general, most 
classification systems use between 5 and 7 different levels of 
visual field damage to characterize the spectrum of loss. 
Exceptions to this include the systems derived by the 
Advanced Glaucoma Intervention Study (AGIS) and the Col-
laborative Initial Glaucoma Treatment Study (CIGTS), which 
use 20 stages.57,58 Advantages of classification systems include 
their use by several multicenter clinical trials and the ability 
to assign a quantitative value to visual field damage, whereas 
disadvantages consist of the use of a discrete outcome rather 
than a continuous function, and the lack of knowing the 
measurement scale (linear, non-linear, etc.) that the system 
is based upon.

Event analysis is most commonly performed by compar-
ing the most recent visual field to those obtained at baseline 
visits. For this type of analysis, the intent is to determine 
whether visual field changes from baseline (progression or 
improvement) are within or outside expected limits. This 
technique has been used by several multicenter trials  
and is available on commercially available automated 
perimeters.57–60 Advantages of this procedure are that it is 
able to monitor visual field changes over time, and the appli-
cation of more rigorous statistical procedures to analyze 
results. Included for disadvantages are the absence of evalu-
ating interim visual fields between the current and baseline 
results, and the large influence of spurious results (meaning-
fully higher or lower sensitivity values for a single visit).

Trend analysis has also been used for many multicenter 
clinical trials, most commonly as a linear least-squares 
regression.61–65 This procedure analyzes all visual fields that 
have been obtained over time and determines the best fitting 
equation (usually a linear function) to describe the data. The 
slope of the line can then be used to provide an estimate of 
visual field change. Advantages of this procedure include the 
use of all the visual field data to obtain an estimate of 
change, based on a long-standing formal statistical model. 
Limitations of this procedure are related to a requirement 
for the slope to be statistically significantly different from 

disease, particularly those that involve edema (e.g. 
central serous retinopathy).

• Visual field constriction. This is a deficit that can be 
produced by a variety of causes, ranging from retinal 
disease to optic neuropathies.

• Defects that “respect” the vertical meridian. Because of the 
separation of nerve fibers along the vertical border at 
fixation, these defects are found for damage to the 
visual pathways at the optic chiasm or after the optic 
chiasm.

• Bitemporal defects. In nearly all cases, a bitemporal 
visual field defect that respects the vertical meridian 
indicates damage to the visual pathways at the optic 
chiasm.

• Defects that resemble a horizontal tongue. This is an 
uncommon visual field deficit that is only infrequently 
seen. The deficit can be for the “tongue”, or the tongue 
can be the only remaining visual field areas of seeing. It 
is produced by damage to visual pathway fibers at the 
level of the lateral geniculate body.

• Homonymous visual field defects. Damage to the visual 
pathways that is on the same side (right or left) of 
vision for both eyes is homonymous, and indicates a 
deficit that has occurred after the optic chiasm. A total 
homonymous hemianopic visual field defect (the entire 
right or left side of vision is missing) is indicative of a 
defect after the optic chiasm, but can be at any location 
within the optic radiations.

• Congruous and incongruous defects. In general, the greater 
the amount of incongruity of homonymous defects 
between eyes, the closer the site of damage is to the 
optic chiasm. Deficits for primary visual cortex 
(occipital lobe) are highly congruous, parietal lobe and 
temporal lobe deficits are semi-congruous.

• Pie in the sky defects. A homonymous visual field deficit 
that resembles a piece of pie missing from the superior 
visual field of both eyes is usually associated with a 
temporal lobe lesion.

• Pie on the floor defects. A homonymous visual field 
deficit that resembles a missing piece of pie that has 
fallen to the floor is more often the result of a parietal 
lobe lesion.

• Cookie-cutter punched out lesions. Visual field deficits that 
look as though one used a hole punch or cookie cutter 
to represent loss in both eyes is highly indicative of an 
occipital lobe (primary visual cortex) lesion.

We hope that these guidelines will assist you in the inter-
pretation of visual field information.

Determination of visual field 
progression

The ability to accurately determine visual field progression 
and the rate of visual field progression is a vital component 
in following the functional visual status of patients over 
time. However, there is currently no general agreement or 
consensus concerning the best method of following visual 
field progression. This is best depicted by the fact that every 
multicenter clinical trial that has employed visual field 
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(2) The development of procedures to reduce variability in 
visual field measures, both within a single session and 
from one session to another. There have been some 
methods that have been introduced that appear to be 
of assistance in this regard.28,29,66–68

(3) Development of better, more sophisticated statistical 
analysis techniques. Again, there have been some 
advances in statistical, neural network and related 
analytical approaches that have been made in recent 
times.73–76 However, clinical demands on optimizing 
patient care would be tremendously advanced if more 
reliable, accurate, precise and efficient methods could 
be developed for evaluating a patient’s visual field 
status over time.

(4) Development of methods to analyze “noise” and 
variability to search for meaningful signals of 
pathology. Traditionally, visual field variability has 
been viewed as something that needs to be eliminated, 
and there has been little research directed towards a 
systematic analysis of this information to look for 
markers of pathology. There are many areas of 
medicine and ophthalmology that have shown value in 
seeking out such markers. It is likely that there are 
“signatures” of specific patterns of “noise” or variability 
that are indicative of pathology of a dysfunctional 
visual system.

In summary, each of these suggestions for the future is 
directed towards improving the ability to extract meaningful 
signals and markers of visual system pathology and changes 
in visual status that can be revealed through visual field 
testing.

Finally, one of the most important factors that eye care 
specialists must consider in the management of patients is 
the rate of visual field progression. This is a crucial issue in 
determining the management and treatment regimen for 
patients, and in assessing how their visual impairment  
may affect their quality of life and activities of daily living. 
In this regard, Progressor and the Glaucoma Progression 
Index provide a means of forecasting the future visual field 
characteristics for the patient.63,64,71 However, it should be 
kept in mind that these procedures are based on a linear 
regression model, and it is not clear whether this or  
non-linear methods would be most appropriate for pre-
dicting future visual field outcome for the patient. This  
topic has only recently received attention by the research 
community, and it is clear that much additional work is 
needed.

A guide for interpretation of visual 
field information

It is important to have a systematic approach for interpreting 
visual field information (Box 35.1). We recommend using 
a relatively simple analysis sequence, but emphasize that  
it is critical to maintain the proper order of this sequence  
to minimize errors of interpretation (false positives, false 
negatives, improper localization of the defect, and other 
difficulties).

(1) Decide if the visual fields are reliable and if artifactual 
test results are present.

zero, and a minimum of 6 to 8 visual fields that are necessary 
to achieve appropriate high clinical performance. Recently, 
there have been several enhancements that have been intro-
duced to improve the performance of trend analysis, but it 
still requires a minimum of 5 to 6 visual fields before satis-
factory performance can be achieved (i.e. high sensitivity 
and specificity).66–68 Note that the requirement of at least 5 
to 6 visual fields holds for all of the current procedures for 
analyzing visual fields, which means that an accurate, precise 
and reliable estimate of visual field status may require several 
years of follow-up before an informed decision can be made 
with existing techniques. Clearly from a clinical perspective, 
there is a strong need for new, innovative approaches to this 
perplexing problem.

How do the various methods of determining visual field 
progression compare? Several laboratories have made such 
comparisons using the same visual field data set to evaluate 
according to the various methods. In summary, these studies 
indicate that there are considerable differences in the amount 
of time to detect progression, the number of reliable visual 
fields that are determined to be progressing, the number of 
progressing visual fields that are determined to be unchanged, 
and the influence of variability (long and short term) on 
final outcomes.14,52–55 Moreover, there is agreement among 
the various methods only about 50–60 percent of the 
time.14,52–55

Given these difficulties, what can be done to assist the eye 
care specialist in determining visual field progression at the 
present time? Here are a few helpful hints:

• Examine the complete visual field history of the 
patient, not just the current and the most recent 
previous results. Otherwise, false positives 
(inappropriate evaluation of change) and false 
negatives (inappropriate evaluation of stability) will 
frequently occur.

• Use all of the available methods of assessing 
longitudinal visual field status (e.g. Overview Analysis, 
Change Analysis, Glaucoma Change Probability, 
Glaucoma Progression Analysis, Glaucoma Progression 
Index, Progressor, etc.).63–65,68–71

• Compare visual field results with other clinical 
examination findings, the patient’s ocular and general 
medical history, and other pertinent information 
(visual fields alone do not provide all of the necessary 
information).

• When in doubt, perform an additional visual field test, 
use another type of visual field testing, and perform 
assessments of structural retinal, optic disc or neural 
(imaging) characteristics to confirm suspected visual 
field findings.72

• Consult with colleagues to determine their analysis and 
interpretation of results.

In the future, what can be done to improve our ability to 
determine visual field changes over time? We believe that 
there are four factors that can assist us in this endeavor:

(1) The development of visual field techniques that 
provide larger changes that are related to pathology. As 
described in a later section, several techniques have 
been developed that appear to detect changes earlier 
than standard automated perimetry.
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(5) Determine the shape and specific location of the 
defect. This particular aspect of visual field interpretation is 
probably the most difficult, but also most important part of 
the assessment. There are many physiologic and pathologic 
factors that can produce generalized or widespread visual 
field sensitivity loss (small pupils, lack of attention, fatigue, 
corneal opacities, lens opacities, ocular and neurologic dis-
orders, etc.), making this a rather non-specific finding for 
localization of the etiology of visual field sensitivity loss.

Some retinal diseases can produce specific patterns of 
visual field loss: (a) scalloped edges of isopters in the far 
periphery, (b) ring or partial ring scotomas in the mid 
periphery produced by retinitis pigmentosa, (c) arcuate 
defects produced by branch artery occlusions, (d) central 
scotomas related to macular diseases, (e) multiple foci of 
visual field loss at scattered points the visual field from  
diabetic retinopathy or other retinal degenerative disease 
processes, and (f) irregular deficits that do not correspond 
to other anatomical landmarks throughout the visual 
pathways.

Diseases affecting the optic nerve can produce: (a) centro-
cecal scotomas produced by damage to the papillomacular 
bundle of retinal ganglion cells subserving the region 
between the macula and the blind spot, (b) arcuate defects 
created by damage to the superior and inferior arcuate nerve 
fiber bundles entering the top and bottom of the optic nerve 
head (often these defects will “respect” [terminate at] the 
nasal horizontal meridian), (c) central scotomas, (d) con-
striction of the visual field, (e) enlargement of the blind spot, 
and (f) temporal wedge defects produced by the radial fibers 
from the periphery that enter the nasal portion of the optic 
nerve head (corresponding to the temporal visual field).

Chiasmal deficits most commonly produce bitemporal 
visual field losses that “respect” (terminate at) the vertical 
meridian for both eyes. Sometimes, a deficit can be located 
at the anterior portion of the chiasm and produce a central 
scotoma in one eye (damage to the optic nerve of that eye) 
and a superior temporal defect in the other eye. Binasal 
defects that “respect” the vertical midline can also occur, but 
they are very rare because they involve compression of the 
chiasm from both the left and right sides. Beyond the chiasm, 
visual field defects are homonymous (occurring on the left 
side of vision for both eyes or the right side of vision for 
both eyes). If the deficit is incongruous between the two eyes 
(greater loss in one eye than in the other, and only moderate 
overlap between the defective areas in the two eyes), the 
damage has occurred prior to primary visual cortex (area 17 
or V1). The greater the congruity between deficits for the two 
eyes, the farther the insult is from the chiasm and the closer 
it is to primary visual cortex.

(6) If there are multiple visual fields that have been 
obtained for different visits, determine whether the results 
indicate improvement, stability or progression of visual loss. 
It is important to review all of the visual field results and not 
just rely on comparisons of the current results with those 
obtained for the most recent previous visit. Additionally, 
comparison of the visual field interpretation of multiple  
tests with other findings for the clinical examination is also 
essential.

(7) Finally, if there is uncertainty or doubt concerning  
the visual field interpretation, it is always helpful to get  
the opinion and assessment of colleagues. Different  

(2) Place the visual fields for both eyes in front of you, 
with the left eye on the left and the right eye on the right. 
For each eye separately, determine whether the visual field is 
within or outside of normal limits. Automated visual field 
testing provides assistance in this analysis by presenting a 
comparison of individual results to those of average findings 
for a person of the same age. If both visual fields are within 
normal limits, the analysis is complete.

(3) Determine if the visual field loss (outside normal 
limits) is in one eye or both eyes. If the loss is in one eye, 
then the source of the visual damage is before the optic 
chiasm. Visual field loss in both eyes can be due to insults 
affecting the visual pathways at the optic chiasm and beyond, 
or could be due to diseases influencing the optics, retinas or 
optic nerves of both eyes.

(4) For each eye, determine the general location of the 
defect (superior, inferior, nasal or temporal), and if the 
visual field loss is extensive, assess the predominant location 
of the deficit. A deficit that is in the temporal visual fields of 
each eye (bitemporal) is often due to factors affecting the 
optic chiasm, deficits affecting the nasal visual fields of each 
eye are usually due to retinal or optic nerve disorders, and 
losses occurring in the nasal visual field of one eye and the 
temporal visual field of the other eye are usually related to 
damage occurring at locations after the optic chiasm. In this 
view, it is now possible to localize the most likely areas of 
damage to specific regions of the visual pathways.

Box 35.1 Visual field interpretation guidelines

• Detection – Is the visual field of each eye within normal limits 
or does it have abnormalities?

• Identification – What is the pattern of visual field loss? Is the 
visual field loss in one eye or both eyes? What is the location 
or locations of damage to the visual pathways that could 
account for this loss (differential diagnosis)?
• For each eye, is the visual field normal or abnormal?
• If abnormal, is it in one or both eyes?
• What is the general location of the defect (superior, 

inferior, nasal, temporal)?
• What is the shape and specific visual field location of the 

deficit?
• Does the deficit correlate with anatomical features and 

boundaries?
• Staging of visual field loss – What is the severity of visual field 

loss? Is the loss abrupt or gradual?
• Artifactual visual loss – Does the deficit resemble a lens rim 

holder, a droopy eyelid, or some other non-pathologic or 
physiologic result?

• Functional visual loss – Does the pattern and severity of visual 
field loss exceed that expected on the basis of other clinical 
findings?

• Longitudinal follow-up of visual field loss – Is the visual field 
defect remaining stable, improving or getting worse over 
time? If the visual field loss is changing over time, what is the 
rate of change over time?

• Practical visual field issues – How does the visual field loss 
affect the patient’s quality of life and activities of daily living? 
Does it impair the ability to drive, navigate the environment, 
reduce employment effectiveness?
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value and have therefore been dropped from further  
consideration. We will provide a brief summary of the 
methods that have been shown to be important for clinical 
diagnostic purposes and for understanding the basis of 
underlying physiologic and pathologic mechanisms.

Short wavelength automated  
perimetry (SWAP)
Stiles reported the two-color increment threshold technique 
for psychophysically isolating and measuring the sensitivity 
of individual color vision mechanisms.77 This procedure was 
adapted for clinical application by Kitahara78 and Kranda 
and King-Smith,79 although the procedures were too cum-
bersome and time consuming for routine clinical use. Sub-
sequent studies by Sample and colleagues80–89 and Johnson 
and associates90–99 reported a modification of an existing 
automated perimeter (the Humphrey Field Analyzer) to 
permit the evaluation of short-wavelength-sensitive (blue) 
color vision mechanisms, which is referred to as Short Wave-
length Automated Perimetry (SWAP) within a time frame 
that was comparable to standard automated perimetry 
(SAP). A collaborative study identified optimal test condi-
tions for SWAP, which now serves as the basis for SWAP  
tests that are available on several commercially available 
perimeters.84

Investigations now indicate that SWAP may detect glau-
comatous visual field deficits an average of 3–5 years earlier 
than conventional SAP, and in some cases can occur up to 
10 years earlier than SAP visual field deficits.80–100 SWAP can 
sometimes characterize glaucomatous patterns of visual field 
loss and predict the onset and location of future SAP deficits. 
Progression of visual field loss appears to be more rapid than 
for SAP deficits. Isolation of short wavelength mechanisms 
is maintained throughout the range of glaucomatous defi-
cits, including regions of advanced visual field loss. Addi-
tionally, SWAP has been shown to be useful for characterizing 
visual field losses in other ocular and neurologic diseases 
affecting the visual pathways,101 and Bayesian forecasting 
procedures have been developed for more efficient testing 
and expansion of the dynamic range.102–105 Figure 35.11 dis-
plays an example of SWAP visual field loss for the right eye 
of a patient with inferior glaucomatous visual field loss.

Frequency doubling technology  
(FDT) perimetry
A low spatial frequency sinusoidal grating (less than 2 cycles/
degree) that is rapidly counterphase (square wave) flickered 
at greater than 15 Hz produces a percept of twice as many 
light and dark bars than are physically present, known as 
“frequency doubling”.106–108 This phenomenon has been 
incorporated into a clinical diagnostic test procedure known 
as Frequency Doubling Technology (FDT) perimetry, which 
has now undergone two generations of testing devices.109–110 
However, the observer’s task is not to evaluate the frequency 
doubled nature of the percept, but rather to determine the 
minimum contrast at which the stimulus can be detected. 
The first generation (FDT) perimeter presented 17 or 19 large 
(10-degree square) targets to various visual field locations, 
whereas the second generation device (the Humphrey 
Matrix) can provide a larger number of smaller targets 

practitioners do not always observe results in the same 
manner and may have various features that are regarded with 
greater or lesser importance.

New perimetric test procedures

Many new visual field test procedures have been introduced, 
particularly within the past 20 years (Box 35.2). Some of 
these techniques have been successful, while others have  
not been found to have sufficient clinical or basic research 

Box 35.2 Visual field test procedures

Contrast sensitivity and incremental light detection

• Standard Automated Perimetry (SAP) – A method of 
determining the eye’s sensitivity to light at different locations 
throughout the field of view.

Spatial visual field tests

• High Pass Resolution Perimetry (HPRP) – A procedure that 
determines the minimum size of a low-contrast stimulus 
necessary for it to be detected.

• Rarebit Perimetry – A method of providing fine detail 
mapping of visual field locations by determining the 
detectability of tiny light dots.

Temporal visual field tests

• Flicker perimetry – A visual field procedure for determining 
the highest rate of flicker that can be detected (critical flicker 
fusion or CFF perimetry), the minimum amplitude (contrast) of 
flicker that can be detected (temporal modulation perimetry), 
or the minimum light increment needed to detect an 
illuminated target as flickering on a uniform background 
(luminance pedestal flicker perimetry).

• Motion perimetry – A method for determining sensitivity to 
motion throughout the visual field by determining the 
minimum displacement needed to detect motion 
(displacement threshold perimetry), the amount of directional 
coherence needed to detect motion among a collection of 
random dots (motion coherence perimetry) or the size of 
visual field area needed to detect motion of a subset of 
random dots.

Spatio-temporal visual field tests

• Frequency Doubling Technology (FDT) perimetry and Matrix 
perimetry – A method for presenting a low spatial frequency 
sinusoidal grating flickering at a high temporal frequency to 
determine the amount of contrast needed for detection.

Color perimetry

• Short Wavelength Automated Perimetry (SWAP) – A visual 
field technique that isolates and measures the sensitivity of 
short wavelength mechanisms.

Electrophysiological perimetry

• Multifocal Electroretinogram (mfERG) – A method of 
measuring electrical retinal signals for localized visual field 
regions.

• Multifocal visual evoked potentials (mfVEP) – A technique that 
measures the electrical activity from primary visual cortex for 
alternating stimuli presented to small regions of the visual 
field.
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SAP, and that they may be predictive of future visual field 
outcomes.129,130 The recent advent of the Humphrey Matrix 
has provided a number of additional features for this proce-
dure, and has also been reported to have uniform variability 
over the entire response range of the instrument, a distinct 
benefit for monitoring the status of moderate to advanced 
visual field loss. Figure 35.12 presents FDT results for the left 
eye of a patient with superior glaucomatous visual field loss, 
and Figure 35.13 shows the results for the same eye using 

(5-degree or 2-degree squares) to produce the 30-2, 24-2, 
10-2 and macula presentation patterns. Details concerning 
these procedures and methods may be found in other 
publications.111–128

FDT perimetry has been found to be clinically effective in 
determining visual field loss that is produced by glaucoma 
and other ocular and neurologic diseases affecting the visual 
pathways.111–128 Additionally, some reports have indicated 
that FDT perimetry deficits can precede losses detected by 

Figure 35.11 Short Wavelength Automated Perimetry (SWAP) results for the right eye (OD) of a patient with primary open angle glaucoma, revealing a 
partial inferior arcuate visual field defect.
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Early investigations reported that high temporal frequen-
cies were optimal for detection of glaucomatous visual field 
loss,133 but subsequent studies indicated that a high tempo-
ral frequency sensitivity loss was characteristic of older 
normal controls, and that middle temporal frequencies 
(about 8 Hz) provided the greatest dynamic range, the 
lowest variability, and the best ability to detect early visual 
field losses.136 Flicker perimetry also appears to be quite 
resistant to the influence of blur, and other test variables, 
but can sometimes be influenced by changes in pupil size 
and other stimulus presentation, physiologic and pathologic 
conditions.134–139 Several studies have reported that flicker 
perimetry is able to detect glaucomatous visual field loss 
prior to SAP and has clinical value in predicting the onset 
and location of subsequent SAP visual field loss.134–144 Figure 
35.14 presents temporal modulation flicker perimetry results 
for the left eye of a patient with superior glaucomatous 
visual field loss.

Motion perimetry
As with flicker perimetry, motion perimetry is conducted 
according to several different methods: (1) detection of 
rapid movement of a single stimulus presented at various 
visual field locations (displacement threshold perimetry), 
(2) determination of a minimum proportion of dots moving 

the Humphrey Matrix 24-2 test procedure obtained approxi-
mately one year after the initial FDT testing session.

Flicker and temporal modulation perimetry
Four forms of flicker perimetry have been developed in 
recent years: (1) determining the highest temporal flicker 
frequency that can be distinguished from a steady light  
(critical flicker fusion [CFF] perimetry), (2) evaluating the 
minimum amplitude of temporal alternation needed to 
detect flicker (temporal modulation perimetry [TMP]), (3) 
detection of a letter or shape of a series of rapidly alternating 
dots that are flickering in counterphase to other dots (flicker-
defined form [FDF] perimetry) and (4) determining the 
minimum amount of flicker superimposed on a luminance 
increment needed to detect flicker from a steady light (lumi-
nance pedestal flicker [LPF] perimetry).131–144

Each of these procedures has certain advantages and dis-
advantages, but no study to date has compared all four tests 
in normal controls and patients with ocular disease to deter-
mine their clinical merits and deficits. However, a compari-
son between CFF and TMP indicated that in glaucoma, TMP 
was more sensitive for separation of findings from normal 
controls and glaucoma patients.131 No systematic investiga-
tions of FDF or LPF perimetry in ocular and neurologic 
diseases have been reported to date.

Figure 35.12 Frequency Doubling Technology results for the left 
(OS) eye of a patient with primary open angle glaucoma that 
displays a superior nasal step.
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a target from the uniform background) and resolution (dis-
tinguishing one target from another) thresholds are essen-
tially equivalent. The test is presented on a computer-controlled 
video monitor, and is an adaptive, interactive procedure.

Studies performed in glaucoma and other ocular and neu-
rologic disorders indicate that HPRP is a useful diagnostic 
test procedure for detection and characterization of visual 
field loss,159–169 has good test–retest reproducibility165 and 
can detect progression of glaucomatous visual field loss an 
average of approximately 18 months earlier than SAP.166 
Although HPRP appears to have many advantages as a clini-
cal diagnostic test procedure for characterizing visual field 
properties, it has limited commercial availability at the 
present time. Figure 35.16 presents results for the right eye 
of a patient with superior visual field loss due to glaucoma 
(left), with results from the Humphrey Field Analyzer also 
presented (right) for comparison.

Rarebit perimetry
Rarebit perimetry is a relatively new test procedure that uses 
a computer-driven video display to present one or two small 
white dots (pixels) on a uniform background.170–174 The 
observer is asked to respond whether they saw one or two 
small targets during each stimulus presentation. By using a 
high-density pixel map, Rarebit perimetry evaluates correct 
and incorrect responses to construct regions of normal and 
abnormal detection of stimuli in an effort to locate gaps and 
discontinuities in performance throughout the visual field. 

in the same direction that are embedded with a group of 
stationary dots or a group of dots that are moving in random 
directions (motion coherence perimetry), and (3) motion of 
a cluster of dots within a group of stationary dots.145–158 In 
these instances, the measurement variables are minimum 
position displacement, minimum proportion of coherently 
moving dots, and minimum size of clustered moving dots, 
respectively.

Similar to flicker perimetry, motion detection perimetry 
is a robust measurement, being resistant to the influence of 
varying degrees of blur, contrast variations and background 
luminances. In this view, motion detection is a very salient 
feature that can be easily processed by peripheral visual field 
mechanisms. Additionally, motion perimetry appears to have 
uniform variability across its entire dynamic response range, 
and has been reported to be quite effective in detecting early 
visual field loss in a variety of diseases affecting the visual 
pathways.145–158 Figure 35.15 presents the results for the left 
eye of a patient with inferior glaucomatous visual field loss.

High pass resolution perimetry
High pass resolution perimetry (HPRP) presents a series of 
ring stimuli consisting of a dark ring surrounding a circular 
central white stimulus to different visual field locations.159–169 
The observer’s task is to indicate when they are able to detect 
the ring stimulus, and the size of the ring is varied to deter-
mine a threshold measurement. The HPRP stimuli are pre-
sented at 85 percent contrast so that detection (distinguishing 

Figure 35.13 Humphrey Matrix Frequency Doubling 
Technology results for the same left eye (OS) of the 
patient with primary open angle glaucoma shown in 
Figure 35.12, exhibiting a superior nasal step. This test 
was performed one year after the results that were 
presented in Figure 35.12.
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had a rather limited, narrow application to clinical diagnos-
tic procedures. The recent advent of multifocal techniques to 
measure the electroretinogram (mfERG) and visual evoked 
potential (mfVEP) has made it possible to expand these 
capabilities.175–186 These techniques present rapidly alternat-
ing checkerboard patterns to various locations throughout 
the visual field according to a modified binary M-sequence, 
whereby the onset–offset characteristics of the checkerboard 
are the same for each location, but are subject to a delay in 
the initiation of the sequence at each of the visual field loca-
tions. An autocorrelation function is then used to extract 
localized signals from the complex waveform to obtain indi-
vidual electrophysiologic recordings from a variety of visual 
field locations.175–186

Although the mfERG is useful for evaluation of many 
retinal disorders,175–179 it has not been particularly beneficial 
for evaluation of glaucoma, and does not correlate well with 
traditional SAP visual field findings. On the other hand, 
mfVEP results have been shown to correlate quite well with 
SAP results, and have been reported to have signal to noise 

In this manner, the intent of Rarebit perimetry is to identify 
areas of patchy sensitivity loss produced by glaucoma and 
other ocular and neurologic disorders that might be over-
looked by SAP in the evaluation of early disease onset.

Information from clinical evaluation of Rarebit perimetry 
is somewhat limited to date, although these preliminary 
findings have been shown to be quite promising.170–174 
Although many of the features of Rarebit perimetry are quite 
appealing, empirical findings from clinical studies will ulti-
mately determine its utility for clinical evaluations. The sen-
sitivity, specificity, reproducibility and ability to monitor 
visual field progression with Rarebit perimetry need to be 
assessed carefully. Figure 35.17 presents the results of Rarebit 
perimetry testing in the right eye of a patient with superior 
and inferior glaucomatous visual field loss.

Multifocal visual evoked potentials (mfVEP)
Until recently, electrophysiological evaluation of visual field 
deficits produced by ocular and neurological diseases have 

Figure 35.14 Temporal modulation perimetry (flicker 
perimetry for the left eye (OS) of a patient with primary 
open angle glaucoma, revealing a superior arcuate visual 
field defect and an inferior partial arcuate defect.
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Figure 35.16 A comparison of high-pass resolution perimetry (left) and standard automated perimetry conducted on the Humphrey Field Analyzer (right) 
for the right eye (OD) of a patient with primary open angle glaucoma. (Reproduced with permission from Birt CM et al. J Glaucoma 1998; 7:111.)

20 / 20

Figure 35.15 Visual field results for motion 
perimetry conducted on the right eye (OD) of a 
patient with an inferior arcuate visual field defect 
produced by primary open angle glaucoma.
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navigate through the environment. Additionally, visual field 
evaluation provides a useful guide concerning the location 
of damage to the visual pathways and the type of disease 
entity that is producing the visual field loss. The pattern of 
sensitivity loss and the relationship of visual field deficits 
between the two eyes can provide valuable insights about 
the locus of involvement for pathology that is affecting the 
visual pathways. In this view, it is useful to compare the 
diagnostic power of visual fields to other clinical test proce-
dures. Measurement of visual acuity is undoubtedly the most 
common assessment of visual function. However, reduced 
visual acuity (e.g. 20/100) can be due to any factor influenc-
ing the visual pathways from the cornea to primary visual 
cortex and beyond. In this sense, visual acuity may be a 
sensitive measure of form vision that is important for 
reading, object identification and other related tasks, but it 
is not very specific in terms of where the anomaly is occur-
ring in the visual pathways. Visual field testing, on the other 
hand, is able to provide specific information about the loca-
tion of pathology by evaluating the shape, location and 
density of visual field sensitivity loss. Prior to the develop-
ment and use of neurologic imaging procedures (CT, MRI, 
fMRI, PET, etc.), visual fields were used as a primary indica-
tor of the location of ocular or neurological pathology.

It should be kept in mind that no single test procedure, 
including visual field testing, can provide the clinician with 
complete information about a patient’s functional visual 

ratios that remain relatively constant throughout its dynamic 
range, and to utilize the asymmetry between eyes to indicate 
subtle losses in glaucoma.180–186 Although this procedure has 
undergone tremendous advances in recent years, there are 
also a number of disadvantages that remain:

(1) the response range is rather limited, so evaluation of 
patients with significant moderate to advanced 
glaucomatous damage cannot be performed,

(2) testing and setup times are long when compared 
to SAP,

(3) analysis of results is presently cumbersome and 
time-consuming, and

(4) the procedure requires careful monitoring to minimize 
the influence of confounding variables (attention loss, 
daydreaming, presence of alpha waves, etc.).

Figure 35.18 presents the results of multifocal VEP testing 
in a patient with inferior glaucomatous visual field loss in 
both eyes.

Conclusions

Perimetry and visual field testing are important diagnostic 
procedures that can provide a wealth of useful clinical infor-
mation concerning a patient’s functional vision status,  
ability to detect objects in the periphery, and effectively  

Figure 35.17 Superior and inferior arcuate visual 
field loss for the right eye (OD) of a patient with 
primary open angle glaucoma as determined with 
Rarebit automated perimetry.
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status (although if this could be accomplished, clinical 
examinations could be performed much more rapidly). 
Therefore, it is helpful to keep in mind that visual field 
results should be interpreted within the context of informa-
tion obtained from other portions of the eye examination, 
the patient’s history (and family history), their primary com-
plaints, and other pertinent information.

The intent of this chapter is to provide some guidelines 
for conducting and interpreting visual field information, and 
we hope that it has provided this service and will continue 
to be a resource for the future. However, as with most clinical 
ophthalmic procedures, there is no substitute for obtaining 
first-hand clinical experience with visual field testing. We 
hope that this chapter will provide you with the appropriate 
tools to achieve a high degree of expertise in the analysis and 
interpretation of perimetry.
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Binocular Vision
Ronald S. Harwerth & Clifton M. Schor

Introduction
Humans and other animals with frontally located eyes attain 
binocular vision from the two retinal images through a series 
of sensory and motor processes that culminate in the percep-
tion of singleness and stereoscopic depth. Keen stereopsis is 
considered the paramount consequence of binocular vision 
because optimal performance depends on the normal func-
tioning of all of the underlying vision processes, including 
central fixation with normal visual acuity in each eye, accu-
rate oculomotor control to obtain bifoveal fixation, normal 
inter-retinal correspondence of visual directions, sensory 
mechanisms to produce haplopia (single vision), and neural 
mechanisms to extract selective depth signals from objects 
that are nearer or farther than the plane of fixation. Conse-
quently, ordinary binocular vision represents a highly coor-
dinated organization of motor and sensory processes and if 
any component in the organization fails, then binocular 
vision and stereopsis must be compromised to some extent. 
Clinically, the causes and significance of abnormal binocular 
vision are the primary emphasis, usually with a goal to alle-
viate any interference with clear, comfortable, single binocu-
lar vision. However, clinical applications must be established 
from an understanding of normal binocular vision. The 
topics included in this chapter were selected to provide the 
basic information on normal and abnormal binocular vision 
that forms the foundation for the clinical science of binocu-
lar vision.

Two eyes are better than one

It is obvious that an organism should gain an advantage by 
having two eyes rather than one. For example, it may be 
assumed that binocular vision is an important attribute 
because 75–80 percent of the neurons in primary visual 
cortex have inputs from both eyes.6,84 There are also several 
functional advantages to having two frontal eyes.

1. The binocular field of view is larger than either 
monocular field.65 The normal visual field for each eye 
extends to approximately 60 deg superiorly, 60 deg 
nasally, 75 deg inferiorly, and 100 deg temporally 
from fixation. Thus, with binocular viewing, the 
horizontal extent of the visual field is increased from 

160 deg to 200 deg, with a central 120 deg of overlap, 
or superimposition, of the monocular visual fields.

2. Any image distortion due to optical or pathological 
defects in one eye can be masked by a normal image 
in the other eye. In general, the degree of dysfunction 
from a unilateral disorder or bilateral eye disease can 
be predicted from the performance of the un- or 
less-impaired eye.33,110,111,108

3. Pragmatically, having two eyes provides a resource to 
retain functional vision if an accident or disease causes 
the loss of sight of one eye.

4. Normal binocular vision improves functional vision by 
binocular summation and stereopsis. Binocular 
summation, which is the improvement in visual 
sensitivity with binocular viewing compared to 
monocular viewing,26 provides only a small increase in 
sensitivity when measured by threshold responses,17,72 
but may be a larger factor for performance measured 
with suprathreshold stimuli.74 Stereopsis, on the other 
hand, is the quantitative and qualitative improvement 
in relative depth perception that occurs with binocular 
viewing. At its most elementary level, keen stereopsis 
benefits both the predator, at the point of attack, and 
the prey, by unmasking the camouflage of predators.14

Visual direction

Ordinarily, people are not aware that they are using two 
eyes, but rather, they have an impression of viewing with 
one eye located about midway between the two eyes (the 
egocenter, or cyclopean eye). Thus, the basic concept of 
visual space involves the relationship between the locations 
of objects in physical space and their perceived (subjective) 
spatial locations.113 These concepts are illustrated diagram-
matically in Figure 36.1, which presents representations of 
physical space in panel A and subjective space in panel B. 
Perceived directions of objects are based on several factors, 
including the retinal locations of their images. Each retinal 
image location is associated with a specific visual direction, 
called its local sign or oculocentric direction.83,113 The 
primary visual direction is the oculocentric direction of an 
object that is fixated along the primary line of sight and is 
imaged on the center of the fovea (represented by the 
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diamond in Fig. 36.1). Secondary lines of sight are the ocu-
locentric directions of other retinal image locations relative 
to the primary visual direction. As illustrated in Figure 36.1, 
the perceived visual directions of non-fixated objects (repre-
sented by the circle and square) are relative to the visual 
direction of a fixated object (represented by the diamond). 
In the example, an image located to the left side of the fovea 
is perceived to the right of the fixated object, e.g. the visual 
direction of the square. The normal ability to distinguish 
differences in oculocentric directions is extremely accurate, 
as demonstrated by Vernier alignment thresholds, which are 
on the order of 5 arcsec for foveal viewing.98,175

In a natural, dynamic world, objects are localized with 
respect to the head and body rather than to the line of sight 
and, therefore, retinal image information is not sufficient to 
define valid relationships between the physical and per-
ceived locations of real objects. The perceived direction of 
an object in space relative to the body, its egocentric direc-
tion, is derived from the combination of its oculocentric 
visual direction with information about eye orientation in 
the head and head position relative to the trunk of the body. 
Egocentric localization is referenced to an egocenter midway 
between the two eyes and the combined information allows 
an individual to distinguish between retinal image motion 
caused by eye movements and movement of the object.73

From a clinical point, egocentric direction is an important 
concept for understanding the alterations of normal subjec-
tive visual space of patients with a misalignment of the two 
eyes from strabismus. The general principles of egocentric 
direction are illustrated in Figure 36.2. In the first examples 
(Fig. 36.2A&B), with normal binocular vision the retinal 
oculocentric directions from the two retinal images of an 
object at (panel A) or close to (panel B, circle) the plane  
of fixation are combined to produce a single direction  

Figure 36.1 Perceived visual direction as a function of retinal image 
location. (A) The relationships between objects in physical space and 
their retinal images. The square represents a fixated object (primary line  
of sight) and the non-fixated objects (circle and square) are secondary  
lines of sight. (B) The relationships between retinal image locations and 
their visual directions (oculocentric directions). The perceived visual 
directions of the non-fixated objects (secondary visual directions of the 
circle and square) are relative to the primary visual direction of the fixated 
diamond.
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Figure 36.2 Egocentric directions for haplopia and diplopia. (A) The oculocentric directions of a fixated object are combined to produce a single egocentric 
direction. (B) The retinal images of non-fixated objects that are near the plane of fixation also will be combined to produce a single egocentric direction. 
(C) When the disparity of retinal images is larger than the normal fusion range (Panum’s fusional area), the oculocentric directions are not combined and 
the object has two egocentric directions (physiological diplopia).
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directions across the retina. In contrast, patients with stra-
bismus experience pathological diplopia, wherein objects in 
the plane of fixation are perceived as doubled.170 In patho-
logical diplopia, the retinal image location caused by mis-
alignment of the visual axis of the deviating eye causes a 
fixated target to be seen in different egocentric directions 
during binocular viewing, and yet, under monocular condi-
tions each eye veridically perceives its direction. Under bin-
ocular viewing conditions, only one of the two visual 
directions seen in pathological diplopia can be veridical at 
any given moment. In addition to diplopia, a form of visual 
confusion confounds the space perception of strabismic 
patients. An object imaged on the fovea of the deviating eye 
has the same egocentric direction as another object imaged 
on the fovea of the fixating eye, even though their physical 
locations are much different. Diplopia and visual confusion 
create an intolerable visual environment that is typically 
alleviated during binocular vision by the development of 
suppression, which is a suspension of the vision in the devi-
ating eye. Another solution to diplopia is anomalous retinal 
correspondence, which is an alteration of the normal topog-
raphy of oculocentric directions.18,171,172

Normal retinal correspondence

The perceptions of haplopia and diplopia arise from the 
sense of oculocentric visual directions of corresponding or 
non-corresponding retinal areas that are stimulated during 
binocular vision. Binocular retinal correspondence is defined 
by the set of retinal image locations that produces percep-
tions of identical visual directions when viewing with one 
eye, or with the other, or with both eyes simultaneously.113 
Identical visual directions associated with corresponding 
points depend primarily on retinal image locations and their 
associated oculocentric directions, rather than on eye posi-
tion and egocentric directions. This fundamental principle 
was demonstrated by Hering’s famous “window experi-
ment”113,172 that illustrated the relationship between retinal 
image locations and perceived visual directions showed that 
objects imaged on the foveas have the same perceived visual 
direction regardless of their actual positions relative to the 
observer. Similarly, afterimages placed on the fovea of each 
eye always appear superimposed irrespective of the vergence 
or version positions of the two eyes.10 The identical visual 
directions of the afterimages show that normally corre-
sponding retinal points are combined physiologically before 
eye position information is used to compute perceived ego-
centric direction.

These relationships for binocular visual directions are 
illustrated in Figure 36.3, in which the two foveal images of 
a fixated object (diamond – panel A) share a common visual 
direction and are fused to produce the perception of a single 
haplopic object in subjective space (panel B). The specific 
pairs of retinal image locations in the two eyes that are per-
ceived to have identical visual directions are called corre-
sponding retinal points or areas.83,113,114 The foveas represent 
an important pair of corresponding retinal points, but  
there are many other pairs associated with secondary lines 
of sight and visual directions. For example, in Figure 36.3 
the square represents the location of an object in the right 
visual field that falls on paired retinal areas with a common 

(haplopia) relative to the observer’s egocenter. In contrast, 
for objects that are outside the range of single vision, either 
nearer or farther than the plane of fixation, a single object 
has two separate egocentric directions that correspond to the 
oculocentric direction of each of the retinal images relative 
to the perspective of the egocenter, i.e. diplopia, illustrated 
in Figure 36.2C.

Binocular eye movements are defined by combinations of 
version and vergence ocular movements (see Chapter 9). 
Versions are yoked or conjugate changes in the visual axes 
of the two eyes in the same direction and amount; vergence 
movements involve rotations of the visual axes in opposite 
directions. Only the version component of binocular eye 
position influences the perception of egocentric direction, 
which is sensed as the average position of the two eyes. The 
vergence component is nullified because vergence move-
ments of the two eyes have opposite signs and their corre-
lates cancel one another in the computation of the average 
of right and left eye positions. Thus, when the two eyes fixate 
objects to the left or right of the midline in asymmetric 
convergence, only the version, or conjugate, component of 
eye position contributes to perceived direction.82

In addition to averaged eye positions, the subjective com-
putation of egocentric directions of non-fixated objects 
involves a reconciliation of differences in oculocentric visual 
directions between the two eyes. For example, objects that 
are small distances in front or behind the plane of fixation 
are imaged at retinal locations with different angular dis-
tances from the visual axis and, therefore, have different 
oculocentric directions in each of the two eyes. When the 
retinal image disparity is small, the target still appears single, 
and the binocular egocentric direction is based upon the 
average oculocentric direction for the two eyes.153 In other 
words, the binocular egocentric direction deviates from 
either of the monocularly perceived directions by one-half 
of the angular disparity (Fig. 36.2B). However when the 
retinal images have unequal contrast, the average is biased 
or weighted toward the direction of the higher-contrast 
image.7

As object distances from the plane of fixation increase, 
retinal image disparities become large, and an object appears 
diplopic with two separate egocentric directions. Egocentric 
directions of diplopic images are perceived as though both 
monocular components had paired images on correspond-
ing points in the contralateral eye (Fig. 36.2C). The relative 
egocentric direction of each of the diplopic images depends 
on whether the object is nearer or farther than the plane of 
fixation. The example (Fig. 36.2C) illustrates that, for an 
object closer than the plane of fixation, the egocentric direc-
tion associated with the retinal image of the right eye is to 
the left of the egocentric direction produced by the image of 
the left eye. This form of diplopia, produced by near objects, 
is called “crossed” diplopia due to the right–left/left–right 
relationship between the eyes and perceived locations of the 
object. Conversely, objects farther than the plane of fixation 
will be perceived with uncrossed diplopia, where the right 
eye sees an object located on the right side and the left eye 
sees an object located on the left side.

In normal binocular vision, diplopia of non-fixated 
objects, classified as physiological diplopia, occurs as a 
natural consequence of the lateral separation of frontally 
located eyes and the topographical organization of visual 
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corresponding retinal points. A vertical horopter is defined 
by the location of object points in the midsagittal plane that 
are imaged on corresponding points along the vertical 
meridian.149,151,169

The relationship between object and image space for the 
longitudinal horopter is quantified by longitudinal visual 
angles, defined as the horizontal visual angles subtended by 
the primary and secondary lines of sight for each eye. The 
longitudinal visual angles for an object in the right visual 
field are illustrated by angles α1 and α2 in Figure 36.3. Simi-
larly, longitudinal visual angles can be defined for the object 
in the left visual field. The lateral separation of the eyes in 
the head results in each eye having a different perspective of 
objects not on the horopter, and these differences in perspec-
tive are used perceptually to reconstruct a three-dimensional 
space from the two-dimensional retinal images. The objects 
that are closer or farther than the horopter stimulate non-
corresponding points, which is defined as a binocular dis-
parity, retinal disparity, or simply, disparity177 of the retinal 
images. The horizontal component of binocular disparity is 
the unique stimulus for stereoscopic depth perception and 
is quantified by the difference in the longitudinal visual 
angles, also called horizontal disparity angles.83,113,114,149 The 
horopter serves as a zero disparity reference from which  
the magnitudes of non-zero disparities are computed. In  
the absence of other depth cues, the curvature and slant  
of the horopter will influence the perceived shape and  
orientation of surfaces seen in depth. Optical devices such 
as spectacle lenses that magnify and distort one of the two 
eyes’ retinal images will alter the horopter and produce  
predictable errors of space perception.114

The empirical longitudinal horopter illustrated in Figure 
36.3 is a smooth surface that is symmetrical about the fixa-
tion point, but the actual shape and curvature of the empiri-
cal horopter will depend on physiological and optical factors 
that affect the retinal images and their cortical representa-
tions. If the locations of corresponding retinal areas simply 
were determined by equal angular distances from the primary 
line of sight, then the horopter would be a circle passing 
through the fixation point and the entrance pupil of each 
eye14,113 (geometric or theoretical horopter or Vieth-Muller 
circle) (Fig. 36.4). An analogy of “cover points” has been 
used to describe corresponding retinal locations determined 
by retinal distances.113 If the retina of one eye were to be 
translated and carefully aligned to cover the retina of the 
other eye, then a pin stuck into the retina would penetrate 
cover points, or corresponding retinal areas. Cover points, 
by simple geometry, would become corresponding points 
because the angles included by lines drawn from two points 
on the circumference of a circle to any other two points on 
the circle are equal. Consequently, the longitudinal visual 
angles will be equal (α1 = α2), and the theoretical horopter 
will be a section of a circle, specified as the Vieth-Muller 
circle (VMO), as illustrated in Figure 36.4.

Except for rare cases, the empirically defined horopter 
does not actually coincide with the Vieth-Muller circle, but 
the theoretical longitudinal horopter is an important refer-
ence for zero disparity; in fact, clinical tests of stereopsis use 
the Vieth-Muller circle as the zero disparity reference. Another 
important reference in physical space is the objective fronto-
parallel plane (OFPP), which is the plane at the fixation 
distance that is parallel to a line passing through the entrance 

visual direction for the two eyes, thus defining another set 
of corresponding retinal areas. Similarly, the circle in the left 
visual field represents a location of an object in the left visual 
field that is imaged on corresponding retinal points. For an 
infinite fixation distance, a large number of potential object 
locations are imaged on corresponding retinal points. These 
object locations in space that are imaged onto corresponding 
retinal points can be imagined to define a surface that resem-
bles a cylinder with an infinite radius of curvature. This 
surface of points stimulates the perception of identical visual 
directions for the two eyes and is called the horopter.113,114,154 
At finite viewing distances, the surface is reduced to a hori-
zontal line and a vertical line that pass through the intersec-
tions of the lines of sight when the eyes fixate in symmetrical 
convergence.

Points in tertiary locations (elevated and displaced later-
ally from the lines of sight) are closer to one eye than to the 
other and subtend larger visual angles at the more proximal 
eye. As a result, all physical points in tertiary locations at 
finite viewing distances are imaged with vertical disparities 
and, by definition; their images do not fall on corresponding 
points.149 At these finite viewing distances, only points 
imaged along the horizontal retinal meridian or along the 
vertical retinal meridian in the midsagittal plane can be 
formed on corresponding points without vertical disparities. 
The locations of object points that are imaged on corre-
sponding points along horizontal meridians through the 
foveas define the longitudinal horopter,83,113 shown dia-
grammatically in Figure 36.3 by the arc passing through the 
fixated object and the two peripheral objects that stimulate 

Figure 36.3 Corresponding retinal points. Retinal areas in the two eyes 
with identical oculocentric directions (panel B) are corresponding retinal 
points. The locations of objects along the horizontal meridian that are 
imaged on corresponding points (panel A) define the longitudinal horopter. 
The physical location of an object that is on the horopter is quantified by 
the longitudinal visual angles (α1 & α2).
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movements guide the intersection of the visual axes along 
the empirical horopter, even if this surface is curved in 
depth. The AFPP horopter can be measured by positioning 
eccentric objects so that they all appear to lie in the same 
plane, or by positioning eccentric objects so that they appear 
to be equidistant from the observer (i.e. equidistant from the 
egocenter).

Abnormal retinal correspondence

The properties of corresponding retinal areas underlying 
normal binocular vision provide a stable sensory organiza-
tion of the two eyes consistent with the functional properties 
of neurons in primary visual cortex123,157 that are present in 
infancy27 (see Chapter 41). However, the normal sensory 
organization of binocular vision can be altered substantively 
in infantile strabismus by the development of anomalous 
retinal correspondence and/or suppression.172 Clinically, 
the type and extent of sensory adaptation is an important 
factor to be considered in treatments that are intended  
to reestablish functional binocular vision for a strabismic 
patient.87,122,166,172

Sensory adaptations in strabismus are necessary to elimi-
nate the constant diplopia (two egocentric directions for all 
objects) and common visual directions for fixated and non-
fixated objects (visual confusion) that would otherwise 
prevail172 (Fig. 36.5A). Most strabismic patients do not expe-
rience diplopia and visual confusion, but their single vision 
is a result of suppression53,86 and/or anomalous retinal cor-
respondence.2,4,18,25 Suppression causes the perception of 
objects normally visible to the deviating eye to be eliminated 
during simultaneous binocular viewing to provide single 
vision.173 Suppression in some exotropes may involve an 
entire hemi-field,58 but for esotropes the suppression is 
limited to a specific area (sometimes called a “suppression 
scotoma”), bounded by the fovea of the deviating eye and 
the area stimulated by the object that is fixated by the non-
deviating eye86 (the diplopia point; Fig. 36.5B).

Anomalous retinal correspondence (Fig. 36.5C) is an 
adapted shift in the visual directions of the deviated eye rela-
tive to the normal visual directions of the fixating eye. The 
result is that, during binocular viewing, a peripheral retinal 
area of the deviating eye acquires a common visual direction 
to that of the fovea of the fixating eye.4,25,138,172 This shift in 
retinal correspondence produces a difference in the visual 
directions between the two eyes for foveally imaged objects, 
which can be sometimes demonstrated clinically with the 
Hering-Bielschowsky test for anomalous correspondence.172 
For this test, after-images are formed on the foveas of both 
eyes. Even with an interocular deviation from strabismus, a 
patient with normal correspondence will perceive the after-
images in a common direction, but a patient with deep 
anomalous retinal correspondence will perceive the after-
images in different visual directions. The subjective separa-
tion of the monocular after-images is referred to as the angle 
of anomaly, which represents the magnitude of the percep-
tual shift from the normal corresponding relationship 
between the two foveas. When the magnitude of the angle 
of anomaly is equal to the magnitude of the oculomotor 
misalignment (harmonious anomalous retinal correspond-
ence), then objects in space can appear single even though 

pupils of the two eyes (Fig. 36.4). Although, both the Vieth-
Muller circle and the OFPP are used as reference surfaces to 
describe the empirical horopter, they are predicated on dif-
ferent perceptual correlates. The Vieth-Muller circle is based 
on a physical geometric assumption that identical visual 
directions are associated with retinal points that are equidis-
tant from their respective foveas. The empirical longitudinal 
horopter, which is based primarily on identical visual direc-
tions, is the only pure measure of pairs of retinal correspond-
ing points.154 On the other hand, the OFPP, which is a 
measure of perceived surface shape and orientation, depends 
on egocentric directions derived by combining oculocentric 
directions and information about absolute distance and 
direction. The OFPP can be used as a frame of reference for 
adjusting the depth of objects at different retinal eccentrici-
ties so that the objects appear to lie in a flat plane parallel 
to the face (apparent fronto-parallel plane, or AFPP). The 
location, shape, and slant of the AFPP is based on disparity, 
azimuth cues, and absolute distance cues.3 The AFPP is used 
to evaluate how disparity is scaled by absolute distance and 
how slant is influenced by azimuth estimates to enable sub-
jects to estimate the depth of surface shapes and orienta-
tions. Both the empirical longitudinal horopter and the 
AFPP are used to evaluate the influence of optical distor-
tions, such as magnification, on perceived space, since they 
usually yield similar results.

The empirical longitudinal horopter and the AFPP can be 
measured in several ways, based on different properties of 
visual directions and stereoscopic depth.113 The empirical 
longitudinal horopter can be determined by identical visual 
directions for the two eyes; by the highest stereoacuity for 
points at various eccentricities from fixation; by the center 
of the sensory fusion range known as Panum’s fusional area 
(see Fig. 36.7 below); and by object locations eccentric to 
fixation which result in a zero stimulus for disparity ver-
gence. The vergence criterion assumes that horizontal version 

Figure 36.4 The empirical horopter (solid line) in relation to the Vieth-
Muller circle (VMO; dot-dash line), defined by the locations of objects with 
equal longitudinal visual angles (α1 & α2), and the objective fronto-parallel 
plane (OFPP; dot-dot-dash line), defined by a plane at the fixation distance 
that is parallel to a line passing through the entrance pupils of the two eyes.
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one of the eyes is deviated. On the other hand, when the 
angle of anomaly is not equal to the angle of strabismic 
deviation (unharmonious anomalous retinal correspond-
ence), the residual disparity will cause diplopia unless  
suppression is also present. The angular separation of the 
diplopic images is referred to as the subjective angle and in 
unharmonious anomalous retinal correspondence the sub-
jective angle is usually smaller than the angle of strabismus 
(objective angle).

As illustrated by the data for a patient with infantile 
esotropia (Box 36.1) tests for the sensory adaptations of a 
strabismic patient are variable68,87,121,166,170 and generally the 
diagnosis of anomalous retinal correspondence for a given 
strabismic patient is test dependent.48 Tests for anomalous 
retinal correspondence either locate the extra-foveal point in 
the deviating eye that has the same visual direction as fovea 
in the fixating eye, or quantify the angular separation of the 
visual directions of the foveas of the two eyes.172 Tests in the 
former category, e.g. Bagolini striated lenses or the Worth 
four-dot test, have a higher probability of being positive for 
anomalous retinal correspondence than tests in the latter 
category, such as the Hering-Beilschowsky after-image pro-
cedure.48 The dependence of the state of a patient’s retinal 
correspondence on the clinical procedure may be the result 
of variation in the angle of anomaly across the retina42,138 or 
some other property of the mechanisms underlying anoma-
lous retinal correspondence.91,138,166,184 However, the practi-
cal consequence is illustrated by the patient with infantile 
esotropia (Box 36.1) who demonstrated harmonious anom-
alous retinal correspondence with the Bagolini striated lens 
test and normal retinal correspondence with the major 
amblyoscope and after-image tests.

Figure 36.5 Retinal correspondence and suppression in strabismus. (A) A strabismic patient with normal retinal correspondence and without suppression 
would have diplopia, two egocentric directions of single objects (represented by solid and dashed images in panel B) and visual confusion, a common visual 
direction for two separate objects (represented by the superimposition of the images of the fixated diamond and the circle, which is imaged on the fovea of 
the deviating eye in panel B). (B) The elimination of diplopia and confusion by suppression of the retinal image of the deviating eye. (C) The elimination of 
diplopia and confusion by anomalous retinal correspondence, an adaptation of visual directions of the deviated eye.
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Box 36.1 Infantile esotropia with anomalous retinal 
correspondence

• College student, 26 years old
• Infantile strabismus
• Prior treatment

Surgery at age 2 years
Patching ages 2–4 years
Surgery at age 8 years

• Cover test: Constant, unilateral, right eye esotropia
Distance: 20Δ ET
Near: 18Δ ET

• Refractive errors and BVAs
OD: +2.00 −2.00 × 180 20/20
OS: +1.00 −0.5 × 180 20/20

• Lateral heterophoria: constant suppression of OD
• Bagolini striated lens test: Lines intersect at the fixation point 

– harmonious anomalous retinal correspondence.
• Amblyoscope: Equal objective and subjective angles – normal 

retinal correspondence.
• Hering-Bielschowsky afterimage test: Images intersect at the 

fixation point – normal retinal correspondence.
• Stereopsis with two-pencil test: Better accuracy with both eyes 

viewing.
Comment: The patient has a constant, unilateral esotropia 
without amblyopia. He demonstrates harmonious anomalous 
retinal correspondence under the fovea-to-extrafovea testing 
conditions of the Bagolini test and normal retinal correspondence 
with the more dissociating tests (amblyoscope) or the test that 
evaluates fovea-to-fovea correspondence (after-image test).
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of the left eye’s image). As oculomotor stimuli, uncrossed 
disparities evoke divergence eye movements. By a parallel 
classification, crossed disparities (illustrated by the circle in 
the left field, Fig. 36.6) give rise to a perception of “near” 
stereoscopic depth or crossed diplopia and elicit conver-
gence eye movements.

2. Binocular disparities are classified as either relative or 
absolute.31,177 The absolute disparity of a target is the differ-
ence between the angle subtended by the target at the two 
entrance pupils of the eyes and the angle of convergence. A 
relative disparity is defined as the difference between two 
absolute disparities. Stereoscopic depth normally arises from 
discriminating relative disparities, wherein judgments are 
based on the perception of the depth of one object relative 
to another (e.g. the relative depth of the square with respect 
to the diamond, Fig. 36.6). Stereopsis with relative dispari-
ties, as measured by clinical testing, is quite fine compared 
to the perception of depth based solely on absolute dispari-
ties.172 In contrast, an absolute disparity is the optimal stim-
ulus for motor fusion, such as occurs with prism-induced 
disparity vergence or with changes in fixation distances, 
which change disparity of all objects in the visual field by a 
constant amount.89

3. For a person with normal binocular vision, there is a 
finite range of binocular disparities that provides a clear 
perception of relative depth with normal fusion (haplopia), 
and larger disparities produce diplopia.109,113 The disparity 
range for single vision, called Panum’s fusional area (PFA), 

Three main theories on anomalous retinal correspond-
ence have been proposed.138 The first theory states that, with 
anomalous correspondence the two eyes perceive space 
independently, much like the two hands explore space. Each 
eye computes egocentric visual direction from its own sense 
of eye position and oculocentric retinal image location. In 
effect, there is a lack of correspondence.23,168 The observation 
that the separation between foveal afterimages changes 
during spontaneous changes in the magnitude of the angle 
of strabismus supports this theory. This co-variation between 
the angle of anomaly and objective angle of strabismus 
results in a stable percept of space, even though the magni-
tude of the strabismus is unstable and varies in time.66 The 
second theory proposes that there is a shift in retinal corre-
spondence18,34,172 so that retinal points that are normally 
disparate are shifted to acquire an anomalous coupling in 
the striate cortex,91,184 e.g. the fovea of the fixating eye is 
anomalously coupled with a peripheral area of the deviating 
eye. Measures of the identical visual directions horopter in 
strabismics reveal that correspondence is mainly shifted in 
the periphery, and the angle of anomaly decreases near the 
fovea in the region of space that lies between the visual axes 
that is projected to opposite cortical hemispheres.20,47,68 The 
third theory proposes that strabismics who have no suppres-
sion are able to perceive space singly due to enlarged Panum’s 
fusional areas.2,5,77 These three theories are not mutually 
exclusive and all of them can be expressed to some degree 
in the same strabismic patient, or different mechanisms may 
be present in different forms of strabismus, e.g. primary 
versus secondary microstrabismus.

Binocular (retinal) disparity

The empirical longitudinal horopter represents the specific 
locations of objects in physical space that have zero retinal 
image disparity. Objects not located on the horopter will 
have some amount of lateral binocular (retinal) disparity. 
With horizontal retinal disparity, an object is imaged on 
laterally separated non-corresponding retinal areas and, as 
the case for the empirical horopter, the longitudinal visual 
angles are not equal. Horizontal retinal disparity is a unique 
binocular stimulus for stereoscopic depth perception, hori-
zontal disparity vergence eye movements, and diplopia, 
either physiological or pathological. In each case, the percep-
tual or motor response is a consequence of the relationship 
between the object’s disparate images and the horopter.

The following relationships concerning binocular dispari-
ties are important to the understanding of binocular vision.

1. Binocular disparities are classified as uncrossed (distal) 
or crossed (proximal), based on the relationship between 
the disparate object and the horopter,83,177 as illustrated in 
Figure 36.6. For example, the square in the right visual field 
represents an object that is farther than the fixation point 
(represented by the diamond), and the secondary lines of 
sight for the square intersect behind the horopter. The bin-
ocular disparity produced by the square is classified as 
uncrossed and quantified by the difference between the lon-
gitudinal visual angles α1 and α2. Perceptually, uncrossed 
disparities give rise to a sense of relative “far” stereoscopic 
depth or, if the disparity is large, to uncrossed diplopia (i.e. 
double vision with the right eye’s image seen to the left side 

Figure 36.6 Binocular disparity and the perception of stereoscopic depth. 
Objects that are not located on the longitudinal horopter have binocular 
disparity, which may be crossed disparity (circle in panel A) and be perceived 
as nearer than the fixated object (the relative depth of the circle with 
respect to the diamond in panel B) or uncrossed disparity (square in panel 
A) and be perceived as farther than the fixated reference object (panel B).
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occur, a small residual misalignment of the visual axes (ver-
gence error) can occur, resulting in a retinal disparity of a 
fixated object, i.e. a fixation disparity, without causing diplo-
pia. This fixation disparity between the fixated object and the 
intersection of the primary lines of sight displaces the lon-
gitudinal horopter from the fixated object. An example  
illustrated in Figure 36.8 shows a small convergence error 
(eso-fixation disparity) for the object of fixation (diamond). 
The convergence error causes an inward shift of the horopter, 
(the locations of normal corresponding points), i.e. in 
normal binocular vision, identical primary visual directions 
result from bifoveal stimulation and, therefore, the horopter 
always passes through the intersection of the visual axes. 
Consequently, the fixated object lies beyond the horopter 
and, by definition, has an uncrossed retinal disparity, 
described clinically as an eso-fixation disparity. Conversely, 
an exo-fixation disparity causes a displacement of the horop-
ter beyond the fixation distance, and crossed disparity of the 
fixated object. In any case, the magnitude of a fixation dis-
parity cannot be larger than the width of Panum’s fusional 
area if the patient is to retain single binocular vision.

5. Clinically, fixation disparities have been considered  
a sign of stress on fusional vergence mechanisms.116,117,120 
The clinical tests are based on the coincidence of the primary 
line of sight and the principal visual direction with normal 
retinal correspondence (see Fig. 36.8) and, therefore, the 
angular separation between dichoptic objects with a common 
visual direction is a measure of the convergence error (fixa-
tion disparity) at the given fixation distance. The assump-
tion that clinically significant fixation disparity is caused by 
oculomotor stress is generally based on Ogle’s extensive 
investigations of fixation disparity – forced vergence func-
tions, which demonstrated systematic changes in the direc-
tion and magnitude of fixation disparity with variation in 
the magnitude of the stimulus for disparity vergence (see 
Chapter 9).116,117 Three examples of fixation disparity – 

is illustrated in Figure 36.7. Panel A of the figure illustrates 
the measurement of Panum’s area. A test object is moved 
along the primary line of sight of the left eye while the two 
eyes maintain binocular fixation at one point in space. The 
crossed disparity limit for fusion is the greatest distance that 
the test-object can be moved toward the subject before it 
appears diplopic. Similarly, the object can be moved away 
from the subject to establish an uncrossed disparity limit for 
fusion. Thus, in subjective space (panel B) Panum’s fusional 
area (illustrated by the dashed oval) defines the disparity 
range for fused binocular vision, and objects subtending 
disparities outside this range will be diplopic unless one 
ocular image is suppressed. When the target is intersected by 
the primary line of sight of the left eye, the disparate image 
of the near target seen by the right eye is projected to the left 
visual field in crossed diplopia and the image of the far target 
is projected to the right visual field in uncrossed diplopia. 
In addition, there is also a vertical disparity range that  
is compatible with binocular sensory fusion, although it  
is generally smaller than the horizontal disparity range. 
Although the size and shape of PFAs depend on retinal 
eccentricity and spatio-temporal stimulus properties,146,165 
the classical PFA for foveal vision is an oval with approxi-
mate horizontal and vertical dimensions of 15 × 6 arcmin.113

4. Most individuals with normal binocular vision will 
have small vergence errors known as fixation dispari-
ties.76,116,137 Because the retinal images only need to fall 
within Panum’s fusional areas for single binocular vision to 

Figure 36.7 The binocular disparity range for single binocular vision 
(Panum’s fusional area). With constant fixation, an object is moved along the 
primary line of sight of the left eye until the binocular disparity of the right 
eye’s image exceeds the fusion limit, i.e. appears diplopic, first with crossed 
disparity and then with uncrossed disparity (A). The dimensions of Panum’s 
fusional area (PFA) are illustrated in panel B.

A

B

fv fv
PFA

Crossed
diplopia

Uncrossed
diplopia

Crossed
disparity

limit

Horopter

Uncrossed
disparity

limit

far

Figure 36.8 The displacement of the horopter with an eso-fixation 
disparity. Vergence errors cause a displacement of the horopter from the 
fixation point and retinal disparity of the fixated object. Single binocular 
vision will be maintained if the vergence error is smaller than Panum’s 
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processing of the relative horizontal binocular disparities 
between the monocular retinal images. Binocular disparities 
are present because the lateral separation of the eyes in the 
head provides each eye with a slightly disparate view of a 
given object. Thus, as demonstrated by the seminal research 
of Wheatstone180 and Julesz,90 these horizontal (lateral) 
retinal image disparities produce stereoscopic depth. By 
themselves, vertical disparities do not result in depth percep-
tion; however, they are used to estimate azimuth and abso-
lute distance in order to scale horizontal disparities into 
stereo-depth magnitudes.3,53,57,99,132,178

Clinical measures of the smallest detectable stereoscopic 
depth (stereoacuities) are quantified by a stereo-angle (η) 
that is equal to the difference in the longitudinal visual 
angles (α1 and α2), or the parallax (convergence) angles (δ1 

forced vergence functions are presented in Figure 36.9. These 
data were obtained using subjective alignment of dichoptic 
nonius lines, i.e., alignment of two stimuli, one seen by each 
eye, to define corresponding retinal locations while the 
subject viewed a binocular fusion stimulus. The separate 
functions represent data for a patient with clinically normal 
binocular vision (Fig. 36.9A), a patient with esophoria 
(Fig. 36.9B), and a patient with an intermittent exotropia 
(Fig. 36.9C). The functions show that fixation disparities 
occur when a large fusional vergence component is required 
to correct a vergence error such as a heterophoria. The 
amount of base-out prism needed to eliminate the vergence 
effort is determined from the prismatic power at which the 
fixation disparity was zero. This occurs when the forced ver-
gence function crosses the abscissa (i.e. the “associated” 
phoria).116,120 An example of the clinical application of these 
concepts is illustrated by the patient with asthenopia and 
esophoria with a base-out associated phoria for near-vision 
tasks that is presented in Box 36.2. The fixation disparity can 
be a useful error with significant heterophorias because it 
provides a steady state stimulus to overcome the heteropho-
ria and maintain ocular alignment with fusion.137 When 
large vergence responses are needed to overcome phoria they 
may be associated with asthenopia.120

In summary, broad ranges of binocular disparities are 
present under all conditions of normal seeing and the utili-
zation of disparity information by the visual sensory and 
motor systems is the most fundamental process of normal 
binocular vision. The clinical evaluation of a patient’s  
binocular vision includes tests of several aspects of retinal 
disparity, including relative disparities by measures of  
stereoacuity, absolute retinal disparities by measures of 
disparity-induced vergence eye movements, and fixation 
disparities.137,123

Stereopsis

Stereopsis is the perception of relative distance, or the depth 
separation, between objects that occurs as a result of neural 

Figure 36.9 Fixation disparity as a function of prism-induced disparity vergence. The fixation disparity (defined in Fig. 36.8) changes systematically with the 
magnitude of the disparity vergence stimulus. The prismatic power that eliminates the fixation disparity, i.e. where the function crosses the abscissa, is 
defined as the associated phoria. The functions represent data for a patient with normal binocular vision (A), and patients with esophoria (B) or 
exophoria (C).

A B C

(base-in)

Subject: NSBV_3

Vergence stimulus (prism diopters)

(base-out)

(e
xo

)
Fi

xa
tio

n 
di

sp
ar

ity
 (a

rc
m

in
)

(e
so

)

–12

–8

–4

–0

4

8

12

–8 –4 0 4 8 12 16 20
(base-in)

Subject: E(P) - 12pd

(base-out)

(e
xo

)
(e

so
)

–12

–8

–4

–0

4

8

12

–8 –4 0 4 8 12 16 20
(base-in)

Subject: X(T) - 30pd

(base-out)

(e
xo

)
(e

so
)

–12

–8

–4

–0

4

8

12

–8 –4 0 4 8 12 16 20

Vergence stimulus (prism diopters) Vergence stimulus (prism diopters)

Box 36.2 Asthenopia with uncorrected astigmatism 
and oculomotor imbalance

• 19-year-old college student
• Visual complaints: Eye strain (burning and a “pulling” 

sensation) that she associates with reading and her other near 
work. Near-sighted, has worn glasses for 5 years and her vision 
is OK with a spectacle correction.

• Current spectacle correction & Vas
OD: −2.00 −0.50 × 075; 20/25
OS: −2.00 −0.25 × 090; 20/30

• Refractive errors & VAs
OD: −2.25 −0.75 × 070; 20/15
OS: −2.25 −0.75 × 105; 20/15

• Phorometric findings
Distance heterohoria: 1Δ E(P)
Near phoria: 4Δ E(P)

• Ductions at near: Base-in 5Δ/12Δ/4Δ, Base out 8Δ/14Δ/7Δ

Near associated phoria: 2Δ Base out.
Comment: The patient’s asthenopia could be the result of 
astigmatism or oculomotor imbalance from an eso-fixation 
disparity caused by esophoria.
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of gaze, in which a nearby target subtends a larger visual 
angle vertically in one eye than in the other.53,57,99,132,149,178 If 
the target is elevated above the visual plane, it has a vertical 
disparity that increases with horizontal eccentricity and 
inversely with viewing distance. Other sources of perceptual 
information about viewing distance include the convergence 
angle,24,49 retinal cues, such as oblique disparities,178 and 
non-stereoscopic or perspective cues.60

Quantitative and qualitative stereopsis
The perception of stereoscopic depth at a constant viewing 
distance increases with disparity over a relatively large 
range.28,80,112,143,148,165 The relationship between perceived 
depth and disparity from the lower (Dmin) to upper (Dmax) 
limits of stereoscopic vision is illustrated by Figure 36.12. A 
perception of relative depth cannot be detected from dispari-
ties below the stereo-threshold (Dmin), but the relationship 
becomes proportional (quantitative stereopsis) for dispari-
ties larger than the stereothreshold.28,165 Objects with larger 
disparities appear in increasing depth even beyond the  
limit of fusion (Panum’s fusional limit), and the maximum 

and δ2), as illustrated in Figure 36.10. For a conventional 
stereogram (see Fig. 36.14), η can be derived directly from 
the angular differences in positions of common objects in 
the two half-views of the stereogram. The retinal disparity 
associated with the physical depth of an object in normal 
vision (illustrated in Fig. 36.10) can be determined by the 
relationship:

η = ∗( )[ ]∗a b d c∆ 2

where a is the interpupillary distance, Δb is the depth interval 
that is equal to the distance between the disparate object and 
the viewing distance, d is the viewing distance, and c is a 
constant to obtain the stereo-angle in dimensions of arcmin 
(c = 3,438) or arcsec (c = 206,264). The function shows that, 
for any given fixation distance, the relationship between 
depth interval and retinal disparity is linear, but the relation-
ship varies across fixation distances by the square of the 
distance. For example, if an individual with a 60 mm PD can 
perceive stereoscopic depth from a retinal disparity of 10 
arcsec, a depth difference of 0.12 mm can be discriminated 
at a 40 cm viewing distance. However, the same stereo-angle 
requires a 3 cm depth difference at 6 m, or an 800 m depth 
difference at a 1000 m viewing distance. The relationships 
between binocular disparities, linear depth, and observation 
distance for larger, suprathreshold disparities, are illustrated 
in Figure 36.11.

To maintain a valid perceptual constancy between depth 
and disparity, the relationship between stereo-angles and 
viewing distances requires an observer to scale the horizon-
tal disparity with viewing distance. Perceptual information 
about viewing distance may be interpreted from the vertical 
disparity gradients that occur naturally in tertiary directions 

Figure 36.10 The quantification of binocular disparity. The binocular 
disparity (η) of an object (represented by the square), with respect to a 
fixated object (diamond) is equal to the difference in the longitudinal visual 
angles (α1 & α2) or the parallax angles (δ1 & δ2). The magnitude of binocular 
disparity is dependent on the fixation distance (d), the depth interval (Δb), 
and the interpupillary distance (a), see text for details.
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Figure 36.11 The relationship between binocular disparity and linear 
depth for four fixation distances. The disparity–depth relationship is linear 
for any constant fixation distance, but non-linear across fixation distances.
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disparity for disparities from the lower to the upper limits of stereoscopic 
depth perception (modified from Tyler 1983165).
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convex than the Vieth-Muller circle) with increasing viewing 
distance113 (Fig. 36.3). Even a horopter that follows the 
Vieth-Muller circle changes curvature with viewing distance 
and approaches a flat surface at an infinite viewing distance. 
Nevertheless, flat surfaces appear flat at all viewing distances 
and, thus, without viewing distance information, the pattern 
of retinal image disparities across the visual field is insuffi-
cient to sense either depth ordering (surface curvature) or 
depth magnitude.53 Similarly, a given pattern of horizontal 
disparities can correspond to different slants about a vertical 
axis presented at various horizontal gaze eccentricities (i.e. 
azimuth).113 Convergence distance and direction of gaze are 
important pieces of information used to interpret slant from 
the disparity fields associated with slanting surfaces.3

Clinical anomalies of both quantitative and qualitative 
stereopsis have been identified. Patients with strabismus or 
binocular dysfunction demonstrate elevated thresholds for 
quantitative stereopsis, even when their eyes are aligned  
by optical or surgical procedures.12,13,121,166 However, if any 
residual stereopsis is present, once disparity exceeds the 
elevated threshold, it stimulates depth perception to the 
normal upper disparity limit for quantitative stereopsis139,174 
with normal qualitative stereopsis at large disparities.37 Inter-
estingly, a normal range for sensory fusion, or Panum’s 
fusional areas, can also accompany a total loss of stereop-
sis146 but, for strabismic patients with a loss of binocular 
sensory fusion, stereopsis invariably is lost.172 For these indi-
viduals, binocular images appear to wash over one another, 
with no binocular binding of aligned images. Their vergence 
is unstable, and their eyes continually shift their fixation 
disparity.

Non-strabismic individuals may have sub-clinical anoma-
lies of stereopsis, as demonstrated by directional biases in 
their ability to sense transient-qualitative depth from large 
(>1 deg) crossed and uncrossed disparities. Subjects with 
these sub-clinical anomalies generally discriminate the direc-
tion of depth better for flashed near objects than for flashed 
far objects. In subjects with severe stereoanomalies, transient-
qualitative stereo-depth perception with one or both signs 
of disparity may be absent.128,129 Non-strabismic individuals 
who have a stereoanomaly can have normal quantitative 
stereopsis.28,88 The selective loss of transient disparity in one 
direction suggests that the disparity-detecting neurons are 
grouped into different pools tuned to broad ranges of crossed 
and uncrossed disparity, and sensitivity to one direction of 
disparity may be reduced or lost without affecting the other. 
A related motor anomaly of transient vergence has been 
found in patients with a stereoanomaly, who exhibit a 
marked reduction or absence of either convergence or diver-
gence responses to large, briefly presented disparities.39,88

Stereoacuity

Stereoacuity is one of the qualitative aspects of binocular 
vision commonly evaluated during clinical vision testing. It 
is the smallest relative binocular disparity stimulus for depth 
that can be detected (Fig. 36.13). The binocular disparity 
angles for depth detection normally are smaller than the 
resolution angles for visual acuity, even for unpracticed  
clinical patients, and are typically less than 30 arcsec. In 
practice, the terminology for visual acuity is maintained for 

perceived stereoscopic depth occurs when the stimulus is 
clearly diplopic. With larger binocular disparities (qualita-
tive stereopsis) the perception of depth decreases to the 
upper limit of stereopsis where the relative depth of diplopic 
objects can no longer be resolved. Qualitative depth has a 
direction, or sign, but a vague amplitude.112

The specific parameters of the depth–disparity relation-
ship will depend on the spatial and temporal properties of 
the stimulus,28 as well as on other non-stereoscopic factors. 
Binocular disparities above the stereothreshold produce a 
vivid quantitative sense of depth and a strong impression  
of solid three-dimensional structure, but the disparity  
threshold for the perception of depth is altered by various 
changes in stimulus parameters, such as contrast,67,96,142 
spatial frequency,73,80,96,147,148 and viewing duration.71,118,150 
For example, while depth in a stereogram may be perceived 
with just a spark of illumination,118 the stereo-depth detec-
tion threshold decreases with exposure duration for both 
line118,150 and random dot patterns.69,71 Quantitative stereop-
sis responds to stimuli that appear fused, the magnitude of 
perceived depth increases with disparity magnitude up to 
about 1 degree,28 and the depth percept improves with expo-
sure duration up to a critical duration where the stereo-
threshold is independent of duration.50,69 A qualitative sense 
of stereo-depth can be seen with even larger disparities, but 
the magnitude of its range is difficult to specify, i.e. a range 
of qualitative stereopsis with disparities as large as 10 
degrees.50,112

In addition to the disparity range, qualitative stereopsis 
and quantitative stereopsis differ in two important ways. 
Quantitative depth perception improves with exposure dura-
tion,118 while qualitative depth perception is optimal with 
briefly presented stimuli and fades with exposures longer 
than 0.5 sec.95 Thus, these two forms of stereopsis can 
also be classified as sustained-quantitative and transient-
qualitative. Additionally, the two forms of stereopsis can be 
distinguished by the spatial aspects of their stimuli,39,140 
especially by the similarity between the stimuli for both eyes 
that is required for quantitative, but not for qualitative, ster-
eopsis.124 Qualitative stereopsis arises from briefly presented 
stimuli even when a difference in size, shape, and/or contrast 
polarity exists between the two eyes.39,79,124,140 Transient-
qualitative stereopsis is a useful alerting percept for the 
approximate location of objects that appear suddenly, and 
it is also a stimulus to initiate vergence alignment of the eyes 
to transient changes in both small and large retinal dispari-
ties.39 Quantitative stereopsis, on the other hand, is keenly 
useful for judging the shape, depth, and orientation of con-
tinuously viewed features near the plane of fixation.

The stereoscopic appreciation of either quantitative or 
qualitative depth is not merely a function of relative retinal 
disparity. As indicated by the equation for computing retinal 
image disparity (η), the linear depth interval (Δb) depends 
on both disparity and viewing distance (d). The equation 
illustrates that retinal image disparity is scaled by absolute 
distance to yield stereo-depth magnitude in linear units. The 
magnitude of relative depth and the degree of surface curva-
ture (depth ordering) stimulated by retinal disparity both 
depend on viewing distance and a zero disparity surface can 
have many different shapes. Because the empirical longitu-
dinal horopter is flatter than the theoretical Vieth-Muller 
circle, its curvature decreases (becomes less concave or more 
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the disparity becomes appropriate for near (i.e. crossed) and 
as the magnitude of the binocular disparity increases. The 
disparity between the test and reference stimuli for which 
the percent “near” responses equals 50 percent denotes the 
point of subjective equality (PSE) in the depth of the test 
and reference stimuli. The observer’s PSE represents a dispar-
ity bias, or constant error, at the specific retinal eccentricity 
tested. Since this disparity (the PSE) is perceived as having 
zero depth difference from the reference stimulus, the PSE 
is, by definition, a point on the longitudinal horopter. The 
slope of the psychometric function represents the variability 
of the stereo depth percept and the corresponding stereo-
threshold. The binocular disparity required to achieve depth 
discrimination with a given level of accuracy (typically 75 
percent) defines the observer’s stereothreshold. Operation-
ally, the stereothreshold (η) is quantified by the semi-
intraquartile range (SIQR) of the psychometric function, i.e. 
by the range of disparities from the PSE to the disparity that 
gives a “near” response rate of 75 percent.

The fundamental differences between normal and reduced 
stereoacuities are illustrated in Figure 36.13 by comparison 
of the psychometric functions for a subject with normal 
binocular vision and a patient with primary micro-
strabismus.68 The subject with normal binocular vision (Fig. 
36.13A) had nearly perfect (100 percent) depth discrimina-
tion for binocular disparities of 0.6 arcmin, either uncrossed 
or crossed. Chance performance (PSE) occurred at zero dis-
parity, indicating that the horopter was located at the fixa-
tion point, and the stereothreshold (η) determined from the 
SIQR was 12 arcsec. The performance of the microstrabismic 
subject, whose clinical data are presented in Box 36.3, is 
illustrated by Figure 36.13B. The psychometric function was 
similar in showing a systematic relationship between dis-
crimination and disparity, although the range of binocular 
disparities required was fifteen times larger. The PSE for the 
microstrabismic subject was 4.5 arcmin of uncrossed dispar-
ity and the stereothreshold was greater than 320 arcsec. This 
example shows that accurate measurements of stereoacuites 
for patients with abnormal binocular vision, such as micro-
strabismus (Box 36.3) require the use of a different range 
and larger increments of binocular disparities than needed 

stereopsis. A patient’s stereo performance is specified as a 
stereoacuity (disparity sensitivity), rather than stereothresh-
old. While the true definition of stereoacuity is the reciprocal 
of the stereothreshold, stereoacuities are usually specified by 
arcsec of disparity at threshold and, by usage, the terms  
stereothreshold and stereoacuity have become clinically 
interchangeable.

Normal stereoscopic vision is experience-dependent and 
requires normal binocular visual experience over a period of 
early childhood (see Chapter 38). However, even after the 
early period of development, clinical testing of stereopsis is 
important to detect binocular abnormalities in children or 
adults, and most of the clinical tests are designed as screen-
ing tools for distinguishing normal from abnormal (e.g. 
stereoblindness, microstrabismus, or monofixation) binocu-
lar vision. The stereo threshold of a normal observer177 is 
usually lower than the smallest disparity presented by most 
clinical tests, which employ a limited number of stimuli 
with relatively large disparity increments. Improving the 
accuracy of clinical stereopsis tests would require a greater 
number of stimuli with smaller disparity increments, without 
necessarily improving the detection rate for abnormal bin-
ocular vision. Nevertheless, it is an important concept that 
for any given patient, the relationship between stereoscopic 
depth perception and binocular disparity is probabilistic 
over a range of disparity values, as shown by the psychomet-
ric function (Fig. 36.13) for the detection or discrimination 
of stereoscopic depth.

Consider a stereopsis test in which a test stimulus, with 
variable disparity direction and magnitude, is located below 
a zero-disparity reference stimulus.75 The test stimulus is 
presented to the observer many times, changing the direc-
tion and magnitude of the disparity between presentations, 
or trials. For each trial, the observer judges the relative direc-
tion of depth of the test stimulus with respect to the refer-
ence stimulus. When the trials are completed, the percentages 
of near responses are plotted as a function of disparity mag-
nitude and sign (direction) of the test stimulus (Fig. 36.13). 
In the range of probabilistic performance, the discrimination 
of near stereoscopic depth with respect to a reference stimu-
lus of zero disparity systematically improves as the sign of 

Figure 36.13 Psychometric functions for depth 
discrimination for: (A) an observer with normal 
binocular vision and (B) an observer with deficient 
stereopsis from micro-strabismus. The percentages of 
responses that a test stimulus appeared to be nearer 
than the reference stimulus are plotted as a function 
of the sign (negative values for uncrossed disparities 
and positive values for crossed disparities) and 
magnitude of disparity. The subjects’ stereoacuities 
(η) are defined by the disparity range between the 
point of subject equality (PSE) and the semi-
intraquartile range (SIQR) (adapted from Harwerth et al 

200369).
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information. Such non-stereoscopic cues are illustrated by 
the stereogram in Figure 36.14A. When properly fused, the 
contours in this stereogram provide clear stereoscopic depth 
appreciation from both crossed and uncrossed binocular 
disparities, but the relative differences in the positions of the 
stimuli are apparent without fusion or stereopsis.

The design of the random dot stereogram, which tests 
global stereopsis, or cyclopean perception,90 eliminates 
almost all non-stereoscopic cues. Figure 36.14B is a random-
dot stereogram of the same stimulus pattern as the contour 
stereogram in Figure 36.14A. Even though the locations, 
directions, and disparity magnitudes of the stimuli of the 
random-dot and contour stereograms are identical, the 
pattern is more difficult to see in the random-dot stereo-
gram.21 Because of the inherent ambiguity of which element 
in one half-view is the correct “match” for a given element 
in the other half-view of random dot stereograms, global 
stereopsis is a more complex second-order process than local 
stereopsis.90,104

The correct identification of a disparity-defined form 
embedded into the random-dot stereogram is definitive  
evidence that the patient’s stereoacuity is higher than the 
disparity of the form and, therefore, clinical testing using 
random dot stereograms may be preferred. This property is 
especially useful for children because the identification of a 
familiar form is cognitively simpler than the discrimination 
of relative depth. However, clinical testing of global stereop-
sis requires a relatively long viewing duration to identify the 
stereoscopic form21,71,133 and the relative direction of stere-
oscopic depth in random-dot stereograms can be detected 

for normal stereoacuity, but otherwise the psychophysical 
data are similar. While most clinical tests cover a sufficient 
range of disparities for evaluating both normal and abnor-
mal subjects, the disparity increments are too large for  
accurately measuring normal stereothresholds and, thus, an 
individual’s clinical performance is compared to expected 
suprathreshold performance levels for patients with normal 
binocular vision. For the primary purpose of screening for 
abnormal binocular vision, determining that a patient’s ster-
eoacuity is at an expected level of performance is sufficient 
to demonstrate that their sensory and motor processes are 
compatible with normal binocular vision.

Stereopsis is not usually evaluated with real-depth stimuli, 
but rather most clinical tests of stereopsis utilize stereograms 
with either contour-defined or disparity-defined forms 
(examples of the two forms of stereograms are shown in 
Figure 36.14) and most individuals with normal binocular 
vision can observe the relative depth in the stereograms  
with “free fusion” either by over-convergence (crossed-eye 
viewing) or under-convergence (straight-eye viewing), but it 
should be noted that the two viewing strategies produce 
opposite directions of relative depth. These two configura-
tions of stereograms are often distinguished as being tests of 
local vs. global stereopsis,165 and each has some desirable 
attributes for clinical evaluations. For example, stereograms 
that test local stereopsis use high-contrast test figures having 
unambiguous relative disparities that can be detected by all 
patients with normal binocular vision, and even by some 
patients with micro-strabismus or monofixation.13,29,121,172 
Thus, contour-defined stereograms provide valuable infor-
mation for differentiating between normal and subnormal 
binocular vision. However, this form of stereogram unavoid-
ably contains monocular cues that are discernable in targets 
having large disparities. These monocular cues could allow 
discrimination of disparate stimuli based on non-stereoscopic 

Figure 36.14 Examples of stereograms with contour-defined objects (local 
stereopsis) or disparity-defined objects (global stereopsis or cyclopean 
perception). The disparity patterns in the contour and random-dot 
stereograms are identical in size and disparity magnitude. Most individuals 
with normal binocular vision can learn to free-fuse the stereograms by 
either over-convergence or under-convergence and observe the 
stereoscopic depth in each example. However, it should be noted that the 
two viewing strategies produce opposite directions of relative depth.

A B

Box 36.3 Reduced stereoacuity associated with 
primary microstrabismus

• College student, diagnosed at age 22 years of age
• No surgery or orthoptic treatment
• Cover test: Constant, esotropia with alternating fixation

Distance: 8Δ ET
Near: 6Δ ET

• Refractive errors and VAs:
OD: Non-significant 20/20
OS: Non-Significant 20/20

• Lateral heterophoria at distance with Maddox Rod – normal 
retinal correspondence.

• Bagolini striated lens test: at near. Lines intersect at the 
fixation point – harmonious anomalous retinal 
correspondence.

• No stereopsis with the StereoOptical circles test.
• Reduced stereoacuity (304 arcsec) with psychophysical testing 

(see Fig. 36.13B).
Comment: The patient has primary microstrabismus with central 
harmonious retinal correspondence and reduced stereoacuity, 
but with normal peripheral retinal correspondence and disparity 
vergence oculomotor responses (see Harwerth et al 200368 for 
details).
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Spatial frequency and contrast effects 
on stereopsis

Stereoacuity is influenced both by spatial frequency and  
contrast. Studies of stereopsis, using narrowly tuned, spa-
tially filtered stimuli, have provided evidence that retinal 
disparities are processed by independent channels that are 
tuned to different spatial frequencies and different types  
of disparity.46,67,80,93,96,142,147,148,185 Disparity can be described 
either as a positional offset of the two retinal images (meas-
ured in angular units) or a phase offset, where phase describes 
the disparity as a proportion of the luminance spatial period 
to which the disparity detector is tuned.73,147 The neural 
mechanisms tuned to high spatial frequencies (>2.5 c/deg) 
are sensitive to positional disparity and have higher sensitivi-
ties than the mechanisms tuned to lower spatial frequencies, 
which are sensitive to phase disparity.147,148,174

Results from early experiments, using small, broadband 
stimuli, suggested that stereoacuity is relatively unaffected  
by lowering contrast and luminance unless the reduction 
diminishes the monocular visibility of the stereoscopic 
stimuli.115 However, more recent investigations, using nar-
rowband stimuli that are more specific for the early spatial 
filters in the binocular vision pathway, have found that ster-
eoacuity is reduced with decreased binocular contrast, and 
the reduction is greater for high than low spatial frequency 
stimuli.67,96,147 The effects of interocular differences are 
similar for contrast and optical defocus and stereoacuity is 
reduced more with unilateral or asymmetric reductions of 
contrast than with binocular or symmetric contrast reduc-
tions.67,96,147 Additionally, the relative effects of contrast 
asymmetries are greater for low than for high spatial fre-
quencies.32 The improvement in stereoacuity with increasing 
bilateral contrast can be explained by an increased stimulus 
strength, which either intensifies signals from disparity-
selective neurons or recruits signals from more disparity-
selective neurons. However, the paradoxical decrease in 
stereoacuity with unilaterally increased contrast is not con-
sistent with the improved signal strength explanation, but 
requires suppression, or masking, interactions.163

For disparities above the stereothreshold, the contrast 
sensitivity function for depth perception has a unimodal 
peak when measured with a binocular phase disparity of 
approximately 90 deg.73,155,156 Using small or narrowband 
Gabor or Difference-of-Gaussian stimuli having low- or mid-
range spatial frequencies, contrast sensitivity falls off as dis-
parity increases, up to the upper disparity limit of stereopsis 
(Dmax), but the upper limit of stereoscopic depth perception 
is also dependent on stimulus bandwidth (size).174,181

Spatial distortions from aniseikonia

The two retinal images need to be similar in size and shape 
to support normal binocular vision; nonetheless, the visual 
system can tolerate small interocular differences without 
complete disruption of binocular fusion. An inequality in 
the size and/or shape of the two ocular images (aniseikonia) 
can occur from differences in the optics of the eyes, in the 
retinal receptor mosaics, or in cortical magnification.113 
However, the most common cause of aniseikonia is a  

with smaller disparities than needed for identification of the 
disparity-defined form.70 In addition, an accurate registra-
tion of the random-dot patterns on corresponding retinal 
points is essential for form identification, for that reason, 
they may not be ideal for assessing the degree of binocularity 
in patients with subnormal binocular vision from micro-
strabismus or the monofixation syndrome,12,172 although 
patient’s with primary microstrabismus can perceive the 
depth in some forms of random-dot stereograms.68

Stereoacuity with refractive defocus
Occasionally a patient can be stereo-deficient or stereoblind 
even though they have normal eye alignment and visual 
acuity.51 More often, stereoacuities are reduced by some 
factor that has affected the retinal image quality of one or 
both eyes. For example, optical defocus of the retinal images, 
as occurs with uncorrected refractive errors, degrades stereo-
acuity in proportion to the magnitude of defocus.101,134,176 
The effect of blurring the retinal images is greater for stereo-
acuity than for other resolution tasks, such as visual acuity 
or instantaneous displacement thresholds.176

Unilateral optical defocus produces a greater reduction  
of stereoacuity than does symmetrical bilateral defocus,54 
which is consistent with other paradoxical effects on stereo-
acuity caused by interocular differences in stimulus param-
eters.32,67,96,142 For example, improving the focus in one eye 
will, paradoxically, degrade stereopsis more than equal 
defocus in both eyes. With unilateral defocus, stereoacuity 
decreases as the amount of defocus increases until stereopsis 
is suspended by interocular differences greater than about 
two diopters.54,119 The filtering of high spatial frequencies 
that occurs in defocused images cannot fully explain the 
resulting reduction in stereoacuity179 and, hence, foveal sup-
pression may also play a role.163

Because of the effect of optical defocus on stereoacuity, 
usually a clinician’s primary goal is to provide an accurate 
refractive correction for each eye in order to optimize bin-
ocular vision and stereoacuity. However, for one group of 
patients – presbyopes – interocular refractive error correc-
tions are often purposely unbalanced to correct one eye for 
distance vision and the other eye for near vision.42 The 
scheme of providing an ocular correction for distance vision 
with one eye and a near vision correction for the other eye, 
either with single vision contact lenses,40,41,42,144 refractive 
surgery,22,85 or intraocular lens implants,59,61,62 is called 
monovision.41,145,161 The monovision procedure is successful 
for a majority of patients with normal binocular vision and 
usually the dominant (sighting) eye is corrected for distance 
vision because less disorientation is experienced during per-
ceptual adaptation to the anisometropic refractive condi-
tion.40,107 After adaptation, most patients do not experience 
symptoms of asthenopia, nor are they aware of blurred 
vision at far or near viewing distances.145 Although their 
binocular field of view and motor fusion ranges are generally 
normal, many monovision patients will experience diplopia 
at night or in dim illumination (when their pupils are 
dilated), or when they view bright targets of high contrast.145 
Some visual functions do not adapt to unilateral optical 
defocus, resulting in a loss of binocular summation for high 
spatial frequencies, reduced binocular visual acuity, and 
degraded stereoacuity with foveal suppression.38,40,45,107
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sensory disorders normally assumed to result from aniseiko-
nia.52 Anisometropic contact lens corrections do not produce 
anisophoria because the optical center of the lens remains 
fixed with respect to the pupil center during eye movements.

The types of spatial distortions perceived from the relative 
magnification of one retinal image can be understood by the 
altered perception of the orientation of the fronto-parallel 
plane that is associated with aniseikonia.113 Unequal retinal 
image sizes cause the apparent fronto-parallel plane to be 
slanted around an axis at the fixation point by an amount 
and direction determined by three components of aniseiko-
nia: the geometric effect, the induced effect, and declination 
errors. The three components of aniseikonic perceptual dis-
tortions are illustrated by stereograms in Figure 36.15, which 
were constructed for crossed-eye free fusion, and when 
viewed in a stereoscope or with straight-eye free fusion, the 
effects will be opposite to the descriptions in the text.

The geometric effect, simulated in Figure 36.15B, occurs 
with retinal image size differences in the horizontal merid-
ian and is a consequence of the horizontal disparity caused 
by lateral magnification. The fronto-parallel plane appears 
slanted toward the eye with the larger horizontal magnifica-
tion. The physiological basis for the apparent slant in the 
geometric effect is illustrated in Figure 36.16. To simulate 
the effect, an observer views an objectively flat plane (plane 
PFQ) through a ×090 size lens or afocal magnifier. A size 
lens is a small Galilean telescope without refractive power 
for objects at infinity. In this example, it produces magnifica-
tion in the horizontal meridian of the right eye (×090). 
When viewed through the size lens, the plane does not 
appear parallel to the face, but rotated about the fixation 
point to the plane P′FQ′; i.e. such that point P is perceived 
as nearer and point Q as farther. The amount of perceived 
rotation is proportional to the magnification difference 
between the two retinal images produced by the size lens. 
The direction and magnitude of rotation result from the 
change in the horizontal disparity gradient produced by the 
uniocular horizontal magnification. The disparities across 
the gradient are in opposing directions in the left and right 
visual fields. In this example the gradient produces crossed 
disparities for objects in the left visual field and uncrossed 
disparities for objects in the right visual field. The perceptu-
ally slanted plane illustrated in panel B of Figure 36.15 
incorporates a perceptual surface rotation and an apparent 
change in perceived size. Objects in the left visual field 
appear smaller than in the right. The size distortion is con-
sistent with learned relationships between size and distance, 
e.g. if one object appears farther than another, but without 
a correlated difference in retinal image sizes, the cue conflict 
causes the farther object to be perceived as larger.

The second component of aniseikonia, the induced effect, 
is caused by a relative magnification difference in the vertical 
meridians of the two eyes, which can be simulated by a  
×180 or vertical meridional magnifier. The induced effect is 
interesting because, as can be observed by the stereogram 
(Fig. 36.15C), vertical binocular disparities, by themselves, 
do not result in the perception of stereoscopic depth, but 
vertical meridional aniseikonia in a real-world visual envi-
ronment causes a perceived rotation of the fronto-parallel 
plane. The induced effect is similar to the geometric effect in 
that it is perceived as a rotation of the fronto-parallel plane 
about a vertical axis, but the induced effect is in the opposite 

difference in the refractive errors of the two eyes (ani-
sometropia).1,14 In refractive anisometropia, the optical com-
ponents of the two eyes differ in power. Spherical optical 
differences produce a relative overall size discrepancy in the 
two retinal images, and astigmatic optical differences produce 
a relative meridional size difference in the two retinal images. 
Anisometropia as a result of the natural development of 
refractive errors is a common cause of aniseikonia, although 
nowadays aniseikonia is more often associated with ani-
sometropia as a result of intraocular lens implantation (Box 
36.4), refractive surgery, or penetrating keratoplasty.11,55,59,81

There are large individual differences in symptoms and 
toleration of aniseikonia. Aniseikonia is usually considered 
clinically significant when the image size difference is greater 
than 4 percent, but many patients experience distortions in 
spatial perception and/or uncomfortable binocular vision, 
headaches, and eyestrain with differences as small as 2 
percent.19,113 The symptoms of eyestrain (asthenopia) are not 
specific1,19 and the diagnosis of aniseikonia in a patient with 
fusion and stereopsis must be made from measurements of 
retinal image size differences94,102,162 or from assessment of 
the aniseikonic spatial distortions.19,113 The size differences 
of the retinal images pose problems both for stereopsis and 
for control of eye alignment. The size discrepancy generated 
by an anisometropic spectacle correction produces dispari-
ties that vary with eye position, causing a non-comitant vari-
ation of heterophoria (anisophoria).141,145 The oculomotor 
system can adapt tonic vergence to compensate for aniso-
phoria. However, when a person is unable to adapt to the 
correction, the symptoms of eyestrain occur with attempts 
to adjust eye alignment as gaze shifts from one direction to 
another. These motor symptoms can be confused with 

Box 36.4 Spatial distortions caused by aniseikonia

• Electronics technician, 58 years old
• Cataract surgery for left eye with an IOL implant
• Refractive errors before surgery

OD: +3.25 −1.25 × 010
OS: +2.25 −0.50 × 180

• Refractive errors after surgery
OD: +3.25 −1.25 × 010
OS: +0.50 −2.75 × 005

• Symptoms after IOL surgery: Clear vision with each eye, but 
while reading a newspaper binocularly, the pages looked 
farther away on the left side and they appeared trapezoidal. 
He also complained of problems with depth perception, such 
as reaching and pressing the floor button in the elevator or 
soldering on a circuit board.

Comment: Using the rough rule-of-thumb of 1 percent 
magnification per diopter of anisometropia, the patient has an 
overall magnification of 2.75 percent with the right eye image 
larger, plus an additional 1.5 percent magnification in the vertical 
meridian of the right-eye image. Thus, the anisometropia 
following the cataract surgery has both an overall and meridional 
component, but the meridional component is the more likely 
cause of spatial distortions. The patient’s complaints are 
consistent with an induced effect from the aniseikonia, and 
although a 1.5 percent image size difference may not cause 
symptoms in all patients, this electronics technician was quite 
disturbed by his altered perception.
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Figure 36.15 A series of stereograms to demonstrate the components of 
relative magnification from aniseikonia to illustrate subjective spatial 
distortions. The random-dot patterns represent fronto-parallel plane 
stereograms that have been constructed to simulate various components  
of aniseikonia during binocular fusion with crossed-eye viewing (other 
viewing strategies will produce perceptual effects that are opposite to those 
described). (A) Normal spatial perception with equal-sized images for each 
eye. For an observer without aniseikonia, the perceived fronto-parallel plane 
should not be distorted. (B) A stereogram with a relative magnification of 10 
percent in the horizontal meridian to demonstrate the geometric (×090) 
effect. The observer should perceive a tilt of the fronto-parallel plane about 
a vertical axis with the right edge appearing more remote than the left 
edge of the plane. (C) A magnification of 10 percent in the vertical meridian 
to simulate the magnification of the induced (×180) effect. For most 
observers, vertical disparities in a stereogram will not produce the apparent 
distortion of the fronto-parallel plane that can be seen in a natural visual 
environment. (D) A combination of horizontal and vertical magnification to 
produce an overall magnification of 10 percent. (E) Relative magnification at 
oblique meridians (right eye: ×045 and left eye: ×135 for crossed-eye fusion) 
to simulate the declination effect. The fused perception should be a slanted 
surface with the upper edge appearing more remote that the lower edge.

A

B

C

D

E
Figure 36.16 The physiological basis of spatial distortions caused by the 
aniseikonia from meridional magnification in the horizontal meridian of the 
right eye. The fronto-parallel plane PFQ appears to be rotated to a plane 
P′FQ′ as a result of the binocular disparity produced by meridional 
magnification. See the text for details (adapted from Ogle 1964113).
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direction. The OFPP appears tilted away from the eye viewing 
through the vertical magnifier. Because the phenomenon is 
similar in form, but opposite in direction to the geometric 
effect, it is called the induced effect to convey the notion that 
the distortion is the same as if it was “induced” by a hori-
zontal meridional magnifier over the fellow eye.

The induced effect results from the magnification of the 
vertical disparities, which are inherently present at relatively 

near viewing distances due to differences in ocular perspec-
tive of the target. Naturally occurring vertical disparities 
increase as the eccentricity of the target increases and as the 
viewing distance decreases.167 If the viewing distance is 
sensed from convergence, then target azimuth can be derived 
from the rate of increase of vertical disparity with eccentricity 
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dynamic stimulus conditions. However, providing valid 
judgments of the trajectories and distances of moving 
objects, to capture moving objects or avoid collision with 
them, is a vital function of binocular vision.60 The mecha-
nisms underlying perception of the distance and the direc-
tion of moving objects are not as well understood, but there 
are at least two possible mechanisms for the perception of 
motion-in-depth.36,126 First, the binocular disparity of an 
object moving in depth will change with time and, thus, the 
trajectory and distance could be interpolated from the 
responses of static disparity-sensitive mechanisms over time. 
The second type of mechanism for the perception of motion-
in-depth is one that is sensitive to differential velocities of 
the retinal images. An object that is moving in depth will 
generate movements in the two retinal images that differ in 
speed and direction.

In natural scenes, as illustrated in Figure 36.7, changes in 
binocular disparity and differential interocular velocities are 
correlated. For this example, an object is moved along the 
visual axis of the left eye until the retinal image of the right 
eye is displaced outside the retinal region corresponding to 
Panum’s fusional limit. During this measurement, if the test 
object had been moved from the uncrossed to the crossed 
disparity limits, it would have appeared to be moving in a 
depth trajectory toward the observer’s left eye. The apparent 
trajectory is a property of the relative directions and veloci-
ties of the retinal images125 and, if in another case, the two 
retinal images of an object move in the same direction and 
velocity, the object would not appear to move toward the 
head; rather, it would be perceived as moving in the fronto-
parallel plane. If the retinal images move in opposite direc-
tions (i.e. temporal-ward), the object would appear to move 
towards the observer’s head. In each example, the object’s 
motion-in-depth may have been detected by mechanisms 
sensitive to the sign and magnitude of binocular disparity, 
which have changed with time. On the other hand, for any 
given time, the direction and velocity of movement of each 
of the object’s retinal images are different; thus, the object’s 
motion-in-depth could have been based on differential 
velocity information.

Some investigations of stereomotion have provided  
psychophysical and physiological evidence for velocity-
dependent mechanisms,8,9,127 while other studies have shown 
comparable perception of motion-in-depth in the absence 
of coherent velocity information.36,126 Threshold and adapta-
tion experiments have provided evidence for neural chan-
nels that are sensitive to the direction of motion in depth, 
with different channels selectively sensitive to approaching 
and receding motion. However, stereo-motion can also be 
detected in dynamic random-dot stereograms that produce 
changes in disparity over time without consistent signals for 
interocular velocity differences. Regardless of the mecha-
nism, the normal sensitivity to stereomovement requires 
about 5–10 times greater disparity magnitudes than stereo-
acuity measures with static stimuli.36,177 Motion-in-depth 
may be present in patients with stereodeficiencies from early 
strabismus or amblyopia as a residual form of stereopsis.103 
But on the other hand, many individuals with normal visual 
acuity and stereopsis have areas of the binocular field  
that are insensitive, or even blind, to motion-in-depth.130 
Currently, clinical tests of stereomotion have not been 
developed.

(i.e. from the vertical disparity gradient). Vertical disparity 
gradients are used to scale disparity in order to quantify 
depth and to interpret slant information.3,56 Horizontal dis-
parity alone is an ambiguous stimulus for slant perception. 
Identical horizontal disparity patterns can correspond to dif-
ferent slant patterns for surfaces seen in symmetrical and 
asymmetrical convergence. For example, while a zero dispar-
ity pattern describes the Vieth-Muller circle, this constant 
disparity pattern also describes a surface slant that increases 
with horizontal gaze eccentricity.114 In order to interpret 
slant from horizontal disparity correctly, knowledge of target 
distance and gaze eccentricity are needed. The combination 
of vertical disparity gradients and convergence provides this 
information. When vertical magnifiers distort vertical dispar-
ity gradients, the surface slant is changed to conform to the 
distorted vertical disparity gradient.83 This induced effect is 
weak, or absent, for targets located at an infinite viewing 
distance because retinal images of remote targets lack a  
difference in perspective significant enough to produce a 
vertical disparity gradient. For most observers, induced and 
geometric effects are about equal in magnitude and opposite 
in direction113 thus, overall magnification differences, as 
opposed to meridional magnification differences, have little 
effect on the perception of space (see fronto-parallel plane 
stimulus D, Fig. 36.15).

The third component of aniseikonia is a declination error 
(perceived tilt about a horizontal axis) that arises from 
retinal image shear, or magnifications in oblique meridians 
(see stereogram E, Fig. 36.15). The direction of rotation 
(inclination or declination) of the oblique magnifier is pre-
dicted from the combined vertical and horizontal disparity 
components of the magnified retinal images. For example, 
the stereogram was constructed to simulate ×045 magnifica-
tion for the right eye and ×135 magnification for the left eye 
with crossed-eye viewing, which creates a relative crossed 
disparity in the lower visual field compared to the upper 
(Fig. 36.15E). The resulting perception is a slanted surface 
with the bottom part of the surface closer. Oblique magni-
fication can also cause horizontal tilt about a vertical axis if 
the horizontal and vertical components are unequal. Magni-
fiers at ×45 and ×135 degrees have equal horizontal and 
vertical magnification components, so that the resulting  
geometric and induced effects tend to cancel one another. 
However, oblique magnification along other meridians pro-
duces unequal amounts of geometric and induced distor-
tion, and the stronger distortion usually dominates the 
horizontal tilt percept.

In the final analysis, the perceptual distortions from  
aniseikonia are a combination of the three components, 
geometric effect, induced effect, and declination error, with 
individual variability in the degree of tolerance and ability 
to adapt to stereoscopic misrepresentation of relative depth. 
These principles are illustrated by the case described in Box 
36.4, where a relatively small induced effect caused disturb-
ing spatial distortions for an electronics technician.

Motion-in-depth

The properties of visual direction and stereoscopic depth 
perception have been much more extensively studied with 
static stimuli at a constant fixation distance than under 
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of the target imaged on the nasal hemi-retina.35,43,92 However, 
suspension is not obligatory, and calling attention to the 
disparate target can evoke physiological diplopia. It has also 
been suggested that suspension may be involved in the per-
manent suppression of pathological diplopia associated 
with strabismus.44,63,135,136

3. Binocular (retinal) rivalry suppression is a rhythmic alter-
nating perception of each of the retinal images when sub-
stantial differences in their sizes and/or shapes preclude  
their fusion.15 The classic demonstration of binocular rivalry 
arising from non-fusible images formed on or near corre-
sponding retinal points is shown in Figure 36.17A, which 
presents orthogonal-oriented gratings to the two eyes. In this 
example, rivalry suppression can take the form of either 
exclusive domination or mosaic domination. During exclu-
sive or wholesale domination, each of the two images alter-
nates between dominance and suppression: one set of lines 
will be seen and, after several seconds, the image of the other 
set of lines appears to wash over the first. In mosaic domina-
tion, the two monocular images become fragmented, and 
small interwoven retinal patches from each eye alternate 
independently of one another. In this case, piecemeal sup-
pression is regional, localized to the vicinity of the contour 
intersections.

The perceived rivalrous patches alternate between the two 
ocular images approximately once every 4 seconds, but the 
rate of oscillation and its duty cycle vary with the degree of 
difference between the two ocular images and with the stim-
ulus strength. The rate of rivalry increases as the orientation 
difference between the targets increases beyond 22 
degrees,43,135 indicating that rivalry is not likely to occur 
within the tuned range for cortical orientation columns. 
Levelt97 formulated a series of rules describing how the dom-
inance and suppression phases of binocular rivalry vary with 
the strength of stimulus variables such as brightness, con-
trast, and motion. He concluded that the duration of the 

Suppression in normal  
binocular vision

In complex three-dimensional scenes, there are several types 
of binocular information that must be combined to produce 
an integrated percept of depth and distance. First, some of 
the visual information is coherent and unambiguous, such 
as images formed within Panum’s fusional areas and the 
coherent information contributes to normal fusion and ster-
eoscopic depth perception. However, some forms of binocu-
lar information do not stimulate binocular fusion. For 
example, regions of space may be clearly visible to only one 
eye (i.e. partially occluded to other eye), and this fragmented 
binocular information also contributes to the perceptions of 
distance and depth. In addition, information from binocular 
images that are uncorrelated, either because the matches are 
ambiguous or would conflict with other cues, influences 
depth and distance perception. Visual confusion, in which 
there is superimposition of separate diplopic images arising 
from objects seen behind or in front of the plane of fixation, 
is an example of uncorrelation of binocular images that can 
be interpreted to suggest depth or distance. The binocular 
visual system attempts to preserve as much of the depth 
information as possible from all three sources to make infer-
ences about objective space without introducing ambiguity 
or confusing space perception. At times, however, conflicts 
between the two eyes are so great that the conflicting infor-
mation must be resolved by suppressing or suspending the 
perception arising from one of the retinal images.

Four classes of stimuli have been identified that appear  
to evoke different interocular suppression mechanisms in 
normal binocular vision.

1. Interocular blur suppression occurs when the retinal 
images have significant differences in defocus or contrast.152 
A wide variety of natural conditions produce unequal con-
trast of the two ocular images, including naturally occurring 
anisometropia, unequal amplitudes of accommodation, and 
asymmetric convergence on targets that are closer to one eye 
than to the other. The relative differences in defocus can be 
partially eliminated by differential accommodation of the 
two eyes105 and by interocular suppression of the blur.145 The 
latter mechanism is requisite for adaptation to a monovision 
correction of presbyopia. Monovision suppression allows 
clear, non-blurred, binocular percepts and retention of ster-
eopsis albeit with the stereo-threshold elevated by approxi-
mately two-fold.38,145

2. Suspension is the mechanism that eliminates one of 
the two ocular percepts that arise during physiological diplo-
pia, in which targets lying in front of or behind the single-
ness horopter would be seen as doubled.30 Binocular eye 
alignment optimizes depth information from binocular  
disparities near the horopter, but at the same time it pro-
duces large disparities for the objects that are at some dis-
tance in front of or behind the plane of fixation. Even with 
binocular disparities that are well outside the limits of 
Panum’s fusional areas, the perception of diplopia under 
normal casual viewing conditions is rare because of the sup-
pression of one image. The suppression of physiological 
diplopia is called suspension because this form of suppres-
sion does not alternate between the two images. Instead, 
only one image is continually suppressed, favoring visibility 

Figure 36.17 Stereograms to demonstrate the perceptual consequences 
of binocular viewing of non-fusible objects or surfaces. (A) Binocular rivalry. 
(B) Binocular luster.

A

B
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through a narrow aperture. Under these conditions, the 
occluding object is normally suppressed to retain a constant 
view of the background. This phenomenon can be demon-
strated by holding a cylindrical tube in front of one’s right 
eye and placing the palm of one’s left hand in front of the 
left eye near the distal end of the tube. The combined stable 
percept is that of a hole in the left hand. The hand is seen 
as the region surrounding the aperture through which the 
background is viewed. This ecologically valid example of 
occlusion gives priority to the background seen through the 
aperture. The mechanisms underlying stable, permanent 
suppression are unlike those underlying rivalry suppres-
sion because different changes in the increment-threshold  
spectral sensitivity function are produced by these two 
phenomena.131

Summary

Binocular vision is an intricate organization of biological 
and psychological components to provide haplopia and an 
accurate subjective representation of the depth and distance 
of every object in the environment. The present chapter has 
presented some of the basic principles of the normal and 
clinically abnormal sensory processes, but they are just one 
part of the system. Equally important are the oculomotor 
components (Chapter 9), which in normal binocular vision 
interact with sensory mechanisms to place the ocular images 
on appropriate retinal areas to support fusion and stereopsis, 
or with abnormal oculomotor control as in strabismus, to 
enlist adaptive sensory mechanisms of suppression and 
anomalous retinal correspondence. Further, whether an 
individual has normal or abnormal binocular vision is a 
product of environmental influences in infancy (Chapters 38 
& 40). During an early sensitive period, normal visual expe-
rience is required to develop the full capacity of the visual 
system, otherwise, abnormal visual experience will produce 
abnormal monocular and/or binocular visual processes. 
Clinical application of the science of binocular vision 
involves all of these components with the goal to alleviate 
any interference with clear, single binocular vision.
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C H A P T E R 37 

Temporal Properties of Vision
Allison M. McKendrick & Chris A. Johnson

Our visual perception arises from the interpretation of light 
information, which varies in space, wavelength, and time. It 
is the latter of these attributes that is explored in this chapter. 
Subjectively, the world appears to be stable despite continu-
ous changes in the visual scene. How does the visual system 
respond to and interpret light variations that occur as a func-
tion of time?

The duration of a light affects both the ease with which we 
can see it, as well as its subjective appearance. This chapter 
emphasizes the first of these issues, that is, how sensitive we 
are to temporal variations in light and which factors influ-
ence our sensitivity. Temporal sensitivity cannot be studied 
in isolation because other stimulus attributes, such as spatial 
properties, chromaticity, background features and surround 
characteristics, all influence our ability to detect temporal 
variations. In the natural world, most temporal variation 
occurs through image motion. This may arise from motion 
of the observer, the eyes, or the object itself. Motion is a 
special form of temporal variation in which the change with 
time is associated with a change in spatial position.

This chapter summarizes a number of basic phenomena 
that describe the sensitivity of our visual system to temporal 
information. The application of these phenomena to the 
clinical study of abnormalities of visual processing, such as 
in disease, is also discussed.

Temporal summation and the critical 
duration

To detect the presence of something in the visual world, it 
must be present for a finite period of time. Although a single 
quantum of light may be sufficient to generate a neural 
response, multiple quanta are generally required during a 
short period before the light is reliably seen, a property 
known as temporal summation. In the human visual system, 
temporal summation occurs for durations of approximately 
40 to 100 milliseconds, depending on the spatial and tem-
poral properties of the object and its background, the adap-
tation level, and the eccentricity of the stimulus.1–5 The 
maximum time over which temporal summation can occur 
is the critical duration.

Let’s say we wish to determine how long a light needs to 
be presented on a dark background to be visible. In general 

terms, a more intense light does not need to be presented 
for as long as a less intense one to reach threshold visibility. 
The relationship between the luminance of the light and the 
duration of its exposure to reach visibility is linear over a 
limited range. Provided that the light pulse is shorter than 
the critical duration, it will be at threshold when the product 
of its duration and its intensity equals a constant. The 
formula that describes this time–intensity reciprocity is 
Bloch’s law:6

Bt K=

where: B = Luminance of the light, t = Duration, K = A con-
stant value.

Bloch’s law is shown schematically in Figure 37.1A. When 
stimulus intensity and duration are plotted on log-log coor-
dinates, as in Figure 37.1A, Bloch’s law describes a line with 
a slope of −1. When the critical duration is reached, the 
threshold intensity versus duration function is described by 
a horizontal line; that is, a constant intensity is required to 
reach threshold. Bloch’s law has been shown to be generally 
valid for a wide range of stimulus and background condi-
tions, including both foveal and peripheral viewing. Once 
the duration of the stimulus exceeds the critical duration, the 
luminance required for it to reach visibility is classically 
considered to be constant.

The preceding discussion assumes that whenever the 
observer’s threshold is exceeded, he or she will respond accu-
rately to the stimulus. This predicts an abrupt and idealized 
transition between the two curves, as depicted in Figure 
37.1A. In the real world, both visual stimuli and the physi-
ologic mechanisms that we use to detect them are subject  
to random fluctuations in response. We may consider the 
length of the stimulus presentation to be divided into a 
number of discrete time intervals. The signal is detected 
when the response exceeds threshold in at least one interval 
and the probability of detection in each interval is consid-
ered independent. This description of the probabilistic 
nature of visual detection is known as probability summation 
over time.7 The concept of probability summation is included 
in many models of temporal visual processing and is thought 
to be at least partly responsible for the less-than-abrupt  
transition between the region of temporal summation and 
constant intensity that occurs under some experimental con-
ditions.3 One experimental situation in which this arises is 
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spectral composition (wavelength or color) of the light 
stimuli, with isolated chromatic stimuli having longer tem-
poral integration than achromatic (luminance) stimuli.18–20 
For colored lights, the critical duration decreases with 
increased chromatic saturation of the background, similar to 
the decrease in critical duration with increased luminance 
for achromatic stimuli.21 Figure 37.2 demonstrates how 
chromaticity and retinal eccentricity markedly alter the sen-
sitivity to temporal pulses and the critical duration.20

Temporal sensitivity to periodic 
stimuli

The preceding section has considered how the human visual 
system responds to aperiodic stimuli (for example, a single 
pulse of light). We will now consider how the visual system 
responds to periodic stimuli (repeatedly flickering stimuli). 
Most research in this area has been directed to explore the 
following questions: (1) what is the fastest flicker rate that 
can be detected by the human visual system (the critical 
flicker fusion frequency); and (2) what factors influence sen-
sitivity to flicker slower than this critical rate?

Critical flicker fusion frequency
When a light is turned on and off repeatedly in rapid suc-
cession, the light appears to flicker, provided the on and off 
intervals are greater than some finite time interval. If the 
lights are flickered fast enough, we perceive the flashes as a 

when threshold contrast is measured as a function of signal 
duration for sinusoidal grating stimuli. This is illustrated in 
Figure 37.1B.3 In Figure 37.1B the upper curve shows thresh-
old duration data for a 0.8 cycle per degree grating, and the 
lower curve shows those for an 8 cycle per degree grating. 
The upper curve conforms well to the schematic diagram 
that is illustrated in Figure 37.1A. For the lower curve depict-
ing results for the 8 cycle per degree grating, however, a 
gradual transition is observed. In this latter case the actual 
critical duration (traditionally the point of intercept of the 
two slopes in Fig. 37.1A) is somewhat difficult to define. 
Data similar to those shown in Figure 37.1B, have been 
interpreted to indicate that the critical duration increases 
with increasing spatial frequency.1,4 Gorea & Tyler3 use an 
alternative form of analysis that includes the effects of prob-
ability summation; they conclude that the critical duration 
is minimally affected by spatial frequency.

Factors affecting the critical duration
The time interval defined by the critical duration depends 
on properties of both the stimulus and the background. The 
critical duration has been shown to vary with light adapta-
tion level; that is, with brighter backgrounds, the critical 
duration decreases.8–12 Conversely, with dark adaptation, the 
critical duration increases.13,14 Unless dark adapted, the size 
of the stimulus also affects the critical duration, with larger 
stimuli having a decreased critical duration.9,12,15 Retinal 
eccentricity also influences the critical duration, as does the 
visual task.16,17 Temporal summation is also affected by the 

Figure 37.1 (A) Schematic of the idealized relationship 
between threshold light intensity and the duration for it 
to reach visibility. For durations less than the critical 
duration, the threshold intensity is linearly related to 
duration, as described by Bloch’s law. (B) The relationship 
between threshold light intensity and duration for 
flickering grating stimuli for two observers as measured 
by Gorea & Tyler. (Reproduced with permission from Gorea & 

Tyler 1986.3) Upper curves represent data from 0.8 cycle 
per degree gratings, whereas lower curves show data for 
an 8 degree per cycle grating stimulus. Note that for the 
higher spatial frequency (lower curve), there is a more 
gradual transition between the two curves depicted 
schematically in (A).
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and CFF is present for both central and peripheral viewing, 
although the slope of this relationship increases in the 
periphery, implying faster processing.24 The Ferry–Porter law 
holds not only for spot targets but also for grating stimuli.24 
For scotopic luminance levels, at which rods mediate detec-
tion, CFF decreases substantially to approximately 20 Hz 
and no longer obeys the Ferry–Porter law.23,25,26

single fused light rather than a series of flashes. In simple 
terms, when the perception of fusion occurs, we have reached 
the limit of the temporal-resolving ability of our visual 
system. The transition from the perception of flicker to that 
of fusion occurs over a range of temporal frequencies; the 
boundary between the two is called the critical flicker fusion 
(CFF) frequency. The value of the CFF varies, depending on 
a large number of both stimulus and observer characteristics. 
Some of the important factors that influence the CFF (Box 
37.1) are discussed in the following sections.

Effect of stimulus luminance on CFF
In general, the CFF increases as the luminance of the flashing 
stimulus increases. This relationship is known as the Ferry–
Porter law, which states that CFF increases as a linear function 
of log luminance.22,23 The Ferry–Porter law is valid for a wide 
range of stimulus conditions and is illustrated in Figure 
37.3.24 The lower curves (solid lines and symbols) show data 
collected in the fovea, and the upper curves show data col-
lected at 35 degrees eccentricity. For both locations the upper 
curves are for smaller targets (0.05 degree foveally and 0.5 
degree eccentrically), and the lower curves are for larger 
targets (0.5 degree foveally and 5.7 degrees eccentrically). 
Figure 37.3 demonstrates several interesting observations 
about the relationship between CFF and luminance. First, 
the Ferry–Porter law is upheld despite changes in stimulus 
size. Second, the linear relationship between log luminance 

Figure 37.2 Log contrast sensitivity versus pulse duration 
for equiluminant chromatic pulses. Data are shown for two 
observers (left and right panels). The upper panels show 
performance for “red-green” modulation (long-wavelength 
sensitive [L] and middle-wavelength sensitive [M] cone 
modulation); whereas the lower panels show data for short 
wavelength modulation. (Reproduced with permission from 

Swanson et al 2008.20)
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Box 37.1 Critical flicker frequency (CFF)

• The critical flicker frequency (CFF) describes the fastest rate 
that a stimulus can flicker and just be perceived as a flickering 
rather than stable.

• While the CFF is dependent on the temporal resolution of 
visual neurons, it is also considered to be a measure of 
conscious visual awareness because, at CFF threshold, an 
identical flickering stimulus varies in percept from flickering to 
stable. Functional magnetic resonance imaging demonstrates 
involvement of the frontal and parietal cortex in the conscious 
perception of flicker.173

• CFF has been utilized as a measure of conscious visual 
awareness in a wide range of pharmacological and 
psychological research studies.

• Perimetric tests of CFF have also been developed with most 
research directed towards visual field assessment in glaucoma.
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Effect of stimulus chromaticity on CFF
The linear relationship between CFF and log luminance, as 
described by the Ferry–Porter law, is also valid for purely 
chromatic stimuli.27–30 However, the slope of the relation-
ship has been shown to vary with stimulus wavelength.28 
This relationship is demonstrated in Figure 37.4, which 
shows CFF versus illuminance functions derived from four 
separate studies.27–30 In all four studies the foveal CFF illu-
minance functions are well fit by Ferry–Porter lines, and in 
all cases the functions for green (middle wavelength) lights 
were found to be steeper than those for red (long wave-
length) lights. The steeper slope for green stimuli has been 
interpreted as evidence supporting the green cone pathways 
being inherently faster than the red cone pathways for the 
transmission of information near the CFF.28 The CFF is 
lowest for blue stimuli detected by the short-wavelength 
pathways.31,32

Effect of eccentricity on CFF
The CFF varies as a function of eccentricity in the visual field. 
If the stimulus size and luminance are kept constant, the CFF 
increases with eccentricity over the central 50 degrees or so 
of the visual field and then decreases with further increases 
in eccentricity.33,34 This is illustrated in Figure 37.5, which 
plots the CFF as a function of eccentricity in the temporal 
visual field.

Effect of stimulus size on CFF:  
the Granit–Harper law
As shown in Figure 37.3, the CFF increases with stimulus 
size. For a wide range of luminances, CFF increases  
linearly with the logarithm of the stimulus area. This rela-
tionship is known as the Granit–Harper law, named after the 

Figure 37.3 Photopic critical flicker fusion (CFF) versus intensity functions 
measured in the fovea (solid symbols and lines) and at 35 degrees 
eccentricity (dotted and dashed lines) from Tyler & Hamer. (Reproduced with 

permission from Tyler & Hamer 1990.24). The test stimulus was 660 nm presented 
on a equiluminant white surround. Foveal test stimuli were 0.5 degree (large 
filled circles) and 0.05 degree (small filled circles). Eccentric stimuli were 5.7 
degrees (dashed lines) and 0.5 degree (dotted lines). Note the adherence to 
the Ferry–Porter law for all eccentricities tested. ECC, Eccentricity.
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Figure 37.4 Critical flicker fusion (CFF) versus 
illuminance functions for red and green flicker measured 
by Hamer & Tyler. (Reproduced with permission from 

Hamer & Tyler 1992.28). Note that all data are well fit by the 
Ferry–Porter law, with green lights having a steeper slope 
than red. (A) Data for one subject from Hamer & Tyler.28 
The green light function is steeper by 17 percent. (B) CFF 
data from Ives29 for red (650 nm) and green (510 nm) 
flicker stimuli viewed foveally. The green light function is 
steeper by 12.4 percent. (C) CFF data for red (660 nm) 
and green (540 nm) flickering stimuli for a single observer 
tested by Pokorny & Smith.30 The green light function is 
steeper by 16.8 percent. (D) CFF data for green light 
(mean of 480 and 540 nm data) and red light (630 nm) 
flicker from Giorgi.27 The green light function is steeper 
than the red by 7.8 percent.
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investigators who first reported it.35 The Granit–Harper law 
holds for a wide range of luminances, retinal eccentricities 
out to 10 degrees, and stimuli as large as almost 50 degrees. 
However, subsequent investigators have determined that it 
is not the overall area of the stimulus that is critical, but 
rather the local retinal area with the best temporal resolu-
tion. This was demonstrated by Roehrig,36,37 who measured 
the same value for the CFF for a complete 49.6-degree field 
in comparison to an annulus of the same diameter, with its 
central 66 percent not illuminated. Because the midperiph-
ery has better temporal resolution than central vision, an 
eccentric annulus produced the same CFF as the full 49.6-
degree stimulus. The Granit–Harper law does not hold under 
dim light conditions in which rods mediate performance.

Beyond the fovea, a revised form of the Granit–Harper 
law is required to fit the changes in CFF with stimulus area. 
Rovamo & Raninen38 have shown that the Granit–Harper 
law can be generalized across the visual field by replacing 
the retinal stimulus area with the number of ganglion cells 
stimulated. In this more general case, the CFF increases lin-
early with the logarithm of the number of ganglion cells 
stimulated. This is illustrated in Figure 37.6. Figure 37.6A 
plots CFF against eccentricity for three different stimulus 
areas. The CFF decreases with increasing eccentricity irrespec-
tive of the stimulus area. Figure 37.6B plots the same CFF 
data as a function of the number of retinal ganglion cells 
stimulated at each eccentricity and results in a linear rela-
tionship between these two parameters.

Temporal contrast sensitivity
The CFF defines an upper limit for temporal sensitivity (Box 
37.2), beyond which we can no longer detect that a light is 
flickering. How sensitive are we to flicker below the CFF, and 
how does the visual system respond to more complex tem-
poral variations of light than simple flashes or trains of 
flashes? Classical work on human temporal contrast sensitiv-
ity was performed by De Lange in the 1950s.39–41 De Lange 

Figure 37.5 Critical flicker frequency (mean ± standard deviation) as a 
function of eccentricity in the temporal visual field of the right eye of one 
observer. (Reproduced with permission from Rovamo & Raninen 1984.34) Stimulus 
area was 88.4 degrees2, pupil diameter was 8 mm, and retinal illuminance 
was 2510 photopic trolands.
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Figure 37.6 (A) Critical flicker frequency (mean ± standard deviation) for 
targets viewed eccentrically for one observer reported by Rovamo & 
Raninen. (Reproduced with permission from Rovamo & Raninen 1988.38) Similar 
target sizes were used at all eccentricities, but retinal illuminance was F 
scaled by reducing the average stimulus luminance in inverse proportion to 
photopic Ricco’s area.144 The numbers on the right of the curves refer to the 
stimulus area in degrees2. When eccentricity increased from 0 to 70 degrees, 
the stimulus luminance nominally decreased from 50 to 0.80 photopic cd/
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eccentricity irrespective of stimulus area. (B) CFF data from (A) plotted as a 
function of the number of retinal ganglion cells stimulated.
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Box 37.2 Temporal contrast sensitivity

There are several versions of clinical perimetry that measure 
variants of temporal contrast sensitivity. These include:

• flicker on a pedestal temporal modulation perimetry, such as 
in the Medmont perimeter

• mean modulated contrast sensitivity perimetry
• both of these display small spot targets that vary in 

contrast either about the mean luminance of the perimeter 
background or above and below a luminance pedestal

• spatio-temporal contrast sensitivity is measured in Frequency 
Doubling Technology Perimetry.
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With increasing retinal illuminance, more conditions are 
seen as flickering, consistent with the simpler Ferry–Porter 
law. At low frequencies the curves are similar, indicating that 
low-frequency flicker reaches threshold at a similar value of 
modulation ratio for all levels of photopic adaptation. This 
is not the case for high frequencies, at which the threshold 
is determined by both adaptation level and frequency. At 
higher luminance levels the sensitivity for flicker detection 
peaks at frequencies of approximately 15 to 20 Hz. This is 
similar to the Brücke brightness enhancement effect, which 
is discussed later.

The right panel of Figure 37.7 replots the data of Figure 
37.7A as a function of the absolute amplitude of the high-
frequency flicker. This has the effect of reversing the curves 
so that the amplitude sensitivity is greatest at the lowest 
adaptation level. It can be seen that the curves of Figure 
37.7B approach a common asymptote at high frequencies. 
This convergence of curves measured at many different lumi-
nance levels implies that at high temporal frequencies, sen-
sitivity is predicted by the absolute amplitude of the signal, 
independent of adaptation level. This behavior is not appar-
ent at the low temporal frequency range.

Chromatic temporal sensitivity
Chromatic temporal contrast sensitivity measured with sinu-
soidal grating stimuli also varies with retinal illuminance,43 
however there are two key differences when compared to 
performance measured with achromatic stimuli. Firstly, 
chromatic functions are generally low-pass, that is, sensitiv-
ity is similar for a range of low temporal frequencies before 
falling off at higher temporal frequencies. Secondly, the 

evaluated temporal sensitivity to flicker using mathematical 
analysis of temporal waveforms and linear filter theory.

Figure 37.7 shows the results from flicker-sensitivity 
experiments by Kelly.42 The vertical axis plots flicker sensitiv-
ity, which is the reciprocal of the flicker threshold, measured 
as a “threshold modulation ratio,” which is the extent that 
the sinusoidally modulated light deviates from its average 
direct current (DC) component. The modulation ratio is 
calculated as a fraction of its DC value because the amplitude 
cannot be greater than the DC component (negative values 
of luminance are not physically possible). The modulation 
ratio expresses the amplitude as a percentage deviation of 
the stimulus from its average value.

The left panel of Figure 37.7 plots the modulation ratio 
as a function of flicker frequency. A series of curves are 
shown, each obtained at a different average retinal illumina-
tion or adaptation level. The curves define the flicker detec-
tion boundary for the particular level of adaptation. For a 
given level of adaptation, any combination of frequency and 
modulation amplitude below the curve is seen as flickering, 
whereas any combination above the curve is perceived as a 
steady light. The point at which the curve intersects the 
abscissa (x-axis) corresponds to the CFF. Note that at low 
adaptation levels, the shape of the curve is low-pass, meaning 
that modulation sensitivity is similar for low temporal fre-
quencies and then falls off systematically for higher tempo-
ral frequencies. At high adaptation levels, the shape of the 
curve is band-pass, meaning that modulation sensitivity is 
greatest for a band of intermediate temporal frequencies and 
systematically falls off for lower and higher temporal 
frequencies.

Figure 37.7 Temporal sensitivity data collected by Kelly. (Reproduced with permission from Kelly 1961.42) Visual attenuation characteristics, as measured with 
sinusoidal variation about different levels of retinal illuminance, are shown. (A) Threshold modulation ratios for just detectable flicker plotted as a function of 
temporal frequency. (B) Absolute amplitudes of retinal illuminance variation for just noticeable flicker plotted as a function of temporal frequency. Absolute 
sensitivity is the reciprocal of threshold absolute amplitude at each frequency.
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independent temporal frequency filters than there are filters 
conveying spatial frequency information. The number of 
temporal mechanisms identified has been shown to be 
dependent on the spatial frequency of the stimulus, in addi-
tion to the retinal location.

How can we determine whether different mechanisms are 
governing performance? One method relies on the assump-
tion that different mechanisms result in different subjective 
representations of the stimulus; that is, when separate mech-
anisms are governing detection, the stimulus looks different. 
Kelly44 and Kulikowski56 report that flickering gratings at 
threshold produce one of three percepts depending on the 
spatiotemporal parameters of the grating: slow flicker, appar-
ent motion, or frequency doubling (i.e. the perceived spatial 
frequency is twice the actual spatial frequency). This is con-
sistent with three mechanisms underlying temporal process-
ing. Watson & Robson54 measured temporal discrimination, 
that is, the ability to determine that stimuli are flickering at 
different rates. For grating patches of 0.25 cycle per degree, 
there were three temporal frequencies that were uniquely 
discriminable, which Watson & Robson54 interpreted as evi-
dence for three unique filters mediating temporal process-
ing. Mandler & Makous53 modeled temporal discrimination 
performance and also found evidence for three mechanisms 
underlying temporal processing.

An alternative method for identifying mechanisms under-
lying visual processing is that of selective adaptation. If a 
stimulus that activates one mechanism to a greater extent 
than another mechanism is presented, the sensitivity of the 
activated mechanism will be selectively depressed if the 
stimulus is viewed for a prolonged period. This should allow 
other, less sensitive mechanisms to detect the stimulus and 
hence allow their profile to be explored. Selective adaptation 
has been widely used to isolate the mechanisms underlying 
color vision processing.57 Hess & Snowden52 used selective 
adaptation with temporal stimuli to uncover temporal 
mechanisms; an example of their data is displayed in Figure 
37.9. The first stage of these experiments (not shown in the 
figure) involved measuring foveal contrast detection thresh-
olds for a wide range of spatial and temporal conditions. 
These measures were used to set the contrast of the probe 
stimulus, which was set to be just detectable (4 dB above 
threshold). The detectability of this probe stimulus was then 
measured in the presence of masking stimuli of the same 
spatial frequency but different temporal frequency. The con-
trast of the masking stimulus was varied until the probe was 
just visible.

Figure 37.9A presents data for three probes presented 
foveally with no spatial content (0 cycles per degree) but 
flickering at either 1, 8, or 32 Hz. The figure shows the  
contrast sensitivity of the mask plotted against the mask 
temporal frequency. Three mechanisms are revealed: one 
low-pass (red circles) and two band-pass (blue circles, green 
triangles). Figure 37.9B shows data for a probe of 3 cycles per 
degree, and only two mechanisms are revealed. The band-
pass mechanism, centered on higher temporal frequencies 
in Figure 37.9A disappears when the spatial frequency 
content of the stimulus increases. Using a similar method, 
Snowden & Hess58 have shown that for retinal eccentricities 
of 10 degrees, only two mechanisms are found, reducing  
to a single mechanism at eccentricities of greater than 30 
degrees.

high-frequency cut-off is at lower temporal frequencies, that 
is, a lower CFF is found for chromatic in comparison to 
achromatic stimuli for a given retinal illuminance.43

Spatial effects on temporal sensitivity
The work of De Lange40 and Kelly42 describes our temporal 
contrast sensitivity characteristics, that is, how sensitive we 
are to temporal sinusoidal variations in stimulus contrast. 
This does not consider the effect that the spatial characteris-
tics of the light source have on sensitivity. Human contrast 
sensitivity depends on both the spatial and temporal pro-
perties of the stimulus.44,45 Figure 37.8 shows a surface plot 
of the human spatiotemporal contrast sensitivity function, as 
derived by Kelly, from a large number of psychophysical 
measurements.44,46,47 One axis of the graph shows the tem-
poral frequency of the stimulus; the other shows the spatial 
frequency. The height represents the observer’s contrast  
sensitivity for the particular spatial and temporal condi-
tions.44,47,48 Paths running through the curve parallel to the 
temporal frequency axis represent the temporal contrast sen-
sitivity functions, and those running parallel to the spatial 
frequency axis represent the spatial contrast sensitivity func-
tions. The temporal contrast sensitivity function is band-pass 
at low spatial frequencies, becoming low-pass at high spatial 
frequencies.

Mechanisms underlying temporal sensitivity
The shape of the human spatial contrast sensitivity function 
has been explained in terms of a multiple-channel model in 
which the total curve is the window of a number of channels, 
each tuned to a different peak spatial frequency.49–51 Similar 
to spatial processing, there is evidence for a discrete number 
of channels for temporal processing, each tuned to a differ-
ent peak temporal frequency.52–55 There appear to be fewer 

Figure 37.8 Human spatiotemporal amplitude threshold surface obtained 
with circular gratings of 16 degrees viewed binocularly with natural pupils. 
(Reproduced with permission from Kelly 1972.46)
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that when photopic flickering lights are presented on dark 
backgrounds, interactions between rods and cones (rod–
cone interactions) act to decrease sensitivity.65–70 The effects 
of rod–cone interactions on flicker sensitivity are most sig-
nificant at high temporal frequencies (Fig. 37.10) and in the 
retinal periphery. Suppressive effects between cone mecha-
nisms of flicker thresholds (e.g. long-wavelength-sensitive 
cones and medium-wavelength-sensitive cones) have also 
been demonstrated.71,72

Within the photopic range, luminance differences between 
a flickering target and its surround are particularly important 
in determining temporal contrast sensitivity for low tempo-
ral frequencies.73–76 This is illustrated in Figure 37.11. The 
crosses represent the temporal contrast sensitivity for a sur-
round equal to the average luminance of the flickering light 
(25 cd/m2), and sensitivity at low temporal frequencies is 
constant under this condition. For either a dark surround 
(0 cd/m2, squares) or a light surround (50 cd/m2, circles), the 
sensitivity drops off at low temporal frequencies.

The presence of a surround differing in luminance from 
that of the flickering target creates a contrast border at the 
edge of the target. Spehar & Zaidi76 have demonstrated that 
the presence of such a border decreases temporal contrast 
sensitivity. Whether the background is brighter or dimmer 
is not important; rather the decrease in temporal contrast 
sensitivity depends on the magnitude of the contrast at  
the border, with larger border contrasts resulting in larger 
decreases in temporal contrast sensitivity at low temporal 
frequencies. In short, we are most sensitive to temporal 
changes when the luminance of the background is matched 
to the average of the flickering target. One experimental 
paradigm in which such surround effects become important 
is the case of luminance-pedestal flicker, which is discussed 
in the following section.

Differences between mean-modulated and 
luminance-pedestal flicker
Historically, studies of temporal sensitivity have generated 
flicker using one of two methodologies, which are illustrated 

More recent evidence suggests that these channels are not 
as independent as initially thought. Using a masking para-
digm, Cass & Alais59 demonstrated two channels underlying 
human temporal vision. High-frequency masks were able  
to suppress low-frequency targets suggesting interaction 
between temporal channels. The high-frequency channel 
was orientation invariant, which suggests a precortical origin 
(as significant orientation selectively of visual neurons is not 
apparent until V1). In contrast, the low-frequency filter dem-
onstrated orientation dependence, suggesting a cortical origin.

So what is the neural basis of these psychophysically 
measured temporal channels? Visual information from the 
retina is carried to the visual cortex, via the lateral geniculate 
nucleus, by several major neural pathways (magnocellular, 
parvocellular, and koniocellular). These pathways have been 
shown to carry largely independent, but sometimes overlap-
ping, visual information. Magnocellular neurons are capable 
of processing achromatic fast flicker.60,61 Parvocellular retinal 
ganglion cells are well established to be the physiological 
substrate for red-green chromatic modulation.61 It is impor-
tant to note, however, that retinal ganglion cell responses 
persist at considerably higher temporal frequencies than the 
human psychophysical CFF.62 This is particularly the case for 
chromatic modulation where the human psychophysical 
function limit is approximately 10–15 Hz, yet parvocellular 
retinal ganglion cells will respond up to 30–40 Hz. These 
differences are explained by models where responses from 
multiple single retinal cells converge on cortical detection 
mechanisms. The exact manner in which this convergence 
occurs and how the site of convergence is represented in the 
visual cortex is an active area of current research.20,63,64

Surround effects on temporal sensitivity
Our sensitivity to temporal variations depends not only  
on the properties of the flickering light but also on those of 
the background surrounding the light. In the dark (scotopic 
conditions), detection of light increments is mediated by 
rods, and in the light (photopic conditions), detection is 
mediated by cones. For flicker sensitivity, it has been shown 

Figure 37.9 Properties of temporal mechanisms identified using a selective adaptation method. (Reproduced with permission from Hess & Snowden 1992.52) Mask 
contrast sensitivity is plotted against mask temporal frequency for detection of a just suprathreshold probe. Data are for probes of 1, 8, and 32 Hz. The left 
panel shows data for a probe of 0 cycles per degree, for which three mechanisms are revealed: one low-pass and two band-pass. The right panel shows data 
for a 3 cycle per degree probe, and only two mechanisms are revealed.
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The effects of flicker on perception
The presence of flicker can alter both the apparent color  
and brightness of a light.82–88 When a light is flickered, its 
apparent brightness varies depending on the frequency of 
the flicker, with maximum apparent brightness occurring 
between 5 and 20 Hz. This phenomenon is known as the 
Brücke brightness enhancement effect.89 Such brightness enhan-
cement can be demonstrated experimentally by matching 
the brightness of a flickering light to that of a non-flickering 
standard.85 When the light is flickered at rates faster than 
those that result in brightness enhancement, the apparent 
brightness of the flickering light decreases. Eventually, the 
apparent brightness plateaus, and at rates beyond the CFF, 
the apparent brightness is the same as the apparent bright-
ness of a steady light equal to the time-averaged luminance 
of the flickering light. This observation was made by Talbot90 
and Plateau91 and is known as the Talbot–Plateau law. Lights 
flickering above the CFF, at which point flicker is invisible, 
appear identical to steady lights of the same chromaticity 
and time-averaged luminance. Under most conditions of 
adaptation, the Talbot–Plateau law appears to hold. One 
exception is the case of blue targets presented on bright 
yellow backgrounds, in which case the target appears more 
yellow than a steady light, even when it is not visibly 
flickering.88

Temporal phase segmentation
An important task of the visual system is to distinguish 
objects from their background, a task known as image seg-
mentation (see Chapter 32). Useful information for the 
process of image segmentation includes differences in lumi-
nance and color between the image and its background. 
Differences in temporal phase are also sufficient for image 
segmentation.92–95 For example, if a field of identical dot 
elements is rapidly flickered from black to white in phase 

schematically in Figure 37.12.77 The upper panel of Figure 
37.12 illustrates mean-modulated flicker, in which flicker is 
modulated about a mean luminance. Flicker generated in 
this fashion results in no change in the time-averaged lumi-
nance (examples of studies using mean-modulated flicker 
include those by De Lange40 and Roufs75). The lower panel 
of Figure 37.12 illustrates luminance-pedestal flicker, in 
which flicker is generated by modulating a luminance incre-
ment over time. This results in both a flickering component 
and an increase in time-averaged luminance above the back-
ground level (examples of studies using luminance-pedestal 
flicker include those of Alexander & Fishman;69 Eisner;78 
Eisner, Shapiro & Middleton;79 and Anderson & Vingrys77). 
Because both of these methods have been used to assess 
temporal sensitivity, it is important to understand whether 
they yield equivalent or differing results.

Luminance-pedestal flicker yields equivalent results to 
mean-modulated flicker only if the luminance pedestal  
has no effect on thresholds, which seems unlikely. In  
the previous section, we discussed how flicker sensitivity 
changes with light adaptation (see Fig. 37.10); as such, it 
may be expected that the local increase in luminance created 
by the luminance pedestal may act to increase thresholds. 
This is the case and has been reported by Anderson & 
Vingrys.77

Furthermore, the presence of the pedestal causes a differ-
ence between the surround and the flickering target. The 
surround affects temporal sensitivity (see Fig. 37.11), so it is 
likely that the presence of a non-luminance-matched sur-
round, created by the very nature of the luminance-pedestal 
flicker stimulus, will result in interactions that alter our sen-
sitivity to this type of target.76 It has been shown that both 
local adaptation mechanisms and surround interactions  
are important to explaining the differences in thresholds 
between mean-modulated and luminance-pedestal flicker 
thresholds.80,81

Figure 37.10 The effect of rod–cone interactions on temporal contrast sensitivity. Temporal contrast sensitivity to a 80 photopic troland sinusoidal stimulus 
measured after (1) 30 minutes of dark adaptation (closed squares) where the rods are fully sensitive; and (2) during the first 5 minutes following the 
termination of a 2-minute exposure to a 10,000 troland broad band light (partial rod bleach). After dark adaptation, temporal contrast sensitivity is attenuated 
for temporal frequencies above 6–8 Hz. Panel insets show the difference in log contrast sensitivity between the two conditions for each observer. (Reproduced 

with permission from Zele et al 2008.65)
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Chapter 35). There are a number of different perimetric 
techniques for exploring temporal sensitivity across the 
visual field: CFF perimetry (which measures the CFF for 
small spot targets at various field locations), temporal mod-
ulation perimetry (which measures temporal contrast sensi-
tivity for small spot targets either about a mean luminance 
or displayed on a luminance pedestal), and frequency dou-
bling perimetry. Frequency doubling perimetry measures 
contrast sensitivity for patches of sinusoidal grating of low 
spatial and high temporal frequency, parameters that result 
in the grating appearing to have twice its actual spatial 
frequency.

The development of perimetric methods for measuring 
temporal sensitivity has been largely directed to the detec-
tion of glaucoma or identification of glaucomatous visual 
field progression.96–103 Abnormalities in temporal processing 
have also been identified in a range of other diseases, using 
perimetric and other strategies, including: Parkinson’s 
disease, dyslexia, age-related macular degeneration, multiple 
sclerosis, optic neuritis, high-risk drusen, central serous 
chorio retinopathy, and migraine.104–115

Temporal segmentation stimuli have also been used in a 
clinical setting to assess the patency of the magnocellular 
system. Letters created from small rapidly flickering dots are 
presented, and the subject must then identify the letters. The 
dots within the letters flicker in opposite phase to the dots 
external to the letter. Temporal segmentation stimuli have 
been used to identify abnormalities in temporal sensitivity 
in dyslexia and glaucoma.116–119 A new commercially avail-
able perimeter (the Heidelberg Edge Perimeter) utilizes the 
principle of temporal segmentation.

(i.e. all dots appear white simultaneously, then black simul-
taneously), the field appears to be uniformly flickering. If, 
however, elements in a subregion flicker in counterphase to 
the rest (i.e. within the subregion the dots are white when 
those outside are black), a contour between the subregion 
and the rest of the display is observed. At high temporal 
frequencies (greater than approximately 10 Hz), the differ-
ence in phase of individual elements cannot be detected; 
however, the contour between regions is easily visualized 
provided the gap between regions is less than about 0.4 
degree.93,95 Temporal image segmentation is possible only at 
low temporal frequencies for chromatic stimuli.95

Clinical applications of temporal sensitivity 
measurements
Measurements of temporal processing have been used exten-
sively for clinical testing. Both measures of CFF and tempo-
ral contrast sensitivity have been used to explore visual 
function in disease. Often, these measures are performed 
across the visual field, with use of perimetric strategies (see 

Figure 37.11 Surround effects on temporal sensitivity. (Reproduced with 

permission from Spehar & Zaidi 1977.76) Amplitude sensitivity is plotted as a 
function of temporal frequency for different surround conditions: squares, 
0 cd/m2 (dark surround); triangles, 25.0 cd/m2 (equiluminant surround); and 
circles, 50 cd/m2 (light surround).

0.1

0.001

0.01

Se
ns

iti
vi

ty
 (A

m
p-

1 )

0.25 0.5 1.0 2.0
Temporal frequency (Hz)

0.1

0.001

0.01

Se
ns

iti
vi

ty
 (A

m
p-

1 )

0.25 0.5 1.0 2.0
Temporal frequency (Hz)

BS

JS

Figure 37.12 Schematic of mean-modulated (upper panel) and 
luminance-pedestal (lower panel) flicker from Anderson & Vingrys. 
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stationary. This phenomenon is sometimes used in shop 
fronts, where the motion induced by sequential flashing of 
lights is designed to draw attention. Apparent motion can 
be induced by a single pair of lights flashed in succession. 
This movement is also known as phi and was first described 
in detail by Wertheimer.126

The neural encoding of motion
Further evidence for motion as a primary sensory dimension 
arises from the existence of distinct neuronal architecture 
capable of supporting the encoding of motion information. 
Hubel & Wiesel127 observed that some neurons in cortical 
area V1 have directionally selective receptive fields. Cells 
with this property respond well when a stimulus moves in 
one direction, but they respond in a limited fashion, or not 
at all, when the stimulus moves in the opposite direction. 
Direction-selective neurons are not evenly distributed 
throughout area V1; they are predominantly located in layers 
4A, 4B, 4Cα, and 6.128 Layer 4Cα receives its main input 
from magnocellular pathways,129 suggesting that the magno-
cellular pathway is part of a functional specialization 
designed to carry information about motion. As discussed 
earlier, magnocellular neurons are preferentially involved in 
the visual processing of flicker.60,130–132 Signals from the mag-
nocellular pathway are passed from 4Cα to layer 4B, from 
which neurons connect to cortical area MT (medial tempo-
ral, otherwise known as area V5).133–136 In area MT a high 
proportion of directionally selective cells are present (approx-
imately 80 percent).137,138 It should be noted that not all 
magnocellular neurons follow the path to V5/MT; a number 
of neurons converge with the parvocellular neurons in  
area V1.139,140

The importance of area V5/MT to motion perception has 
been demonstrated by behavioral studies of primates with 
selective V5MT lesions. A V5/MT lesion causes performance 
deficits in motion tasks, without corresponding losses to 
visual acuity or color perception.141,142 Using a dynamic 
random-dot motion task, Newsome & Paré141 investigated 
motion perception in the presence of MT lesions in rhesus 
monkeys. This task requires the observer to identify the pre-
dominant direction of motion within a field of randomly 
moving dots (Fig. 37.13). The proportion of dots moving in 
a common direction (coherence ratio) is varied to determine 
the direction identification threshold. Key to this task is that 
the moving dots be selected randomly for each frame of 

Motion processing

The detection of motion is an extension of temporal process-
ing that forms a far-reaching separate area of study. Motion 
is a change in spatial position over time. Indeed, practically 
everything of visual interest in the world is moving, if not as 
a result of movement of the object itself, then by movement 
of the observer’s head or eyes, causing the image on the 
retina to move. As we have already discussed, the ability of 
the visual system to detect temporal changes in luminance 
is exquisite. The visual system is also extremely sensitive to 
changes in spatial position. Hence, it may seem that to 
extract motion information, all that is needed is a compari-
son of separate measurements of an object’s location at 
various times. Nevertheless, special visual mechanisms are 
specifically used for the processing of the linked spatiotem-
poral information that constitutes motion. This section 
briefly describes some perceptual and psychophysical data 
on human motion perception. A brief description of the 
neurophysiologic substrates underlying motion perception 
is included because this provides a basis for understanding 
the applications of motion tasks to the study of functional 
visual loss in disease. There are a number of detailed reviews 
of motion processing elsewhere (for example: Derrington 
et al,120 Vaina & Soloviev121).

Psychophysical and perceptual evidence for 
unique motion processing
A number of perceptual phenomena provide evidence for 
the existence of mechanisms designed specifically to process 
motion information. One of these is known as the motion 
aftereffect, which occurs after prolonged viewing of a moving 
stimulus (this is also known as motion adaptation).122–125 
After prolonged staring at a moving stimulus, stationary 
objects appear to move in the opposite direction and the 
apparent speed of moving objects is distorted. Importantly, 
the apparent position of such stationary objects does not 
change, suggesting that motion and position are encoded 
separately.

Another example demonstrating that the perception of 
motion is not merely a simple representation of physical 
motion is that of apparent motion. Apparent motion occurs 
when spatially separate lights are flashed in sequence, giving 
the perception of movement despite each light remaining 

Figure 37.13 Represention of a global-dot motion stimulus. (Reproduced with permission from Edwards & Badcock 1994.144) The subject is required to identify the 
global direction of motion of the dots (up/down). The signal strength is varied by changing the number of signal dots moving in that direction in successive 
frames. The remaining dots, the noise dots, moved in random directions. The dots that comprise the signal dots are chosen at the start of each frame.  
(A) One hundred percent signal strength condition. (B) Fifty percent signal strength condition. (C) Zero percent signal strength condition; there is no 
global motion of the dots, only random local motion.

A B C
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Motion processing

involves the combination of responses from detectors ori-
ented orthogonal to the direction of motion and those ori-
ented along the direction of motion (Fig. 37.14). The premise 
for this model was the observation that the visual system 
integrates information over time, hence that moving objects 
should leave behind ‘motion streaks’ along the direction of 
motion. Such streaks potentially provide information about 
the direction of image motion that is available to orienta-
tion selective neurons of the primary visual cortex. There is 
psychophysical evidence152–154 for visual motion perception 
being influenced by motion streaks as well as neurophysi-
ological evidence for responsivity to motion streak signals 
in primary visual cortex.155 It has therefore become apparent 
that motion and form processing are far more interlinked 
than previously thought. Such interlinking needs to be con-
sidered in the interpretation of clinical deficits of motion 
perception.

Clinical applications of motion processing
Motion perception has been explored extensively in a range 
of clinical conditions because motion is a unique sensory 
dimension, processed by a relatively well-understood neural 
pathway. As discussed in the preceding section, the detection 
of stimulus motion occurs early in the motion pathway 
(retina to V1), the ability to discriminate the direction of 
motion is first present in cortical neurons within V1, and the 
ability to extract global motion information occurs in the 
extrastriate visual areas (MT or higher). The clinical study of 
motion processing often uses tasks chosen to localize deficits 
of motion processing to these sequential stages. For example, 
if the ability to detect stimulus motion and discriminate its 
direction is intact yet global motion perception impaired, 
this suggests damage at extrastriate areas.

The ability to both detect motion and discriminate its 
direction declines with age.156,157 Motion processing abnor-
malities have been documented in Parkinson’s disease.158,159 
Global motion processing, as measured using random-dot 
global motion stimuli (similar to that illustrated in Fig. 
37.12), has been shown to be affected in people with 
migraines160 and Alzheimer’s disease.161

presentation so that the direction of motion cannot be deter-
mined by tracking the location of a single dot. Rather, the 
local motion signals must be combined over a large area of 
the visual field to determine the global motion percept. 
Newsome & Paré141 found striking elevations in such motion 
thresholds to be present when selective lesions to area MT 
were made. Newsome et al143 further demonstrated that the 
activity in a single MT cell correlated directly with the mon-
key’s trial by trial performance in a motion discrimination 
task. They also demonstrated that microstimulation of tiny 
regions of MT can bias a monkey’s motion perception in a 
manner predictable from the response characteristics of cells 
adjacent to the stimulating electrode.

Zihl et al,145 Hess et al,146 and Baker et al147 provide a 
series of reports investigating the motion perception of a 
human patient with a bilateral loss of the superior temporal 
cortical region. This patient was found to have a specific 
deficit to motion processing while other measured forms of 
visual processing were normal or relatively intact. In particu-
lar, the patient performed poorly on a random-dot motion 
task similar to that used by Newsome & Paré.141 This pattern 
of deficit is consistent with that found when area V5/MT is 
lesioned in primates, providing evidence for a similar spe-
cialized area for motion processing in humans.

In summary, motion perception (Box 37.3) appears to 
be performed largely by the visual pathway leading from  
the magnocellular layers of the lateral geniculate nucleus 
through area V1 to area MT. This pathway is not the only 
carrier of motion information in humans, however; area  
MT also receives input from the superior colliculus via the 
pulvinar.148 In addition, Nawrot & Rizzo149 have also dem-
onstrated that the cerebellum may also play an important 
role in human motion processing. In their study, motion 
direction discrimination deficits were found in a group of 
patients with acute midline cerebellar lesions. These patients 
were unable to discern the direction of motion in a global 
motion task, similar to the deficit reported following MT 
lesions in primates.141,142 Area V3 also appears important to 
human motion perception, particularly when spatial judg-
ments are required. Brain imaging studies support the 
importance of areas V5/MT and V3 to human visual motion 
perception.150,151

While the magnocellular pathways possess the temporal 
resolution capacity to subserve motion perception there is 
clear evidence for additional input of information from ori-
entation and form processing to motion perception. In 1999 
Geisler152 proposed a new model for motion perception that 

Figure 37.14 Schematic of the motion streak model of motion processing 
described by Geisler.150 The output of a direction selective neuron is 
combined with that of a neuron, or population of neurons, with oriented 
receptive fields but no directional selectivity that respond to the motion 
streak created during the temporal integration period. This combination of 
outputs significantly enhances the selectivity of the motion detection unit.

Oriented non-direction selective cell

Perpendicularly oriented
direction selective cell 

Output 

Box 37.3 Motion perception

• Normal motion perception is a precursor for many tasks of 
daily living such as driving, avoiding obstacles, and navigating 
through the environment.

• Motion perception is tested widely throughout the clinical 
and behavioral sciences.

• Deficits in the ability to detect the direction of motion are 
considered cortical as the earliest stage of the visual 
processing hierarchy capable of discriminating direction of 
motion is V1.

• Deficits in the ability to integrate local motion signals into 
coherent global percepts imply extrastriate dysfunction.
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Visual motion processing has also been extensively 
studied in individuals with glaucoma. Perimetric approaches 
to testing motion processing have been developed because 
the visual dysfunction associated with glaucoma is more 
readily measured in the peripheral visual field (see Chapter 
35). For example, random-dot motion perimetry assesses 
global motion perception at discrete locations across the 
visual field. A number of studies have found random dot 
motion perimetric deficits in glaucoma.162–169 The magnitude 
of such motion deficits in glaucoma has been shown to be 
correlated with the extent of loss for contrast discrimination 
tasks designed to assess magnocellular processing, consistent 
with the source of the motion perception loss arising prior 
to cortical processing.165 Peripheral motion displacement 
thresholds (the minimum distance for which a line or 
random-dot pattern that is laterally displaced appears to 
move) are also elevated in glaucoma.167,170–172

The temporal properties of vision are critical to the detec-
tion and perception of visual stimuli. The visual processing 
of motion, flicker, and other temporal characteristics is vital 
for us to effectively interact with and navigate through our 
environment. Because these visual functions are highly sus-
ceptible to pathophysiologic insults to the visual pathways, 
tests of motion sensitivity, flicker sensitivity, and other tem-
poral visual functions are extensively used as sensitive clini-
cal diagnostic procedures.
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C H A P T E R 38 

Development of  
Vision in Infancy

Anthony M. Norcia

The limited behavioral repertoire of the infant and the 
impossibility of instructing the test subject have made it 
necessary for vision scientists interested in human visual 
development to adapt the classical methods of psychophys-
ics and electrophysiology for use with infants and pre-verbal 
children. First these methodological adaptations and their 
interpretation in the context of a hierarchical model of visual 
processing are considered. Within this framework, the crite-
ria for selecting material for review are discussed.

Methodologies for assessing infant 
vision and their interpretation

Preferential looking
Infants’ spontaneous visual fixation is attracted to certain 
stimuli more readily than to others.1,2 In particular, infants 
prefer to look at patterned stimuli rather than regions of 
uniform brightness. This spontaneous behavior has served 
as the basis for a quantitative measure of stimulus visibility 
known as forced-choice preferential looking (FPL).3 In the FPL 
task, the infant is confronted with a randomized series of 
patterns of varying visibility, presented either on the left or 
the right of a test screen. An observer judges whether the 
infant’s fixation behavior is biased to the left or the right on 
a trial-by-trial basis. If the observer’s judgments agree (or 
disagree) systematically with the actual position of the stim-
ulus, it can be said that the infant’s behavior is under the 
control of the stimulus. Distributions of the observer’s judg-
ments for a series of stimulus values are used to plot a psy-
chometric function that relates the observer’s percent correct 
to the stimulus values presented to the infant. Thresholds 
are estimated by curve fitting and interpolation to a criterion 
value of percent correct.

Visual evoked potentials
Visual evoked potentials (VEPs) are electrical brain responses 
that are triggered by the presentation of a visual stimulus. 
VEPs are distinguished from the spontaneous electroen-
cephalogram (EEG) due to their consistent time of occur-
rence after the presentation of the stimulus (time-locking). 

For example, the abrupt contrast reversal of a checkerboard 
pattern consistently produces a positive potential at the 
surface of the scalp at a latency of approximately 100 msec 
in adults.4 Time-locked responses to abrupt presentations 
are referred to as transient VEPs. A second method of 
recording VEPs, the steady-state method, uses temporally 
periodic stimuli. For commonly used pattern reversal stimuli, 
the frequency of the repetition is often specified as the 
pattern reversal rate in reversals per sec. This rate is twice the 
stimulus fundamental frequency (in Hz), which is more 
commonly used to describe the temporal frequency of 
pattern onset–offset stimuli. As the stimulus repetition rate 
increases, the responses to successive stimuli begin to 
overlap. At high stimulation rates, the response is comprised 
of only a small number of components that occur at exact 
integer multiples of the stimulus frequency. Activity at each 
of the frequency components of the steady-state response is 
characterized by its amplitude and phase, where phase rep-
resents the temporal delay between the stimulus and the 
evoked response.

The surface-recorded VEP reflects the activity of cortical 
visual areas, with contributions from subcortical generators 
being apparent only under highly specialized recording 
conditions.5–7 The primary adaptations of adult VEP record-
ing techniques for infants involve the control of fixation 
through the use of fixation toys or super-imposed video 
images and the rejection of trials when the infant’s fixation 
was not centered on the stimulus.

Ocular following movements
Both infants and adults make reflexive eye movements fol-
lowing the presentation of a moving target. Optokinetic  
nystagmus (OKN) is characterized by a repetitive saw-tooth 
waveform. Rapid displacement of large fields also elicits 
short latency ocular following movements.8 Ocular follow-
ing can also take the form of slower, pursuit-like move-
ments.9 Reflexive eye movements are controlled by a 
combination of cortical and subcortical mechanisms.10 Infra-
red tracking, electro-oculography, and naked-eye observa-
tion of the preponderant direction of eye motion (DEM) are 
the primary assays used in infants and pre-verbal 
children.9,11
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includes information regarding the shape of extended con-
tours, figure/ground relationships, the symmetry of objects, 
surface depths, but not the identity of the objects in the 
scene. The identification of objects (object recognition), 
which involves not only visual perception, but memory, is 
conceptualized as occurring in higher-order visual and visual 
association areas functionally associated with “late vision”.

Each of the different methods for assessing visual func-
tion in the pre-verbal child has a different relationship to the 
visual processing hierarchy. The FPL technique depends on 
the integrity of the early visual system as well as additional 
mechanisms responsible for the spontaneous preference for 
pattern (labeled “preference generator” in Figure 38.1). 
Whether or not middle or late mechanisms are invoked may 
depend on the discrimination the infant is called on to 
perform. Orienting behaviors could be driven from many 
levels of the cortical hierarchy or from subcortical structures. 
In any case, the output of the preference generator must 
produce robust fixation behavior that can be detected relia-
bly by the FPL observer. Information regarding the location 
of the stimulus can be lost at the level of early vision, or at 
the level of the preference generator or by the observer of 
the infant’s behavior. Given the additional sites for potential 
information loss after early vision, FPL is a conservative 
estimator of the function of the early part of the visual 
pathway.

Like FPL, the VEP depends on the integrity of the retina 
and an unknown amount of cortical processing. Fixation, in 
the sense that the stimulus must fall on central retina is 
required, but spontaneous orientation to a preferred stimu-
lus is not. Electrical activity in the visual pathway is obscured 
by non-stimulus-related electrical activity associated with the 
EEG and muscle activity, as well as electrode-motion arti-
facts. The obscuring experimental noise can be reduced  
effectively, either through time-locked averaging or spectral 
analysis. At this point relatively little is known about the 
contribution of extrastriate cortical areas to the VEP. Given 
this, the VEP is quite likely to reflect the capabilities of early 
vision, but caution must be used in inferring the integrity  
of later stages of processing – especially if simple stimuli  
are used.

Ocular following movements require the integrity of the 
retina, certainly, but given the substantial role of subcortical 
mechanisms in the control of eye movements,10 it is difficult 
to specifically relate eye movement data to the hierarchy of 
cortical mechanisms in Figure 38.1.

This review emphasizes developmental studies that have 
used the VEP. The rationale for this choice is several-fold. 
First, there is now sufficient evidence to indicate that the 
infant VEP is generated distal to the site of orientation selec-
tivity,15,16 direction selectivity,17–19 Vernier offset detection,20 
and binocular correlation detection.21,22 All these features 
are considered to be the outputs of early vision. In adults,  
it has been found that the VEP reflects both rivalry and 
suppression23–27 as well as several aspects of middle vision, 
including figure-ground segmentation based on either 
texture or motion.28 Second, the VEP does not require visual 
preference or transfer of information through the observa-
tion of spontaneous behavior and is thus less likely to under-
estimate the capabilities of early vision. Third, the VEP 
provides a rich source of information regarding the temporal 
dynamics of the visual response. Finally, there are already 

Hierarchy of visual processing
Figure 38.1 presents the schematic framework of visual 
processing that is used to focus the discussion of empirical 
studies of visual function in infants and young children. The 
visual processing hierarchy is divided into three stages: early, 
middle, and late. The progression from early to late corre-
lates roughly with an ascent from the retina to the cortex and 
with a functional hierarchy corresponding to the complexity 
of the information extracted at each level. In this view, early 
vision begins in the retina and continues through the lateral 
geniculate and on into primary visual cortex. By the level of 
primary visual cortex, stimulus attributes such as orienta-
tion, direction of motion, and disparity have been extracted 
from the retinal images.12–14 Middle vision – the process by 
which local measurements of image features such as line 
orientation are integrated across space – begins no sooner 
than primary visual cortex and no doubt extends through a 
number of first- and second-tier extrastriate visual areas. The 
content of the representation at the level of middle vision 

Figure 38.1 Visual processing hierarchy. Top panel: schematic diagram of 
early visual pathways. VEP method records activity directly from several early 
visual areas. Preference-based behavioral measures require an additional 
“stage” at which preference and spontaneous fixation behavior is generated 
as well as a behavioral observation stage.
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movements,33–35 and FPL34,36 methods. Each of these studies 
obtained peak sensitivity measures at a mid-range of tempo-
ral frequencies (around 5–10 Hz). There is considerable 
development of contrast sensitivity in each of the techniques, 
but the absolute contrast sensitivity is higher with the VEP. 
By 10 weeks of age, infant peak contrast sensitivity over the 
0.25–1 cycle per degree (cpd) range is within about a factor 
of 2–4 of adult levels measured on the same apparatus.32,37 
Skoczenski & Norcia38 found a factor of 4 difference between 
infant and adult sensitivities at 1 cpd. Shannon and 
co-workers39 found sensitivities at 1.2 cpd that were a factor 
of 11 lower than adults at 2 months, with the difference 
decreasing to a factor of 4 at 3 months. Contrast sensitivity 
measured with the steady-state reversal VEP develops over 
progressively longer intervals as spatial frequency increases32 
(Fig. 38.3).

In contrast to the VEP, several behavioral measurements 
of contrast sensitivity in this age range are much lower than 
adult levels. Rasengane and colleagues36 reported that low 
spatial frequency flicker sensitivity of 2-month-olds was a 
factor of 45 lower than adults, with 3- and 4-month-olds 
being a little less than 20 times less sensitive with FPL. 
Brown and colleagues35 used a directional eye movement 
measure (0.31 cpd/ 15.5 deg/sec drift) and found that 
3-month-olds were a factor of 100 less sensitive than adults 
on the same measure. Dobkins & Teller34 measured both FPL 
and directional eye movement thresholds in 3-month-olds. 
They found that infants were almost 30 times less sensitive 
on the directional eye movement measure and about 60 
times less sensitive when FPL and adults’ forced choice 
thresholds were compared. FPL and directional eye move-
ment thresholds were within 20% of each other in the 
infants. In adults DEM thresholds were higher than psycho-
physical thresholds by a factor of 2–3, depending on whether 

excellent reviews that have emphasized FPL and OKN meas-
ures of developing visual function.9,29–31 In deciding which 
studies to include, emphasis has been placed on those results 
that have been replicated by more than one research group, 
wherever possible. Data from the other methods are selec-
tively discussed when these data can help to fill in gaps or 
when they illustrate particularly sharp contrasts.

Spatio-temporal vision
The retinal images contain a precise spatio-temporal 
mapping of the visual scene onto two-dimensional surfaces. 
At the most basic level of processing, the visual system must 
extract the contrast of the retinal images as a function of time 
and spatial scale. Visual sensitivity is limited by both spatial 
and temporal factors. Infant developmental studies have 
tended to focus on sensitivity along one dimension at a time 
– by measuring contrast sensitivity as a function of spatial 
frequencies for a fixed temporal frequency or vice versa. 
Sensitivity depends strongly on both parameters. While the 
FPL technique can be used at any combination of spatio-
temporal frequencies, the eye movement and VEP measures 
each require temporally modulated stimuli. Given the fun-
damental importance of contrast sensitivity for subsequent 
visual processing, contrast sensitivity and the related func-
tion, grating acuity are among the few visual functions to 
have been studied extensively with each of the major methods 
discussed above.

Figure 38.2 plots peak contrast sensitivity as a function of 
age as determined by the steady-state VEP,32 directional eye 

Figure 38.2 Peak contrast sensitivity measured with the steady-state (VEP), 
directional eye movement (DEM), and FPL methods. The VEP study32 (red 
circles) used grating patterns that were reversed in contrast at 6 Hz (mean 
luminance of 220 cd/m2). Peak sensitivity was derived from recordings over 
the 0.25 to 1 cpd range. The DEM studies (blue circles,33 half-filled circle34) 
used 0.07 to 2.4 cpd gratings drifting at a constant velocity of 7 deg/sec or 
0.25 cpd gratings drifting at 6 Hz. Dobkins & Teller34 measured FPL 
thresholds for 0.25 cpd/6Hz, as well (purple circle). Rasengane et al36 
measured contrast sensitivity for 10 deg luminance fields over the 1 to 
25 Hz range (green circles). Peak sensitivity at any temporal frequency is 
plotted. Contrast sensitivity improves rapidly within each method.

2.5

  0.5

  1

  1.5

  2

300

3

10

30

100

Pe
ak

 c
on

tra
st

 s
en

si
tiv

ity
 (l

og
 1

/%
)

Pe
ak

 c
on

tra
st

 s
en

si
tiv

ity
 (1

/%
)

0 5 10 15 20 25
Age (weeks)

30

Figure 38.3 VEP contrast sensitivity is re-plotted from Norcia et al32 as a 
function of spatial frequency and age for 6 Hz pattern reversal. Sensitivity 
development is progressively delayed at higher spatial frequencies.

300

  1

  3

  10

  30

  100

C
on

tra
st

 s
en

si
tiv

ity

0.1 0.3 1 3 10
Spatial frequency (c/deg)

30

Adult 

33

9

4



716

SECTION 11 Development and deprivation of vision   Chapter 38  Development of Vision in Infancy 

Grating acuity
At the limit of the high spatial frequency limb of the contrast 
sensitivity function lies the observer’s grating acuity. Grating 
acuity is limited by the optical quality of the eye, the spacing 
of the photoreceptors and the spatial pooling properties  
of the ganglion cells and subsequent receptive field 
mechanisms.41–44 Grating acuity is also limited by temporal 
factors, being maximal at low temporal frequencies.

VEP grating acuity has been measured most commonly 
using steady-state, pattern reversal targets in the frequency 
range of 5–10 Hz (10–20 contrast reversals per sec). The 
acuity measurement is extrapolated from the high spatial 
frequency portion of the amplitude versus spatial frequency 
function, an example of which is illustrated in Figure 38.5 
for the spatial frequency sweep technique. In this method, 
originally developed by Regan,45 the spatial frequency of a 
temporally modulated pattern is systematically changed 
(swept) over a large range of spatial frequencies that span 
the expected acuity limit of the observer. Figure 38.5 plots 
grating acuity as a function of age for such pattern reversal 
stimuli. Each study employed the swept spatial frequency 
technique. Acuity growth functions are similar across studies, 
with acuity increasing from 4–6 cpd in 1-month-olds to 
around 15–20 cpd around 8 months of age.

VEP acuity has also been measured with pattern onset–
offset stimuli, in both transient and steady-state paradigms. 
Two studies of the transient on–off acuity growth function 
found that acuity improved from approximately 2 cpd at 1 
month to 30 cpd by 5 months.46,47 A third study which used 
checks rather than gratings48 found an acuity of 2.3 cpd (cor-
rected for Fourier fundamental spatial frequency of the 
checks) at 8 weeks, with an increase to 8 cpd at 24 weeks. 

the subject’s task was detection of the direction of motion 
or simple contrast detection.

Hainline & Abramov33 used directional eye movements 
recorded by an infrared eye tracker to measure contrast sen-
sitivity. The observer made a forced choice judgment on the 
output of the tracker (noise level 0.5 deg) rather than on 
naked eye observation. Contrast sensitivity with this method 
develops to adult levels by 5 months of age (see Fig. 38.2). 
Absolute thresholds are lower than those measured with the 
VEP by a factor of about 4. Hainline & Abramov’s contrast 
sensitivities are higher than those observed by Dobkins & 
Teller34 or Brown and colleagues35 who used naked eye 
observation at substantially higher luminances. The differ-
ence in sensitivities obtained with naked eye and instru-
mented observation of eye movements suggests that at least 
some of the lower sensitivity seen in previous behavioral 
studies may have been due to information loss in the 
observer who is judging the infants’ behavioral output.

Temporal resolution
Temporal resolution is highest for coarse stimuli. The highest 
temporal frequency to which the visual system responds 
undergoes a somewhat different developmental progression 
than that for spatial resolution at low temporal frequencies. 
Figure 38.4 shows the development of temporal resolution 
measured with luminance flicker (a low spatial frequency 
target) in a large group of 130 infants and 6 adults. Temporal 
resolution was determined from the highest flicker rate from 
a large series that produced a measurable response. Adult 
temporal resolutions are approached by 20–30 weeks of age, 
a time at which grating acuity is still significantly lower than 
in adults (see Figs 38.3 & 38.5). A psychophysical study in 
children 4–7 years of age found temporal resolution to be 
fully adult at age 4, but that grating acuity continued to 
improve until about 6 years of age.40

Figure 38.4 Flicker resolution frequency, measured with the steady-state 
VEP.152 Resolution frequency increased linearly up to age 40 weeks. Adult 
values are plotted at 60 weeks. Infants in the 20–30-week age range have 
resolution acuities that are nearly adult.
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As noted above, the majority of the behavioral paradigms 
used to investigate the development of Vernier acuity con-
tained motion. Skoczenski & Aslin72 have demonstrated that 
temporally modulated stimuli improve the Vernier thresh-
olds of 3-month-old infants and suggest that Vernier thresh-
olds obtained with moving stimuli may be governed by a 
local motion mechanism rather than a position-sensitive 
mechanism. Therefore, our understanding of the develop-
mental time course of Vernier acuity and its relationship to 
the development of other visual functions is potentially  
confounded by some of the stimuli that have been used  
in behavioral paradigms to gain the infant’s attention and 
interest in the task.

The visual evoked potential (VEP) offers a unique solu-
tion to this problem. Norcia and colleagues73 have sug-
gested that by analyzing the separate Fourier components in 
the steady state visually evoked potential, Vernier response 
components may be isolated from those arising from  
stimulus motion. The VEP response to the introduction  
of a Vernier offset (alignment/misalignment) differs from 
the response to the return to alignment (misalignment/
alignment). This asymmetric response to the introduction 
and then removal of a Vernier offset is reflected in the odd 
harmonics of the response to the stimulus modulation. The 
even harmonics in the evoked potential are produced in 
response to the symmetrical spatial aspects of the stimulus 
modulation (e.g. local motion of the offset grating) and may 
be used to examine motion acuity. The results obtained with 
a sweep VEP technique74 are shown in Figure 38.7. There is 
a rapid improvement in Vernier acuity over the first 4 months 
of life. By 6 months of age, Vernier acuity has improved by 
about a factor of 7 reaching a threshold of nearly 70 seconds, 
approximately one log unit poorer than the normal adult 
values obtained psychophysically. Between 6 months of age 

When both transient onset–offset and 6 Hz contrast reversal 
stimuli were used to measure acuity in the same infants, two 
different rates of growth were found: transient onset–offset 
acuity increased 0.63 octaves per month versus 0.28 octaves 
per month with 6 Hz pattern reversal.46 These observations 
that the rate at which acuity increases depends on the 
response component being measured suggest that different 
post-receptor visual mechanisms have different rates of 
development.

Vernier acuity
Vernier acuity refers to a collection of spatial localization 
tasks requiring the detection of a misalignment relative to a 
reference. Adult Vernier thresholds are significantly better 
than would be predicted based on either the optical or ana-
tomical properties of the eye. Therefore, Vernier acuity is 
considered one of the hyperacuities.49–51 Since cortical 
processing is believed to be a critical factor limiting the 
hyperacuities,52–54 the time course for the development of 
Vernier acuity has been investigated with great interest.

Most investigations of Vernier acuity during the first year 
of life have been cross-sectional, employing behavioral 
responses to moving stimuli.55–58 However, two studies used 
stationary stimuli.59,60 The results of several of these behav-
ioral studies, plotted over the first 6 months of life, are sum-
marized in Figure 38.6. On average, Vernier acuity improves 
by about a factor of 6–8 over the first 6 months of life, with 
the best thresholds recorded to be around 200 seconds, 1.3 
to 1.8 log units poorer than adults.

While one group reported that by 5 years of age perform-
ance on their Vernier acuity task became comparable to that 
of adults,58 others report that Vernier development is incom-
plete at age 5.61–63 Based on data from preschool children, 
Vernier acuity is 2 times the adult threshold at 5.6 years of 
age (confidence interval 3.5–6.5 years).62 Thus, there is some 
agreement in the literature that the development of Vernier 
acuity is incomplete during the early school years. However 
it is not clear if development is complete before 18 to 20 
years of age.64–69 Typical adult thresholds are in the 3–8 
second of arc range.69–71

Figure 38.6 Behaviorally determined Vernier sensitivity from: triangles,55 
blue circles,57 red circles,59 squares.60
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Figure 38.7 Vernier acuity determined by the visually evoked potential 
(red circles).74 Shown for comparison are behavioral data from Carkeet and 
co-workers62 (blue circles) and from Zanker and colleagues (squares).58
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and 7.5 years, improvement occurs at a slower rate reaching 
about 40 seconds, a 1.75 times improvement over the course 
of about 7 years. After the age of 7.5 years there is another 
more rapid improvement in Vernier acuity. Although quan-
titatively better thresholds were obtained psychophysically 
by Carkeet and colleagues with stationary stimuli, there is a 
similar period during the early school years where no signifi-
cant change in threshold was found.

The developmental time course for Vernier acuity appears 
to occur in at least 3 phases. There is a rapid development 
over the first 4–6 months of life, then a more gradual 
improvement up to about 7–10 years of age, followed by a 
more rapid improvement to reach adult levels no later than 
18–20 years of age. Box 38.1 describes clinical applications 
of acuity measures and their interpretation.

Optotype acuity
Optotype recognition acuity as measured with standard eye 
charts shows a similar prolonged developmental time course. 
Improvement has been reported to continue until 2575 to 
2976 years of age, reaching 0.56 MAR (minimum angle of 
resolution expressed in minutes of arc75) to 0.67–0.69 
MAR.76–78 At age 3–5 years, chart acuity is 1.25 MAR,79,80 
about a factor of 1.8 poorer than the most conservative esti-
mate of the adult acuity noted above. At 6.8 years of age, 
chart acuity has improved to 1.09 MAR,80 a factor of 1.6 
poorer than the most conservative estimate of normal adult 
recognition acuity.

Motion

The detection of motion involves the determination of speed 
and direction. The presence of direction-selective mecha-
nisms early in development has been demonstrated using 
each of the three major methods, FPL, VEP and OKN. Direc-
tionally appropriate eye movements can be seen at term or 
even before.9,95 Uncertainty remains as to whether these early 
ocular following responses are controlled by cortical or sub-
cortical pathways. Direction selectivity has been demon-
strated behaviorally using FPL and looking time-habituation 
methods by 6–8 weeks.96,97 VEP responses associated 
with changes of direction have been recorded by 10 weeks 
of age.17,19

Figure 38.8 Directional asymmetry of monocular optokinetic nystagmus 
adapted from Naegele & Held.99 Monocular OKN is robust for nasalward 
stimulus motion (left-ward motion in the right eye and right-ward motion in 
the left eye) but is weak for temporal-ward motion. This directional 
asymmetry declines during the first few months of life.

RE

10 seconds

Monocular nasal 8 weeks

Temporal

Nasal

LE
Temporal

Box 38.1  Developmental abnormalities of VEP 
grating and Vernier acuity

Abnormalities of VEP grating acuity have been found in 
amblyopia,81,82 cortical visual impairment,83,84 Down syndrome,85 
spastic cerebral palsy,86 and albinism.87 Exposure to 
environmental toxins during development (organic solvents88), or 
nutritional status during infancy89 also affect VEP grating acuity.

Vernier acuity measured psychophysically is often more affected 
than grating acuity90–93 and is better correlated with letter acuity 
than is grating acuity.90,93 Consistent with this VEP, Vernier acuity 
is more affected than grating acuity in children with cortical 
visual impairment.84 VEP Vernier acuity is correlated with 
psychophysical Vernier acuity and with letter acuity in adults with 
amblyopia.94

Motion direction asymmetries
On any measure, the adult visual system shows roughly 
equal sensitivity for all directions of motion.98 Developing 
infants, on the other hand, show large, systematic biases in 
their monocular oculomotor and VEP responses. Monocular 
OKN is robust for nasal-ward motion, but is weak for 
temporal-ward motion during the first 3–6 months of  
life99–101 as shown in Figure 38.8. The time to attain a sym-
metric monocular OKN response may depend on the stimu-
lus velocity101 with time to maturity being later for higher 
image velocities.

Young infants also show monocular VEPs response asym-
metries suggestive of a nasal-ward/temporal-ward bias in 
cortical responses.18,19,102–105 These response asymmetries 
manifest themselves in the monocular steady-state VEP 
made in response to rapidly oscillating gratings. In adults, 
oscillating gratings produce responses primarily at twice the 
stimulus frequency (at the rate that stimulus direction 
changes, F2). In young infants, an additional response  
component is present at the stimulus frequency (first  
harmonic response, F1; see Figure 38.9). The first harmonic 
is 180 degrees out of phase in the two eyes. This pattern of 
response – a significant first harmonic that is of opposite 
phase in the two eyes – is consistent with a response  
bias that is in opposite directions in the two eyes. The abso-
lute direction of the bias, nasal-ward or temporal-ward, 
cannot be directly determined from the steady-state response. 
It is not known at present whether the cortical motion asym-
metry tapped by the VEP causes the oculomotor asymmetry 
or whether the two phenomena represent immaturities  
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in independent mechanisms with similar developmental 
sequences.

Symmetric cortical motion responses develop during the 
first 6 months of life (Fig. 38.10) for 6 Hz oscillatory motion 
of low spatial frequency gratings. Figure 38.10 plots the ratio 
of amplitudes at the first harmonic to the sum of amplitudes 
at the first and second harmonics. This index runs from 1.0 
for a completely asymmetric response to 0 for a completely 
symmetric response. Infants reach adult levels by about 5 
months of age for low spatial frequency targets oscillating at 
6 Hz.

The VEP motion asymmetry has been recorded in infants 
as young as 2 months of age,19 suggesting that cortical direc-
tion selectivity is present at this time. Interestingly, the 
motion asymmetry was undetectable in infants younger than 
8 weeks at 6 Hz, 1 c/deg. Development of motion-specific 
VEPs over the neonatal period has also been observed17 in a 
different stimulation paradigm. Wattam-Bell17 also found 
that the age of first direction-specific responses was earlier 
for lower stimulus velocities. Box 38.2 describes applications 
of the motion VEP to patients with strabismus.

Binocular vision

This section explores the development of the sensory aspects 
of binocular vision, sensory fusion (the neurological combi-
nation of the image from each eye into a single percept) and 
stereopsis (the perception of depth based on a horizontal 

Figure 38.9 VEP motion asymmetry, adapted from Norcia et al.18 
Steady-state VEPs to monocular oscillatory motion contain significant 
odd-harmonics in young infants (F1). The phase of these components is 
shifted by 180 degrees between the two eyes in an 8-week-old infant (top 
left plot, individual trials are indicated by separate lines radiating from zero). 
The presence of odd harmonics suggests that the response to left and right 
motion is asymmetric and that the dominant direction is opposite in the 
two eyes. The odd harmonic components decline in amplitude over the first 
5–6 months of age as indicated by the data from a normal 31-week-old 
(right panels). Second harmonic response (F2) are present at both ages.

Normal
(10 wk)

Normal
(31 wk)

F1

F2

disparity between the retinal images in each eye). As with all 
visual processes, the parameters of the stimulus and the 
method of measurement may limit the infant’s performance 
as well as our understanding of the developing visual system. 
Dichoptic stimulus presentations and the need to eliminate 
confounding monocular cues present unique challenges to 
studies of the development of fusion and stereopsis and have 
guided the selection of the studies reviewed.

Fusion
The most direct approach in determining the onset of sensory 
fusion in human infants has been to record a “cyclopean” 
VEP using one of two different stimuli. The first approach 

Figure 38.10 Developmental sequence for symmetric motion VEPs.19 The 
degree of motion response asymmetry can be quantified by calculating the 
fraction of the total response (first plus second harmonic) that is contributed 
by the first harmonic (asymmetry index). The monocular oscillatory motion 
VEP is dominated by the first harmonic in early infancy (asymmetry index 
greater than 0.5), but the degree of asymmetry declines rapidly over the first 
6 months for 6 Hz, 1 cpd targets. Red circles indicate mean responses for 
infants between 1.5 and 10 months. Longitudinal recordings are indicated 
by the thin lines. The smooth curves indicate a fit to the mean growth 
function ± 1 standard deviation. The blue circle indicates the average 
asymmetry index for five infants between 0.5 and 1 month of age.
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Box 38.2  Motion asymmetries in strabismus

The monocular motion VEP asymmetry persists in patients with 
early-onset esotropia,18,19,104,106–108 but is not present in patients 
with late-onset esotropia.109,110 Levels of VEP motion asymmetry 
can be reduced by alternate occlusion therapy103 or by early, 
successful surgical alignment.102,104,111,112 The development of 
motion-processing mechanisms is thus dependent on the 
presence of normal binocular interactions during early visual 
development and can be disrupted by abnormal binocular 
interactions that are secondary to strabismus. Early and accurate 
correction of strabismus appears to restore a degree of binocular 
interaction that is sufficient to promote more normal 
development of motion-processing mechanisms.
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understand the developmental sequence for stereopsis in 
humans. In the meantime, the existing studies of the devel-
opment of stereopsis will be interpreted conservatively – as 
being indicative of the development of disparity sensitivity 
– leaving open the possibility that development of more 
complex disparity processing mechanisms may occur at  
later ages.

Age of onset of disparity sensitivity
Due to the limited number of reports that have investigated 
disparity sensitivity in the developing visual system with the 
visual evoked potential, this section will emphasize studies 
that have applied the behavioral techniques of preferential 
looking and ocular following movements. Behaviorally, 
studies of the onset of disparity sensitivity have used real 
depth tests, local or linear stereograms and global or random 
dot stereograms.126 However, real depth targets and local 
tests of stereopsis contain monocular cues that can yield a 
positive response and confuse the interpretation of the 
results. Since many of the early reports that investigated the 
onset of disparity sensitivity relied on real depth tests with 
multiple cues to depth, these will not be reviewed (see Daw31 
for review). Studies employing random dot stereograms that 
rely on the detection of a horizontal displacement in the 
image presented to each eye without monocular cues will be 
emphasized. Results obtained from linear stereograms with 
adequate controls will also be summarized.

There is remarkable consistency among the various labo-
ratories and techniques concerning the onset of disparity 
sensitivity in random dot patterns that have no monocular 
cues. Sensitivity emerges between 3 and 5 months of age 
whether determined with the VEP22,119,127,128 or by behavioral 
methods.119,127,129–131

Several reports from the same laboratory using disparities 
ranging from 58 to 32 minutes of arc, have also reported the 
onset of local or linear stereopsis to be between 3 and 5 
months of age.132–135

The age at which at least 75% of infants demonstrate 
sensory fusion or disparity sensitivity is summarized across 
studies in Figure 38.11. Details concerning the stimulus and 
the measurement method for each study are provided in the 
figure legend.

Development of disparity sensitivity
Following the emergence of measurable disparity sensitivity 
between 3 and 5 months of age, the improvement in sensi-
tivity for line stereograms during the first year of life has 
been reported to be quite rapid. For a small sample of infants 
followed longitudinally (n = 16), sensitivity for crossed dis-
parities improved from 58 min at 14.8 weeks of age to 1 min 
of arc by 20 weeks of age.132 A similar time course was noted 
for uncrossed disparities that emerged slightly later at 16.8 
weeks and improved from 58 min of arc to 1 minute by 23.2 
weeks. Since the five adults tested on the same apparatus 
averaged 97.6% correct for the 1 min crossed disparity stim-
ulus and 80.2% for the 0.5 min crossed disparity stimulus 
but only 62.6% correct for the 0.5 min uncrossed disparity 
target, the authors suggested that the performance of the 
5–6-month-old infants was adult-like.132

However, it is important to recall that stereoacuity belongs 
to a family of localization tasks known as hyperacuities. 

popularized by Baitch & Levi113 and applied to infants by 
France & Ver Hoeve114 presents a uniform field to each eye 
that is modulated at two different temporal frequencies (e.g. 
8 Hz right eye, 6 Hz left eye). A cortical response recorded 
at either the sum (14 Hz) or the difference frequency (2 Hz, 
also termed the beat frequency) suggests the presence of 
binocular neurons that integrate and respond to the input 
from both eyes. Using this approach, France & Ver Hoeve114 
reported that a binocular response was present in the major-
ity of normal infants by 2 months of age. The two-frequency 
approach has also been used to study the development of 
fusion and rivalry by Brown et al.115 In that study, beat fre-
quency responses were recordable only for stimuli that had 
the same orientation in the two eyes.

The second approach to identify the integration of infor-
mation from the two eyes employs dynamic random dot 
correlograms. Correlograms consist of separate fields of 
random dots presented in a dichoptic manner to the two 
eyes. Correlograms alternate between two different phases 
– correlated and anticorrelated. In the correlated phase, the 
dot patterns are identical in the two eyes. In the anticorre-
lated phase, a dark dot in the pattern presented to one eye 
corresponds to a bright dot in the pattern presented to the 
fellow eye. The cortical response to the alternation between 
the two phases is recorded. The “cyclopean VEP” response 
to these correlated/anticorrelated stimuli has been inter-
preted as fusion without stereopsis since horizontal dispari-
ties are not induced by the stimuli.116–118 Using this approach, 
the onset of sensory fusion has been reported to occur 
between 3 and 5 months of age.21,22,119

Stereopsis and disparity sensitivity
Adult observers are able to associate the sign of disparity, 
crossed or uncrossed, with a percept of whether a stereo-
scopic target appears to be nearer or farther than fixation. 
These “signed” perceptual reports are definitive evidence for 
perceptual stereopsis. Unfortunately, perceptual reports of 
this nature cannot be obtained from pre-verbal subjects, and 
other less definitive criteria must be used to determine 
whether stereopsis, per se, is likely to be present. Most 
studies of the development of stereopsis in pre-verbal sub-
jects have taken sensitivity to horizontal disparity as being 
synonymous with the presence of adult-like stereopsis. 
However, recent studies in macaque have suggested that cells 
that can support a signed percept of depth are found in 
higher-level visual areas, rather than in V1. Cells in V1 and 
MT respond in a disparity tuned fashion to stimuli (reverse 
contrast images in the two eyes) that do not support a 
percept of depth.120,121 Disparity tuning per se, while neces-
sary for stereopsis is thus not entirely sufficient to support 
depth from disparity percepts (stereopsis). Higher-level cor-
tical areas do distinguish these two stimuli and are also 
tuned for relative disparity (differences in the disparity/
distance of different surfaces in the visual field), whereas 
cells in V1 and MT are not.122–124 Relative disparity sensitivity 
underlies form perception based on disparity, while absolute 
disparity processing may underlie the control of vergence eye 
movements (see Neri125 and Parker122 for reviews of disparity 
processing in different cortical areas). Additional criteria 
beyond simple sensitivity to disparity that can be used in 
non-invasive studies in humans will be needed to fully 
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Hyperacuities provide finer localization than predicted 
based on either the optical or anatomical49,51 properties of 
the eye. Adult stereothresholds obtained with real depth 
stimuli are extremely fine and range from about 2 to 5 
seconds with the Howard Dolman apparatus.70,136,137 Similar 
stereothresholds of about 5 seconds have been reported with 
the diastereo test138–140 another real depth test of stereopsis. 
Adult stereothresholds with random dot stereograms have 
been reported to range from 5.37 sec,137 to about 30 sec141 
with Simons142 reporting 15.1 sec. Thus, a closer look at the 
time course for the development of stereoacuity appears 
warranted. Based on the number of behavioral studies avail-
able from a variety of laboratories covering a large age range, 
the development of global stereopsis was selected for review. 
As mentioned previously, global stereopsis has the addi-
tional advantage of being based solely on the detection of 
the horizontal image displacement between the two eyes 
since the stimulus contains no monocular cues.

Figure 38.12 shows the development of disparity sensitiv-
ity during the first 18 months of life. The red symbols indi-
cate the mean stereoacuity measured behaviorally in response 
to random dot stereograms.127 The blue symbols are taken 
from Birch et al132 and represent the smallest linear disparity 
at which 50% or more of the infants tested reached criterion. 
Over the first year of life, global stereoacuity improves by a 
factor of 8, to about 120 seconds of arc, but has not yet 
reached adult levels. This improvement is greater than the 
factor of 4 or 5 reported for the development of spatial reso-
lution over the same time period.

Figure 38.13 illustrates the continued development of 
global disparity sensitivity during the preschool years. All 
show continued improvement during the pre-school years. 
Two studies also report thresholds from normal adults under 
similar test conditions. Ciner et al143 (cyan triangles) indicate 

Figure 38.11 Age at which at least 75% of those tested demonstrated 
fusion or stereopsis. Filled symbols represent studies using the visually 
evoked potential (VEP), open symbols show studies using behavioral 
paradigms (FPL), gray symbols indicate both FPL and VEP. 1.114 6 & 8 Hz 
dichoptic presentation, 2.119 correlograms, 20 min disparity (FPL), 30 min 
disparity (VEP), 3.22 correlograms, 40 min disparity, 4.21 correlograms, 5.134 
45 min crossed disparity, 6.135 32 min crossed disparity, 7.132 58 min crossed 
and uncrossed disparity, 8.133 58 min disparity, 9.128 alternation of 100 min 
crossed to 100 min uncrossed disparity, 10.127 < 1735 disparity, 11.129 30 min 
crossed disparity, 12.130 60 min disparity, 13 random dot stereogram.131
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that at age 5 disparity sensitivity is still about a factor of 3 
poorer than the adult. Simons142 (tan circles) also finds 
sensitivity is a factor of 3 poorer for 6-year-olds compared 
to adults.

Four studies that measured disparity sensitivity with the 
commercially available TNO test in school-aged children are 
illustrated in Figure 38.13. Walraven & Janzen144 (red circles) 
report that the ability to detect disparity in random dot stere-
ograms improves by a factor of 2 between the ages of 4 and 

Figure 38.12 The development of disparity sensitivity (seconds of arc) as a 
function of age (months). Global disparity sensitivity with Polaroid random 
dot stereograms (red circles127). The smallest linear disparity that 50% or 
more of the infants tested reached criterion (blue circles132).
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Figure 38.13 The development of global stereopsis (seconds of arc) as a 
function of age (years). All studies are based on a behavioral response to a 
random dot stereogram during the preschool years. Cyan triangles,143 
green squares,157 tan circles,142 blue triangles,158 purple squares,145 grey 
squares,141 olive circles,159 red circles.144
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12 years. The data also suggest additional improvement up 
to 18 years of age, the oldest reported in the study. When the 
small number (n = 4) of 6–10-year-olds tested by Sloper & 
Collins141 (purple squares) are compared to 12 adults with 
normal vision, disparity sensitivity remains a factor of 2 
poorer than that measured in the adults. Heron and 
co-workers145 (red circles) report that disparity sensitivity as 
measured by the TNO was adult-like at 5 years of age. These 
investigators also noted that among the 4 stereotests evalu-
ated in the report, the TNO gave the poorest thresholds and 
the largest variability in their sample. Using a real depth test, 
the Frisby Stereo Test, they found that disparity sensitivity 
was not yet adult-like at 7 years of age. Fox et al136 reported 
that with the Howard–Dolman real depth test, children 3 to 
5 years of age were about 2.5 times less sensitive to disparity 
than adults (12.6 versus 4.9 seconds of arc). The Howard–
Dolman task involves a depth alignment judgment where 
the presence of stereopsis is indicated when the binocular 
threshold is better than the monocular threshold.

In summary, sensory fusion has been demonstrated as 
early as 2 months of age while disparity sensitivity emerges 
no later than 3 and 5 months of age. Although there is about 
a factor of 8 improvement in disparity sensitivity for globally 
defined targets over the first year of life, disparity sensitivity 
does not reach adult levels until some time after age 5. At 
age 5 or 6, disparity sensitivity is still about 3 times poorer 
than that of the adult. Box 38.3 discusses the clinical impli-
cations of multiple developmental sequences.

Summary

Maturation of visual function in humans occurs over very dif-
ferent time scales, depending on the particular aspect of func-
tion that is being measured. Within a particular visual 
function, development may proceed at quite different rates 
during different post-natal periods. In several of the functions 
reviewed above, there is an early, rapid period of development 
that is followed by a long, slow second phase that lasts into 
childhood or even adolescence. Low spatial frequency con-
trast sensitivity appears to be the most precocious function yet 
measured. Flicker sensitivity, another function that is meas-
ured with low-spatial-frequency targets also matures rela-
tively quickly, reaching adult levels during the first 6 months. 
Grating acuity measured with mid-frequency contrast reversal 
has its initial rapid period of development during the first 8 
months, while Vernier acuity appears to develop at a different 
rate over this period and is far from adult levels.

Variations in the developmental sequences across visual 
functions presumably reflect limitations imposed at differ-
ent levels of the visual hierarchy shown in Figure 38.1. The 
critical immaturity limiting contrast sensitivity, grating 
acuity and temporal resolution may lie in the early part  
of the pathway comprised of the retina and early cortical 
visual areas. Functions such as Vernier and stereo acuity  
are known to be quite sensitive to contrast in adults and  
thus some of the immaturity in these functions is likely  
to be secondary to the reduced contrast sensitivity of the 
infant. However, other factors must also limit infant Vernier 
and stereoacuity, since their developmental sequences are 
longer than those underlying contrast sensitivity and grating 
acuity.

Box 38.3  Sensitive and critical periods  
in visual development

Periods of rapid maturation in many sensory systems are 
associated with high levels of sensitivity to the quality and 
structure of the inputs from the environment146. Periods during 
development in which the effects of visual experience on 
development are particularly strong are referred to as “sensitive 
periods”. If visual experience during a sensitive period is essential 
for development and permanently alters performance, this type 
of sensitive period is referred to as a “critical period”147. Sensitive 
and critical periods differ in the extent to which experience has a 
permanent effect. If normal experience is not present during a 
critical period, restoration of normal input cannot rehabilitate 
normal function. Abnormal visual experience either before or 
after this period is not effective in disrupting development.

The presence and timing of a sensitive/critical period for the 
development of binocular vision in humans has been inferred 
from studies of explicitly binocular functions such as the 
inter-ocular transfer of the tilt-after effect148 or stereoacuity149 
in patients who had strabismus with onset at different times  
after birth and in whom the strabismus persisted for different 
durations. Banks and co-workers148 developed a simple 
descriptive mathematical model that they used to infer the time 
during development that the binocular visual system is most 
sensitive to disruption by strabismus. Using interocular transfer  
of the tilt after-effect as the endpoint measure of binocular 
development they found that abnormal visual experience around 
1.7 years of age was maximally deleterious to final development 
for patients with infantile esotropia, but that the peak occurred at 
1.0 year in patients with late-onset esotropia. The same model 
was used to locate the sensitive period for the development of 
stereopsis149. Patients with infantile esotropia showed peak 
sensitivity to abnormal experience around 0.36 years, but that 
patients with accommodative esotropia had maximal sensitivity 
around 1.7 years. The fact that different outcome measures yield 
different estimates of the sensitive period, as do different kinds of 
strabismus suggests that there are multiple binocular sub-
systems within the visual system, as a whole, and that these each 
have different developmental sequences. The existence of 
different sensitive periods for different visual functions is well 
established in both animal150 and human models151.
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C H A P T E R 39 

Development of 
Retinogeniculate Projections

S. M. Koch & E. M. Ullian

The dorsal lateral geniculate nucleus of the thalamus (dLGN) 
is the gateway through which visual information is transmit-
ted from the retina to the cortex; therefore, visual perception 
relies on the ability of dLGN neurons to faithfully relay the 
specific features of the visual world that are encoded by the 
retina. Accordingly, the connections between retinal gan-
glion cells (RGCs) and dLGN neurons are highly precise and 
organized.1,2 For instance, RGC projections are arranged 
such that neighboring cells in the retina innervate neighbor-
ing cells in the dLGN creating a retinotopic map in the 
thalamus that is capable of maintaining the spatial features 
of the visual scene.3 Furthermore, the resolution of the 
retinal map is also maintained in the dLGN since at maturity 
few RGCs converge onto dLGN neurons; consequently, 
dLGN receptive fields are similar to those of RGCs in their 
size and structure.4 Another key feature of retinogeniculate 
organization, which is important for binocular vision, is that 
the axons arising from each eye are segregated within the 
dLGN.1 As a result, mature dLGN neurons are monocularly 
driven.1,2 Finally, some cell-type-specific organization also 
exists in the dLGN since different types of dLGN neurons 
reside in distinct laminae and receive inputs from different 
subtypes of functionally distinct RGCs.2,5–8

How does precise retinogeniculate circuitry get estab-
lished during development? Numerous experiments have 
demonstrated that many aspects of retinogeniculate con-
nectivity are initially imprecise, and that the immature  
circuit must subsequently undergo refinement in order to 
achieve its finely tuned mature form.9–16 Much of this refine-
ment occurs before the onset of vision,10,11 and it is now well 
established that this early refinement requires both sponta-
neous retinal activity and molecular cues that are present 
over development.11,17–19

Retinogeniculate projections are 
refined during development

Anatomical studies have shown that when the axons from 
the two eyes initially invade the dLGN their arbors are exten-
sively overlapped,13,20 and functional studies have demon-
strated that these overlapping projections give rise to 
binocularly innervated dLGN neurons.14,21 After this initial 
connectivity is established there is a specific developmental 

window during which the axons from each eye segregate into 
non-overlapping territories.15,16 This “eye-specific segrega-
tion” results in a pattern of ipsilateral and contralateral pro-
jections that is highly stereotyped both in size and placement 
within the dLGN. Eye-specific inputs also segregate function-
ally. As RGC axons become restricted to the appropriate 
region of the dLGN their functional synaptic connections in 
the inappropriate region are lost, resulting in monocularly 
driven dLGN neurons.14,21 In mouse, electrophysiological 
recordings have demonstrated that dLGN neurons are ini-
tially weakly innervated by 12–30 RGCs which get refined 
down to 4–6 inputs from each eye as segregation proceeds, 
and finally to just 1–3 strong inputs from a single eye at 
maturity.14,21,22 While the convergence of RGC inputs onto 
individual dLGN neurons gets reduced, the nearest neighbor 
relationships among RGCs are maintained, and thusly, the 
retinotopic map is sharpened.23

In addition to eye-specific segregation, RGC axons 
undergo further restriction of their arbors into functionally 
distinct sublaminae. For example, each major class of gan-
glion cell consists of two subtypes: cells that are depolarized 
(ON ganglion cells) or hyperpolarized (OFF ganglion cells) 
by light onset.24 At maturity these parallel ON and OFF 
pathways are segregated in the dLGN at the level of single 
neurons; individual dLGN neurons generally respond to 
increments or decrements in light but not both. In some 
species, such as the ferret, dLGN neurons receiving ON input 
and OFF input reside in two distinct sublaminae within each 
eye-specific layer,25 and these sublaminae develop just after 
eye-specific segregation and before opening.26 The emer-
gence of On and Off sublaminae before the onset of vision 
precludes a physiological assessment of whether dLGN 
neurons transiently receive converging ON and OFF synaptic 
inputs. However, this is likely because before these On and 
Off sublaminae form RGC axons initially arborize over both 
the inner and outer half of each eye-specific layer.26

Among the classes of RGCs that project to the dLGN are 
Y cells which process movement, X cells which are respon-
sible for image acuity, and a heterogeneous population of 
W cells.2,10,27 Whether individual dLGN neurons initially 
receive synaptic input from these multiple classes of gan-
glion cells is unclear.10 In the primate, however, magnocel-
lular and parvocellular pathways project to distinct regions 
of the dLGN from early stages as their axons innervate 
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targets.28,29 This suggests that during primate development 
single dLGN neurons may receive inputs from just one class 
of RGC. This specificity could be due, at least in part, to the 
generation of different retinal ganglion cell classes at differ-
ent times during development,30 and to the fact that the 
axons of parvo cells reach the dLGN before those of magno 
cells.28 In addition, in primates the axons from the two eyes 
may initially innervate the dLGN in a somewhat eye-specific 
manner; thus, the primate retinogeniculate connection may 
require less refinement than that of other mammals.31

Interestingly, studies also suggest that once the mature 
pattern of anatomical and functional connections has been 
established they must be actively maintained.32–35 Taken 
together, these data indicate that the mature retinogeniculate 
connection must be sculpted out of an initially over-
connected circuit, and that the extent of this refinement  
may vary from species to species. These data also suggest  
that retinogeniculate development occurs over several stages 
beginning with the segregation of eye-specific inputs, fol-
lowed by a more fine-scale refinement phase that sharpens 
the retinotopic map, and a final maintenance phase during 
which this connection remains malleable.36

Activity-dependent refinement of 
retinogeniculate projections

Once it was appreciated that much of the initial develop-
ment and refinement of retinogeniculate projections occurs 
before the onset of vision, these findings raised the question 
of whether synaptic transmission and/or neuronal activity 
are required for refinement. The first demonstrations that 
action potentials are required for eye-specific segregation 
came from studies in which tetrodotoxin (TTX) was used to 
block sodium channels in fetal cat brain. This activity block-
ade prevented the formation of eye-specific domains.37,38 
Further experiments found that spontaneous activity is  
generated in the retina during eye-specific segregation and 
when spontaneous retinal activity is disrupted eye-specific 
layers do not form.39 In addition, activity disruptions that 
prevent axon refinement also lead to larger than normal 
receptive fields.40–42

After eye-specific segregation, neural activity also contrib-
utes to the refinement of ON and OFF inputs in the dLGN. 
In the ferret visual system either blockade of retinal activity 
or postsynaptic N-methyl-D-aspartate (NMDA) receptor 
activity disrupts the formation of ON and OFF sublami-
nae.43,44 This suggests that synaptic transmission from the 
retina to the dLGN is necessary for at least this one aspect 
of retinogeniculate refinement; although the specific role of 
synaptic transmission and plasticity in this and other aspects 
of retinogeniculate refinement warrants closer investigation.

After retinal inputs are segregated within the dLGN neural 
activity continues to be required for maintaining the preci-
sion established during development. For example, block-
ade of retinal activity after eye-specific layers have formed in 
the ferret causes the silenced projections to lose the territory 
that they had previously occupied.32 Similarly, blockade of 
late stage activity in mice with TTX disrupts synaptic refine-
ment, preventing the elimination of weak inputs and the 
strengthening of remaining inputs.35 In addition, analysis of 
a mutant mouse that develops excessive retinal activity after 

eye-specific segregation found that this increased activity is 
capable of desegregating retinal inputs. This mutant mouse, 
termed nob1 (no b wave), lacks a protein necessary for pho-
toreceptor to bipolar cell synaptic transmission and at the 
time when vision through photoreceptors would normally 
ensue it instead develops abnormally high rates of spontane-
ous retinal activity. Since spontaneous retinal activity is 
unaltered in these mice during the period when eye-specific 
segregation normally occurs, their axons initially segregate 
normally.33,45 However, with the onset of the abnormally 
high-frequency activity the eye-specific inputs desegregate, 
leading to increased axonal overlap. In addition to this late 
requirement for normal spontaneous activity, visual input 
also appears to play an important role in the maintenance 
of retinogeniculate refinement. If animals are deprived of 
visual input when the late stages of within-eye refinement 
are nearly complete, dLGN neurons will become multiply 
innervated again, essentially reverting to a more immature 
innervation state.34,35

Together these experiments indicate that spontaneous 
activity is required for driving both eye-specific and On–Off 
segregation and that both spontaneous and visually evoked 
retinal activity are necessary for maintaining segregation.

What parameters of activity drive refinement?
Retinal activity is necessary during each stage of retinogenic-
ulate development, but what aspects of activity are required? 
Theoretical studies propose that patterned activity that pref-
erentially correlates the spiking of nearby cells but not 
distant cells is likely to be essential. In the visual system, 
patterned retinal activity is known to be present before 
vision,46,47 and developmental mechanisms within the retina 
produce a pattern of activity that meets these theoretical 
criteria for segregation. For instance, both multielectrode 
array recordings and calcium imaging experiments have 
revealed that bursts of activity are correlated among neigh-
boring RGCs and these bursts propagate in a wave-like 
fashion across the retina.18,48–50 These “retinal waves” have 
now been observed in many vertebrate species suggesting 
that this activity pattern may be a conserved mechanism 
governing vertebrate visual system development (Fig. 39.1).

Three stages of patterned wave activity have been described 
in the developing retina. Interestingly, at each stage the activ-
ity is mediated by distinct mechanisms and displays unique 
properties, such as the frequency of the activity, the area of 
the retina involved in the correlated activity, and the speed 
of the propagating wave.51–53 These studies suggest that the 
unique features of these stages might contribute to the spe-
cific aspects of refinement that occur during each stage. The 
first stage of retinal activity, stage I, consists of infrequent 
bursts of patterned activity which appear embryonically  
and are largely mediated by communication through gap 
junctions.54 The bulk of retinogeniculate refinement occurs 
during stage II waves. Stage II waves are mediated by acetyl-
choline release from starburst amacrine cells48,55 and occur 
embryonically in mammals born with their eyes open and 
postnatally in mammals born with their eyes closed.54,56 The 
final stage of patterned spontaneous activity, stage III, is 
mediated by glutamatergic transmission from bipolar cells, 
spans the period of eye opening, and is propagated, at least 
in part, due to glutamate spillover.18,33,54,56–59 Interestingly, 
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more distant RGCs or RGCs from different eyes must exhibit 
less correlated spiking; thereby allowing for the strengthen-
ing of the temporally correlated neighboring inputs and the 
weakening of the uncorrelated inputs. Indeed, these require-
ments are met as a consequence of wave propagation. For 
example, during a wave neighboring RGCs are co-activated 
causing their firing to become more synchronized than that 
of non-neighboring RGCs. In addition, the random nature 
of wave initiation and the relatively long refractory period 
between waves results in a low probability of coincident 
firing of more distant ganglion cells or ganglion cells in 
separate eyes. This favors the segregation of inputs from dif-
ferent eyes, and could simultaneously remodel both the con-
nectivity between the two eyes and refine the retinotopic 
map within each eye.70,71

Anatomical studies in mice have shown that stage II 
waves are of particular importance for eye-specific segrega-
tion since this segregation occurs during stage II waves and 
disruption of stage II waves through binocular injections of 
epibatidine prevents eye-specific segregation during this 
period39 (Fig. 39.2). These data show that stage II waves are 
required for eye-specific segregation – but are they permis-
sive or instructive for segregation? The data regarding this 
question are somewhat conflicting. Studies of mice lacking 
the nicotinic acetylcholine receptor subunit β2 have sug-
gested that retinal wave structure is critical for driving segre-
gation since in these mice, which retain retinal activity but 
have severely altered wave structure,54,72,73 eye-specific refine-
ment does not occur during stage II.54,73,74 On the other 
hand, the first study to abolish retinal waves without disrupt-
ing the overall level of retinal activity did not find any deficit 
in eye-specific segregation.75 In addition, studies of other 

during stage III waves, ON and OFF RGCs fire at different 
rates and are anti-correlated60–62 as do other subtypes of 
RGCs such as X, Y, and W, which could play a role in the 
segregation of these distinct types of inputs.63

By what mechanisms do retinal waves drive changes in 
retinogeniculate connectivity? A common mechanism that 
appears to underlie the development of connection specifi-
city throughout the nervous system is activity-dependent 
competition among presynaptic inputs for postsynaptic 
space.64,65 This competition is driven by neural activity, but 
how? Evidence that eye-specific segregation involves compe-
tition among RGC inputs comes from studies in which activ-
ity was either blocked or enhanced in one eye resulting in 
alterations to the pattern of ipsilateral and contralateral pro-
jections. In these studies when epibatidine was used to block 
cholinergic transmission in just one eye, the projections 
from the blocked eye lost territory in the dLGN while the 
projections from the active eye expanded their coverage.39 
The converse was also true; that is, when activity was 
increased in one eye by intraocular administration of either 
forskolin or the cyclic AMP analog, CPT-cAMP (which 
increase the size, frequency, and speed of waves), the projec-
tions from the more active eye gained territory in the dLGN 
at the expense of the non-enhanced eye’s projections.66,67

Both experimental and theoretic studies suggest that in 
addition to overall activity levels, specific aspects of pat-
terned spontaneous activity may drive segregation through 
Hebbian mechanisms that strengthen and eliminate synap-
tic inputs over time.68 This Hebbian model of synaptic com-
petition predicts that ganglion cells that “fire together, wire 
together”.69 For Hebbian mechanisms to drive segregation, 
neighboring RGCs must fire in a correlated manner while 

Figure 39.1 The immature retina generates a 
pattern of synchronized bursting activity before 
vision. (A) Multielectrode recording of the spike 
activity from many cells in the isolated but intact 
ferret retina reveals the presence of rhythmic 
bursting in individual cells (each line). The bursts 
of four neighboring cells (shown by the vertical 
histograms) are correlated in time. (B) During a 
burst of activity, retinal ganglion cells are 
activated sequentially as a wave propagates 
across the recording electrodes. Shown here is an 
example of such a wave propagating across the 
hexagonal multielectrode array. Left to right: 
Sequential “snapshots” of the activity recorded 
every 0.5 second. Each dot is a cell, and the size 
of the dot is proportional to the spike rate.  
(C) Retinal waves are easily observed using 
calcium imaging. Changes in fluorescence 
intensity over time detected using a low-light 
camera show two waves that collide in a 
neonatal mouse retina. First panel shows the 
fluorescence labeling by fura-2, and white 
regions in the subsequent images show 
elevations in intracellular calcium. * = Optic 
nerve head.
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for driving eye-specific segregation, such as the amount of 
correlated firing that occurred in bursts with frequencies 
greater than 10 Hz. In addition, they found the relative dif-
ference in the correlation strengths between neighboring and 
distant RGCs to be critical, rather than the overall activity of 
the RGCs or the precise time window of RGC firing. This 
study suggests that retinal waves encode information that 
instructs retinogeniculate refinement, though this topic 
remains controversial. As mentioned above, in the nob1 
mouse the onset of altered late-stage waves causes eye-
specific inputs to desegregate. Interestingly, the altered waves 
in the nob1 mice display correlations that are stronger 
between neighboring RGCs than distant RGCs, similar to  
the correlation structure found by Feller and colleagues to 
promote eye-specific segregation. This suggests that, at least 
for stage III waves, the levels of activity can also affect retino-
geniculate development. In the nob1 mouse it is likely that 
very high frequency of waves leads to increased co-incident 
firing of RGCs in different eyes, thus leading to the re-growth 
of new inputs and/or the strengthening of residual inputs.33,36

Synaptic inputs change strength  
with segregation
Electrophysiological recordings have shown that the conver-
gence of functional synaptic inputs onto individual dLGN 
neurons dramatically decreases over development.14,21,22,78 As 
discussed above, evidence suggests that specific aspects of 
retinal wave structure likely play an instructive role in retino-
geniculate refinement by driving Hebbian learning rules at 
retinogeniculate synapses. Presumably, the correlated firing 
of neighboring RGCs leads to increased synaptic strength 
which in turn stabilizes the axon arbors containing the 
strengthened synapses. Conversely, uncorrelated firing leads 
to decreased synaptic strength which ultimately leads to the 
elimination of the weak synapses and the axon collaterals 
on which they reside. So, what are the synaptic learning rules 
that operate at retinogeniculate synapses, and what molecu-
lar mechanisms translate changes in synaptic strength into 

Figure 39.2 Both spontaneous retinal activity and ephrin signaling are 
required for the normal segregation of eye-specific inputs in the dLGN. 
Diagram illustrates projection patterns in the rodent dLGN. (A) Initially the 
projections from both eyes overlap in the dLGN. In rodents this pattern can 
be seen between P1–P4. (B) During stage II retinal waves the inputs from 
each eye segregate into non-overlapping regions with their mature pattern 
emerging around P10. (C) Pharmacological ablation of stage II waves 
prevents segregation during this period. (D) In the β2nAchR knockout 
mouse, waves with altered correlation structure and frequency also prevent 
segregation during stage II. (E), (F) Eye-specific segregation involves 
activity-dependent competition. (E) When stage II waves are blocked in one 
eye with epibatidine the projections from the blocked eye lose territory in 
the dLGN while the projections from the normally active eye expand. (F) 
When stage II waves are increased in size and frequency in one eye, the 
projections from the enhanced eye gain territory in the dLGN at the 
expense of the other eye’s projections. (G) Ephrin As are required for the 
normal size, position, and pattern of eye-specific layers. Mice lacking ephrin 
A2, A3, and A5 undergo eye-specific segregation but do not form normal 
eye-specific laminae. (H) When activity is blocked in both eyes of ephrin A2, 
A3, and A5 knockout mice eye-specific segregation does not occur, and 
ipsilateral and contralateral projects are overlapped throughout most of  
the dLGN.
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mice with disrupted waves indicated that although these 
animals display defects in eye-specific segregation,74 when 
certain aspects of the waves were rescued this did not lead 
to the rescue eye-segregation.76

In an effort to determine the specific parameters of waves 
that might be necessary for eye-specific segregation the Feller 
laboratory analyzed a number of mutant mice with different 
retinal wave disruptions and varying degrees of eye-specific 
segregation.77 Based on these comparisons they concluded 
that several aspects of retinal waves are likely to be essential 
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molecules are likely to be involved in this process. The first 
such example was the class I major immunohistocampatibil-
ity complex (MHC). This protein is upregulated by activity 
in the dLGN during the time of eye-specific segregation, and 
MHC I knockout mice display overlapping eye inputs.85–87 
The neuronal pentraxins (NPs) are another example of  
activity-regulated genes shown to be involved in eye-specific 
segregation, and interestingly, NPs are also immune-related 
molecules that share some sequence similarity to the short 
pentraxins, C-reactive protein, and serum amyloid P. Like 
MHC, NPs are highly expressed during retinogeniculate 
refinement, and animals lacking two NPs, NP1 and NP2, 
display overlapping eye inputs past the normal period of 
segregation.88 Both MHC and NPs may directly affect synap-
tic function.85,89,90 Another example of molecular mecha-
nisms that may couple functional and structural changes in 
the dLGN comes from studies of the complement pathway. 
Several strains of mice with deletions of protein in the clas-
sical complement pathway have overlapping eye-specific 
input in the dLGN. The complement pathway is well known 
for mediating phagocytosis of dead or infected cells. Because 
complement appears to co-localize with a subset of synapses 
in the dLGN, one possible role for the complement pathway 
is that it may tag weak inputs that are slated for removal 
during the period of eye-specific segregation.84

Molecular mechanisms guiding the formation 
of eye-specific axonal territories
In addition to the molecular mechanisms discussed above, 
activity-independent molecular mechanisms also play a role 
in shaping the mature pattern of retinogeniculate connec-
tions. Because the size and position of the eye-specific 
regions in the dLGN are highly stereotyped from animal to 
animal and symmetrical on both sides of the thalamus, it 
has long been speculated that molecular cues must deter-
mine where inputs from each finally coalesce.11 What cues 
might guide the inputs from the two eyes into their distinct 
territories? Interestingly, in achiasmatic sheep dogs with 
uncrossed eye projections, inputs from the normally crossed 
nasal and the uncrossed temporal retina still segregate in the 
dLGN,91 strongly indicating that molecular cues direct eye-
specific segregation by marking the temporal and nasal 
retina. Work on retinotectal mapping has shown that the 
nasal and temporal retina can be distinguished by their dif-
fering expression of EphAs92 and both the EphAs and their 
binding partners, ephrin-As, play a critical role in eye-specific 
segregation in the dLGN. Mice lacking three of the ephrins, 
A2, A3, and A5 still display activity-dependent segregation 
of eye-specific inputs, but the eye-specific regions are frac-
tured and do not form distinct layers in the dLGN.93 If these 
triple knockout mice are subjected to activity blockade 
during the period of eye-specific segregation their retinal 
inputs form a permanent salt and pepper pattern of inter-
mingled inputs. In addition, retinal overexpression of EphA3 
or EphA5 can lead to mistargeting of retinal inputs to the 
incorrect eye-specific layer despite normal retinal patterned 
activity.94 These data indicate that EphA–EphrinA interac-
tions shape the final pattern of eye-specific inputs. These also 
indicate that activity and ephrin signaling act in parallel and 
are both required for the normal organization of retino-
geniculate inputs. In addition, activity manipulations do not 

altered morphology? The answers to these questions are still 
largely unknown; however, some insight has been gained 
and is discussed below.

The first study to demonstrate that retinogeniculate  
synapses can undergo synaptic plasticity stimulated RGC  
afferents in a retinogeniculate slice preparation with high-
frequency trains and showed that this strengthened retino-
geniculate synapses in an NMDA receptor-dependent 
fashion. However, one caveat to this study was that the high-
frequency trains were faster than those typically observed 
during retinal waves.79 Using a preparation containing intact 
retinal inputs to the dLGN combined with patch-clamp 
recordings Mooney et al demonstrated that, during segrega-
tion, retinal inputs are capable of driving postsynaptic dLGN 
spiking, a prerequisite for Hebbian-based learning.80 More 
recently, Butts and colleagues, using stimulation that more 
accurately reflects endogenous activity patterns, described a 
burst-timing-dependent plasticity protocol that was capable 
of both strengthening or weakening retinogeniculate syn-
apses depending on whether presynaptic and postsynaptic 
bursts (10–20 Hz) were coincident or non-overlapping.81 In 
addition to this homosynaptic learning rule, synaptic weak-
ening may also occur via heterosynaptic depression. In 
support of this idea, trains of synaptic stimuli from one eye 
were shown to lead to depression of the opposite eye 
inputs.82 Undoubtedly, future studies will further elucidate 
the types of plasticity mechanisms that influence the devel-
opment of this connection. In particular, since the distinct 
stages of retinal activity differ in their wave parameters it will 
be interesting to find out whether the synaptic plasticity rules 
operating in the dLGN change over these stages. For instance, 
in ferrets it was reported that NMDAR activation is not 
required for eye-specific segregation, but is required for 
On–Off segregation.43 Interestingly, toward the end of the 
period of stage III waves, both spontaneous activity and 
vision were shown to preferentially drive the glutamate 
receptor subunit 1 into retinogeniculate synapses.83

While, as previously mentioned, the number of RGCs 
innervating individual dLGN neurons decreases dramatically 
over development,21,22,78 the total number of synapses made 
onto individual dLGN neurons seems to remain fairly con-
stant.22 This finding is analogous to the refinement of motor 
neuron inputs at the neuromuscular junction where a single 
motor neuron takes over the synaptic territory of multiple 
motor neurons.65 The mechanisms controlling total synapse 
number are not known. In addition, some mutant mice 
retain excess retinal inputs into adulthood, yet these extra 
inputs do not drive aberrantly large synaptic currents.35,84 
These studies suggest that the total synaptic drive received 
by dLGN neurons is under homeostatic regulation.

Molecular mechanisms involved in  
activity-dependent axonal segregation
A major area of research that remains is to elucidate the 
molecular mechanisms that translate changes in synaptic 
drive into altered synapse and axon morphology. The use of 
transgenic mouse lines has led to tremendous advancement 
in our understanding of these molecular mechanisms. 
Screening of mutant animals that display fairly normal 
retinal waves yet have severely disrupted eye-specific segrega-
tion has demonstrated that several types of immune-related 
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53. Firth SI, Wang CT, Feller MB. Retinal waves: mechanisms and function in visual system 
development. Cell Calcium 2005; 37(5):425–432.

54. Bansal A et al. Mice lacking specific nicotinic acetylcholine receptor subunits exhibit 
dramatically altered spontaneous activity patterns and reveal a limited role for retinal 
waves in forming ON and OFF circuits in the inner retina. J Neurosci 2000; 
20(20):7672–7681.

55. Zheng JJ, Lee S, Zhou ZJ. A developmental switch in the excitability and function of the 
starburst network in the mammalian retina. Neuron 2004; 44(5):851–864.

56. Syed MM et al. Stage-dependent dynamics and modulation of spontaneous waves in the 

seem to affect ephrin expression, nor does the loss or over-
expression of ephrins impact activity levels, further suggest-
ing that these pathways act largely independently from one 
another.19,94

Summary

The mature retinogeniculate pathway is highly organized in 
structure and function, and a clearer understanding of how 
this precise organization develops continues to emerge. It  
is now well established that both activity-dependent and 
-independent mechanisms shape this final organization. 
Specific features of spontaneous retinal activity appear to be 
critical, suggesting that activity may work in an instructive 
fashion. An important task for future studies will be to 
further elucidate the synaptic and molecular mechanisms 
that turn activity into structural changes in this pathway. The 
use of transgenic animals and additional genetic and mole-
cular screens will allow for greater molecular insight into the 
mechanisms that underlie both the activity-dependent and 
-independent aspects of this process. Each stage of refine-
ment, between eye, within eye, ON vs OFF, may employ 
some similar and unique mechanisms to mediate refine-
ment. In summary, the retinogeniculate projection has 
proven to be a fascinating example of central nervous system 
development, and further studies in this system will con-
tinue to advance our understanding of the processes leading 
to developmental refinement throughout the nervous system.
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C H A P T E R 40 

Developmental Visual 
Deprivation

Yuzo M. Chino

The vision of newborn infants is crude. As infants experience 
the normal visual environment, their vision rapidly improves 
with different visual capabilities emerging at different ages. 
Determining the exact timing for the behavioral onset of 
specific visual functions and identifying the critical factors 
that limit their development have been the primary focus of 
perceptual and physiological studies on vision development. 
Although immaturities of the physiological optics and ocular 
motility are known to affect the infant’s vision soon after 
birth, the maturation of the retina and, to a greater extent, 
the visual cortex largely set a limit on their normal percep-
tual development.1,2

The neuronal connections of the visual cortex are malle-
able for a considerable time after birth, the “critical” or 
“plastic” period of development. The postnatal development 
of the visual cortex, therefore, requires normal visual experi-
ence and precise matching of the images in the two eyes. 
Experiencing binocularly discordant images early in life, a 
binocular imbalance, has devastating effects on the develop-
ment of the visual system because after eye opening, the 
neurons in the highly plastic visual cortex receive robust 
signals from the two eyes that do not match. Prevalent 
abnormal visual conditions that can cause binocular imbal-
ance are early monocular form deprivation, unilateral 
defocus, and ocular misalignment. Experiencing binocular 
imbalance during early infancy causes binocular vision dis-
orders, and if untreated, amblyopia is likely to develop.

Topics in this chapter cover what we currently know 
about the perceptual consequences of early abnormal visual 
experience, the neural basis of altered vision, and the synap-
tic and molecular mechanisms of cortical plasticity.

Macaque monkeys are ideal animal models for exploring 
the neural mechanisms underlying developmental vision 
disorders in humans. The anatomical and physiological 
organizations of their visual system are nearly identical to 
humans. Perceptual studies in normal mature monkeys have 
extensively documented the striking similarities in monocu-
lar and binocular visual capabilities between macaque 
monkeys and humans.3,4 The relative (scaled) time course of 
normal visual development in macaque monkeys parallels 
that of humans.5–8 The primate visual cortex is structurally9 
and functionally10,11 more developed at or near birth than 
the visual cortex in lower species.

Many important discoveries on vision development have 
been made on sub-primate species (e.g. cats, ferrets, rats, and 
mice).12–16 However, in lower animals it is not always pos-
sible to establish a link between neural and perceptual defi-
cits resulting from early abnormal visual experience. This 
chapter, therefore, will primarily review studies on non-
human primates. Studies with human infants are mentioned 
when appropriate, and research in sub-primate species is 
described in detail mostly where the neural and molecular 
basis of cortical plasticity is discussed.

Effects of early monocular  
form deprivation

Constant monocular form deprivation
Monocular form deprivation can result from an occlusion  
of the image in one eye or from a severely degraded image 
in the affected eye. Congenital dense cataracts and ptosis  
are the common causes of monocular form deprivation in 
human infants. To create primate models of monocular 
form deprivation, the eyelids of infant monkeys are surgi-
cally closed,17 or more recently, by wearing diffuser lenses in 
front of one eye.18

Perceptual deficits
All binocular functions including local/global stereopsis and 
binocular summation of contrast sensitivity are severely 
compromised or lost following early monocular form dep-
rivation.17,19 The visual sensitivity of the deprived eye is dra-
matically reduced or virtually lost, form deprivation amblyopia 
(Fig. 40.1A).17,19,20 Importantly, the severity of the contrast 
sensitivity loss resulting from monocular form deprivation 
is directly related to the degree of retinal image degradation 
during early infancy (Fig. 40.1B).18

Monocular deprivation also leads to an abnormal elonga-
tion of the eyes, hence, the development of myopic refrac-
tive errors.18,21,22 The deleterious effects of early monocular 
deprivation on spatial vision development are generally  
far more severe than the anomalies resulting from form 
deprivation in both eyes, bilateral form deprivation (Fig. 
40.2).23,24 As in monkeys with monocular form deprivation, 
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the intrinsic long-range horizontal connections extending 
over multiple ocular dominance columns reorganize their 
wiring pattern in the cat primary visual cortex.30,31

Electrophysiological studies consistently report the severe 
loss of binocularly driven cells, i.e. neurons that can be acti-
vated by stimulation of either eye. In addition, there is a 
clear shift in the ocular dominance distribution of cortical 
neurons away from the deprived eye. Specifically, the per-
centage of V1 neurons that can be activated or dominated 
by stimulation of the deprived eye is significantly decreased 
(Fig. 40.3).26,27,32 The reduced functional innervation from 
the deprived eye is, at least in part, the neural basis for 
“undersampling” of visual scenes by the affected eye in form 
deprivation amblyopia.33

For subcortical structures, there is a mild shrinkage of  
cell bodies of LGN neurons that receive input signals  
from the deprived eye.25,26,34 However, the response pro-
perties of these primate LGN neurons are largely unaffected 
by early monocular form deprivation.26,35,36 Interestingly, 
there is considerable evidence for functional alterations in 
the cat LGN due to early abnormal visual experience.12,37–39 
For the primate retina there are no significant structural or 
functional abnormalities due to early monocular form dep-
rivation. Together, major neural changes resulting from early 

bilateral form deprivation leads to a significant loss of  
binocular functions including the detection of stereoscopic 
cues and binocular summation of contrast sensitivity  
(Fig. 40.2). In these binocularly deprived monkeys, the 
binocular contrast sensitivity function (square symbols) 
overlaps with the better monocular sensitivity function 
(open circles).23

Neural changes
The most consistent effect of early monocular form depriva-
tion on development is anomalous changes in the ocular 
dominance distribution of V1 neurons (ocular dominance 
plasticity). During the critical period of development, the 
afferent fibers from the LGN representing the two eyes 
compete for consolidation of functional connections in  
V1 (binocular competition).25,26 This early binocular competi-
tion is activity dependent; hence, depriving normal signals 
from one eye puts the affected eye into a competitive  
disadvantage and leads to a severe loss of functional connec-
tions in V1 from the deprived eye. The ocular dominance 
columns of the input layer in V1 (layer IVC) representing  
the deprived eye exhibit a substantial shrinkage.26–28 The 
axon arbors of the afferent fibers from the LGN in the 
deprived columns show abnormal structural changes29 and 

Figure 40.1 Effects of early monocular form deprivation on 
contrast sensitivity in macaque monkeys. (A) Spatial contrast 
sensitivity functions from normal (left) and monocularly 
form-deprived (right) monkeys. Red circles indicate contrast 
sensitivity for the left eye in the normal and the affected eye in 
the deprived monkey. Green circles in Normal and purple 
circles in MD indicate contrast sensitivity for the fellow eyes. 
Blue squares show binocular contrast sensitivity. (Modified from 

Harwerth et al 1981.17) (B) Effects of the degree of image 
degradation on contrast sensitivity loss. (Redrawn from Smith 

et al 2000.18)
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shift in V1 away from the deprived eye, can be reversed if 
vision of the originally deprived eye is restored early in 
development and the fellow non-deprived eye is occluded, 
reverse occlusion45,46 (Fig. 40.4). The timing of the reverse 
occlusion is critical in determining the effectiveness of this 
procedure because the “recovery” of functions in the origi-
nally deprived eye may occur at the expense of the originally 
non-deprived eye. For example, contrast sensitivity can be 
restored if reverse occlusion occurs relatively early in the 
critical period, i.e. if the original deprivation is short. 
However, this early reversal leads to a loss of contrast sensi-
tivity in the newly deprived (or originally non-deprived) eye 
(red circles in Fig. 40.4A)45 and causes a corresponding shift 
in the ocular dominance distribution of V1 neurons favoring 
the initially deprived eye.46 There is an optimal time for the 
reversal of monocular occlusion in order to achieve near 
normal contrast sensitivity for both eyes (Fig. 40.4B).13,45 In 
all cases, the binocular functions are diminished.45 Similar 
effects of reverse occlusion have been extensively studied in 
cats, and the results have contributed in advancing our 
understanding of the neural mechanisms underlying the 
breakdown and recovery of visual functions from early 
monocular form deprivation.13,14,47

The clinical significance of these findings is that this kind of 
animal study can provide key information for developing an 
effective clinical strategy for treating amblyopia with various 
patching regimens.

Brief unrestricted vision during  
monocular deprivation
Providing brief daily periods of normal vision to the deprived 
eye during early monocular deprivation prevents or reduces 
the severity of form deprivation amblyopia in monkeys (Fig. 
40.5A).40 Constant form deprivation (0 hour of unrestricted 
vision), as previously described, causes severe amblyopia of 
the deprived eye and a large shift in the ocular dominance 
of V1 neurons away from the deprived eye (Fig. 40.5B). 
However, only one hour of unrestricted (normal) vision every 
day during the deprivation period (12 hours/day) dramati-
cally improves the contrast sensitivity of the deprived eye, 
hence reducing the severity of form deprivation amblyopia.40 
In these monkeys the extent of abnormal ocular dominance 
shift in V1 is significantly reduced (Fig. 40.5B).32 In stark 
contrast, the same “preventive” measure, even with 4 hours 
of daily unrestricted vision during the 12-hour deprivation 
period, does not prevent a severe loss of disparity sensitive 
neurons, highlighting the extremely fragile nature of devel-
oping binocular connections in V1. However, one hour of 
unrestricted vision is effective in reducing binocular suppres-
sion in V1 (i.e. the binocular responses of V1 neurons are 
less than monocular responses) that is prevalent in monkeys 
reared with constant form deprivation (Fig. 40.5C).32

Constant monocular form deprivation leads to an elonga-
tion of the eye, and hence, the development of myopic 
refractive errors in the deprived eye.18,48,49 However, a brief 
period of unrestricted vision during the deprivation period 
reduces the degree of myopic refractive error.50

The clinical relevance of these studies is that the timely 
removal of the conditions that produce degradation of 
images or image occlusion (e.g. severe hyperopic ani-
sometropia, cataract, or ptosis) is critically important for the 
prevention of amblyopia. If that is not immediately possible, 

monocular form deprivations in primates occur beyond the 
LGN, i.e. begins in the primary visual cortex.

Intermittent monocular deprivation
Experiencing “normal vision” during early monocular form 
deprivation (intermittent monocular form deprivation) reduces 
some of the deleterious effects of early constant monocular 
form deprivation.32,40–42 The effects of early intermittent dep-
rivations have been studied using different rearing regimens 
including daily alternating monocular deprivation, reverse 
occlusion, and monocular form deprivation with daily brief 
periods of unrestricted vision.

Alternating monocular deprivation
Daily alternations of form deprivation between the two eyes 
have very little impact on the perceptual development of 
either eye in cats.41,42 Consistent with this observation, the 
spatial receptive-field properties such as orientation selectiv-
ity are normal. However, the same daily alternating depriva-
tion devastates the development of binocular vision. Local 
stereopsis is lost and the proportion of binocularly driven 
neurons in area 17 is severely reduced. In monkeys, daily 
alternating monocular occlusion beginning at birth leads to 
a variety of abnormal eye positions and eye movements 
including strabismus and/or saccadic disconjugacy, i.e. the 
amplitudes of saccades in the occluded eye are less than that 
in the viewing eye.43,44

Reverse occlusion
The effects of constant form deprivation in one eye, includ-
ing spatial contrast sensitivity loss and ocular dominance 

Figure 40.2 Contrast sensitivity and binocular summation after binocular 
form deprivation. Spatial contrast sensitivity function of the right (red circle) 
and left (blue circle) eye after 16 weeks of deprivation beginning at 3 weeks 
of age. Green square symbols indicate contrast sensitivity under binocular 
viewing conditions. (Modified from Harwerth et al 1991.23 Reproduced from 

Association for Research in Vision and Ophthalmology.)
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sub-primate species, begins at or near birth (Fig. 40.6).9,19,51 
Binocular functions are generally more readily disrupted by 
early visual deprivations than monocular spatial vision.  
The critical period for experience-dependent changes differs 
between cortical sites, e.g. V1, V2, V4 or MT, and cortical 
layers within a given cortical site. The higher stages of 
processing, e.g. supra- and infra-granular layers compared to 
input layer within V1 or cortical sites later in the hierarchy 
of extrastriate visual areas, appear to have longer periods of 
plasticity.14

Critical period for monocular form deprivation
There are multiple “plastic” periods for different visual func-
tions in macaque monkeys (Fig. 40.6).19,51 Spectral sensitiv-
ity functions have relatively short critical periods that begin 
soon after birth and last for 3 months for scotopic spectral 
sensitivity and 6 months for photopic spectral sensitivity. 
The critical period for visual acuity loss is much longer, 
lasting over 24 months. Binocular vision development can 
be disrupted by monocular deprivation starting as late as 25 

stop-gap manipulations such as lifting a drooping eyelid or 
keeping corrective lenses even for a short period of time 
every day are likely to have preventive effects against form 
deprivation amblyopia and development of myopic refrac-
tive errors.40 Taken together, studies of this kind and those 
on the effects of temporal variations in image quality, e.g. 
alternating or reverse occlusion, can provide key informa-
tion in developing effective clinical strategies for the man-
agement of amblyopia in human infants.40,47

Critical period
The critical (plastic) period of vision development is tradi-
tionally defined as the postnatal period during which visual 
deprivation leads to long-term or permanent structural and/
or functional changes of the visual system. The critical period 
differs substantially between species, the visual functions 
affected by deprivation, sites of neural alterations, and the 
nature of the visual deprivation, e.g. dark rearing, monocular 
form deprivation, monocular defocus, or ocular misalign-
ment.14 For example, the critical period for primates, unlike 

Figure 40.3 Ocular dominance (OD) distributions of V1 
neurons in normal infant (1 week & 4 weeks), normal 
adult, and monocularly form-deprived monkeys. Cells in 
OD 1 and 7 are exclusively driven by the contralateral or 
ipsilateral eye, respectively. Cells in OD 4 are binocularly 
balanced and neurons in OD 2 and 3 or OD 5 and 6 are 
dominated by the contralateral or ipsilateral eye, 
respectively. (Data from Chino et al 1997,10 Sakai et al 2007.32)
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decreases during the next 12–14 weeks.25,55,56 A similar 
timing of the critical period for monocular deprivation has 
been reported for rats and ferrets with minor variations.57–59 
The critical period is longer for monkeys than that in lower 
species and appears to be generally correlated with animal’s 
life expectancy.15,60 It is difficult to determine the precise 
critical period of vision development for humans in part 
because of the difficulties associated with conducting experi-
ments on human infants and dependence on clinical obser-
vations for data collection. Although the critical period for 
humans varies considerably for specific visual tasks as evi-
denced in animal studies, the critical period for experience-
dependent changes in humans is thought to begin soon after 
birth (within 6 months or earlier), peak around 1–3 years 
of age, and decline slowly until 8–10 years of age or later.14

Molecular mechanisms of ocular  
dominance plasticity
The molecular mechanisms of experience-dependent ocular 
dominance plasticity have been extensively studied in 
rodents because the visual cortex of rodents is in general 
organized similarly to that in higher mammals61,62 and a 
wide range of genetic manipulations are readily accessible in 
rodents.14–16,47,63,64 Synaptic events following monocular dep-
rivation (binocular competition) consist of an initial reversible 
reduction in functional connections to the deprived eye58 
and rewiring of the upper layer long-range connections.30,31 
These are followed by extended periods of strengthening  
of the responses to the non-deprived eye and an eventual 
structural reorganization (consolidation)15,16,25,29 (Fig. 40.7A). 
The initial rapid changes occur as a result of imbalance in 
the strength of the input signals between the deprived and 

months of age (roughly equivalent to 8 years in humans).19 
However, the “end” of the critical period for binocular func-
tions has not been determined for monkeys.

Because the sensitivity of the visual cortex to deprivations 
varies substantially during the critical periods, the timing of 
deprivation, i.e. onset and duration, has significant effects on 
the severity of perceptual and neural deficits. At what age is 
monocular form deprivation likely to have the most damag-
ing effects in monkeys? The perceptual development of con-
trast sensitivity and visual acuity in monkeys is most 
vulnerable to monocular form deprivation during the first 5 
postnatal months. A sharp drop of sensitivity to deprivation 
occurs after this initial period of heightened sensitivity, fol-
lowed by a gradual decline over an extended period of time, 
i.e. > 24 months (Fig. 40.6).19,51

For ocular dominance plasticity in V1 of monkeys, the 
most severe shrinkage of ocular dominance columns for the 
deprived eye occurs with the earliest onset age, e.g. 1 week 
of age.28 The degree of the shrinkage becomes progressively 
smaller as the onset of deprivation is delayed and there is 
no obvious shrinkage if the onset is set at the 12th postnatal 
week. Thus, contrary to a classic observation,27 the ocular 
dominance columns in layer IVC of monkey V1 are most 
sensitive to monocular deprivation right after birth.

These behavioral and anatomical studies reinforce the 
clinical view that removal of dense congenital cataract com-
bined with good optical quality lenses or correction of ptosis 
at the earliest possible postnatal time is essential to mini-
mize the negative impact of monocular form deprivation in 
humans.52–54

The critical period for ocular dominance in cats begins 
about 3–4 weeks of age when the optics of their eyes becomes 
relatively clear, peaks around 6–8 weeks, and gradually 

Figure 40.4 Spatial contrast sensitivity functions after reverse monocular occlusion. The functions for the originally non-deprived (deprived after reversal) 
eye are shown with blue circles. The initial deprivation began at 21 days of age in all groups. (A) Reversal after 4 weeks of monocular deprivation. (B) After 3 
months. Shaded area shows the normal range of contrast sensitivity in normal monkeys. (Modified from Harwerth et al 1989.45 Reproduced by kind permission of 

Springer Science + Business Media.)
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Figure 40.5 Beneficial effects of daily brief periods of unrestricted vision during monocular form deprivation. (A) Effects of duration of daily unrestricted 
vision on contrast sensitivity for representative monkeys. Red circles in experimental monkeys indicate contrast sensitivity for the deprived eye. (Data from 

Wensveen et al 2006.40) (B) Ocular dominance distributions of V1 neurons. (C) The proportion of binocularly suppressive V1 neurons. (Data from Sakai et al 2006.32)
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the non-deprived eyes. This imbalance disrupts the timing 
of the firing of action potentials between the pre-synaptic 
(LGN) and post-synaptic (V1) neurons for the deprived eye. 
Uncorrelated firing of action potentials between the pre-
synaptic and post-synaptic neurons in V1 leads to a weaken-
ing of synaptic connections for the deprived eye while 
well-timed firing between the pre- and post-synaptic cells 
strengthens the synapses for the non-deprived eye (“Hebbian 
synaptic plasticity”).65–68 The timing of pre-synaptic and post-
synaptic neuronal spiking appears to be also modulated by 
inhibitory neurons in the circuitry.15,16,69 These activity-
dependent changes in synaptic strength also involve  
long-term potentiation (LTP) of input signals from the non-
deprived eye and long-term depression (LTD) of signals  
from the deprived eye.66,70,71

Closely associated with LTP and LTD synaptic plasticity  
is the role of glutamate receptors in cortical neurons, in  
particular, n-methyl-D-aspartate (NMDA), α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA), and γ-
aminobutyric-acid (GABA) receptors (Fig. 40.7B). Excitatory 

Figure 40.6 The critical periods of development in macaque monkeys. 
Scotopic spectral sensitivity (triangles). Photopic spectral sensitivity 
(squares). Acuity (circles). (Modified from Harwerth et al 1986.51)
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synaptic transmission is mediated by NMDA and AMPA 
receptors while inhibitory synaptic transmission is regulated 
by GABA-Aα receptors. Each of these glutamate receptors has 
a broad range of critical roles in regulating the balance 
between excitation and inhibition and ocular dominance 
plasticity.15,16

NMDA receptors are made up of three types of subunits 
(NR1, NR2A and NR2B). The normal postnatal changes in 
the expression of NR1 and NR2A or NR2B subunits, e.g. the 
NR2A/NR2B ratio is low at birth and gradually increases 
during postnatal development, are also experience-
dependent. As a result, the developmental changes of the 
NMDA subunit expression due to monocular deprivation, 
i.e. the activity-dependent regulation of the NR2A/NR2B 
ratios, are intimately involved in regulating the plasticity of 
the visual cortex. For example, an increase in the NR2A or 
NR2A/2B ratios leads to the induction of LTP and to a 
heightened sensitivity of synapses to modification.72–74

AMPA receptors, composed of GluR2 and either GluR1 or 
GluR3 subunits, are also involved in synaptic plasticity.16,75–77 
Synaptic strength is determined by the AMPA receptor 
density and calcium permeability. Repetitive activation of 
synapses leads to increased insertion of AMPA subunits into 
postsynaptic neuronal membrane resulting in LTP whereas 
reductions in synaptic activation, e.g. by monocular depriva-
tion, remove AMPA receptors leading to LTD.14,16,78

Synaptic depolarization via activation of NMDA and 
AMPA receptors induces calcium influx and activates an 
intracellular signaling cascade. The second messenger mole-
cules that are directly involved in synaptic strength and 
ocular dominance plasticity include protein kinase (PKA), 
calcium/calmodulin-dependent protein kinase II (CaMKII), 
extracellular signal-regulated kinase 1,2 (ERK), cyclic AMP 
responsive element binding protein (CREB), and protein 
synthesis machinery. PKA, CaMKII, and ERK rapidly pro-
mote ocular dominance plasticity by modulating synaptic 
strength by phosphorylating plasticity-regulating mole-
cules in glutamate or GABA receptors. This kinase signaling 
leads to the activation of CREB.79–81 The changes initiated 
by activation of intracellular second messenger molecules 
along with the action of brain-derived neurotrophic factor 
(BDNF) leads to the enhanced expression of molecules  
that act on tissue plasminogen activation (tPA). BDNF and 
tPA can initiate the changes of dendritic spine motility,82 
spine density,83 and extracellular matrix16 that ultimately 
result in rewiring of cortical circuits favoring the non-
deprived eye.

GABA-mediated inhibition is important in maintaining 
the balance between cortical excitation and inhibition, hence 
in regulating the timing of ocular dominance plastic-
ity.15,69,83,84 Manipulation of the normal level of GABAergic 
transmission in the developing brain can delay or advance 
the onset of the critical period. Preventing the maturation of 
GABA mediated transmission or dark rearing delays the criti-
cal period. Enhancing GABA transmission by infusing GABA 
agonist, e.g. benzodiazepines,84 or facilitating the growth of 
GABAergic interneurons by BDNF can advance the onset of 
the critical period.85,86

The clinical significance of these manipulations to “reset” 
the excitatory and inhibitory balance in V1 by various phar-
macological methods is that the results may provide new 
insights into the mechanisms underlying critical periods, 

and thus, reveal potential means to promote functional 
recovery in adults with developmental vision disorders.63,64

Another class of molecules involved in synaptic plasticity 
is the neuromodulators including norepinephrine (noradre-
naline), serotonin, and acetylcholine. These molecules are 
abundantly present throughout the cortex. Enhancing adren-
ergic, serotoninergic or cholinergic modulator systems facili-
tates the onset of ocular dominance plasticity.87–90 Changes 
in the expression of neuromodulators influence the level of 
LTP and LTD induction by modifying the intracellular 
calcium concentration by second messenger pathways and 
results in the associated structural reorganizations of local 
connections to the visual cortex.91

Effects of early monocular defocus

Constant monocular defocus
A less severe form of monocular image degradation results 
from large differences in refractive errors between the two 
eyes (anisometropia). Normal primates begin their life with 
modest but binocularly balanced hyperopic refractive errors 
that decline to a normal refractive state during early infancy 
(emmetropization).92,93 If infants have large differences in 
refractive state between the two eyes, they are unable to focus 
with both eyes. To avoid experiencing binocularly discord-
ant images, infants begin to fixate with one eye (typically 
with the eye having a less severe refractive error) and as a 
result, the non-fixating eye experiences a defocused image. 
Monkey models of anisometropia are simulated by rearing 
infant monkeys with monocular defocusing lenses40,92–96 or 
by monocular atropinization.97

Perceptual deficits
The perceptual consequences of untreated early ani-
sometropia are generally similar to the anomalies found 
after early monocular form deprivation; impoverished bin-
ocular vision, reduced contrast sensitivity for high-spatial-
frequency stimuli, and lower optotype acuity in the affected 
eye (anisometropic amblyopia).95–98 However, the perceptual 
deficits in anisometropes are generally less severe than in 
monocular form deprivation and are spatial frequency 
dependent (Fig. 40.8A). Anomalies vary substantially 
between individuals depending on the etiological factors 
and rearing histories, e.g. the degree of defocus.

Neural changes
Abnormal alterations in cortical physiology that result from 
early unilateral defocus are also similar to, but milder than 
cortical deficits in monocularly form-deprived monkeys. The 
ocular dominance distribution of V1 neurons is marked by 
a substantial loss of binocularly balanced cells (ocular domi-
nance between 3 and 5) and by a milder but significant shift 
away from the affected eye95,96,99 (Fig. 40.8B). The sensitivity 
of V1 neurons to binocular disparity is substantially reduced 
and complex cells are more severely affected than simple 
cells95 (Fig. 40.8C). The spatial resolution and contrast sen-
sitivity of V1 neurons for the affected eye of a severely ani-
sometropic monkey are slightly lower than that of the fellow 
eye.96,99 However, the magnitude of deficits in the spatial 
receptive-field properties of V1 neurons is too small to 
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resolution, do not show response alterations that favor  
one eye over the other because each eye receives uninter-
rupted vision on alternate days during early infancy.100 
However, daily alternating defocus leads to a spatial- 
frequency-dependent loss of local stereopsis (elevated dis-
parity threshold) (Fig 40.9B). This reduction of local 
stereopsis is exaggerated for high-spatial-frequency stimuli 
because larger defocus generates greater conflicts between 
signals coming from the two eyes.94 Moreover, the disparity 
sensitivities of V1 neurons are significantly reduced in these 

account for their perceptual loss in acuity and contrast 
sensitivity.1,96

Alternating defocus
Early monocular defocus can be alternated daily between  
the two eyes to prevent the development of amblyopia.94,100 
If infant monkeys experience alternating defocus, the 
monocular response properties of V1 neurons, such as ori-
entation selectivity, spatial frequency tuning, and/or spatial 

Figure 40.8 Perceptual and neural deficits in anisometropic amblyopia. (A) Interocular differences in contrast sensitivity as a function of stimulus spatial 
frequency in 4 different monkeys reared with unilateral lens-defocus. (B) Ocular dominance distribution of V1 neurons in normal (top) and lens-reared 
(bottom) monkeys. (C) Disparity sensitivity loss in V1 of anisometropic monkeys. Note that complex cells had more severe deficits. (Modified from Smith et al 
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that the local disparity processing mechanisms in V1 can be 
independently compromised by early abnormal visual expe-
rience depending on their spatial frequency tuning proper-
ties. Finally, the effects of early alternating defocus on 
binocular vision development underscore the importance of 
having the normal presence of disparity-sensitive neurons in 

monkeys and this reduction is also spatial frequency 
dependent.100

These observations support the traditional view that local 
stereopsis is spatial frequency dependent, and that binocular 
disparity information is processed by independent channels 
tuned to different spatial frequencies.101,102 It is also evident 

Figure 40.9 Effects of early alternating defocus on 
disparity sensitivity. (A) Stimulus used to test local 
stereopsis in monkeys (left), and a psychometric 
function for binocular disparity discrimination (right). 
Stereoacuity is defined by disparity differences 
between the point of subject equality (PSE) and the 
semi-interquartile range (SIOR). Monocular control 
data are illustrated with small squares. (B) Disparity 
sensitivity loss as a function of spatial frequency in 
monkeys reared with 1.5 diopter alternating defocus 
(left top) and interocular differences (left bottom), 
and comparable values for monkeys reared with 3.0 
diopter alternating defocus (right column). Thick 
lines signify the range of threshold values for normal 
monkeys. (Modified from Wensveen et al, 2003.94)
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motility.43 For the surgical method, the extraocular muscle 
of one eye (the medial rectus muscle for exotropia and the 
lateral rectus muscle for esotropia) is sectioned and the 
opposing muscle (the lateral or medial rectus muscle, respec-
tively) is tied to induce the misalignment.96,112 The surgical 
method creates a period of non-comitant or paralytic stra-
bismus, i.e. the angle of deviations changes with the field of 
gaze. This type of strabismus is less common in humans than 
comitant strabismus, i.e. the angle of deviation does not 
change with the field of gaze. In monkeys with surgical stra-
bismus, the manipulated eye is immediately placed at a 
competitive disadvantage and the non-deviating fellow eye 
becomes the “fixating” eye. As a result, the deviating eye is 
likely to develop amblyopia.96,121

For the optical method, infant monkeys are fitted with  
a helmet with a pair of base-in or base-out prisms. This 
method simulates comitant strabismus in humans. Neither 
eye is disadvantaged because their fixation frequently alter-
nates between the two eyes, and thus, the prism-reared 
monkeys are less likely to develop amblyopia.95,114,121 
However, the effects of early surgical or optical strabismus 
are quite devastating on the perceptual and neural develop-
ment of binocular vision.

Neural changes
The proportion of V1 neurons that can be activated by stimu-
lation of either eye (classically defined as “binocular cells”) 
is dramatically reduced in monkeys reared with surgical96,122 
or optical strabismus95,114,123 (Fig. 40.11A). In monkeys 
reared with paralytic strabismus, the ocular dominance dis-
tribution of V1 neurons may shift away from the deviating 
eye if strabismus is severe.96 Similar but smaller changes in 
ocular dominance distribution are also found in the middle 
temporal visual area (MT) of monkeys with simulated para-
lytic strabismus.124 Importantly, the proportion of disparity-
sensitive neurons is drastically reduced in V195,115–117 (Figs. 
40.11B, C) of stereo-deficient monkeys reared with optical 
strabismus.

Clinical suppression is a pervasive adaptive mechanism 
that humans with untreated strabismus develop in order to 
eliminate the disturbing impact of diplopia and visual con-
fusion.106 Monkeys reared with optical strabismus exhibit 
binocular suppression that is similar to clinical suppression 
in strabismic humans.113 In these strabismic monkeys, V1 
neurons have a higher than normal prevalence of binocular 
suppression (Fig 40.11B and see Fig. 40.13C below),95,115–117 
thus, suggesting a link between abnormal binocular signal 
processing in V1 and binocular vision deficits for these stra-
bismic monkeys.

Unless accompanied by consistent and extended periods 
of defocus in one eye, strabismus does not dramatically alter 
the monocular spatial response properties of V1 neurons.1,2,96 
Even if V1 neurons exhibit mild reductions in contrast sen-
sitivity and/or spatial resolution in the deviating eye of 
severely amblyopic monkeys, such deficits in V1 are too 
small to account for their sensitivity losses.1,96

Effects of onset age and duration  
of strabismus
A critical issue for the management of infantile esotropia is 
at what age corrective measures should be taken to preserve 

V1 for local stereopsis although disparity-sensitive V1 
neurons alone are not sufficient to support fine stereopsis, 
i.e. it requires further processing by extrastriate neurons.103,104

Effects of early strabismus

Strabismus is a chronic deviation of the visual axes that 
emerges shortly after birth.105,106 The direction of the axis 
deviation can be convergent (esotropia), divergent (exo-
tropia), or vertical (hypertropia). The etiology of infantile or 
congenital strabismus is not known. There is a clear familial 
tendency of developing strabismus, but the genetic factors 
responsible for infantile strabismus are not well under-
stood.106 In primates, a high degree of uncorrected hyper-
metropia soon after birth is known to result in esotropia 
(accommodative esotropia).107–110

Perceptual deficits
Strabismic infants experience double vision (diplopia) 
immediately after the onset of misalignment. If “normal” 
alignment is not achieved in a timely manner, binocular 
vision anomalies, such as deficient stereoscopic vision95,111,112 
(Fig. 40.10), reduced binocular summation of contrast sen-
sitivity,95 and clinical suppression113 are likely to develop. 
Amblyopia may develop if strabismus is not treated for an 
extended period of time during the critical period.1,33,96 The 
effects of experiencing early strabismus have been exten-
sively studied in monkeys by artificially creating ocular mis-
alignment shortly after birth.

Animal models of strabismus
In monkey models, human strabismus is commonly simu-
lated by surgical96,112 or optical95,114–120 methods shortly 
after birth. As mentioned previously, alternating monocu-
lar occlusion from birth leads to strabismus and these 
monkey models have served primarily for studies on ocular 

Figure 40.10 Perceptual deficits in strabismic amblyopes. Development of 
stereopsis in normal human (blue circles) and monkey (green squares) 
infants, and human infants with infantile esotropia (red triangles). (Data from 

Birch 2003105 and O’Dell & Boothe 1998.8)
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Figure 40.11 Neural deficits in monkeys reared with 
optically induced strabismus. (A) Ocular dominance 
distribution of V1 neurons in normal (left) and 
strabismic (right) monkeys. (B) Representative 
disparity tuning functions of V1 neurons for normal 
(left) and strabismic (right) monkeys. Note that the 
neuron from a strabismic monkey exhibited a severe 
loss of disparity tuning and robust binocular 
suppression (binocular responses < dominant 
monocular response). (C) The average disparity 
sensitivity (BII) of V1 neurons in normal (left) and 
strabismic (right) monkeys. (Modified from Smith et al 

1997.95)
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Finally, the latest onset age of strabismus that can cause 
substantial binocular vision deficits and/or amblyopia is yet 
to be determined in primates. However, there are substantial 
perceptual deficits and anomalous alterations in V1 and V2 
even when surgical strabismus is induced as late as 6 months 
of age (roughly equivalent to 2 years of age in humans).

Duration
In human infants, longer durations of strabismus result in 
greater deficits of binocular vision (stereopsis).127 For infant 
monkeys reared with prisms, a similar relationship holds for 
disparity sensitivity deficits in V1. However the duration of 
optical strabismus has little impact on the disparity sensitiv-
ity loss of V1 neurons if it is longer than 2 weeks (Fig. 
40.13B).116 It is important to note that the effects of duration 
on disparity sensitivity reflect the combined effects of stra-
bismus duration and the timing of interocular alignment, 
i.e. longer duration delays alignment and, hence the restora-
tion of unrestricted “normal” visual experience during the 
critical period for binocular vision development.

What is the minimum duration of misalignment required 
to alter the binocular response properties of V1 neurons in 
infant monkeys? Only 7 days of prism-rearing (equivalent 
to 4 weeks in humans) beginning at 4 weeks of age are suf-
ficient to disrupt the binocular disparity sensitivity of V1 
neurons (Fig. 40.13B).115–117 Three days of optical strabismus 
(equivalent to 12 days in human infants) do not signifi-
cantly alter the disparity sensitivity. However, after 3 days of 
experiencing optical strabismus, V1 neurons exhibit an 
abnormally high prevalence of binocular suppression (Fig. 
40.13C). Importantly, binocular suppression in V1 after 3 
days of prism-rearing is as strong as suppression in monkeys 
that experience much longer durations (months or years) of 
strabismus. Thus, the very first neural alteration in V1  

stereoscopic vision and establish alignment. Recent animal 
studies support the clinical view that surgical correction before 
the known onset age of stereopsis (4–6 months of age) 
should be beneficial for maintaining binocular sensory func-
tions109,125–128 and reducing eye movement anomalies.118–120,129

Onset age
Experiencing a brief period (2 weeks, equivalent to 2 months 
in humans) of optical strabismus beginning at 4 weeks of 
age (equivalent to 4 months in humans) drastically reduces 
the proportion of disparity-sensitive neurons and increases 
the prevalence of binocular suppression in monkey V1.115 
These binocular response deficits are more severe when infant 
monkeys experience optical strabismus after 4 weeks of age 
(6 to 8 weeks) rather than before 4 weeks of age (2 to 4 
weeks)115,116 (Fig. 40.12A). Optical strabismus creates well-
focused images that do not match between the two eyes. 
Consequently, unlike monocular deprivation, the most sen-
sitive segment of the critical period for binocular disparity 
sensitivity is not immediately after birth when spatial vision 
is still very crude. Instead, it is soon after the known onset 
age of stereopsis around 4 to 8 weeks of age (equivalent to 
4 to 8 months of age in humans). By this time of normal 
development, V1 neurons attain the qualitatively adult-like 
monocular spatial tuning properties and responsive-
ness.10,11,130–132 Consequently, V1 neurons become more sen-
sitive to small discrepancies in the images between the two 
eyes and as a result, their binocular response properties are 
more readily disrupted.

The clinical relevance of these findings is evident. As 
mentioned, the earlier the surgical or optical correction of 
infantile esotropia, the better the preservation of fine bin-
ocular vision and later alignment of the visual axes109,125–128 
(Fig. 40.12B).

Figure 40.12 Effects of onset age of strabismus and timing of alignment on disparity sensitivity. (A) Effects of onset age of strabismus on disparity sensitivity 
of V1 neurons in infant monkeys. Duration of optical strabismus was kept for 2 weeks while the onset age of strabismus was set either at 2 weeks or 6 weeks 
of age. Normal development of disparity sensitivity in V1 is also illustrated (red circles). Note that the reduction in disparity sensitivity is far greater for the 
late-onset group than for the early-onset group. (Data from Chino et al 199710 and Kumagami et al 2000.115) (B) Effects of alignment age on stereopsis in human 
strabismic infants. Blue shading indicates the known onset age of stereopsis for normal human infants (i.e. between 4 and 6 months of age). (Modified from 

Birch et al 2000.127)
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Amblyopia

until either 3 weeks of age (“early repair”) or 3 to 6 months 
of age (“late repair”). Monkeys in the “late repair group” 
exhibited temporal-to-nasal asymmetries of smooth pursuit 
and OKN under monocular viewing, latent nystagmus,  
and persistent ocular misalignment. However, monkeys in 
the “early repair group” did not exhibit any of these  
motor deficits.118,120,129 The motor deficits in the late repair 
group appeared to be linked to their abnormal visual cortical 
physiology and anatomy.95,115,116,119,120,133,137

The clinical implications of these studies are that the earlier 
the corrective measures for infantile esotropia the better the 
normal maturation of oculomotor functions (see review109).

Amblyopia

Amblyopia is a developmental disorder of spatial vision. 
Amblyopic primates show reduced contrast sensitivity that 

following the onset of strabismus is the emergence of robust 
binocular suppression.117

Eye movement anomalies
Strabismic monkeys and humans exhibit temporal-to-nasal 
asymmetries in pursuit eye movement and visual tracking 
under monocular viewing,44,106,124,133 similar to those found 
in normal infants.133,134 Also, strabismic humans often 
exhibit latent nystagmus.120,135 These eye movement anoma-
lies result from abnormal control of cortical neurons over 
the subcortical nuclei that support eye movements and 
visual tracking.44,119,124,133,134,136

The timing of corrective measures for infantile esotropia 
has significant impact on preventing eye movement anoma-
lies.118,120,129 In a series of recent studies by Tychsen and his 
colleagues, newborn monkeys were reared from birth with 
a goggle containing a 20-diopter prism in front of each eye 

Figure 40.13 Effects of duration of optical strabismus on binocular responses of V1 neurons. (A) Rearing regimen. The onset was kept at 4 weeks of age. 
The duration of prism-rearing was varied between 3 days and 8 weeks. Green triangles indicate the time of V1 recording experiments. (B) Effects of duration 
on disparity sensitivity of V1 neurons. Normal data are also illustrated (blue and green symbols). Data for strabismic adults come from monkeys reared with 
surgically induced strabismus. (C) Effects of strabismus duration on the prevalence of V1 neurons exhibiting binocular suppression. (Data from Chino et al 1997,10 

Mori et al 2002,116 Zhang et al 2005.117)
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For all types of amblyopic monkeys, lower sampling in  
V1 for the affected eye (ocular dominance shift away from 
the deviating eye) and/or reduced spatial resolution and 
contrast sensitivity of V1 neurons are commonly invoked  
to explain the mechanisms underlying “low-level” per-
ceptual deficits, i.e. reduction in contrast sensitivity and 
acuity.1,2,33,139 Recent fMRI studies of amblyopic humans 
report substantial reductions in BOLD signals for stimula-
tion of the amblyopic eye.146,147

Unlike monocular form deprived monkeys, a relatively 
small percentage of V1 neurons in strabismic or anisome-
tropic monkeys exhibit reduced contrast sensitivity at high 
spatial frequencies and/or lower spatial resolutions and only 
in severely amblyopic monkeys.1,96 Moreover, a shift in ocular 
dominance distribution of V1 neurons away from the 
affected eye is relatively mild in anisometropic amblyopes 
and often absent in strabismic amblyopes.1,96 Obviously the 
magnitude of the V1 anomalies is too small to account for 
the severity of perceptual losses for these amblyopic monkeys 
(Fig 40.14A).1,96

An emerging view on the neural basis of strabismic or 
anisometropic amblyopia, therefore, is that unlike in 
monocular form deprivation, the major cortical alterations 
that may limit a wide range of monocular performance of 
anisometropic and strabismic amblyopes are more likely to 
occur beyond V1 (in extrastriate visual areas), while rela-
tively mild changes in monocular response properties may 
begin in V1 of severely amblyopic monkeys.1,2,33,139 Another 
emerging view is that interocular suppression highly preva-
lent in V1 and V2 of strabismic or anisometropic monkeys 
may play a critical role in the emergence of amblyopia  
(Fig. 40.14B).2,33,95 Finally, the neural basis of more 
complex anomalies in amblyopic monkeys, such as excessive 
crowding and position uncertainty,145 deficits in contour 

is restricted to or exaggerated for mid- to high-spatial- 
frequency ranges of stimuli and exhibit lower optotype 
acuity for the affected eye.96 The nature and extent of visual 
anomalies in amblyopes differ widely depending on the 
onset age, the status of binocular functions,138 and the type 
of amblyopia, i.e. strabismic, anisometropic, or form depri-
vation amblyopia.33,138,139

Perceptual deficits
In addition to acuity and contrast sensitivity losses in all 
types of amblyopia, the visual system of strabismic and ani-
sometropic amblyopes is known to be intrinsically “noisy” 
and their visual performance is readily disrupted by intro-
duction of noise in the stimuli.33,140 The sensitivity of ambly-
opic humans to second-order stimuli is also reduced.141 
Strabismic and anisometropic amblyopes exhibit difficulties 
in global perceptual tasks that require precise pooling of 
neighboring local feature information over extended ranges 
of space. These perceptual difficulties emerge in the form of 
abnormal contour integration, motion integration, and/or 
object segmentation.142–145 As mentioned above, fixation 
instability is frequently diagnosed in the affected eye of 
amblyopes under monocular viewing. Without adequate 
control procedures, fixation instability could make testing 
sensory capacities of an amblyopic eye and the interpreta-
tion of results difficult.135

Neural changes
Studies on the neural basis of form deprivation amblyopia, as 
we have reviewed, have given us a relatively clear view of 
how the form deprived eye loses its functional connections 
with the primary visual cortex (V1) and how the visual sen-
sitivity of the affected eye is altogether lost even to the most 
basic, robust visual stimuli56 (see also recent reviews13–16). 

Figure 40.14 Amblyopia and cortical physiology in monkeys. (A) The average peak spatial frequency (top) and average peak contrast sensitivity (bottom) of 
V1 neurons as a function of perceptual differences in contrast sensitivity between the amblyopic and fellow eye of strabismic and anisometropic monkeys. 
Note that behavioral deficits are much greater than cortical deficits. (Modified from Kiorpes & Movshon 2003.1) (B) Relationship between the degree of amblyopia 
and the prevalence of V1 and V2 neurons exhibiting binocular suppression. Triangles indicate normal control data.
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References

animal studies are designed to reveal the neural basis of 
developmental vision anomalies and provide key informa-
tion that is beneficial for establishing effective treatment 
strategies for binocular vision disorders in humans.
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Summary
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C H A P T E R 41 

The Effects of Visual 
Deprivation After Infancy

Lindsay B. Lewis & Ione Fine

Introduction
Blind individuals tend to show better performance than 
sighted individuals on a variety of auditory and tactile tasks. 
This is thought to be due both to compensatory hypertrophy 
– enhanced neuronal processing within auditory and soma-
tosensory cortices, and to cross-modal plasticity – whereby 
regions of occipital cortex that normally only process visual 
information begin to process auditory and tactile stimula-
tion. While there is an extensive animal literature examining 
the long-term effects of early visual deprivation, we still do 
not have a full understanding of the neurophysiological 
changes that underlie cross-modal plasticity within the 
human brain. Here we discuss what is currently known 
about the behavioral and neurophysiological effects of long-
term visual deprivation, and discuss the potential of new 
imaging techniques to reveal new insights.

Over the last two decades it has been well documented 
that those who suffer from visual deprivation, especially 
early in life, show an enhanced ability to use tactile and 
auditory cues that seems to be accompanied by remarkable 
changes in the response properties of occipital cortex.

While there is a growing literature demonstrating be -
havioral differences and differential neural responses to 
auditory and tactile stimuli in occipital cortex, the neuro-
physiological changes that occur as a result of blindness in 
humans are still fairly unclear. There is of course an extensive 
literature examining the anatomical and neural conse-
quences of visual deprivation using both primate and non-
primate animal models. However the literature on the effects 
of blindness on humans and in animal models has perhaps 
not been as mutually informative as might be hoped. One 
reason for this is that it is possible to examine the effects of 
visual deprivation with high temporal resolution within 
individual or small groups of cells within animal models, 
but the tools for assessing the effects of visual deprivation 
on humans are limited to techniques with much lower 
spatial or temporal resolution (Fig. 41.1). This limitation in 
the tools available to study the effects on long-term visual 
deprivation in humans is of particular concern because it  
is not clear how easily the animal literature can be general-
ized to humans. Humans rely more heavily on vision than 
almost all other animals and have a far larger number of 
visual sensory areas.1–3 Fortunately, as illustrated in Box 41.1, 

techniques such as functional magnetic resonance imaging, 
high-resolution structural imaging, transcranial magnetic 
stimulation, magnetic resonance spectroscopy, and func-
tional connectivity analyses are now beginning to offer new 
ways of non-invasively studying the neurophysiological 
changes that occur as a result of blindness in humans. Table 
41.1 summarizes research discussed in this article examining 
performance on and measuring brain responses to a wide 
range of auditory and tactile tasks.

The neuronal effects of visual 
deprivation

Cross-modal processing in visually normal 
development
During development, while much of sensory cortical archi-
tecture and connectivity is determined by genetically 
controlled factors, further refinement of connections, both 
within and between brain areas, appears to be dependent  
on early sensory input during a “critical” period.4–8 These 
experience-dependent effects are believed to be mediated by 
adjustments in the weighting/gain of pre-existing connectiv-
ity,9 the guidance of new projections to target areas,4 and the 
elimination of exuberant projections.10 A common underly-
ing theme behind all these processes is that competition, 
based on experience, mediates connectivity; more active pro-
jections are strengthened at the expense of those that are less 
active.11

In infant animals, there is substantial physiological evi-
dence for exuberant connectivity within the layers of visual 
cortex itself (primates,12 kittens13,14); as well as between 
visual cortex and other cortical areas (primates,15 cats16) (Fig 
41.2). In kittens, there have been reports of projections from 
auditory/temporal areas to visual cortex,10,17–19 from soma-
tosensory and fronto-parietal cortex to visual cortex.20 as 
well as from the subcortical visual thalamus (lateral genicu-
late nucleus, LGN) to auditory cortex.4,21 These findings 
suggest that during early development the anatomical  
connections required for multisensory input to occipital 
cortex exist, even between primary sensory cortices.22 A 
variety of animal models of normal visual development have  
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on resulting tissue concentrations within the area of interest. 
Since the early 1990s, functional magnetic resonance imaging 
(fMRI) has become the technique of choice due to its low 
invasiveness, lack of radiation exposure, and relatively wide 
availability (Fig. 41.3). fMRI measures the hemodynamic 
(blood oxygen level-dependent, BOLD) response, which is 
proportional to blood flow and the relative concentrations 
of deoxygenated to oxygenated blood in the brain area of 
interest.

However, it should be noted that the precise relationship 
between neuronal signals and the BOLD response is still not 
clear. The relationship between blood flow, metabolic rate, 
and neuronal responses remains a matter of active research, 
and it is even possible that these relationships are altered 
within the occipital cortex of blind subjects. BOLD responses 
should not therefore be considered synonymous with neu-
ronal activity.

While primary visual cortex has not been shown to exhibit 
cross-modal responses to purely tactile or auditory stimuli 
in visually normal adults, BOLD responses in primary visual 
cortex can be modulated by information from other senses.25 
Furthermore, many extrastriate visual areas do show cross-
modal responses in sighted individuals. Area MT+ shows 
BOLD responses to tactile motion stimuli,26,27 and the lateral 
occipital complex (LOC)/inferior temporal (IT) gyrus shows 
BOLD responses during tactile object recognition tasks.28–30 
Extrastriate visual areas also show BOLD activation during 
tactile embossed letter31 and tactile orientation discrimina-
tion32 tasks.

Recently, transcranial magnetic stimulation (TMS) has 
been used to examine whether responses to tactile stimuli 
within occipital cortex play a functional role in sighted sub-
jects. Weak electric currents are induced in brain tissue by 
rapidly changing magnetic fields (electromagnetic induc-
tion), thereby triggering neuronal activity over a relatively 
well-localized region of the cortical surface (Fig. 41.4). TMS 
applied over regions of the occipital cortex interferes with 

demonstrated “pruning” (or re-allocation) of a large propor-
tion of these cross-modal connections during the course of 
maturation.10,15

A similar “pruning” is thought to occur in normal human 
infancy. As a result, it has been suggested that cross-modal 
connectivity may be more pronounced in infancy than in 
adulthood. A common technique for measuring brain 
responses in infants is by measuring event-related potentials 
(ERP) – the electrical activity of the brain through the skull 
and scalp. While auditory event-related potential (ERP) 
responses are usually small or absent in occipital (visual) 
regions of the human adult brain, large auditory ERP 
responses are found in occipital regions of 6-month-old 
infants.23 These responses decrease as a function of age, 
implying a reduction in the strength of projections of audi-
tory information to visual cortex.

As shown in Figure 41.2, and as will be described further 
below, many animal models suggest that, in the absence of 
visual input, the normal pruning process fails to occur. 
According to this model, cross-modal responses in early 
blind subjects might be mediated through the retention of 
an “infantile” pattern of anatomical connectivity. However, 
in contradiction to these results, recent examination of the 
volume of white and gray matter of early blind human sub-
jects using voxel-based morphometry24 suggests a reduction 
in connectivity between cortical areas.

Cross-modal processing in visually  
normal adults
Over the last three decades, improvements in neuroimaging 
techniques have made it increasingly easy to study neural 
processing within humans. Studies before the early 1990s 
tended to rely on positron emission tomography (PET), 
where a short-lived biologically active radioactive tracer 
isotope (such as FDG, an analog of glucose) is injected into 
the living subject and local neural activity is inferred based 

Figure 41.1 Schematic illustration of the ranges of 
spatial and temporal resolution of a subset of the 
various experimental techniques currently used for 
studying neural activity. The vertical axis represents 
the spatial extent of the technique, with the 
boundaries indicating the largest and smallest sizes of 
the region from which the technique can provide 
useful information. Thus, single-unit recording can 
only provide information from a small region of space, 
typically 10 to 50 µm on a side. The horizontal axis 
represents the minimum and maximum time intervals 
over which information can be collected with the 
technique. (Adapted from Churchland & Sejnowski.3)
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Box 41.1 Non-invasive techniques for studying neurophysiological changes that occur as a result of blindness

Diffusion tensor imaging (DTI). A magnetic resonance (MR) 
method in which image intensities are proportional to the strength 
of diffusion along the direction of the magnetic diffusion gradient. 
Currently, DTI is principally used for the imaging of white matter, 
since axons in white matter tend to have strong diffusion 
gradients. More recently tractography (also known as fiber 
tracking) algorithms have been applied to DTI data in order to 
estimate the pathways of white matter in the brain.

Electroencephalography (EEG) is the measurement of summed 
activity of post-synaptic currents produced by the brain as 
recorded from electrodes placed on the scalp. A surface EEG 
reading is the summation of the synchronous activity of thousands 
of neurons that have similar spatial orientation, radial to the scalp. 
Currents tangential to the scalp are not picked up by EEG, and 
activity from deep sources is more difficult to detect than currents 
near the skull. EEG has very high temporal resolution (~1 ms), but 
poor spatial resolution. Indeed, it is theoretically impossible (the 
“inverse problem”) to calculate the 3D spatial sources of EEG 
signals from the 2D electrode array. With assumptions, some 
estimates of spatial sources can be made but these estimates have 
spatial resolution on the order of a few centimeters. Recently EEG 
has been used in conjunction with MEG or fMRI in an attempt to 
achieve better spatial resolution.

Functional magnetic resonance imaging (fMRI). Hemoglobin 
is diamagnetic when oxygenated but paramagnetic when 
deoxygenated. The magnetic resonance signal of blood is therefore 
slightly different depending on the level of oxygenation. 
Hemodynamic or blood oxygen level dependent (BOLD) responses 
are proportional to blood flow and the relative concentrations of 
deoxygenated to oxygenated blood in the brain area of interest. It 
should be noted that the precise relationship between neural 
signals and BOLD remains a matter of active research. With 
sophisticated research paradigms fMRI can provide spatial 
resolution on the order of 1 millimeter and temporal resolution of 
less than a second, but generally has a spatial resolution of a few 
millimeters and temporal resolution of a few seconds. Since the 
early 1990s, fMRI has come to dominate the brain mapping field 

due to its low invasiveness, lack of radiation exposure, and 
relatively wide availability.

Magnetoencephalography (MEG) is the measurement of summed 
magnetic fields produced by synchronous electrical activity in the 
brain as recorded from superconducting quantum interference 
devices (SQUIDS) placed on the scalp. It is only those magnetic 
fields generated by bundles of neurons that are perpendicular (as 
compared to radial in the case of EEG) to the cortical surface that 
can be measured. Like EEG, MEG has very high temporal resolution, 
but also suffers from the “inverse” problem. However magnetic 
fields are less distorted by factors like the skull, allowing somewhat 
better spatial resolution than EEG.

Magnetic resonance spectroscopy (MRS). An MR method in 
which levels of metabolites (such as myo-inositol, choline, creatine, 
N-acetylaspartate, choline, lactate, glutamate, glutamine, and 
GABA) associated with development and neuronal functioning are 
measured. Currently, because of the small concentrations of these 
metabolites, MRS is limited to a spatial resolution on the order of 
several millimeters and a temporal resolution on the order of 
minutes.

Positron emission tomography (PET). A short-lived biologically 
active radioactive tracer isotope is injected into the living subject 
and local neural activity is inferred based on resulting tissue 
concentrations within the area of interest. Provides spatial 
resolution on the order of millimeters, temporal resolution on the 
order of 10 seconds. Limitations to the use of PET include the high 
cost and the need to limit radiation exposure.

Transcranial magnetic stimulation (TMS). Weak electric 
currents are induced in brain tissue by electromagnetic induction 
due to rapidly changing magnetic fields. These electric currents 
can be used to trigger neuronal activity over a relatively well-
localized region of the cortical surface. TMS is often used to 
demonstrate causality. If performance for a given task is 
suppressed by TMS stimulation to a particular brain area, this 
provides evidence that the region is used in performing that  
task.

the ability of sighted subjects to perform tactile orientation32 
and tactile spatial distance33 tasks, suggesting functional 
involvement of these areas in tactile processing. However, it 
should be noted that other studies have failed to find visual 
cortical activation for tactile tasks in sighted subjects using 
fMRI32,34–37 or show interference with tactile tasks using 
occipital TMS.33,38 It therefore remains unclear how impor-
tant a role visual cortex plays in the performance of tactile 
tasks in sighted subjects.

The anatomical connections that underlie these res-
ponses in normally sighted individuals are still being  
determined. Until fairly recently cross-modal modulation 
within primary sensory areas was assumed to be mediated 
by feedback from multimodal association areas outside 
visual cortex, such as intraparietal and superior temporal 
sulcus cortex, insular cortex, and perhaps even frontal and 
prefrontal cortex.22,39,40 However, recent anatomical studies 
have found direct cross-modal projections between sensory 
cortices in adult primates. Direct projections have been 
found from auditory to visual cortex,41–43 from visual to 
auditory cortex,44,45 and from visual to somatosensory 
cortex.46

Cross-modal processing in early  
blind individuals
Measurements of cross-modal responses within early and late 
blind subjects have tended to either focus on “basic stimuli”, 
such as simple tactile discrimination or auditory frequency 
tasks, or have focused on tasks which have strong functional 
significance, such as Braille reading, auditory localization, or 
auditory language. While cross-modal plasticity seems to be 
stronger for functionally relevant tasks, it should be noted 
that these tasks/stimuli also tend to be more complex, and 
are therefore more likely to evoke large brain responses.

The accumulation of evidence suggests that, in early blind 
subjects, primary as well as extrastriate visual areas are exten-
sively recruited for processing of other senses. In contrast, 
for late blind subjects, there is only strong evidence for acti-
vation of extrastriate visual areas – and activation within 
these areas may not necessarily play a functional role.

Tactile performance
It is often suggested that blind subjects have enhanced tactile 
abilities. However it is still unclear to what extent differences 
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Table 41.1 Cross-modal plasticity in visual cortex: a summary of evidence for cross-modal plasticity discussed in this chapter

Study type Early blind Late blind Sighted

Tactile activation Braille words (Sadato et al. 1996, 1998) PET P & E – –

Braille words (Cohen et al. 1999) PET P & E E –

Braille words (Burton et al. 2002) fMRI P & E P & E –

Braille words (Gizewski et al. 2003) fMRI P & E – N

Angle, width, character discrimination (Sadato et al. 1996, 1998) PET P & E – N

Sweep (no discrimination) (Sadato et al. 1996, 1998) PET N – N

Braille letters (Sadato et al. 2002) fMRI P & E E N

Braille letters (naïve to Braille) (Sadato et al. 2004) fMRI – E N

Embossed letters (Burton et al. 2006) fMRI P & E P & E E

Tactile motion (Hagen et al. 2002; Blake et al. 2004) fMRI/PET – – E

Tactile object recognition (Amedi et al. 2001, 2002; James et al. 
2002; Pietrini et al. 2004)

fMRI – – E

Tactile orientation (Sathian et al. 2002) PET – – E

Tactile spatial frequency (Sathian et al. 2002) PET – – N

Auditory activation Frequency discrimination (Alho et al. 1993; Kujala et al. 1995) ERP/MEG Y – N

Frequency discrimination (Kujala et al. 1997) ERP Y Y N

Frequency discrimination (Kujala et al. 2005) fMRI P & E – N

Sound localization (Kujala et al. 1992) ERP Y – N

Sound localization (Leclerc et al. 2000; Gougoux et al. 2005) PET/ERP P & E – N

Sound localization (De Volder et al. 1999) PET P & E – N

Sound localization (Weeks et al. 2000) PET E – RH only – N

Sound localization (Voss et al. 2006) PET – E – RH dom N

Auditory motion (Poirier et al. 2006) fMRI MT+ – Y

Auditory motion (Saenz et al. 2008) fMRI MT+ – N

Auditory language (Burton et al. 2003) fMRI-PER P & E – N

Auditory language (Amedi et al. 2003) fMRI P & E P & E N

Auditory language (Burton et al. 2006) fMRI – P & E N

Tactile functional role Braille words (Cohen et al. 1999) TMS Y N –

Braille words (Hamilton et al. 2000) Stroke Y – –

Braille words (Kupers et al. 2007) TMS Y – –

Braille experience (Liu et al. 2007) fMRI-PER Y – –

Braille letters (Cohen et al. 1997) TMS Y – N

Embossed letters (Cohen et al. 1997) TMS Y – N

Spatial distance (Merabet et al. 2004) TMS/Stroke Y – Y

Roughness (Merabet et al. 2004) TMS/Stroke N – N

Tactile sensations (Ptito et al., 2008) TMS Y – N

Tactile orientation (Zangaladze et al. 1999; Sathian et al. 2002) TMS – – Y

Auditory functional role Frequency discrimination (Stevens et al. 2007) fMRI-PER Y – N

Auditory language (Amedi et al. 2003) fMRI-PER P – N

Sound localization (Leclerc et al. 2000; Gougoux et al. 2005) PET/ERP P & E – –

Sound localization (Collignon et al. 2007) TMS Y – N

Auditory language (Amedi et al. 2004) TMS Y – RH only – N

Pitch (Collignon et al. 2007) TMS N – N

Intensity (Collignon et al. 2007) TMS N – N

P = cross-modal responses found in primary visual cortex; E = cross-modal responses found in extrastriate cortex; Y = cross-modal responses found in visual cortex; 
N = cross-modal responses not found in visual cortex; – = cross-modal responses not studied; TMS = functional significance established using TMS; fMRI-PER = 
functional significance established by correlating cross-modal responses as measured using fMRI with task performance, across subjects; RH = right hemisphere; 
dom = dominance.
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Figure 41.2 A map of major visual and cross-modal connections to visual cortex, including connections known to exist in infant (dashed lines) and visually 
deprived (dotted lines) animals. Contralateral projections from the left visual field are shown. Green represents visual, blue represents somatosensory, red 
represents auditory and purple represents multimodal areas. References are provided for cross-modal connections to visual cortex.
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in tactile performance between sighted and blind subjects 
should be attributed to blindness per se as compared to 
practice effects.

For obvious reasons, blind subjects tend to have more 
extensive experience with Braille than even well-trained 
sighted subjects (indeed, most sighted teachers of Braille 
read using vision rather than touch). As a result, non-Braille 
tactile tasks are typically considered a better measure of the 
direct effects of blindness (as compared to experience) on 
tactile abilities. Interestingly, it is not entirely clear whether 
blind subjects do exhibit enhanced acuity for non-Braille 
tactile discrimination tasks. In one study, no significant  
differences in sensory, touch, or two-point discrimination 
thresholds were found between early blind and sighted sub-
jects.47 However in several more recent studies, tactile acuity 
has been found to be significantly higher in early blind sub-
jects than sighted subjects for embossed Roman letters38 and 
grating orientation discrimination48,49 tasks. Taken together 

Figure 41.3 A subject about to undergo a magnetic resonance imaging 
procedure. The table the subject is lying on is moved into the bore of the 
scanner. (Courtesy of the Van de Veer Institute.)

Figure 41.4 A subject undergoing transcranial magnetic stimulation (TMS) 
using a butterfly coil. (Courtesy of the Kastner laboratory.)

these data suggest that visual deprivation in early blind sub-
jects may only provide a weak or selective (for some types 
of task, but not all) advantage for tactile processing.50

Most of the benefits in tactile discrimination abilities in 
blind as compared to sighted subjects are likely to be due to 
an interaction between blindness and the effects of increased 
experience and reliance on visual cues. In several studies, 
although blind subjects initially exhibit superior perform-
ance to sighted subjects on a range of tactile tasks, when 
practice is accounted for between blind and sighted subjects, 
these differences disappear.47,51 Experiments such as these 
support the notion that the superiority in tactile tasks found 
in the blind is driven at least in part by greater tactile 
experience.

However, in another recent study it has been shown that 
sighted subjects perform better at Braille letter discrimina-
tion when they are blindfolded during a preceding five-day 
period than when they are allowed normal vision during 
that five-day period, irrespective of the amount of training 
in Braille. Indeed, blindfolded subjects who have not been 
trained at all in the task perform better than non-blindfolded 
subjects trained in the task over a five-day period.52,53 These 
findings suggest that visual deprivation does play a role in 
the enhanced tactile abilities of blind subjects.50 Further-
more, the fact that sighted Braille teachers read Braille visu-
ally (from the shadows of the letters) rather than by touch, 
suggests that loss of visual input is important for tactile 
fluency (Pascual-Leone, personal communication).

Given that both visual deprivation and tactile experience 
play significant roles in subserving the tactile performance 
benefits observed in blind subjects, an understanding of how 
deprivation and experience interact may be important in 
developing effective Braille instruction programs, especially 
in the partially sighted.

Braille tactile processing
Numerous studies have examined cross-modal responses to 
Braille reading in the visual cortex of blind subjects. In an 
early ERP study, early blind subjects were reported to show 
a more posterior/occipital distribution of response during 
Braille reading than sighted subjects who read embossed 
Roman letters.54 Since then, several neuroimaging studies 
have demonstrated that early blind subjects consistently 
show greater responses to Braille words than to non-words 
(or other appropriate control stimuli) in primary as well as 
extrastriate visual cortex. In contrast, late blind subjects show 
greater responses than sighted subjects in extrastriate but not 
primary visual cortex34–36,55 (see reviews,50,56 though see57,58). 
In early blind subjects the magnitude of BOLD responses to 
Braille in primary visual cortex is highly correlated on an 
individual basis with verbal memory ability, suggesting a 
relationship between the extent of cross-modal responses 
and Braille abilities,59 at least in those who are visually 
deprived at an early age.

Several TMS studies provide clear evidence for the func-
tional role of visual cortex in Braille reading in early blind 
subjects. TMS delivered to visual cortex while discriminating 
Braille letters (note that this is a somewhat simpler task than 
reading Braille text) induces significantly more errors than 
sham stimulation in early but not late blind subjects (Fig. 
41.5).55 This disruption of Braille performance suggests that 
the visual cortex does play a functional role in Braille reading 
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at least in early blind subjects38,55 (see reviews50,56,60). Addi-
tionally, there is the interesting case study of an early blind 
woman who, following an occipital stroke, lost the ability 
to read Braille without loss of her ability to detect Braille 
letters or loss of her other somatosensory abilities.61

Similarly, while TMS delivered to the visual cortex of early 
blind subjects does not seem to interfere with the detection 
of Braille tactile stimulation, it does interfere with the 
reading of Braille.50,62,63 Collectively these studies provide 
strong evidence that the responses found to Braille reading 
in visual cortex are not epiphenomena, and in fact are func-
tionally necessary for the comprehension of Braille. Further-
more, it seems that these responses in visual cortex belong 
to a later part of an extended network of areas subserving 
Braille processing. TMS applied to occipital cortex interferes 
with Braille processing only after a delay of 50–80 ms, as 
compared to lesser time periods of 20–40 ms when applied 
to somatosensory cortex62 (see reviews58,63,64).

Overall, in early blind subjects the preponderance of evi-
dence suggests that extrastriate and primary areas of visual 
cortex are recruited for Braille reading, and that cross-modal 
responses in visual cortex are functionally relevant. In late 
blind subjects, it is probable that extrastriate (though not 
primary) visual cortex is activated during Braille processing; 
however, it remains likely that activation in visual cortex 
during Braille reading in late blind subjects does not have a 
functional role.

Non-Braille tactile processing
Cross-modal responses in visual cortex of early as well as late 
blind subjects have also been shown for a variety of non-
Braille tactile discrimination tasks. In an early ERP study, 
early blind subjects showed a more posterior/occipital dis-
tribution of response than sighted subjects during even a 
simple passive tactile task where subjects passed their finger 
over a random-dot pattern.54 Furthermore, when performing 

Figure 41.5 Errors in Braille letter discrimination for individual subjects 
during TMS stimulation over the mid-occipital region (OZ) and control (Air) 
as a function of age of onset of blindness. CB-EOB = congenitally blind and 
early onset blind, LOB = late onset blind. Subjects identified 25 Braille letters 
presented in five strings of five letters (all non-words) for each scalp position 
stimulated. Errors were identified as wrong identification or an inability to 
identify letters. (From Cohen et al.55)
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same/different judgments of grooves or embossed letters, 
early blind subjects showed an increase in visual cortex acti-
vation (as measured using PET), whereas sighted subjects 
showed a decrease in visual cortex activation. In this task, 
neither blind nor sighted subjects showed changes in visual 
cortex activation to these tasks when no response was 
required, suggesting that attention to the tactile stimulation 
may be necessary.

As is the case for Braille reading, it seems fairly certain 
that both primary and extrastriate visual areas respond to 
non-Braille tactile discrimination in early blind subjects, and 
extrastriate but not primary visual areas respond to non-
Braille tactile discrimination in late blind subjects. Only 
early blind subjects show responses in primary visual cortex 
to a same/different Braille letter tactile discrimination task 
(letters were discriminated rather than read), whereas both 
early and late blind subjects show responses in extrastriate 
visual cortex. The recruitment of primary visual cortex for 
non-reading tactile discrimination may be limited to early 
blind subjects.65 Interestingly, recently late blind subjects 
who are naïve to Braille also show BOLD responses to tactile 
discrimination in extrastriate visual cortex, suggesting that 
cross-modal responses to tactile input in extrastriate cortex 
may not be dependent on experience with Braille.37,56

The tactile recruitment of visual cortex in early blind sub-
jects seems to have a functional role. TMS delivered to the 
visual cortex of early blind subjects while performing an 
embossed letter discrimination task induces significantly 
more errors in early blind than in sighted subjects, suggest-
ing a functional role of visual cortex even in non-Braille 
reading tactile tasks.38 However, visual cortex may only play 
a functional role for certain types of tactile processing; in 
early blind subjects, TMS delivered to occipital areas inter-
feres with performance during spatial distance, but not 
roughness judgments for raised dot stimuli.33

There is also evidence for cross-modal responses in visual 
cortex to complex tactile processing. During tactile imagery, 
early blind subjects (none of whom ever had vision) exhib-
ited ERP responses in extrastriate visual cortex.66 ERP responses 
over occipital cortex were also shown during encoding of 
tactile stimuli, and mental rotation of those stimuli.67 More-
over, early blind subjects show category-related patterns of 
BOLD response for tactile manmade objects in inferotempo-
ral (IT) and fusiform areas of visual cortex.30

Responses in visual cortex to tactile stimulation have been 
evoked in sighted as well as early and late blind subjects for 
certain stimuli. However one difficulty in studying the effects 
of tactile and auditory stimulation on occipital cortex is the 
possibility that occipital responses within sighted and late 
blind subjects may be due to visual imagery. Sighted, early 
and late blind subjects all showed BOLD responses to 
embossed Roman letter identification (a task likely to have 
elicited visual imagery in both sighted and late blind sub-
jects) in visual cortex.31 In late, but not early blind subjects, 
tactile motion and tactile face perception evoke BOLD 
responses in area MT+ and fusiform face area (FFA), respec-
tively – a finding, again, thought likely to be due to visual 
imagery.68

Auditory processing
Most studies have found little evidence for overall improved 
auditory sensitivity in blind subjects.69 However, there are 



757

The neuronal effects of visual deprivation

attended as well as the unattended ear.76 This result suggests 
that visual areas may subserve auditory processing regardless 
of attention. However, more recently, auditory responses in 
visual cortex for auditory frequency discrimination have 
been shown in both early and late blind subjects, but only 
when attention is directed to the auditory stimulus (MEG,77 
ERP78 and fMRI79) (see review60). In another attentional 
auditory ERP study, early blind subjects have been reported 
to exhibit larger and more posteriorly distributed N2 
responses than sighted subjects, as well as faster auditory 
target detection times.80

Recently, it has been shown in sight recovery subjects  
who were blinded at an early age (as well as in early blind 

some selective benefits of blindness on auditory perception, 
as described below, and visual cortex seems to be recruited 
for at least certain aspects of auditory processing.

In early blind subjects there is evidence for generally  
superior localization abilities,70,71 particularly in peripheral 
space.72,73 Auditory BOLD responses in visual cortex may 
also be correlated with sound localization accuracy74,75 
(Fig. 41.6).

In an early study, ERPs evoked by a dichotic listening task 
(where subjects were asked to listen to different auditory 
tones in each ear) were reported to have shown a more 
posterior scalp distribution in early blind than in sighted 
subjects. This was true for auditory input from both the 

Figure 41.6 PET responses during a binaural sound localization task performed by sighted subjects (SIG), early blind subjects with normal performance on a 
monaural sound localization task (EPNP) and early blind subjects with superior performance (EBSP). Subjects were asked to localize a pair of sounds while 
they were lying within the scanner by pointing with a joystick, placed at the subject’s side, toward the apparent source of stimulation. The control task 
consisted of pointing in alternation to the left and right after hearing a stimulus pair presented in the frontal position. (A) Decreased cerebral blood flow 
(CBF) is observed in the visual striate and extrastriate cortices. (B) Increased CBF is seen in the right ventral extrastriate cortex for the EBSP group, but not for 
the other two groups. X and Y coordinates refer to standardized stereotaxic space. The significance criterion was calculated as a t-value of 3–3.5. (From 

Gougoux et al.74)
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subjects) that visual extrastriate area MT+ responds selec-
tively to auditory motion but not other stimuli,81 suggesting 
that cross-modal plasticity can be influenced by the normal 
functional specialization of a cortical region. Evidence for 
functionally relevant auditory processing in visual cortex of 
early blind subjects comes from studies of auditory localiza-
tion and auditory language, as described below.

Visual cortex also seems to be recruited in blind subjects 
trained to use auditory sensory substitution devices (Box 
41.2, Fig. 41.7).

Auditory localization
Auditory ERP responses in primary and extrastriate visual 
cortex have been shown in early blind subjects while per-
forming sound localization tasks,83 and these responses 
seem to be larger in those early blind subjects who behavio-
rally demonstrate superior sound localization accuracy. The 
extent of activation in early blind subjects is correlated on 
an individual basis with sound-source localization accuracy 
(PET,74 see Fig. 41.6; ERP75). This suggests that cross-modal 
responses to sound localization in visual cortex may have 
functional importance.

These cross-modal responses within visual cortex may 
also be lateralized; in another PET study, auditory responses 
in extrastriate visual cortex in early blind subjects to sound 
localization are reported in the right, but not the left, visual 
cortex.84 Responses to sound-source localization have addi-
tionally been shown with PET in extrastriate visual cortex  
of late blind subjects, again with a seemingly right hemi-
sphere dominance.85 Moreover, TMS delivered to right occip-
ital areas (TMS was not delivered to the left hemisphere) 
interferes with an auditory localization task, but does not 
significantly interfere with an auditory pitch or intensity 
discrimination task.86 This finding suggests that in early 
blind subjects right visual cortex plays a functional role in 
auditory localization, and is perhaps specifically involved  

Box 41.2 Sensory substitution: replacing vision with 
audition

The enhanced abilities of blind individuals to make use of 
auditory and tactile cues have inspired the development of a 
variety of sensory substitution devices. While few are currently  
in common use, it seems likely that as miniaturization and 
processing capacities improve, such devices will quickly become 
more commonplace. Interestingly, a few studies suggest that  
use of these sensory substitution devices may elicit occipital 
responses within blind subjects, and that these responses may be 
highly dependent on training.

In one early study, early blind and blindfolded sighted subjects 
were trained with an ultrasonic echolocation device which 
transduces ultrasonic echoes into auditory signals.1 During a 
sound localization task without the device, larger PET activations 
were found in extrastriate (and probably primary) visual cortex of 
early blind subjects than were found within blindfolded sighted 
subjects. Moreover, while training with the device had no effect 
on visual cortex activation for blindfolded sighted subjects, in the 
case of early blind subjects training with the device resulted in an 
additional increase in extrastriate (and probably primary) visual 
cortex activation during sound localization.

In a second study, early blind and blindfolded sighted subjects 
were trained to use a visual-to-auditory sensory substitution 
device (prosthesis substituting vision with audition, PSVA) for 
spatial pattern recognition. After training with the device larger 
PET activations were again found in the extrastriate visual cortex 
of early blind than blindfolded sighted subjects (see Fig. 41.7). 
These findings suggest that differences between early blind and 
sighted subjects might be mediated by a pre-existing ability in 
early blind subjects to recruit visual cortex for non-visual spatial 
processing that extended relatively easily to the sensory 
substitution device.

Figure 41.7 Schematic representation of the sensory substitution equipment used by Arno et al.82 Early blind and blindfolded sighted control subjects were 
trained to use a PSVA (prosthesis substituting vision with audition) device over the course of 12 one-hour training sessions, distributed over 8–10 weeks. 
Visual patterns were generated using a graphics tablet connected to a PC. The audio translation of these visual patterns (each pixel was associated with a 
specific frequency) was provided to the subject (and experimenter) via headphones. During each training session, subjects learned to move the pen on the 
graphics tablet to scan each pattern, and during each test session (before the first training session, and after the 6th and 12th training sessions), subjects 
were asked to reproduce each pattern via arranging metallic bars and squares in a frame. (Adapted from Arno et al.82)
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consistent with left hemisphere lateralization for language 
processing (Fig. 41.8). It should be noted that the late timing 
of the TMS pulses (660 ms after word presentation onset), 
as well as subject reports indicating clear auditory perception 
of the stimulus, make it highly unlikely that the TMS affected 
the auditory processing of the stimulus per se, as compared 
to the processing of verbal content. It seems that visual 
cortex is involved in high-level verbal processing in early 
blind subjects.

Cross-modal connectivity within occipital 
cortex of early blind individuals
Most evidence for changes in connectivity in humans as a 
result of blindness has surfaced relatively recently, using a 
variety of techniques including fMRI (functional magnetic 
resonance imaging), TMS (transcranial magnetic stimula-
tion), high-resolution MRI, and diffusion tensor imaging 
(DTI). Despite the growing interest in the connectivity 
underlying cross-modal plasticity, the routes by which audi-
tory and tactile information reaches striate and extrastriate 
visual cortex in early blind individuals are still unclear. One 
possibility is that early visual deprivation results in a failure 
to prune early exuberant corticocortical and/or thalamocor-
tical cross-modal connections. Alternatively, early depriva-
tion may permit top–down connections from multimodal 
areas to extend into primary and secondary visual areas.

Functional evidence about the source of cross-modal plas-
ticity is somewhat contradictory. Some functional evidence 

in the analysis of spatial components necessary for such 
tasks.

This right hemisphere bias for sound location in early and 
late blind subjects is consistent with laterality effects shown 
in auditory cortex of sighted subjects. In sighted subjects 
sound localization tasks result in right hemisphere engage-
ment, based on measurements using magnetoencephalogra-
phy (MEG; a method of measuring the magnetic fields 
produced by electrical activity in the brain).87 Analogous 
laterality effects have been found in sighted subjects. For 
example, lesions of the right hemisphere can result in deficits 
in visuospatial processing88 (see also86).

Auditory language
Several studies have shown that both primary and extrastri-
ate visual cortex in early blind subjects are recruited for 
auditory language, with a greater extent of BOLD activation 
for semantic tasks compared to phonological processing 
tasks or passive indecipherable sounds89–91 (see review89). 
Similarly, BOLD responses in primary and extrastriate visual 
cortex have been shown for auditory language processing in 
late blind subjects who are naïve to Braille.31,89 Cross-modal 
responses to auditory verbal content in primary and extra-
striate visual cortex seem not to be heavily dependent on the 
onset of blindness occurring early in life.

TMS delivered to visual cortex (particularly the left hemi-
sphere) of early blind subjects during verb generation in 
response to auditory-presented nouns results in verb-
generation errors, that seem to be primarily semantic,92 

Figure 41.8 Verb-generation error rates in blind and sighted groups as a function of repetitive TMS (rTMS) site. In blind subjects, rTMS over left V1 increased 
error rates relative to sham and right S1 stimulation; a similar trend was observed with left prefrontal (PF) and lateral-occipital (LO) stimulation. In sighted 
control subjects only left PF stimulation increased error rates relative to sham and S1 stimulation. Insets on each graph show the group-average pattern of 
fMRI activation in the left hemisphere during verb generation versus rest.59 Note that V1 only shows significant activation in the blind group, consistent with 
the larger error rates produced by rTMS over this region. Statistical parametric maps were thresholded at p < 0.05 and corrected for multiple comparisons 
with use of a random-effect general linear model. (From Amedi et al.92)
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Anatomical data seem to consistently show a decrease in 
corticocortical connectivity within early blind human sub-
jects, though there are still a relatively small number of 
studies in the literature. A recent study using voxel-based 
morphometry based on high-resolution MR imaging24 
found that early blind subjects show significant atrophy of 
the geniculostriate system (Fig. 41.9). Loss of gray matter 
occurred within the dorsal lateral geniculate nucleus, primary 
and extrastriate cortex. White matter reductions were 
observed in the optic nerves, optic radiations, and optic 
tracts as well as within occipitotemporal projections and the 
posterior part of the corpus callosum (which links the visual 
areas of both hemispheres), suggesting large-scale atrophy 
of afferent projections to the visual cortex in early blind 
individuals. There was no evidence of any regions of 
increased white matter volume as might be expected if  
early blind subjects retained an “infantile” pattern of 
connectivity.

DTI is a magnetic resonance imaging technique which 
measures the restricted diffusion of water in tissue, thereby 
allowing the imaging of white matter tracts. In recent years 
the inclusion of fiber tracking algorithms in DTI analysis  
has been used to estimate tractography, the pathways formed 

suggests that the primary source of tactile cross-modal plas-
ticity in visual cortex of blind subjects is corticocortical, not 
thalamocortical. Stimulation of primary somatosensory 
cortex in early blind subjects by TMS yields activation in 
primary visual cortex.93 Tactile stimulation of one hand of 
blind subjects leads to bilateral activation of visual 
cortex.34,35,65 Because only the contralateral side of the body 
is represented at the thalamic level, the bilateral nature  
of these visual responses implies that tactile information 
must be delivered to visual cortex by cortical mechanisms 
beyond the thalamus. However, measurement of resting state 
functional connectivity (correlations between BOLD activity 
across the brain while a subject is at rest) suggests that early 
blind subjects show decreased functional connectivities 
compared to sighted subjects within the occipital visual cor-
tices as well as between the occipital visual cortices and the 
parietal somatosensory, frontal motor and temporal multi-
sensory cortices. Interestingly the greater the blind subjects’ 
use of Braille, the stronger the functional connectivities 
between these brain areas, suggesting that increased func-
tional connectivities are not dependent on visual depriva-
tion per se, but rather caused by increased reliance on 
auditory and tactile modalities enforced by loss of vision.94

Figure 41.9 Regions showing a reduction in 
gray (red) and white (blue) matter in congenitally 
blind (CB) as compared to normally sighted (NS) 
individuals. No areas were found that showed a 
reduction in gray or white matter in NS as 
compared to CB (areas showing NS < CB). 
Volume differences are presented on horizontal 
sections, with the left side of the figure referring 
to the left side of the brain. Statistical parametric 
maps were thresholded at p < 0.05 corrected for 
multiple comparisons with the false discovery 
rate (FDR) algorithm implemented in SPM2. (From 

Ptito et al.95 Reproduced by kind permission of Springer 

Science + Business Media.)
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by white matter connections.96 Currently there are only a few 
studies examining changes in tractography as a result of 
blindness. To date no differences in tractography have  
been found between late blind and sighted subjects, sug-
gesting that optic pathways in late blind subjects remain 
intact.97 However DTI, like high-resolution MRI, has found 
some evidence of optic pathway atrophy in early blind 
subjects.98,99

In contrast, a large number of animal models suggest that 
visual deprivation leads to increased cross-modal connectiv-
ity between subcortical thalamic nuclei and visual cortex, as 
well as from other sensory cortical areas to visual cortex. In 
adult opossums early bilateral eye enucleation results in 
abnormal thalamocortical and corticocortical projections. 
Abnormal connections projecting to visual cortex have been 
noted from both auditory (medial geniculate nucleus, MGN) 
and somatosensory (ventral posterior nucleus, VP) thala-
mus.7,100 These same authors also noted abnormal cortico-
cortical projections from auditory and somatosensory cortex 
to visual cortex.7,100 Similarly, in early bilaterally deprived 
cats, portions of the anterior ectosylvian area that are typi-
cally driven purely by visual input have been found to be 
almost completely taken over by auditory and somatosen-
sory inputs,101,102 and in early bilaterally deprived monkeys, 
some primary and extrastriate visual cortical areas are found 
to be recruited by tactile input.103,104

So, while functional and animal data support the notion 
that responses with the occipital cortex are driven by 
increased corticocortical connectivity, there is currently no 
evidence for any such increases in connectivity within early 
blind humans. One possibility is that early blind have 
similar (or weaker) thalamo-cortical or corticocortical ana-
tomical connections than sighted individuals, but that these 
connections play a much stronger role in modulating func-
tional responses in blind subjects.

Neuronal structure within occipital cortex of 
early blind individuals
In early blind subjects, primary and extrastriate visual corti-
cal areas are generally shown to exhibit greater than normal 
glucose metabolism and regional cerebral blood flow.105,106 
These findings support the notion that the visual cortex of 
early blind individuals remains “active” as a result of cross-
modal plasticity.

However, in animal deprivation models the effects of 
deprivation seem to include a variety of neuronal changes 
including a retardation in the development of glial cells,107 
disruption of the inhibitory GABA pathway,108,109 disrup-
tions in synaptogenesis and pruning,110–112 and losses of 
functional tuning.113–116 It should also be noted that many 
of these changes observed in animal models would not nec-
essarily have an observable effect using techniques that  
have currently been used to examine neural deterioration in 
humans (MR imaging of macroanatomy, and PET measure-
ments of glucose metabolism or blood flow). One interest-
ing potential tool is magnetic resonance spectroscopy (MRS), 
a noninvasive technique capable of measuring changes in 
the levels of metabolites (such as myo-inositol, choline, 
creatine, N-acetylaspartate, choline, lactate, glutamate, 
glutamine, and GABA) associated with development and 
neuronal functioning.

Differences in cross-modal processing between 
the periphery and the fovea
Cross-modal connectivity seems to differ between peripheral 
and foveal representations of space. In primate models it has 
been shown that adult (non-deprived) anatomical connec-
tions between auditory and multimodal temporal areas and 
primary visual cortex map preferentially to peripheral rather 
than foveal representations.41,42 Consistent with this, many 
cross-modal interactions in visually normal individuals are 
stronger for peripherally presented stimuli.117,118

Analogously, cross-modal responses seem to be stronger 
within regions of visual cortex that in sighted subjects sub-
serve the peripheral visual field. Braille and auditory word 
responses within primary visual cortex are found within 
peripheral rather than foveal areas of primary visual cortex.58 
Moreover, in blind subjects cross-modal responses to sound 
source localization tend to be stronger for sounds originat-
ing from peripheral space.72

One possible explanation for stronger cross-modal 
responses in the periphery is that cortical areas that normally 
represent peripheral representations have a greater potential 
for plasticity. For many aspects of visual processing, process-
ing in the periphery is qualitatively different from processing 
in the fovea, even after scaling for acuity. For example, in 
sighted subjects visual perceptual learning effects tend to be 
larger in the periphery than in the fovea.119

Blindfolding studies
It has recently been shown that cross-modal responses to 
Braille and auditory stimuli can be elicited within the visual 
cortex of sighted individuals after relatively short periods of 
blindfolding. In a group of these experiments53,120 (see also 
reviews50,63), sighted subjects were visually deprived via 
blindfolding for a period of five days, and BOLD responses 
in visual cortex were measured while they performed audi-
tory and tactile tasks. In the auditory task, subjects listened 
to a series of tones and performed a same/different task on 
each tone compared to the previous tone. In the tactile task, 
subjects performed a same/different task on pairs of Braille 
symbols. On the first day of blindfolding, there was no 
response in visual cortex to either the auditory or tactile 
tasks. However, by the fifth day of blindfolding activation 
was seen in an anatomical region likely to include primary 
visual cortex during both the auditory and tactile tasks  
(Fig. 41.10).

In parallel to the findings of the effect of TMS on Braille 
letter discrimination abilities in early blind subjects,38,55 
TMS applied to occipital cortex in blindfolded sighted sub-
jects (but not sighted control subjects) on the fifth day also 
significantly interfered with performance on the tactile 
Braille discrimination task,53 suggesting that BOLD responses 
in visual cortex during this task are functionally relevant. 
Furthermore, on the sixth day, just 24 hours after removal 
of the blindfold (the blindfold was used during scanning), 
the activation of visual cortex in response to tactile or  
auditory stimulation was no longer apparent, and TMS 
applied to occipital cortex no longer interfered with the 
tactile Braille task. These latter findings indicate that expo-
sure to vision for a single day is sufficient to eliminate the 
visual cortical activation induced during the blindfolding 
period.
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given that the evidence for functional significance of cross-
modal activations in late blind subjects is not very strong – 
indeed it is curious that TMS studies using Braille stimuli 
show functional significance of cross-modal activation in 
blindfolded sighted subjects, but not in late blind subjects.

One possibility is that during early stages of vision loss 
there may be a reinforcement of pre-existing connections 
(similar to what has been demonstrated in the short term in 
blindfolded sighted subjects) which may in the long-term 
lead to permanent structural modifications in pathways 
between visual cortex and other sensory areas.63 Long-term 
connectivity patterns may fundamentally differ between 
early and late blind subjects – perhaps accounting for the 
generally weaker and less extensive cross-modal findings in 
late blind subjects, especially within primary occipital cortex.

Restoration of vision

The existence of cross-modal plasticity in visual cortex raises 
interesting questions regarding the effects of cross-modal 
plasticity on restoration of visual function. One possibility 
is that cross-modal responses to other forms of sensory input 
within visual cortex might be beneficial in maintaining neu-
ronal functioning and preventing atrophy. On the other 
hand if allocation of visual cortex to other senses is irrevers-
ible, then cross-modal processing could reduce the ability of 
visual cortical neurons to process restored visual input.

TMS has been used in blind subjects to investigate the 
relationship between induced phosphenes and neuronal 
function in visual cortex.122 The likelihood of phosphene 
elicitation is correlated with the amount of residual vision; 
subjects with severe blindness (no light perception, NLP) 
only rarely perceive phosphenes.

Additional evidence for effects of short-term visual depri-
vation on cross-modal responses in visual cortex has been 
provided by a second research group. In this study, sighted 
subjects were blindfolded for two hours, and then cortical 
activation was assessed with fMRI as they performed several 
tactile discrimination tasks. A comparison of blindfolded 
subjects vs control subjects revealed a task-specific increase 
in activation in lateral occipital complex (LOC) for a tactile 
global form task (but not a gap detection task), as well as an 
unexpected decrease in activation in intermediate visual 
areas for both tactile tasks.121

These data imply that activation of visual cortex during 
processing of other senses is not necessarily an exclusive 
feature of blindness; some mechanisms that can mediate 
cross-modal plasticity are present even in the normal brain.50 
The rapid nature of these changes suggests that some con-
nections between different sensory areas may be pre-existing, 
and simply latent until “unmasked” as a result of specific 
experiences such as temporary deprivation.64,120 In other 
words, when a sensory cortical area is deprived of its normal 
input, existent cross-modal connections allow this area to 
respond to input from other modalities.

However, it should be noted that the mechanisms uncov-
ered by blindfolding paradigms do not necessarily represent 
the same mechanisms that mediate cross-modal plasticity in 
blind subjects. In blindfolded sighted subjects responses in 
visual cortex to input from other modalities could be a con-
sequence of “unmasking” or release from inhibition (a fast, 
and easily reversed, effect), whereas in early blind subjects 
the same finding could be a consequence of the establish-
ment of a different type of connectivity (not necessarily one 
involving an increase in white matter) – a slow effect that 
would be practically impossible to study in blindfolded 
sighted subjects.64 This possibility seems particularly likely 

Figure 41.10 Normally sighted subjects were randomized to a blindfolded or non-blindfolded group. Both groups were immersed in an intensive tactile 
stimulation program that included formal Braille instruction over five days. Group difference tactile activation maps are shown (overlaid on the anatomy of a 
single representative subject) contrasting the blindfolded and non-blindfolded groups for each fMRI session of the study. Activation maps were corrected for 
multiple comparisons by a joint voxelwise significance/cluster size threshold of (p < 0.05; estimated through Monte Carlo simulation using Brain Voyager) in a 
procedure designed to allow detection of weak but spatially extensive activations. (From Merabet et al.53)

Day 1 Day 3 Day 5 Day 6 (blindfold OFF)

BA
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Restoration of vision

Figure 41.11 Stimuli used for tests of MM’s form, 
depth, and motion processing. Stimuli shown to 
visually normal controls were always blurred using a 
low pass filter that was designed to match MM’s 
acuity losses. (Adapted from Fine et al.123)
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These data are supported by the small number of studies 
examining restored vision in those who were blind since 
childhood. All these studies suggest severe losses in acuity 
and difficulties interpreting the visual world. The extent of 
visual processing deficits seems to depend in a complex way 
on the age and severity of blindness, and the age at which 
sight is restored, as illustrated by comparing two recent case 
studies.

For example, sight recovery subject MM was born with 
normal vision, but lost vision (leaving LP vision) at age 3 
due to a chemical accident. At 43 he underwent corneal and 
limbal stem-cell transplant in one eye. Post-operatively 
MM’s visual acuity was substantially impaired (due to neural 
losses) as were fMRI responses in primary visual cortex. 
When neural acuity losses were compensated for, his per-
formance on 2D form, color, and motion tasks was remark-
ably good, as shown in Figure 41.11, and he showed strong 
MT+ responses to moving stimuli. However 3D form, depth, 
object, and face identification were extremely poor, and he 
showed no extrastriate responses to images of faces or 
objects.123

SRD was blind from birth due to dense congenital cata-
racts which were removed at age 12.124 When tested at age 
34 this subject also showed acuity losses, and a lack of 
impairment for simple form processing. However SRD 
showed greater proficiency than MM at higher-level visual 
tasks such as 3D form, depth, and face vs non-face discrimi-
nation. Like MM, motion processing appeared relatively 
unimpaired.

The retention of visual motion processing in these sub-
jects is surprising (while formal tests of SRD’s motion 
processing are not reported, no deficits have been noted), 
especially given recent evidence that after early blindness 
MT+ selectively processes auditory motion information.81

One possibility is that MM had time to establish motion 
processing before becoming blind at the age of 3. While 
SRD’s cataracts were congenital, her pre-operative acuity  
was not measured (it was LP or above) and she may have 
retained sufficient visual acuity while blind to subserve basic 
motion processing. One possibility is that to a certain degree 

motion processing may be “hard-wired” and require rela-
tively little visual experience; another (as discussed below) 
is that the ability to process motion was maintained due to 
the existence of auditory motion-selective responses with 
that brain area.81

There are several possible reasons for the difference in 
performance between these two subjects on 3D form tasks. 
Perhaps the residual visual input received by SRD while 
blind provided enough stimulation for extrastriate cortex  
to retain the potential to regain complex visual function 
once the cataracts were removed at age 12. Alternatively, 
SRD’s better performance might be the result of recovering 
sight at a relatively early age. Finally, given that extrastriate 
cortex probably remains relatively plastic even into adult-
hood, it is possible that her ability to perform these tasks 
gradually improved in the decades that followed sight 
restoration.

More recently, a study of MM and another early blind 
subject who regained some vision in adulthood demon-
strated robust activations in area MT+ to both auditory and 
visual stimulation.81 In these subjects MT+ responded to 
auditory motion, while in visually normal subjects MT+ 
did not show similar auditory responses. These auditory 
responses in MT+ were selective for motion as compared to 
other complex auditory stimuli, suggesting that cross-modal 
plasticity can be influenced by the normal functional spe-
cialization of a cortical region. These results further demon-
strate that in the case of sight recovery, cross-modal responses 
can coexist with regained visual responses within the visual 
cortex (Fig. 41.12). The ability to process auditory input 
within MT+ as a result of visual deprivation does not seem 
to usurp the ability of MT+ to process visual input, and the 
restoration of visual responses does not seem to block audi-
tory motion responses within MT+. These data therefore 
suggest that changes in neuronal function that occur as a 
result of cross-modal plasticity in visual cortex need not be 
detrimental to restored visual function. Indeed, the presence 
of functionally appropriate cross-modal responses may even 
help preserve the ability of an area to process visual 
information.
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increasing use of powerful non-invasive methods such as 
MRS, DTI, and TMS to examine the effects of blindness is 
likely to provide increasing insight into the biological foun-
dations that underlie this remarkable example of plasticity 
within the human brain.

It is, of course, also likely that the factors that affect cross-
modal plasticity interact. Early blind subjects tend to be 
much more fluent at skills such as Braille, use of a cane, or 
sign language than later blind subjects. One reason for this 
may be that these skills are easier to learn at an early age, 
when cortex is more plastic, and occipital cortex shows larger 
cross-modal plasticity. However the greater skills of the early 
deprived may also be partially due to behavioral and cultural 
factors – early blind subjects tend to learn Braille at school, 
and as a result learn to rely on Braille more heavily than 
those deprived at a later age. What is most likely is that these 
two factors may reinforce each other: Early blind subjects 
may learn sensory substitution skills more easily than those 
deprived later in life, this makes them rely on these skills 
more heavily, giving them practice and thereby further 
improving those skills, and this, in turn, increases the 
amount of cross-modal plasticity that occurs. In those 

Concluding remarks

Over the last decade a wide variety of studies have estab-
lished that blindness results in remarkable changes in the 
response properties of human occipital cortex, and have 
further shown that these changes in response properties 
underlie a variety of skill differences between blind and 
sighted subjects.

However at this present date there is still much to be 
learned about the neurophysiological substrates of human 
cross-modal plasticity. Potential sources of cross-modal 
responses in occipital cortex include thalamic input, direct 
input from primary auditory or somatosensory areas, and 
feedback connections from polysensory extrastriate cortex. 
These connections may be mediated by pre-existing ana-
tomical pathways, deviations in developmental “pruning”, 
or entirely novel anatomical pathways. Patterns of connec-
tivity are, of course, also likely to differ between early and 
late blind subjects, between foveal and peripheral cortex, 
and as a function of individual experience, such as the age 
of learning Braille. Fortunately, over the next decade the 

Figure 41.12 Responses to auditory motion stimuli and visual motion stimuli within sight recovery subject MM. Note the near-complete overlap between 
visual and auditory responses, indicating co-localization of auditory and visual motion responses. (Adapted from Saenz et al.81)
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deprived later in life, this “circle of competency” may be 
much more difficult to establish.

A deeper understanding of how neural deterioration as a 
result of blindness and cross-modal plasticity might interact 
will also prove increasingly important as new sight restora-
tion procedures (such as retinal implants, epithelial stem cell 
replacements, gene therapies, and retinal transplants) 
become available. The cross-modal plasticity that occurs as 
a result of sensory deprivation is of benefit to the blind 
individual, playing an important role in allowing them to 
make better use of his/her remaining senses. It is therefore 
important to be aware that restoring vision may have the 
unintended consequence of interfering with cross-modal 
abilities. This is of particular concern, because, as described 
earlier, the neural deterioration that occurs as a result of early 
blindness does seem to severely limit an individual’s ability 
to make use of restored vision.

Take, for example, the classic description of sight recovery 
subject SB’s inability to deal with crossing the road after sight 
restoration:125

“He found the traffic frightening, and would not attempt to 
cross even a comparatively small street by himself. This was in 
marked contrast to his former behavior, as described to us by his 
wife, when he would cross any street in his own town by 
himself. In London, and later in his home town, he would show 
evident fear, even when led by a companion whom he trusted, 
and it was many months before he would venture alone.”

Clearly, new visual information interfered with SB’s ability 
to use cross-modal skills that he had relied on preopera-
tively. The decision to implant a prosthetic device or carry 
out a restorative surgery needs to consider not only the 
potential loss to any residual vision or hearing but also the 
potential of the device to interfere with the development  
of (in the case of children) or the use of cross-modal 
processing. Given that the ability to make use of the restored 
sense will often be limited, any potential deterioration in a 
patient’s ability to navigate with a cane or read Braille, must 
be treated as a serious concern.
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Notes
vs. indicates a comparison or differential 

diagnosis
To save space in the index, the following 

abbreviations have been used
IPL – inner plexiform layer
ipRGCs - intrinsically photosensitive retinal 

ganglion cells
LGN – lateral geniculate nucleus
RGC – retinal ganglion cells
RPE – retinal pigment epithelium

A
ABCA4 gene, Stargardt’s disease, 400b, 403
ABCA, macular degeneration, 391b
ABCD1, adrenoleukodystrophy, 391b
Abducens nerve (cranial nerve VI), 336f

anatomy, 187f–188f
congenital cranial dysinnervation disorders, 199
extraocular muscle innervation, 55
eye movements, 222
orbit, 338–339, 338f
orbital apex, 335–337
route of, 185

Abducens nucleus lesions, 238
Aberrations, visual acuity, 632
Aberrometry, 32–34

commercial devices, 33–34
definition, 32
historical aspects, 32
Zernike polynomials, 33, 34f

Abnormal retinal correspondence, binocular vision 
see Binocular vision

ABP (arterial blood pressure), ocular circulation 
regulation, 257–258

Absolute binocular (retinal) disparity, 683
Absorption spectra

rhodopsin, 401–402, 406f
rods vs. cones, 406, 406f

Acanthamoeba keratitis, 381
ACAs see Anterior ciliary arteries (ACAs)
Accommodation, 8, 40–70

age-related changes, 8
anatomy, 44–48

see also specific anatomical features
birds, 40

diving birds, 40–41
carnivores, 40
comparative anatomy, 40
definition, 41–42
herbivores, 40
higher-order aberration correction,  

36
historical aspects, 40
mammals, 40–41
measurement, 57–59, 57b

dynamic measurement, 58
illumination levels, 57–58
optical refractive power, 58
static measurement, 58
stimulation, 58–59
subjective, 57–58, 58f

mechanism of, 41b, 41f, 48–49, 49f
ciliary muscle, 48–49, 50f
lens capsule, 46f–47f, 48–49
lens diameter, 49, 52f–54f
lens thickness, 49, 54f
pressure changes, 49
vitreous, 49

optical changes, 43f, 49–55
lens anterior surface, 49–55
lens thickness, 49–53
paraxial vergence calculations,  

53
optical requirements, 42–43

β-Adrenergic receptors
β2-Adrenergic receptors, 44–45
antagonists

aqueous humor secretion/composition,  
281

IOP effects, 280
as vasoconstrictor, 264–265

aqueous humor drainage, 292
Adrenoleukodystrophy, ABCD1, 391b
Adult eye, 6–21

see also specific systems
Advanced Glaucoma Intervention Study (AGIS), 

visual field progression determination, 
664

Advanced glycation end-products (AGEs), cataracts, 
155

AE (Cl-/HCO3-) exchanger, tear film, aqueous layer, 
358–359

Afferent sensory nerves, lacrimal glands, 356
“Against-the-rule” astigmatism, 36
Age of onset

disparity sensitivity, 720, 721f
strabismus, 744, 744f

Age-related changes, 21–26
accommodation, 8
cataracts, 21–22, 36, 146, 147f, 155
cornea, 71–73
higher-order aberrations, 36
lens, 47, 144
motion processing, 709
ocular circulation, 256, 256f
optic nerve axon counts/dimensions,  

553
presbyopia, 59
sclera, 115–119
visual acuity see Visual acuity
vitreous body see Vitreous body

Age-related cortical cataracts, 146, 150–151, 151b, 
155

calcium homeostasis, 150
lens morphology, 150
lens thickness, 151
membrane blebs, 150–151
protective mechanisms, 151
superficial lens fiber cells, 150

Age-related macular degeneration (AMD)
advanced, 330b
αβ-crystallins, 137
anti-VEGF therapy, 249b
choroid vasculature, 245
ocular blood flow, 266

Age-related maculopathy (ARM), 329b
slowed dark adaptation, 442b

Age-related nuclear cataracts, 146, 148–150
ascorbate, 149, 149f
hyperbaric oxygen treatments, 148
lens hardness, 150
lens refractive power, 148
near visual acuity, 148
oxidative damage, 137b, 148
post-vitrectomy, 149
protein aggregation, 149, 150f

AGEs (advanced glycation end-products), cataracts, 
155

AGIS (Advanced Glaucoma Intervention Study), 
visual field progression determination, 
664

Airey disc, 9
AK (astigmatic keratotomy), 92
Alanine, honeybee retina in vitro studies, 316–317, 

318f
Alcohol consumption, cataracts, 146–147
Aldose reductase, cataracts, 154–155
Aliasing, visual acuity, 633
All-or-nothing spikes, optic nerve action potentials, 

559

pharmacology, 56–57
acetylcholine neurotransmitters, 56–57
muscarinic antagonists, 56–57
pilocarpine, 56–57

pupil near reflex, 507–508
reptiles, 40
stimulus, 55–56

blur cues, 55–56, 57f
convergence, 55–56
Edinger–Westphal nucleus, 55
focusing efforts, 55, 56f
intraocular nucleus, 55
longitudinal chromatic aberration, 56
pharmacology, 56
postganglionic ciliary nerves, 55

vergence gaze, 236
see also Presbyopia

Accommodative amplitude
definition, 43
measurement, 58

Accommodative esotropia, 237b
AC conventional fast synapses see Retinal synaptic 

organization
AC efferent slow transmitter synapses see Retinal 

synaptic organization
Acetylcholine

accommodation, 56–57
AC conventional fast synapses, 448
aqueous tear film layer secretion, 357
AxC conventional fast synapses, 448
blood flow regulation, 264
conjunctival goblet cells, 353
receptors, extraocular muscles, 186

Achromatic counterparts, chromatic sensitivity, 
621–622

Achromatism see Chromatic aberrations
Acinar electrolyte/water secretion, tear film, aqueous 

layer see Tear film, aqueous layer
Acquired neurological disorders, 237
Acquired strabismus, 237
Actin filaments, aqueous humor drainage, 292, 293f
Action potentials

ipRGC depolarizing photoresponse, 529–531, 
530f

LGN K cells, 581
LGN M cells, 581
LGN P cells, 581
optic nerve axonal conduction, 559

Action spectra
photoreceptors, 417
rods, 417, 418f

Active phase, corneal stroma wound healing, 92
Active transport

aqueous humor composition, 279–280
aqueous humor formation, 274–275, 277f

Adaptation, light see Light adaptation
Adenosine, retinal vasculature, 264
Adie’s tonic pupil, 521–522, 521f–522f

anisocoria, 516t
causes, 521–522

Adie syndrome, 523
diagnosis, 520

Adipose tissue see Fat tissue
Adrenergic mechanisms, aqueous humor, 281

drainage see Aqueous humor drainage
β-Adrenergic receptor agonists, aqueous humor 

drainage, 291–292
α-Adrenergic receptors

α1-Adrenergic agonists, 281
α2-Adrenergic agonists

aqueous humor drainage, 292
IOP effects, 280
protein secretion regulation, tear film, 

aqueous layer, 357–358, 359f
α1-Adrenergic antagonists, 281
agonists, 264–265

Index
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All-trans-retinol (vitamin A)
corneal stromal wound healing, 90–91
deficiency, slowed dark adaptation, 441
re-isomerization, visual cycle, 328
retinal pigmented epithelium transport,  

325
Alport syndrome, lens capsule, 145
ALS (amyotrophic lateral sclerosis), extraocular 

muscle sparing, 200–202
Alternating defocus, developmental visual 

deprivation, 740–742, 741f
Alternating intermittent monocular form 

deprivation, 734
Alzheimer disease, motion processing, 709
Amacrine cells

AII cells, bipolar cell output synapses, 464
inner plexiform layer signal processing see 

Signal processing, inner plexiform layer
ipRGC synaptic input, 535–536
retinogeniculate projection development, 

726–727
sensory neuroepithelium, 444

Amblyopia, 645, 645b, 745–747
anisometropic see Anisometropic amblyopia
contrast sensitivity, 616–617, 617f
crowding, 645
deprivation, 734
form deprivation, 732, 733f, 746
functional losses, 645, 645f
incidence, 645
neural changes, 746–747, 746f
non-strabismic, contrast sensitivity, 616–617, 

617f
patching regimens, 734
perceptual deficits, 746
severity, 645
strabismic see Strabismic amblyopia

AMD see Age-related macular degeneration 
(AMD)

Ametropia, 26f
axial length, 25
components of, 25–26
crystalline lens power, 25

Ammonium ions, honeybee retina in vitro studies, 
314f, 317

AMPA receptors
developmental visual deprivation, 738–739
horizontal cells, 444–445
inner plexiform layer signal processing, 471, 

473
outer retinal signal processing, 460
retinal synaptic organization, 449, 451

Amyotrophic lateral sclerosis (ALS), extraocular 
muscle sparing, 200–202

Analgesics, eye sensory innervation, 382
Anatomical barriers, corneal drug delivery, 112–114, 

113f
Anatomical connections, cross-modal processing, 

752
Anatomy

development, 1–4
early blind individuals, occipital cortex, 760, 

760f
retinogeniculate projection development, 725, 

727–728, 728f
see also specific anatomical structures

Anesthesia
pupil reflex dilation, 508
topical, 382

Angle-closure glaucoma, mydriasis, 521
Angular artery, eyelids, 346f
Animal models

developmental visual deprivation, 732
early blind individuals, occipital cortex, 761
glaucoma, 562
ipRGCs, 532–533
ischemic optic neuropathy, 561
lens refraction, 143
LGN anatomy, 575
ocular blood flow measurement see Ocular 

circulation measurement
optic neuritis, 561
primary visual cortex receptive field properties, 

592–593
strabismus see Strabismus

Aniseikonia, 690–693, 691b
clinical significance, 691
declination error, 693
induced effect, 691–692, 692f
retinal image size, 691, 692f
spatial distortions, 691, 692f

Anisocoria, 514, 515f
Adie’s tonic pupil, 516t
bright light, 507f, 513t, 520
causes, 506–507, 516t
contraction, 507
in dark, 515–518
definition, 502
Horner’s syndrome vs., 515
physiologic, 516t
simple, 515

Anisometropia
deep ocular pain, 381
definition, 691

Anisometropic amblyopia
constant monocular defocus, 739, 740f
neural changes, 746–747, 746f

Anisophoria, 691
Anisotropies, visual acuity, 636f, 638, 638f
ANLSH (glial-neuron lactate shuttle hypothesis), 

315
Annulus of Zinn, 336f
Anterior chamber depth, ametropia, 25
Anterior ciliary arteries (ACAs), 243

anatomy, 275f–276f
anterior segment vasculature, 246–247
choroid vasculature, 244
episcleral vasculature, 121–122

Anterior cortex, vitreous body, 164–165
Anterior ethmoidal arteries, 339f

orbit, 340
Anterior ethmoidal nerve, 187f–188f
Anterior ischemic optic neuropathy, 513t
Anterior lamella, eyelid margin, 343
Anterior polar cataract (APC), 152

myofibroblast cells, 153
Anterior scleral foramen, 119–120
Anterior segment

lens development, 140
vasculature, 246–247, 247f

anterior ciliary arteries, 246–247
long posterior ciliary arteries, 246–247

Anterior uvea, vasculature, 257
Anti-inflammatory drugs, eye sensory innervation, 

382
Antioxidants, extraocular muscles, 191
Anti-VEGF therapy, age-related macular 

degeneration, 249b
AP-2α transcription factor, lens development, 134
APC see Anterior polar cataract (APC)
APE, rhodopsin phosphorylation, 403, 403f
Aperture size, visual acuity, 633
aphakia mutation, 135
Apoptosis

corneal ultraviolet light filtration, 114–115
RGC death, 563

Apparent motion, 708
Apraclonidine, Horner’s syndrome diagnosis, 

518–519
Aquaporin(s)

aqueous humor drainage, 298
electrolyte/water secretion regulation, tear film, 

mucous layer, 355–356
Aquaporin 1, 277–278
Aqueous humor, 274–307

anatomy, 132f
blood–aqueous barrier, 278–279

breakdown of, 279, 279t
Schlemm’s canal, 278–279
tight junctions, 278–279

composition, 278–280
active transport, 279–280
ascorbate, 278
lactate, 278
protein, 278

definition, 7–8
drainage see Aqueous humor drainage
formation, 274–278, 280b

active secretion, 274–275, 277f
aquaporin 1, 277–278

biochemistry, 275–278, 277f
carbonic anhydrase, 276, 278
chloride ions, 277–278
ciliary epithelium, 275–276
diffusion, 274–275
physiology, 274–275
sodium ions, 277–278
sodium-potassium-activated ATPase, 

276–278
turnover, 275
ultrafiltration, 274–275

formation regulation, 280–283
parasympathetic nervous system, 280
sympathetic nervous system, 280

intraocular pressure, 274
optical power contribution, 42
pharmacology, 280–283, 282t

adrenergic mechanisms, 281
cholinergic mechanisms, 280–281
corneal drug delivery, 112

secretion, 274
Aqueous humor drainage, 283–289

adrenergic mechanisms, 291–292
conventional (trabecular) outflow, 291–292
unconventional (uveoscleral) outflow, 292

cell volume related mechanisms, 297–298
aquaporins, 298
chloride channels, 298
Na-K-Cl cotransporter, 297–298
nitric oxide, 298

cholinergic mechanisms, 289–291
alterations of, 290–291
conventional (trabecular) outflow, 286f, 

289–290
unconventional (uveoscleral) outflow, 291, 

291f
corticosteroid mechanisms, 294–296

cortisol, 294–295
cross-linked actin networks, 295
dexamethasone, 295
11β-hydroxysteroid dehydrogenase, 294
myocilin, 295
prednisolone acetate, 294–295
TM cytoskeleton, 295

cytoskeletal/cell junctional mechanisms, 
292–294, 292b

actin filaments, 292, 293f
caldesmon, 294
cytochasin effects, 293
ethacrynic acid effects, 294
extracellular matrix signaling, 294
H7 effects, 293–294
latrunculin effects, 293, 293f
microtubules, 294
myosin light chain kinase inhibition, 

293–294
Y-27632 effects, 293–294

fluid mechanics, 283–284
choroidal detachment, 284
Goldmann equation, 283
Schlemm’s canal, 283–284
TM, 283–284
uveoscleral outflow, 284

hyaluronidase, 298
iris root, 274
outflow obstruction, 287–289

cells, 289
extracellular matrix accumulation, 287–289
particulates, 289
protein, 289

pharmacology, 289–299
physical enhancement (surgery), 299
prostaglandin mechanisms, 296–297, 296b, 

297t
deficient mice models, 297
plasmin generation, 296–297
sclera, 297
uveoscleral outflow system, 297, 297t

protease-induced, 298
structural components, 284–287

ferritin particle studies, 285
inner canal wall epithelium, 284, 287f–288f
Schlemm’s canal, 284, 285f
TM, 284
trabecular meshwork, 284, 286f
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TM role, 286–287
trabecular network, 274
trabecular outflow pumping model, 285–286, 

288f
uveoscleral outflow, 274

Aqueous layer, tear film see Tear film, aqueous layer
Aqueous vein, 275f
Arcuate scotomas, 663
Arcuate “spot checks,” kinetic perimetry, 657
Area, pupil size, 511t
AREDS study, 156
Argyll–Robertson pupils, 523
ARM see Age-related maculopathy (ARM)
Arousal, LGN see Lateral geniculate nucleus (LGN)
Arrangement tests, 650
Arrestin

dark-adapted rod recovery phase, 403f, 404
mutations, Oguchi disease, 417

Arterial blood pressure (ABP), ocular circulation 
regulation, 257–258

Arterial supply
orbit, 339–340, 339f
see also specific arteries

Arterio-venous passage time (AVP), ocular blood 
flow measurement, 251

Ascending projections, V4, 608
Ascorbic acid (vitamin C)

age-related nuclear cataracts, 149, 149f
aqueous humor, 278
corneal ultraviolet light filtration, 115
lens oxidant protection, 141–142
vitreous, 168t
vitreous body, 177

Aspheric intraocular lenses, 37–38
Asthenopia, 685b
Astigmatic keratotomy (AK), 92
Astigmatism, 25

mechanism, 28, 29f
pain, 381
transient, 4–5, 5f

Astrocytes, 553–554
axonal conduction, 559–560
development, 557
retinal vasculature, 243, 244f

Astrocytoma, 554
Asymmetries

motion detection development, 718–719, 718f
smooth pursuit, cortical control, 605
vergence, foveal gaze shift see Foveal gaze shift

ATP-binding cassette (ABC) transporter family, 385
see also under ABC

Atrial natriuretic factor, aqueous humor secretion/
composition, 281–282

Atropine
aqueous humor drainage, 290
myopia, 1–2

Attention, LGN, 580f, 583
Auditory language, early blind individuals, 759, 

759f
Auditory localization, early blind individuals, 757f, 

758–759
Auditory processing, early blind individuals, 

756–758, 757f–758f, 758b
Autoimmune diseases, sclera, 122b
Autonomic nerves, retinal/choroidal vasculature, 

246
Autoregulation

choroid vasculature, 257
ocular circulation regulation, 256–257

Autosomal recessive retinitis punctata albescens, 
329

AVP (arterio-venous passage time), ocular blood 
flow measurement, 251

a-wave, electroretinograms, 480–482
Axes selection, three-dimensional rotation 

quantification, 208
Axial length

ametropia, 25
development, 1–2

Axis-angle form, three-dimensional rotation 
quantification, 210, 211f–212f

Axon(s)
counts, 553
depolarization, 559
dimensions, 553

growth, 557
guidance, 557–558
injury signaling, RGC death, 563–564
number, 557
optic nerve see Optic nerve (cranial nerve II)
regeneration

eye sensory innervation, 375
failure see Optic nerve injury

repolarization, 559
transport, 560

Axonal cells (AxCs)
conventional fast synapses see Retinal synaptic 

organization
efferent slow transmitter synapses see Retinal 

synaptic organization
efferent slow transmitter synapses, retinal 

synaptic organization, 448
sensory neuroepithelium, 443

TH1 dopaminergic, 444

B
Background intensity, scotopic vision, 431
Bailey–Lovie chart, 10, 10f, 642–643, 642f
Baron-Cohen, Simon, 5
Barrier properties, cornea, 92–106
Barrier(s), vitreous body fluorescein injection 

studies, 170, 170f–171f
Basal epithelial cells, corneal epithelium, 95–96, 

95f
Basal forebrain nuclei, primary visual cortex inputs, 

589
Basal limbal epithelial cells, breast cancer resistance 

protein, 390
Basement membrane, corneal endothelium see 

Corneal endothelium
Basic fibroblast growth factor (bFGF), 557
Bathorhodopsin, 402
Bcl-2, apoptosis, 563
BC ribbon synapses see Retinal synaptic 

organization
BCRP see Breast cancer resistance protein (BCRP)
BCs see Bipolar cell(s) (BCs)
BDNF (brain derived neurotrophic factor), optic 

nerve axon growth, 557
BEB (benign essential blepharospasm), 345, 345b
Behavioral measurements, spatio-temporal vision 

development, 715–716
Belmonte esthesiometer, 376–377
Benign essential blepharospasm (BEB), 345, 345b
bFGF (basic fibroblast growth factor), 557
Bidirectional laser Doppler velocimetry (BLDV), 

252, 253f–254f
Bilateral corrugator supercilii muscles, 341
Bilateral form deprivation, 732–733, 734f
Bille, Josef, 32–33
Binocular competition

constant monocular form deprivation, 733
developmental visual deprivation, 736–738

Binocular constraints, eye movements see Eye 
movements, neural control

Binocular (retinal) disparity see Binocular vision
Binocular fixation, foveal gaze lock, 228
Binocularity, primary visual cortex receptive field 

properties, 593
Binocular (rivalry) suppression

binocular vision suppression, 694, 694f
LGN, 584

Binocular vision, 677–697
abnormal retinal correspondence, 681–683, 

682f
infantile esotropia, 682, 682b
strabismus adaptations, 681, 682f
theories of, 682

advantages, 677
binocular (retinal) disparity, 683–685

absolute, 683
classification, 683
crossed (proximal), 683, 683f
diplopia, 683–684
esophoria, 685, 685f
fixation disparity, 684, 684f
functional vergence mechanisms, 684–685, 

684f–685f
haplopia, 683–684

intermittent exotropia, 685, 685f
Panum’s fusional area, 683–684, 684f
relative, 683
uncrossed (distal), 683

field of view, 677
image distortion, 677
infant vision development see Infant vision 

development
motion-in-depth, 693

natural scenes, 684f, 693
velocity dependence, 693

normal retinal correspondence, 679–681, 680f
definition, 679
empirical longitudinal horopter, 681
geometric (theoretical) horopter, 680, 681f
horizontal visual angles, 680
horopter, 679–680
longitudinal horopter, 680, 680f
objective fronto-parallel plane, 680–681, 

681f
Panum’s fusional area, 681
tertiary locations, 680
vertical horopter, 680
Vieth–Muller circle, 680, 681f

stereoacuity see Stereoacuity
stereopsis see Stereopsis
suppression, 694–695

binocular (rivalry) suppression, 694, 694f
interocular blur suppression, 694
latency, 695
permanent-occlusion suppression, 695
surface brightness, 688f, 695
surface colors, 688f, 695
suspension, 694

vision retention, 677
visual direction, 677–679

diplopic images, 678f, 679
egocenter (cyclopean) eye, 678f
egocentric direction, 677–679, 678f
local sign (oculocentric direction), 677–678
perceived direction, 678
physiological diplopia, 679
secondary lines of sight, 677–678
subjective computation, 678f, 679
vergence ocular movements, 679
version ocular movements, 679

Biomechanical testing, cornea, 110b
Biphasic C-cells, outer retinal signal processing, 

460–462
Bipolar cell(s) (BCs), 459

depolarizing, 466
ipRGC synaptic input, 533–535, 535f
mammalian diversity, 444
mediation, horizontal cell output synapses, 462, 

463f
off-center (hyperpolarizing), 459
on-center (depolarizing), 459
output synapses, outer retinal signal processing 

see Signal processing, outer retina
retinogeniculate projection development, 

726–727
sensory neuroepithelium, 443–444
signaling, inner plexiform layer signal 

processing see Signal processing, inner 
plexiform layer

terminal morphology, inner plexiform layer 
signal processing, 471, 472f

Birds, accommodation, 40
Bitemporal defects, visual field, 664
Black-white circuitry see Color vision
Bleaching adaptation see Dark adaptation
Blindfolding studies see Cross-modal processing
Blindness

melanopsin-based therapy, 533b
see also Visual deprivation

Blindsight, 549b, 578, 578b
Blind spot, historical aspects, 526
Blinking, 345

involuntary, 88
Bloch’s law, 698, 699f
Blood–aqueous barrier, 249–250, 251f

aqueous humor see Aqueous humor
Blood–brain barrier, optic nerve head blood supply, 

555
Blood gases, ocular circulation regulation, 258–260
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Blood–nerve barriers, 556
Blood-oxygen-level-dependent functional magnetic 

resonance imaging (BOLD fMRI), 
318–319

Blood–retina barrier (BRB), 313–314
drug transport, 388
inner, 249

glial cells, 244f, 249
pericytes, 249

macular edema, 175–176
outer, 249

Bruch’s membrane, 249
fenestrated endothelium, 249
RPE, 249, 250f

passive permeability, vitreous body see Vitreous 
body

transport, 247–248
paracellular pathway, 247–248, 248f
transcellular pathway (transcytosis), 247, 

248f
vitreous body fluorescein injection studies, 170

Bloodstream levels, vitreous body fluorescein 
injection studies, 169f

Blood supply, optic nerve see Optic nerve (cranial 
nerve II)

Blood vessels, retina, 8
Blue field stimulation techniques, ocular blood flow 

measurement, 253
Blue-yellow color vision

chromatic sensitivity, 622–623
circuitry see Color vision
defects, 649
LGN K cells, 581

Blur cues, accommodation stimulus, 55–56, 57f
BMPs (bone morphogenetic proteins), lens 

development, 133
Bone morphogenetic protein(s) (BMPs), lens 

development, 133
Bone morphogenic protein 4 (BMP4), 196
Bothnia dystrophy, slowed dark adaptation, 441
Botulinum toxin studies, extraocular muscle 

remodelling, 193–194, 197f
Bowman’s layer see Cornea
Bradyopsia, 405b

R9AP mutation, 439
RGS9-1 mutation, 439
transducin shutoff, 417

Braille tactile performance, 755–756, 756f
Braille tactile processing, 755
Brain derived neurotrophic factor (BDNF), optic 

nerve axon growth, 557
Brain slice studies, neuron–glial cell interaction, 

308
Brainstem

eye sensory innervation, 374
primary visual cortex inputs, 589

Branch retinal artery occlusion (BRAO), relative 
afferent pupillary defect, 513t

Branch retinal vein occlusion (BRVO), relative 
afferent pupillary defect, 513t

BRAO (branch retinal artery occlusion), relative 
afferent pupillary defect, 513t

BRB see Blood–retina barrier (BRB)
Breast cancer resistance protein (BCRP), 389–390

basal limbal epithelial cells, 390
choroid, 389
clinical correlations, 391t
historical aspects, 386
human corneal epithelium, 389–390
mitoxantrone resistance, 389–390
mode of action, 390
retina, 389
structure, 390, 390f

Brief unrestricted vision, intermittent monocular 
form deprivation, 734–735, 737f

Bright light, anisocoria, 507f, 513t, 520
Bright light responses, photoreceptor junctional 

conductances, 422–423, 423f
Bruch’s membrane

choroid, 244–245
outer blood–retina barrier, 249

BRVO (branch retinal vein occlusion), relative 
afferent pupillary defect, 513t

B-scan ultrasonography, posterior vitreous 
detachment, 174–175

Bulk flow, vitreous body, 170–171
Bullae, corneal edema, 102–103
Bunazosin, aqueous humor drainage, 292
Burian Allen electrode, electroretinograms, 481f, 

483
b-wave, electroretinograms, 480–482

C
CACNA1F gene, 425, 425f
N-Cadherin, lens fiber cells, 139
Calcitonin gene-related peptide (CGRP)

aqueous humor regulation, 280
inflammation, 374–375
meibomian gland regulation, 361

Calcium-activated anion current (ICl(Ca)), 424–425, 
425f–426f

Calcium-activated calmodulin, 450
Calcium-activated potassium channel, tear film,  

359
Calcium-activated potassium current (IK(Ca)), 424
Calcium current, horizontal cells, 464
Calcium-dependent mechanisms, light adaptation 

see Light adaptation
Calcium ions

cytoplasmic, phototransduction, 436
dark-adapted rod recovery phase, 404
dark-adapted rod resting state, 397–398
extraocular muscles, 191
homeostasis, age-related cortical cataracts, 150
intracellular

aqueous tear film layer secretion, 358
neuron–glial cell interaction, 308

lens, 143
permeability, dark-adapted rod resting state, 

396–397
vitreous, 168t

Caldesmon, 294
Calmodulin, calcium-activated, 450
Caloric-vestibular nystagmus, 224–225
Canaliculus, common, 335f
Canaloplasty, 299
Cancer chemotherapy, efflux transporters, 392b
Capillaries

choroid vasculature, 245–246
retinal vasculature, 244

Carbogen, 260
Carbohydrate metabolism, honeybee retina in vitro 

studies, 316, 317f
Carbonic anhydrase

aqueous humor formation, 276, 278
inhibitors, 265

Carboplatin, scleral permeability, 123t
Cardinal points, 2, 2f
Carnivores, accommodation, 40
Carotid plexus, 364f
CAs see Ciliary arteries (CAs)
Catalase, lens oxidant protection, 142
Cataracts, 146–155

age-related changes, 21–22, 36, 146, 147f, 155
cortical see Age-related cortical cataracts
nuclear see Age-related nuclear cataracts

anterior polar see Anterior polar cataract (APC)
associated diseases, 153
congenital see Congenital cataracts
definition, 146
epidemiology, 146–148
glare and contrast sensitivity, 14f, 15
mixed, 151
Morgagnian, 151
mortality vs., 147–148
posterior subcapsular see Posterior subcapsular 

cataracts (PSCs)
prevention, 155–157

EPHA2, 156
genetics, 156
lens growth rate, 155
nutrition, 156
vitreous body degeneration, 156

progress measurement, 13, 14f
risk factors, 146–148

age, 146
alcohol consumption, 146–147
lens thickness, 148
sex, 146

smoking, 146–147
socioeconomic status, 146–147

secondary, 152
prevention, 156

surgery, 37–38
corneal stromal wound healing, 92
see also Intraocular lenses (IOLs)

total, 151
visual acuity, 14
white, 151

Cation flow, CNG channel, 420
CCDD (congenital cranial dysinnervation 

disorders), 199
CCM, anatomy, 275f–276f
Cell(s)

aqueous humor outflow obstruction, 289
LGN see Lateral geniculate nucleus (LGN)
orientation, radial current flow, 480–482, 481f
primary visual cortex (V1) see Primary visual 

cortex (V1)
primary visual cortex context of vision, 595f, 

596
volume

aqueous humor drainage see Aqueous 
humor drainage

lens fiber cell differentiation, 136
see also specific cells

Cell culture models, retinal glycolysis, 311
Cell culture slices, neuron–glial cell interaction, 308
Cellular retinaldehyde binding protein (CRALP), 

visual cycle, 328
Cellular retinol binding protein (CRBP), visual 

cycle, 328
Center-surround antagonistic receptive field 

(CSARF) organization see Signal 
processing, outer retina

Center-surround organization, retinal synapses, 
452, 453f

Central cornea, corneal reference points, 74f–75f, 
76

Central projections, ipRGCs see Retinal ganglion 
cells, intrinsically photosensitive 
(ipRGCs)

Central retinal artery (CRA), 243, 339f
optic nerve head blood supply, 555
retinal vasculature, 243, 244f

Central retinal artery occlusion (CRAO), 513t
Central retinal vein (CRV), 244
Central retinal vein occlusion (CRVO), 513t
Central scotomas, visual field, 663
Central serous retinopathy (CSR), 513t
Central visual field damage, 506
Central visual pathways, 545–549

retinal projection targets, 545–547, 546b, 
546f–547f

dorsal terminal nucleus, 546–547
Edinger–Westphal nucleus, 545
lateral terminal nucleus, 546–547
LGN, 545
medial terminal nucleus, 546–547
paraventricular nucleus, 546
pretectum, 545
pulvinar nucleus of thalamus, 545–546
superior colliculus, 545
suprachiasmatic nucleus, 546
supraoptic nucleus, 546

visual field lesions, 547–549, 547b, 548f
homonymous hemianopia, 548–549, 548f, 

549b
LGN, 548, 548f
one optic nerve, 547
optic chiasm, 547–548, 548f
optic radiance, 548–549, 548f
temporal hemifield of contralateral eye, 548, 

548f
Centrocecal scotomas, 663–664
Cerebellar disorders, saccades, 239, 239f
Cerebellar flocculus, vestibulo-ocular reflex, 

226–227
Cerebral cortex

contrast sensitivity see Contrast sensitivity
feedback, LGN, 576–577
lesions

gaze restrictions, 239
macular sparing, 239
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magnification factor, 635, 635f
organization, 586–588

CFF see Critical flicker fusion (CFF) frequency
CGCs (choroidal ganglion cells), 246
cGMP

CNG channel binding, 421
dark-adapted rod recovery phase, 404
dark-adapted rod resting state, 397–398
light adaptation, 437

cGMP-dependent cation channels, RPE, 327
cGMP-gated channel, dark-adapted rod resting state, 

396–397
CGRP see Calcitonin gene-related peptide (CGRP)
Chart contrast, visual acuity testing, 10–11, 10f
Chart luminance, visual acuity testing, 9–10
Chiasmal compression, relative afferent pupillary 

defect, 513t
Childhood Horner’s syndrome see Horner’s 

syndrome
Chloride/bicarbonate (AE) exchanger, tear film, 

aqueous layer, 358–359
Chloride channels

aqueous humor drainage, 298
retinal pigmented epithelium transport, 326

Chloride ions
aqueous humor formation, 277–278
electrolyte/water secretion regulation, 354
electroretinogram glial currents, 482
lacrimal gland fluid composition, 360
retinal pigmented epithelium transport, 326, 

327f
vitreous, 168t

Chloride reversal potential, 452
Cholecystokinin, iris, 509
Cholinergic agonists, aqueous layer of tear film, 

357, 358f
Cholinergic mechanisms, aqueous humor drainage 

see Aqueous humor drainage
Cholinergic neurons, LGN, 580
Cholinergics, aqueous humor drainage, 290
Chondroitin sulfate, aqueous humor drainage, 289
Chondroitin sulfate proteoglycans (CSPGs), optic 

nerve axon growth, 557–558
Choroid, 44

anatomy/structure, 45f, 132f, 244–245
breast cancer resistance protein, 389
detachment, aqueous humor drainage, 284
sensory nerves, 364–365
vasculature, 244–246

age-related macular degeneration, 245
anterior ciliary arteries, 244
autoregulation, 257
capillaries, 245–246
ciliary arteries, 244
innervation, 246
ophthalmic artery, 244
paraoptic pattern, 244, 245f
perimacular pattern, 244–246, 245f
physiology, 255, 255f
posterior ciliary arteries, 244

Choroidal ganglion cells (CGCs), 246
Chromatic aberrations, 20, 31

visual acuity, 632
Chromaticity, critical duration, 699, 700f
Chromatic sensitivity

spatial form processing see Spatial form, early 
processing

temporal sensitivity, 703–704
Chromophores, lens transparency, 144
Chronic progressive external ophthalmoplegia 

(CPEO), 203, 203b
CIGTS (Collaborative Initial Glaucoma Treatment 

Study), 664
Ciliary arteries (CAs), 243

choroid vasculature, 244
Ciliary body, 44

anatomy, 45f, 132f
contraction, emmetropization, 3
pars plana, 44
pars plicata, 44
sensory nerves, 372f, 374–375

intraocular pressure, 374
vasculature, 247, 276f

physiology, 255
regulation, 265

Ciliary epithelium, aqueous humor formation, 
274–276

Ciliary ganglion, anatomy, 187f–188f, 364f
Ciliary muscle, 44–48, 46f

accommodation, 48–49, 50f
β2-adrenergic receptors, 44–45
anatomy, 45f–46f
boundaries, 44–45
longitudinal fibers, 45
M3 muscarinic receptors, 44–45
muscle groups, 44
presbyopia see Presbyopia
radial fibers, 45

Ciliary nerve, 363–364
distribution, 364

Ciliary neurotrophic factor (CNTF), 557
Ciliary process

anatomy, 275f–276f
blood supply, 276f

Circadian photoentrainment, ipRGC central 
projections, 538–540, 540f

Circulation see Ocular circulation
Cisplatin, scleral permeability, 123t
cis-trans isomerization, rhodopsin phosphorylation, 

403
Claustrum, primary visual cortex inputs, 589
Clearance mechanisms, scleral drug delivery, 111f, 

124
Cl-/HCO3- (AE) exchanger, tear film, aqueous layer, 

358–359
Clinical slit-lamp examination, 79–80
Closed-loop modes

foveal gaze lock, 228
pursuit, 229
three-dimensional rotations, 221

c-Maf transcription factor, 134
CME (cystoid macular edema), 513t
CNG channels see Cyclic nucleotide gated (CNG ) 

channels
CNTF (ciliary neurotrophic factor), 557
Cocaine eye drops

childhood Horner’s syndrome diagnosis, 519
Horner’s syndrome diagnosis, 518–519

Cochet–Bonnet esthesiometer, 88, 377
Cochlin, transforming growth factor-β, 288–289
Cold-sensitive sensory nerves, 374–375
Cold thermal receptors, corneal sensory nerves, 

371–372
Collaborative Initial Glaucoma Treatment Study 

(CIGTS), 664
Collagen(s)

Bowman’s layer, 81–83
corneal light transmission, 80–83, 82f–85f
degradation, sclera development, 117–119
scleral mechanical properties, 120
vitreous body, 164

aging, 171
Collagen fibrils

corneal ectasia, 110, 111f
vitreous body, 164–166, 166f

Collagen type I, cornea, 80–81, 82f
Collagen type IV

cornea, 83, 84f
lens capsule, 145

Colleague input, visual field interpretation guide, 
666–667

Collector channel, anatomy, 275f
Color

iris, 509–510
retinal synaptic organization, 454–455

Color blindness see Color vision defects
Color Doppler imaging, ocular blood flow 

measurement, 253
Color perimetry, 667
Color vision, 648–654

black-white circuitry, 652f, 653
LGN, 653
L/M cones, 653
primary visual cortex, 653

blue-yellow circuitry, 455, 650–652, 651f–652f
adjacent L/M cones, 651
fovea, 651–652
H2 horizontal cells, 651
midget ganglion cells, 651
OFF-center midget ganglion cells, 651–652

ON-center midget ganglion cells, 651–652
output pathways, 651, 652f
S-cone-specific ON bipolar cells, 651
small bistratified ganglion cells, 651

center-surround antagonistic receptive field 
organization, 466

future work, 653
historical aspects, 648
inner plexiform layer signal processing, 

476–477
ipRGC synaptic input, 536, 536f
long-(L) wavelength sensitive cones, 648, 649f
middle-(M) wavelength sensitive cones, 648, 

649f
molecular genetics, 648–649
neural circuitry, 650–653, 651f

see also specific circuits
red-green circuitry, 454–455, 456f, 652–653, 

652f
selectivity

PIT/TEO, 608–609
V2 area, 604

short-(S) wavelength sensitive cones, 648, 649f
tests of, 650

Color vision defects, 648–649
blue-yellow defects, 649
CNG channel mutations, 422b
deutan defects, 648–649
deuteranomaly, 649
deuteranopia, 649
L opsin gene deletions, 648–649
M opsin gene deletions, 648–649, 649b
nomenclature, 649b
protan defects, 648–649
protanomaly, 649
protanopia, 649
red-green defects, 648–649
tritan defects, 648–649
tritanopia, 649

Columnar organization, MT, 606
Commercial devices, aberrometry, 33–34
Common canaliculus, 335f
Comparative anatomy, accommodation, 40
Compensatory hypertrophy, visual deprivation, 750
Complete congenital stationary night blindness, 

486
Compliance loss, presbyopia, 68
Compressive optic neuropathy, 550–551, 561

relative afferent pupillary defect, 513t
Computerized pupillography, 514
Computerized pupillometry, 512f, 514, 514f
Cones

action spectra, 417, 418f
population differences, 419b, 419f

compartmentalization, 394, 395f–397f
density, visual acuity eccentricity, 633f, 634–635
distribution, retina, 19f, 20
flash photovoltage responses, 411
light adaptation see Light adaptation
location, 394
minimum resolvable acuity, 627–628
NCKX2 exchanger, 421–422
opsins, 649b
photopic vision, 430
proportion, 430
steady light photocurrent responses, 415

bleaching effects, 415–416
pigment regeneration, 415–416

SWS1, 444
Confocal microscopy, 79–80
Congenial nystagmus, 240
Congenital cataracts, 152

genetics, 137b
visual restoration study, 763

Congenital cranial dysinnervation disorders 
(CCDD), 199

Congenital fibrosis, extraocular muscles, 202b
Congenital Horner’s syndrome, 519–520
Congenital neurological disorders, eye movements, 

237
Congenital stationary night blindness (CSNB), 

400b, 651, 651b
electroretinograms, 400f

Congruous defects, visual field, 664
Conjugate smooth pursuit tracking, 229, 229f
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Conjunctiva
epithelial cells, P-glycoprotein, 387
goblet cells, tear film see Tear film, mucous 

layer
sensory nerves, 380f

functional characteristics, 369–373, 372f
see also Corneal sensory nerves

psychophysics, 377, 378f
Connection patterns, extrastriate visual cortex 

identification, 601
Connexin(s)

congenital cataracts, 153
lens fiber cells see Lens fiber cells

Connexin 3 knockout mice, scotopic threshold 
response, 489

Connexin 35/36 gap junction proteins, outer retinal 
signal processing, 459, 460f

Conscious vision
ipRGC central projections, 541
LGN, 583

Consolidation, developmental visual deprivation, 
736–738, 738f

Constant monocular defocus see Visual deprivation, 
developmental

Constant monocular form deprivation see Visual 
deprivation, developmental

Contact lenses, 79b
corneal endothelial cell injury, 103
higher-order aberrations, 37–38

Contact lens, glare and contrast sensitivity, 15
Context of vision see Primary visual cortex (V1)
Contraction, anisocoria, 507
Contralateral eye (nasal retina), LGN layers and 

maps, 574
Contrast

definition and units, 12
enhancements see Contrast enhancement
stereopsis, 690
visual acuity, 637, 637f

Contrast borders, temporal sensitivity, 705
Contrast enhancement, 22–24, 22f

distraction removal, 24, 24f
edge sharpening, 22–23
Vernier acuity, 23–24

Contrast luminance, 14
Contrast sensitivity, 614f, 640f

chromatic sensitivity, 621–622
clinical conditions, 15–20

corneal conditions, 15
optical conditions, 15
see also specific diseases/disorders

cortical area contribution, 616
MT, 616
V2, 616

definition and units, 12
development, 643–644
disease effects, 616–618

amblyopia, 616–617, 617f
non-strabismic amblyopia, 616–617,  

617f
optic neuritis, 617–618, 617f
strabismic amblyopia, 616–617, 617f

foveal viewings, 639f–640f
glare, 13–15
illumination vs., 13
limitation, 614

optical losses, 614
lowest contrast, 639–640, 639f
luminance, 620–621, 622f
measurement, 639–640
M pathways, 615–616

lesion studies, 615–616
Y-like M cells, 615–616, 616f

perimetry, 667
peripheral vision, 640–642, 641f

low spatial frequencies, 641–642, 641f
magnification theory, 640–641, 641f
receptive fields, 641–642

P pathways, 615–616
lesion studies, 615–616

single cortical cells, 614–615, 615f
psychosocial supporting evidence, 615
size selectivity, 614, 615f
visual cortical neurons, 615f, 617f,  

619f

testing, 10–11
recording of, 12–13, 12f
sine waves, 12
targets, 12

tissue light scattering, 13–15
window of visibility, 639–640, 639f

Conventional (trabecular) outflow, aqueous humor 
drainage, 286f, 289–292

Convergence accommodation
disconjugate foveal gaze shift, 232
stimulus, 55–56

Cookie-cutter punched out lesions, visual field,  
664

Copper mydriasis, anisocoria, 516t
Cornea, 71–115

ablations, 37
aging, 71–73
anatomy, 72f, 132f
asphericity, 77
barrier properties, 92–106
Bowman’s layer, 71

collagens, 81–83
development, 71–73

composition, 42, 80t
dehydration, metabolic pump function, 99–101
Descemet’s membrane, 71
development, 71–73, 74f
diseases of, 71
drug delivery, 112–114, 113f

anatomical barriers, 112–114, 113f
aqueous humor, 112
hydrophilic drugs, 112–114
intracameral injections, 113f, 114
intrastromal injections, 113f, 114
lipophilic drugs, 112–114
physicochemical properties, 112
physiological barriers, 112–114
subconjunctival injections, 113f, 114
topical, 112, 113f
transconjunctival, 113f, 114
vitreous cavity, 112, 113f

ectasia, 109–112
collagen fibrils, 110, 111f
ultimate tensile stress, 109–110

edema, 15, 101–103
bullae, 102–103
epithelium, 103
functional effects, 102
inhibition pressure, 102, 102f
progress measurement, 13, 14f
proteoglycans, 103
stroma, 102f, 103
swelling pressure, 101–102
transparency loss, 102–103

embryology, 71–73
emmetropization, 3
endothelium see Corneal endothelium
epithelial barrier properties, 92–96, 94f

basal epithelial cells, 95–96, 95f
cytoskeletal intermediate filaments, 92–93
gel-forming mucins, 93–95
hemidesmosomes, 92–93, 94f–95f
immune cells, 88f, 96
Langerhans cells, 96
membrane-associated mucins, 93–95,  

95f
transient amplifying cells, 95f, 96
X,Y,Z hypothesis, 95–96
zonula occludens tight junctions, 93–95, 

94f
epithelium, 71

basement membrane, 73
breast cancer resistance protein, 389–390
multidrug resistance associated protein, 

388–389
fiber arrangement, 7
glycosaminoglycans, 6–7
growth, 71–73
injury sensitivity, 376t, 377, 379b, 378f
mechanical properties, 82f, 106–112,  

107f
biomechanical testing, 110b
deformability, 106
stiffness see below
strength extensibility, 107–109

stress see below
toughness, 107–109

nerves
light transmission see Corneal light 

transmission
sensory see Corneal sensory nerves
stromal nerves, 365, 366f–367f

optical properties see Corneal optical 
properties

P-glycoprotein, 386
reference points/measurements, 73–77,  

74f–75f
central cornea, 74f–75f, 76
corneal apex, 74f–75f, 76
corneal sighting center, 76
device’s axis point, 76
limbus, 73–76
peripheral optical zone, 76
posterior chamber intraocular lens, 76
sulcus, 73–76
thinnest corneal point, 76

role of, 6–7
sclera vs., 115
stiffness, 107–109

ex vivo experiments, 108–109
inflation studies, 109
primary creep, 109
secondary creep, 109
structure effects, 107f, 109
uniaxial strip extensiometry, 109
viscoelastic properties, 108

stress, 106–112, 107f–108f
crushing, 106
piercing, 106
transmural pressure, 106

stroma proper, 71
development, 73

thickness, 71
tomography, 79b
topography, 79b
transplantation, endothelial cell injury,  

104
ultraviolet light filtration, 114–115

apoptosis, 114–115
ascorbic acid, 115
epithelial damage, 114–115
exposure variability, 114, 114f
reactive oxygen species, 115
“snow blindness”, 114

Corneal apex, 74f–75f, 76
Corneal endothelium, 71

barrier properties, 96–106, 97f–98f
development, 96–97, 99f
pump-leak hypothesis, 96

basement membrane, 105–106
characteristics, 105–106
deposition, 97f, 105–106
structure, 105–106

cell injury, 103b–104b
pharmacologic injury, 104, 105t
surgery, 103–104

development, 73
endothelial cell density, 96–97

ethnic differences, 97–98, 101f
glycocalyx, 105–106
leaky barrier function, 98–99, 98f

nutrients, 98–99
metabolic pump function, 99–101

alteration, 101, 101f
corneal dehydration, 99–101
Na+/K+-ATPase, 99–101

Corneal light transmission, 78–92
clinical slit-lamp examination, 79–80
collagen, 80–83, 82f–85f
confocal microscopy, 79–80
corneal nerves, 88–89

disease, 88–89
electrophysiology, 88
health measure, 88
involuntary blinking, 88
microneuromas, 89
trigeminal nerve, 88, 91f

dendritic cells, 85, 88f
keratocytes, 83–85, 86f–88f
light scattering, 79–80, 81f



Index

773

proteoglycans, 85–88, 89f
decorin, 86–87, 89f
dermatan sulfate, 86–87, 90f
glycosaminoglycans, 85–86
keratan sulfate, 86–87
lumican, 86–87
mimecan, 86–87
structure, 85–86

stroma, 79–80, 80t
wound healing see below

stromal wound healing, 89–92
active phase, 92
cytokines, 90–91
growth factors, 90–91
keratocyte apoptosis, 89–90
remodeling phase, 92
variation, 92b

transparency, 78–79
ultraviolet light, 79–80, 81f

Corneal optical properties, 77–92
contrast sensitivity, 15
light refraction, 77–78, 78f

corneal asphericity, 77
total corneal dioptric power, 77

light transmission see Corneal light 
transmission

optical power, 42
power

ametropia, 25
refractive power, 633

transparency, 7, 7f
visual acuity, 9

Corneal sensory nerves, 365–367, 366f–367f
corneal stromal nerves, 365, 366f–367f
density, 367
development, 367–369, 370f–371f
dynamic remodeling, 369, 369b, 370f–371f
functional characteristics, 369–373, 372f

cold thermal receptors, 371–372
mechano-nociceptors, 371, 372f–373f
polymodal nociceptors, 371, 372f–373f
“silent” nociceptors, 372–374

intraepithelial nerve terminals, 365–367, 
366f–367f

psychophysics, 377, 378f
regeneration, 369, 370f–371f
sub-basal nerve plexus, 365, 366f–367f
subepithelial nerve plexus, 365

Corneal sighting center (CSC), 76
Correction, myopia, 633
Cortex, vitreous body, 164–165
Corticosteroid mechanisms, aqueous humor 

drainage see Aqueous humor drainage
Cortisol, aqueous humor drainage, 294–295
CPEO (chronic progressive external 

ophthalmoplegia), 203, 203b
CRA see Central retinal artery (CRA)
Craik–Cornsweet–O’Brien illusion, 23, 24f
CRALP (cellular retinaldehyde binding protein), 

visual cycle, 328
Cranial motor nerve innervation, extraocular 

muscles see Extraocular muscles 
(EOMs)

Cranial nerve II see Optic nerve (cranial nerve II)
Cranial nerve III see Oculomotor nerve (cranial 

nerve III)
Cranial nerve IV see Trochlear nerve (cranial nerve 

IV)
Cranial nerve V see Trigeminal nerve (cranial nerve 

V)
Cranial nerve VI see Abducens nerve (cranial nerve 

VI)
Cranial nerve VII see Facial nerve (cranial nerve VII)
CRAO (central retinal artery occlusion), 513t
CRBP (cellular retinol binding protein), visual 

cycle, 328
Critical duration, 698–699

affecting factors, 699
definition, 698

Critical flicker fusion (CFF) frequency, 699–707, 
700b

definition, 700
eccentricity, 701, 702f
measurement of, 707
stimulus chromaticity, 701, 701f

stimulus luminance, 700, 701f
stimulus size effects, 701–702, 701f

Critical flicker fusion (CFF) perimetry, 669
Critical period, developmental visual deprivation 

see Visual deprivation, developmental
Critical spacing, reading, 638
Cross-couplings, disconjugate foveal gaze shift, 232
Crossed (proximal) binocular (retinal) disparity, 

683, 683f
Cross-linked actin networks, aqueous humor 

drainage, 295
Cross-modal processing, 750, 753t

blindfolding studies, 761–762, 762f
functional magnetic resonance imaging, 762
lateral occipital cortex, 762
TMS, 761

early blind individuals, 752–759
auditory language, 759, 759f
auditory localization, 757f, 758–759
auditory processing, 756–758, 757f–758f, 

758b
Braille tactile performance, 755–756, 756f
Braille tactile processing, 755
neuronal structure, 761
non-Braille tactile performance, 755–756
occipital cortex, 759–761, 760f
periphery vs. fovea, 761
tactile performance, 752–755

normal adults, 751–752
anatomical connections, 752
functional magnetic resonance imaging, 751, 

755f
inferior temporal gyrus, 751
lateral occipital complex, 751
MT, 751
positron emission tomography, 751
transcranial magnetic stimulation, 751–752, 

755f
visual development, 750–751

Crowding
amblyopia, 645
peripheral vision, visual acuity, 636–637, 636b, 

636f
Crushing, corneal stress, 106
CRV (central retinal vein), 244
CRVO (central retinal vein occlusion), 513t
Crystallin(s), 7–8

congenital cataracts, 153
Crystalline lens see Lens
Crystallins see Lens crystallins
CSARF (center-surround antagonistic receptive 

field) organization see Signal processing, 
outer retina

CSNB see Congenital stationary night blindness 
(CSNB)

CSPGs (chondroitin sulfate proteoglycans), optic 
nerve axon growth, 557–558

CSR (central serous retinopathy), 513t
C-type, outer retinal signal processing, 460–462
Cuboid cells, lens, 131
Cup-to-disc ratio, intrascleral optic nerve, 550
Current source density, dark-adapted a-wave, 485
Current-to-voltage relationship, rod CNG channel, 

421, 421f
Cutoff spatial frequency, visual acuity, 631–632
c-wave, electroretinograms, 482–484, 482f
Cyclic nucleotide gated (CNG ) channels, 420–422

cation flow, 420
cGMP binding, 421
closure, 421

rod hyperpolarization, 421
flash photocurrent responses, 411–412
light response activation, 402
mutations, color blindness, 422b
rods, 420

current-to-voltage relationship, 421, 421f
structure, 420, 420f

Cyclin-dependent kinase inhibitors, 136
Cyclopean eye, binocular vision, 678f
Cycloplegia, 56–57
Cycloplegic agents, 382
Cyclorotations, 220–221
Cyclovergence, 232–233
Cystinosis, nephrotic, 15
Cystoid macular edema (CME), 513t

Cytochalasin B, 292
Cytochasin, aqueous humor drainage, 293
Cytochrome oxidase staining

extrastriate visual cortex, 599
LGN inputs, primary visual cortex (V1), 590f

Cytochrome oxidase stripes, V2 area, 604, 604f
Cytokines

corneal stroma wound healing, 90–91
RPE secretion, 330

Cytoplasmic calcium, phototransduction, 436
Cytoskeletal/cell junctional mechanisms see 

Aqueous humor drainage
Cytoskeleton

intermediate filaments, corneal epithelium, 
92–93

lens fiber cells see Lens fiber cells

D
DAP (device’s axis point), 76
Dark adaptation

definition, 405, 429, 440
light adaptation vs., 429
pupil light reflex, 505
rods see Dark-adapted rods
slowed, 441b

Dark-adapted a-wave see Electroretinograms, 
full-field dark-adapted (Ganzfeld) flash

Dark-adapted b-wave see Electroretinograms, 
full-field dark-adapted (Ganzfeld) flash

Dark-adapted rods, 394–406, 440–441, 441f
amplification, 404–405
changing light adaptation, 405
guanine nucleotide turnover, 405–406

PDE6, 405–406
light adaptation vs., 440
light response activation, 401–402

CNG channel, 402
G-protein activation, 402
neurotransmitter release, 402
PDE6 activation, 402
rhodopsin photoisomerization see 

Rhodopsin
recovery phase, 402–404

arrestin binding, 403f, 404
calcium ions, 404
cGMP restoration, 404
G-protein inactivation, 404
guanylate cyclase, 404
guanylate cyclase activation, 404
PDE6 inactivation, 404
retinoid recycling, 402–404
retinoid regeneration, 402–404
RGS9-1 actions, 401f, 404, 405b
rhodopsin phosphorylation see Rhodopsin

resting state, 396–401
calcium ions, 397–398
calcium permeability, 396–397
cGMP-gated channel, 396–397
cGMP levels, 397–398
dark current, 396–397
G1 protein (transducin), 399–400, 401f
guanylate cyclase, 398
lipids, 400–401, 401f
membrane potential, 396
Na+/Ca2+-K+ exchanger protein, 397
PDE6, 398
potassium channels, 396
rhodopsin, 398–399
sodium-potassium-ATPase, 396

saturating light level response, 405
Dark, anisocoria, 515–518
Dark circulating current, flash photocurrent 

responses, 413f
Dark current, dark-adapted rod resting state, 

396–397
Dark-field microscopy, vitreous body, 172
Darkness, single photon detection, 413–415
Dark oxygen consumption, retina, 309
Deamidation, age-related lens changes, 144
Declination error, aniseikonia, 693
Decorin, corneal light transmission, 86–87, 89f
Deep lamellar endothelial keratoplasty (DLEK), 

corneal endothelial cell injury, 104
Deep ocular pain, 381
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Deep sleep, pupil reflex dilation, 508
Defect localization, visual field interpretation guide, 

666
Deformability

cornea, 106
decline, presbyopia, 65

Degenerative photoreceptor diseases, inner 
plexiform layer signal processing, 471, 
472b

Dehydration, sclera, 121–122
Delayed rectifier potassium current (IKV), 423, 423f
DEM (direction of eye motion), ocular following 

movements, 713
Demyelination, optic nerve inflammation, 561
Dendritic cells, corneal light transmission, 85, 88f
Depolarizing bipolar cells, center-surround 

antagonistic receptive field organization, 
466

Depolarizing photoresponse, ipRGCs see Retinal 
ganglion cells, intrinsically 
photosensitive (ipRGCs)

Depressor supercilii muscle, 341
Deprivation amblyopia, intermittent monocular 

form deprivation, 734
Deprivation of vision in development see Visual 

deprivation, developmental
Deprivation timing, critical period, 736, 738f
Depth–disparity relationship, stereopsis, 686–687
Depth of field, 43–44

definition, 43
illumination level, 43–44

Depth of focus, 16–17, 16f–17f
development, 2
pupil, 502
pupillary aperture, 17, 18f

Dermatan sulfate, corneal light transmission, 
86–87, 90f

Descemet’s membrane, 71
Descemet’s membrane endothelial keratoplasty 

(DMEK), 104
Descemet’s stripping automated endothelial 

keratoplasty (DSAEK), 104
Descemet’s stripping endothelial keratoplasty 

(DLEK), 104
Desensitization

light adaptation electrical responses, 433
scotopic vision, 431, 431f
Weber’s law, 431

“Desmin-related” myopathy, αβ-crystallins, 137
Destructive interference, 19
Deutan color vision defects, 648–649
Deuteranomaly, color vision defects, 649
Deuteranopia, color vision defects, 649
Developmental neurological disorders, eye 

movements, 237
Development of vision, 750–751, 754f

cross-modal processing, 750–751
infant vision see Infant vision development
visual deprivation see Visual deprivation, 

developmental
Device’s axis point (DAP), 76
Dexamethasone

aqueous humor drainage, 295
scleral permeability, 123t

Diabetes mellitus
cataracts, 154–155
fluorescein injection studies, 169f, 170
macular edema, 176, 176f
ocular blood flow, 265–266
vitreous body, 176

Diabetic retinopathy, 265, 266f
IPL, 478b
RGCs, 478b

Differential light threshold see Increment 
(differential) light threshold

Diffraction
definition, 30
visual acuity, 632, 632f

Diffusing media opacity, relative afferent pupillary 
defect, 513t

Diffusion, aqueous humor formation, 274–275
Diffusion barrier function, vitreous body see 

Vitreous body
Diffusion kinetics, vitreous body, 168–169, 

172–174, 173f–174f

Diffusion tensor imaging (DTI)
blindness, 752
early blind individuals, occipital cortex, 

759–761
extrastriate visual cortex, 601

Dilation failure, pupil, 523–524, 524t
Diltiazem, CNG channel inhibition, 421
Dinitrophenol acetate, aqueous humor secretion/

composition, 282
Diodrast, blood–retinal barrier crossing, 279–280
Diopters, 42–43
Diplopia, 678f, 679, 683–684

physiological, 679
Direct cannulation, ocular blood flow 

measurement, 250
Direct-current electroretinograms, 484
Directional eye movements, spatio-temporal vision 

development, 716
Directionally sensitive retinal ganglion cells see 

Retinal ganglion cell(s) (RGCs)
Direction of eye motion (DEM), ocular following 

movements, 713
Direction selectivity, primary visual cortex receptive 

field properties, 593
Direction-sensitive neurons, motion neural 

encoding, 708
Disconjugate shifts, foveal gaze shift see Foveal gaze 

shift
Disconjugate smooth vergence tracking, foveal gaze 

lock, 230
Disparity sensitivity, 720–722

age of onset, 720, 721f
development, 720–722, 721f

global disparity, 721, 721f
hyperacuities, 720–721
studies, 721–722, 721f

Disrupted phototransduction shut-off, light 
adaptation, 439b

Dissociated vertical deviation, strabismus, 237
Distal binocular disparity, 683
Distraction removal, contrast enhancement, 24, 24f
Diving birds, accommodation, 40–41
DLEK (Descemet’s stripping endothelial 

keratoplasty), 104
DLEK (deep lamellar endothelial keratoplasty), 

corneal endothelial cell injury, 104
dLGN (dorsal lateral geniculate nucleus of the 

thalamus), 729
see also Retinogeniculate projection development

DLPC (dorsolateral prefrontal cortex), saccades, 605
DLPN (dorsal lateral pontine premotor nuclei), 230
DMEK (Descemet’s membrane endothelial 

keratoplasty), 104
DNase IIβ, lens fiber cells, 139
Dominant time constant changes, rod light 

adaptation, 440
Donder’s law, three-dimensional rotations, 212–213
Dopamine

AC efferent slow transmitter synapses, 448
inner plexiform layer signal processing, 476
ipRGC synaptic input, 535–536
retinal synaptic organization, 450

Dopamine amacrine cells, ipRGC intraretinal 
output, 536–537

Dopamine D1 receptors, retina, 449–450
Dopamine D2 receptors, retina, 449–450
Dorsal lateral geniculate nucleus of the thalamus 

(dLGN), 729
see also Retinogeniculate projection development

Dorsal lateral pontine premotor nuclei (DLPN), 
230

Dorsal midbrain lesion studies, pupil light reflex, 
506b

Dorsal midbrain syndrome, 523
Dorsal nasal arteries, 339f, 346f
Dorsal streams

extrastriate visual cortex see Extrastriate visual 
cortex (V2)

primary visual cortex (V1), 594
Dorsal terminal nucleus (DTN), retinal projection 

targets, 546–547
Dorsolateral prefrontal cortex (DLPC), saccades, 

605
Down beat nystagmus, 238–239
Doxil, scleral permeability, 123t

Doxohexanaenoic acid, retinal pigmented 
epithelium transport, 325–326

Doxorubicin, scleral permeability, 123t
Drosophila, phototransduction cascade, 529
Drug delivery

cornea see Cornea
sclera see Sclera

Drug transport, blood–retinal barrier, 388
Dry eye disease, 381b

associated conditions, 353b
definition, 352b
MUC1 mucin, 353

DSAEK (Descemet’s stripping automated 
endothelial keratoplasty), 104

DTI see Diffusion tensor imaging (DTI)
DTN (dorsal terminal nucleus), retinal projection 

targets, 546–547
Duchenne muscular dystrophy, 199
Ductal electrolyte/water secretion see Tear film, 

aqueous layer
Duration

pupil size, 511t
strabismus, 744–745, 745f

d-wave, electroretinograms, 480–482
dygenetic lens (dys) mutation, 134
Dynamic control, foveal gaze lock see Foveal gaze 

lock
Dynamic exercises, ocular blood flow, 258
Dynamic measurement, accommodation, 58
Dynamic random dot correlograms, 720
Dynamic remodeling, corneal sensory nerves, 369, 

369b, 370f–371f
Dysmetria, saccade disorders, 231–232, 239

E
EAC (episcleral arterial circle), 118f–119f, 121–122
Early blind individuals see Cross-modal processing
Early monocular visual deprivation, 732–739
Early processing of spatial form see Spatial form, 

early processing
Early Treatment of Diabetic Retinopathy Study 

(ETDRS) chart, 642–643
Early vision, visual processing hierarchy, 714
ECCE (extracapsular cataract extraction), 103–104
Eccentricity

critical flicker fusion frequency, 701, 702f
peripheral window of visibility, 619
visual acuity see Visual acuity
visual fields, 655

ECD (endothelial cell density) see Corneal 
endothelium

ECG (electroencephalography), blindness, 752
Echothiophate, aqueous humor drainage, 290–291
ECM see Extracellular matrix (ECM)
Ectasia, cornea see Cornea
Edema

cornea see Cornea
macular see Macular edema
sclera, 121–122

Edinger–Westphal nucleus
accommodation stimulus, 55
eye movements, 222, 223f
optic nerve axon growth, 558
pupil light reflex, 503
pupil near reflex, 508
pupil reflex dilation, 508
retinal projection targets, 545
vergence gaze, 235–236

EDRFs (endothelium-derived relaxing factors), 261
Efferent arm, pupil light reflex, 507, 507f
Efferent defects, pupil, 514–524
Efflux transporters, 385–393

blood–retina barrier, 247–248
cancer chemotherapy, 392b
clinical correlations, 390–391, 391t
evasion, 391–392
historical aspects, 385–386
inhibitors, 392
localization, 390, 390f
see also specific types

EGF see Epidermal growth factor (EGF)
Egocenter eye, binocular vision, 678f
Egocentric direction, binocular vision, 677–679, 

678f
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Elastic modulus, lens, 65
Elastin, scleral mechanical properties, 120
Electrical coupling

bipolar cell output synapses, 464–465
outer retinal signal processing, 462, 463f
photoreceptor junctional conductances, 

422–426, 423f
bright light responses, 422–423, 423f
calcium-activated anion current (ICl(Ca)), 

424–425, 425f–426f
calcium-activated potassium current (IK(Ca)), 

424
delayed rectifier potassium current (IKV), 

423, 423f
electronic coupling, 425–426
hyperpolarization current (IH), 423, 424f
voltage-activated calcium current (ICa), 

423–424, 424f, 425b
Electrical responses

cone light adaptation, 433, 433f
light adaptation see Light adaptation

Electroencephalography (ECG), blindness, 752
Electrolyte secretion regulation

tear film, aqueous layer see Tear film, aqueous 
layer

tear film, mucous layer see Tear film, mucous 
layer

Electromagnetic radiation, cataracts, 153
Electrophysiological perimetry, 667
Electrophysiology

constant monocular form deprivation, 733, 
735f

corneal nerves, 88
neuron–glial cell interaction, 308
optic nerve, 558–559
photoreceptor–Müller cell interaction, 318
retinogeniculate projection development, 

728–729
trigeminal ganglion neurons, 369

Electroretinogram(s) (ERGs), 480–501
amacrine cells, 473, 474b
amplitude, dark-adapted b -wave, 488, 491f
component definition, 484, 484f
congenital stationary night blindness, 400f
c-wave, 484
definition, 480
direct-current, 484
extracellular, retinal glycolysis, 310–311, 311f
flash type, 480, 481f
flicker see Electroretinograms, light-adapted, 

cone-driven
full-field dark-adapted (Ganzfeld) flash see 

Electroretinograms, full-field dark-
adapted (Ganzfeld) flash

generation, 480–483
stimulus conditions, 481f, 483

glial currents, 482–483
Cl- ions, 482
c-wave, 482–483, 482f
extracellular K+ ions, 482
inward rectifying K+ channels, 482
Müller cells, 482
Na+ ions, 482
negative scotopic threshold response, 

482–483
photopic negative response, 482–483
slow PIII, 482–483, 482f
timecourse, 482–483, 491f

ipRGC intraretinal output, 536, 537f
light-adapted, cone-driven see 

Electroretinograms, light-adapted, 
cone-driven

local, 480–482
multifocal, 497–498

definition, 497
glutamate analog studies, 497, 498f
retinal cells, 498b
technique, 497

negative, dark-adapted a-wave, 485–486
non-invasive recording, 483

Burian Allen electrode, 481f, 483
H-K loop electrodes, 483

radial current flow, 480–483
a-wave, 480–482
b-wave, 480–482

cell orientation, 480–482, 481f
d-wave, 480–482

slow PIII, 482f, 484
Electroretinograms, full-field dark-adapted 

(Ganzfeld) flash, 484–489
dark-adapted a-wave, 485–487

current source density, 485
mixed rod-cone a-wave, 485f, 486, 488f
modeling, 486, 487f
negative ERGs, 485–486
rod response timecourse, 487, 489f

dark-adapted b-wave, 485f, 487–488, 490f
ERG amplitude, 488, 491f
GABA, 488
PII, 488, 491f

human vs. macaque, 484, 485f
mouse, 484
scotopic threshold response, 484, 485f, 

488–489, 490f–491f
connexin 3 knockout mice, 489
NMDA receptor agonist studies, 488–489
positive vs. negative responses, 489
retinal cells, 498b

stimulus conditions, 481f, 483
Electroretinograms, light-adapted, cone-driven, 

489–497
flicker ERG, 481f, 494–495

mice vs. primates, 495
Nob1 mice, 495
ON- and OFF-pathway interactions, 494

isolating cone-driven responses, 488f, 489–491, 
492f

genetically-manipulated mouse models, 491
stimulus wavelength, 490–491

light-adapted a-wave, 491–492, 493f
PDA-sensitive postreceptoral neurons, 491, 

493f
retinal cells, 498b

light-adapted b-wave, 492, 493f, 496f
retinal cells, 483b
TTX studies, 492

light-adapted d-wave, 481f, 493, 493f
intraretinal analysis, 493, 493f
retinal cells, 483b

oscillatory potentials, 481f, 495
feedback mechanisms, 495
generation, 495
inner retinal neurons, 495
retinal cells, 483b
TTX studies, 495

pattern ERG, 496–497
glaucoma, 497
retinal cells, 480

photopic negative response, 495–496, 
496f–497f

electroretinogram glial currents, 482–483
primary open angle glaucoma, 495–496
retinal cells, 498b

stimulus conditions, 481f, 483
spatial extent, 483

Elongated eyes, myopia, 1
Elschnig’s pearls, secondary cataracts, 152
Embryology

cornea, 71–73
vitreous body see Vitreous body

Emmetropia
ciliary body contraction, 3
cornea, 3
definition, 632–633
development, 2–3
lens power changes, 3
mechanism, 29f
refractive power loss, 3
sclera development, 117–119

Empirical longitudinal horopter, 681
Endocrine control, retinal vasculature, 263–264
Endophthalmitis, pain, 381
Endothelial cell density (ECD) see Corneal 

endothelium
Endothelial cell injury, cornea see Cornea
Endothelial nitric oxide synthase (eNOS/NOS-3), 

357–358
retinal vasculature, 262

Endothelin receptors (ET), retinal vasculature, 263
Endothelins, retinal vasculature, 262–263

Endothelium
cornea see Cornea
retinal vasculature see Retinal vasculature

Endothelium-derived relaxing factors (EDRFs), 261
Energy substrate compartmentalization, neuron–

glial cell interaction see Neuron–glial cell 
interaction

“En grappe” endings, extraocular muscle 
neuromuscular junctions, 186, 189f

Enhanced S cone syndrome, 417
eNOS see Endothelial nitric oxide synthase (eNOS/

NOS-3)
“En plaque” endings, extraocular muscle 

neuromuscular junctions, 186, 189f
Entactin, lens capsule, 145
Enucleation, side effects, 527b
EOMs see Extraocular muscles (EOMs)
EPHA2, cataract prevention, 156
EphA, retinogeniculate projection development, 

729–730
Ephrin B, optic nerve axon growth, 557–558
Epidermal growth factor (EGF)

conjunctival goblet cells
proliferation, 354
signaling pathway, 354

lens growth control, 139–140
protein secretion regulation, tear film, aqueous 

layer, 358
Epinephrine

aqueous humor drainage, 291–292
aqueous humor secretion/composition, 281
electrolyte/water secretion regulation, 355–356
as vasoconstrictor, 264–265

Episclera
scleral mechanical properties, 118f–119f, 120
vasculature see Sclera

Episcleral arterial circle (EAC), 118f–119f, 121–122
Episcleral vein, 275f
Episcleral venous pressure (EVP), scleral mechanical 

properties, 120
Episcleritis, pain, 381
Epithelial cells

lens, 47
lens fiber cell communication, 140

Epithelial plugs, corneal stromal wound healing, 92
Epithelium

cornea see Cornea
corneal edema, 103
damage, corneal ultraviolet light filtration, 

114–115
lens, 131

ERGs see Electroretinogram(s) (ERGs)
ERK1/2 inhibitory pathway, aqueous tear film layer 

secretion, 358, 359f
ERPs see Event-related potentials (ERPs)
Erythrocytes, aqueous humor drainage, 289
Esophoria, 685, 685f
Esotropia, 237b

infantile, 682, 682b
Esthesiometry, 363
ETDRS (Early Treatment of Diabetic Retinopathy 

Study) chart, 642–643
Ethacrynic acid effects, aqueous humor drainage, 

294
Ethmoid bone, 333, 334f
Ethnic differences, endothelial cell density, 97–98, 

101f
ET (endothelin receptors), retinal vasculature, 263
Event-related potentials (ERPs)

development of vision, 751, 754f
early blind individuals

auditory processing, 757
non-Braille tactile performance, 756

Evisceration, side effects, 527b
Evolution of eye, 22
EVP (episcleral venous pressure), scleral mechanical 

properties, 120
Excimer laser-based keratorefractive surgery, 103
Excitatory signals, inner plexiform layer see Signal 

processing, inner plexiform layer
Exercise, aqueous humor secretion/composition, 

282, 282t
Exfoliation glaucoma, 289
Exophoria, foveal gaze lock, 228–229
Exotropia, intermittent, 685, 685f
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Experience-dependency, stereoacuity, 688
Extracapsular cataract extraction (ECCE), 103–104
Extracellular ATP, photoreceptors, 308
Extracellular electroretinograms, retinal glycolysis, 

310–311, 311f
Extracellular lactate

retinal blood flow, 320–321
retinal nitric oxide, 322

Extracellular matrix (ECM), 248–249
aqueous humor outflow obstruction, 287–289
lens capsule, 145
lens development, 133, 134f
primary open-angle glaucoma, 287–289, 295
signaling, aqueous humor drainage, 294

Extracellular potassium ions, electroretinogram glial 
currents, 482

“Extra-classical” surround, LGN signal processing, 
581

Extraocular muscles (EOMs), 182–207
associated diseases, 202–204, 203t
congenital fibrosis, 202b
development, 195–197, 200f–201f
diseases/disorders, 196–197, 203t

see also Eye movements; specific diseases/
disorders

diseases, spared in, 199–202, 203t
eye movements, neural control, 222
gross anatomy, 182–185
histological anatomy, 187–191

fast fibers, 187, 191f
fiber polymorphism, 189, 193f
fiber variation, 188, 192f
global layers, 188
heavy chain expression, 187–188
layers, 187, 191f
limb muscle vs., 187–188
mismatched myofibers, 189–191, 193f
orbital layers, 188
slow fibers, 187

horizontal eye movements, 185
innervation, 55, 185–186, 187f–188f

acetylcholine receptors, 186
individual nerves, 185

see also specific nerves
neuromuscular junctions, 186, 189f

intorsion, 185, 186f
metabolism, 191–194

antioxidants, 191
calcium, 191
glutathione reductases, 191, 194f–195f
mitochondria, 191
superoxide dismutases, 191, 194f–195f

orbital connective tissue, 186–187, 190f,  
203t

orientation, 183, 186t
physiology, 187–191
proprioception, 194–195, 198f–199f
remodelling, 191–193, 196f

botulinum toxin studies, 193–194, 197f
denervation/reinnervation animal models, 

194
Pitx2, 191–193

saccades, 182
smooth pursuit, 182
vertical eye movements, 185
see also specific muscles

Extraocular pulleys, three-dimensional rotations see 
Three-dimensional rotations

Extraretinal signals
gaze stabilization see Gaze stabilization
LGN see Lateral geniculate nucleus (LGN)
saccadic eye movements, 232

Extrastriate visual cortex (V2), 599–612
contrast sensitivity, 616
definition, 599, 600f–601f, 601b, 609b
dorsal stream areas, 604–607

parietal lobe area, 607
PO/V6, 607
V3A area, 607
V3 area, 606–607
V5/MT, 605–606, 605b

identification methods, 599–602
connection patterns, 601
functional specificity, 601–602
histology, 599

human vs. monkey, 602
retinotopic mapping, 599–601
see also specific methods

LGN extraretinal inputs, 576–577
primary visual cortex output pathways, 591, 

592f
processing streams, 603, 603f
V2 area, 603–605, 603b

color selectivity segregation, 604
cytochrome oxidase stripes, 604, 604f
inputs, 603–604
orientation selectivity segregation, 604
outputs, 603–604
physiological properties, 603–604
receptive field patterns, 604
visual topography, 604–605

ventral stream areas, 607–609
inferotemporal cortex, 608–609
PIT/TEO, 608–609
TE, 609
V4, 607–608, 608b

Extravascular intraretinal acidosis, retinal blood 
flow, 320

Ex vivo experiments, corneal stiffness, 108–109
Eye(s)

elongation, myopia, 1
movements see Eye movements
orientation, three-dimensional rotations, 

216–217
position threshold, 223
young see Young eye

Eyebrows, 340–341
muscles, 340, 341f

Eyelids, 343–347
anatomy, 340–347, 344f
fat tissue, 345
innervation, 346–347, 347f
lymphatics, 346
margin, 343–344

anterior lamella, 343
Lockwood’s ligament, 343
meibomian glands, 344
Moll glands, 343
orbicularis muscle, 335f, 343
palpebral conjunctiva, 344
posterior lamella, 343
tarsal plates, 344
Whitnall’s ligament, 343
Zeis glands, 343

musculature, 344–345
vasculature, 345–346, 346f

Eye movements, 208
anomalies, strabismus, 745
diseases, 197–199

see also specific diseases/disorders
foveal gaze lock see Foveal gaze lock
foveal gaze shift see Foveal gaze shift
functional classification, 224–236

see also specific movements
gaze stabilization see Gaze stabilization
Hess chart, 208, 209b
horizontal

extraocular muscles, 185
medial rectus muscles, 185

measurement, 208, 209b
monitoring of, development, 5
neural control see below

Eye movements, neural control, 220–242
abducens nerve (cranial nerve VI), 222
binocular constraints, 220–221, 221f

cyclorotations, 220–221
Hering’s law, 220–221
isovergence circle, 220–221, 221f
isoversion lines, 220–221, 221f
pure version, 220–221
vergence movements, 220–221

disorders, 236–240
acquired, 237
congenital, 237
developmental, 237
see also specific diseases/disorders

extraocular muscles, 222
final common pathways, 222–223

Edinger–Westphal nucleus, 222,  
223f

hierarchy of, 222, 222b
motor neurons, 222
motor nuclei, 223, 223f

eye position threshold, 223
spike potentials, 223

oculomotor nerve (cranial nerve III), 222
premotor neurons, 222
supranuclear regions, 222
trochlear nerve (cranial nerve IV), 222
see also specific movements

“Eye-specific segregation,” retinogeniculate 
projection development, 725

F
Face-selective responses, TE, 609
Facial anatomy, 340–347
Facial artery, eyelids, 345–346, 346f
Facial nerve (cranial nerve VII)

differential diagnosis, 343
eyebrow, 340
eyelids, 346
paralysis, 342–343, 343b
route of, 185

Facial recognition, 4–5, 4f
Facial vein, eyelids, 346
FACT (Functional Acuity Contrast Test), 643
FAK (focal adhesion kinase), 329–330
False torsion, Listing’s law, 213–214, 213f
Fast axonal transport, optic nerve, 560
Fast fibers, extraocular muscles, 187, 191f
Fast focal neurochemistry, retinal synaptic 

organization, 449–450
Fat tissue

eyelids, 345
orbit, 338

FDT see Frequency doubling technology (FDT) 
perimetry

Feedback pathways
negative, light adaptation, 437–438, 438f
retinal synaptic organization, 452

Feedforward pathways
LGN, 578–579, 579f
pursuit, 229
retinal synaptic organization, 452

Feedforward synapses, horizontal cell output 
synapses, 464, 466f–467f

FEF (frontal eye fields), saccades, 235, 605
Fenestrated endothelium, outer blood–retina 

barrier, 249
Ferritin particle studies, aqueous humor drainage, 

285
Ferry–Potter law, 700, 701f
FGF (fibroblast growth factor), lens fiber cell 

differentiation, 136
Fiber cells, lens, 132–133, 138f
Fibril-associated collagens with interrupted 

terminals (FACIT), 80
Fibrillin, zonules, 145
Fibroblast growth factor (FGF), lens fiber cell 

differentiation, 136
Fibronectin, transforming growth factor-β, 288–289
Fibrosis, congenital, extraocular muscles, 202b
Fibrotic plaques, secondary cataracts, 152
Fick system, three-dimensional rotation 

quantification, 210, 211f
Field of view, binocular vision, 677
Field progression determination, visual field see 

Visual field
Filensin

age-related lens changes, 144
congenital cataracts, 153
lens fiber cells, 138

Finite element modeling, scleral mechanical 
properties, 118f–119f, 121

Fixation disparity, binocular (retinal) disparity, 684, 
684f

Fixation, foveal gaze lock see Foveal gaze lock
Flash photocurrent responses

photoreceptors see Photoreceptor(s)
rods, 412, 414f

Flash photovoltage responses
cones, 411
photoreceptors see Photoreceptor(s)
rods, 411
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Flash strength effects, flash photocurrent responses, 
412, 414f

Flash type electroretinograms, 480, 481f
Flicker

retinal vasculature, 261, 261f–262f
temporal sensitivity, 706

Flicker and temporal modulation perimetry, 669
critical flicker fusion perimetry, 669
flicker-defined form perimetry, 669
glaucoma, 669
luminescence pedestal flicker perimetry, 669
temporal modulation perimetry, 669

Flicker-defined form (FDF) perimetry, 669
Flicker electroretinograms see Electroretinograms, 

light-adapted, cone-driven
Flicker-sensitivity experiments, temporal contrast 

sensitivity, 703, 703f
Floccular target neurons (FTN), 226–227
Fluid mechanics, aqueous humor drainage see 

Aqueous humor drainage
Fluorescein tracer studies

blood–retina barrier passive permeability, 178
scleral permeability, 123t
vitreous body see Vitreous body

fMRI see Functional magnetic resonance imaging 
(fMRI)

Focal adhesion kinase (FAK), 329–330
Focus, depth of see Depth of focus
Focusing efforts, accommodation stimulus, 55, 56f
Following movements

direction of eye motion, 713
infant vision development, 713
visual processing hierarchy, 714, 714f

Forced-choice preferential looking (FPL), 713
motion detection development, 718
visual processing hierarchy, 714, 714f

Forehead, 340–341
muscles, 341f

see also specific muscles
Form deprivation amblyopia, 732, 733f, 746
FOS (frequency of seeing curve), 655–656
Foster, Russell, 527
Foucault gradings, 12
Fourier transformation, 12
Fovea, 3

anatomy, 45f, 132f
blue-yellow circuitry, 651–652
photoreceptors, 9
yellow pigment, 20

Foveal gaze lock, 227–231
dynamic control, 229–230

conjugate smooth pursuit tracking, 229, 
229f

disconjugate smooth vergence tracking, 230
smooth pursuit–smooth vergence 

interactions, 230
neuro-control, 230–231

smooth pursuit tracking, 230
smooth vergence tracking, 230–231

static control (fixation), 227–229
binocular fixation, 228
closed-loop conditions, 228
exophoria, 228–229
gaze direction, 227–228
heterophoria, 228–229
horizontal vergence, 228
interpupillary distance, 228
Maddox classification, 228
meter angle, 228
prism diopter, 228
proximal vergence, 228–229
stereoscopic depth perception, 228
tonic vergence, 228

Foveal gaze shift, 231–236
asymmetric vergence, 233–235

response time, 233–235, 234f
disconjugate shifts, 232–233

convergence accommodation, 232
cross-couplings, 232
cyclovergence, 232–233
heuristic model, 232, 233f
horizontal vergence components, 232–233
Listing’s law, 232–233
Maddox components, 232
torsional disparities, 232–233

vertical eccentricity (vertical disparity), 
232–233, 233f

vertical vergence, 232–233
neuro-control, 235–236

vergence gaze, 235–236
rapid conjugate shifts (saccadic eye movements) 

see Saccades
Foveal reflex, 6
Foveal viewings, contrast sensitivity, 639f–640f
Foveal window of visibility see Spatial form, early 

processing
Foville’s syndrome, 238
Foxe3 transcription factor, 134
FPL see Forced-choice preferential looking (FPL)
Fractures, orbit lateral wall, 334, 335f
Frequency doubling technology (FDT) perimetry, 

667–669, 669f–670f
glaucoma, 668–669

Frequency of seeing curve (FOS), 655–656
Fresh tonic pupil, 520
Frisby Stereo Test, 721–722
Frontal bone, 182, 333, 334f
Frontal eye fields (FEF), saccades, 235, 605
Frontal nerve, 336f, 363–364
Frontal sinus, 333
FST (fundus of the superior temporal sulcus), 606
FTN (floccular target neurons), 226–227
Functional Acuity Contrast Test (FACT), 643
Functional architecture, primary visual cortex (V1) 

see Primary visual cortex (V1)
Functional imaging

retinal glycolysis, 310
V3, 606–607

Functional magnetic resonance imaging (fMRI)
blindfolding studies, 762
blindness, 752
cross-modal processing, 751, 755f
early blind individuals

auditory language, 759
auditory processing, 757, 757f
occipital cortex, 759

extrastriate visual cortex, 599–602
form deprivation amblyopia, 746
LGN, 583
primary visual cortex, 586–588

Functional neuronal activity, neuron–glial cell 
interaction, 313–314

Functional specificity, extrastriate visual cortex 
identification, 601–602

Functional vergence mechanisms, binocular 
(retinal) disparity, 684–685, 684f–685f

Function–morphology relationship, bipolar cell 
output synapses, 464

Fundus albipunctatus, slowed dark adaptation, 441
Fundus of the superior temporal sulcus (FST),  

606
Fusion, binocular vision development, 719–720

G
G1 protein see Transducin
GABA

bipolar cells
inner plexiform layer signal processing,  

475
ribbon synapses, 447

center-surround antagonistic receptive field 
organization, 466f–468f, 468–469

dark-adapted b -wave, 488
inner plexiform layer signal processing see 

Signal processing, inner plexiform layer
ipRGC synaptic input, 535
LGN cell classes, 575–576
Müller glial cells, 312–313
primary visual cortex, 589–590

GABA receptors
developmental visual deprivation, 738–739, 

738f
GABAA receptors, amacrine cells, 473, 474f
GABAC receptors

amacrine cells, 473, 475f
inner plexiform layer signal processing, 

474f, 475
Galactokinase deficiency, cataracts, 153
Galactosemia, cataracts, 153

Ganglion-cell photoreceptors see Retinal ganglion 
cells, intrinsically photosensitive 
(ipRGCs)

Ganglion cells see Retinal ganglion cell(s) (RGCs)
Ganzfeld electroretinograms, 512
Gap junctions, lens fiber cells, 138
Gaze direction, foveal gaze lock, 227–228
Gaze restrictions, 237–239

abducens nucleus lesions, 238
cortical lesions, 239
Foville’s syndrome, 238
internuclear ophthalmoplegia, 237–238
medial longitudinal fasciculus, 237–238
MST lesions, 239
ophthalmoplegia, 237–238, 238f
Parinaud’s syndrome, 238–239
posterior parietal cortex lesions, 239

Gaze stabilization, 224–227
extra-retinal signals, 224–225

gravity, 225
linear acceleration signals, 225
ocular counterrolling reflex, 225
ocular tilt response, 225
retinal image stabilization, 225
skew deviation, 225
vestibular system, 224–225, 224f

nerve control, 226–227
vestibulo-ocular reflex see Vestibulo-ocular 

reflex (VOR)
retinal signals, 225–226

optic flow, 225–226
optokinetic response, 226

GCAPs (guanylyl cyclase activating proteins), 436
GDNF (glial-derived neurotrophic factor), RGC 

survival, 566–567
Gender, cataracts, 146
Gene disruption studies, lens development, 134, 

135b
Gene expression

age-related lens changes, 144
optic nerve axon regeneration failure, 565

Gene mutations, congenital cataracts, 153
Generalized sensitivity loss, visual field, 662–663
Genetic testing, color vision tests, 650
Gennari, Francesco, 586
Geometric horopter, normal retinal correspondence, 

680, 681f
Germinative zone, lens, 131
GFAP (glial fibrillary acidic protein), 557
Glare

contrast sensitivity, 13–15
testing, 14–15, 14f
visual acuity, 643

Glaucoma
angle-closure, mydriasis, 521
animal models, 562
exfoliation, 289
flicker and temporal modulation perimetry,  

669
frequency doubling technology perimetry, 

668–669
glucocorticoid, 295
hemolytic, 289
high pass resolution perimetry, 670
intraocular pressure, 266
ocular blood flow, 266
optic nerve injury, 551f, 561–562, 562f
pattern ERG, 497
phacolytic, 289
primary open-angle see Primary open-angle 

glaucoma (POAG)
relative afferent pupillary defect, 513t
RGC dysfunction, 566
RGC loss, 478b
secondary to hypermature cataract (phacolytic), 

289
short wavelength automated perimetry, 667
temporal sensitivity, 707
uveitic, 289

Gliaform neurons, 443–445
Glial cells

biochemistry, 311–313
chemical transmitter release, 308
electroretinograms see Electroretinogram(s) 

(ERGs)
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inner blood–retina barrier, 244f, 249
neuronal sensing, 308

Glial-derived neurotrophic factor (GDNF),  
566–567

Glial fibrillary acidic protein (GFAP), 557
Glial-neuron lactate shuttle hypothesis (ANLSH), 

315
Gliosis, optic nerve injury, 564
Glucocorticoid glaucoma, 295
Glucose

metabolism enzymes, 310
retinal glycolysis, 310
transport

Müller glial cells, 311–312
retinal pigmented epithelium, 325

vitreous body, 166–167, 168f, 168t
Glucose transporters (GLUTs), 319–320
GluR6 knockout mice, negative ERG, 486
GLUT1, retinal pigmented epithelium, 325
GLUT3, retinal pigmented epithelium, 325
Glutamate

analog studies, multifocal electroretinograms, 
497, 498f

BC ribbon synapses, 447
honeybee retina in vitro studies, 314f, 317
inner plexiform layer signal processing, 

471–472, 473f
LGN, 579–580
LGN cell classes, 575–576
Müller glial cells, 312–313
outer retinal signal processing see Signal 

processing, outer retina
photoreceptor ribbon synapses, 446, 448f
primary visual cortex, 589–590
transporter blocking, inner plexiform layer 

signal processing, 472
Glutathione, 141, 142f
Glutathione peroxidase, 142
Glutathione reductases, extraocular muscles, 191, 

194f–195f
Glycine

inner plexiform layer signal processing see 
Signal processing, inner plexiform layer

ipRGC synaptic input, 535
Müller glial cells, 312–313

Glycocalyx, 248
corneal endothelium, 105–106
tear film see Tear film

Glycogen
neuron–glial cell interaction, 313
photoreceptor–Müller cell interaction, 318

Glycolysis
hexokinase, 309
lens, 141–142
retina see Retina

Glycosaminoglycans (GAGs)
aqueous humor drainage, 298
cornea, 6–7
corneal light transmission, 85–86
scleral mechanical properties, 120

Goldman-like perimeter, 657
Goldmann equation, aqueous humor drainage, 283
Goldman perimeter, 657
G-proteins

activation, light response activation, 402
inactivation, dark-adapted rod recovery phase, 

404
subunits, rods vs. cones, 406

Graded hyperpolarizations, flash photovoltage 
responses, 411, 413f

Gradient refractive index, lens, 48, 48f
Granit–Harper law, 701–702, 701f

foveal revision, 702, 702f
Grating acuity, infant vision development see Infant 

vision development
Grave’s ophthalmopathy, 561
Gravity, gaze stabilization, 225
Greater sphenoid wing, 334f
Growth factors

corneal stroma wound healing, 90–91
lens fiber cell differentiation, 136
oligodendrocyte development, 556
RPE secretion, 330
see also specific growth factors

Growth, lens development, 139

Guanine nucleotide turnover, dark-adapted rods see 
Dark-adapted rods

Guanylate cyclase
activation, 404
dark-adapted rod recovery phase, 404
dark-adapted rod resting state, 398

Guanylyl cyclase activating proteins (GCAPs), 436
Guanylyl cyclase activation, 438, 438f
GUCY2D gene, 404

H
H2 horizontal cells, blue-yellow circuitry, 651
H7 effects, aqueous humor drainage, 293–294
Halobacterium halobium, 8
Haplopia, binocular (retinal) disparity, 683–684
Hardy, Rand and Rittler (HRR) pseudoisochromatic 

plates, 650
Head rotation, 222
Heavy chain expression, extraocular muscles, 

187–188
Hebbian synaptic plasticity

developmental visual deprivation, 736–738
retinogeniculate projection development, 727

Helmholtz system, three-dimensional rotation 
quantification, 210, 211f

Hemianopia
homonymous, 548–549, 548f, 549b
nasal, 547–548, 548f

Hemichannels, horizontal cell output synapses, 462
Hemidesmosomes, corneal epithelium, 92–93, 

94f–95f
Hemolytic glaucoma, 289
Hemorrhage, intraocular, 513t
Heparan sulfate, lens capsule, 145
Hepatocyte growth factor, lens growth control, 

139–140
Herbivores, accommodation, 40
Hereditary nystagmus, 198–199
Hering’s law

eye movements, 220–221
vestibulo-ocular reflex, 226

Herpes zoster iritis, 521
Hess chart, eye movements, 209b
Heterocellular coupling, retinal synaptic 

organization, 449
Heterophoria, foveal gaze lock, 228–229
Heuristic model, disconjugate foveal gaze shift, 232, 

233f
Hexokinase, glycolysis, 309
High-energy microwaves, cataracts, 154
Higher-order aberrations (HOA)

correction, 34–36
clinical applications, 37–38
limiting factors, 35–36
visual performance, 35

definition, 33
visual disturbances, 34–35, 35b
see also specific aberrations

High pass resolution perimetry, 670
glaucoma, 670

High resolution light microscopic autoradiography, 
312f, 314–315

H-K loop electrodes, electroretinograms, 483
HOA see Higher-order aberrations (HOA)
Holman–Dolman real depth test, 721–722
Homer’s muscle, 335f
Homocellular coupling, retinal synaptic 

organization, 449
Homonymous hemianopia, 548–549, 548f, 549b
Homonymous visual field defects, visual field,  

664
Honeybee retina in vitro studies, 312f, 315–317

alanine, 316–317, 318f
ammonium ions, 314f, 317
carbohydrate metabolism, 316, 317f
glutamate, 314f, 317
IAA studies, 316, 316f
metabolic compartmentation, 313f, 317–319
metabolic trafficking, 317–319
metabolites, 316–317, 317f
photoreceptor–glia interactions, 315–316, 315f

Horizontal cell(s) (HCs), 444–445, 459
AMPA receptors, 444–445
non-canonical signaling, 449

outer retinal signal processing see Signal 
processing, outer retina

phylogenetics, 445
Horizontal eye movements see Eye movements
Horizontal tongue resemblance, visual field, 664
Horizontal vergence

components, disconjugate foveal gaze shift, 
232–233

foveal gaze lock, 228
Horizontal vestibulo-ocular reflex, 226, 226f
Horizontal visual angles, normal retinal 

correspondence, 680
Hormonal regulation, Meibomian glands, 361
Horner’s blepharoptosis, 345
Horner’s syndrome, 517b

anisocoria vs., 515
childhood, 519–520

cocaine eye drops, 519
hydroxyamphetamine drop test, 519–520

congenital, 519–520
intraocular pressure, 280
pharmacologic diagnosis

apraclonidine, 518–519
cocaine, 518–519
denervation localization, 519

pupil asymmetry, 515–518
pupil dilation lag, 515–518, 518f

Horopters
geometric, normal retinal correspondence, 680, 

681f
longitudinal see Longitudinal horopters
normal retinal correspondence, 679–680
theoretical, 680, 681f
vertical, normal retinal correspondence, 680

HSD-1 (11β-Hydroxysteroid dehydrogenase), 294
Hubbard, Ruth, 406
Hubble telescope, 32–33
Human models, cone light adaptation, 436f, 440
Humoral mechanisms, pupil reflex dilation, 509
Humphrey Field Analyzer see Static perimetry
Hyalocytes, vitreous body, 164
Hyaluronic acid

aqueous humor drainage, 289
vitreous body, 164, 166

aging, 171
Hyaluronidase, aqueous humor drainage, 298
Hydrogen peroxide, lens oxidants, 141
Hydrophilic drugs, corneal drug delivery, 112–114
Hydroxyamphetamine drop test, childhood 

Horner’s syndrome, 519–520
11β-Hydroxysteroid dehydrogenase (HSD-1), 294
Hyperactive signaling diseases/disorders, 

photoreceptors, 417b–418b
Hyperacuities

definition, 629
development, 644
disparity sensitivity development, 720–721

Hyperbaric oxygen treatments, age-related nuclear 
cataracts, 148

Hypercapnia, ocular blood flow, 259–260
Hypercolumns, primary visual cortex, 593–594, 

593f
Hyperferritinemia, cataracts, 153
Hypermetria, saccadic eye movements, 231–232

disorders, 239
Hyperopia

development, 2
mechanism, 28, 29f

Hyperoxia, ocular blood flow, 258
Hyperpolarization current (IH), photoreceptors, 

423, 424f
Hypometria, saccadic eye movements, 231–232

disorders, 239
Hypothalamus, SCN, ipRGC circadian 

photoentrainment, 538–540
Hypoxia, ocular blood flow, 258–259

I
IAA see Ingoing Adjustable Aberrometer (IAA)
ICa (voltage-activated calcium current), 423–424, 

424f, 425b
ICl(Ca) (calcium-activated anion current), 424–425, 

425f–426f
Idiopathic optic neuritis, 561
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IGF see Insulin-like growth factor (IGF)
IGF-1 (insulin-like growth factor 1), RPE secretion, 

330
iGluRs see Ionotropic glutamate receptors (iGluRs)
IH (hyperpolarization current), photoreceptors, 423, 

424f
IK(Ca) (calcium-activated potassium current), 424
IKV (delayed rectifier potassium current), 423, 423f
Illumination

accommodation measurement, 57–58
contrast sensitivity vs., 13
depth of field, 43–44
photoreceptor–Müller cell metabolic 

interactions, 319
Image-degrading defenses, retina, 19–20
Image distortion, binocular vision, 677
Image quality, pupil, 502
Image segmentation, 706–707
Imaging

primary visual cortex, 594
visual deprivation, 750, 752b

Immune privilege of eye, 331, 331b
Immune response

corneal epithelium, 88f, 96
optic nerve injury, 564

Immunoglobulin A (IgA), secretory, tear film, 357
INC (interstitial nucleus of Cajal), 235
Incomplete Schubert–Bornstein congenital 

stationary night blindness, 425
CACNA1F gene, 425, 425f

Incongruous defects, visual field, 664
Increment (differential) light threshold

perimetry, 667
visual fields, 655

India ink injection studies, vitreous body, 172, 173f
Indocyanine green (ICG) injection, ocular blood 

flow measurement, 251–252
Infantile esotropia, 682, 682b
Infantile strabismus syndrome, 237, 237b
Infant vision development, 713–724

assessment, 713–718
binocular vision, 719–722

disparity sensitivity see Disparity sensitivity
fusion, 719–720
stereopsis, 720–722

grating acuity, 716–717
pattern onset-offset stimuli, 716–717
visual evoked potentials, 716

motion detection, 718–719
asymmetries, 718–719, 718f
FPL, 718
optokinetic nystagmus, 718
symmetric cortical motion, 719, 719f
visual evoked potentials, 718

ocular following movements, 713
optotype acuity, 718
preferential looking, 713
spatio-temporal vision, 715–716

behavioral measurements, 715–716
directional eye movements, 716
peak-contrast sensitivity, 715, 715f
steady-state visual evoked potentials, 715, 

715f
temporal resolution, 716
Vernier acuity, 717–718
visual evoked potentials, 713
visual processing hierarchy, 714–715, 714f

early vision, 714
FPL, 714, 714f
middle vision, 714
object recognition, 714
ocular following movements, 714, 714f
visual evoked potentials, 714–715

Infections
congenital cataracts, 152
deep ocular pain, 381

Inferior division III nerve, anatomy, 187f–188f
Inferior oblique muscles, 182, 344f

anatomy, 184f–185f, 187f–188f
paths of, 183, 184f–185f

Inferior oculomotor nerve, 336f
Inferior ophthalmic vein, 336f
Inferior orbicularis muscle, 344f
Inferior orbital fissure, 182

orbital apex, 337

Inferior orbital vein, 340
Inferior rectus muscles, 182, 336f

anatomy, 184f–185f, 187f–188f
eyelids, 345

Inferior tarsal muscle, 344f
Inferior temporal gyrus, cross-modal processing, 

751
Inferior trochlear nerve, 187f–188f
Inferior visual field, 655
Inferomedial strut, orbit, 335
Inferotemporal cortex, 608–609

early blind individuals, non-Braille tactile 
performance, 756

Inflation studies, corneal stiffness, 109
Inflation testing, scleral mechanical properties, 

118f–119f, 121
Infraorbital artery, 345–346, 346f
Infraorbital nerve, 364, 364f
Infrared light, cataracts, 154
Ingoing Adjustable Aberrometer (IAA), 33–34

honeybee retina in vitro studies, 316, 316f
Inhibition pressure (IP), corneal edema, 102,  

102f
Inner blood–retina barrier see Blood–retina barrier 

(BRB)
Inner canal wall epithelium, aqueous humor 

drainage, 284, 287f–288f
Inner plexiform layer (IPL)

anatomy, 471, 472f
bipolar cell output synapses, 464
center-surround antagonistic receptive field 

organization, 466
diabetic retinopathy, 478b
signal processing see Signal processing, inner 

plexiform layer
Inner retina see Retina
Innervation

choroid vasculature, 246
eyelids, 346–347, 347f
iris, 509
retinal vasculature, 246, 246f
sensory see Sensory innervation (of eye)
see also specific anatomical structure; specific nerves

Innervation decomposition, three-dimensional 
rotations, 214, 215f

INO (internuclear ophthalmoplegia), 237–238
Inputs

primary visual cortex see Primary visual cortex 
(V1)

V5/MT area, 605–606
Insulin-like growth factor (IGF)

lens fiber cell differentiation, 136
optic nerve axon growth, 557

Insulin-like growth factor 1 (IGF-1), RPE secretion, 
330

Insulin, photoreceptor–Müller cell interaction, 318
Integrin αv, photoreceptor outer segment 

phagocytosis, 329–330
Intensity discrimination, 14
Intergeniculate leaflet (IGL), ipRGC circadian 

photoentrainment, 538–539
Intermediate filaments, lens fiber cells, 137–138
Intermittent exotropia, 685, 685f
Intermittent monocular form deprivation see Visual 

deprivation, developmental
Internal carotid artery, 339f

intracranial optic nerve, 556
International Society for Clinical Electrophysiology 

of Vision (ISCEV), 483, 483b
Interneurons

LGN cell classes, 575–576
pupil light reflex see Pupil light reflex

Internuclear ophthalmoplegia (INO), 237–238
Interocular blur suppression, 694
Interphotoreceptor matrix retinal binding protein 

(IRPB), 328
Interpretation guide see Visual field
Interpupillary distance (IPD), 228

foveal gaze lock, 228
Interstitial nucleus of Cajal (INC), 235
Intorsion

extraocular muscles, 185, 186f
superior oblique muscles, 185, 186f

Intracameral injections, corneal drug delivery, 113f, 
114

Intracranial optic nerve, 552
blood supply, 556

Intraepithelial nerve terminals, corneal sensory 
nerves, 365–367, 366f–367f

Intraocular hemorrhage, relative afferent pupillary 
defect, 513t

Intraocular lenses (IOLs)
aspheric, 37–38
higher-order aberrations, 37–38
secondary cataracts, 152
spectral design, 529b
spherical aberrations, 21
toric, 37–38

Intraocular nucleus, accommodation stimulus, 55
Intraocular pressure (IOP)

aqueous humor, 274
ciliary body sensory nerves, 374
circadian fluctuation, 281
glaucoma, 266
iris sensory nerves, 374
sclera development, 116
scleral mechanical properties, 121
scleral sensory nerves, 374
transforming growth factor-β, 288–289

Intraorbital optic nerve, 550–551, 552f
blood supply, 556

Intraparietal sulcus, 607
Intraretinal output, ipRGCs, 534f, 536–537, 537f
Intrascleral optic nerve, 550, 552f
Intrastromal injections, corneal drug delivery, 113f, 

114
Intravitreal injections

retinal blood flow, 321
scleral drug delivery, 113f, 122

Intravitreal string formation, posterior vitreous 
detachment, 175

Invertebrate-like phototransduction cascade, 
ipRGCs, 529

Involuntary blinking, corneal nerves, 88
Inward rectifying K+ channels (Kir), 

electroretinogram glial currents, 482
Iodoacetate studies, retinal glycolysis, 310–311
IOLs see Intraocular lenses (IOLs)
Ionic circulation, lens, 143
Ionotropic glutamate receptors (iGluRs)

differential expression, 449–450
retinal synaptic organization, 449

Ion transport
RPE see Retinal pigment epithelium (RPE); see 

specific ion channels; specific ions
IOP see Intraocular pressure (IOP)
IP (inhibition pressure), corneal edema, 102,  

102f
IPD see Interpupillary distance (IPD)
IPL see Inner plexiform layer (IPL)
ipRGCs see Retinal ganglion cells, intrinsically 

photosensitive (ipRGCs)
Ipsilateral eye (temporal retina), LGN layers and 

maps, 574
Iridoplegia, traumatic, mydriasis, 521
Iris

anatomy, 45f, 132f
color, 509–510
dilator, 509–510
ischemia, 520
neuronal input, 509
sensory nerves, 372f, 374–375

cold-sensitive, 374–375
intraocular pressure, 374

slit-lamp biomicroscope examination, 520
structure, 509–510, 510f
vasculature, 247

arterial supply, 247
Iris root, aqueous humor drainage, 274
Iris sphincter, 509–510

cholinergic drug response, 520–521, 521f
subsensitivity, 521
supersensitivity, 520

damage, anisocoria, 516t
Iritis, 381
Iron mydriasis, anisocoria, 516t
IRPB (interphotoreceptor matrix retinal binding 

protein), 328
ISCEV (International Society for Clinical 

Electrophysiology of Vision), 483, 483b
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Ischemic optic neuropathy
animal models, 561
optic nerve injury, 560–561

Ishihara’s test of color vision, 650
Isolated cat retina studies, photoreceptor–Müller 

cell interaction, 318
Isolated cell models, neuron–glial cell interaction, 

313f, 314–315
Isotope studies, retinal glycolysis, 311
Isovergence circle, 220–221, 221f
Isoversion lines, 220–221, 221f

J
Jerk nystagmus, 224–225, 225f

K
Kainate receptors

inner plexiform layer signal processing, 471
outer retinal signal processing, 460
retinal synaptic organization, 449

KCC2, retinal synaptic organization, 452
KCCl (potassium–chloride symporter), 359
K cells

LGN see Lateral geniculate nucleus (LGN)
primary visual cortex, 594–595

Kearns–Sayre syndrome, 203
Keeler, Clyde, 526
Kelman phacoemulsification (KPE), 103–104
Keratan sulfate, corneal light transmission, 86–87
Keratectomy, photoreactive see Photorefractive 

keratectomy (PRK)
Keratitis

Acanthamoeba, 381
neurotrophic, 375
val-acyclovir, 391–392

Keratoconus, 15
Keratocytes

apoptosis, 89–90
corneal light transmission, 83–85, 86f–88f

Keratometry, 79b
Keratoplasty

penetrating, 15
posterior lamellar, 104

Keratotomy
astigmatic, 92
radial, 92

Ketanserin, aqueous humor secretion/composition, 
282

Kinematic redundancy, Listing’s law, 211–212
Kinetic perimetry, 656–657, 657f

advantages, 657
arcuate “spot checks”, 657
Goldman-like perimeter, 657
Goldman perimeter, 657

Kinetics, ipRGCs see Retinal ganglion cells, 
intrinsically photosensitive (ipRGCs)

Kir (inward rectifying K+ channels), 
electroretinogram glial currents, 482

K layers (koniocellular), LGN layers and maps, 
574–575

Knockout animals
α-crystallins, 137
connexins, 139

KPE (Kelman phacoemulsification), 103–104
Krebs cycle, 319–320

L
Lachrymal nerve, 363–364
Lacrimal artery, 339f, 346f
Lacrimal bone, 182, 333, 334f–335f
Lacrimal gland, 356

anatomy, 351f
fluid composition, 360

chloride ions, 360
potassium ions, 360
sodium ions, 360

innervation, 356
structure, 356
tumors, 381

Lacrimal nerve, 336f
anatomy, 187f–188f

Lacrimal sac, 335f

Lacrimal sac fossa, 335, 335f
Lactate

aqueous humor, 278
extracellular see Extracellular lactate
Müller glial cells, 313, 313f
neuron–glial cell interaction, 314
photoreceptor–Müller cell metabolic 

interactions, 319
retinal pigmented epithelium transport, 

326–327
retinal vasculature, 260
vitreous, 168t
vitreous body, 166–167, 168f

L-Lactate injection studies, retinal blood flow, 321
Lamina fusca, 71
Laminin, lens capsule, 145
Langerhans cells, corneal epithelium, 96
Large pupil, 502
LASEK (laser-assisted subepithelial keratectomy), 80
Laser-assisted subepithelial keratectomy (LASEK), 

80
Laser Doppler flowmetry (LDF), ocular blood flow 

measurement, 252, 254f
Laser in situ keratomileusis (LASIK), 80

corneal stromal wound healing, 92, 93f
pain, 381

LASIK see Laser in situ keratomileusis (LASIK)
Latency, binocular vision suppression, 695
Latent nystagmus (LN), 237
Lateral geniculate nucleus (LGN), 574–585

anatomy, 574–578, 575f
animal studies, 575

arousal, 583
pedunculopontine tegmental nucleus, 583
thalamic reticular nucleus, 583

attention, 580f, 583
binocular rivalry, 584
black-white circuitry, 653
cell classes, 575–576

GABA transmitter, 575–576
glutamate transmitter, 575–576
interneurons, 575–576
relay cells, 575–576

circuits, 578–580
conscious vision, 583
constant monocular form deprivation, 733
extraretinal inputs, 576–577, 578f

extrastriate areas, 576–577
parabigeminal nucleus, 576–577
pretectum, 576–577
primary visual cortex, 576–577
superior colliculus, 576–577
thalamic reticular nucleus, 576–577

feedback pathways, 578–579, 579f
cortical feedback, 576–577
impact of, 581–583

feedforward pathways, 578–579, 579f
functional magnetic resonance imaging, 583
ipRGC central projections, 541
K cells, 581

action potentials, 581
blue/yellow information, 581
firing rate, 581

layers and maps, 574–575, 576f, 578f
contralateral eye (nasal retina), 574
ipsilateral eye (temporal retina), 574
K layers (koniocellular), 574–575
lesions, 582b
map alignment, 574
M layers (magnocellular), 574–575, 582b
P layers (parvocellular), 574–575, 582b

M cells, 575, 581
action potentials, 581
firing rate, 581

motor planning, 582f, 583–584
saccadic eye movements, 583–584

neurochemistry, 579–580
cholinergic neurons, 580
glutamatergic input, 579–580

optic nerve, 552–553
axon growth, 558

optokinetic nystagmus, 227, 227f
outputs, 577–578

middle temporal area, 578
P cells, 578

primary visual cortex see Primary visual 
cortex (V1)

thalamic reticular nucleus, 577
P cells, 575, 581

action potentials, 581
firing rate, 581
red/green information, 581

primary visual cortex output pathways, 590–591
receptive field properties, 580–581

ON center, 580
OFF center, 580
S- (synaptic) potentials, 580–581

retinal inputs, 576, 577f–578f
M pathways, 576
P pathways, 576

retinal projection targets, 545
signal processing, 580–583

“extra-classical” surround, 581
parallel processing, 580–581
see also specific types

visual awareness, 584
visual field lesions, 548, 548f
visual signal regulation, 578–580

Lateral occipital (LO) cortex
blindfolding studies, 762
cross-modal processing, 751
TE, 609

Lateral posterior ciliary arteries, orbit, 339–340
Lateral rectus muscle, 336f, 344f

anatomy, 184f–185f, 187f–188f
horizontal eye movements, 185
myofiber type, 182–183

Lateral short posterior ciliary arteries, optic nerve 
head blood supply, 555

Lateral terminal nucleus (LTN)
optokinetic nystagmus, 227, 227f
retinal projection targets, 546–547

Lateral wall, orbit, 334
Latrunculin, aqueous humor drainage, 293, 293f
LCA see Leber’s congenital amaurosis (LCA)
LCA (longitudinal chromatic aberration), 56
LDF (laser Doppler flowmetry), ocular blood flow 

measurement, 252, 254f
Leaky barrier function, corneal endothelium see 

Corneal endothelium
Leber’s congenital amaurosis (LCA), 329

GUCY2D gene, 404
ipRGCs, 528b
RPE65 mutations, 418, 418f

Lens, 44, 47–48, 131–163
age-related changes, 47, 144
anatomy, 45f, 131–133, 132f
anterior surface, accommodation, 49–55
diameter, accommodation, 49, 52f–54f
early development, 133–135, 134f

anterior segment organization, 140
AP-2α transcription factor, 134
aphakia mutation, 135
bone morphogenetic protein, 133
c-Maf transcription factor, 134
dygenetic lens (dys) mutation, 134
extracellular matrix, 133, 134f
Foxe3 transcription factor, 134
gene disruption studies, 134, 135b
growth, 139
lens pit, 133, 134f
lens placode, 133, 134f
L-maf transcription factor, 133
organelles degradation, 139
Pax6 transcription factor, 133
Pitx3 transcription factor, 135
primary fiber cells, 133
Prox1 transcription factor, 134
Sox1 transcription factor, 134
Sox2 transcription factor, 133
vascular support, 140

electrolyte balance, 142–143
energy production, 142

glycolysis, 142
epithelium, 47, 131
equatorial diameter, presbyopia, 64–65
fiber cells see Lens fiber cells
germinative zone, 131
growth control, 135f, 139–140
growth rate, cataract prevention, 155
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hardness, age-related nuclear cataracts, 150
loss of ability see Presbyopia
metabolism, 140–142

glycolysis, 141
nutrients, 141, 143
oxidation, 140–141
protein stability, 141

morphology, age-related cortical cataracts, 150
optical power, 42

ametropia, 25
changes in emmetropization, 3
gradient refractive index, 48, 48f

oxidants, 141
protection from, 141–142

posterior surface curvature, 42
presbyopia, 62–65, 63f
refraction, 131–133, 143–144

age-related nuclear cataracts, 148
animal studies, 143
protein concentration, 143–144

role of, 7–8
spherical aberrations, 21
stiffness see Presbyopia
structure, 19
thickness

accommodation, 49–53, 54f
age-related cortical cataracts, 151
cataracts, 148

transparency, 131–133, 143–144
chromophores, 144

water balance, 142–143
Lens capsule, 44, 47, 47f, 145

accommodation, 46f–47f, 48–49
anatomy, 131
changes, 62–63, 63f
zonular fiber attachment, 46

Lens crystallins, 131–132, 136–137, 137b
α-crystallins, 136

association, 137
enzymic activity, 136–137
knockout mice, 137

αβ-crystallins, 137
age-related macular degeneration, 137
neurodegenerative disease, 137

β-crystallins, age-related lens changes, 144
βγ-crystallins, 137
classical, 136
lens fiber cells, 135
taxon-specific, 136
transcription factors, 136

Lens fiber cells, 132–133, 138f
N-cadherin, 139
connexins, 138–139

knockout animals, 139
cytoskeleton, 137–139

filensin, 138
intermediate filaments, 137–138
microtubules, 137
phakinin, 138
vimentin, 138

differentiation, 135–140
cell volume, 136
cyclin-dependent kinase inhibitors, 136
growth factors, 136
migration, 135
p57 (KIP2), 136
Prox1, 136
retinoblastoma protein, 136
transition zone, 135, 135f

DNase IIβ, 139
epithelial cell communication, 140
gap junctions, 138
lens crystallins, 135
lipid composition, 138
major intrinsic polypeptide, 138
MP20, 139
plasma membranes, 138, 138f
vinculin, 139

Lens paradox, presbyopia, 63–64
Lens pit, 133, 134f
Lens placode, 133, 134f
Lens sutures

development, 144–145
structure, 144–145, 145f

Lenticular sclerosis, presbyopia, 68

Lentoid bodies, secondary cataracts, 152
Leptomeninges, optic nerve, 555
Lesions

LGN layers and maps, 582b
M pathway contrast sensitivity, 615–616
P pathway contrast sensitivity, 615–616
primary visual cortex, 586–588
V5/MT area, 605–606, 605b

Lesser sphenoid wing, 334f
Levator aponeurosis, eyelids, 344f
Levator muscle, 336f, 344f
Levator palpebrae superioris muscle, 187f–188f, 

344–345
LGN see Lateral geniculate nucleus (LGN)
Light absorption, 21

RPE, 325
Light adaptation, 429–442

calcium-dependent mechanisms, 436–439
cGMP turnover, 437
channel reactivation, 439
guanylyl cyclase activation, 438, 438f
negative feedback loop, 437–438, 438f
shortened activated rhodopsin lifetime, 438

cones, 415, 432
electrical responses, 433, 433f, 435–436, 

435f
human models, 436f, 440
molecular basis, 436f, 439, 439t
saturation avoidance, 439–440

critical duration, 699
dark adaptation vs., 429
definition, 405, 429
disrupted phototransduction shut-off, 439b
electrical responses, 431f, 432–436

acceleration of, 433, 433f–434f
cone recovery, 435–436, 435f
desensitization, 433
recovery, 433–434, 434f
saturation in rods, 432–433, 432f
sensitivity on background intensity, 

434–435, 434f
see also Weber’s law

molecular basis, 436–440
see also specific mechanisms

pupil size, 511t
purposes of, 429–430
rods, 431f, 432

dark adaptation vs., 440
dominant time constant changes, 440
electrical response saturation, 432–433, 

432f
protein translocation, 440

Light-adapted a-wave see Electroretinograms, 
light-adapted, cone-driven

Light-adapted b-wave see Electroretinograms, 
light-adapted, cone-driven

Light-adapted d-wave see Electroretinograms, 
light-adapted, cone-driven

Light-evoked inhibitory postsynaptic currents 
(L-UIPSCs), 473, 474f

Light increments, visual fields, 655–656
Light intensity, pupil size, 511t
Light-near dissociation, 508b
Light oxygen consumption, retina, 309
Light refraction, cornea see Corneal optical 

properties
Light response activation, dark-adapted rods see 

Dark-adapted rods
Light scattering, 17–19

corneal light transmission, 79–80, 81f
natural defences, 19–20

Light transmission, cornea see Corneal light 
transmission

Lim2 (MP20), lens fiber cells, 139
Limbal plexus nerves, 365
Limbus, corneal reference points, 73–76
Linear acceleration signals, gaze stabilization, 225
Line orientation receptor development, 5
Lipid(s)

dark-adapted rod resting state, 400–401, 401f
lens fiber cells, 138
meibomian glands, 360–361, 361f

Lipid layer, tear film see Tear film
Lipophilic drugs, corneal drug delivery, 112–114
Liquefaction, vitreous body, 171

Listing’s law
disconjugate foveal gaze shift, 232–233
three-dimensional rotations see Three-

dimensional rotations
Listing’s plane, 212–213, 212f
L-maf transcription factor, lens development, 133
L/M cones, black-white circuitry, 653
LN (latent nystagmus), 237
Local electroretinograms, 480–482
Local image features, primary visual cortex, 586
Local sign, binocular vision, 677–678
Local stereopsis, spatial frequency, 741–742
Lockwood’s ligament, 343, 344f
LogMAR

minimum recognizable acuity, 629, 629t
visual acuity, 10

Log Visual Acuity, 629
Long ciliary nerve, 187f–188f, 364f
Longitudinal chromatic aberration (LCA), 56
Longitudinal fibers, ciliary muscle, 45
Longitudinal horopters

empirical, 681
normal retinal correspondence, 680, 680f

Long-(L) wavelength sensitive cones, color vision, 
444, 648, 649f

Long posterior ciliary arteries, 246–247
Long posterior ciliary arteries (LPCA), 121–122, 

275f–276f
Long posterior ciliary arteries (PCAs), 246–247
Long-term depression (LTD), developmental visual 

deprivation, 736–738
Long-term potentiation (LTP), developmental visual 

deprivation, 736–738
L opsin gene deletions, color vision defects, 

648–649
Low spatial frequencies, peripheral vision contrast 

sensitivity, 641–642, 641f
LPCA (long posterior ciliary arteries), 121–122, 

275f–276f
LRAT (lecithin:retinol transferase), visual cycle, 328
LRP see Lung resistance protein (LRP)
LTN see Lateral terminal nucleus (LTN)
L-type calcium channels, 471–472
L-type horizontal cell responses, 460–462
L-UIPSCs (light-evoked inhibitory postsynaptic 

currents), 473, 474f
Lumican, corneal light transmission, 86–87
Luminance

spatial form, early processing see Spatial form, 
early processing

temporal sensitivity, 705, 707f
visual acuity see Visual acuity

Luminance-pedestal flicker, mean-modulated vs., 
705–706, 705f, 707f

Luminescence pedestal flicker (LPF) perimetry, 669
Lumirhodopsin, 402
Lung resistance protein (LRP), 390

historical aspects, 386
structure, 390f

Lutein, photo-oxidative damage defense, 325
Lymphatics

eyelids, 346
orbit, 340
sclera, 101f, 115
scleral mechanical properties, 118f–119f, 120

M
M3 muscarinic receptors, ciliary muscle, 44–45
MA (meter angle), 228
Macrophages

aqueous humor drainage, 289
optic nerve axon regeneration failure, 565

Macular degeneration, ABCA, 391b
Macular edema

blood–retina barrier, 175–176
development, 175–176, 176f
diabetes mellitus, 176, 176f
retinal ischemia, 175–176
vascular endothelial growth factor, 175–176
vitreous traction, 176

Macular sparing, cortical lesions, 239
Maddox classification, foveal gaze lock, 228
Maddox components, disconjugate foveal gaze shift, 

232
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Magnesium ions, vitreous, 168t
Magnetic resonance imaging (MRI)

early blind individuals, 759
functional see Functional magnetic resonance 

imaging (fMRI)
occipital cortex, 759
presbyopia, 64f, 65–66

Magnetic resonance spectrography (MRS), 752
Magnetoencephalography (MEG)

auditory localization, 759
auditory processing, 757
blindness, 752

Magnification theory, peripheral vision contrast 
sensitivity, 640–641, 641f

Magnocellular system, temporal sensitivity 
measurement, 707

Major arterial circle, 275f–276f
Major histocompatibility complex class I (MHC 

class I), 729
Major intrinsic polypeptide (MIP), 138
Major vault protein (MVP) see Lung resistance 

protein (LRP)
Mammals, accommodation, 40–41
Map alignment, LGN layers and maps, 574
MAR see Minimum Angle of Resolution (MAR)
MAR (minutes of arc), 10, 11t
Marcus Gunn pupil, 558
Marijuana (cannabis), aqueous humor secretion/

composition, 282
Mathematical models, blood–retina barrier passive 

permeability, 178
Matrix metalloproteinases (MMPs)

tear film glycocalyx, 350–352
transforming growth factor-β effects, 288–289, 

298
Maxilla, 334f
Maxillary bone, 182, 333, 335f
Maxillary temporal arteries, 340
M cells, LGN see Lateral geniculate nucleus (LGN)
MCT (mean circulation time), 251, 253f
MCT1 (monocarbohydrate transporter 1), 326–327
MCT3 (monocarbohydrate transporter 3), 326–327
Mean circulation time (MCT), 251, 253f
Mean-modulated flicker, luminance-pedestal flicker 

vs., 705–706, 705f, 707f
Mechanical stretching studies, lens in presbyopia, 

51f, 65, 67f
Mechano-nociceptors, corneal sensory nerves, 371, 

372f–373f
Medial longitudinal fasciculus (MLF), 237–238
Medial palpebral arteries, 339f
Medial posterior ciliary arteries, 339–340
Medial rectus muscles, 182, 336f

anatomy, 184f–185f, 187f–188f
horizontal eye movements, 185
myofiber type, 182–183

Medial short posterior ciliary arteries, 555
Medial superior temporal lobe (MST)

lesions, gaze restrictions, 239
optokinetic nystagmus, 227
smooth pursuit tracking, 230
V5 connections, 606

Medial terminal nucleus (MTN)
optokinetic nystagmus, 227, 227f
retinal projection targets, 546–547

Medial wall, orbit, 335
MEG see Magnetoencephalography (MEG)
Meibomian glands

anatomy, 351f
diseases, 361b
eyelid margin, 344
hormonal regulation, 361
lipid production, 360–361, 361f
meibum, 360
neural regulation, 361
structure, 360–361

Meibum, 360
Melanin, photo-oxidative damage defense,  

325
Melanopsin, 528

blindness therapy, 533b
knockout mice, ipRGCs pupillary light reflex, 

538
signal transduction, 529
visual cycle, 528

Melanopsin ganglion cells, pupil light reflex, 
505–506, 506b

Membrane-associated mucins, 93–95, 95f
Membrane blebs, age-related cortical cataracts, 

150–151
Membrane ion channels, inflammation, 374
Membrane potential

dark-adapted rod resting state, 396
flash photovoltage responses, 411

Membrane resistance measurements, center-
surround antagonistic receptive field 
organization, 466, 466f–467f

Membranes, rods, 394, 397f
Meninges, optic nerve, 555

development, 557
Meningothelial cells, optic nerve, 555
Merocrine, tear film, aqueous layer, 356–357
MERRF (myoclonic epilepsy associated with ragged 

red fibers), 203
Mesencephalic reticular formation (MRF), 230–231
Mesopic vision, 430
Metabolic buffer function see Vitreous body
Metabolic inhibitors, aqueous humor secretion/

composition, 282
Metabolic pump function, corneal endothelium see 

Corneal endothelium
Metabolic trafficking, honeybee retina in vitro 

studies, 317–319
Metabolism

compartmentation, honeybee retina in vitro 
studies, 313f, 317–319

photoreceptor–Müller cell interaction see 
Photoreceptor–Müller cell interaction

scleral drug delivery, 124
Metabolites, honeybee retina in vitro studies, 

316–317, 317f
Metabotropic glutamate receptors (mGluRs)

differential expression, 449–450
mGluR1, 450
mGluR4, 450
mGluR5, 450
mGluR6, 450b
mGluR7, 450
mGluR8, 450
retinal synaptic organization, 449

Metarhodopsin I, 402
Metarhodopsin II

catalytic activity, 402–403
rhodopsin photoisomerization, 402

Meter angle (MA), 228
Methotrexate, scleral permeability, 123t
mfVEP see Multivisual evoked potentials (mfVEP)
mGluRs see Metabotropic glutamate receptors 

(mGluRs)
MHC class I, 729
Microglia, optic nerve, 554–555

axon regeneration failure, 565
Microneuromas, corneal nerves, 89
Microscopy

confocal, 79–80
dark-field, vitreous body, 172

Microspheres, radiolabeled, 250
Microstrabismus, 688–689, 689b
Microtubules

aqueous humor drainage, 294
lens fiber cells, 137

Midbrain
primary visual cortex output pathways, 590–591
pupil light reflex, 506

Midbrain tectal damage, relative afferent pupillary 
defect, 513t

Middle temporal area (MT)
columnar organization, 606
contrast sensitivity, 616
cross-modal processing, 751
early blind individuals, auditory processing, 

757–758
extrastriate visual cortex, 605–606, 605b
lesion studies, motion processing, 708–709
LGN outputs, 578
motion neural encoding, 708, 708f

lesion studies, 708–709
motion selectivity, 606
stereoscopic depth perception, 606
strabismus, 742, 743f

Middle vision, visual processing hierarchy, 714
Middle- (M) wavelength sensitive cones, color 

vision, 648, 649f
Midface, 341–343

definition, 341
facial mimetic muscles, 342
see also Superficial musculoaponeurotic system 

(SMAS)
Midget ganglion cells, 651
Migration, lens fiber cell differentiation, 135
Mimecan, corneal light transmission, 86–87
Minimum Angle of Resolution (MAR)

minimum recognizable acuity, 629, 629t
optotype acuity, 718

Minimum discriminable acuity see Visual acuity
Minimum recognizable acuity see Visual acuity
Minimum resolvable acuity see Visual acuity
Minimum visual acuity see Visual acuity
Minutes of arc (MAR), 10, 11t
MIP (major intrinsic polypeptide), 138
Mitochondria, extraocular muscles, 191
Mitomycin C, topical, 104
Mitoxantrone resistance, breast cancer resistance 

protein, 389–390
Mitoxantrone-resistance protein (MRP) see Breast 

cancer resistance protein (BCRP)
Mixed cataracts, 151
Mixed rod-cone a-wave, 485f, 486, 488f
M layers (magnocellular), LGN layers and maps, 

574–575, 582b
MLF (medial longitudinal fasciculus), 237–238
MMPs see Matrix metalloproteinases (MMPs)
Modeling, dark-adapted a-wave, 486, 487f
Modulation transfer function (MTF), 16, 30, 31f

definition, 30
pupil size, 36, 36f
spatial frequency, 30
visual acuity, 631–632, 631f–632f

Molecular genetics, color vision, 648–649
Moll glands, eyelid margin, 343
Monocarbohydrate transporter 1 (MCT1), 326–327
Monocarbohydrate transporter 3 (MCT3), 326–327
Monochromatic aberrations, 31–32, 31b

Shack–Hartmann device, 31–32
Monocular defocus, developmental visual 

deprivation, 739–742
M opsin gene deletions, color vision defects, 

648–649, 649b
Morgagnian cataracts, 151
Motion

apparent, 708
directionally sensitive RGC, 454, 455f
infant vision development see Infant vision 

development
pupil size, 511t
retinal synaptic organization, 454

Motion adaptation, 708
Motion aftereffects, 708
Motion-in-depth, binocular vision see Binocular 

vision
Motion processing, 708–710, 709b

clinical applications, 709–710
motion streak model, 709, 709f
MT lesion studies, 708–709
neural encoding, 708–709
perceptual evidence, 708
psychophysical evidence, 708
superior temporal cortical region lesions, 709

Motion recognition, development, 5–6
Motion selectivity

MT, 606
V5/MT area, 605

Motion streak model, motion processing, 709, 709f
Motor innervation, orbit, 338, 338f
Motor neurons, eye movements, 222
Motor nuclei, eye movements see Eye movements, 

neural control
Motor perimetry, 669–670, 672f
Motor planning, LGN see Lateral geniculate nucleus 

(LGN)
MP20 (Lim2), lens fiber cells, 139
M pathways

contrast sensitivity see Contrast sensitivity
LGN retinal inputs, 576

MRF (mesencephalic reticular formation), 230–231
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MRI see Magnetic resonance imaging (MRI)
MRP see Breast cancer resistance protein (BCRP); 

Multidrug resistance associated protein 
(MRP)

MRP2 see Multidrug resistance associated protein 
(MRP)

MRP4, 389, 389f
MRP5, 389, 389f
MRS (magnetic resonance spectrography), 752
MST see Medial superior temporal lobe (MST)
MT see Middle temporal area (MT)
MTF see Modulation transfer function (MTF)
MTN see Medial terminal nucleus (MTN)
Mucin(s)

gel-forming, corneal epithelium, 93–95
membrane-associated, 93–95, 95f
membrane-spanning, 350, 352f
secreted, 352f
tear film glycocalyx, 350, 352f

Mucin MUC1
dry eye disease, 353
tear film, 350

Mucin MUC4, tear film, 350
Mucin MUC5AC, tear film, mucous layer, 353
Mucin MUC16, tear film, 350
Mucous layer, tear film see Tear film, mucous layer
Müller glial cells, 311–312

distribution, 309
electroretinogram glial currents, 482
GABA, 312–313
glucose transport, 311–312
glutamate, 312–313
glycine, 312–313
lactate release, 313, 313f
morphology, 311–312, 312f
photoreceptor interactions see Photoreceptor–

Müller cell interaction
vitreous body, 177

Multidrug resistance, 385
Multidrug resistance associated protein (MRP), 

387–389
clinical correlations, 391t
historical aspects, 385–386
human corneal epithelium, 388–389
members, 388, 388f, 388t
mode of action, 389
MRP2, 388

substrates, 388
MRP4, 389, 389f
MRP5, 389, 389f
rabbit corneal epithelium, 388
structure, 389, 389f

Multifocal electroretinograms see 
Electroretinogram(s) (ERGs)

Multipolar neurons, 443–444
Multivisual evoked potentials (mfVEP), 671–673, 

674f.
retinal disorders, 671–673

Muscarinic receptor(s)
antagonists, accommodation, 56–57
aqueous humor drainage, 290
conjunctival goblet cells, 353

Muscle groups, ciliary muscle, 44
Muscle spindles, extraocular muscles, 195, 198f
Muscular arteries, 339f
Muscular dystrophies, extraocular muscle sparing, 

200
Mutant mice studies, retinogeniculate projection 

development, 728f
MVP (major vault protein) see Lung resistance 

protein (LRP)
Myasthenia gravis

extraocular muscles, 204
treatment, 204b

Mydriasis
angle-closure glaucoma, 521
anticholinergic, 521
causes, 521
copper, 516t
pharmacologic, anisocoria, 516t

Myelination
oligodendrocytes, 556–557
optic nerve, 553, 554f
vision development, 3–4, 3f

myf5, extraocular muscle development, 196

Myocilin, aqueous humor drainage, 295
Myoclonic epilepsy associated with ragged red fibers 

(MERRF), 203
MyoD, extraocular muscle development, 196
Myofiber type, medial rectus muscles, 182–183
Myofibroblast cells, anterior polar cataract, 153
Myopia, 25

atropine use, 1–2
characteristics, 41–42
correction, 633
development, 2
elongated eyes, 1
mechanism, 28, 29f
pathologic, 25
physiologic, 25
physiologic (school), 25
prevalence, 24–25
school, 25
sclera development, 117–119

Myotonic dystrophy, cataracts, 153

N
Na+/Ca2+-K+ (sodium-potassium-calcium) exchanger 

protein 1 (NCKX1), 421–422
Na+/Ca2+-K+ exchanger protein 2 see Sodium-

potassium-calcium (Na+/Ca2+-K+) 
exchanger protein 2 (NCKX2)

Na+/H+ exchanger see Sodium-proton (Na+/H+) 
exchanger

Na+-K+-2Cl- symporter see Sodium-potassium-
chloride (Na+-K+-2Cl-) symporter 
(NKCCl)

Na+/K+-ATPase see Sodium-potassium-ATPase 
(Na+/K+-ATPase)

Narcotic tolerance, pupil, 502–503
Nasal bone, 334f
Nasal field, pupil light reflex, 506
Nasal hemianopia, 547–548, 548f
Nasal horizontal meridian, visual field, 663
Nasal retina, LGN layers and maps, 574
Nasal steps, visual field, 663
Nasal visual field, 655
Nasociliary nerve, 335–337, 336f, 363–364, 364f
Natural scenes, motion-in-depth, 684f, 693
NCKX1 (Na+/Ca2+-K+/sodium-potassium-calcium 

exchanger protein 1), 421–422
NCKX2 see Sodium-potassium-calcium (Na+/

Ca2+-K+) exchanger protein 2 (NCKX2)
Near pupil response see Pupil light reflex
Near visual acuity, age-related nuclear cataracts,  

148
Negative electroretinogram, dark-adapted a-wave, 

485–486
Negative feedback loop, light adaptation, 437–438, 

438f
Negative scotopic threshold response (nSTR), 

482–483
Neovascularization, VEGF, 140, 322, 330
Nephrotic cystinosis, 15
Nerve fiber layer, optic nerve, 550, 551b, 551f
Nerve fiber separation

perimetry, 656
visual fields, 656

Nerve growth factor (NGF), 90–91
Neural activity

development, 3–4, 3f
meibomian glands, 361
motion processing, 708–709
retinogeniculate projection development, 726

Neural density filters, relative afferent pupillary 
defect, 514

Neurite extension inhibition, axon regeneration 
failure, 564–565

Neurochemistry, LGN see Lateral geniculate nucleus 
(LGN)

Neurodegenerative disease, αβ-crystallins, 137
Neuroenhancement, optic nerve repair, 566–567
Neurofibromatosis type 2, cataracts, 153
Neurogenic inflammation, 363
Neuro-glial activity, retinal vasculature see Retinal 

vasculature
Neurological disorders

acquired, 237
congenital, 237

Neuromodulators
developmental visual deprivation, 739
inner plexiform layer signal processing see 

Signal processing, inner plexiform layer
Neuromuscular junctions (NMJs), extraocular 

muscles, 186, 189f
Neuronal nitric oxide synthase (NOS-1), 262
Neuron–glial cell interaction, 308–324

brain slice studies, 308
cell culture slices, 308
electrophysiology, 308
energy substrate compartmentalization, 

314–315
endogenous lactate, 314
glial-neuron lactate shuttle hypothesis 

(ANLSH), 315
high resolution light microscopic 

autoradiography, 312f, 314–315
isolated cell models, 313f, 314–315

functional neuronal activity, 313–314
glycogen, 313
intracellular calcium, 308
metabolism division, 313–314, 314f
retinal whole-mount studies, 308
see also Glial cells; Retina

Neuron-intrinsic limitations, axon regeneration 
failure, 565

Neurons/nerves
color vision, 650–653, 651f
early blind individuals, 761
injury, sensory innervation see Sensory 

innervation (of eye)
orbit see Orbit
pentraxins, retinogeniculate projection 

development, 729
sclera, 91f, 115
three-dimensional rotations see Three-

dimensional rotations
Neuropeptides

eye sensory innervation, 375, 376b
inner plexiform layer signal processing,  

476
retinal synaptic organization, 450
trigeminal ganglion neurons, 363

Neuropeptide Y (NPY), blood flow regulation, 
263–264, 264b

Neuroprotection, optic nerve repair, 565–566
Neuroretinal rim, intrascleral optic nerve, 550
Neurotransmitters

horizontal cell output synapses, 462
light response activation, 402
optic nerve synaptic transmission, 558–559
optic nerve vasculature, 556
see also specific neurotransmitters

Neurotrophic factors
axonal injury signaling, 564
RGC regeneration, 566
RGC survival, 566

Neurotrophic keratitis, 375
NGF (nerve growth factor), 90–91
Nidogen, lens capsule, 145
Night blindness, 407

defective rod synapses, 425b
rhodopsin mutations, 399

Nissl staining, extrastriate visual cortex, 599
Nitric oxide

aqueous humor drainage, 298–299
retina, 321–322

blood flow, 322
extracellular lactate, 322
local factors, 322
vascular endothelial growth factor,  

322
retinal synaptic organization, 450
retinal vasculature, 262–263

Nitric oxide synthase, 321–322
aqueous humor drainage, 298–299
retinal vasculature, 262
see also specific types

Nitroglycerin, aqueous humor secretion/
composition, 281–282

Nitrovasodilators, aqueous humor drainage, 
298–299

NKCCl see Sodium-potassium-chloride 
(Na+-K+-2Cl-) symporter (NKCCl)
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NMDA receptors
agonist studies, scotopic threshold response, 

488–489
developmental visual deprivation, 738–739
retinogeniculate projection development, 729

NMJs (neuromuscular junctions), extraocular 
muscles, 186, 189f

nob1 mice
flicker ERG, 495
negative ERG, 486
retinogeniculate projection development, 726, 

728
Nodal point, 2, 2f
Non-Braille tactile performance, early blind 

individuals, 755–756
Non-image-forming vision, 22, 526–544

historical aspects, 526–527
animal studies, 526–527

see also Retinal ganglion cells, intrinsically 
photosensitive (ipRGCs)

Non-invasive techniques
electroretinograms see Electroretinogram(s) 

(ERGs)
ocular blood flow measurement see Ocular 

circulation measurement
Non-ionizing radiation

cataracts, 153–154
models, 154

Non-mammalian photoreceptor ribbon synapses, 
447, 447f

Non-paralytic strabismus, 237, 237b
Non-steroidal anti-inflammatories (NSAIDs), ocular 

pain, 382
Non-strabismic amblyopia, contrast sensitivity, 

616–617, 617f
Norepinephrine, aqueous humor drainage, 291
Normal retinal correspondence, binocular vision see 

Binocular vision
NOS-3 see Endothelial nitric oxide synthase (eNOS/

NOS-3)
Notations, minimum recognizable acuity, 629t
NPH (nucleus prepositus hypoglossi), 235
NRTP (nucleus reticularis tegumenti pontis), 230
nSTR (negative scotopic threshold response), 

482–483
Nucleus prepositus hypoglossi (NPH), 235
Nucleus reticularis tegumenti pontis (NRTP), 230
Nutrients

corneal endothelium, 98–99
lens, 141, 143

Nutrition, cataract prevention, 156
Nyquist limit, 628f, 633, 634f
Nyquist Sampling Limit, 30, 31f
Nystagmus, 198–199, 240

caloric-vestibular, 224–225
congenial, 240
definition, 198–199, 240
down beat, 238–239
hereditary, 198–199
jerk, 224–225, 225f
latent, 237
optokinetic see Optokinetic nystagmus (OKN)
periodic alternating, 240
skew movements, 240
surgery, 199b
torsional component, 240
vertical component, 240
vestibular, 240
waveform classification, 240b

O
OA see Ophthalmic artery (OA)
Objective fronto-parallel plane (OFPP), 680–681, 

681f
Object motion, 220
Object recognition, visual processing hierarchy, 714
Occipital cortex, early blind individuals, 759–761, 

760f
OCT see Optical coherence tomography (OCT)
Ocular-cerebral-renal syndrome of Lowe, cataracts, 

153
Ocular circulation, 243–273

age effects, 256, 256f
anatomy, 243–250, 244f

in disease, 265–266
see also specific diseases

general hemodynamic considerations, 254–255
perfusion pressure, 254

glaucoma, 266
physiology, 254–256
regulation, 256–260

arterial blood pressure, 257–258
autoregulation, 256–257
blood gases, 258–260

retinal nitric oxide, 322
vasomotion, 256
see also specific vessels

Ocular circulation measurement, 250–254
experimental animals, 250–251

direct cannulation, 250
oxygen partial pressure profile, 250–251
radiolabeled microspheres, 250

non-invasive techniques, 251–254
arterio-venous passage time, 251
bidirectional laser Doppler velocimetry, 252, 

253f–254f
blue field stimulation techniques, 253
color Doppler imaging, 253
indocyanine green injection, 251–252
laser Doppler flowmetry, 252, 254f
mean circulation time, 251, 253f
pneumatometric measurements, 253–254
Retinal Vessel Analyzer, 251, 252f

Ocular counterrolling reflex, 225
Ocular dominance

constant monocular form deprivation, 733
intermittent monocular form deprivation, 734

Ocular dominance columns, primary visual cortex, 
588

Ocular flutter, saccade disorders, 239
Ocular microdialysis, P-glycoprotein, 386, 386f
Ocular pain see Pain
Ocular Response Analyzer (ORA), 110
Ocular surface sensitivity testing, 375–377

Belmonte esthesiometer, 377–378
Cochet–Bonnet esthesiometer, 377
von Frey filaments, 377

Ocular tilt response (OTR), 225
Ocular trigeminal ganglion neurons, 374
Oculocentric direction, binocular vision, 677–678
Oculomotor nerve (cranial nerve III)

aberrant regeneration, 523, 523f
anatomy, 364f
congenital cranial dysinnervation disorders,  

199
extraocular muscle innervation, 55
eyelids, 346
eye movements, neural control, 222
orbit, 338, 338f
orbital apex, 335–337
palsy

anisocoria, 516t, 520
pupil involvement, 507b, 522–523

route of, 185
OFF bipolar cells, 459

inner plexiform layer signal processing, 471, 
475–476

OFF-center
center-surround antagonistic receptive field 

organization, 466
LGN receptive field properties, 580

OFF-center midget retinal ganglion cells, 
blue-yellow circuitry, 651–652

OFF retinal ganglion cells, retinogeniculate 
projection development, 725

OFPP (objective fronto-parallel plane), 680–681, 
681f

Oguchi disease
arrestin mutations, 417
rhodopsin mutations, 417

OKN see Optokinetic nystagmus (OKN)
Oligodendrocyte precursor cells (OPCs), 556
Oligodendrocytes

development, 556–557
myelination, 556–557
optic nerve, 553, 554f

axonal conduction, 559
development, 556–557

Omnipause neuron (OPN), 235, 236f

ON bipolar cells, 459
inner plexiform layer signal processing, 471, 

475
ipRGC synaptic input, 533–535, 534f

ON-center
center-surround antagonistic receptive field 

organization, 466
LGN receptive field properties, 580

ON-center midget retinal ganglion cells, blue-yellow 
circuitry, 651–652

ON retinal ganglion cells, retinogeniculate 
projection development, 725

Opacified posterior capsules, glare and contrast 
sensitivity, 14f, 15

Opaqueness, definition, 13
Open-loop modes, three-dimensional rotations,  

221
Operating range, luminance, 619–620
Ophthalmic artery (OA), 243, 336f, 339f

choroid vasculature, 244
intracanicular optic nerve, 556
orbit, 339–340
route of, 185

Ophthalmic nerve, 339
Ophthalmoplegia, 237–238, 238f
OPL (optical path length), 32
OPN (omnipause neuron), 235, 236f
OPN1LW, 649
OPN1MW, 649
OPN1SW, 649
Opsins

cones, 649b
rhodopsin phosphorylation, 403–404

Opsoclonus, 239
Optical aberrations, 17–20, 28–32

chromatic aberrations, 31
measurement of, 32–34

aberrometry, 32–34
wavefront sensing devices, 32–34

monochromatic aberrations, 31–32, 31b
see also specific aberrations

Optical coherence tomography (OCT)
posterior vitreous detachment, 174–175
vitreo-retinal interface, 172, 173f

Optical limitations, 30–31, 30b
Optical losses, contrast sensitivity, 614
Optical path length (OPL), 32
Optical quality of the eye see Visual acuity
Optical transfer function (OTF), 36
Optic artery, 187f–188f
Optic canal

blood supply, 556
optic nerve, 551

Optic chiasm
blood supply, 556
defects, visual field interpretation guide, 666
nasal retina RGC axons, 552
optic nerve, 552
temporal retina RGC axons, 552
visual field lesions, 547–548, 548f

Optic disc
anatomy, 132f
intrascleral optic nerve, 550, 551f

Optic flow, gaze stabilization, 225–226
Optic foramen, 185

orbit, 182
orbital apex, 335

Optic nerve (cranial nerve II), 336f, 550–573
anatomy, 132f, 187f–188f, 550–553

intracranial, 552
intraorbital, 550–551, 552f
intrascleral, 550, 552f
LGN, 552–553
optic canal, 551
optic chiasm, 552
optic tract, 552–553
RGC axons, 550, 551b, 551f

axonal conduction, 559–560
action potentials, 559
astrocytes, 559–560
oligodendrocytes, 559

axonal transport, 560
axon counts, 553
axon dimensions, 553
axons, 553
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blood supply, 555–556
intracranial optic nerve, 556
intraorbital optic nerve, 556
optic canal, 556
optic chiasm, 556
optic nerve head, 555, 555f
optic tract, 556
vascular biology, 556

development, 556–558
astrocytes, 557
axon growth, 557
axon guidance, 557–558
axon number, 557
meninges, 557
oligodendrocytes, 556–557

diameter, 553
diseases, visual field interpretation guide, 666
electrophysiology, 558–559

axonal conduction see above
glioma, 554
injury see Optic nerve injury
intracranial see Intracranial optic nerve
intraorbital see Intraorbital optic nerve
intrascleral, 550, 552f
microscopic anatomy/cytology, 553–555

astrocytes, 553–554
axons, 553
meninges, 555
meningothelial cells, 555
microglia, 554–555
myelin, 553, 554f
oligodendrocytes, 553, 554f

neuritis, deep ocular pain, 381
oligodendrocytes see Oligodendrocytes
orbit, 338
physiology, 558–560
repair see Optic nerve repair
route of, 185
synaptic transmission, 558–559

Optic nerve head, blood supply, 555, 555f
Optic nerve injury, 560–565

axon regeneration failure, 564–565
neurite extension inhibition, 564–565
neuron-intrinsic limitations, 565

clinical implications, 560
compressive optic neuropathy, 561
glaucoma, 551f, 561–562, 562f
gliosis, 564
immune activation, 564
ischemic optic neuropathy, 560–561
optic neuritis, 561
papilledema, 562
phagocytosis, 564
RGC death, 562–564

apoptosis, 563
axonal injury signaling, 563–564
timecourse, 563

traumatic optic neuropathy, 560
types, 560–562 

see also specific types
Optic nerve repair, 565–567

neuroenhancement, 566–567
neuroprotection, 565–566
remyelination, 565
RGC axon regeneration, 566
RGC survival, 565–566

Optic neuritis
animal models, 561
contrast sensitivity, 617–618, 617f
idiopathic, 561
optic nerve injury, 561
relative afferent pupillary defect, 513t

Optic neuropathy
compressive see Compressive optic neuropathy
ischemic see Ischemic optic neuropathy
traumatic, 560

Optic radiance, visual field lesions, 548–549, 548f
Optics of the eye, 1–27, 42

development, 1–6
focusing, 42
pupil, 503b

Optic tract
blood supply, 556
lesions, relative afferent pupillary defect, 513t
optic nerve, 552–553

Optokinetic nystagmus (OKN), 225–227
AOS, 546–547
development, 227
motion detection development, 718
ocular following movements, 713
pathway, 227
visual acuity testing, 643

Optokinetic response, gaze stabilization, 226
Optotype acuity, infant vision development,  

718
Ora sclerata, 45f
Orbicularis muscle, 335f, 343–344
Orbit, 182, 183f

anatomy, 333–340
connective tissue, extraocular muscles, 186–187, 

190f, 203t
fat tissue, 338
geometry of, 182, 183f
lymphatic drainage, 340
nerves, 338–339

abducens nerve, 338–339, 338f
motor innervation, 338, 338f
oculomotor nerve, 338, 338f
ophthalmic nerve, 339
optic nerve, 338
parasympathetic fibers, 338
sympathetic fibers, 339
trigeminal nerve, 338
trochlear nerve, 338–339, 338f

orbital apex, 335–337, 336b, 336f
abducens nerve, 335–337
inferior orbital fissure, 337
nasociliary nerve, 335–337
oculomotor nerve, 335–337
optic foramen, 335
superior orbital fissure, 335–337

osteology, 333–335, 334f
bones, 333
frontal sinus, 333
inferomedial strut, 335
lacrimal sac fossa, 335, 335f
lateral wall, 334
medial wall, 335
orbital floor, 334–335
orbital rim, 333, 334f
orbital roof, 333

periorbital fascia, 337
Tenon’s capsule, 337, 337f

soft tissues, 337–340 
see also specific tissues

vasculature, 339–340
arterial supply, 339–340, 339f
venous drainage, 340

Orbital apex see Orbit
Orbital floor, 334–335
Orbital rim, 333, 334f
Orbital roof, 333
Organelle degradation, lens development, 139
Orientation preference, primary visual cortex, 

593–594, 593f
Orientation selectivity segregation, V2 area, 604
Oscillatory potentials see Electroretinograms, 

light-adapted, cone-driven
OTF (optical transfer function), 36
OTR (ocular tilt response), 225
Outer blood–retina barrier see Blood–retina barrier 

(BRB)
Outflow obstruction, aqueous humor drainage see 

Aqueous humor drainage; Glaucoma
Output pathways

blue-yellow circuitry, 651, 652f
primary visual cortex see Primary visual cortex 

(V1)
Outward-directed transport, 385–393

clinical correlates, 390–391
see also Efflux transporters; specific transporters

Oxidation
age-related nuclear cataracts, 137b, 148
lens, 140–141

Oxygen consumption (QO2)
retina see Retina
retinal vasculature, 260
RPE, 309

Oxygen partial pressure profile, 250–251
Oxygen, vitreous body, 166–167, 168f

P
p57 (KIP2), lens fiber cell differentiation, 136
PACAP see Pituitary adenylate cyclase-activating 

peptide (PACAP)
Pachymeninges, optic nerve, 555
PAI (plasminogen activator inhibitor), 288–289
Pain, 377–380, 379t

deep, 381
definition, 363
examination, 379t
referred, 381
superficial, 379–381

systemic diseases, 381
Paired frontalis muscles, 341
Palatine bone, 333, 334f
Palisade endings, extraocular muscles, 195, 199f
Palpebral conjunctiva, 344
PAN (periodic alternating nystagmus), 240
Panum’s fusional area (PFA)

binocular (retinal) disparity, 683–684, 684f
normal retinal correspondence, 681

Papilledema, optic nerve injury, 562
Para-aminohippurate, blood–retinal barrier 

crossing, 279–280
Parabigeminal nucleus, LGN extraretinal inputs, 

576–577
Paracellular pathway, blood–retina barrier transport, 

247–248, 248f
Paracrine control, retinal vasculature, 263–264
Parallel inputs/outputs, primary visual cortex see 

Primary visual cortex (V1)
Parallel processing, LGN signal processing, 580–581
Parallel retinal ganglion cell output pathways see 

Signal processing, inner plexiform layer
Paramedian pontine reticular formation (PPRF)

saccadic eye movements, 235
smooth vergence tracking, 230–231

Paraoptic pattern, choroid vasculature, 244, 245f
Parasympathetic nervous system

aqueous humor formation regulation, 280
blood flow regulation, 264
conjunctival goblet cells, 353
lacrimal glands, 356, 357f
orbit, 338
retinal/choroidal vasculature, 246

Paraventricular nucleus
optic nerve axon growth, 558
retinal projection targets, 546

Paraxial mesoderm, extraocular muscle 
development, 196

Paraxial vergence calculations, accommodation, 53
Parietal lobe area, extrastriate visual cortex, 607
Parinaud’s syndrome, 238–239
Pars plana, 44
Pars plicata, 44
Parvocellular retinal ganglion cells, 705
Passive diffusion, scleral drug delivery, 124
Patching regimens, amblyopia, 734
Pathfinding axons, optic nerve axon growth, 

557–558
Pathologic myopia, 25
Patterned wave activity, retinogeniculate projection 

development, 726–727
Pattern electroretinograms (PERG) see 

Electroretinograms, light-adapted, 
cone-driven

Pattern onset-offset stimuli, grating acuity 
development, 716–717

Pax3 transcription factor, extraocular muscle 
development, 196

Pax6 transcription factor, lens development, 133
PCAs (posterior ciliary arteries), 243–244, 339f
P cells see Lateral geniculate nucleus (LGN)
PCIOL (posterior chamber intraocular lens), 76
PCO (posterior capsular opacification), 152, 152b
PDA-sensitive postreceptoral neurons, light-adapted 

a-wave, 491, 493f
PDE6

activation, light response activation, 402
dark-adapted rod resting state, 398
guanine nucleotide turnover, 405–406
inactivation, dark-adapted rod recovery phase, 

404
subunits, rods vs. cones, 406
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PD (prism diopter), foveal gaze lock, 228
PDGF (platelet-derived growth factor), lens growth 

control, 139–140
Peak-contrast sensitivity, spatio-temporal vision 

development, 715, 715f
Pedunculopontine tegmental nucleus (PPT), 583
Pelli–Robson CS chart, 643, 643f
Penetrating keratoplasty, 15
Penicillin(s), blood–retinal barrier crossing, 

279–280
Penicillin G, scleral permeability, 123t
Pentose phosphate pathway, retinal glycolysis, 311
Pentraxins, neuronal, 729
Perceived direction, binocular vision, 678
Perceptual deficits

amblyopia, 746
strabismus, 742, 742f

Perceptual evidence, motion processing, 708
Perceptual learning, 747
Perfusion pressure (PP), ocular circulation, 254
PERG (pattern electroretinograms) see 

Electroretinograms, light-adapted, 
cone-driven

Peribulbar injections, scleral drug delivery, 113f, 
122–123

Pericytes, inner blood–retina barrier, 249
Perifoveal vitreous detachment, 174
Perimacular pattern, choroid vasculature, 244–246, 

245f
Perimetric location, pupil size, 511t
Perimetry

flicker and temporal modulation see Flicker and 
temporal modulation perimetry

flicker-defined form, 669
frequency doubling technology see Frequency 

doubling technology (FDT) perimetry
high pass resolution see High pass resolution 

perimetry
kinetic see Kinetic perimetry
luminescence pedestal flicker, 669
rarebit, 670–671, 673f
sensitivity loss, visual field, 659–662, 660f–662f
short wavelength automated see Short 

wavelength automated perimetry 
(SWAP)

standard automated, 667
static see Static perimetry
suprathreshold static see Suprathreshold static 

perimetry
Tendency Oriented Perimetry, 657–658
test procedures, 667–673, 667b

color perimetry, 667
contrast sensitivity, 667
electrophysiological perimetry, 667
incremental light detection, 667
spatial visual field tests, 667
spatiotemporal visual field tests, 667
temporal visual field tests, 667
see also specific types

types of, 656–659
see also specific types

Periodic alternating nystagmus (PAN), 240
Periorbital fascia see Orbit
Peripheral ganglion cells

eyelids, 345–346
optic nerve axons, 550, 551f

Peripheral optical zone, corneal reference points,  
76

Peripheral vision, contrast sensitivity see Contrast 
sensitivity

Peripheral window of visibility, spatial form, early 
processing see Spatial form, early 
processing

Permanent-occlusion suppression, binocular vision 
suppression, 695

PET see Positron emission tomography (PET)
PFA see Panum’s fusional area (PFA)
P-glycoprotein (P-gp), 386–387

clinical correlations, 391t
conjunctival epithelial cells, 387
cornea, 386
historical aspects, 385–386
mode of action, 387
ocular microdialysis, 386, 386f
rabbit cornea, 387t

retinal pigmented epithelium, 387
structure, 387, 387f
substrate specificity, 385–386

P-gp see P-glycoprotein (P-gp)
Phacolytic glaucoma, 289
Phagocytosis, optic nerve injury, 564
Phakinin

age-related lens changes, 144
congenital cataracts, 153
lens fiber cells, 138

Phalloidin, aqueous humor drainage, 292
Phantom eye syndrome, 382
Pharmacologic mydriasis, anisocoria, 516t
Pharmacology

accommodation stimulus, 56
corneal endothelial cell injury, 104, 105t
eye sensory innervation see Sensory innervation 

(of eye)
inflammation, 374

Phosphate, vitreous, 168t
Phospholipase Cβ, aqueous tear film layer 

secretion, 357
Phosphorylation, rhodopsin see Rhodopsin
Photic modulation of the pineal, ipRGC central 

projections, 538–540
Photoisomerization, rhodopsin see Rhodopsin
Photo-oxidative damage, RPE, 325
Photopic negative response (PhNR) see 

Electroretinograms, light-adapted, 
cone-driven

Photopic vision, 430
cones, 430
scotopic vision vs., 430, 431f

Photopigments, 8, 649b
gene designations, 649b
regeneration, cones, 415–416

Photoreceptor(s)
action spectra, 417
CNG channel see Cyclic nucleotide gated 

(CNG) channels
development, 3
extracellular ATP, 308
flash photocurrent responses, 411–413

cyclic nucleotide gated channels,  
411–412

dark circulating) current, 413f
duration of, 412–413, 414f
flash strength effects, 412, 414f

flash photovoltage responses, 411
graded hyperpolarizations, 411,  

413f
membrane potentials, 411

fovea, 9
glia interactions, honeybee retina in vitro 

studies, 315–316, 315f
hyperactive signaling diseases/disorders, 

417b–418b
see also specific diseases/disorders

mammalian, 444
Na+/K+, Ca2+ exchanger protein

see specific receptors
outer retinal signal processing see Signal 

processing, outer retina
oxygen consumption

in dark, 309
in light, 309

photoresponses, 411–428
pupil light reflex, 504–505
ribbon synapses see Retinal synaptic 

organization
RPE metabolic interactions, 319–320

glucose transporters, 319–320
Krebs cycle, 319–320
rod outer segments, 319

second order retinal neurons, 460
sensory neuroepithelium, 443–444
single photon detection, 413–415

darkness, 413–415
response constancy, 413, 414f
rhodopsin limitations, 415

size and spacing, 9
visual acuity, 633, 633f

steady light photocurrent responses, 415–416, 
416f

see also Cones; Rod(s)

Photoreceptor–Müller cell interaction, 315–319
metabolic interactions, 312f–313f, 319, 320f

illumination, 319
lactate, 319
“missing lactate”, 319, 319b
relative compartmentalization, 314f, 319, 

320f
vertebrate experimental models, 318–319

blood-oxygen-level-dependent functional 
magnetic resonance imaging, 318–319

electrophysiology, 318
glycogen, 318
insulin, 318
isolated cat retina studies, 318

see also Honeybee retina in vitro studies
Photoreceptor outer segment (POS), phagocytosis, 

329–330
reactive oxygen species damage, 329
receptors, 329–330, 329f

Photorefractive keratectomy (PRK), 80
corneal stromal wound healing, 92, 93f
inflammation following, 381

Phototransduction, 394–410, 436, 436f, 528
cytoplasmic calcium, 436
dark-adapted rods see Dark-adapted rods
definition, 394
diseases/disorders, 406–407, 408b

see also specific diseases/disorders
Drosophila, 529
guanylyl cyclase activating proteins, 436
ipRGCs, 529, 530f
rods vs. cones, 406

absorption spectra, 406, 406f
G-protein subunits, 406
molecules, 406
PDE6 subunits, 406
phototransduction molecules, 406
physiology, 406

pH, vitreous, 168t
Phylogeneticity, photoreceptor ribbon synapses,  

447
Physiological barriers, corneal drug delivery, 

112–114
Physiological diplopia, 679
Physiologic anisocoria, 516t
Physiologic myopia, 25
Pie in the sky defects, visual field, 664
Pie on the floor defects, visual field, 664
Piercing, corneal stress, 106
Pierson syndrome, 145
Pigment function, retina, 20
PII, dark-adapted b -wave, 488, 491f
PIII, slow see Slow PIII
Pilocarpine

accommodation, 56–57
aqueous humor drainage, 290
aqueous humor secretion/composition, 

280–281
iris response, 520, 521f

PIN (posterior interposed nucleus), smooth 
vergence tracking, 230–231

Piston and tilt, monochromatic aberrations,  
31

Pituitary adenylate cyclase-activating peptide 
(PACAP)

aqueous humor regulation, 280
blood flow regulation, 264

Pitx2 transcription factor, 191–193
Pitx3 transcription factor

extraocular muscle development, 196, 
200f–201f

lens development, 135
Placenta-specific ABC protein see Breast cancer 

resistance protein (BCRP)
Plasma membranes, lens fiber cells, 138, 138f
Plasmin, aqueous humor drainage, 296–297
Plasminogen activator inhibitor (PAI), 288–289
Platelet-derived growth factor (PDGF), lens growth 

control, 139–140
P layers (parvocellular), LGN layers and maps, 

574–575, 582b
PLK (posterior lamellar keratoplasty), 104
Pneumatometric measurements, ocular blood flow 

measurement, 253–254
POAG see Primary open-angle glaucoma (POAG)
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Point spread function (PSF), 30
definition, 30
pupil size, 30f, 36, 36f

Polarity, retinal synaptic organization, 451–452
Polymodal nociceptors, corneal sensory nerves, 371, 

372f–373f
Polymyxin B, scleral permeability, 123t
Pons, primary visual cortex output pathways, 

590–591
Position judgements, minimum discriminable 

acuity, 630
Positron emission tomography (PET)

blindness, 752
cross-modal processing, 751
early blind individuals, auditory localization, 

757f, 758
extrastriate visual cortex, 599–602
primary visual cortex, 586–588

Posterior capsular opacification (PCO), 152, 152b
Posterior chamber intraocular lens (PCIOL), 76
Posterior ciliary arteries (PCAs), 243–244, 339f
Posterior cortex, vitreous body, 164–165, 166f
Posterior ethmoidal arteries, 339f, 340
Posterior interposed nucleus (PIN), smooth 

vergence tracking, 230–231
Posterior lamella, 343
Posterior lamellar keratoplasty (PLK), 104
Posterior parietal areas (PPC), saccades, 605
Posterior parietal cortex lesions, 239
Posterior precortical vitreous pocket (PPVP),  

172
Posterior scleral foramen, 119–120
Posterior subcapsular cataracts (PSCs), 146, 151

risk factors, 151
Posterior surface curvature, lens, 42
Posterior vitreous detachment (PVD), 174–175, 

174f–175f
B-scan ultrasonography, 174–175
intravitreal string formation, 175
optical coherence tomography, 174–175
tangential forces, 175
traction on retina, 174
vitreo-retinal interface, 172

Postganglionic ciliary nerves, accommodation 
stimulus, 55

Postgeniculate damage, relative afferent pupillary 
defect, 513t

Post-natal growth, sclera development, 116
Postsynaptic processes, inner plexiform layer signal 

processing, 472, 473f
Post-translational modifications, rhodopsin, 399, 

399f
Postural changes, ocular blood flow, 258
Post-vitrectomy age-related nuclear cataracts,  

149
Potassium channels

calcium-activated, tear film, 359
dark-adapted rod resting state, 396
tear film, aqueous layer, 359

Potassium–chloride symporter (KCCl), 359
Potassium ions

extracellular, electroretinogram glial currents, 
482

lacrimal gland fluid composition, 360
RPE, 327
vitreous, 168t

PO/V6, extrastriate visual cortex, 607
P pathways

contrast sensitivity see Contrast sensitivity
LGN retinal inputs, 576

PPC (posterior parietal areas), saccades, 605
PP (perfusion pressure), ocular circulation, 254
PPRF see Paramedian pontine reticular formation 

(PPRF)
PPT (pedunculopontine tegmental nucleus), 583
PPVP (posterior precortical vitreous pocket), 172
pRB (retinoblastoma protein), 136
Prechordal mesoderm, extraocular muscle 

development, 196
Prednisolone acetate, aqueous humor drainage, 

294–295
Preferential looking (PL)

infant vision development, 713
visual acuity testing, 643

Premotor neurons, eye movements, 222

Presbyopia, 25–26, 59, 59b
age-related changes, 59

see also specific changes
ciliary muscle changes

human, 61, 62f
rhesus model, 59–61, 60f–62f

contributing factors, 59–68
see also specific factors

definition, 40–41, 59
lens capsule changes, 62–63, 63f
lens elastic modulus, 65
lens growth, 63–65, 63f–66f

equatorial diameter, 64–65
lens paradox, 63–64
refractive power, 63–64, 66f

lens loss of ability, 65–66
deformability decline, 65
elastic modulus, 65
magnetic resonance imaging, 64f, 65–66
mechanical stretching studies, 51f, 65, 67f

lens stiffness, 66–68, 67f–68f
compliance loss, 68
lenticular sclerosis, 68

pain, 381
progression of, 41f
zonule changes, 61–62

centripetal pulling, 61–62
Pressure changes, accommodation, 49
Presynaptic inhibition, amacrine cells, 474
Presynaptic processes, inner plexiform layer signal 

processing, 472, 473f
Pretectum

LGN extraretinal inputs, 576–577
neurons, pupil light reflex, 506
nucleus, optic nerve axon growth, 558
retinal projection targets, 545

Primary creep, corneal stiffness, 109
Primary fiber cells, lens development, 133
Primary open-angle glaucoma (POAG)

aqueous outflow obstruction, 287–289
extracellular matrix, 287–289, 295
photopic negative response, 495–496

Primary position, Listing’s law, 213
Primary visual cortex (V1), 586–598

anatomy, 586, 587f
black-white circuitry, 653
cell classes, 586–591

GABA-containing, 589–590
glutamate-containing, 589–590
pyramidal, 588
stellate, 588

connections, 586–591
between layers, 590, 591f

constant monocular form deprivation, 733
context of vision, 596–597

cell neighbors, 595f, 596
reward and memory, 589f, 596–597

cortical organization, 586–588
early blind individuals, non-Braille tactile 

performance, 756
functional architecture, 593–594

hypercolumns, 593–594, 593f
imaging, 594
orientation preference, 593–594,  

593f
functional magnetic resonance imaging, 

586–588
inputs, 589, 591b

basal forebrain nuclei, 589
brainstem, 589
claustrum, 589
LGN see below
visual areas, 589

layers, 586–591
lesions, 586–588
LGN inputs, 588, 590f

cytochrome oxidase staining, 590f
extraretinal, 576–577
ocular dominance columns, 588

local image features, 586
output pathways, 590–591

extrastriate cortical areas, 591, 592f
LGN, 590–591
midbrain, 590–591
pons, 590–591

thalamic reticular nucleus, 590–591
thalamus, 590–591

parallel inputs/outputs, 594–595
dorsal streams, 594
K cells, 594–595
ventral streams, 594

positron emission tomography, 586–588
receptive field properties, 591–593, 592f

animal studies, 592–593
binocularity, 593
complex cells, 593
direction selectivity, 593
historical aspects, 592–593

single cortical cells, contrast sensitivity, 615f, 
617f, 619f

timing of vision, 595–596
transcranial magnetic stimulation, 586–588
visual restoration, 763–764, 764f

Primary vitreous body, 164
Primate anterior ocular segment, anatomy, 275f
Prism diopter (PD), foveal gaze lock, 228
PRK see Photorefractive keratectomy (PRK)
Processing streams, extrastriate visual cortex, 603, 

603f
Prodrugs, 385, 392b
Progressive supranuclear palsy, saccade disorders, 

239
Prolonged light flashes, ipRGC kinetics, 531
Proprioception, extraocular muscles, 194–195, 

198f–199f
Prostacyclin (PGI2), retinal vasculature, 263
Prostaglandin(s)

aqueous humor drainage see Aqueous humor 
drainage

retinal vasculature, 263
Prostaglandin F2α analogs, as vasodilators, 265
Prostaglandin H2 (PGH2), retinal vasculature, 263
Prosthetic device development, 588, 588b
Protan color vision defects, 648–649
Protanomaly, 649
Protanopia, 649
Protein(s)

aggregation, age-related nuclear cataracts, 149, 
150f

aqueous humor, 278
outflow obstruction, 289

cross-linking, vitreous body aging, 171
lens refraction, 143–144
secretion regulation, tear film see Tear film, 

aqueous layer
solubility, age-related lens changes, 144
stability, lens, 141
synthesis, age-related lens changes, 144
translocation, rod light adaptation, 440
see also specific proteins

Protein kinase C
aqueous tear film layer secretion, 358
cataracts, 155

Proteoglycans
cornea see Corneal light transmission
corneal edema, 103
scleral mechanical properties, 120

Provencio, Ignacio, 527
Prox1 transcription factor

lens development, 134
lens fiber cell differentiation, 136

Proximal vergence, foveal gaze lock, 228–229
PSCs see Posterior subcapsular cataracts (PSCs)
Pseudoexfoliation syndrome, 145
Pseudoisochromatic plate tests, 650
Pseudoxanthoma elasticum (PXE), ABCC, 391b
PSF see Point spread function (PSF)
Psychometric function, stereoacuity, 688, 688f
Psychophysical basis, visual fields see Visual field
Psychophysical evidence, motion processing, 708
Psychosocial supporting evidence, contrast 

sensitivity, 615
Pterygopalatine ganglion, 364f
Pulse, three-dimensional rotations, 214
Pulvinar nucleus of thalamus, retinal projection 

targets, 545–546
Pump-leak hypothesis, corneal endothelium, 96
Pupil

aperture, depth of focus, 17, 18f
asymmetry, Horner’s syndrome, 515–518
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clinical assessment, 502, 504f
defects, 511–514

efferent defects, 514–524
see also specific diseases/disorders

depth of focus, 502
dilation failure, 523–524, 524t
dilation lag, Horner’s syndrome, 515–518,  

518f
functions, 502, 503f
image quality, 502
inequality see Anisocoria
large, 502
light regulation, 502–525

light properties, 510–511, 511f, 511t
see also Pupil light reflex

narcotic tolerance, 502–503
optics, 503b
perimetry, 514, 515f
pharmacology, 502–503
reflex dilation, 508–509

anesthesia, 508
deep sleep, 508
Edinger–Westphal nucleus, 508
humoral mechanisms, 509
supranuclear inhibition, 508
sympathetic innervation, 509, 509f

retinal illumination, 502
size

duration, 511t
modulation transfer function, 36, 36f
optical transfer function, 36
point spread function, 30f, 36, 36f

Pupil light reflex, 503–509, 505f
afferent arm, 504–506

dark adaptation, 505
melanopsin ganglion cells, 505–506, 506b
midbrain pathway, 506
photoreceptors, 504–505
Purkinje shift, 504–505
RGCs, 505

clinical observation, 511–514, 512f
in diagnosis, 539b
dorsal midbrain lesion studies, 506b
Edinger–Westphal nucleus, 503
efferent arm, 507, 507f
interneuron arm, 506–507

central visual field damage, 506
ganglion cell axons, 506
nasal field, 506
pretectal neurons, 506
temporal field, 506
uncrossed pathway, 506–507

ipRGC central projections, 538, 539f
see also Pupil near reflex

Pupil near reflex, 503–509, 505f
accommodation, 507–508
definition, 507
Edinger–Westphal nucleus, 508
evaluation, 523
supranuclear control, 508

Purinergic P2 receptors, aqueous humor drainage, 
299

Purkinje shift, pupil light reflex, 504–505
Pursuit

closed-loop phase, 229
definition, 229
errors, 229
feedforward phase, 229
smooth see Smooth pursuit
target velocities, 229

PVD see Posterior vitreous detachment (PVD)
Pyramidal cells, primary visual cortex, 588
Pyruvate, retina, 309

Q
QO2 see Oxygen consumption (QO2)
Qualitative stereopsis, 686–687
Quantitative stereopsis, 686–687

R
R9AP mutation

bradyopsia, 439
transducin shutoff, 417

Rabbit cornea
epithelium, multidrug resistance associated 

protein, 388
P-glycoprotein, 387t

Racemization, age-related lens changes, 144
Radial current flow, electroretinograms see 

Electroretinogram(s) (ERGs)
Radial fibers, ciliary muscle, 45
Radial keratotomy (RK), 92
Radiolabeled microspheres, ocular blood flow 

measurement, 250
Random-dot stereogram, stereoacuity, 689, 689f
RAPD see Relative afferent pupillary defect (RAPD)
Rapid eye movements, 220
Rarebit perimetry, 670–671, 673f
Rayleigh color match, 650
Rayleigh limit, 630–631, 631f
Reactive oxygen species (ROS)

corneal ultraviolet light filtration, 115
photoreceptor outer segment phagocytosis,  

329
RPE, 325

Reading, visual acuity see Visual acuity
Receptive field(s)

ipRGCs, 531–532, 532f
LGN see Lateral geniculate nucleus (LGN)
patterns, V2 area, 604
peripheral vision contrast sensitivity, 641–642
primary visual cortex see Primary visual cortex 

(V1)
Red-green circuitry

chromatic sensitivity, 622–623, 624f
color vision, 652–653, 652f
defects, 648–649
LGN P cells, 581

Reference points/measurements, cornea see Cornea
Referred pain, ocular pain, 381
Refixation movements, three-dimensional rotations, 

217–218, 217f
Refraction, lens see Lens
Refractive defocus, stereoacuity, 690
Refractive errors, 24–25

prevalence, 24–25
visual acuity, 632
see also specific diseases/disorders

Refractive index, sclera, 115, 117f
Refractive power

accommodation measurement, 58
cornea, 633
emmetropization, 3
presbyopia, 63–64, 66f

Refractive surgery, 78f, 80b
glare and contrast sensitivity, 15
see also specific methods

Relative afferent pupillary defect (RAPD), 504b
clinical disorders, 513t
management, 512b
quantification, 511–512
visual field damage, 512–514, 513f

Relative binocular (retinal) disparity, 683
Relay cells, LGN cell classes, 575–576
Reliability, visual field interpretation guide, 665
Remodeling phase, corneal stroma wound healing, 

92
Remyelination, optic nerve repair, 565
Renin-angiotensin system, aqueous humor 

drainage, 299
Reptiles, accommodation, 40
Response constancy, single photon detection, 413, 

414f
Response time, asymmetric vergence, 233–235,  

234f
Resting potential, optic nerve, 559
Resting state, dark-adapted rods see Dark-adapted 

rods
Retina

anatomy, 132f
area, peripheral window of visibility, 618
blood vessels see Retinal vasculature
breast cancer resistance protein, 389
cells

multifocal electroretinograms, 498b
photopic negative response, 498b
scotopic threshold response, 498b

cone distribution, 19f, 20

detachment, 326b
ipRGCs, 528b
relative afferent pupillary defect, 513t

diseases/disorders
degeneration, 407
detachment see above
inherited abnormalities, 591b
multivisual evoked potentials, 671–673
visual field interpretation guide, 666
see also specific diseases/disorders

eccentricity, critical duration, 699, 700f
gaze stabilization see Gaze stabilization
glycolysis, 309–311

cell culture models, 311
extracellular electroretinogram, 310–311,  

311f
functional imaging, 310
glucose metabolism enzymes, 310
glucose supply, 310
intact retinal studies, 311
iodoacetate studies, 310–311
isotope studies, 311
pentose phosphate pathway, 311

illuminance, temporal contrast sensitivity, 703
illumination, pupil, 502
image-degrading defenses, 19–20
image, visual acuity, 630–631, 631f
inner

oxygen distribution/consumption, 309, 310f
signal processing see Signal processing, inner 

plexiform layer
inputs, LGN see Lateral geniculate nucleus 

(LGN)
ipRGCs distribution, 531–532, 533f
ischemia

macular edema, 175–176
negative ERG, 487

mosaic, parallel RGC output pathways, 478
neurons, 443–446

gliaform cell phenotype, 444–445
gliaform neurons, 443
multipolar neuron phenotype, 444
multipolar neurons, 443
sensory neuroepithelium, 443–444
true glia, 445–446
see also specific types

outer, signal processing see Signal processing, 
outer retina

oxygen distribution/consumption, 309
dark oxygen consumption, 309
inner retina, 309, 310f
light oxygen consumption, 309
photoreceptor QO2 in dark, 309
photoreceptor QO2 in light, 309

pigment function, 20
projection targets see Central visual pathways
pyruvate, 309
retinogeniculate projection development, 726, 

727f
rod distribution, 19f, 20
role of, 8–9
synaptic organization see Retinal synaptic 

organization
topography, visual acuity eccentricity, 633f, 635
vasculature see Retinal vasculature
vitreous body support function see Vitreous 

body
vitreous interface see Vitreo-retinal interface
whole-mount studies, neuron–glial cell 

interaction, 308
Retinal ganglion cell(s) (RGCs)

apoptosis, 563
axon injury signaling, 563–564
axon regeneration, 566
axon regeneration, optic nerve repair, 566
axons

optic nerve (cranial nerve II), 550, 551b, 
551f

axons, optic nerve, 550, 551b, 551f
death see Optic nerve injury
diabetic retinopathy, 478b
directionally sensitive

inner plexiform layer signal processing, 477
motion, 454, 455f

glaucoma, 478b
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loss, glaucoma, 478b
midget ganglion cells, 651
OFF-center midget retinal ganglion cells, 

blue-yellow circuitry, 651–652
OFF RGCs, retinogeniculate projection 

development, 725
ON-center midget RGC, blue-yellow circuitry, 

651–652
parallel RGC output pathways see Signal 

processing, inner plexiform layer
parvocellular retinal ganglion cells, 705
peripheral see Peripheral ganglion cells
pupil light reflex, 505–506
receptive field surround organization, 475–476
regeneration, neurotrophic factors, 566
ON RGCs, retinogeniculate projection 

development, 725
small bistratified, blue-yellow circuitry, 651
small bistratified RGC, blue-yellow circuitry, 651
survival

neurotrophic factors, 566
optic nerve repair, 565–566

Retinal ganglion cells, intrinsically photosensitive 
(ipRGCs), 526–544

central projections, 537–541, 538f
activity regulation, 540–541, 541f
circadian photoentrainment, 538–540, 540f
conscious light perception, 541
LGN, 541
photic modulation of the pineal, 538–540
pupillary light reflex, 538, 539f
sleep regulation, 540–541, 540b, 541f

depolarizing photoresponse, 529–531
action potentials, 529–531, 530f
voltage-gated sodium channels, 529–531

discovery, 527–528
functional properties, 528–533
inner plexiform layer signal processing, 

477–478
invertebrate-like phototransduction cascade, 529
kinetics, 531

prolonged light flashes, 531
termination, 531

morphology, 531–532, 532f
pathological state resistance, 532–533

animal studies, 532–533
phototransduction cascade, 529, 530f
receptive field, 531–532, 532f
retinal distribution, 531–532, 533f
sensitivity, 531
sparing conditions, 528b
spectral tuning, 528–529, 529b, 529f

output behavior, 528–529
synaptic input, 533–536, 534f

amacrine cells, 535–536
bipolar cells, 533–535, 535f
ON bipolar cells, 533–535, 534f
color coding, 536, 536f

synaptic output, 536–541
central projections see above
intraretinal output, 534f, 536–537,  

537f
see also Non-image-forming vision

Retinal image
aniseikonia, 691, 692f
definition, 6
gaze stabilization, 225

Retinal pigment epithelium (RPE), 325–332
as barrier, 313–314
definition, 325
diseases/disorders, 329b
ion transport, 327–328

cGMP-dependent cation channels, 327
potassium, 327
sodium-bicarbonate cotransporter, 327
sodium-potassium ATPase, 327–328
sodium-potassium-chloride cotransporter, 

327
sodium-proton exchanger, 327–328

light absorption, 325
neighboring tissue integrity, 330
outer blood–retina barrier, 249, 250f
oxygen consumption, 309
P-glycoprotein, 387
photo-oxidative damage, 325

phototransducers, 394, 395f–396f
scleral embryology, 115–116
secretion, 330–331, 330f

cytokines, 330
growth factors, 330
insulin-like growth factor 1, 330
tissue inhibitors of matrix 

metalloproteinase, 330
tumor necrosis factor-α, 330
vascular endothelial growth factor, 330

structure, 325, 326f
transepithelial transport, 325–327

blood to photoreceptors, 325–326
retina to blood, 326–327

visual cycle, 328–329, 328f
all-trans-retinol re-isomerization, 328
CRALP (cellular retinaldehyde binding 

protein), 328
CRBP (cellular retinol binding protein), 328
IRPB (interphotoreceptor matrix retinal 

binding protein), 328
light vs. dark, 328–329
LRAT (lecithin:retinol transferase), 328

Retinal synaptic organization, 443–458, 445f, 447f
AC conventional fast synapses, 448

acetylcholine, 448
AC efferent slow transmitter synapses, 448

dopamine, 448
AxC conventional fast synapses, 448

acetylcholine, 448
AxC efferent slow transmitter synapses, 448

dopamine, 448
BC ribbon synapses, 447

GABA signaling, 447
glutamatergic signaling, 447

coupling patterns, 449
coupling types, 449
fast focal neurochemistry, 449–450
global neurochemistry, 450–452

calcium-activated calmodulin, 450
dopamine, 450
feedback, 452
feedforward, 452
nested feedback/feedforward, 452
neuropeptides, 450
nitric oxide, 450
polarity, 451–452
signal processing, 451
sign-conserving transfers, 445f, 451
sign-inverting transfers, 445f, 451
synaptic chains, 451–452
transporter modulation, 450–451

HC non-canonical signaling, 449
networks, 452–455

center-surround organization, 452, 453f
color, 454–455
disease reversal, 455
mammalian rod pathways, 452–454
motion, 454
signaling mechanisms, 443
transmission electron microscopy, 443

photoreceptor ribbon synapses, 446–447
glutamate release, 446, 448f
non-mammalians, 447, 447f
phylogeneticity, 447

Retinal vasculature, 8, 243–244, 445–446
adenosine, 264
astrocytes, 243, 244f
autoregulation, 256–257
blood flow, 320–321

extracellular lactate, 320–321
extravascular intraretinal acidosis, 320
intravitreal injection studies, 321
L-lactate injection studies, 321
sodium lactate injection studies, 321

capillaries, 244
central retinal artery, 243, 244f
central retinal vein, 244
endocrine control, 263–264
endogenous substances, 264–265

administration route, 264
vasoconstrictors, 264–265
vasodilators, 265

endothelium, 261–263
endothelium-derived relaxing factors, 261

innervation, 246, 246f
metabolic control, 260–265

lactate, 260
oxygen consumption, 260

neuro-glial activity, 261–263
endothelins, 262–263
nitric oxide, 262
prostaglandins, 263

paracrine control, 263–264
physiology, 255
vasoactive nerves, 263–264
visual stimulation, 260–261

flicker, 261, 261f–262f
light/dark transition, 260–261

Retinal Vessel Analyzer (RVA), 251, 252f
Retinitis, pain, 381
Retinitis pigmentosa, 407b, 455
Retinoblastoma protein (pRb), 136
Retinogeniculate projection development, 725–731

activity-dependence, 726–730
amacrine cells, 726–727
anatomical studies, 727–728, 728f
bipolar cells, 726–727
competition, 727
Hebbian model of synaptic competition, 

727
molecular mechanisms, 729
mutant mice studies, 728f
neural activity, 726
nob1 mice, 726, 728
patterned wave activity, 726–727
retinal activity, 726, 727f
tetrodotoxin studies, 726

anatomical studies, 725
eye-specific axonal territories, 729–730
“eye-specific segregation”, 725
ON ganglion cells, 725
OFF ganglion cells, 725
segregation changes, 728–729

electrophysiological recordings, 728–729
NMDA receptors, 729

Y cells, 725–726
Retinoid

recycling, 402–404
regeneration, 402–404

Retinopathy of prematurity, 258b
Retino-RPE-scleral visual signaling pathway, 119
Retinotopic mapping, 599–601
Retrobulbar injections, 113f, 122–123
Retrograde transport, optic nerve, 560
Reverse occlusion, intermittent monocular form 

deprivation, 734, 736f
Reward and memory, primary visual cortex context 

of vision, 589f, 596–597
RGCs see Retinal ganglion cell(s) (RGCs)
RGS9-1 mutation

bradyopsia, 439
dark-adapted rod recovery phase, 401f, 404, 

405b
transducin shutoff, 417

Rhodamine, scleral permeability, 123t
Rhodopsin, 8–9

absorption spectrum, 401–402, 406f
dark-adapted rod resting state, 398–399
inactivation, rhodopsin kinase, 438
mutations, 399

Oguchi disease, 417
phosphorylation, 402–404

APE, 403, 403f
cis-trans isomerization, 403
opsin, 403–404
rhodopsin kinase, 402–403, 403f

photoisomerization, 399f, 401–402, 401f
metarhodopsin II formation, 402
structural changes, 402

post-translational modifications, 399, 399f
single photon detection, 415
structure, 398–399, 398f–399f

Rhodopsin kinase
rhodopsin inactivation, 438
rhodopsin phosphorylation, 402–403, 403f

riMLF (rostral interstitial medial longitudinal 
fasciculus), 235

Ring scotomas, 663
RK (radial keratotomy), 92
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Rod(s)
action spectra, 417, 418f
CNG channel see Cyclic nucleotide gated 

(CNG) channels
compartmentalization, 394, 395f–397f
cone coupling, 459
dark-adapted see Dark-adapted rods
defective synapses, night blindness, 425b
distribution, retina, 19f, 20
flash photocurrent responses, 412, 414f
flash photovoltage responses, 411
hyperpolarization, CNG channel closure, 421
light adaptation see Light adaptation
location, 394
membrane systems, 394, 397f
minimum resolvable acuity, 627–628
NCKX1 exchanger, 421–422
response timecourse, dark-adapted a-wave, 487, 

489f
single photon detection, 413

aberrant responses, 415, 415f, 417b–418b
rhodopsin limitations, 415

steady light photocurrent responses, 415, 416f
bleaching effects, 415–416

visual acuity eccentricity, 634–635
Rod bipolar cells, inner plexiform layer signal 

processing, 476
Rod outer segments (ROS), 394

photoreceptor–retinal pigment epithelia 
interactions, 319

ROS see Reactive oxygen species (ROS); Rod outer 
segments (ROS)

Rostral interstitial medial longitudinal fasciculus 
(riMLF), 235

RPE see Retinal pigment epithelium (RPE)
RPE65 mutations, Leber’s congenital amaurosis, 

418, 418f
Rubella, congenital cataracts, 152
Rupture, scleral mechanical properties, 120–121
RVA (Retinal Vessel Analyzer), 251, 252f

S
Saccades, 231–232

amplitude, 231–232, 231f
cortical control, 605
disorders, 232b, 239

cerebellar disorders, 239, 239f
dysmetria, 239
hypermetric, 239
hypometric, 239
ocular flutter, 239
progressive supranuclear palsy, 239
velocity, 231f, 239

dysmetria, 231–232
extraocular muscles, 182
extraretinal information, 232
hypermetric, 231–232
hypometric, 231–232
LGN, 583–584
neuro-control, 235
three-dimensional rotations, 222
velocities, 231
vergence gaze, 236

SAD (seasonal affective disorder), 540b
SAP (standard automated perimetry), 667
Saturating light level response, dark-adapted rods, 

405
SBK (sub-Bowman’s keratomileusis), 80
SC see Superior colliculus (SC)
Scheiner, Christopher, 32
Scheiner disk, 32, 32f
Schlemm’s canal

anatomy, 275f
aqueous humor drainage, 283–284, 285f
blood–aqueous barrier, 278–279

School myopia, 25
Sclera, 115–125

aging, 115–119
anatomy, 45f, 72f, 74f–75f, 115, 116f, 132f
aqueous humor drainage, 297
autoimmune diseases, 122b
composition, 80t
cornea vs., 115
dehydration and edema, 121–122

development, 115–119
collagen degradation, 117–119
elderly, 119
emmetropization, 117–119
intra-ocular pressure, 116
myopia, 117–119
post-natal growth, 116
retino-RPE-scleral visual signaling pathway, 

119
visual feedback mechanisms, 116–117

drug delivery, 122–125
clearance mechanisms, 111f, 124
intravitreal injections, 113f, 122
metabolism, 124
passive diffusion, 124
peribulbar injections, 113f, 122–123
periocular, 113f, 122–123
permeability of drugs, 123t
retrobulbar injections, 113f, 122–123
subconjunctival injections, 113f, 122–123
sub-Tenon’s injections, 113f, 122–123
topical drugs, 122
trans-scleral pathway, 113f, 122
vascular endothelial growth factor, 123–124

embryology, 115–119
RPE, 115–116

episcleral vasculature, 71, 121–122
anterior ciliary arteries, 121–122
episcleral arterial circle, 118f–119f, 121–122
long posterior ciliary arteries, 121–122

growth, 115–119
lamina fusca, 71
lymphatic layers, 101f, 115
mechanical properties, 120–122

collagen, 120
elastin, 120
episclera, 118f–119f, 120
episcleral venous pressure, 120
finite element modeling, 118f–119f, 121
glycosaminoglycans, 120
inflation testing, 118f–119f, 121
intraocular pressure, 121
lymph vasculature, 118f–119f, 120
proteoglycans, 120
rupture, 120–121
stress–strain curves, 121

nerve supply, 91f, 115
reference points and measurements, 113f, 

119–120
anterior scleral foramen, 119–120
posterior scleral foramen, 119–120

refractive index, 115, 117f
scleral stroma, 71
sensory nerves, 372f, 374–375

cold-sensitive, 374–375
intraocular pressure, 374

thickness, 71
wound healing, 122

Scleral vein, 275f
Scleritis, pain, 381
SCN of hypothalamus, ipRGC circadian 

photoentrainment, 538–540
S-cone-specific ON bipolar cells, blue-yellow 

circuitry, 651
Scotomas

arcuate, 663
central, 663
centrocecal, 663–664
cortical lesions, 239
ring, 663
V1 lesions, 586–588

Scotopic threshold response (STR) see 
Electroretinograms, full-field dark-
adapted (Ganzfeld) flash

Scotopic vision, 430–432, 431f
background intensity, 431
desensitization, 431, 431f
photopic vision vs., 430, 431f

Seasonal affective disorder (SAD), 540b
Secondary cataracts see Cataracts
Secondary creep, corneal stiffness, 109
Secondary lines of sight, binocular vision, 677–678
Secondary vitreous body, 164
Secretory immunoglobulin A (sIgA), tear film, 

aqueous layer, 357

Selective adaptation, temporal sensitivity, 704, 705f
Self motion, 220
Semaphorin(s), 369
Semaphorin 5A (sem5A), 557–558
Semicircular canals, 224–225, 224f

vestibulo-ocular reflex, 226
Sensory innervation (of eye), 363–384

anatomy, 363–367, 364f
trigeminal ganglion neurons, 363–364

central pathways, 367, 368f, 374
brainstem, 374
thalamus, 374

distribution, 364–365
functional characteristics, 369–374
inflammation, 374–375

CGRP, 374–375
mediators, 373f, 374
membrane ion channels, 375
pharmacotherapy, 374
sensitization, 373f, 374
spontaneous pain, 374
substance P, 374–375

nerve injury, 375
axonal regeneration, 375

pharmacology, 381–382
analgesics, 382
anti-inflammatory drugs, 382
cycloplegic agents, 382
surgical pain prevention, 382
topical anesthesia, 383

trophic effects, 375, 376t
neuropeptides, 375, 377b

see also specific nerves
Sensory neuroepithelium, retinal neurons, 443–444
Sex, cataracts, 146
Shack–Hartmann device, 33f

mechanism, 32–33
monochromatic aberrations, 31–32

Shh (Sonic Hedgehog), extraocular muscle 
development, 196

Short ciliary nerve, 364f
Shortened activated rhodopsin lifetime, light 

adaptation, 438
Short-(S) wavelength sensitive cones, color vision, 

444, 648, 649f
Short wavelength automated perimetry (SWAP), 

667
glaucoma, 667
Humphrey field analyzer, 667
standard automated perimetry, 667

Signaling pathways
conjunctival goblet cells, 353, 355f
protein secretion regulation, 357
retinal synaptic organization, 443

Signal processing
inner retina see Signal processing, inner 

plexiform layer
LGN see Lateral geniculate nucleus (LGN)
outer retina see Signal processing, outer retina
retinal synaptic organization, 451

Signal processing, inner plexiform layer
amacrine cells, 473–474, 474f

ERG recordings, 473, 474b
GABAA receptors, 473, 474f
GABAC receptors, 473, 475f
light-evoked inhibitory postsynaptic 

currents, 473, 474f
presynaptic inhibition, 474

bipolar cell signaling, 472f, 475, 475f
ON bipolar cells, 475
OFF bipolar cells, 475

excitatory signals, 471–473
AMPA receptors, 473
glutamate release, 471–472, 473f
glutamate transporter blocking, 472
L-type calcium channels, 471–472
postsynaptic processes, 472, 473f
presynaptic processes, 472, 473f
temporal response properties, 472–473

GABAergic bipolar cell inputs, 475
GABAergic feedback inhibition, 475

GABAC receptors, 474f, 475
glycinergic inhibition, 476

OFF cone bipolar cells, 476
rod bipolar cells, 476
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neuromodulators, 476
dopamine, 476
neuropeptides, 476

parallel pathways, 471
AMPA receptors, 471
ON bipolar cells, 471
bipolar cell terminal morphology, 471,  

472f
degenerative photoreceptor diseases, 471, 

472b
kainate receptors, 471
OFF bipolar cells, 471
RGC see above

parallel RGC output pathways, 476–478, 477f, 
478b

color information, 476–477
directional sensitive ganglion cells,  

477
intrinsically photosensitive ganglion cells, 

477–478
retinal mosaic, 478

RGC receptive field surround organization, 
475–476

Signal processing, outer retina, 459–470
bipolar cell output synapses, 464–465, 

466f–467f
amacrine AII cells, 464
electrical coupling, 464–465
functional types, 464, 465f
function–morphology relationship,  

464
IPL, 464

center-surround antagonistic receptive field 
organization, 465–469

color information, 466
definition, 465
depolarizing bipolar cells, 466
GABAergic synapses, 466f–468f, 468–469
historical aspects, 465
IPL, 466
membrane resistance measurements, 466, 

466f–467f
OFF-center, 466
ON-center, 466
organization, 466, 466f–467f
synaptic pathways, 466, 468f

glutamatergic synapses, 460
AMPA receptors, 460
kainate receptors, 460
spontaneous excitatory postsynaptic 

currents, 460
horizontal cell output synapses, 462–464

bipolar cell mediation, 462, 463f
calcium current, 464
feedforward synapses, 464, 466f–467f
hemichannels, 462
neurotransmitters, 462

horizontal cell responses, 460–462
biphasic C-cells, 460–462
C-type, 460–462
electrical coupling, 462, 463f
L-type, 460–462
S-potentials, 460–462
triphasic C-cells, 460–462

photoreceptor electrical synapses, 432f, 
459–460

connexin 35/36 gap junction proteins, 459, 
460f

resolution, 459
rod–cone coupling, 459
signal-to-noise ratio, 459, 460b

photoreceptor–second order retinal neurons, 
460

Signal-to-noise ratio, outer retinal signal processing, 
459, 460b

Signal transduction, melanopsin, 529
Sign-conserving pathways, retinal synaptic 

organization, 445f, 451–452
Sign-inverting pathways, retinal synaptic 

organization, 445f, 451–452
“Silent” nociceptors, corneal sensory nerves, 

372–374
Simple anisocoria, 515
Sine waves, contrast sensitivity testing, 12
Single cortical cells see Contrast sensitivity

Single photon detection
photoreceptors see Photoreceptor(s)
rods see Rod(s)

Sinusoidal gratings
foveal window of visibility, 613, 614f
visual acuity, 631f, 639

SITA (Swedish Interactive Threshold Algorithm), 
657–662, 660f–662f

Sitosterolemia, ABCG, 392b
Skew deviation, gaze stabilization, 225
Skew movements, nystagmus, 240
SKI study, visual acuity age-relation, 644, 644f
Sleep regulation, ipRGC central projections, 

540–541, 540b, 541f
Slide, three-dimensional rotations, 214
slit1, optic nerve axon growth, 557–558
slit2, optic nerve axon growth, 557–558
Slit-lamp biomicroscope examination, 520
Slit Skiascopy, 33–34
Slowed dark adaptation, 441b
Slow fibers, extraocular muscles, 187
Slow PIII

electroretinogram glial currents, 482–483,  
482f

electroretinograms, 482f, 484
Small bistratified retinal ganglion cells, blue-yellow 

circuitry, 651
SMAS see Superficial musculoaponeurotic system 

(SMAS)
Smoking, cataracts, 146–147
Smooth pursuit

cortical control, 605
extraocular muscles, 182
foveal gaze lock, 230
smooth vergence interactions, foveal gaze lock, 

230
Smooth vergence

foveal gaze lock, 230–231
smooth pursuit interactions, foveal gaze lock, 

230
Snellen acuity charts, 9, 10f, 35, 629, 629f
Snellen, Hermann, 9
“Snow blindness,” corneal ultraviolet light 

filtration, 114
Social seeing, 6
Socioeconomic status, cataracts, 146–147
Sodium azide, aqueous humor secretion/

composition, 281–282
Sodium-bicarbonate cotransporter, RPE, 327
Sodium ions

aqueous humor formation, 277–278
electrolyte/water secretion regulation, tear film, 

mucous layer, 354
electroretinogram glial currents, 482
lacrimal gland fluid composition, 360
vitreous, 168t

Sodium lactate injection studies, retinal blood flow, 
321

Sodium nitroprusside, aqueous humor secretion/
composition, 281–282

Sodium-potassium-ATPase (Na+/K+-ATPase)
aqueous humor formation, 276–278
corneal endothelium, 99–101
dark-adapted rod resting state, 396
electrolyte/water secretion regulation, tear film, 

mucous layer, 355
retinal pigmented epithelium transport,  

326
RPE, 327–328
tear film, aqueous layer, 358–359

Sodium-potassium-calcium (Na+/K+, Ca2+) 
exchanger protein(s), 420–422

Sodium-potassium-calcium (Na+/Ca2+-K+) exchanger 
protein 1 (NCKX1), 421–422

Sodium-potassium-calcium (Na+/Ca2+-K+) exchanger 
protein 2 (NCKX2)

cones, 421–422
dark-adapted rod resting state, 397

Sodium-potassium-chloride (Na+-K+-2Cl-) symporter 
(NKCCl)

aqueous humor drainage, 297–298
electrolyte/water secretion regulation, tear film, 

mucous layer, 355
RPE, 327
tear film, aqueous layer, 358–359

Sodium-proton (Na+/H+) exchanger
RPE, 327–328
tear film, aqueous layer, 358–359

Soft tissues, orbit, 337–340
Solar irradiation, lens oxidants, 141
Sorsby fundus dystrophy, 441
Sox1 transcription factor, 134
Sox2 transcription factor, 133
Spatial contrast sensitivity, intermittent monocular 

form deprivation, 734
Spatial distortions, aniseikonia, 691, 692f
Spatial effects, temporal sensitivity, 704, 704f
Spatial form, early processing, 613–626

chromatic sensitivity, 621–623, 623f
achromatic counterparts, 621–622
blue/yellow sensitivity, 622–623
contrast sensitivity, 621–622
red/green sensitivity, 622–623, 624f

contrast sensitivity see Contrast sensitivity
foveal window of visibility, 613–618

historical aspects, 613
sinusoidal grating stimulus, 613, 614f

luminance, 619–621, 621f
contrast sensitivity, 620–621, 622f
operating range, 619–620

peripheral window of visibility, 618–619, 619f
eccentricity effects, 619
eccentricity vs. sensitivity, 618
retinal area, 618
specialization, 619, 620f
threshold, 618–619, 619f

suprathreshold sensitivity, 619f, 623–624, 625f
Spatial frequency

local stereopsis, 741–742
modulation transfer function, 30
pupil size, 511t
stereopsis, 690
visual acuity, 631–632, 632f

Spatial vision with low contrast see Visual acuity
Spatial visual field tests, perimetry, 667
Spatiotemporal contrast sensitivity function, 704, 

704f
Spatio-temporal vision

infant vision development see Infant vision 
development

perimetry, 667
Spectacles, higher-order aberrations, 37–38
Spectral composition, temporal summation,  

699
Spectral sensitivity, pupil size, 511t
Spectral tuning, ipRGCs see Retinal ganglion cells, 

intrinsically photosensitive (ipRGCs)
Sphenoid bone, 333
Spherical aberrations, 20–21, 20f

intraocular lenses, 21
lens, 21
visual acuity, 632

Spike potentials, eye movements, 223
Spontaneous excitatory postsynaptic currents,  

460
Spontaneous pain, inflammation, 374
Square waves, 12
S-(synaptic) potentials

LGN receptive field properties, 580–581
outer retinal signal processing, 460–462

Standard automated perimetry (SAP), 667
Stargardt’s disease, 329, 400b

ABCA4 gene, 400b, 403
Static control (fixation), foveal gaze lock see Foveal 

gaze lock
Static exercises, ocular blood flow, 257–258
Static measurement, accommodation, 58
Static perimetry, 656–658, 658f

advantages, 658
Humphrey Field Analyzer, 658, 667

results, 659–662, 661f–662f
visual field indices, 658

suprathreshold see Suprathreshold static 
perimetry

Swedish Interactive Threshold Algorithm, 
657–662, 660f–662f

Tendency Oriented Perimetry, 657–658
visual field representation, 658
Zippy Estimation of Sequential Thresholds, 

657–658
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Steady light photocurrent responses, 415–416, 416f
cones see Cones
rods see Rod(s)

Steady-state visual evoked potentials, spatio-
temporal vision development, 715, 715f

Stellate cells, primary visual cortex, 588
Step, three-dimensional rotations, 214
Stereoacuity, 687–690, 688f

definition, 687–688
experience-dependency, 688
measurement, 689, 689f
microstrabismus, 688–689, 689b
normal vs. reduced, 688–689, 688f
psychometric function, 688, 688f
random-dot stereogram, 689, 689f
refractive defocus, 690

Stereograms, random-dot, 689, 689f
Stereopsis, 677, 685–687

binocular vision development, 720–722
clinical anomalies, 687
clinical measurement, 685–686, 686f, 689f
contrast effects, 690
depth–disparity relationship, 686–687
local, spatial frequency, 741–742
qualitative, 686–687
quantitative, 686–687
spatial frequency effects, 690
Vieth–Muller curve, 680f, 687

Stereoscopic depth perception
foveal gaze lock, 228
MT, 606

Steroids, ocular pain, 382
Stiffness, cornea see Cornea
Stiles–Crawford effect, 30–31
Stimulation, accommodation measurement, 58–59
Stimulus chromaticity, 701, 701f
Stimulus conditions, electroretinograms, 481f, 483
Stimulus luminance, critical flicker fusion 

frequency, 700, 701f
Stimulus size effects, critical flicker fusion 

frequency, 701–702, 701f
STR see Electroretinograms, full-field dark-adapted 

(Ganzfeld) flash
Strabismic amblyopia

contrast sensitivity, 616–617, 617f
neural changes, 746–747, 746f

Strabismus, 197–198, 237, 742–745
acquired, 237
adaptations, binocular vision, 681, 682f
animal models, 197–198, 742

optical methods, 742
surgical methods, 742

definition, 742
dissociated vertical deviation, 237
duration effects, 744–745, 745f
eye movement anomalies, 745
motion asymmetries, 719b
muscle structure, 197–198
neural changes, 742, 743f
non-paralytic, 237, 237b
onset age effects, 744, 744f
perceptual deficits, 742, 742f
treatment, 197–198, 198b

Strength extensibility, cornea, 107–109
Stress, cornea see Cornea
Stress–strain curves, scleral mechanical properties, 

121
Stroma

corneal edema, 102f, 103
corneal light transmission, 79–80, 80t

STS see Superior temporal sulcus (STS)
Sub-basal nerve plexus, corneal sensory nerves, 365, 

366f–367f
Sub-Bowman’s keratomileusis (SBK), 80
Subcapillary fibrous tissue, choroid, 244–245
Subconjunctival injections

corneal drug delivery, 113f, 114
scleral drug delivery, 113f, 122–123

Subcortical structures, constant monocular form 
deprivation, 733–734

Subepithelial nerve plexus, 365
Subjective computation, binocular vision, 678f,  

679
Subjective measurement, accommodation, 57–58, 

58f

Substance P
inflammation, 374–375
meibomian gland regulation, 361

Sub-Tenon’s injections, scleral drug delivery, 113f, 
122–123

Sulcus, corneal reference points, 73–76
Superficial lens fiber cells, age-related cortical 

cataracts, 150
Superficial musculoaponeurotic system (SMAS), 

341–342, 341f, 342b
bony attachments, 342, 342f

Superficial temporal arteries
eyelids, 345–346, 346f
orbit, 340

Superior colliculus (SC)
LGN extraretinal inputs, 576–577
optic nerve axon growth, 558
retinal projection targets, 545
saccadic eye movements, 235

Superior division III nerve, 187f–188f
Superior muscle of Riolan, 335f
Superior oblique muscles, 182, 336f

anatomy, 184f–185f, 187f–188f
intorsion, 185, 186f, 186t
paths of, 183, 184f–185f

Superior oculomotor nerve, 336f
Superior ophthalmic veins, 336f

route of, 185
Superior orbital fissure, 182, 185, 335–337
Superior rectus muscles, 182, 184f–185f, 

187f–188f, 336f
Superior tarsal muscle, 344–345, 344f
Superior temporal cortical region, lesions, 709
Superior temporal sulcus (STS), 605

V5 connections, 606
Superoxide dismutases, extraocular muscles, 191, 

194f–195f
Suppression, binocular vision see Binocular vision
Suprachiasmatic nucleus

optic nerve axon growth, 558
retinal projection targets, 546

Supranuclear regions
eye movements, 222
pupil near reflex, 508
pupil reflex dilation, 508

Supraoptic nucleus, retinal projection targets, 546
Supraorbital artery, 339f

eyelids, 346f
orbit, 340

Supraorbital nerve, 187f–188f, 346, 347f
Suprathreshold sensitivity, spatial form, early 

processing, 619f, 623–624, 625f
Suprathreshold static perimetry, 656–659, 659f

advantages, 658–659
studies, 658
variants, 658

Supratrochlear artery, 346f
Supratrochlear nerve, 363–364
Surface brightness, binocular vision suppression, 

688f, 695
Surface colors, binocular vision suppression, 688f, 

695
Surgery

aqueous humor drainage, 299
corneal endothelial cell injury, 103–104
nystagmus, 199b
pain prevention, eye sensory innervation, 382
strabismus animal models, 742
see also specific techniques

Surround effects, temporal sensitivity, 705–706, 
706f–707f

Suspension, binocular vision suppression, 694
SWAP see Short wavelength automated perimetry 

(SWAP)
Swedish Interactive Threshold Algorithm (SITA), 

657–662, 660f–662f
Swelling pressure, corneal edema, 101–102
SWS1, cones, 444
Symmetric cortical motion, motion detection 

development, 719, 719f
Sympathetic nervous system

aqueous humor formation regulation, 280
aqueous humor secretion/composition, 281
conjunctival goblet cells, 353
lacrimal glands, 356

orbit, 339
pupil reflex dilation, 509, 509f

Synaptic chains, retinal synaptic organization, 
451–452

Synaptic pathways
center-surround antagonistic receptive field 

organization, 466, 468f
ipRGCs see Retinal ganglion cells, intrinsically 

photosensitive (ipRGCs)
optic nerve, 558–559

Synechiae, mydriasis, 521
Systemic diseases, superficial ocular pain, 381

T
Tactile performance, early blind individuals, 

752–755
Talbot–Plateau law, 706
Tangential forces, posterior vitreous detachment, 

175
TAO (thyroid-associated orbitopathy), 338
Target velocities, pursuit, 229
Tarsal plates, eyelid margin, 344
TASS (toxic anterior segment syndrome), 104
TBNC (trigeminal brainstem nuclear complex), 367
TCP (thinnest corneal point), 76
TE

extrastriate visual cortex, 609
face-selective responses, 609
lateral occipital cortex, 609

Tear film, 350–362
aqueous layer see below
glycocalyx, 350–353

function, 352–353
mucins, 350, 352f
regulation, 350–352
structure, 350–352

homeostasis, 350
lipid layer, 350, 360–361

function, 361
see also Meibomian glands

mucous layer see below
refractive power, 35–36
secretion, 350
structure, 350, 351f
thickness, 350

Tear film, aqueous layer, 350, 356–360
acinar electrolyte/water secretion, 358–359, 

360f
Cl-/HCO3- (AE) exchanger, 358–359
Na+/H+ (NHE) exchanger, 358–359
Na+-K+-2Cl- symporter (NKCCl), 

358–359
sodium-potassium-ATPase, 358–359

ductal electrolyte/water secretion, 359
calcium-activated K+ channel, 359
K+-Cl- symporter (KCCl), 359
potassium channels, 359

electrolyte/water secretion regulation,  
358–360

neural activation, 360
function, 353b, 360
protein secretion regulation, 356–358

α2-adrenergic agonists, 357–358, 
359f

cholinergic agonists, 357, 358f
EGF, 358
merocrine secretion, 356–357
pathway interaction, 358
secretory IgA, 357
signaling pathways, 357
VIP, 357, 358f

see also Lacrimal gland
Tear film, mucous layer, 350, 353–356

conjunctival goblet cells, 353
proliferation, 354, 355f
regulation, 353–354, 354f
signaling pathways, 353, 355f

electrolyte/water secretion regulation, 354–356, 
356f

aquaporins, 355–356
chloride ions, 354
epinephrine, 355–356
sodium ions, 354
sodium-potassium-ATPase, 355
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sodium-potassium-chloride cotransporter 
(NKCCl), 355

stimulation, 355–356
function, 356
structure, 352f, 353

MUC5AC mucin, 353
Temporal contrast sensitivity, measurement of,  

707
Temporal field, pupil light reflex, 506
Temporal frequency, pupil size, 511t
Temporal hemifield of contralateral eye, visual field 

lesions, 548, 548f
Temporal modulation perimetry (TMP), 669
Temporal phase separation, temporal sensitivity, 

706–707
Temporal properties of vision, 698–712
Temporal resolution, infant vision development, 

716
Temporal response properties, inner plexiform layer 

signal processing, 472–473
Temporal retina, LGN layers and maps, 574
Temporal sensitivity

chromatic temporal sensitivity, 703–704
flicker effects, 706
mean-modulated vs. luminance-pedestal flicker, 

705–706, 705f, 707f
measurement applications, 707
mechanisms, 704–705, 705f
periodic stimuli, 699–707

critical flicker fusion frequency see Critical 
flicker fusion (CFF) frequency

temporal contrast sensitivity, 702–703,  
702b

spatial effects, 704, 704f
surround effects, 705, 706f–707f
temporal phase separation, 706–707

Temporal summation, 698–699
definition, 698

Temporal visual field, 655
tests, 667

Tendency Oriented Perimetry (TOP), 657–658
Tenon’s capsule, 337, 337f, 344f
Tertiary condition, Listing’s law, 214
Tertiary locations, normal retinal correspondence, 

680
Tertiary vitreous body, 164
Test comparisons, visual field interpretation guide, 

666
Tetrodotoxin (TTX) studies

light-adapted b-wave, 492
retinogeniculate projection development, 726

TGF-β see Transforming growth factor-β (TGF-β)
TH1 dopaminergic axonal cells, 444
Thalamic reticular nucleus (TRN)

arousal, 583
LGN extraretinal inputs, 576–577
LGN outputs, 577
primary visual cortex output pathways, 590–591

Thalamus
eye sensory innervation, 374
primary visual cortex output pathways, 590–591

Theoretical horopter, 680, 681f
Thinnest corneal point (TCP), 76
Thioltransferase, lens oxidant protection, 142, 142f
Three-dimensional rotations, 208–222, 221f

Donder’s law, 212–213
extraocular pulleys, 216–219

derivative of eye orientation, 216–217
refixation movements, 217–218, 217f
shortening velocity vs. angular velocity, 216, 

217b
vestibulo-ocular reflex, 217

feedback control, 221–222
closed-loop modes, 221
open-loop modes, 221

feedforward control, 221–222
head rotation, 222
saccades, 222

Listing’s law, 211–214
false torsion, 213–214, 213f
kinematic redundancy, 211–212
Listing’s plane, 212–213, 212f
primary position, 213
tertiary condition, 214
vestibulo-ocular reflex, 213, 213t

neural control, 214–216, 215f
innervation decomposition, 214, 215f
pulse, 214
slide, 214
step, 214
torque, 214, 215f
torsional drifts, 216, 217f

quantification, 208–211, 209f
axes selection, 208
axis-angle form, 210, 211f–212f
Fick system, 210, 211f
head-fixed coordinated, 210–211, 211f
Helmholtz system, 210, 211f
nested-axes coordinated, 210, 210f
non-commutative nature, 208

Thromboxane A2 (TXA2), 263
Thyroid-associated orbitopathy (TAO), 338
Thyroid eye disease

extraocular muscles, 202, 204f
optic neuropathy, 202, 202b

Tight junctions, blood–aqueous barrier, 278–279
Timecourse

electroretinogram glial currents, 482–483, 491f
RGC death, 563

Timing of vision, primary visual cortex, 595–596
Timolol, aqueous humor drainage, 292
TIMP (tissue inhibitors of matrix 

metalloproteinase), 330
“Tired eyes”, 381
Tissue inhibitors of matrix metalloproteinase 

(TIMP), 330
Tissue light scattering, contrast sensitivity, 13–15
TMP (temporal modulation perimetry), 669
TMS see Transcranial magnetic stimulation (TMS)
Tomography, cornea, 79b
TOP (Tendency Oriented Perimetry), 657–658
Topical anesthesia, eye sensory innervation, 383
Topical drugs

cornea, 112, 113f
sclera, 122
see also specific drugs

Topical mitomycin C, corneal endothelial cell 
injury, 104

Topography, cornea, 79b
Toric intraocular lenses, 37–38
Torque, three-dimensional rotations, 214, 215f
Torsional component, nystagmus, 240
Torsional disparities, disconjugate foveal gaze shift, 

232–233
Torsional drifts, three-dimensional rotations, 216, 

217f
Total cataracts, 151
Total corneal dioptric power, 77
Toughness, cornea, 107–109
Toxic anterior segment syndrome (TASS), 104
Trabecular meshwork (TM)

anatomy, 275f
aqueous humor drainage, 274, 283–284, 

286–287, 286f
cytoskeleton, aqueous humor drainage, 295

Trabecular outflow pumping model, aqueous 
humor drainage, 285–286, 288f

Transcellular pathway, blood–retina barrier 
transport, 247, 248f

Transconjunctival injections, corneal drug delivery, 
113f, 114

Transcranial magnetic stimulation (TMS)
blindfolding studies, 761
blindness, 752
cross-modal processing, 751–752, 755f
early blind individuals

auditory language, 759, 759f
auditory localization, 758–759
Braille tactile performance, 755–756,  

756f
occipital cortex, 759

extrastriate visual cortex, 601
primary visual cortex, 586–588
visual restoration, 762–763

Transcription factors, lens crystallins, 136
Transcytosis, blood–retina barrier transport, 247, 

248f
Transducin

bradyopsia, 417
dark-adapted rod resting state, 399–400, 401f

R9AP mutations, 417
RGS9 mutations, 417

Transepithelial transport, RPE see Retinal pigment 
epithelium (RPE)

Transforming growth factor-β (TGF-β)
cochlin production, 288–289
corneal stromal wound healing, 90–91
fibronectin, 288–289
intraocular pressure, 288–289
matrix metalloproteinases, 288–289, 298
plasminogen activator inhibitor, 288–289
secondary cataracts, 152

Transient amplifying (TA) cells, corneal epithelium, 
95f, 96

Transient astigmatism, 4–5, 5f
Transient visual evoked potentials, 713
Transition zone, lens fiber cell differentiation, 135, 

135f
Transmembrane potential, lens, 143
Transmission electron microscopy, retinal synaptic 

organization, 443
Transmural pressure, corneal stress, 106
Transparency

cornea, 7, 7f
corneal light transmission, 78–79
lens see Lens
loss, corneal edema, 102–103

Transporter modulation, retinal synaptic 
organization, 450–451

Trans-scleral drug delivery, 113f, 122
Traumatic iridoplegia, mydriasis, 521
Traumatic optic neuropathy, 560
Trend analysis, visual field progression 

determination, 664–665
Treviranus, 526
Trigeminal brainstem nuclear complex (TBNC), 367
Trigeminal ganglion neurons, 369–374

anatomy, 364f
electrophysiology, 369
eye sensory innervation, 363–364

Trigeminal nerve (cranial nerve V)
corneal nerves, 88, 91f
eyelids, 346, 347f
ophthalmic division
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route of, 185

orbit, 338
Triphasic C-cells, outer retinal signal processing, 

460–462
Tritan defects, 648–649
Tritanopia, 649
TrkB, axonal injury signaling, 564
Trk receptors, optic nerve axonal transport, 560
TRN see Thalamic reticular nucleus (TRN)
Trochlea, anatomy, 184f–185f, 187f–188f
Trochlear nerve (cranial nerve IV), 336f

anatomy, 187f–188f
congenital cranial dysinnervation disorders, 199
extraocular muscle innervation, 55
eye movements, neural control, 222
orbit, 338–339, 338f
route of, 185

True glia, retinal neurons, 445–446
Trypsin studies, aqueous humor drainage, 298
Tscherning aberroscope, 32–34, 32f, 34f
Tscherning, M, 32
TTX see Tetrodotoxin (TTX) studies
Tumor necrosis factor-α (TNF-α)

apoptosis, 563
RPE secretion, 330

Tumors, deep ocular pain, 381
TXA2 (thromboxane A2), 263

U
Uhthoff’s phenomenon, 561
Ultimate tensile stress (UTS), corneal ectasia, 

109–110
Ultrafiltration, aqueous humor formation, 274–275
Ultraviolet light

cataracts, 135f, 153–154
corneal filtration see Cornea
corneal light transmission, 79–80, 81f

Unconventional outflow, aqueous humor, 291–292, 
291f
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Uncrossed binocular disparity, 683
Uncrossed pathway, pupil light reflex, 506–507
Uniaxial strip extensiometry, corneal stiffness, 109
Unilateral functional visual field loss, relative 

afferent pupillary defect, 513t
Unilateral optical defocus, stereoacuity, 690
Urrets–Zavalia syndrome, 521
UTS (ultimate tensile stress), corneal ectasia, 

109–110
Uveitis

glaucoma, 289
pain, 381
trabecular obstruction, 289

Uveoscleral outflow, aqueous humor, 274, 284, 
291–292, 291f, 297, 297t

V
V1 see Primary visual cortex (V1)
V2 see Extrastriate visual cortex (V2)
V3A area, 607
V3 area, 606–607
V4, 607–608, 608b
V5 see Middle temporal area (MT)
Val-acyclovir, 391–392
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Vancomycin, scleral permeability, 123t
Vascular endothelial growth factor (VEGF)

lens growth control, 139–140
macular edema, 175–176
neovascularization, 140, 322, 330
retinal nitric oxide, 322
RPE secretion, 330
scleral drug delivery, 123–124
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retina, 445–446
see also Ocular circulation; specific vessels
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aqueous humor regulation, 280
blood flow regulation, 264
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protein secretion regulation, 357, 358f

Vasoactive nerves, retinal vasculature, 263–264
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retinal vasculature, 264–265
see also specific types

Vasodilators, 265
see also specific types

Vasomotion, ocular circulation, 256
VEGF see Vascular endothelial growth factor (VEGF)
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saccade disorders, 231f, 239

Venous drainage, orbit, 340
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cortex (V2)

primary visual cortex, 594
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VEPs see Visual evoked potentials (VEPs)
Vergence gaze, 235–236

accommodation, 236
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Vergence, horizontal see Horizontal vergence
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eye movements, 220–221

Vernier acuity
contrast enhancement, 23–24
definition, 717
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minimum discriminable acuity, 629–630

Version ocular movements, binocular vision,  
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Vertebrate experimental models, photoreceptor–
Müller cell interaction see 
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Listing’s law, 213, 213t
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crowding in peripheral vision, 636–637, 636b, 

636f
definition, 627–630, 628b
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inverse cortical magnification, 635, 635f
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measurement, 639
sinusoidal gratings, 631f, 639
see also Contrast sensitivity

specificity, 627–630
testing, 9

chart contrast, 10–11, 10f
chart luminance, 9–10

time, 637
Visual areas, primary visual cortex inputs, 589
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Visual direction see Binocular vision
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Vernier acuity, 717–718
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Visual feedback mechanisms, sclera development, 
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damage, relative afferent pupillary defect, 
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temporal, 655
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Visual pathways, central see Central visual pathways
Visual performance

higher-order aberration correction, 35
improvement, developmental visual deprivation, 

747
Visual pigments see Photopigments
Visual processing

infant vision development see Infant vision 
development

V4, 608
Visual signal regulation, LGN, 578–580
Visual topography, V2 area, 604–605
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Vitamin C see Ascorbic acid (vitamin C)
Vitreo-retinal interface, 165–166, 166f
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optical coherence tomography, 172,  

173f
posterior vitreous detachment, 172

Weiss ring, 165–166

Vitreous body, 164–181, 165f
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age-related changes, 167b, 171–174
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India ink injection studies, 172, 173f
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molecular mechanisms, 171
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bulk flow, 170–171
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blood–retina barrier passive permeability, 

178–179
fluorescein injection studies, 178
mathematical models, 178
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fluorescein tracer studies, 177–178
tertiary, 164
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collagen fibrils, 166
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unhindered path of light, 177
Vitreous cavity, corneal drug delivery, 112, 113f
Vitreous traction, macular edema, 176
VLPO (ventrolateral preoptic nucleus), ipRGCs, 540
Voltage-activated calcium current (ICa), 
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VOR see Vestibulo-ocular reflex (VOR)
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Wald, George, 406
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lens, 142–143
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Water secretion regulation
tear film, aqueous layer see Tear film, aqueous 

layer
tear film, mucous layer see Tear film, mucous 

layer
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definition, 28

definition, 28
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Wavefront guided ablations (WGA), 37
Wavefront optics, 28

index of refraction, 28
Wavefront optimized ablations (WOA), 37
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visual fields, 655

Weiss ring, vitreo-retinal interface, 165–166
Werner syndrome, cataracts, 153
WGA (wavefront guided ablations), 37
White cataracts, 151
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WOA (wavefront optimized ablations), 37
Wound healing, sclera, 122
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X,Y,Z hypothesis, corneal epithelium, 95–96

Y
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Yellow pigment, fovea, 20
Y-like M cells, contrast sensitivity, 615–616, 616f
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see also specific systems
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during accommodation, 46–47
anatomy, 45f
lens capsule attachment, 46
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presbyopia see Presbyopia
structure, 146f

Zygoma, orbit, 182
Zygomatic bone, 334f
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