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This book is dedicated to the memory of Dr. Gil Ben-Shlomo, an exceptional scholar, teacher, father and friend.  
The veterinary ophthalmology community has lost a gentle doctor and a gentleman.
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In 1965 when I entered veterinary ophthalmology, it became 
very quickly apparent that there was a very limited informa-
tion base or knowledge in veterinary ophthalmology. If this 
new clinical discipline was to grow and develop into a 
respected clinical specialty, we would need to develop our 
own scientific base, and compete with the other emerging 
clinical specialties in veterinary medicine. And we have! 
With our limited English‐language books of Veterinary 
Ophthalmology by R.H. Smythe (1956), W.G. Magrane’s first 
edition of Canine Ophthalmology (1965; Lea and Febiger), 
and Diseases of the Canine Eye by F.G. Startup (1969; Williams 
and Wilkins), and the chapter in Advances in Veterinary 
Science called ‘Examination of the Eye’ and ‘Eye Operations 
in Animals’ by Otto Überreiter (1959; Academic Press), we 
needed to “roll up our sleeves” and get to work big time!

We have available now (2021) a large number of veterinary 
ophthalmology books concentrating on the dog, cat, exotic 
animals, horses, ophthalmic pathology, and ophthalmic sur-
gery. Two veterinary ophthalmology journals have proven 
invaluable to our success as a discipline. The first journal, 
Veterinary and Comparative Ophthalmology, was published 
by Fidia Research Foundation and Veterinary Practice 
Publishing (1991–1998), and our second journal was 
Veterinary Ophthalmology (published by Blackwell and 
Wiley‐Blackwell, 1998 to present); they greatly assisted our 
development and proved critical for the distribution of new 
scientific information. In fact, the current journal provides 
more than 90% of animal ophthalmic literature annually 
worldwide.

In the late 1950s and extending into the 1970s, profes-
sional groups of budding veterinary ophthalmologists organ-
ized scientific societies to gather and exchange their 
knowledge and clinical experiences, which rapidly evolved 
to Colleges of Veterinary Ophthalmologists whose primary 
missions were to train new veterinary ophthalmologists 
(termed residents), and foster (and fund) research to “grow” 
the clinical discipline long term and worldwide. Nowadays 
these significant changes have greatly enriched veterinary 
ophthalmology, and markedly improved the quality of our 
ophthalmic animal patients.

The advances in this text, Veterinary Ophthalmology, have 
paralleled and documented the changes in veterinary oph-
thalmology, and has become our symbol of where we are 
today. In 1981, the first edition was released, consisting of 21 
chapters (788 pages) by 22 authors, and was well received. 
As a result, subsequent editions followed: second edition 
(1991; 765 pages and 19 authors), and then in 1999 our last 
single‐volume release (1544 pages, 37 chapters, and 44 
authors). The third edition was markedly expanded and had 
color illustrations throughout the text.

The last two editions were two‐volume sets: for 2007, vol-
ume one 535 pages, 9 chapters, and 45 authors, and for the 
second larger volume 1672 pages, 20 chapters, and 36 
authors; and in 2012 for volume one 789 pages, 12 chapters, 
and 26 authors, and for the second volume 1479 pages, 22 
chapters, and 39 authors. All editions were well referenced; 
in fact, a great value of this text is that it documents the 
advances in veterinary ophthalmology during the past half 
of the twentieth century, and the first two decades of the 
twenty‐first century!

The sixth edition again consists of two volumes, 37 
 chapters, and 64 contributors. Like the last two editions, the 
first volume contains the basic science and foundations of 
clinical ophthalmology chapters and the first part of the 
third section on canine ophthalmology. Basic vision science 
courses in veterinary medical colleges are often an after-
thought, and our veterinary ophthalmic basic sciences are 
frequently documented by veterinary ophthalmologists 
(rather than anatomists, physiologists, pharmacologists, etc.).

The first volume of the basic sciences and foundations of 
veterinary ophthalmology is designed to provide the base of 
those subjects that underpin the clinical sciences. They 
include embryology, anatomy, ophthalmology physiology, 
optics and physiology of vision, and fundamentals of vision 
in animals. In the foundations of clinical ophthalmology 
section, the chapters include immunity, microbiology, clini-
cal pharmacology and therapeutics, ophthalmic pathology, 
ophthalmic examination and diagnostics, ophthalmic genet-
ics and DNA testing, fundamentals of microsurgery, and 
photography. The third section starts with the chapters for 
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the first part of the canine ophthalmology including orbit, 
eyelids, nasolacrimal system, lacrimal secretory system, con-
junctiva and nictitating membrane, cornea and sclera, and 
glaucoma.

The second volume focuses on clinical ophthalmology in 
the different species, and starts with the second part of 
canine ophthalmology (chapters- anterior uvea, lens and 
cataract formation, surgery of the lens, vitreous, ocular fun-
dus, surgery of the posterior segment, and optic nerve), and 
continues with feline, equine, food and fiber‐producing ani-
mals, avian, New World camelids, laboratory animals, pocket 
pet animals, and exotics, and concludes with comparative 
neuro‐ophthalmology, ophthalmic manifestations of sys-
temic diseases, and the index. The sixth edition more or less 
has devoted space relative to the amount of time based on 
different animal species encountered in veterinary ophthal-
mology practice.

Now, in 2021, the sixth edition of Veterinary Ophthalmology 
continues to document this discipline’s advances. The mag-
nitude of this edition has now required five associate editors, 
who devoted their time and expertise to make it happen. 
Like for me, I’m certain it was a learning experience! They 
are Drs. Brian C. Gilger, Diane V.H. Hendrix, Thomas J. 
Kern, Caryn E. Plummer, and Gil Ben‐Shlomo. Each editor 
chose their authors and respective chapters, based on their 

expertise and preferences. A book like this is a huge under-
taking, and all of us have devoted hundreds of hours to make 
it a successful product for the profession. Our 64 authors 
contributed hundreds of hours to this edition, taking time 
away from family and practice, and we thank them.

When all the chapters had been submitted and production 
had started, the COVID‐19 pandemic spread across the world 
like a massive hurricane. Terms like “face masks,” “social dis-
tancing,” “isolation,” and “quarantine or shelter at home” 
became common terms, and our daily personal and profes-
sional routines were markedly disrupted. But progress in the 
production of the sixth edition continued uninterrupted.

We thank Erica Judisch, Executive Editor, Veterinary 
Medicine and Dentistry, and Purvi Patel, Project Editor, of 
Wiley‐Blackwell for their expertise and assistance in making 
the sixth edition of Veterinary Ophthalmology a reality. Our 
copyeditors, Jane Grisdale and Sally Osborn, and project 
manager Mirjana Misina were superb. And lastly, we thank 
and appreciate the continued support and encouragement of 
our spouses and family members who bear with us as we 
struggle to meet our time schedules and other life priorities.
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An understanding of normal and abnormal ocular develop
ment is essential to the broader subjects of anatomy, physiol
ogy, and pathology. Embryology provides both insight into 
the development of structures such as the cornea, iridoc
orneal angle, and retina and their normal and pathologic 
functions, as well as a means of understanding how congeni
tal malformations occur.

Investigations of ocular development have often used 
rodents as animal models. Comparison with studies of 
humans and other animals demonstrates that the sequence 
of developmental events is very similar across species (Cook, 
1995; Cook & Sulik, 1986; Hilfer, 1983; O’Rahilly, 1983). 
Factors that must be considered when making interspecies 
comparisons include duration of gestation, differences in 
anatomic end point (e.g., presence of a tapetum, macula, or 
Schlemm’s canal), and when eyelid fusion breaks (during 
the sixth month of gestation in the human versus 2 weeks 
postnatal in the dog; Table 1.1).

This chapter describes normal events and abnormalities in 
this developmental sequence that can lead to malforma
tions. Bearing in mind the species differences alluded to ear
lier, the mouse is a valuable model in the study of normal 
and abnormal ocular morphogenesis. In particular, studying 
the effects of acute exposure to teratogens during develop
ment has provided valuable information about the specific 
timing of events that lead to malformations.

Gastrulation and Neurulation

Cellular mitosis following fertilization results in transforma
tion of the single‐cell zygote into a cluster of 12–16 cells. 
With continued cellular proliferation, this morula becomes a 
blastocyst, containing a fluid‐filled cavity. The cells of the 
blastocyst will form both the embryo proper and the extraem
bryonic tissues (i.e., amnion and chorion). At this early 
stage, the embryo is a bilaminar disc, consisting of hypoblast 

and epiblast. This embryonic tissue divides the blastocyst 
space into the amniotic cavity (adjacent to epiblast) and the 
yolk sac (adjacent to hypoblast; Fig. 1.1).

Gastrulation (formation of the mesodermal germ layer) 
begins during day 10 of gestation in the dog (day 7 in the 
mouse; days 15–20 in the human). The primitive streak 
forms as a longitudinal groove within the epiblast (i.e., future 
ectoderm). Epiblast cells migrate toward the primitive 
streak, where they invaginate to form the mesoderm. This 
forms the three classic germ layers: ectoderm, mesoderm, 
and endoderm. Gastrulation proceeds in a cranial‐to‐caudal 
progression; simultaneously, the cranial surface ectoderm 
proliferates, forming bilateral elevations called the neural 
folds (i.e., the future brain). The columnar surface ectoderm 
in this area now becomes known as the neural ectoderm 
(Fig. 1.2).

As the neural folds elevate and approach each other, a spe
cialized population of mesenchymal cells, the neural crest, 
emigrates from the neural ectoderm at its junction with the 
surface ectoderm (Fig. 1.3). Migration and differentiation of 
the neural crest cells are influenced by the hyaluronic acid‐
rich extracellular matrix. This acellular matrix is secreted by 
the surface epithelium as well as by the crest cells, and it 
forms a space through which the crest cells migrate. 
Fibronectin secreted by the noncrest cells forms the limits of 
this mesenchymal migration (LeDouarin & Teillet, 1974). 
Interactions between the migrating neural crest and the 
associated mesoderm appear to be essential for normal crest 
differentiation (LeDouarin & Teillet, 1974; Noden, 1993). 
The neural crest cells migrate peripherally beneath the sur
face ectoderm to spread throughout the embryo, populating 
the region around the optic vesicle and ultimately giving rise 
to nearly all the connective tissue structures of the eye 
(Table 1.2; Hilfer & Randolph, 1993; Johnston et al., 1979; 
Noden, 1993). The patterns of neural crest emergence and 
migration correlate with the segmental disposition of the 
developing brain.

Cynthia S. Cook

Veterinary Vision, San Carlos and San Francisco, CA, USA

Ocular Embryology and Congenital Malformations
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Table 1.1 Sequence of ocular development (Cook, 1995; O’Rahilly, 1983).

Human (Approximate 
Postfertilization Age)

Dog (Day 
Postfertilization)

Month Week Day
Mouse (Day 
Postfertilization) Postnatal (P) Developmental Events

1 3 22 8 13 Optic sulci present in forebrain

4 24 9 15 Optic sulci convert into optic vesicles

10 17 Optic vesicle contacts surface ectoderm

Lens placode begins to thicken

26 Optic vesicle surrounded by neural crest mesenchyme

2 5 28 10.5 Optic vesicle begins to invaginate, forming optic cup

Lens pit forms as lens placode invaginates

Retinal primordium thickens, marginal zone present

32 11 19 Optic vesicle invaginated to form optic cup

Optic fissure delineated

Retinal primordium consists of external limiting membrane, 
proliferative zone, primitive zone, marginal zone, and internal limiting 
membrane

Oculomotor nerve present

33 11.5 25 Pigment in outer layer of optic cup

Hyaloid artery enters through the optic cup

Lens vesicle separated from surface ectoderm

Retina: inner marginal and outer nuclear zones

11.5 29 Basement membrane of surface ectoderm intact

Primary lens fibers form

Trochlear and abducens nerves appear

Lid folds present

6 37 12 Edges of optic fissure in contact

12 30 Tunica vasculosa lentis present

Lens vesicle cavity obliterated

Ciliary ganglion present

41 12 32 Posterior retina consists of nerve fiber layer, inner neuroblastic layer, 
transient fiber layer of Chievitz, proliferative zone, outer neuroblastic layer, 
and external limiting membrane

17 32 Eyelids fuse (dog)

7 Anterior chamber beginning to form

12.5 40 Secondary lens fibers present

48 14 32 Corneal endothelium differentiated

8 51 Optic nerve fibers reach the brain

Optic stalk cavity is obliterated

Lens sutures appear

Acellular corneal stroma present

54 30–35 Scleral condensation present

9 57 17 40 First indication of ciliary processes and iris

Extraocular muscles visible
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It is important to note that mesenchyme is a general term 
for any embryonic connective tissue. Mesenchymal cells 
generally appear stellate and are actively migrating popu
lations surrounded by extensive extracellular space. In con
trast, the term mesoderm refers specifically to the middle 
embryonic germ layer. In other parts of the body (e.g., the 
axial skeletal system), mesenchyme develops primarily from 
mesoderm, with a lesser contribution from the neural crest. 
In the craniofacial region, however, mesoderm plays a rela
tively small role in the development of connective tissue 
structures. In the eye, mesoderm probably gives rise only to 
the striated myocytes of the extraocular muscles and vascu
lar endothelium. Most of the craniofacial mesenchymal tis
sue comes from neural crest cells (Johnston et al., 1979).

The neural tube closes initially in the craniocervical region 
with closure proceeding cranially and caudally. Once closure 
is complete, the exterior of the embryo is fully covered by 

surface ectoderm, and the neural tube is lined by neural 
ectoderm. Neural segmentation then occurs to form the 
specific parts of the brain: forebrain (i.e., prosencepha
lon), midbrain (i.e., mesencephalon), and hindbrain (i.e., 
rhombencephalon; see Fig. 1.3 and Fig. 1.4). The optic vesi
cles develop from neural ectoderm within the forebrain, 
with the ocular connective tissue derivatives originating 
from the midbrain neural crest.

Formation of the Optic Vesicle 
and Optic Cup

The optic sulci are visible as paired evaginations of the 
forebrain neural ectoderm on day 13 of gestation in the dog 
(see Fig.  1.3, Fig.  1.4, Fig.  1.5, Fig.  1.6, and Fig.  1.7). The 
transformation from optic sulcus to optic vesicle occurs 

Table 1.1 (Continued)

Human (Approximate 
Postfertilization Age)

Dog (Day 
Postfertilization)

Month Week Day
Mouse (Day 
Postfertilization) Postnatal (P) Developmental Events

— Eyelids fuse (occurs earlier in the dog)

10 45 Pigment visible in iris stroma

Ciliary processes touch lens equator

Rudimentary rods and cones appear

45–1 P Hyaloid artery begins to atrophy to the disc

3 12 — Branches of the central retinal artery form

4 51 Pupillary sphincter differentiates

Retinal vessels present

56 Ciliary muscle appears

— Eye axis forward (human)

— 56 Tapetum present (dog)

2–14 P Tunica vasculosa lentis atrophies

Short eyelashes appear

5 40 Layers of the choroid are complete with pigmentation

6 — Eyelids begin to open, light perception

1 P Pupillary dilator muscle present

7 1–14 P Pupillary membrane atrophies

1–16 P Rod and cone inner and outer segments present in posterior retina

10–13 P Pars plana distinct

9 16–40 P Retinal layers developed

14 P Regression of pupillary membrane, tunica vasculosa lentis, and hyaloid 
artery nearly complete

Lacrimal duct canalized

Data from Aguirre et al. (1972), Akiya et al. (1986), Cook (1995), and van der Linde‐Sipman et al. (2003).
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Figure 1.1 A blastocyst that has penetrated the maternal endometrium. An embryoblast has formed and consists of two cell layers: 
the epiblast above, and the hypoblast below. (Reprinted with permission from Cook, C., Sulik, K.K., & Wright, K.W. (2003) Embryology. 
In: Pediatric Ophthalmology and Strabismus (eds. Wright, K.W. & Spiegel, P.H.), pp. 3–38. New York: Springer.)
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Figure 1.2 A. Dorsal view of an embryo in the gastrulation stage with the amnion removed. B. Cross-section through the primitive 
streak, representing invagination of epiblast cells between the epiblast and hypoblast layers. Note that the epiblast cells filling the 
middle area form the mesodermal layer. C. Cross-section through the neural plate. Note that the ectoderm in the area of the neural 
groove (shaded cells) has differentiated into neural ectoderm, whereas the ectoderm on each side of the neural groove is surface 
ectoderm (clear water cells). (Reprinted with permission from Cook, C., Sulik, K.K., & Wright, K.W. (2003) Embryology. In: Pediatric 
Ophthalmology and Strabismus (eds. Wright, K.W. & Spiegel, P.H.), pp. 3–38. New York: Springer.)
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concurrent with the closure of the neural tube (day 15 in the 
dog). Intracellular filaments and microtubules within the 
cytoskeleton alter cell shape and allow for cell movement. In 
addition to the mechanical influences of the cytoskeleton 
and the extracellular matrix, localized proliferation and cell 
growth contribute to expansion of the optic vesicle (Fig. 1.5; 
Hilfer & Randolph, 1993; Hilfer et al., 1981).

The optic vesicle enlarges and, covered by its own basal 
lamina, approaches the basal lamina underlying the surface 
ectoderm (Fig. 1.5). The optic vesicle appears to play a sig
nificant role in the induction and size determination of the 
palpebral fissure and of the orbital and periocular structures 
(Jones et  al., 1980). An external bulge indicating the pres
ence of the enlarging optic vesicle can be seen at approxi
mately day 17 in the dog.

Neural crest
cells

Pericardial
bulge

Optic sulci

Brain regions:

Forebrain

Midbrain

Hindbrain

Somite

Figure 1.3 Dorsal view showing partial fusion of the neural folds 
to form the neural tube. Brain vesicles have divided into three 
regions: forebrain, midbrain, and hindbrain. The neural tube, 
groove, and facing surfaces of the large neural folds are lined with 
neural ectoderm (shaded cells), whereas surface ectoderm covers 
the rest of the embryo. Neural crest cells are found at the junction 
of the neural ectoderm and surface ectoderm. Neural crest cells 
migrate beneath the surface ectoderm, spreading throughout the 
embryo and specifically to the area of the optic sulci. Somites 
have formed along the lateral aspect of the closed cephalic neural 
tube. On the inside of both forebrain vesicles is the optic sulci. 
(Reprinted with permission from Cook, C., Sulik, K.K., & Wright, 
K.W. (2003) Embryology. In: Pediatric Ophthalmology and Strabismus 
(eds. Wright, K.W. & Spiegel, P.H.), pp. 3–38. New York: Springer.)

Anterior
neuropore

Forebrain

Future lens
placode

Midbrain

1st and 2nd
pharyngeal
pouches

Hindbrain

Somite

Cut edge
of amnion

Pericardial
bulge

Optic sulci

Yolk
sac

Figure 1.4 Development of the optic sulci, which are the first 
sign of eye development. Optic sulci on the inside of the forebrain 
vesicles consisting of neural ectoderm (shaded cells). The optic 
sulci evaginate toward the surface ectoderm as the forebrain 
vesicles simultaneously rotate inward to fuse. (Reprinted with 
permission from Cook, C., Sulik, K.K., & Wright, K.W. (2003) 
Embryology. In: Pediatric Ophthalmology and Strabismus (eds. 
Wright, K.W. & Spiegel, P.H.), pp. 3–38. New York: Springer.)

Table 1.2 Embryonic origins of ocular tissues (Johnston et al., 
1979; Noden, 1993; Yamashita & Sohal, 1987).

Neural Ectoderm Neural Crest

Neural retina Stroma of iris, ciliary body, choroid, 
and sclera

Retinal pigment epithelium Ciliary muscles
Posterior iris epithelium Corneal stroma and endothelium
Pupillary sphincter and 
dilator muscle (except in 
avian species)

Perivascular connective tissue and 
smooth muscle cells
Striated muscles of iris (avian 
species only)

Bilayered ciliary  
epithelium

Meninges of optic nerve
Orbital cartilage and bone
Connective tissue of the extrinsic 
ocular muscles
Endothelium of trabecular meshwork

Surface Ectoderm Mesoderm

Lens Extraocular myoblasts
Corneal and conjunctival 
epithelium

Vascular endothelium

Lacrimal gland Schlemm’s canal (human)
Posterior sclera (?)

Data from Ashton (1966), Cook et al. (1991a), and Cook and Sulik 
(1986, 1988).
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The optic vesicle and optic stalk invaginate through 
 differential growth and infolding (Fig. 1.6 and Fig. 1.7). 
Local apical contraction (Wrenn & Wessells, 1969) and 
physiologic cell death (Schook, 1978) have been identified 
during invagination. The surface ectoderm in contact with 
the optic vesicle thickens to form the lens placode (Fig. 1.6, 
Fig. 1.7, and Fig. 1.8A, B), which then invaginates with the 
underlying neural ectoderm. The invaginating neural ecto
derm folds onto itself as the space within the optic vesicle 
collapses, thus creating a double layer of neural ectoderm, 
the optic cup.

This process of optic vesicle/lens placode invagination 
progresses from inferior to superior, so the sides of the optic 
cup and stalk meet inferiorly in an area called the optic (cho
roid) fissure (Fig.  1.8F). Mesenchymal tissue (of primarily 
neural crest origin) surrounds and fills the optic cup, and by 
day 25 in the dog, the hyaloid artery develops from mesen
chyme in the optic fissure. This artery courses from the optic 
stalk (i.e., the region of the future optic nerve) to the devel
oping lens (Fig. 1.9 and Fig. 1.10). The two edges of the optic 
fissure meet and initially fuse anterior to the optic stalk, 
with fusion then progressing anteriorly and posteriorly. 

Figure 1.5 A. Scanning electron micrograph of a mouse embryo (six somite pairs) on day 8 of gestation, equivalent to day 13 of canine 
gestation. The amnion has been removed, and the neural folds have segmented into a forebrain region containing the optic sulci 
(arrowhead), which are evaginations of neural ectoderm (NE). The close proximity to the developing heart (H) can be seen. The area where 
the NE meets the surface ectoderm (SE) is where the neural fold will meet and fuse; this area also gives rise to the neural crest cells. The 
entrance to the foregut is indicated by the arrow. B. Scanning electron micrograph of the optic vesicle on day 9 of gestation in the mouse 
(day 15 in the dog). Expansion of the optic sulcus results in an optic vesicle (OV) that approaches the surface ectoderm (SE). A thin layer 
of mesenchyme is still present between the NE and the SE. The optic stalk (OS) is continuous with the ventricle of the forebrain. C. The 
bulge of the enlarging OV (arrows) can be seen externally. MN, mandibular prominence of the first visceral arch; MX, maxillary 
prominence of the first visceral arch; II, second visceral arch. D. Partial removal of the SE from an embryo of 25 somite pairs (day 17 in the 
dog; day 19 in the mouse) reveals the exposed basal lamina of the OV (arrows). Enlargement of the optic vesicle has displaced the 
adjacent mesenchyme (M) so that the basal lamina of the SE is in direct contact with that of the OV. (Reprinted with permission from 
Cook, C.S. & Sulik, K.K. (1986) Sequential scanning electron microscopic analyses of normal and spontaneously occurring abnormal ocular 
development in C57B1/6J mice. Scanning Electron Microscopy, 3, 1215–1227.)
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This process is mediated by glycosaminoglycan‐induced 
adhesion between the two edges of the fissure (Ikeda et al., 
1995). Apoptosis has been identified in the inferior optic cup 
prior to formation of the optic fissure and, transiently, 
associated with its closure (Ozeki et al., 2000). Failure of 
this fissure to close normally may result in inferiorly located 
defects (i.e., colobomas) in the iris, choroid, or optic nerve. 
Colobomas other than those in the “typical” six o’clock 
location may occur through a different mechanism and are 
discussed later.

Closure of the optic cup through fusion of the optic fissure 
allows intraocular pressure (IOP) to be established. The 

protein in the embryonic vitreous humor (13% of plasma 
protein) is derived from plasma proteins entering the eye by 
diffusion out of permeable vessels in the anterior segment. 
After day 15, protein content in the vitreous decreases, pos
sibly through dilution with aqueous humor produced by 
developing ciliary epithelium (Beebe et al., 1986).

Lens Formation

Before contact with the optic vesicle, the surface ectoderm 
first becomes competent to respond to lens inducers. 
Inductive signals from the anterior neural plate give this 
area of ectoderm a “lens‐forming bias.” Signals from the 
optic vesicle are required for complete lens differentiation, 
and inhibitory signals from the cranial neural crest may sup
press any residual lens‐forming bias in head ectoderm adja
cent to the lens (Grainger et  al., 1988, 1992). Adhesion 
between the optic vesicle and surface ectoderm exists, but 
there is no direct cell contact (Cohen, 1961; Hunt, 1961; 
Weiss & Jackson, 1961). The basement membranes of the 
optic vesicle and the surface ectoderm remain separate and 
intact throughout the contact period.

Thickening of the lens placode can be seen on day 17 in 
the dog. A tight, extracellular matrix‐mediated adhesion 
between the optic vesicle and the surface ectoderm has been 
described (Aso et  al., 1995; Cook & Sulik, 1988; Garcia‐
Porrero et al., 1979). This anchoring effect on the mitotically 
active ectoderm results in cell crowding and elongation and 
in formation of a thickened placode. This adhesion between 
the optic vesicle and lens placode also assures alignment of 
the lens and retina in the visual axis (Beebe, 1985). Abnormal 
orientation of the optic vesicle as it approaches the surface 
ectoderm may result in induction of a smaller lens vesicle, 

Lens
placode

Neural
ectoderm

Optic stalk

Surface
ectoderm

Neural
ectoderm

Surface
ectoderm

Optic
sulci

Figure 1.6 Cross-section at the level of the optic vesicle. Note that the neural tube is closed. The surface ectoderm now covers the 
surface of the forebrain, and the neural ectoderm is completely internalized. The surface ectoderm cells overlying the optic vesicles 
enlarge to form the early lens placode. (Reprinted with permission from Cook, C., Sulik, K.K., & Wright, K.W. (2003) Embryology. In: Pediatric 
Ophthalmology and Strabismus (eds. Wright, K.W. & Spiegel, P.H.), pp. 3–38. New York: Springer.)

Lens
placode

Neural
ectoderm Surface
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Figure 1.7 Transection showing invaginating lens placode and 
optic vesicle (arrows), thus creating the lens vesicle within the 
optic cup. Note the orientation of the eyes 180° from each other. 
(Reprinted with permission from Cook, C., Sulik, K.K., & Wright, 
K.W. (2003) Embryology. In: Pediatric Ophthalmology and Strabismus 
(eds. Wright, K.W. & Spiegel, P.H.), pp. 3–38. New York: Springer.)
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Figure 1.8 A. Mouse embryo on day 10 of gestation (29 somite pairs, equivalent to day 17 in the dog). On external examination, the 
invaginating lens placode can be seen (arrow). Note its position relative to the maxillary prominence (Mx) and mandibular (Mn) prominence of 
the first visceral arch. B. Frontal fracture through the lens placode (arrow) illustrates the associated thickening of the surface ectoderm (E). 
Mesenchyme (M) of neural crest origin is adjacent to the lens placode. As the precursor to the neural retina (NR), the distal portion of the optic 
vesicle concurrently thickens, whereas the proximal optic vesicle becomes a shorter, cuboidal layer that is the anlage of the retinal pigment 
epithelium (PE). The cavity of the optic vesicle (V) becomes progressively smaller. C. Light micrograph of the epithelium of the invagination lens 
placode (L). There is an abrupt transition between the thicker epithelium of the placode and the adjacent surface ectoderm, which is not unlike 
the transition between the future NR and PE. D. As the lens vesicle enlarges, the external opening of lens pore (arrow) becomes progressively 
smaller. The lens epithelial cells at the posterior pole of the lens elongate to form the primary lens fibers (L). NR, anlage of the neural retina; PE, 
anlage of the pigment epithelium (now a short cuboidal layer). E. External view of the lens pore (arrow) and its relationship to the Mx. F. Frontal 
fracture reveals the optic fissure (*) where the two sides of the invaginating optic cup meet. This forms an opening in the cup, allowing access to 
the hyaloid artery (H), which ramifies around the invaginating lens vesicle (L). The former cavity of the optic vesicle is obliterated except in the 
marginal sinus (S), at the transition between the NR and the PE. E, surface ectoderm. (Panels B and F reprinted with permission from Cook, C.S. & 
Sulik, K.K. (1986) Sequential scanning electron microscopic analyses of normal and spontaneously occurring abnormal ocular development in 
C57B1/6J mice. Scanning Electron Microscopy, 3, 1215–1227; panels C, D, and E reprinted with permission from Cook, C. (1995) Embryogenesis of 
congenital eye malformations. Veterinary and Comparative Ophthalmology, 5, 109–123.)
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which may assume an abnormal location within the optic 
cup (Cook & Sulik, 1988).

The lens placode invaginates, forming a hollow sphere, 
now referred to as a lens vesicle (Fig. 1.8C, D, Fig. 1.9, and 
Fig. 1.10). The size of the lens vesicle is determined by the 
contact area of the optic vesicle with the surface ectoderm 
and by the ability of the latter tissue to respond to induction. 
Aplasia may result from failure of lens induction or through 
later involutions of the lens vesicle, either before or after 
separation from the surface ectoderm (Aso et al., 1995).

Lens vesicle detachment is the initial event leading to for
mation of the chambers of the ocular anterior segment. This 
process is accompanied by active migration of epithelial 
cells out of the keratolenticular stalk, cellular necrosis, apop
tosis, and basement membrane breakdown (Garcia‐Porrero 

et al., 1979; Ozeki et al., 2001). Induction of a small lens vesi
cle that fails to undergo normal separation from the surface 
ectoderm is one of the characteristics of the teratogen‐
induced anterior segment dysgenesis described in animal 
models (Cook & Sulik, 1988). Anterior lenticonus and ante
rior capsular cataracts as well as anterior segment dysgene
sis may result from faulty keratolenticular separation. 
Additional discussion of anterior segment dysgenesis occurs 
later in this chapter.

Following detachment from the surface ectoderm (day 25 in 
the dog), the lens vesicle is lined by a monolayer of cuboidal 
cells surrounded by a basal lamina, the future lens capsule. 
The primitive retina promotes primary lens fiber formation in 
the adjacent lens epithelial cells. Surgical rotation of the chick 
lens vesicle by 180° results in elongation of the lens epithelial 

Lens vesicle

RPE

Neurosensory
retina

Collapsing optic
vesicle

Surface ectoderm

Optic cup

Optic stalk

Optic (choroidal) fissure
A B

Lens placode

Figure 1.9 Formation of the lens vesicle and optic cup. Note that the optic fissure is present, because the optic cup is not yet fused 
inferiorly. A. Formation of lens vesicle and optic cup with inferior choroidal or optic fissure. Mesenchyme (M) surrounds the invaginating 
lens vesicle. B. Surface ectoderm forms the lens vesicle with a hollow interior. Note that the optic cup and optic stalk are of surface 
ectoderm origin. (Reprinted with permission from Cook, C., Sulik, K.K., & Wright, K.W. (2003) Embryology. In: Pediatric Ophthalmology and 
Strabismus (eds. Wright, K.W. & Spiegel, P.H.), pp. 3–38. New York: Springer.)
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Figure 1.10 Cross-section through optic cup and optic 
fissure. The lens vesicle is separated from the surface 
ectoderm. Mesenchyme (M) surrounds the developing lens 
vesicle, and the hyaloid artery is seen within the optic 
fissure. (Reprinted with permission from Cook, C., Sulik, 
K.K., & Wright, K.W. (2003) Embryology. In: Pediatric 
Ophthalmology and Strabismus (eds. Wright, K.W. & Spiegel, 
P.H.), pp. 3–38. New York: Springer.)
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cells nearest the presumptive retina, regardless of the orienta
tion of the transplanted lens (Coulombre & Coulombre, 1969). 
Thus, while the retina develops independently of the lens, the 
lens appears to be dependent on the retinal primordium for its 
differentiation. The primitive lens filled with primary lens fib
ers is the embryonic lens nucleus. In the adult, the embryonic 
nucleus is the central sphere inside the “Y” sutures; there are 
no sutures within the embryonal nucleus (Fig. 1.11A, Fig. 1.12, 
and Fig. 1.13).

At birth, the lens consists almost entirely of lens nucleus, 
with minimal lens cortex. Lens cortex continues to develop 
from the anterior cuboidal epithelial cells, which remain 
mitotic throughout life. Differentiation of epithelial cells 
into secondary lens fibers occurs at the lens equator (i.e., 
lens bow; Fig. 1.11B). Lens fiber elongation is accompanied 
by a corresponding increase in cell volume and a decrease in 
intercellular space within the lens (Beebe et al., 1982). The 

lens fibers exhibit a hexagonal cross‐sectional shape and 
extensive surface interdigitations (Fig.  1.11C, D). The sec
ondary lens fibers course anteriorly and posteriorly around 
the embryonal nucleus to meet at the “Y” sutures (Fig. 1.13).

The zonule fibers are termed the tertiary vitreous, but 
their origin remains uncertain. The zonules may form 
from the developing ciliary epithelium or the endothelium 
of the posterior tunica vasculosa lentis (TVL). The embry
onic TVL may produce fibrillin‐2 and ‐3, providing a scaffold 
for zonule formation (Hubmacher et al., 2014). Abnormalities 
could result in congenital ectopia lentis. Congenitally dis
placed lenses are often small and are abnormally shaped 
(i.e., spherophakia), indicating a possible relationship 
between zonule traction and lens shape. Localized absence 
of zonules may result in a flattened lens equator; although 
not a true lens defect, this is often described inaccurately as 
a lens coloboma (see later Fig. 1.32).

Figure 1.11 A. Following detachment of the lens vesicle from the surface ectoderm (SE), the posterior lens epithelial cells–primary lens 
fibers (L) elongate, obliterating the lens vesicle lumen (equivalent to day 29 of gestation in the dog). Invagination of the optic cup forms 
the inner neural retina (R) and the outer pigmented epithelium (PE). Mesenchyme of neural crest origin (M) surrounds the optic cup. B. 
Lens bow illustrating elongation of secondary lens fibers. C and D. Longitudinal view (C) and cross-section (D) of secondary lens fibers, 
illustrating the extensive interdigitations and the relative absence of extracellular space. (Reprinted with permission from Sulik, K.K. & 
Schoenwolf, G.C. (1985) Highlights of craniofacial morphogenesis in mammalian embryos, as revealed by scanning electron microscopy. 
Scanning Electron Microscopy, 4, 1735–1752.)
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Vascular Development

The hyaloid artery is the termination of the primitive oph
thalmic artery, a branch of the internal ophthalmic artery, 
and it remains within the optic cup following closure of the 
optic fissure. The hyaloid artery branches around the poste
rior lens capsule and continues anteriorly to anastomose 
with the network of vessels in the pupillary membrane 

(Fig. 1.14 and Fig. 1.15A, B; Schaepdrijver et al., 1989). The 
pupillary membrane consists of vessels and mesenchyme 
overlying the anterior lens capsule. This hyaloid vascular 
network that forms around the lens is called the anterior and 
posterior TVL. The hyaloid artery and associated TVL pro
vide nutrition to the lens and anterior segment during its 
period of rapid differentiation. Venous drainage occurs via a 
network near the equatorial lens, in the area where the cili
ary body will eventually develop. There is no discrete hyaloid 
vein (Schaepdrijver et al., 1989).

Once the ciliary body begins actively producing aqueous 
humor, which circulates and nourishes the lens, the hyaloid 
system is no longer needed. The hyaloid vasculature and 

Primary vitreous

Muscle
Secondary
vitreous

RPE

Neurosensory
retina

Hyaloid artery

Optic nerve

Muscle
Mesenchyme

Lid bud

Anterior lens
epithelium

Cornea

Lens
fibers

Anterior
chamber

Figure 1.12 Overview of the developing eye surrounded by 
mesenchyme (M), which is mostly of neural crest origin. The 
hyaloid vasculature enters the optic cup through the optic fissure 
and surrounds the lens with capillaries that anastomose with the 
tunica vasculosa lentis. Axial migration of mesenchyme forms the 
corneal stroma and endothelium. RPE, retinal pigment epithelium. 
(Reprinted with permission from Cook, C., Sulik, K.K., & Wright, 
K.W. (2003) Embryology. In: Pediatric Ophthalmology and Strabismus 
(eds. Wright, K.W. & Spiegel, P.H.), pp. 3–38. New York: Springer.)
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Figure 1.13 Secondary lens fibers and Y sutures. Secondary lens 
fibers elongate at the equator to span the entire lens, from the 
anterior to the posterior Y suture. The anterior Y suture is upright; 
the posterior Y suture is inverted. (Reprinted with permission from 
Cook, C., Sulik, K.K., & Wright, K.W. (2003) Embryology. In: Pediatric 
Ophthalmology and Strabismus (eds. Wright, K.W. & Spiegel, P.H.), 
pp. 3–38. New York: Springer.)
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Figure 1.14 The hyaloid vascular system and 
tunica vasculosa lentis. (Reprinted with 
permission from Cook, C., Sulik, K.K., & Wright, 
K.W. (2003) Embryology. In: Pediatric 
Ophthalmology and Strabismus (eds. Wright, K.W. 
& Spiegel, P.H.), pp. 3–38. New York: Springer.)
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TVL reach their maximal development by day 45 in the dog 
and then begin to regress.

As the peripheral hyaloid vasculature regresses, the reti
nal vessels develop. Vascular endothelial growth factor 
(VEGF)‐A is a potent angiogenic peptide in the retina; 
 antibody neutralization in vivo results in reduction in the 
hyaloid and retinal vasculature (Feeney et  al., 2003). 
Spindle‐shaped mesenchymal cells from the wall of the 

hyaloid artery at the optic disc form buds (angiogenesis) 
that invade the nerve fiber layer. In contrast, vasculogenesis 
refers to an assembly of dispersed angioblasts into solid 
cords of mesenchymal cells that later canalize (Fruttiger, 
2002; Hughes et al., 2000). Controversy exists as to whether 
the process of retinal neovascularization occurs primarily 
through angiogenesis or vasculogenesis (Flower et  al., 
1985; Fruttiger, 2002; Hughes et al., 2000). Recent studies 
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Figure 1.15 A. Scanning electron micrograph of a mouse embryo at 14 days of gestation (equivalent to day 32 in the dog). The hyaloid 
vasculature enters the optic cup through the optic stalk, and it surrounds the lens (L) with capillaries that anastomose with the tunica 
vasculosa lentis. Axial migration of mesenchyme forms the corneal stroma and endothelium (C). The retina (R) is becoming stratified, 
whereas the pigment epithelium (PE) remains cuboidal. B. The retina becomes stratified into an inner marginal zone and an outer nuclear 
zone. Note that the inner marginal zone is most prominent in the posterior pole. C, cornea; H, hyaloid artery; L, lens; R, retina. C. 
Segregation of the retina into inner (IN) and outer (ON) neuroblastic layers. The ganglion cells are the first to differentiate, giving rise to 
the nerve fiber layer (arrowhead). The PE has become artifactually separated in this specimen. D. Differentiation of the retina progresses 
from the central to the peripheral regions. Centrally, the inner (IN) and outer (ON) neuroblastic layers are apparent, with early formation 
of the nerve fiber layer (arrowhead). Peripherally, however, the retina consists of a single nuclear zone. Between the inner and outer 
neuroblastic layers is a clear zone, the transient fiber layer of Chievitz. This stage is equivalent to day 32 in the dog. (Panel A reprinted 
with permission from Sulik, K.K. & Schoenwold, G.C. (1985) Highlights of craniofacial morphogenesis in mammalian embryos, as revealed 
by scanning electron microscopy. Scanning Electron Microscopy, 4, 1735–1752; panel B reprinted with permission from Cook, C.S. & Sulik 
K.K. (1986) Sequential scanning electron microscopic analyses of normal and spontaneously occurring abnormal ocular development in 
C57B1/6J mice. Scanning Electron Microscopy, 3, 1215–1227; panels C and D reprinted with permission from Cook, C., Sulik, K.K., & Wright, 
K.W. (2003) Embryology. In: Pediatric Ophthalmology and Strabismus (eds. Wright, K.W. & Spiegel, P.H.), pp. 3–38. New York: Springer.)
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indicate that spindle‐shaped cells dispersed within the 
 retina, previously thought to be angioblasts, may be imma
ture retinal astrocytes, with retinal vascularization occur
ring primarily through angiogenesis (Hughes et al., 2000). 
The primitive capillaries have laminated walls consisting 
of mitotically active cells secreting basement membrane. 
Those cells in direct contact with the bloodstream differen
tiate into endothelial cells; the outer cells become pericytes. 
Zonulae occludens and gap junctions initially join adjacent 
cells, but later the capillary endothelium is continuous 
(Ashton, 1966; Mutlu & Leipold, 1964). The primitive cap
illary endothelial cells are multipotent and can redifferen
tiate into fibroblastic, endothelial, or muscle cells, possibly 
illustrating a common origin for these different tissue types 
(Ashton, 1966).

Branches of the hyaloid artery become sporadically 
occluded by macrophages prior to their gradual atrophy 
(Jack, 1972). Placental growth factor (PlGF) and VEGF 
appear to be involved in hyaloid regression (Feeney et al., 
2003; Martin et al., 2004). Proximal arteriolar vasoconstric
tion at birth precedes regression of the major hyaloid vascu
lature (Browning et  al., 2001). Atrophy of the pupillary 
membrane, TVL, and hyaloid artery occurs initially through 
apoptosis (Ito & Yoshioka, 1999) and later through cellular 
necrosis (Zhu et al., 2000), and is usually complete by the 
time of eyelid opening 14 days postnatally.

The clinical lens anomaly known as Mittendorf ’s dot is 
a small (1 mm) area of fibrosis on the posterior lens cap
sule, and it is a manifestation of incomplete regression of 
the hyaloid artery where it was attached to the posterior 
lens capsule. Bergmeister’s papilla represents a remnant 
of the hyaloid vasculature consisting of a small, fibrous 
glial tuft of tissue emanating from the center of the optic 
nerve. Both are frequently observed as incidental clinical 
findings.

Development of the Cornea 
and Anterior Chamber

The anterior margins of the optic cup advance beneath the 
surface ectoderm and adjacent neural crest mesenchyme 
after lens vesicle detachment (day 25 in the dog). The sur
face ectoderm overlying the optic cup (i.e., the presumptive 
corneal epithelium) secretes a thick matrix, the primary 
stroma (Hay, 1980; Hay & Revel, 1969). This acellular mate
rial consists of collagen fibrils and glycosaminoglycans. 
Mesenchymal neural crest cells migrate between the sur
face ectoderm and the optic cup, using the basal lamina of 
the lens vesicle as a substrate. Proteolysis of collagen IX 
triggers hydration of the hyaluronic acid, creating the space 
for cellular migration (Fitch et  al., 1998). Initially, this 
loosely arranged mesenchyme fills the future anterior 

chamber, and it gives rise to the corneal endothelium and 
stroma, anterior iris stroma, ciliary muscle, and most struc
tures of the iridocorneal angle (Fig. 1.16A). The presence 
of an adjacent lens vesicle is required for induction of cor
neal endothelium, identified by their production of the cell 
adhesion molecule, n‐cadherin (Beebe & Coats, 2000). 
Type I collagen fibrils and fibronectin secreted by the 
developing keratocytes form the secondary corneal stroma. 
Subsequent dehydration results in much of the fibronectin 
being lost and in a 50% reduction in stromal thickness 
(Allen et al., 1955; LeDouarin & Teillet, 1974). The endothe
lium also is important to the dehydration of the stroma. 
Patches of endothelium become confluent and develop 
zonulae occludens during days 30–35 in the dog, and dur
ing this period Descemet’s membrane also forms. The cor
nea achieves relative transparency at the end of gestation 
in the dog. Following eyelid opening at approximately 
14 days postnatal in the dog, there is an initial decrease in 
corneal thickness over 4 weeks, presumably as the corneal 
endothelium become functional. Then, a gradual increase 
in thickness occurs over the next 6 months (Montiani‐
Ferreira et al., 2003).

Neural crest migration anterior to the lens to form the 
corneal stroma and iris stroma also results in formation of a 
solid sheet of mesenchymal tissue, which ultimately remod
els to form the anterior chamber. The portion of this sheet 
that bridges the future pupil is called the pupillary mem
brane (Fig.  1.16B, C, and D). Vessels within the pupillary 
membrane form the TVL, which surrounds and nourishes 
the lens. These vessels are continuous with those of the 
 primary vitreous (i.e., hyaloid). The vascular endothelium is 
the only intraocular tissue of mesodermal origin; even the 
vascular smooth muscle cells and pericytes that originate 
from mesoderm in the rest of the body are of neural crest 
origin in the eye (Johnston et al., 1979; Smelser & Ozanics, 
1971). In humans, the endothelial lining of Schlemm’s 
canal, like the vascular endothelium elsewhere, is of 
mesodermal origin. In the dog, atrophy of the pupillary 
membrane begins by day 45 of gestation and continues 
during the first two postnatal weeks (Aguirre et al., 1972). 
Separation of the corneal mesenchyme (neural crest‐cell 
origin) from the lens (surface ectoderm origin) results in 
formation of the anterior chamber.

In a microphthalmic or nanophthalmic globe, the cor
nea is correspondingly reduced in diameter. The term 
microcornea is used to describe a cornea that is propor
tionally smaller than normal for the size of the globe. As 
with lens induction, determination of the corneal diam
eter occurs at the time of contact by the optic vesicle 
with the surface ectoderm. This induction is also sensi
tive to timing; if the optic vesicle–ectoderm contact 
occurs earlier or later than normal, the ectoderm may 
not be fully capable of responding appropriately, result
ing in microcornea.
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Development of the Iris, Ciliary Body, 
and Iridocorneal Angle

The two layers of the optic cup (neuroectoderm origin) 
consist of an inner, nonpigmented layer and an outer, pig
mented layer. Both the pigmented and nonpigmented epi
thelium of the iris and the ciliary body develop from the 
anterior aspect of the optic cup; the retina develops from 
the posterior optic cup. The optic vesicle is organized with 
all cell apices directed to the center of the vesicle. During 
optic cup invagination, the apices of the inner and outer 

epithelial layers become adjacent. Thus, the cells of the 
optic cup are oriented apex to apex.

A thin, periodic acid–Schiff‐positive basal lamina lines 
the inner aspect (i.e., vitreous side) of the nonpigmented 
epithelium and retina (i.e., inner limiting membrane). By 
approximately day 40 of gestation in the dog, both the 
pigmented and nonpigmented epithelial cells show apical 
cilia that project into the intercellular space. There also is 
increased prominence of Golgi complexes and associated 
vesicles within the ciliary epithelial cells. These changes, 
as well as the presence of “ciliary channels” between the 
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Figure 1.16 A. Scanning electron micrograph of a fetal human eye at approximately 42 days of gestation (equivalent to day 25 in the 
dog). The lens vesicle (L) has detached, and the neural crest–derived mesenchyme (M) is migrating axially between the optic cup (OC) 
and the surface ectoderm (SE). B. On day 54 in the human (day 32 in the dog), the pupillary membrane (PM) is seen within the anterior 
chamber. The corneal stroma (C) is apparent and is covered by the surface ectoderm (SE), which will become the corneal epithelium. OC, 
anterior margin of the optic cup, which will form the posterior epithelial layers of the iris, including the pupillary muscles. C. Light 
micrograph obtained at the same stage as in B illustrates the pupillary membrane and tunica vasculosa lentis (arrows) originating from 
the mesenchyme at the margin of the optic cup (OC). The limbal condensation that will become the scleral spur is indicated by the 
arrowhead. AC, anterior chamber; C, cornea; L, lens. D. Scanning electron micrograph of a fetal human eye at approximately 63 days of 
gestation. The AC is deeper and still bridged by the PM. Endothelialization of clefts within the neural crest–derived corneal stroma (C) by 
mesoderm will form Schlemm’s canal (arrowhead) in the human eye. (Panels A and D reprinted with permission from Cook, C. (1989) 
Experimental models of anterior segment dysgenesis. Ophthalmic Paediatrics and Genetics, 10, 33–46; panels B and C reprinted with 
permission from Cook, C., Sulik, K.K., & Wright, K.W. (2003) Embryology. In: Pediatric Ophthalmology and Strabismus (eds. Wright, K.W. & 
Spiegel, P.H.), pp. 3–38. New York: Springer.)
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apical surfaces, probably represent the first production of 
aqueous humor.

The iris stroma develops from the anterior segment mes
enchymal tissue (neural‐crest cell origin), and the iris pig
mented and nonpigmented epithelium originate from the 
neural ectoderm of the optic cup. The smooth muscle of the 
pupillary sphincter and dilator muscles ultimately differen
tiate from these epithelial layers, and they represent the only 
mammalian muscles of neural ectodermal origin. In avian 
species, however, the skeletal muscle cells in the iris are of 
neural crest origin, with a possible small contribution of 
mesoderm to the ventral portion (Nakano & Nakamura, 
1985; Yamashita & Sohal, 1986, 1987).

Differential growth of the optic cup epithelial layers results 
in folding of the inner layer, representing early anterior cili
ary processes (Fig. 1.16B). The ciliary body epithelium devel
ops from the neuroectoderm of the anterior optic cup, and 
the underlying mesenchyme differentiates into the ciliary 
muscles. Extracellular matrix secreted by the ciliary epithe
lium becomes the tertiary vitreous and, ultimately, is thought 
to develop into lens zonules.

Three phases of iridocorneal angle maturation have been 
described (Reme et al., 1983a, 1983b). First is separation of 
anterior mesenchyme into corneoscleral and iridociliary 
regions (i.e., trabecular primordium formation), followed by 
differentiation of ciliary muscle and folding of the neural 
ectoderm into ciliary processes. Second is enlargement of 
the corneal trabeculae and development of clefts in the area 
of the trabecular meshwork, which is accompanied by 
regression of the corneal endothelium covering the angle 
recess. Third is postnatal remodeling of the drainage angle, 
associated with cellular necrosis and phagocytosis by mac
rophages, resulting in opening of clefts in the trabecular 
meshwork and outflow pathways.

This change in the relationship of the trabecular mesh
work to the ciliary body and iris root during the last trimes
ter of human gestation occurs through differential growth, 
with posterior movement of the iris and the ciliary body rela
tive to the trabecular meshwork exposing the outflow path
ways. This results in progressive deepening of the chamber 
angle and normal conformation of the ciliary muscle and 
ciliary processes (Anderson, 1981). This is in contrast to pre
vious theories of cleavage of the iris root from the cornea or 
atrophy of angle tissue (Barishak, 1978; Smelser & Ozanics, 
1971; Wulle, 1972).

In species born with congenitally fused eyelids (i.e., dog 
and cat), development of the anterior chamber continues 
during this postnatal period before eyelid opening. At birth, 
the peripheral iris and cornea are in contact. Maturation of 
pectinate ligaments begins by 3 weeks postnatal and rarefac
tion of the uveal and corneoscleral trabecular meshworks to 
their adult state occurs during the first 8 weeks after birth. 
There is no evidence of mesenchymal splitting, cell death, or 
phagocytic activity (Samuelson & Gelatt, 1984a, 1984b).

Retina and Optic Nerve Development

Infolding of the neuroectodermal optic vesicle results in a 
bilayered optic cup with the apices of these two cell layers in 
direct contact. Primitive optic vesicle cells are columnar, but 
by 20 days of gestation in the dog, they form an outer cuboi
dal layer containing the first melanin granules in the devel
oping embryo within the future retinal pigment epithelium 
(RPE). The neurosensory retina develops from the inner, 
nonpigmented layer of the optic cup, and the RPE originates 
from the outer, pigmented layer. Bruch’s membrane (the 
basal lamina of the RPE) is first seen during this time, and 
becomes well developed over the next week, when the cho
riocapillaris is developing. By day 45 in the dog, the RPE 
cells take on a hexagonal cross‐sectional shape and develop 
microvilli that interdigitate with projections from photore
ceptors of the nonpigmented (inner) layer of the optic cup.

At the time of lens placode induction, the retinal primor
dium consists of an outer, nuclear zone and an inner, 
marginal (anuclear) zone. Cell proliferation occurs in the 
nuclear zone, with migration of cells into the marginal 
zone. This process forms the inner and outer neuroblastic 
layers, separated by their cell processes that make up the 
transient fiber layer of Chievitz (Fig.  1.15C, D). Cellular 
differentiation progresses from inner to outer layers and, 
regionally, from central to peripheral locations. Peripheral 
retinal differentiation may lag behind that occurring in the 
central retina by 3–8 days in the dog (Aguirre et al., 1972). 
Retinal histiogenesis beyond formation of the neuroblastic 
layers requires induction by a differentiated RPE. There are 
several rodent models of RPE dysplasia resulting in failure 
of later retinal differentiation and subsequent degeneration 
(Bumsted & Barnstable, 2000; Cook et al., 1991b). Retinal 
ganglion cells develop first within the inner neuroblastic 
layer, and axons of the ganglion cells collectively form the 
optic nerve. Cell bodies of the Müller and amacrine cells 
differentiate in the inner portion of the outer neuroblastic 
layer. Horizontal cells are found in the middle of this layer; 
the bipolar cells and photoreceptors mature last, in the out
ermost zone of the retina (Greiner & Weidman, 1980, 1981, 
1982; Spira & Hollenberg, 1973).

Significant retinal differentiation continues postnatally, 
particularly in species born with fused eyelids. Expression of 
extracellular matrix elements, chondroitin sulfate, and hepa
rin sulfate occurs in a spatiotemporally regulated manner, 
with a peak of chondroitin sulfate occurring at the time of 
eyelid opening, This corresponds to the period of photorecep
tor differentiation (Erlich et al., 2003). At birth, the canine 
retina has reached a stage of development equivalent to the 
human at 3–4 months of gestation (Shively et al., 1971). In 
the kitten, all ganglion cells and central retinal cells are pre
sent at birth, with continued proliferation in the peripheral 
retina continuing during the first 2–3 postnatal weeks in dogs 
and cats (Johns et al., 1979; Shively et al., 1971).
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Possible means of retinal regeneration have become 
reality with the discovery of neural stem cells in the mature 
eye of warm‐blooded vertebrates (Engelhardt et  al., 2004; 
Fischer, 2005). These include cells at the retinal margin, pig
mented cells in the ciliary body and iris, nonpigmented cells 
in the ciliary body, and Müller glia within the retina. Under 
the influence of growth factors, these neuroectodermal cells 
in the avian are capable of undergoing differentiation into 
retinal cells (Fischer, 2005).

Sclera, Choroid, and Tapetum

These neural crest–derived tissues are all induced by the outer 
layer of the optic cup (future RPE). Normal RPE differentia
tion is a prerequisite for normal development of the sclera and 
choroid. The choroid and sclera are relatively differentiated at 
birth, but the tapetum in dogs and cats continues to develop 
and mature during the first 4 months postnatally. The initially 
mottled, blue appearance of the immature tapetum is replaced 
by the blue/green to yellow/orange color of the adult. These 
color variations seen in immature dogs can prove a challenge 
to accurate funduscopic assessment.

Posterior segment uveoscleral colobomas most often result 
from a primary RPE abnormality. Subalbinotic animals have 
a higher incidence of posterior segment colobomas, with 
reduced RPE pigmentation being a marker for abnormal 
RPE development (Bertram et al., 1984; Cook et al., 1991a; 
Gelatt & McGill, 1973; Gelatt & Veith, 1970; Munyard et al., 
2007; Rubin et al., 1991). The most common example is the 
choroidal hypoplasia of Collie eye anomaly (Barnett, 1979).

Vitreous

The primary vitreous forms posteriorly, between the primitive 
lens and the inner layer of the optic cup (see Fig.  1.10 and 
Fig. 1.12). In addition to the vessels of the hyaloid system, the 
primary vitreous also contains mesenchymal cells, collagen
ous fibrillar material, and macrophages. The secondary vitre
ous forms as the fetal fissure closes, and contains a matrix of 
cellular and fibrillar material, including primitive hyalocytes, 
monocytes, and hyaluronic acid (Akiya et al., 1986; Bremer & 
Rasquin, 1998). Identification of microscopic vascular rem
nants throughout the vitreous of adult rabbits has led to specu
lation for interactive remodeling of the primary vitreous to 
form secondary vitreous (Los et al., 2000a, 2000b). Plasma pro
teins enter and leave the vitreous and, in the chick, there is a 
concentration of 13% of that found in plasma, until a decline to 
4% of plasma levels occurs during the last week prior to hatch
ing (Beebe et al., 1986). Primitive hyalocytes produce collagen 
fibrils that expand the volume of the secondary vitreous.

The tertiary vitreous forms as a thick accumulation of 
collagen fibers between the lens equator and the optic cup. 

These fibers are called the marginal bundle of Drualt or 
Drualt’s bundle. Drualt’s bundle has a strong attachment to 
the inner layer of the optic cup, and it is the precursor to the 
vitreous base and lens zonules. The early lens zonular fibers 
appear to be continuous with the inner, limiting membrane 
of the nonpigmented epithelial layer covering the ciliary 
muscle. Elastin and emulin (elastin microfibril interface 
located protein) have been identified in developing zonules 
and Descemet’s membrane (Bressan et  al., 1993; Horrigan 
et  al., 1992). Experimental exposure of chick embryos to 
homocysteine results in deficient zonule development and 
congenital lens luxation (Maestro De Las Casas et al., 2003). 
Traction of the zonules contributes to expansion of the lens 
and localized absence of zonules can lead to a corresponding 
area of the lens that is flattened and inaccurately referred to 
as a lens coloboma (see later Fig. 1.32).

Atrophy of the primary vitreous and hyaloid leaves a clear, 
narrow central zone, which is called Cloquet’s canal. In the 
mouse, Doppler ultrasound biomicroscopy has been used to 
document in vivo the decrease in blood velocity associated 
with hyaloid regression between birth and postnatal day 13 
(Brown et  al., 2005). Most of the posterior vitreous gel at 
birth is secondary vitreous, with the vitreous base and 
zonules representing tertiary vitreous.

Optic Nerve

Axons from the developing ganglion cells pass through 
 vacuolated cells from the inner wall of the optic stalk. A 
glial sheath forms around the hyaloid artery. As the hyaloid 
artery regresses, the space between the hyaloid artery and 
the glial sheath enlarges. Bergmeister’s papilla represents a 
remnant of these glial cells around the hyaloid artery. Glial 
cells migrate into the optic nerve and form the primitive 
optic disc. The glial cells around the optic nerve and the 
glial part of the lamina cribrosa come from the inner layer 
of the optic stalk, which is of neural ectoderm origin. Later, 
a mesenchymal (neural crest origin) portion of the lamina 
cribrosa develops. Myelinization of the optic nerve begins at 
the chiasm, progresses toward the eye, and reaches the optic 
disc after birth.

Eyelids

The eyelids develop from surface ectoderm, which gives rise 
to the epidermis, cilia, and conjunctival epithelium. Neural 
crest mesenchyme gives rise to deeper structures, including 
the dermis and tarsus. The eyelid muscles (i.e., orbicularis 
and levator) are derived from craniofacial condensations of 
mesoderm called somitomeres. In the craniofacial region, 
presumptive connective tissue–forming mesenchyme derived 
from the neural crest imparts spatial patterning information 
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upon myogenic cells that invade it (Noden, 1986). The upper 
eyelid develops from the frontonasal process; the lower 
eyelid develops from the maxillary process. The lid folds 
grow together and elongate to cover the developing eye 
(Fig. 1.17). The upper and lower lids fuse on day 32 of gestation 
in the dog. Separation occurs 2 weeks postnatally.

Extraocular Muscles

The extraocular muscles arise from mesoderm in somi
tomeres (i.e., preoptic mesodermal condensations; Jacobson, 
1988; Meier, 1982; Meier & Tam, 1982; Packard & Meier, 
1983; Tam, 1986; Tam et  al., 1982; Tam & Trainor, 1994; 
Trainor & Tam, 1995). Spatial organization of developing eye 
muscles is initiated before they interact with the neural crest 

mesenchyme. Patterning of the segmental somitomeres 
follows that of the neural crest; that is, somitomere I (fore
brain), somitomere III (caudal midbrain), and somitomeres 
IV and VI (hindbrain; Trainor & Tam, 1995). From studies of 
chick embryos, it has been shown that the oculomotor‐
innervated muscles originate from the first and second somi
tomeres, the superior oblique muscle from the third 
somitomere, and the lateral rectus muscle from the fourth 
somitomere (Wahl et al., 1994). The entire length of these 
muscles appears to develop spontaneously rather than from 
the orbital apex anteriorly, as had been previously postulated 
(Sevel, 1981, 1986). Congenital extraocular muscle abnor
malities are rarely identified and reported in the dog (Martin, 
1978). This may be a result of several factors, including the 
fact that the extraocular muscles are normally less well 
developed in domestic mammals compared with humans, 
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Figure 1.17 A. Lateral view of the head of a human embryo at 6 weeks of gestation. The individual hillocks that will form the external 
ear can be identified both cranial and caudal to the first visceral groove (arrow). The developing eye is adjacent to the maxillary 
prominence (Mx). LB, forelimb bud. B. Frontal view of the head of a human embryo at 8 weeks of gestation. Formation of the face is 
largely complete, and the eyelids are beginning to close. C. Eyelid closure begins at the medial and lateral canthi and progresses axially. 
D. Light micrograph of the eyelid marginal epithelium in a mouse at day 15 of gestation. The actively migrating epithelium forms a 
cluster of cells adjacent to the corneal epithelium. E and F. Surface view of the fused eyelids from a human embryo at 10 weeks of 
gestation. (Panels A, B, E, and F reprinted with permission from Sulik, K.K. & Schoenwolf G.C. (1985) Highlights of craniofacial 
morphogenesis in mammalian embryos, as revealed by scanning electron microscopy. Scanning Electron Microscopy, 4, 1735–1752; panel 
D reprinted with permission from Cook, C.S. & Sulik, K.K. (1986) Sequential scanning electron microscopic analyses of normal and 
spontaneously occurring abnormal ocular development in C57B1/6J mice. Scanning Electron Microscopy, 3, 1215–1227.)
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and the limited ability to assess minor abnormalities which 
would be manifest as impaired binocular vision.

Developmental Ocular Anomalies

Cyclopia and Synophthalmia

Formation of a single median globe (i.e., cyclopia) or two 
incompletely separated or fused globes (i.e., synophthalmia) 
may occur by two different mechanisms. The “fate maps,” 
which have been produced for amphibian embryos, have 
revealed the original location of the neural ectodermal tissue 
that will form the globes as a single, bilobed area crossing the 
midline in the anterior third of the trilaminar embryonic 
disc. An early defect in separation of this single field could 
result in the formation of a single, or incompletely sepa
rated, median globe(s) (Fig  1.18A). After separation into 

bilateral optic vesicles, later loss of the midline territory in 
the embryo could result in fusion of the ocular fields. This 
loss of midline territory, prior to separation into two eye 
fields, is seen in holoprosencephaly, and the facial features 
characteristic of human fetal alcohol syndrome represent a 
mild end of the holoprosencephalic spectrum (Cohen & 
Sulik, 1992; Sulik & Johnston, 1982). Cases of cyclopia 
or  synophthalmia are invariably associated with severe 
craniofacial malformations (Fig.  1.18A and B) and are 
 usually nonviable.

Cyclopia is rarely identified in dogs (Njoku et  al., 1978). 
However, in sheep, ingestion of the alkaloids (cyclopamine 
and jervine) from the weed Veratrum californicum by pregnant 
ewes on day 14 of gestation (total duration of gestation 150 days) 
is the best‐documented example of teratogen‐induced cyclopia 
and synophthalmia in domestic animals (Binns et  al., 1959; 
Bryden et al., 1971; Cooper et al., 1998; Incardona et al., 1998; 
Keeler, 1990; Keeler & Binns, 1966; Saperstein, 1975). It has 
been shown that cyclopamine specifically blocks the Sonic 
hedgehog (Shh) signaling pathway (Cooper et  al., 1998; 
Incardona et al., 1998, 2000). The specific timing for veratrum‐
induced cyclopia in sheep corresponds to the period of gastru
lation and formation of the neural plate before separation of 
the optic fields. Exposure to the alkaloid earlier in gestation 
results in fetal death; later exposure causes skeletal malforma
tion or has no effect, thus demonstrating the importance of 
narrow, sensitive periods in development.

Microphthalmia and Anophthalmia

Microphthalmia can occur early in development through a 
deficiency in the optic vesicle (Fig. 1.19A), or later through 
failure of normal growth and expansion of the optic cup 
(Fig. 1.19B). An early deficiency in the size of the globe as a 

A

B

Figure 1.18 A. Cyclopia in a Holstein calf, etiology unknown. 
Note the single median globe, palpebral fissure, cornea, and pupil. 
B. Cyclopia in a nonviable kitten. Note the narrow forebrain and 
midface regions. The limbs and axial skeleton are relatively 
normal, demonstrating limited effect on the forebrain region of 
the embryo. (Panel A courtesy of Brian Wilcock.)

A B

Figure 1.19 A. Microphthalmia and persistent pupillary 
membranes in a Chow Chow puppy. Note that the size of the 
palpebral fissure is proportional to the reduced size of the globe 
as a whole. This is consistent with microphthalmia induced at the 
optic vesicle stage. B. Microphthalmia induced at a later stage of 
gestation, possibly by delayed closure of the optic fissure, 
although this eye does not exhibit a coloboma. Note the larger 
size of the palpebral fissure relative to the small globe.
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whole is often associated with a correspondingly small, 
palpebral fissure. The fissure size is determined by the optic 
vesicle size during its contact with the surface ectoderm, so 
this supports a malformation sequence beginning at forma
tion of the optic sulcus, optic vesicle, or earlier. Results from 
studies of teratogen‐induced ocular malformations have 
been helpful in identifying sensitive developmental periods. 
Acute exposure to teratogens before optic sulcus formation 
results in an overall deficiency of the neural plate, with sub
sequent reduction in the optic vesicle size. When microph
thalmia originates during development of the neural plate/
optic sulcus, it is often associated with multiple ocular mal
formations, including anterior segment dysgenesis, cataract, 
retinal dysplasia, and persistence of the hyaloid (Table 1.3).

Later initiation of microphthalmia can occur through 
failure to establish early IOP (Berman & Pierro, 1969; Hero 
et al., 1991). Placement of a capillary tube into the vitreous 
cavity of the embryonic chick eye reduces the IOP and mark
edly slows growth of the eye (Coulombre, 1956). Histologic 
examination of the intubated eyes demonstrates a propor
tional reduction in the size of all ocular tissues except the 
neural retina and the lens, which are normal in size for the 
age of the eye. The retina in these eyes is highly convoluted, 
filling the small posterior segment. Thus, it has been 

concluded that growth of the neural retina occurs independ
ent of the other ocular tissues. Experimental removal of the 
lens does not alter retinal growth (Coulombre & Coulombre, 
1964). Growth of the choroid and sclera appears to depend 
on IOP, as does folding of the ciliary epithelium (Bard et al., 
1975; Cook, 1989, 1995; Cook & Sulik, 1988). Thus, failure of 
fusion of the optic fissure can result in microphthalmia and 
associated malformations (i.e., colobomatous microphthal
mia). A delay in closure of this fissure during a critical 
growth period may result in inadequate globe expansion as 
well. If the fissure eventually closes, however, it may be 
difficult to distinguish between colobomatous and noncolo
bomatous microphthalmia. If the optic vesicle develops nor
mally before abnormal (delayed) closure of the optic fissure, 
the palpebral fissure may not be reduced in size as much as 
the globe as a whole is reduced (Fig. 1.19B). In most cases, 
microphthalmia occurs through a combination of cellular 
deficiency within the optic vesicle/cup compounded by failure 
of the optic fissure to close on schedule.

Anophthalmia represents an extreme on the spectrum of 
microphthalmia. In most cases, careful examination of the 
orbital contents will reveal primitive ocular tissue (i.e., 
actual microphthalmia). True anophthalmia results from a 
severe developmental deficiency in the primitive forebrain, 
at a stage before optic sulcus formation. This usually results 
in a nonviable fetus.

Microphthalmia in domestic animals occurs sporadically 
and is associated with multiple malformations (Table 1.3), 
including anterior segment dysgenesis, cataract, persistent 
hyperplastic primary vitreous (Bayon et  al., 2001; Boeve 
et al., 1992; van der Linde‐Sipman et al., 1983), and retinal 
dysplasia (Bayon et  al., 2001; Bertram et  al., 1984). In the 
Doberman Pinscher, microphthalmia, anterior segment 
dysgenesis, and retinal dysplasia are thought to be inherited 
as autosomal recessive traits (Bergsjo et al., 1984). Inherited 
microphthalmia in Texel sheep has as its primary event 
abnormal development with involution of the lens vesicle 
followed by proliferation of dysplastic mesenchyme, which 
develops into cartilage, smooth muscle, fat, and lacrimal 
gland (van der Linde‐Sipman et al., 2003).

A similar spectrum of multiple ocular malformations has 
been described as a presumably inherited condition associ
ated with central nervous system malformations in Angus 
(Rupp & Knight, 1984), Shorthorn (Greene & Leipold, 1974), 
and Hereford cattle (Blackwell & Cobb, 1959; Kaswan et al., 
1987), as well as in nondomestic species, including raptors 
(Buyukmihci et  al., 1988), camel (Moore et  al., 1999), and 
white‐tailed deer (Wyand et al., 1972). Colobomatous micro
phthalmia is initiated later in gestation.

In swine, congenital microphthalmia has been historically 
reported to be associated with maternal vitamin A deficiency 
(Hale, 1935; Manoly, 1951; Roberts, 1948). Conversely, 
maternal excess of vitamin A and its analogue, retinoic 
acid, has been demonstrated (Bayon et al., 2001) to result 

Table 1.3 Anomalies associated with microphthalmia in dogs.

Anomaly Breed References

Anterior 
segment 
dysgenesis

Saint 
Bernard, 
Doberman

Arnbjerg & Jensen (1982); Bergsjo 
et al. (1984); Boroffka et al. (1998); 
Lewis et al. (1986); Martin & Leipold 
(1974); Peiffer & Fischer (1983); 
Stades (1980, 1983); van der 
Linde‐Sipman et al. (1983)

Cataract Old English 
Sheepdog

Barrie et al. (1979)

Akita Laratta et al. (1985)

Miniature 
Schnauzer

Gelatt et al. (1983); Samuelson et al. 
(1987); Zhang et al. (1991)

Chow Chow Collins et al. (1992)

Cavalier King 
Charles 
Spaniel

Narfstrom & Dubielzig (1984)

English 
Cocker 
Spaniel

Strande et al. (1988)

Irish 
Wolfhound

Kern (1981)

Retinal 
dysplasia

Saint Bernard Martin & Leipold (1974)

Doberman Arnbjerg & Jensen (1982); Bergsjo 
et al. (1984); Lewis et al. (1986); 
Peiffer & Fischer (1983)



Section I: Basic Vision Sciences22

SE
C

T
IO

N
 I

in teratogenic ocular and craniofacial malformations in 
humans and laboratory animals (Cook, 1989; Cook & Sulik, 
1988, 1990; Mulder et al., 2000).

Colobomatous Malformations

A coloboma refers broadly to any congenital (present at 
birth) tissue defect. Ocular colobomas most frequently 
involve the vascular tunic of the eye, namely the iris and 
choroid. The spectrum encompasses minor defects (i.e., dys
coria) as well as major defects (i.e., aniridia). Aniridia occurs 
rarely in animals (Irby & Aguirre, 1985; Saunders & Fincher, 
1951), but is seen as a malformation in humans associated 
with genetic syndromes including Rieger syndrome (PITX2 
gene; Perveen et al., 2000) and PAX6 gene mutations (Sonoda 
et al., 2000). The iris stroma develops from neural crest mes
enchyme induced by the bilayered epithelium of the anterior 
optic cup. Thus, a complete and full‐thickness defect in the 
iris most likely results from incomplete axial expansion of 
the anterior optic cup. Iris hypoplasia represents the mild 
spectrum of this type of coloboma and is seen frequently in 
dogs (particularly those breeds characterized by subalbinism) 
and has been recognized as a genetic syndrome in horses 
(Ewart et al., 2000).

The classic explanation for localized colobomatous mal
formations involves failure of the optic fissure to close. Such 
failure may result in secondary “colobomatous” microph
thalmia (Fig. 1.20) and, in experimental models, there may 
be deviation of the fissure by 90° or more. When defects are 
located in any inferior location (particularly in a small 
globe), this is the most likely explanation. This defect in 
closure of the optic fissure (future RPE and ciliary and iris 

epithelium) results in failure of induction of the adjacent 
choroid and sclera. Any or all of these layers may be 
affected. The clinically apparent sequella to abnormal fis
sure closure may be only a subtle degree of dyscoria 
(Matsuura et al., 2013).

Many colobomatous defects, however, occur in other loca
tions (Briziarelli & Abrutyn, 1975; Gelatt et al., 1969; Gwin 
et  al., 1981). Differentiation of the neural crest–derived 
stroma of the choroid and iris is determined by the adjacent 
structures of the outer layer of the optic cup: anteriorly the 
iris and ciliary epithelium, and posteriorly the RPE. In 
sequential analyses of animals exhibiting primary abnor
malities in differentiation of the outer layer of the optic cup, 
anterior and posterior segment colobomas are associated 
with uveal epithelium/RPE defects (Cook et  al., 1991a, 
1991b; Zhao & Overbeek, 2001).

Prenatal studies of colobomas in the Australian Shepherd 
dog have demonstrated a primary defect in the RPE, result
ing in hypoplasia of the adjacent choroid and sclera (Fig. 1.21 
and Fig. 1.22; Cook et al., 1991a). This condition is referred 
to as merle ocular dysgenesis (MOD) because of the correla
tion with the merle coat coloration (Bertram et al., 1984). 
A similar spectrum has been identified in cattle (Gelatt et al., 
1969), Great Dane dogs, and cats (Gwin et al., 1981) exhibit
ing incomplete albinism. It is likely that the subalbinism is 
associated with abnormal RPE that fails to induce the 
overlying neural crest.

Choroidal hypoplasia in the Collie dog (i.e., “Collie eye 
anomaly” or CEA; Barnett, 1979) may represent a malfor
mation sequence similar to that of MOD (Fig.  1.23 and 
Fig.  1.24). Differences between CEA and MOD are illus
trated in Table 1.4. CEA has been widely described in the 
Collie, Border Collie, Shetland Sheepdog, and Australian 
Shepherd (Barnett, 1979; Barnett & Stades, 1979; Bedford, 
1982a; Rubin et  al., 1991). Variations of this congenital 
malformation, including scleral ectasia, sporadically occur 
in other breeds as well (Bedford, 1998). It has been demon
strated that choroidal hypoplasia associated with CEA 
segregates as an autosomal recessive trait with nearly 
100% penetrance (Lowe et al., 2003).

Optic nerve coloboma as an isolated finding is likely 
caused by localized failure of closure of the optic fissure that 
begins to close at the level of the disc with progression ante
rior and posterior. Optic nerve coloboma is seen unassoci
ated with genetically identifiable CEA mutation NHEJ1 in 
the Nova Scotia Duck Tolling Retriever (Brown et al., 2018).

Dermoid

The presence of aberrant tissue (e.g., skin, cartilage, bone) 
within the orbit may originate early in development through 
abnormal differentiation of an isolated group of cells. Arrest 
or inclusions of epidermal and connective tissues (i.e., sur
face ectoderm and neural crest) may occur during closure of 

Figure 1.20 Microphthalmia and an inferior coloboma of the 
scleral and uveal tissue allowing vitreous prolapse into the 
subconjunctival space. In colobomatous microphthalmia, globe 
expansion is impaired by the inability to establish intraocular 
pressure because of the optic fissure failing to close. Both 
mechanisms of microphthalmia may occur in a single eye.



1: Ocular Embryology and Congenital Malformations 23

SE
C

T
IO

N
 I

the fetal clefts. Abnormal invagination of ectodermal tissue 
later in gestation may result in a pocket of well‐differenti
ated dermal tissue. Eyelid dermoids may occur though isola
tion of an island of ectoderm later forming a nodule of tissue 
that is, strictly speaking, not abnormal in location, but in 
configuration, a nonneoplastic overgrowth of tissue disor
dered in structure (Fig. 1.25). These are termed hamartomas 
(i.e., benign tissue mass resulting from faulty development). 
Limbal dermoids represent choristomas (i.e., mass formed by 
tissue not normally found at this site; Fig. 1.26). Both eyelid 
epidermis and corneal epithelium originate from surface 
ectoderm, following induction by the optic vesicle, and there 
appears to be a narrow period during which the surface ecto
derm can respond to inductive influences to produce a nor
mal lens. The same may be true for induction of the cornea. 
Dermoids are seen in all species as an incidental finding, and 
they are seen as an inherited condition in cattle and some 
dog breeds (Adams et al., 1983; Barkyoumb & Leipold, 1984).

Anterior Segment Dysgenesis

The anterior segment dysgeneses identified in humans encom
pass a broad range of malformations, including Peters’ 

anomaly, Axenfeld–Rieger syndrome, iridocorneal endo
thelium syndrome, posterior polymorphous dystrophy, 
and Sturge–Weber syndrome. Similar anomalies have been 
described in domestic animals, generally as sporadic occur
rences (Irby & Aguirre, 1985; Peiffer, 1982; Rebhun, 1977; 
Swanson et al., 2001). Anterior segment dysgenesis is often 
associated with microphthalmia (Arnbjerg & Jensen, 1982; 
Bergsjo et  al., 1984; Lewis et  al., 1986; Martin & Leipold, 
1974; Peiffer & Fischer, 1983).

In domestic animals, persistent pupillary membranes rep
resent the most common manifestation of anterior segment 
dysgenesis. In the embryo, the pupillary membrane forms a 
solid sheet of tissue that is continuous with the iris at the 
level of the collarette (see Fig. 1.19). Regression occurs dur
ing the first two postnatal weeks, before eyelid opening in 
the dog. Persistence of some pupillary membrane strands 
was noted in 0.7% of 575 Beagles aged from 16 to 24 weeks 
(Bellhorn, 1974). Inherited persistent pupillary membranes 
occur in the Basenji dog (Bistner et  al., 1971; Roberts & 
Bistner, 1968), and they may be associated with corneal or 
lens opacities (or both) at the site of membrane attachments. 
Complete persistence of a sheet of tissue bridging the pupil 
is rare and results in visual impairment. Persistent pupillary 

A

C

B

Figure 1.21 Clinical (A) and gross (B) photographs of the ocular fundus of an adult Australian Shepherd dog affected with merle 
ocular dysgenesis. Note the large excavation of the equatorial posterior segment. There is also a defect in the ciliary body (arrowhead), 
which was not apparent clinically. C. At the light microscopic level, defects such as this consist of a thin layer of sclera (S) lined by a 
glial membrane. Note the abrupt transition from normal retina, retinal pigment epithelium (RPE), and choroid seen on the right to the 
sudden loss of RPE and choroid at the level indicated by the arrow. (Reprinted with permission from Cook, C., Burling, K., & Nelson E. 
(1991) Embryogenesis of posterior segment colobomas in the Australian Shepherd dog. Progress in Veterinary & Comparative 
Ophthalmology, 1, 163–170.)
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Figure 1.22 Sequential histology of merle ocular dysgenesis (MOD). A. Normal canine eye on day 30 of gestation. Note the cuboidal 
appearance of the nonpigmented retinal pigment epithelium (RPE; *), which is closely apposed to the neural retina (R). The nuclei closest 
to the RPE are those of the outer neuroblastic layer. M, periocular mesenchyme—anlage of the choroid and sclera. B. MOD-affected eye 
on day 35 of gestation. The RPE (*) is shortened and contains a few intracytoplasmic vacuoles. C and D. MOD-affected eye on day 35 of 
gestation. The RPE (*) has become progressively thinner and exhibits a large number of vacuoles. Separation of the degenerating RPE 
from the neural retina also can be seen. (Reprinted with permission from Cook, C., Burling, K., & Nelson, E. (1991) Embryogenesis of 
posterior segment colobomas in the Australian shepherd dog. Progress in Veterinary & Comparative Ophthalmology, 1, 163–170.)

A B

Figure 1.23 A. Fundus photograph of choroidal hypoplasia associated with Collie eye anomaly. Note the white sclera with 
superimposed choroidal and retinal vasculature. B. Optic nerve coloboma in a Collie affected with Collie eye anomaly. The coloboma is 
located temporally adjacent to an area of mild choroidal hypoplasia (identified by absence of tapetum and visible choroidal vasculature).
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membranes also occur sporadically in other breeds (Strande 
et al., 1988).

Because most structures of the ocular anterior segment 
are of neural crest origin, it is tempting in cases of anterior 
segment anomalies to incriminate this cell population as 
being abnormal in differentiation, migration, or both. This 

theory has resulted in labeling these conditions, when they 
occur in humans, as ocular neurocristopathies,  particularly 
when other anomalies exist in tissues that are largely derived 
from the neural crest (e.g., craniofacial connective tissue, 
teeth; Bahn et al., 1984; Kupfer et al., 1975; Kupfer & Kaiser‐
Kupfer, 1978; Shields et al., 1985; Waring et al., 1975). When 
considering this theory, it is important to realize two con
cepts. First, the neural crest is the predominant cell popula
tion of the developing craniofacial region, particularly the 
eye. In fact, the list of ocular tissues not derived from neural 
crest is relatively small (see Table  1.2). Thus, the fact that 
most malformations of this region involve crest tissues may 
reflect their ubiquitous distribution rather than their com
mon origin. The normal development of the choroid and 
sclera (also of neural crest origin) in most of these “neural 
crest syndromes” argues against a primary neural crest 
anomaly. Second, the neural crest is an actively migrating 

Figure 1.24 Gross photograph of an optic nerve coloboma in a 
Collie. Note the excavation of thinned sclera lined by glial tissue 
(neuroectoderm) continuous with retina. (Reprinted with 
permission from Wilcock, B. (2007) Pathologic Basis of the 
Veterinary Disease, 4th ed. (eds. McGavin, M.D. & Zachary, J.F.). 
St. Louis, MO: Elsevier.)

Table 1.4 Comparative features of merle ocular dysgenesis 
and Collie eye anomaly.

Merle Ocular Dysgenesis Collie Eye Anomaly

Coat color Homozygous merle No correlation

Microphthalmia Frequent Rare/mild

Choroidal 
hypoplasia

Extensive scleral/
retinal defects

Common, localized

Optic nerve 
coloboma

Rare Frequent

Cataract Frequent Rare

Iris coloboma Frequent Rare

Reprinted with permission from Cook, C., Burling, K., & Nelson, E. 
(1991) Embryogenesis of posterior segment colobomas in the 
Australian Shepherd dog. Progress in Veterinary & Comparative 
Ophthalmology, 1, 163–170.

Figure 1.25 Eyelid dermoid in a Boxer dog. The tissue is 
histologically normal skin in a grossly normal location, but 
abnormal in configuration, representing a hamartoma. (Courtesy 
of Robert Peiffer.)

Figure 1.26 Limbal dermoid in a Lhasa Apso puppy. This is an 
example of a choristoma (histologically normal tissue in an 
abnormal location).
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population of cells and can be easily influenced by adjacent 
cell populations. Thus, the perceived anomaly of neural 
crest tissue may, in many cases, be a secondary effect.

Much of the maturation of the iridocorneal angle occurs 
late during gestation and during early postnatal life in the 
dog, but earlier events may influence development of the 
anterior segment. Anterior segment dysgenesis syndromes 
characterized primarily by axial defects in corneal stroma 
and endothelium, accompanied by corresponding mal
formations in the anterior lens capsule and epithelium 
(i.e., Peters’ anomaly), most likely represent a manifesta
tion of abnormal keratolenticular separation (Fig. 1.27 and 
Fig. 1.28). This spectrum of malformations that mimic Peters’ 
anomaly can be induced by teratogen exposure in mice before 
optic sulcus invagination (Fig.  1.29 and Fig.  1.30; Cook, 
1989; Cook & Sulik, 1988; Cook et al., 1987). Similar syn
dromes of anterior segment dysgenesis have been identified 
in humans following ethanol exposure (Miller et al., 1984; 
Stromland et al., 1991).

The size of the lens vesicle is determined by the area of con
tact between the optic vesicle and the surface ectoderm. Thus, 
factors influencing the size of the optic vesicle or the angle at 
which the optic vesicle approaches the surface ectoderm may 
affect the ultimate size of the lens vesicle. Microphakia result
ing from optic vesicle deficiencies may be initiated very early in 
gestation (i.e., during formation of the neural plate). 
Microphakia associated with lens luxation has been described 
in two unrelated Siamese kittens (Molleda et al., 1995); as the 
globes were apparently otherwise normal, a primary abnor
mality in the lens placode ectoderm can be postulated. Aphakia 
is much more rare, and may occur through failure of contact 
between the optic vesicle and the surface ectoderm during the 
period when the surface ectoderm can respond to its inductive 
influences. As the anterior lens epithelium is required for 
induction of the corneal endothelium, this early initiation of 
aphakia would be associated with dysgenesis of the cornea and 
(likely) anterior uvea. Alternatively, normal induction of a lens 
vesicle followed by later involution would be expected to result 
in an eye with more normal anterior segment morphology. The 
lens aplasia (lap) mouse demonstrates faulty lens basement 
membrane formation associated with apoptosis and involution 
of the rudimentary lens vesicle (Aso et al., 1995, 1998). Sporadic 
cases of aphakia have been described in domestic animals, 
including a cat with associated retinal detachment but appar
ently normal iridocorneal structures (histopathology not avail
able; Peiffer, 1982), and a litter of Saint Bernard puppies with 
multiple ocular malformations (Martin & Leipold, 1974). In 
humans, in utero exposure to rubella or parvovirus B can result 
in aphakia; anterior segment structures are variably affected 
(Hartwig et  al., 1988). Abnormalities in lens shape (e.g., 
spherophakia, lens coloboma) may actually represent a pri
mary abnormality in the ciliary processes, zonular fibers, or 
both, resulting in a lack of tension on the lens (Fig. 1.31 and 
Fig. 1.32). Thus, the term coloboma may be inaccurate when 
used in reference to a flattened equatorial portion of the lens 
that is not a true lens defect.

A

B

D
C

Figure 1.27 Clinical features of Peters’ anomaly (anterior 
segment dysgenesis) resulting from abnormal separation of the 
lens vesicle from the surface ectoderm. A. Persistent pupillary 
membranes. B. Corneal opacity associated with defect in corneal 
endothelium, Descemet’s membrane, and corneal stroma (neural 
crest). C. Iris hypoplasia. D. Anterior lenticonus and anterior polar 
cataract associated with partial defect in anterior lens capsule. 
(Drawing by Farid Mogannam.)

A B

Figure 1.28 A. Clinical photograph of a puppy with Peters’ anomaly exhibiting microphthalmia, a central corneal opacity, anterior axial 
cataract, and persistent pupillary membranes. B. A more severe form of anterior segment dysgenesis with visible lens material trapped 
within the axial cornea, accompanied by persistent pupillary membranes leading to the corneal defect.
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Uveal Cysts

Uveal cysts occur through failure of adhesion of the inner 
and outer layers of the optic cup. In the dog, they are most 
commonly identified as single or multiple spherical pig
mented masses within the pupil or free‐floating within the 

anterior chamber (Fig. 1.33 and Fig. 1.34). They appear to 
have a genetic predilection. In the cat, they are more often 
thick‐walled and remain attached to the posterior iris sur
face, causing anterior displacement of the iris and shallow
ing of the anterior chamber, and may result in secondary 
glaucoma (Gemensky‐Metzler et al., 2004). In cats they also 

A B

DC

Figure 1.29 Keratolenticular dysgenesis induced by teratogen exposure in mice. A. Mouse embryo following acute exposure to ethanol 
during gastrulation. Delay in separation of the lens vesicle (L) from the surface ectoderm (SE) results in an anterior lenticonus (*) and 
failure of the mesenchyme (M) to complete its axial migration to form the corneal stroma, endothelium, and iris stroma. R, retinal 
primordium. Original magnification, 166×. B, C, and D. Mouse embryo following acute exposure to 13-cis-retinoic acid during gastrulation. 
A large keratolenticular stalk (S) persists and is continuous axially with the SE. The arrow in B indicates the incompletely closed lens pore. 
D is a transmission electron microscopic view of the stalk seen in C. There is discontinuity between the lens epithelium (LE) and the stalk 
epithelium (S). Adjacent neural crest mesenchyme (M) is visible, and two layers of basement membrane can be seen in D, bridging the 
lens–stalk junction as well as dividing the two zones. Mechanical interference with the axial migration of neural crest cells is responsible 
in this model for malformations, which mimics Peters’ anomaly in the human. OC, optic cup. (Reprinted with permission from Cook, C. 
(1995) Embryogenesis of congenital eye malformations. Veterinary and Comparative Ophthalmology, 5, 109–123.)
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appear to have a genetic predisposition, with Burmese cats 
overrepresented (Blacklock et  al., 2016). When uveal cysts 
originate within the ciliary body, they can be nonpigmented 
(see Fig. 1.32).

Uveal cysts are often seen associated with pigmentary uve
itis or pigmentary and cystic glaucoma in Golden Retriever 

dogs and other breeds. There has been a great deal of specu
lation about whether the cysts may play a causal role in the 
inflammatory disease process (Pumphrey et  al., 2013; 
Townsend & Gornik, 2013). Uveal cysts seen in dogs affected 

EMBRYO ADULT
forebrain deficiency

abnormal optic
vesicle orientation

small optic
vesicle small optic

vesicle small palpebral fissure

small optic cup

anterior and posterior
segment colobomas

microphakia

ECM
abnormalities

??

small lens vesicle

“excessive” hyaloid
vasculature

persistent hyperplastic
primary vitreous

anterior segment 
dysgenesis:

(corneal opacity,
persistent pupillary

membranes, anterior
lenticonus, cataract)

persistent keratolenticular
attachment

retinal vascular
tortuosity

persistent optic fissure

microphthalmia

Figure 1.30 The relationship between microphthalmia 
and associated ocular malformations. An early 
embryonic insult (during gastrulation) leads to a 
deficiency in the forebrain and its derivatives, the optic 
sulci. The subsequently small optic vesicle often exhibits 
an abnormal relationship to the surface ectoderm, which 
is programmed (by the underlying neural crest) to form 
the lens. The result is a spectrum of malformations in 
the adult, including microphthalmia, microphakia, 
colobomas, persistent hyperplastic primary vitreous, and 
anterior segment dysgenesis. ECM, extracellular matrix. 
(Reprinted with permission from Cook, C. (1995) 
Embryogenesis of congenital eye malformations. 
Veterinary and Comparative Ophthalmology, 5, 109–123.)

Figure 1.31 Microphakia and spherophakia in a cat. Note the 
elongated ciliary processes. The globe was not microphthalmic, 
and this most likely represented a primary abnormality in the 
surface ectoderm destined to become lens placode.

Figure 1.32 Nonpigmented ciliary body cysts in a cat. Note the 
flattened lens equator, which would incorrectly be called a lens 
coloboma. In this case, a medulloepithelioma of the ciliary body 
resulted both in the cysts and in the localized absence of zonules. 
Failure of normal traction by the zonule on the lens equator resulted 
in this flattened appearance. (Courtesy of Kristina Burling.)
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with uveitis have a unique clinical appearance, being 
more translucent, irregularly shaped, and often adherent 
to the lens or cornea. This is in distinct contrast to the cysts 
commonly seen in other canine breeds with complete lack of 
inflammation.

Congenital Ocular Anomalies in Horses

A syndrome of multiple congenital ocular anomalies (MCOA) 
has been identified as a bilaterally symmetrical, inherited 
condition in several breeds of horses, most notably the Rocky 
Mountain breed, silver mutant ponies, and miniature horses 
(Andersson et al., 2011; Komaromy et al., 2011; Plummer & 
Ramsey, 2011; Ramsey et  al., 1999a, 1999b; Fig.  1.35). 
Affected individuals most often have a silver coat color, and 
correlation with the Silver Dapple locus is suspected. The 
condition in the heterozygote is characterized by cysts of the 
posterior iris, ciliary body, and peripheral retina, indicating 
failure of adhesion of the inner and outer layers of the optic 
cup. These cysts are consistently located temporally, not 
associated with the optic fissure. Areas of current or previ
ous retinal detachment were further manifestations of 
abnormal cup invagination and adhesion. The spectrum of 
anterior segment malformations seen in homozygous indi
viduals included megalocornea, deep anterior chamber, iris 
hypoplasia, and cataract. Increased thickness of the central 
and peripheral corneas was noted and increased with age. 
Intraocular pressures were normal (Ramsey et  al., 1999b). 
The syndrome in Rocky Mountain horses appears to exhibit 
codominant inheritance (Ewart et al., 2000). Cataracts have 
been identified in Exmoor ponies, with a suspected sex‐
linked mode of inheritance (Pinard & Basrur, 2011). Other 
congenital anomalies appear to occur rarely in horses, with 
occasional neonatal diagnosis of retinal and conjunctival 
hemorrhages thought to be due to injury during parturition 
(Barsotti et al., 2013).

Congenital Cataracts

Congenital cataracts resulting from abnormal formation 
of primary or secondary lens fibers would be expected to be 
localized to the nuclear region, and be nonprogressive. 
However, an early effect on the primary lens fibers may 
extend to involve the secondary fibers, resulting in a congen
ital cataract that progresses to involve the entire lens.

Abnormal lens vesicle invagination, separation, or defects 
in the lens epithelium or capsule would result in a cataract 
(with or without anterior or posterior lenticonus; Ori et al., 
2000) that would remain associated with the peripheral por
tion of the lens, with the secondary lens fibers forming 
underneath (e.g., Old English Sheepdog, Barrie et al., 1979; 
Cavalier King Charles Spaniel, Narfstrom & Dubielzig, 
1984). Congenital cataracts associated with mild microph
thalmia (Miniature Schnauzer, Gelatt et al., 1983; Monaco 

A

B

Figure 1.33 Iris cysts. A. Single iris cyst in a dog. B. Multiple iris 
cysts in a cat. In cats, these cysts are often thick-walled and 
remain attached to the posterior iris surface, causing anterior 
displacement of the iris and a shallow anterior chamber.

Figure 1.34 Histologic appearance of a uveal cyst on the posterior 
iris surface. These cysts form beneath the posterior pigmented 
epithelium and frequently separate to become free-floating spheres 
within the anterior chamber. (Courtesy of Robert Peiffer.)
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et  al., 1985; Samuelson et  al., 1987) may result from early 
abnormalities in the lens placode/epithelium, and they may 
involve the lens nucleus, cortex, or both. In the Miniature 
Schnauzer, these lesions are recessively inherited, typically 
bilateral, and initially involve the posterior subcapsular 
region with rapid progression (Gelatt et  al., 1983; Zhang 
et al., 1991).

Congenital Glaucoma

Malformations of the iridocorneal angle (i.e., goniodysgen
esis) have been described in several breeds, including the 
Basset Hound (Martin & Wyman, 1968; Wyman & Ketring, 
1976) and the Bouvier des Flandres (van Rensburg et  al., 
1992). The iridocorneal angles of affected animals are 

malformed at birth, but the IOP often remains normal until 
middle age. Thus, the relationship between angle conforma
tion and glaucoma is unclear. In English Springer Spaniels, a 
correlation was observed between pectinate ligament dys
plasia and glaucoma (Bjerkas et al., 2002). Although pecti
nate ligament dysplasia is a congenital malformation, it may 
appear to clinically progress over time, as assessed by 
sequential gonioscopic evaluations in Flat‐Coated Retrievers 
(Pearl et al., 2015).

Goniodysgenesis is characterized by abnormal tissue bridg
ing the ciliary cleft. During normal development, this sheet 
undergoes rarefaction to form the pectinate ligament during 
the first three postnatal weeks (Martin, 1974; Samuelson & 
Gelatt, 1984a). Failure of this membrane to undergo normal 
atrophy is thought to result in goniodysgenesis. Congenital 

A

C

B

Figure 1.35 Spectrum of ocular lesions seen in Rocky Mountain horses. A. A large translucent cyst arising from the lateral part of the 
ciliary body extends into the vitreous cavity and occupies part of the temporal pupillary axis of the right eye. B. Retinal dysplasia is 
characterized by numerous pigmented folds located in the superior peripapillary neurosensory retina. C. Multiple, well-delineated, darkly 
pigmented curvilinear streaks of retinal pigment epithelium are present in the peripheral right tapetal fundus. These streaks originate 
and terminate at the ora ciliaris retinae and extend toward the optic papilla. They represent demarcation lines from previous retinal 
detachments and are referred to clinically as “high-water markers.” (Reprinted with permission from Ramsey, D.T., Ewart, S.L., Render, J.A., 
et al. (1999) Congenital ocular abnormalities of Rocky Mountain horses. Veterinary Ophthalmology, 2, 47–59.)
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glaucoma associated with presumed primary iridoschisis 
(i.e., degeneration of the anterior iris) has been described in 
a cat (Brown et al., 1994).

Persistent Hyperplastic Primary Vitreous/
Persistent Hyperplastic Tunica Vasculosa Lentis

Variable persistence of the hyaloid occurs in association 
with many other types of malformations, including micro
phthalmia, microphakia, cataract, and retinal dysplasia 
(Fig. 1.36; Bayon et al., 2001; Boeve et al., 1992). Persistent 
hyperplastic primary vitreous/persistent hyperplastic tunica 
vasculosa lentis (PHPV/PHTVL) may occur secondary to 
other malformations or as a primary, spontaneous failure of 
vascular regression. This condition has been described as an 
inherited trait in the Doberman (Stades, 1980; van der Linde‐
Sipman et  al., 1983) and the Bouvier des Flandres (van 
Rensburg et al., 1992), and has been identified in two cats 
(Allgoewer & Pfefferkorn, 2001). In the Doberman, the 
genetics appear to be something more than simple recessive 
(Stades, 1983).

The mechanism involved is failure of normal vascular 
regression and hyperplasia of the persistent tissue. Normal 
vitreous may have antiangiogenic properties, and it may be 
essential for initiating regression of the hyaloid. Expression 
of the Arf tumor suppressor gene in perivascular cells may 
repress VEGF expression, thus promoting hyaloid regression 
in mice (Martin et al. 2004). Thus, the primary abnormality 
in PHPV/PHTVL may rest with the product of the ciliary 
epithelium (i.e., secondary vitreous).

Retinal Dysplasia

Abnormal retinal differentiation results in rosettes and 
multifocal disorganization known as retinal dysplasia. 
Retinal folds without rosette formation may result from 
inequity in the relative growth rates of the inner (i.e., reti
nal) and outer (i.e., RPE) layers of the optic cup (Fig. 1.37 
and Fig. 1.38). This is a particularly likely pathogenesis in 
cases in which the folds resolve as the animal matures; 
this is seen most commonly among Collies. These folds do 
not represent abnormal differentiation and thus are not 

Figure 1.36 Persistent hyperplastic primary vitreous in a puppy 
associated with a posterior subcapsular cataract. This eye is also 
microphthalmic.

Figure 1.37 Fundus photograph of retinal folds in a young 
American Cocker Spaniel. These appear as single or multiple 
white curvilinear streaks. Elevation of a retinal vessel crossing a 
fold (arrow) can be seen.

Figure 1.38 Histologic appearance of retinal folds. Note the 
normal stratification of the retinal layers and the mechanical 
distortion caused by disparate growth of the neural retina (inner 
optic cup) and the underlying RPE (outer optic cup). (Courtesy of 
Robert Peiffer.)
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accurately referred to as dysplasia. Simple folding in the 
retina has been described in the American Cocker Spaniel 
(MacMillan & Lipton, 1978) and the Beagle (Heywood & 
Wells, 1970; Schiavo & Field, 1974). The genetic relation
ship between simple folds and true retinal dysplasia is 
undetermined.

True retinal dysplasia is characterized by disorganized 
development, the hallmark of which is the rosette. 
Abnormal or incomplete contact between the inner and 
outer layers of the optic cup during embryogenesis can 
result in dysplasia, with the most severe form associated 
with complete retinal nonattachment. This usually occurs 
in eyes that are microphthalmic with multiple ocular 
anomalies (e.g., Bedlington terrier, Rubin, 1963, 1968; 
Sealyham terrier, Ashton et  al., 1968; and American Pit 
Bull terrier, Rodarte‐Almeida et al., 2016). In the Labrador 
Retriever, retinal dysplasia genetically associated with 
skeletal anomalies is inherited as an autosomal dominant 
trait (Barnett et  al., 1970; Carrig et  al., 1988; Nelson & 
Macmillan, 1983). A similar form of inherited skeletal‐
ocular dysplasia is seen in the Samoyed dog (Aroch et al., 
1996; Meyers et al., 1983).

Multifocal retinal rosettes in a retina that is partially 
attached to the underlying RPE represent the most common 
form of retinal dysplasia (Fig. 1.39 and Fig. 1.40). This condi
tion has been described extensively in the English Springer 
Spaniel (Lavach et al., 1978; O’Toole et al., 1983). Retinal 
dysplasia occurs sporadically in other breeds (Bedford, 
1982b) and species (Murphy et  al., 1985). Multifocal, 
“geographic” retinal dysplasia most likely represents a 

later initiation of retinal disorganization. The dysplastic 
changes are first apparent at 45–50 days of gestation. Focal 
loss of cell junctions of the external limiting membrane is 
seen, with proliferation of neuroblasts in the retina forming 
rosettes (Whiteley, 1991). Retinal differentiation and mat
uration in the dog continue during the first 40 days post
natal. In  addition, maturation of the tapetum during the 
first 6 months results in an inconsistent ability to detect mild 
forms of retinal dysplasia in puppies less than 10 weeks of 
age (Holle et al., 1999).

An unusual form of RPE dysplasia with duplication of 
neural retina in the outer layer of the optic cup has been 
described in several mutant mouse strains (Bumsted & 
Barnstable, 2000; Cook et al., 1991b). Large colobomas of the 
choroid and sclera in the areas adjacent to the dysplastic 
RPE illustrate the importance of this layer in coordinating 
differentiation of the neural crest.

Viral‐induced “retinal dysplasia” has been associated with 
early postnatal exposure to canine herpesvirus and prenatal 
exposure to bovine viral diarrhea virus (Bistner et al., 1970; 
Brown et al., 1975; Kahrs et al., 1970), bluetongue virus in 
lambs (Silverstein & Al, 1971), and feline panleukopenia 
virus (Percy et al., 1975). Histopathologically, affected reti
nas are characterized by early inflammatory cell infiltrate 
and, later, by necrosis, gliosis, and diffuse disorganization of 
cell layers. Similar postnatal retinal disorganization can be 
induced in the dog by radiation exposure (Shively et  al., 
1970, 1972). These conditions are more accurately classified 
as teratogen‐induced necrosis and degeneration rather than 
as dysplasia.

Optic Nerve Hypoplasia

Though difficult to document experimentally, optic nerve 
hypoplasia most likely results from a primary abnormality in 
the number or ultimate differentiation of the retinal gan
glion cells (Fig. 1.41). Hypovitaminosis A in cattle can result 

Figure 1.39 Geographic retinal dysplasia in an English Springer 
Spaniel. The retina is detached and lies just posterior to the lens; 
there are many folds visible.

Figure 1.40 Histologic appearance of geographic retinal 
dysplasia. The retina exhibits disorganization and classic rosette 
formation. Note also the hypoplastic choroid. (Courtesy of Robert 
Peiffer.)
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in stenosis of the optic foramen with secondary optic nerve 
degeneration, incorrectly labeled hypoplasia. Colobomas of 
the optic nerve result from failure of the optic fissure to 
close, as described for “typical” colobomas. Myelination of 
the optic nerve progresses from the brain to the eye during 
the first 3 weeks postnatal (Fox, 1963). Reduction in the 
amount of myelinization leads to a small optic disc that can 
mimic hypoplasia but is unassociated with vision deficits 
(termed micropapilla).

Eyelid Coloboma

The eyelids and palpebral fissure are initially induced at the 
time of contact of the optic vesicle with the surface ecto
derm. This is also the time of induction of the lens placode. 
Eyelid agenesis (coloboma) occurs in domestic cats, often 
with concurrent persistent pupillary membranes, keratolen
ticular dysgenesis, and subtle to severe microphthalmia 
(Fig.  1.42; Glaze, 2005; Koch, 1979; Martin et  al., 1997; 
Narfstrom, 1999). Eyelid colobomas occur less commonly in 
dogs (Fig. 1.43) and a case of upper eyelid agenesis has also 
been described in a Peregrine Falcon (Aguirre et al., 1972; 
Murphy et  al., 1985) and in two sibling snow leopards 
(Hamoudi et  al., 2013). The snow leopards also exhibited 
microphthalmia, typical anterior segment dysgenesis, and 
persistent hyaloid.

The receptivity of the surface ectoderm to the inductive 
influences of the optic vesicle is highly spatiotemporally 

specific. The fairly consistent location of the defect in 
the temporal upper eyelid leads to suspicion of an 
abnormal orientation of the optic vesicle as it approaches 
the surface ectoderm, possibly eccentrically contacting 
the surface ectoderm in an area that is only partially 
receptive.

Figure 1.41 Optic nerve hypoplasia in an 8-week-old Alsatian 
puppy. This was a unilateral lesion and the pup presented with 
anisocoria. (Courtesy of Robert Peiffer.)

Figure 1.42 Eyelid coloboma in a kitten. The eyelid margin is 
absent from the temporal two-thirds of the upper lid. There is 
keratitis due to exposure and trichiasis. The eye also exhibits 
microphthalmia, dyscoria, and persistent pupillary membranes.

Figure 1.43 A Cavalier King Charles Spaniel with bilateral lower 
eyelid colobomas and dermoids. Note the notch defects in the 
central portion of the lower lids and the abnormal hair growth 
adjacent to the defects.
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Introduction

A thorough understanding of normal ophthalmic anatomy 
is an integral part of the foundational knowledge of a 
 veterinary ophthalmologist. It is important to be able to 
 differentiate normal anatomic structures from abnormal 
structures during ophthalmic examinations, histopathologic 
examinations, or during surgical procedures. The veteri-
nary ophthalmologist examines eyes from a wide variety of 
animal species. During vertebrate evolution, the eye has 
largely retained the same basic components, but important 
and clinically relevant differences do exist. This chapter 
will primarily present the normal ophthalmic anatomy of 
dogs, cats, horses, livestock species, and birds. The anat-
omy of selected exotic species is covered in Section IV, but 
there is also a tremendous amount of literature elsewhere 
for reference.

Orbit

The orbit is the bony fossa that surrounds and protects the 
eye while separating it from the cranial cavity. Through 
numerous foramina, the orbit also provides pathways for 
various blood vessels and nerves involved in the function of 
the eye. The size, shape, and position of the orbit are closely 
associated with time of visual activity and feeding behavior 
(Table 2.1). In domestic carnivores such as the cat and dog, 
the orbital axes are set rostrolaterally, approximately 10° and 
20° from midline, respectively (Prince et  al., 1960). As a 
result, these animals possess enhanced binocular vision, 
which serves to improve predatory feeding behavior. In 
horses and ruminants, the orbits are positioned more later-
ally than carnivores, being approximately 40° (i.e., horses) 
and 50° (i.e., cattle) from midline. Monocular vision in these 
and other ungulate species is enhanced, providing a strong 

panoramic line of vision that allows for scanning the hori-
zon to search for potential predators. In the rabbit, the axis 
of each eye extends as much as 85° from the midline; this 
orbit placement also occurs among the majority of lizards, 
some snakes, and in certain fish. In these latter instances 
where binocular vision has become greatly reduced, there is 
a tendency for the eyes to protrude so that the visual axis of 
the eye can expand what the optic axis of the skull has pro-
vided (Prince et al., 1960).

In addition to size, shape, and position, all vertebrate 
orbits are one of two kinds: the enclosed orbit, which is com-
pletely encompassed by bone; or the open or incomplete 
orbit, which is only partially surrounded by bone (Fig. 2.1, 
Fig.  2.2, and Fig.  2.3). Among domestic animals, horses, 
sheep, cattle, and goats have enclosed orbits. Pigs and carni-
vores (i.e., dogs and cats) have open orbits. The enclosed 
orbit of large herbivorous prey species is theorized to be 
essential for protection, whereas the open orbit gives ani-
mals such as carnivores the ability to open their jaws widely 
during consumption of prey (Prince, 1956).

The bony orbit typically consists of five to seven bones, 
depending on the species (Table  2.2). The canine orbit is 
composed of five, and sometimes six, bones, the supraorbital 
ligament that extends from the frontal to the zygomatic 
bone, and the periosteum (Fig. 2.1). The orbital rim is formed 
by the frontal, lacrimal, and zygomatic bones. Laterally, the 
orbit is formed by the supraorbital ligament which is con-
tiguous with a fibroelastic connective tissue sheath for much 
of the floor of the orbit. The orbital floor is incomplete, being 
partially formed by the sphenoid and palatine bones. In the 
feline orbit, the processes of the frontal and zygomatic bones 
extend a great deal more toward one another, resulting in a 
shortened supraorbital ligament (Fig. 2.1). In animals with 
enclosed orbits, closure of the temporal side of the orbit is 
accomplished by union of the zygomatic process of the fron-
tal bone with the frontal process of the zygomatic bone 
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(see Fig. 2.2 and Fig. 2.3). In the horse, the zygomatic pro-
cess of the temporal bone intervenes between these two 
and completes the orbital rim (see Fig. 2.3).

Within the orbit, various foramina and fissures provide 
osseous pathways for blood vessels and nerves to pass from 
the cranial cavity and alar canal into the orbital region. 
Those foramina of rather constant position in domestic ani-
mals are the rostral alar, ethmoidal, lacrimal, orbital, ovale, 
optic, rotundum, and supraorbital. Other foramina closely 
related to the orbital structures are within the pterygopala-
tine region, and these are the maxillary, caudal palatine, and 
sphenopalatine (Table 2.3). The orbital foramen is elongated 
in most domestic animals except the horse; therefore, it is 
referred to as the orbital fissure. In cattle, the orbital fissure 
and foramen rotundum are typically fused to form the fora-
men orbitorotundum (see Fig. 2.2).

Orbital Fascia

The orbital fascia consists of a thin, tough connective tissue 
lining that envelops all the structures within the orbit, 
including the bony fossa itself. This fascia consists of three 
anatomic components: the periorbita, Tenon’s capsule or 

fascia bulbi, and the extraocular muscle (EOM) fascial 
sheaths (Fig. 2.4).

The periorbita is a conically shaped, fibrous membrane 
that lines the orbit and encloses the globe, EOMs, blood ves-
sels, and nerves. The apex of the periorbita is located where 
the optic nerve exits the orbit. At this point, it is continuous 
with the dural sheath of the optic nerve. In the orbit, it is 
thin, attaches firmly to the orbital bones, and forms their 
periosteum. In the dog, the periorbita does not always fuse 
with the periosteum of the frontal and the sphenoid bones 
(Constantinescu & McClure, 1990). Instead, the periosteum 
and periorbita often remain distinct and separate in these 
orbital regions. In animals with an incomplete lateral orbital 

Table 2.1 Orbital dimensions.

Dimension
Feline 
(mm)

Canine 
(mm)

Bovine 
(mm)

Equine 
(mm)

Width 24 29  65  62

Height 26 28  64  59

Depth — 49 120  98

Distance 
between orbits

23 36 151 173

BA

Figure 2.1 A. Canine orbit. B. Feline orbit. Bones of the orbit: frontal (F), lacrimal (L), maxilla (M), sphenoid (S), temporal (T), zygomatic 
(Z). Orbital foramina: rostral alar (A), ethmoidal (E), optic (Op), orbital fissure (Or).

Figure 2.2 Bovine orbit. Bones of the orbit: frontal (F), lacrimal 
(L), sphenoid (S), temporal (T), zygomatic (Z). Orbital foramina: 
ethmoidal (E), optic (Op), orbitorotundum (Ort), ovale (Ov), 
supraorbital (So).
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wall, the periorbita is thicker laterally next to the orbital liga-
ment. Anteriorly, in the dorsolateral part of the orbit, the 
periorbita separates and surrounds the lacrimal gland. At 
the orbital rim, it divides again, one part becoming continu-
ous with the periosteum of the facial bones and the other, 
that is, the septum orbitale, merging with the eyelids and 
becoming continuous with the tarsal plates (the fibrous 
sheet in the eyelids). Within the periorbital tissue of carni-
vores (dogs and cats), smooth muscle has been observed 
along the lateral wall of the orbit, portions of the roof and 
floor of the orbit, and next to the periosteal lining of orbital 
bones (Brunton, 1938). The smooth muscle is oriented circu-
larly so that when observed in the coronal plane, the muscle 
fibers are seen longitudinally. Contraction of the muscle has 
been produced by stimulation of the cervical sympathetic 
nerve trunk and results in forward movement of the globe. 
Although the function of this fibromuscular tissue remains 

unknown, it may facilitate repositioning the eye within the 
orbit during relaxation of the retractor oculi muscle.

Tenon’s capsule (fascia bulbi) is connective tissue on the 
outer aspect of the sclera. Tenon’s capsule is separated 
from the sclera by a narrow, cleft‐like space filled with 
loose connective tissue, Tenon’s space. Tenon’s capsule is 
attached to the sclera near the corneoscleral junction (i.e., 
limbus), and it becomes continuous with the fascia sur-
rounding the EOMs.

The fascial sheaths of the EOMs are dense, fibrous mem-
branes loosely attached to the muscles with fine trabeculae 
of connective tissue. These sheaths are continuous with, or 
reflections of, Tenon’s capsule, but they are not always 
considered part of it.

In the dog, the muscular fasciae consist of three layers. 
A superficial, thick layer extends caudally from the orbital 
septum and is penetrated by blood vessels and nerves. A 
middle layer consists of superficial and deep sheets that 
anteriorly attach to the outer junction of the sclera and 
cornea. A deep layer next to the surface of the EOMs sepa-
rates the recti muscles from the retractor oculi muscles 
(Constantinescu & McClure, 1990).

Extraocular Muscles and Orbital Fat

The three sheets of orbital fascia are separated by orbital fat. 
Orbital fat fills the dead space in the orbit and acts as a 
protective cushion for the eye. The amount of orbital fat 
varies between individuals and to a greater extent between 
species. The color of orbital fat ranges from white to yellow. 
The yellow coloration is attributed to higher levels of lutein, 
beta‐carotene, retinol, and other unidentified carotenoids 
(Sires et al., 2001). Some animals, including birds and many 
reptiles, have very little orbital fat (Duke‐Elder, 1958). When 
the retractor oculi muscle contracts, orbital fat can displace 
the glandular tissue associated with the nictitating mem-
brane, resulting in its passive movement over the cornea. 
In the dog, orbital fat surrounds the optic nerve and forms a 

Figure 2.3 Equine orbit. Bones of the orbit: frontal (F), lacrimal 
(L), sphenoid (S), temporal (T), zygomatic (Z). Orbital foramina: 
rostral alar (A), ethmoidal (E), optic (Op), orbital fissure (Or), 
supraorbital (So).

Table 2.2 Orbital bones.

Animal Lacrimal Zygomatic Frontal Sphenoid Palatine Maxillary Ethmoid Temporal

Dog X X X X X X

Cat X X X X X X

Horse X X X X X X

Ox X X X X X X

Sheep X X X X X X

Goat X X X X X

Pig X X X X X X

Rabbit X X X X X X

Human X X X X X X X
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cone that separates the optic nerve from the retractor oculi 
muscle (Murphy et al., 2012).

The EOMs suspend the globe in the orbit and provide 
ocular motility. There are four rectus muscles: the dorsal, 
ventral, medial, and lateral recti (Fig.  2.5 and Fig.  2.6). 
They originate from the orbital apex (i.e., annulus of Zinn) 
and insert, in the dog, approximately 5 mm posterior to the 
limbus medially, 6 mm ventrally, 7 mm dorsally, and 9 mm 
laterally (see Fig. 2.5, Fig. 2.6, and Fig. 2.7). They move the 
eye in the direction of their names (Table 2.4). The dorsal 
(superior) oblique originates from the medial orbital apex, 
continuing forward dorsomedially to pass through a troch-
lea located near the medial canthus. It then turns acutely, 
passing dorsolaterally to the globe. It pulls the dorsal aspect 
of the globe medially and ventrally (intorsion). The ventral 
(inferior) oblique originates from the anterolateral margin 
of the palatine bone on the medial orbital wall and passes 

beneath the eye, crossing the ventral rectus tendon. The 
muscle divides as it reaches the lateral rectus, with the 
anterior portion covering the insertion of the lateral rectus 
and the posterior portion inserting beneath the rectus. The 
ventral oblique moves the globe medially and dorsally 
(extorsion) (Prince et al., 1960).

The EOM of birds vary among species. For example, the 
superior oblique in hawks can produce forces greater than 
those of owls allowing for greater globe torsion which cor-
responds with globe shape. Hawks have more globular‐
shaped eyes and keep their heads facing forwards when 
tracking prey in contrast with owls that have tubular eyes 
and utilize head movement to direct field of view (Plochocki 
et al., 2018).

The retractor oculi (retractor bulbi) muscle originates 
at the orbital apex and continues forward to form a cone 
surrounding the optic nerve and inserting posterior and 
deep to the recti muscles (see Fig. 2.5, Fig. 2.6, and Fig. 2.7). 
The retractor oculi muscle retracts the globe into the orbit. 

Table 2.3 Foramina and associated nerves and vessels.

Foramen or fissure Species Associated nerves and vessels

Alar, rostral Canine, equine, feline Maxillary artery and nerve

Ethmoidal (one or more) All species Ethmoidal vessels and nerve

Orbital Canine, equine, feline Abducens, oculomotor, ophthalmic, and trochlear nerves

Orbitorotundum Bovine Cranial nerves III–IV, retinal, and internal maxillary arteries

Optic All species Optic nerve, internal ophthalmic artery

Rotundum Canine, equine, feline Maxillary nerve

Supraorbital Bovine, canine, equine (feline variable) Supraorbital vessels and nerve

Caudal palatine All species Major palatine vessels and nerve

Maxillary All species Infraorbital vessels and nerve

Sphenopalatine All species Sphenopalatine vessels and pterygopalatine nerve

Ventral
oblique

Dorsal
oblique

Dorsal
rectusMedial

rectus

Lateral
rectus

Ventral
rectus

Retractor
bulbi

attachments

Annulus
of Zinn

Trochlea

Figure 2.5 Arrangement of the orbital muscles of domestic 
animals.

Orbital
septum

Cornea

Periorbita

Muscle
fascia

Tenon’s
capsule

Figure 2.4 Divisions of orbital fascia.
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Figure 2.6 Superior lateral view of the canine extraocular musculature. A. Lateral rectus muscle (LR), medial rectus muscle (MR), 
superior rectus muscle (SR). B. Same view as seen in A but with the superior rectus muscle retracted. RO, retractor oculi muscle. 
C. Posterior view of the equine extraocular musculature. RO, retractor oculi muscle; ON, optic nerve.

Levator palpebrae
muscle

Dorsal oblique muscle

Medial rectus muscle

Ventral rectus muscle

Lateral rectus muscle

Retractor bulbi muscle Orbital fissure

Anastomotic artery

Orbital vein

Ophthalmic branch
of cranial nerve V

Abducens nerve

Trachlear nerve

Oculomotor nerve

Ophthalmic
artery vein

Dorsal rectus muscle

Optic nerve

Optic foramen

Figure 2.7 Orbital apex of the dog, illustrating structures passing through the optic foramen and orbital fissure as well as the 
extraocular muscle attachments. (Source: Modified from Evans, H. & Christensen, G. (1979) Miller’s Anatomy of the Dog. , 2nd ed. 
Philadelphia, PA: W.B. Saunders. Reproduced with permission of Elsevier.)
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The retractor oculi muscle is ubiquitous among mammals, 
but it is absent in various nonmammalian groups, including 
birds and snakes. The dorsal, ventral, and medial recti as 
well as the ventral oblique muscles are innervated by the 
oculomotor nerve (cranial nerve [CN] III), whereas the lat-
eral rectus and retractor oculi muscles are innervated by the 
abducens nerve (CN VI), and the dorsal oblique muscle is 
innervated by the trochlear nerve (CN IV) (see Table 2.4).

Eyelids

The eyelids, or palpebrae, are thin folds of skin continuous 
with the facial skin. The upper (superior) and lower (infe-
rior) eyelids meet to form the lateral and medial canthi (sin-
gular canthus). The opening formed by the upper and lower 
eyelids is the palpebral fissure. This fissure is prevented from 
assuming a circular shape by the medial (nasal) and lateral 
(temporal) palpebral ligaments that attach each canthus to 
the orbital wall. The medial ligament inserts into the perios-
teum of the nasal bones, whereas the lateral ligament inserts 
into the temporal fascia and bones associated with the lateral 
orbit. In the dog, the lateral ligament is essentially replaced 
by the retractor anguli oculi muscle and its tendon. Closure 
of the eyelids is achieved by contraction of the orbicularis 
oculi muscle located deep in the eyelids. Opening the eyelids 
is accomplished by relaxation of the orbicularis oculi muscle 
and contraction of the levator palpebrae superioris muscle, 
which inserts into the upper tarsus.

In the dog the upper eyelid has two to four rows of eyelashes 
(i.e., cilia) that usually begin near the medial quarter or third 

and either extend across to the lateral canthus or end shortly 
before the canthus (Fig. 2.8). The lower eyelid has no cilia and 
has a hairless region approximately 2 mm wide adjacent to the 
eyelid margin extending the length of the lower eyelid and 
around the lateral canthus. The medial canthus, unlike the 
lateral canthus, has variable amounts of facial hair.

In the cat neither lid has cilia, but the leading row of hair 
from the medial third laterally on the upper eyelid is distinct 
enough in most cats to be considered cilia (accessory cilia or 
eyelashes).

In the horse a protuberance of variable size and pigmenta-
tion (i.e., the lacrimal caruncle) is present at the medial can-
thus (Fig. 2.9). The lateral canthus is more rounded than that 
of the dog, and small amounts of bulbar conjunctiva and 
sclera are visible both medially and laterally. The exposed 
lateral conjunctiva is often pigmented. The cilia are well 
developed on the upper eyelid but absent on the lower eye-
lid. The cilia begin near the junction of the medial third and 
the middle third of the eyelid, and they extend almost to the 
lateral canthus. The facial hair is sparse adjacent to the lower 
eyelid margins at both the medial and lateral canthi and 
often at the medial upper eyelid. Horizontal folds are present 
in both the upper and lower eyelids. Vibrissae (long, special-
ized tactile hairs) are present on the base of the lower eyelid 
and on the medial aspect of the upper eyelid.

The eyelids protect the eyes from light, produce part of the 
tear film, spread the tear film across the cornea, and remove 
debris from the cornea and conjunctival surfaces. Through 
closure in a ‘zipper‐like’ fashion from lateral to medial, the 
eyelids also direct the preocular tear film into the nasolacri-
mal drainage system.

Histologically, the eyelids consist of four parts: the outer-
most layer contiguous with adjacent skin, the subjacent 
orbicularis oculi muscle layer, followed internally by a tarsus 
and stromal layer, and the innermost layer, the palpebral 
conjunctiva (Fig. 2.10).

Table 2.4 Muscles of the eye and eyelids.

Muscle Function Nerve supply

Dorsal (superior) 
rectus

Rotates globe upward Oculomotor

Ventral (inferior) 
rectus

Rotates globe downward Oculomotor

Medial rectus Rotates globe medially Oculomotor

Lateral rectus Rotates globe laterally Abducens

Dorsal (superior) 
oblique

Rotates dorsal part of globe 
medially and ventrally

Trochlear

Ventral (inferior) 
oblique

Rotates ventral part of 
globe medially and dorsally

Oculomotor

Retractor oculi 
(bulbi)

Retracts globe Abducens

Levator palpebrae 
superioris

Raises upper eyelid Oculomotor

Orbicularis oculi Closes palpebral fissure Facial

Retractor anguli 
oculi

Lengthens lateral palpebral 
fissure

Facial

Figure 2.8 Canine eye: medial canthus (A), lateral canthus (B), 
cilia (C), nictitating membrane (D), ciliary zone of iris (E), pupillary 
zone of iris (F), collarette (G). Insert: Arrows indicate meibomian 
gland openings.
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The outer layer of the eyelid is skin covered by a dense 
coat of hairs with associated sebaceous and tubular glands. 
In dogs and cats, the hair follicles might be compound. 
Tactile hairs (pili supraorbitales), similar to the eyebrows of 
humans, may be present on or near the upper eyelids. 
Bundles of smooth muscle fibers, arrectores ciliorum, extend 
from the follicles of the eyelashes toward the tarsus. These 
muscle bundles are absent in carnivores and humans, but 
they are common in ruminants (Prince, 1956). The roots of 
the large cilia are in close association with prominent seba-
ceous glands (glands of Zeis) and modified apocrine sweat 
glands (glands of Moll, ciliary glands). The epithelium near 
the terminus of the gland consists of an outer myoepithelial 
layer and an inner layer of flattened glandular cells. The 
structure and location of the glands of Moll are similar in all 
domestic species (Adam et al., 1970). In primates, including 
humans, these glands contain a variety of antimicrobial pro-
teins (Stoeckelhuber et al., 2004). These apocrine glands may 
provide host defense at the margin of the eyelids and possi-
bly in the tears.

Deep to the eyelid skin, there is dense collagenous stroma 
and bundles of striated muscle fibers that comprise the 
orbicularis oculi muscle. The orbicularis oculi muscle is 
arranged in parallel rows that extend nearly the full length of 
each eyelid. In humans, nearly 90% of the orbicularis oculi 
muscle fibers consist of the fast type (Hwang et al., 2011).

In the upper eyelid, the levator palpebrae superioris mus-
cle, which originates from the orbital apex, fans out along 
the dorsal half of the midstroma. The muscle extends toward 
the inner connective tissue boundary of the orbicularis oculi 
muscle ending in individual small tendons. The eyelid mus-
cles are separated from the posterior epithelial lining of the 
eyelids (i.e., the palpebral conjunctiva) by a narrow layer of 
dense connective tissue. This tissue is well developed in 
humans and is referred to as the cartilaginous tarsal plate; in 
most veterinary species, it is less developed (fibrous tissue) 
and referred to as the tarsus.

The meibomian (tarsal) glands (see Fig. 2.8 and Fig. 2.10) 
are located in the distal portion of the tarsus near the eyelid 
margins and contribute to the outer, oily component of the 
preocular tear film. There are typically 20–40 glands pre-
sent in each eyelid in the dog (Pollock, 1979), and they are 
usually more developed in the upper eyelid, especially in 
cats. These holocrine, modified sebaceous glands form 
parallel rows of lobules, which have their duct openings on 
the eyelid margins. The meibomian gland ducts are lined by 
a keratinized stratified squamous epithelium (Jester et  al., 
1981). Each gland is made of a number of holocrine acini, 
which are arranged in vertical columns and open into a cen-
tral duct. Individual acini have an associated plexi of nerve 
fibers, which are believed to stimulate their secretion (Chung 
et al., 1996; Seifert & Spitznas, 1996). The nerve fibers, which 
are largely parasympathetic in origin, closely appose the 
basement membrane of each acinus. The eyelids of the 

A B

Figure 2.9 Equine eye. A. Medial canthus (A), lateral canthus (B), cilia (C), nictitating membrane (D), lacrimal caruncle (E), ciliary zone of 
iris (F), pupillary zone of iris (G), granula iridica (H). B. Arrows indicate vibrissae.

Figure 2.10 Photomicrograph of the eyelid of a dog: hair follicle 
(HF), cilia follicle (CF), palpebral conjunctiva (PC), tarsal gland (TG), 
skin (S), orbicularis oculi muscle fibers (O).
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Asian elephant, rock hyrax, and birds are devoid of meibo-
mian glands.

In addition to the meibomian glands, there are accessory 
lacrimal glands associated with the eyelids. In humans 
they are referred to as the glands of Krause and Wolfring. 
The glands of Wolfring are found along the posterior lining 
of the eyelids whereas the glands of Krause are located at 
the conjunctival fornix. In domestic species, these acces-
sory glands are most commonly located in the conjunctiva 
and have been referred to as conjunctival glands. Their 
contribution to the volume of tear film in cats is negligible 
(McLaughlin et al., 1988).

Conjunctiva

The conjunctiva is a mucous membrane that lines the inner 
aspect of the eyelids, the anterior and posterior surfaces of the 
nictitating membrane (NM), and the exposed sclera. The con-
junctiva consists of a thin layer of loose connective tissue 
beneath a simple to stratified squamous epithelium that 
becomes consistently stratified toward the eyelid margin. The 
palpebral conjunctiva lines the inner aspect of the eyelids. As 
the conjunctiva reflects onto the globe, it is called the bulbar 
conjunctiva and becomes continuous with the limbal and cor-
neal epithelium. The conjunctiva on the anterior and poste-
rior surfaces of the nictitating membrane is contiguous with 
the palpebral and bulbar conjunctiva mucosa, respectively. 
The junction between the palpebral and bulbar conjunctiva is 
the conjunctival fornix, and the epithelial lining in this region 
varies according to species, ranging from pseudostratified 
columnar to stratified cuboidal (Goller & Weyrauch, 1993).

Ventrally, an additional fold is formed by reflection of 
the conjunctiva over the NM. The reflections at the con-
junctival fornix and NM form the conjunctival sac. All 
parts of the conjunctiva are continuous, but for descriptive 
purposes, it is divided into the palpebral, bulbar, and for-
nix conjunctiva and further referenced to specific eyelids. 
The distribution of goblet cells in the conjunctiva is het-
erogeneous in the dog (Moore et  al., 1987). The highest 
densities occur along the lower nasal and middle fornix 
and the lower tarsal portion of the palpebral conjunctiva 
(Fig. 2.11). In cats the conjunctival goblet cell density var-
ies widely by region but is highest in the anterior surface 
of the NM and the conjunctival fornices (Sebbag et  al., 
2016). Additionally, in most domestic species, the bulbar 
conjunctiva has been reported to either essentially lack 
goblet cells or has a much lower population of these 
mucus‐forming cells (Bourges‐Abella et al., 2007; Doughty, 
2002; Grahn et al., 2005). At the fornix, the conjunctiva is 
arranged into small folds that contain protruding goblet 
cells and, dorsolaterally, the openings of the lacrimal 
gland’s ducts (Goller & Weyrauch, 1993).

The substantia propria of the conjunctiva is composed of 
two layers: a superficial adenoid layer, which in the dog and cat 
contains a variable presence of lymphatic follicles and glands; 
and a deep, fibrous layer that contains the conjunctival nerves 
and vessels. The arteries of the conjunctiva arise from the ante-
rior ciliary arteries, which are branches of the external oph-
thalmic artery, and from branches of the superior and inferior 
palpebral and malar arteries (Murphy et al., 2012).

The lymphatics of the conjunctiva, called the conjunctiva‐
associated lymphatic tissue (CALT), are arranged in two 
plexuses: a superficial and a deep system. CALT is generally 
diffuse with intermittent nodules or follicles. Often the 
diffuse component of CALT infiltrates and is adjacent to 
tear‐secreting glands, especially those associated with the 
NM. Variations in the size and distribution of nodules occur 
between the upper and lower eyelids and are influenced by 
exposure to various foreign substances including potentially 
infectious microorganisms (Fix & Arp, 1991). Cells such as 
CD8‐positive suppressor/cytotoxic effector cells are gener-
ally more prevalent (Knop & Knop, 2005). CALT of domestic 
and wildlife species can have follicle‐associated conjunctival 
epithelium where goblet cells are characteristically absent, 
being replaced by antigen‐absorptive cells called M (i.e., 
microfold) cells (Samuelson et al., 2011). The ultrastructural 
appearance of these cells is not identical to those described 
in mucosa‐associated lymphoid tissues throughout the body 
(Chodosh et al., 1998). The lymphatic drainage of the con-
junctiva is toward both commissures, where the drainage 
joins the lymphatics of the eyelids. Drainage from the lateral 
commissure is to the parotid lymph nodes, whereas the 
medial regions drain to the mandibular lymph nodes.

The conjunctiva at the fornix is very thin and translucent, 
and it lies loosely on the underlying connective tissue. In the 
domestic carnivore, approximately 3 mm from the limbus, the 
bulbar conjunctiva, Tenon’s capsule, and sclera become closely 
united. The connective tissue is much more abundant in this 
location in the dog than in humans and other species.

Figure 2.11 Palpebral conjunctiva of a porcine eyelid is 
externally lined by a stratified to pseudostratified columnar 
epithelium possessing numerous goblet cells (GC) near the fornix.
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The primary functions of the conjunctiva are to prevent 
desiccation of the cornea, to allow mobility of the eyelids 
and the globe, and to provide a physical and physiological 
barrier against microorganisms and foreign bodies. This lat-
ter role is most important considering that conjunctival sacs 
house considerable microbial flora, including many poten-
tial pathogens (Samuelson et al., 1984a).

Nictitating Membrane

The NM (membrana nictitans, third eyelid, or plica semilu-
naris) protrudes from the medial canthus in the ventrome-
dial anterior orbit (see Fig. 2.8). It contains a cartilaginous, 
T‐shaped plate, the horizontal part of which is parallel with 
the free or leading edge of the membrane (Fig.  2.12). In 
many animal species, the free edge is pigmented. The stroma 
consists of loose to dense connective tissue that supports 
glandular and lymphoid tissue (Fig. 2.13). The distal portion 
of the anterior (i.e., palpebral) and posterior (i.e., bulbar) 
surfaces is usually covered with nonkeratinized stratified 
squamous epithelium. The NM possesses a prominent 
accessory lacrimal gland often referred to as the NM gland 
(nictitans gland) or gland of the NM (Murphy et al., 2012). 

In many species, the gland surrounds much of the vertical 
base of the cartilaginous plate. This gland is serous in horses 
and cats, mixed (seromucous) in cattle and dogs, and mostly 
mucous in pigs (Aughey & Frye, 2001; Murphy et al., 2012).

The cartilage of the NM is predominately elastic in horses, 
cats, and pigs and hyaline in ruminants and dogs (Banks, 
1993). The three‐dimensional shape of the cartilage varies 
considerably among domestic species (Schlegel et al., 2001). 
The horizontal portion of the T cartilage appears as a reverse 
S‐shape in the cat, a crescent‐shape in the dog, and a hook‐
shape in the horse.

The Harderian gland (Harder’s gland) when present, is 
usually located posterior to the NM, and appears grossly and 
histologically to be an extension of the NM gland. This glan-
dular tissue in some animals can be considerably larger than 
the NM gland. The anatomical presence of the Harderian 
gland among mammals has been found mostly in rodents 
(mouse, rat, Guinea‐pig, Mongolian gerbil, golden hamster, 
wood mouse, Plains mouse, various squirrel species, chip-
munk, and deer mouse), with only the Mongolian gerbil 
having the nictitans gland as well. Other mammals that 
possess the Harderian gland exclusively include members of 
Insectivora (hedgehog and shrews), species of deer (red deer, 
fallow deer), nine‐banded armadillo, cottontail rabbit, and 

Palpebral surface

B

A

A

B

Bulbar surface
Lymphoid tissue

Cartilage of the
nictitating membrane

Gland of the
nictitating membrane

Figure 2.12 Drawing of a histologic section of the 
mammalian nictitating membrane. (Source: Modified 
from Evans, H. & Christensen, G. (1979) Miller’s 
Anatomy of the Dog, 2nd ed. Philadelphia, PA: W.B. 
Saunders. Reproduced with permission of Elsevier.)
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B

Figure 2.13 A, B. Nictitating membrane of the horse contains both glandular (G) and lymphoid (L) tissues, with the latter being 
superficially located within the stroma next to the bulbar surface (BS). C, cartilage. (Original magnification, 10×.)
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Afghan pika. Besides the Mongolian gerbil, mammals with 
both nictitans and Harderian glands are the pig and rabbit 
(Sakai, 1992).

In mammals, the secretory cells of the Harderian glands 
are columnar and lined by myoepithelium. The adeno-
meres are generally tubular or tubuloalveolar and secrete 
lipid materials in addition to seromucous products. In 
rodents, the lipids are released uniquely in an exocytotic 
(merocrine) manner (Payne, 1994). Most importantly, 
their secretions contain unusual compounds including 
porphyrins and melatonin (Menendez‐Pelaez & Buzzel, 
1992; Spike et al., 1992).

Harderian glands contain autonomically controlled nerves 
and are also under the control of gonadal, thyroid, and pitui-
tary hormones. The functions of this gland remain speculative, 
but they may include immunologic defense, photoprotection, 
provision for thermoregulatory lipids, osmoregulation, repro-
ductive influences, and pheromone production.

In most domestic animals, the movement of the NM is 
indirect, resulting from contraction of the retractor oculi 
muscle, which retracts the globe into the orbital space and 
causes passive elevation of the NM. However, in the domes-
tic cat, the retractor oculi muscle is less well developed, and 
small bundles of smooth muscle have been found in the NM 
that most likely contribute to its more rapid movements. 
Specifically, there are nine strands of smooth muscle fibers 
that extend into the feline’s NM and are believed to be 
involved with its protrusion and retraction (Nuyttens & 
Simoens, 1995). Each strand is discrete, much like the erec-
tor pili muscle associated with hair follicles of skin, but more 
developed. These smooth muscle bundles or strands contrib-
ute to forward movement of the NM, quite possibly in 
response to an endocrine signal (fight or flight). In birds and 
other nonmammalian species that lack a retractor oculi 
muscle, movement of the NM is controlled by the pyramida-
lis and quadratus muscles, attached to the posterior surface 
of the sclera (Duke‐Elder, 1958). The pyramidalis and the 
quadratus muscles are skeletal muscles controlled by the 
oculomotor nucleus that moves the NM anteriorly (Bravo & 
Inzunza, 1985; Maier et al., 1972).

Lacrimal and Nasolacrimal System

An adequate precorneal tear film (PTF) is necessary for opti-
cal integrity, maintenance of the cornea, and normal ocular 
function. The PTF serves several functions, including the 
following

1) maintenance of an optically uniform corneal surface
2) removal of foreign material and debris from the cornea 

and conjunctival sac
3) delivery of an oxygen source to the avascular cornea, and
4) provision of antimicrobial substances.

The PTF is trilaminar, although all three layers are intri-
cately mingled. The outer, thin, oily layer is produced by the 
meibomian glands and sebaceous glands of Zeis. This layer 
reduces evaporation of the underlying aqueous layer and 
forms a barrier along the lid margins that prevents tear 
overflow.

The middle layer is the aqueous layer and is secreted by 
the orbital lacrimal gland (61.7%), the accessory glands 
(3.1%), and the gland of the NM (35.2%) (Gelatt et al., 1975). 
This layer delivers oxygen and other nutrients to the avascu-
lar cornea and provides a volume of fluid to ‘flush’ the ocular 
surface and remove debris.

The innermost layer is the mucin layer and is produced 
predominately by the conjunctival goblet cells. The glycoca-
lyx, produced by the corneal epithelial cells, also contributes 
to the mucin layer. The mucin produced by lacrimal and lac-
rimal‐accessory glands that have mucus‐secreting cells, con-
tributes to the mucin layer as well. The mucin is adsorbed to 
the corneal epithelial surface and is distributed evenly dur-
ing normal blinking. This layer provides a hydrophilic sur-
face over which the aqueous tear fluid spreads evenly and 
lubricates the corneal and conjunctival surfaces.

Excess lacrimal fluid collects by gravity in the lower con-
junctival sac and is mechanically ‘pumped’ through the 
upper and lower lacrimal puncta located approximately 
1–2 mm inside the margin of the medial eyelid. Each punc-
tum is surrounded by smooth muscle that works in coordi-
nation with eyelid blinking to remove excess lacrimal fluid 
and prevent its backflow. The puncta continue as the upper 
and lower canaliculi, which pass slightly vertically away 
from the eyelid margins and turn toward the medial can-
thus, pass through the periorbita, and meet at a dilation, the 
lacrimal sac, located in the lacrimal fossa of the lacrimal 
bone (Fig. 2.14). This sac empties into the nasolacrimal duct, 
which passes through a short, bony canal and opens into the 
nasal cavity, where it continues as a duct until it reaches an 
opening at the floor of the nostril approximately 1 cm from 
the end of the nares. Approximately 40% of dogs have an 

Lacrimal
ducts

Lacrimal
sac

Canaliculi

Lacrimal puncta

Lacrimal gland

Nasolacrimal
duct

Figure 2.14 The nasolacrimal system.
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accessory opening in the canal as it passes by the root of the 
upper canine tooth (Michel, 1955). For a comprehensive 
review of the nasolacrimal system anatomy and disorders, 
the reader is referred to Ali et al. (2019).

The lacrimal gland is a diamond‐shaped structure in the 
dorsolateral aspect of the orbit underneath the orbital liga-
ment (Park et al., 2016). The mean length, width, thickness, 
and weight of the lacrimal gland in three different breeds of 
dogs were ~17 ± 0.7 mm, ~13 ± 0.4 mm, ~3 ± 0.1 mm, and 
~316 ± 21 mg, respectively (Park et  al., 2016). Fifteen to 20 
small ductules drain into the superior conjunctival fornix. 
Histologically, the gland is a tubuloalveolar type. The lacri-
mal gland produces the majority of the aqueous portion of 
the preocular tear film. In rats and rabbits, mucous compo-
nents are also secreted from the lacrimal gland (Ding et al., 
2011; Draper et  al., 1998). The innervation to the lacrimal 
gland is not fully understood, but the lacrimal branch of CN 
V, sympathetic, and parasympathetic nerves are all involved 
in its function. Clinically, certain cholinergic drugs (e.g., 
pilocarpine) stimulate tear secretion, whereas other drugs 
(i.e., anticholinergics) decrease tear secretion.

Globe

Components

The globe is composed of three basic layers or coats (Fig. 2.15). 
The outer layer is the fibrous tunic which is further divided 
into the cornea and sclera. The fibrous tunic provides shape to 
the eye. In addition, the anterior portion of the fibrous tunic 
(i.e., the cornea) is transparent, thus enabling light to pass 
through, and is shaped in a manner that makes it a powerful 
lens that refracts light rays centrally, toward the visual axis of 
the eye. The middle layer is the vascular tunic, called the uvea 
(meaning “grape”). The uvea is further divided into the iris, 
ciliary body, and choroid and is heavily pigmented and vascu-
larized. It functions to restrict the amount of light entering the 
eye and to provide nourishment and remove waste products. 
The innermost layer is the nervous tunic, which consists of 

the retina and optic nerve. The three tunics embrace the large, 
inner, transparent media of the eye: the aqueous humor, lens, 
and vitreous humor, which collectively function to transmit 
and refract light to the retina and provide an internal pressure 
that keeps the globe firmly distended.

Size, Shape, and Topography

The eyes in domestic animals are quite variable in size, but 
their shapes are comparatively uniform, being spherical in 
most instances, in which the three axes of the globe (anter-
oposterior, horizontal or transverse, and vertical) are nearly 
identical in dimensions (see Table 2.5 and Table 2.6). Some 
of the larger ungulates, including the cow and horse, possess 
globes that are relatively flattened in the anteroposterior axis 
(Fig. 2.16). The geometric axis of the eye is positioned from 
the center of the cornea (i.e., anterior pole) to the posterior 
center of the sclera (i.e., posterior pole). Two principal 
planes, the equatorial and meridional, are traditionally used 
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Figure 2.15 The three tunics that comprise the mammalian 
globe. Outermost fibrous tunic (light and dark purple), consisting 
of the cornea and sclera; the middle tunic called the uvea (light 
orange), consisting of the iris, ciliary body and choroid; and the 
nervous tunic (dark orange) consisting of the retina and optic 
nerve.

Table 2.5 External globe dimensions.

Animal
Meridional A–P axis 
of the eye, A (mm)

Equatorial 
axis, V (mm)

Horizontal, 
T (mm) Ratio of A/V/T Ratio of V/T

Horse 43.68 47.63 48.45 1:1.09:1.10 1:1.10

Cow 35.34 40.82 41.90 1:1.15:1.18 1:1.02

Sheep 26.85 30.02 30.86 1:1.11:1.15 1:1.02

Pig 24.60 26.53 26.23 1:1.08:1.06 1:0.99

Dog 21.73 21.34 21.17 1:0.98:0.97 1:0.99

Cat 21.30 20.60 20.55 1:0.97:0.96 1:0.99

Source: Translated from Bayer, J. (1914) Angenheilkunde. Vienna: Braumueller.
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in references to the three axes (Fig.  2.17). The equatorial 
plane bisects the anterior and posterior poles and is perpen-
dicular to the meridional plane. Any plane that runs parallel 
to the equatorial plane is called the frontal, coronal, radial, 
or transverse plane. The meridional plane moves along the 
anteroposterior axis of the eye, vertically dividing it into 
medial and lateral halves, even though meridional planes 
can be horizontal or oblique. Planes that run parallel to the 
meridional plane are described as sagittal planes.

The optic nerve in most domestic animals lies inferior and 
lateral to the posterior pole. Surrounding the optic nerve are 
many ciliary nerves and short posterior ciliary arteries. In nor-
mal dogs, the mean number of short posterior ciliary arteries is 
12 (~7 dorsally and ~5 ventrally) (Frick & Dubielzig, 2016). The 
posterior ciliary nerves pursue a long intrascleral course (up to 
12 mm) before entering the suprachoroidal space to reach the 
iris, ciliary body, and limbus. In the dog, the long posterior 
ciliary arteries enter the sclera approximately 3–5 mm from the 
optic nerve in the horizontal meridian (Fig. 2.18). In the cat, 
these arteries can enter the sclera immediately adjacent to the 
optic nerve. These vessels are visible on the nasal and temporal 
sides of the eye within the sclera at least as far as the equator 
before entering the choroidal space. At this point, each artery 
accompanies the long ciliary nerve to the iris and ciliary body. 
Recurrent vascular branches enter the choroid, but the main 
vessel trunk continues to be the major supply to the iris. A vari-
able number of vortex veins (usually four) emerge from the 
sclera posterior to the equator; typically, two vortex veins are 
present dorsally and two ventrally.

Several topographic features help establish the proper 
anatomic positions of an enucleated globe. For example, 

Table 2.6 Globe dimensions.

Animal
Axial globe 
length (mm)

Anterior chamber 
depth (mm)

Axial lens 
thickness (mm)

Vitreous chamber 
depth (mm) Reference

Horse 39.23 ± 1.26
40.4 ± 1.8

5.63 ± 0.86
6.8 ± 0.5

11.75 ± 0.80
11.7 ± 0.6

 
21.8 ± 1.3

McMullen & Gilger, 2006
Mouney et al., 2012

Dog 20 ± 1.6 3.8 ± 0.1 6.7 ± 1.0 Williams, 2004

Cat 19.75 ± 1.59
20.91 ± 0.53

4.66 ± 0.86
5.07 ± 0.36

 
7.77 ± 0.23

7.92 ± 0.86 Konrade et al., 2012
Gilger et al., 1998

Figure 2.16 Lateral view of an equine globe. Note the marked 
flattening in the anteroposterior axis and the marked ventral exit 
of the optic nerve from the posterior pole.

Meridional
plane

Optic
nerve

Equatorial
plane

Figure 2.17 The equatorial and meridional planes of the eye.

Figure 2.18 Posterior view of a canine globe. LP, long posterior 
ciliary artery; ON, optic nerve.
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observation of the long posterior arteries and the longer 
horizontal dimension of the cornea determines the horizon-
tal meridian. Location of the ventral exit of the optic nerve 
and the dorsal oblique muscle tendon establish the dors-
oventral aspect of the globe. Remnants of the NM and the 
lateral placement of the optic nerve to the posterior pole 
determine the medial and lateral aspects.

Cornea

The cornea is the transparent, anterior portion of the fibrous 
tunic of the globe. Like the lens, the cornea is normally clear 
and transmits and refracts light (40–42 diopters in dogs). The 
avascular cornea relies on both the aqueous humor and tear 
film for nourishment and on the eyelids and NM for protec-
tion from the external environment.

The cornea is elliptical in shape, with a horizontal diameter 
greater than the vertical. In the dog and the cat, the difference 
between these diameters is small, thus making their corneas 
appear almost circular (see Fig. 2.8). In most ungulates, this 
difference is much more pronounced, allowing for a remark-
able horizontal field of view (Fig. 2.19) that is further com-
plemented by the lateral positioning of the orbits. The 
combination of the exaggerated corneal dimensions and 
orbital positions in these grazing animals appears to be the 
adaptive result of their feeding behavior, affording them 
greater protection from predators.

Corneal thickness varies between species, breeds, indi-
viduals, and location (i.e., central vs. peripheral cornea). 
In most domestic animals, it is less than 1 mm thick. Table 2.7 
lists the central corneal thickness in dogs, cats, and horses 
using selected noninvasive diagnostic imaging modalities. 

One study using ultrasonic pachymetry in cats found there is 
no significant difference in mean corneal thickness between 
the central and peripheral cornea (Gilger et  al., 1993). 
However, another study using the same modality found that 
the feline cornea is not uniform in thickness; when com-
pared with the axial cornea, the superior nasal area is thin-
ner, and the temporal area is thicker (Schoster et al., 1995). 
In dogs, the superior peripheral and temporal peripheral 
cornea are significantly thicker than the central cornea 
(Gilger et al., 1991).

Corneal thickness is also influenced by age and time of 
day. Corneal thickness increases significantly with age in the 
dog, cat, and horse (Gilger et al., 1991, 1993; Herbig & Eule, 
2015). Additionally, central corneal thickness and intraocu-
lar pressure (IOP) in healthy Beagles are significantly lower 

Figure 2.19 The globe of the cow viewed anteriorly. Note the 
horizontally elongated ellipse of the cornea. A, medial canthus; B, 
lateral canthus; C, cilia; D, nictitating membrane; E, granula iridica.

Table 2.7 Corneal thickness.*

SD-OCT (μm) Scheimpflug (μm) Confocal (μm)
Ultrasound 
pachymetry (μm)

High resolution ultrasound 
biomicroscopy (μm)

Dog 610.56 ± 57.48d

587.72 ± 32.44f

611.2 ± 40.3j

497.54 ± 29.76n

606.83 ± 39.5s

629.73 ± 64.57d

606.83 ± 39.45h
585 ± 79k 560 ± 5.2a

554.95 ± 72.41c

598.54 ± 32.28f

555.49 ± 17.19n

545.6 ± 21.7q

689.77+55.93d

Cat 584.93 ± 39.05e

629.08 ± 47.05g
606.41 ± 44.18e 592 ± 80k 578 ± 64b

546 ± 48r

Horse 812.0 ± 44.1i

800 ± 50l
835m 770.0 ± 7.5o

785.6 ± 2.98p

(Miniature Horse)

* Most data is from the central cornea, but not all papers stated measurement location.
SD‐OCT, spectral‐domain optical coherence tomography.
a Gilger et al., 1991; b Gilger et al., 1993; c Garzon‐Ariza et al., 2017; d Wolfel et al., 2017; e Cleymaet et al., 2016; f Alario & Pirie, 2014b; g Alario & 
Pirie, 2013a; h Alario & Pirie, 2013b; i Pirie et al., 2014; j Alario & Pirie, 2014a; k Kafarnik et al., 2007; l Pinto & Gilger, 2014; m Ledbetter & Scarlett, 
2009; n Strom et al., 2016a; o Ramsey et al., 1999; p Plummer et al., 2003; q Martin‐Suarez et al., 2014; r Schoster et al., 1995; s Alario & Pirie, 2013b
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in the afternoon/evening than in the morning (Garzon‐Ariza 
et al., 2017; Martin‐Suarez et al., 2014).

The cornea is richly supplied with sensory nerves, particu-
larly pain receptors, and this sensitivity provides protection 
to the cornea and helps maintain transparency (Fig. 2.20). 
The cornea is innervated by the long ciliary nerves, which 
are derived from the ophthalmic branch of the trigeminal 
nerve (Mawas, 1951). The epithelial cell layers are richly 
innervated, and these nerve endings are unsheathed among 
the epitheliae. Use of immunohistochemical localization of 
neuropeptides associated with the ciliary ganglion in the dog 
has revealed the presence of a well‐developed pattern of 
epithelial innervation consisting of numerous horizontally 
oriented leash formations at the level of the epithelial basal 
cells (Marfurt et al., 2001). These formations comprise anas-
tomotic networks of variously sized nerve fascicles that 
course circumferentially along the limbus, becoming oblique 
to eventually radial in orientation centrally. By comparison, 

stromal innervations, which exist superficially, consist of 
main bundles that repetitively branch in a dichotomous 
manner to create elaborate axonal arborizations. In general, 
the most superficial layers are primarily innervated with 
pain receptors, whereas more pressure receptors are found 
in the stroma. This explains why a superficial corneal injury 
is often more painful than a deeper wound.

The following anatomic factors contribute to the transpar-
ency of the cornea

1) lack of blood vessels
2) nonkeratinized surface epithelium maintained by a PTF
3) lack of pigmentation
4) relative dehydration (deturgescence), and
5) size and organization of stromal collagen fibrils.

The cornea comprises four (sometimes five) layers. From 
superficial to deep, the layers are the epithelium, Bowman’s 
layer (in some species), stroma, Descemet’s membrane, and 
endothelium (Fig. 2.21).

Corneal Epithelium

The corneal epithelium is a nonkeratinized, stratified squa-
mous epithelium that covers the anterior corneal surface. The 
epithelium is approximately 25–40 μm thick in the domestic 
carnivore and two to four times thicker in the ungulate. In the 
dog, cat, and bird, the anterior epithelium consists of a single 
layer of basal cells that lie on a thin basement membrane; two or 
three layers of polyhedral (i.e., wing) cells and two or three lay-
ers of nonkeratinized squamous cells (Fig. 2.21 and Fig. 2.22). In 
larger animals, the layers of polyhedral and squamous cells are 
more numerous. The cells are arranged to provide orderly 
replacement of the surface cells during desquamation. In nor-
mal Beagles, the superficial epithelial cell diameter is 43.3 ± 6.6 μm 

A

B

C

D

Figure 2.20 Innervation of the limbus and cornea. The long 
ciliary nerve (A) supplies the limbal region, then sends branches 
into the cornea. Nerves also supply the trabecular meshwork (B) 
and the region of the canal of Schlemm (i.e., angular aqueous 
plexus in nonprimates). Note the paucity of nerves in the deep 
cornea (C) and their absence in the region of Descemet’s 
membrane as compared with a multitude of branched endings of 
nerves within the anterior stroma (D) and epithelium. (Source: 
Modified from Hogan, M.J., Alvarado, J.A. & Weddell, J.E. (1971) 
Histology of the Human Eye. Philadelphia, PA: W.B. Saunders. 
Reproduced with permission of Elsevier.)

Figure 2.21 Histologic view of the four layers in the equine 
cornea: anterior epithelium (AE), stroma (S), Descemet’s membrane 
(DM), and endothelium (E). Insert: Basal cells (B), wing cells (W), 
squamous cells (S).
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and the basal cell diameter is 4.4 ± 0.7 μm as examined via in 
vivo confocal microscopy (Strom et. al., 2016b).

The basal cells are tall, columnar cells with a flattened 
base and domed apex. They are crowded together, and as a 
result, the nuclei, which are located in the apical region, are 
often forced into two or alternating layers. Mitosis is con-
fined to the basal cells or those cells immediately superficial 
to the basal cells (i.e., stratum germinativum). Adjacent cell 
surfaces have small infoldings with numerous desmosomal 
attachments (Hogan et  al., 1971; Shively & Epling, 1970). 
Occasional lymphocytes are present in the basal epithelium 
and more superficial layers.

Wing cells are polygonal‐shaped cells superficial to the 
basal cells. Wing cells vary from two or three layers in thick-
ness to several layers, depending on the species and the loca-
tion in the cornea. These layers form a transition zone 
between the columnar basal cells and the more superficial 
squamous cells.

There are several layers of flattened superficial squamous 
cells. The cells appear to be flat and polygonal with straight 
borders on scanning electron microscopy (SEM) (Fig.  2.23 
and Fig. 2.24). Both light and dark cell types can be identi-
fied. The light cells contain more microvillae and micropli-
cae. These numerous projections scatter electrons and, as a 
result, produce a lighter appearance of the cell. The darker 
cells are older and are occasionally seen to be desquamating 

A B

Figure 2.22 Basement membrane (arrows) of the anterior epithelium of the canine cornea viewed light microscopically with the aid of 
PAS stain (A) and ultrastructurally (B). AE, anterior epithelium; HD, hemidesmosomes. (Original magnification, 18,000×.)

Figure 2.23 SEM shows the surface of the anterior epithelium 
of a bovine cornea. The surface cells can be light or dark. Note 
the round bulges, where the nuclei lie within each cell. Note also 
that some cells appear to be desquamating. (Original 
magnification, 400×.)
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(see Fig. 2.23). Cells in the central cornea have more projec-
tions (i.e., microplicae and microvillae) than those in the 
periphery. It has been proposed that the fine microplicae and 
microvillae that considerably expand the cells’ surface area 
enable movement of oxygen, potential nutrients, and vari-
ous metabolic products across the exposed cell membranes 
of the outermost squamous epithelial cells (Collin & Collin, 
2006). However, it is unlikely that the surface expansion 
would facilitate that process significantly among terrestrial 
mammals. More than likely, the microprojections of the 
squamous epithelial cells, which can be sometimes intricate 
in their patterns, allow mucin of the PTF to adhere firmly to 
the anterior epithelium which aids in stabilizing the tear 
film on the corneal surface (Blumcke & Morgenroth, 1976; 
Harding et al., 1974).

The cytoplasm of the superficial cells contains numerous 
tonofilaments and vesicles but generally lacks the mitochon-
dria, rough endoplasmic reticulum, and ribosomes that are 
present in the basal and wing cells. Cytokeratins have been 
demonstrated in the corneal epithelium of several species 
(Nautscher et  al., 2016). Numerous desmosomal attach-
ments are present, and the surface cells have a zonula 
occludentes on their lateral membranes.

The corneal epithelium is thicker at the periphery of the 
cornea than in the center. With the junction of the bulbar 
conjunctiva, however, it abruptly thins, and pigmented cells 

are observed. At the limbus, pigment is scattered in all layers 
except the superficial squamous cells. Nerves enter the 
epithelium and terminate among the wing cells (Fig. 2.25; 
Hogan et al., 1971).

Beneath the epithelium is a basement membrane, which 
stains positively with periodic acid–Schiff (PAS) (see 
Fig. 2.22A). The basal cells are firmly attached to the basal 
lamina of the basement membrane (i.e., anterior limiting 
lamina) by hemidesmosomes, anchoring collagen fibrils, 
and the glycoprotein laminin. Various types of collagen are 
found within the different layers of the cornea (Table 2.8). 
Interestingly, evidence of type IV collagen, which is ubiq-
uitous throughout basement membranes of the body, is 
weak (Nakamura et  al., 1994a, 1994b). Hyaluronan and 
fibronectin also have been associated with corneal epithe-
lial attachment (Nakamura et al.,1994a). Ultrastructurally, 
the basement membrane consists of a 30–55 nm thick osmi-
ophilic layer that is separated from the basal cell plasma 
membrane by a 25 nm wide, electron‐lucent zone (see 
Fig. 2.22B). Hemidesmosomes attach the basal cells to the 
basement membrane, which in turn anchors the epithelium 
to the stroma. The arrangement of hemidesmosomes varies 
among different animals, being linear among mammals and 
amphibians, in rosettes among birds and reptiles, and punc-
tate without arrangement, or completely absent, among fish 
(Buck, 1983). The epithelial cells have strong regenerative 
abilities (basal cell turnover time is approximately 7 days), 
but after removal of the basal lamina, weeks to months may 
be necessary for it to completely reestablish; until the base-
ment membrane is completely reformed, the epithelium 
can be easily removed from the stroma (Gelatt & Samuelson, 
1982; Khodadoust et al., 1968).

Stroma

The corneal stroma (i.e., the substantia propria) consti-
tutes 90% of the corneal thickness. It consists of transpar-
ent lamellae of collagenous tissue, and these lamellae 
lie in sheets and separate easily into planes (Fig. 2.26A). 

Figure 2.24 SEM shows the corneal epithelial surface of a horse. 
Junction of a light cell with two dark cells (arrows) illustrates the 
increased numbers of microplicae and microvillae in the light cell. 
(Original magnification, 3888×.)

Superficial
squamous cells
Wing cells

Basal cells
Basal lamina
Basement
membrane

Anterior stroma

Corneal nerve

Figure 2.25 The corneal epithelium and anterior stroma. 
Nonkeratinized squamous cells (2–3 layers), wing cells (2–3 
layers) basal cells (single layer), basal lamina, and corneal nerves.
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Between the lamella are fixed cells and infrequent wan-
dering cells. The fixed cells are fibrocytes, which are 
called keratocytes, and their extensions contribute to the 
formation and maintenance of the stromal lamellae. The 
keratocytes have thin nuclei, ill‐defined borders, and 
 delicate cell membranes (Fig. 2.26B). Similar to lens fibers, 
these cells possess crystallins, which are believed to facil-
itate tissue transparency (Jester, 2008). Keratocytes can 
transform into myofibroblasts when deep corneal injury 
occurs, and they can form scar tissue that is not transpar-
ent. In normal Beagles the keratocyte density in the ante-
rior and posterior stroma is ~993 ± 134 cells/mm2 and 
~789 ± 87 cells/mm2, respectively. Cell density is signifi-
cantly greater and nuclei size is significantly smaller in 
the anterior stroma in comparison with the posterior 
stroma (Strom et al., 2016b).

The lamellae are parallel bundles of collagen fibrils, with 
each lamella running the entire diameter of the cornea. All 
the collagen fibrils within a lamella are parallel, but between 
lamellae, they vary greatly in direction (Fig. 2.26). The lamel-
lae of the posterior stroma are more regular in arrangement 
than those of the anterior third of the stroma. The anterior 
lamellae are more oblique to the surface, and they have more 
branching and interweaving.

The precise organization of the corneal stroma is the most 
important factor in maintaining corneal clarity, which 
involves the select integration of collagen and amorphous 
ground matrix, consisting of select proteoglycans such as 
lumican, keratocan, osteoglycin, and decorin (Hassell & 
Birk, 2010). The collagen in the human cornea has a perio-
dicity of 100 nm (Dawson et al., 2011). This special arrange-
ment of the collagen in the stroma is believed to permit 99% 

Table 2.8 Location of glycans and collagen types in the cornea.

Location
Types of 
collagen Glycansa References

Anterior epithelium/
basement membrane

IV, VI, and VII Laminin, fibronectin, 
hyaluronans

Nakamura et al., 1994b; Smolek & Klyce, 1993

Bowman’s layer/
anterior stroma

I, III, V, and VI Heparan sulfate Gordon et al., 1994

Stroma I, III, V, VI, 
and XII

Chondroitin 6‐ and 4‐sulfates, 
dermatan sulfate

Cintron & Covington, 1990; Doane et al., 1992; 
Linsenmayer et al., 1993; Nakamura et al., 1994b; 
Takahashi et al., 1993

Descemet’s membrane I, III, IV, V, VI, 
and VIII

Laminin, fibronectin tenascin, 
P component, heparan sulfate

Tamura et al., 1991

a Includes glycoproteins and glycosaminoglycans.

A B

Figure 2.26 A. SEM of corneal stroma in the dog. (Original magnification, 7,400×.) B. TEM of corneal stroma in the horse consists of 
layers or lamellae (L) of collagen, which are sparsely interspersed with keratocytes (K). (Original magnification, 10,000×.)



Section I: Basic Vision Sciences58

SE
C

T
IO

N
 I

of the light entering the cornea to pass without scatter 
(Hogan et al., 1971). The stroma is comprised of at least five 
types of collagen (see Table 2.8). Of these five, collagen type 
I is by far the most prevalent, forming the small, evenly 
sized, striated fibrils. Type VI is associated only with the 
interfibrillar matrix that forms a network around the fibrils. 
Evidence from adult mice suggests that type VI is connected 
with type I through chondroitin/dermatan sulfate glycosa-
minoglycans (GAGs). Type VI, which is associated with the 
fibrils and keratocytes, appears to play a role in cell–matrix 
interactions, which would be especially important during 
development and repair (Doane et al., 1992). In comparison, 
type V is combined or coassembled with type I, and it is 
believed to be responsible for the formation of the small, 
uniform diameter of the striated fibril, which is approxi-
mately 25 nm in most species (Linsenmayer et  al., 1993). 
Types III and XII are both suspected to be developmental 
forms, with type III being the more common; their impor-
tance during wound repair is unknown.

Collagen fibrils, along with the proteoglycans and their 
associated GAGs and glycoproteins, constitute 15%–25% of 
the stroma, and they are the principal support structure of 
the cornea. These collagen fibrils form the matrix for a 
specialized population of proteoglycans within the corneal 
stroma (Borcherding et al., 1978; Hassell & Birk, 2010). The 
cornea is 75%–85% water, and it is relatively dehydrated 
compared with other tissues. This state of dehydration is 
termed deturgescence and is, in part, a function of the 
endothelium and epithelium. These cells move water out of 
the stroma via energy‐dependent Na+/K+ adenosine 
triphosphatase (ATPase) pumps, being most active in the 
endothelium. Other “pumps” for deturgescence might also 
exist, including carbonic anhydrase. These cells pump Na+ 
and HCO3‐ ions outward, into the aqueous humor and tears. 
An osmotic gradient is established, and water flows down 
the gradient from the corneal stroma into the aqueous 
humor. Experimentally, removal of the epithelium produces 
an increase of 200% in corneal thickness after 24 hours 
because of the influx of water. Removal of the endothelium 
produces an increase of 500% or more in thickness as the 
permeability increases sixfold, so the endothelium appears 
to be more important in maintenance of corneal deturges-
cence (Watsky et  al., 1995). Figure  2.27 illustrates the 
primary roles the endothelium plays, both as a pump and as 
a barrier. The barrier component is provided by the tight 
junctions occurring apically along the lateral faces of adjoin-
ing cells next to the anterior chamber. These tight junctions 
are sensitive to calcium exposure, and they break down 
when excess free Ca++ exists in the aqueous humor. The 
Na+/K+ ATPase pump is located along the lateral mem-
branes of neighboring cells (see Fig. 2.27). A breakdown of 
the pump, the barrier, or both will result in rapid movement 
of water into the highly hydrophilic stroma, causing corneal 
edema to develop.

The presence of GAGs in the cornea allows the pumps to 
be effective. Thus, any change in the population of the GAGs, 
any significant damage to the epithelium or endothelium, or 
any pressure exerted on the cornea causes a physical rear-
rangement of the precise collagen organization, which in 
turn results in opacification of the cornea. GAGs in the 
cornea consist of heparan sulfates, hyaluronic acid, under-
sulfated chondroitin sulfates, chondroitin 6‐sulfate, chon-
droitin 4‐sulfate, keratan sulfates, and dermatan sulfates 
(see Table 2.8). The most abundant of these is keratan sul-
fate, followed by dermatan sulfate (Cintron & Covington, 
1990). Nearly all keratan sulfates are derived from stromal 
fibroblasts (i.e., keratocytes), whereas heparan sulfates are 
largely derived from the corneal epithelium, particularly as 
individuals mature. Hyaluronic acids, however, are formed 
to a fair degree by the corneal endothelium. Each corneal 
cell type contributes its own specific array of distinct GAG 
classes as well as other glycoconjugates to the extracellular 
matrix of the cornea. Corneal keratan sulfate, which differs 
from that in cartilage by length, branching, and cross‐link-
age within the polymer, will absorb two to three times more 
water than chondroitin sulfates, but the latter will retain 
water eight to nine times more effectively than keratan sul-
fate. Because of the different water‐binding ability of GAGs, 
keratan sulfate is concentrated within the posterior bovine 
cornea, where it facilitates movement of water from the 
aqueous humor into the cornea (Castoro et  al., 1988). 
Dermatan sulfate is concentrated within the anterior stroma. 

Pump

Barrier

Gap junction

Tight junctionExtracellular
pathway

CA

Na+/K+ ATPase

Na+

H2O HCO3
+

Figure 2.27 Location of the corneal endothelial metabolic pump 
(Na+/K+ ATPase along the lateral membranes and carbonic 
anhydrase along the apical margins) and barrier (apical tight 
junctions along the lateral membranes). (Source: Redrawn from 
Watsky, M.A., Olsen, T.W. & Edelhauser, H.F. (1995) Cornea and 
sclera. In: Duane’s Foundation of Clinical Ophthalmology (eds 
Tasman, W. & Jaeger, E.A.), Vol. 2. Philadelphia, PA: J.B. Lippincott.)
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In addition to the differential concentration of GAGs within 
the corneal stroma, the relative amount of keratan sulfate is 
lower toward the limbus, whereas the level of dermatan 
sulfate increases (Borcherding et al., 1978). As the amount 
of keratan sulfate decreases towards the limbus, a correspond-
ing increase in collagen fiber size and lack of organization, 
as seen in the sclera, occurs.

The anterior‐most stroma has a thin, cell‐free zone corre-
sponding in location with the anterior‐limiting membrane, 
also known as Bowman’s layer (anterior lamina), in humans 
and nonhuman primates. Bowman’s layer is also present 
in birds, giraffes, dolphins, some whales, and large herbi-
vores (Fig. 2.28; Hayashi et al., 2002; Murphy et al., 1991; 
Samuelson et  al., 2005). In avian and human corneas, 
Bowman’s layer is 10–15 μm thick, relatively acellular, and 
composed of collagen fibrils of various types (see Fig. 2.28; 
Table 2.8). Bowman’s layer fibrils are smaller in diameter 
and less uniform than those of the stroma (Gordon et  al., 
1994). The anterior epithelium produces the majority of the 
collagen associated with this modified, acellular zone of the 

cornea. Bowman’s layer is not elastic, and when damaged it 
is replaced with scar tissue. Bowman’s layers of the land‐
based species share similarities in size, morphology, and 
histochemistry, differing substantially from that of marine 
mammals, which may reflect a variation of roles that this 
structure plays. Among whales, Bowman’s layer is not 
thought to exist in deep‐diving species, suggesting that its 
presence may be more closely associated with ocular func-
tion near or at the surface of the water.

Descemet’s Membrane

Descemet’s membrane is a PAS‐positive, homogenous, 
acellular membrane that is the basement membrane of the 
posterior endothelium. Descemet’s membrane is produced 
throughout life, thus becoming thicker as individuals age. 
Clinically, the membrane shows elasticity, but it contains 
only fine collagen fibrils (Jakus, 1956). Descemet’s mem-
brane is normally under some tension and when ruptured it 
tends to curl like a scroll. Descemet’s membrane ends at the 

A

C D
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Figure 2.28 Bowman’s layer among mammalian species. A. Rhesus monkey. (Original magnification, 400×; Masson trichrome stain.). 
B. Bottle-nosed dolphin. (Original magnification, 400×; Masson trichrome stain.). C. Pilot whale. (Original magnification, 400×; PAS stain.). 
D. Giraffe (Original magnification, 400×; Masson trichrome stain.). (Courtesy of AZ Zivotofsky and D Zivotofsky.)
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apex of the trabecular meshwork in the limbal region. To some 
degree, its composition is similar to that of the trabeculae of 
the iridocorneal angle (ICA). Descemet’s membrane is com-
prised of a number of collagen types, including type VIII, 
which is found in the ICA but not elsewhere in the cornea (see 
Table 2.8) (Tamura et al., 1991). Ultrastructurally, Descemet’s 
membrane is distinctly layered in most animals, usually hav-
ing a relatively thin anterior, unbanded zone next to the stroma, 
followed by a broad‐banded zone and then by another broad, 
posterior unbanded zone located next to the endothelium. 
Collagen types III and IV comprise the posterior unbanded 
zone, types IV and VIII the anterior banded zone, and types V 
and VI the anterior unbanded zone (Smolek & Klyce, 1993).

Corneal Endothelium

The corneal endothelium is a single layer of flattened cells 
lining the inner cornea (Fig. 2.21). The regenerative ability of 
the endothelium varies with species and age. In most species 
active mitosis of the endothelium occurs primarily in the 
immature animal (Chi et  al., 1960; Laing et  al., 1976; 
MacCallum et al., 1983; Oh, 1963; von Sallman et al., 1961). 
Specular microscopy and SEM of adult eyes reveal that the 
cells are usually hexagonally shaped (Fig.  2.29). Closer 
inspection by SEM reveals that the surface is spotted with 
small microvillae and pores, and that the lateral edges of one 
cell interdigitate with another (Fig. 2.29B). In young canines 
(i.e., 1–4 weeks of age), many of the cells do not have the typi-
cal hexagonal shape. Pronounced pleomorphism has also 
been observed in kittens and rabbits (MacCallum et al., 1983).

Transmission electron microscopy (TEM) reveals the 
extensive, lateral, convoluted interdigitations between adja-
cent cells in the dog (Fig. 2.30). The cell junctions, including 
zonulae occludentes and maculae adherentes, are located at 
the lateral cell margins. The abundance of mitochondria, 
smooth and rough endoplasmic reticulum, and a variety of 
vesicles, indicates these cells are metabolically active. There 
is gradual loss of the hexagonal shape in older animals 
caused by a gradual decrease in the overall cell density of the 

A BA B

Figure 2.29 SEM of a 4-year-old canine corneal endothelium reveals occasional variability in cell size (A) and the lateral surface 
interdigitations (arrows) between cells (B). The most prominent feature of the endothelial cell is the nucleus (N), which bulges slightly 
into the anterior chamber. (Original magnification: A, 960×; B, 3500×.)

Figure 2.30 The lateral interdigitations observed between 
endothelial cells along the surface continue throughout the entire 
thickness of adjacent cells in the canine cornea. Numerous 
mitochondria (M) are associated with these interdigitations. DM, 
Descemet’s membrane. (Original magnification, 16,000×.)
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endothelium. In young dogs, endothelial density is greater 
than 3000 cells/mm2 with approximately 3600 cells/mm2 in 
dogs younger than 1 year (Kafarnik et al., 2007). As animals 
age, endothelial density can gradually decrease to 50% or less 
of that number.

With a smaller population of cells, the endothelial cells 
spread out and produce more pump sites to compensate for 
increasing leakage. An age‐related decrease in the density of 
corneal endothelial cells results in little change in overall 
corneal thickness (Andrew et al., 2001). If the cell density 
continues to decrease, however, the cells become too attenu-
ated, resulting in the pumps being unable to withstand the 
increasing leakage with concomitant corneal thickening and 
loss of optical clarity. This point is known as corneal decom-
pensation, and it usually occurs when the endothelial cell 
density decreases to between 500 and 800 cells/mm2.

Sclera

The sclera comprises the remainder of the fibrous tunic of 
the globe. Anteriorly, it merges with the peripheral cornea 
and the bulbar conjunctiva to form a transition zone, the 
limbus (Fig. 2.31). At the limbus, the sclera is variably pig-
mented, and the overlying epithelium is thicker, with pig-
mented epithelial cells. The stroma loses the regular 
arrangement characteristic of the cornea and takes on a less 
organized appearance of irregular, dense connective tissue. 
Numerous blood vessels (i.e., the anastomosing branches of 
the anterior ciliary arteries) terminate in the loops of the 
marginal plexus, then drain back into the conjunctival 
venules.

Along the outer portion of the scleral stroma is an inter-
connecting network of veins, the intrascleral plexus, which 
receives aqueous humor from the veins that drain the angular 

aqueous plexus (AAP) (Fig. 2.32). In domestic animals the 
intrascleral plexus is variably connected with the choroidal 
venous system, the vortex system (Fig.  2.33; Smith et  al., 
1988; Van Buskirk, 1979). The intrascleral plexus is variable 
in size and depth within the sclera (Natiello et  al., 2005; 
Sharpnack et al., 1984; Troncoso, 1942b; Ujiie & Bill, 1984). 
For example, in rabbits and primates, the plexus is formed 
on the outer side of circumferentially coursing canals, and it 
is composed of small vessels deep in the sclera. In carni-
vores, the intrascleral plexus is prominent and composed of 

A B

Figure 2.31 Photomicrographs of canine limbus. A. The irregular connective tissue of the sclera (S) merges with the highly organized 
connective tissue of the cornea (C). B. Close-up of the outer limbus reveals an anterior epithelium that is markedly thickened, and 
contains small blood vessels (BV), and melanocytes. (Original magnification, 250×.)

Figure 2.32 The intrascleral plexus (ISP) of a dog is located 
within the midsclera (S), and is interconnected to the angular 
aqueous plexus (AAP) by aqueous veins (AV). ESV, episcleral veins. 
(Original magnification, 125×.)
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two to four large, anastomosing vessels in the midsclera. The 
intrascleral plexus also receives afferent channels superfi-
cially via the episcleral network at the limbus. In the horse, 
the plexus, which is less prominent, collateralizes entirely 
with the anterior vortex system, because it is oriented radi-
ally to facilitate unidirectional flow outward from the angle 
region toward the vortex veins; in carnivores and primates, 
the reservoirs receiving aqueous humor are circumferen-
tially oriented.

The color of the sclera depends on the thickness of its 
stroma, appearing blue when thin (less than 0.2 mm) or 
yellow with increased fat content (carotenoids). The inner 

surface, which is referred to as the lamina fusca, is brown 
because of the adherent suprachoroidal pigment. The sclera 
contains elastic fibers that are interlaced among the collagen 
fibers, as are melanocytes (anteriorly) and fibrocytes. The 
collagen fibers, fibrocytes, and occasional melanocytes are 
arranged meridionally, obliquely, and radially in an irregular 
fashion. Its rigidity provides resistance to intraocular fluid 
pressure, and several channels, or emissaria, are present for 
the passage of blood vessels and nerves. The most notable 
emissaria accommodate the optic nerve, long and short 
ciliary nerves, long posterior ciliary arteries, vortex veins, 
and anterior ciliary vessels.

Scleral thickness varies considerably among species and 
in different areas of the globe. The sclera is thinnest near 
the equator, posterior to the insertions of the EOMs, and in the 
dog is only 0.12 mm thick (Table 2.9). By comparison, in the 
pig it thins to 0.43 mm, then nearly doubles its thickness for 
much of the posterior portion of the eye, being comparable 
to that of the human eye (Olsen et al., 2002). The region of 
the intrascleral venous plexus is the thickest area in animals 
with a well‐developed plexus (e.g., the dog and cat), whereas 
in ungulates, the region of the optic nerve entrance or poste-
rior pole is the thickest. At the point where the optic nerve 
passes through the sclera, it becomes sieve‐like in the area 
known as the lamina cribrosa.

In most cetaceans the sclera increases to thicknesses not 
found elsewhere among vertebrate species. The posteriorly 
broadened sclera likely maintains the widened and flattened 
shape of the retina and choroid, which is observed in the 
large eyes of most cetaceans and of many terrestrial species 
(Murphy et al., 1991; Walls, 1942).

The episclera is a collagenous, vascular, and elastic tissue 
that is between the sclera and the conjunctiva and attaches 
to Tenon’s capsule. Tenon’s capsule consists of small, com-
pact bundles of collagen that lie parallel to the surface of the 
episclera.

Besides dense connective tissue, the sclera can be largely 
composed of cartilage, as in fish, lizards, chelonians, some 

Figure 2.33 Corrosion cast of the canine ocular microvasculature 
demonstrates collateralization of the intrascleral plexus (ISP) 
with choroidal veins (CV) of the vortex system. (Original 
magnification, 410×.)

Table 2.9 Thickness of the sclera.

Animal Center of fundus (mm) Optic nerve entry point (mm) Globe equator (mm) Limbus (mm)

Horse 1.5–2.2 1.35 0.5–0.3 1.1

1.9 0.4

Cow 1.9 2.20 1.0 1.2–1.5

Sheep 1.0–1.2 No increase in thickness 0.25–0.30 0.4–0.5

Pig 1.0–1.2 Thicker 0.5–0.8

Cat 0.09–0.20 0.13–0.60 0.09–0.20 1.1, in the form of a ring 5–7 mm wide

Dog Similar to the cat, only thinner 0.3–0.4 0.12–0.20 0.6

Source: Translated from Bayer, J. (1914) Angenheilkunde. Vienna: Braumueller; and from Donovan, R.H., et al. (1974) Histology of the normal collie 
eye. Annals of Ophthalmology, 6, 257.
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amphibians, and birds. When cartilage is found in the sclera, 
it usually forms a complete cup that extends to the margin of 
the cornea or, in birds and lizards, to a ring of bony plates or 
ossicles. Scleral ossicles are located external to the ciliary 
body (Fig. 2.34). Though birds and reptiles possess this struc-
ture, the ossicle is believed to have originated from fish and 
was eventually passed on to amphibians. Birds with the 
greatest range of accommodation, such as the kingfisher and 
other diving birds, have larger ossicles than those species 
tending to be more confined to land (Curtis & Miller, 1938). 
Ossicles are believed to have evolved for retaining ocular 
rigidity. The number of ossicles that comprise a ring can vary 
within the same species; in individual eyes with fewer ossi-
cles the single ossicle area increases, resulting in a constant 
scleral ring area (Canavese et al., 1994).

Uvea

The iris, ciliary body, and choroid form the uvea. Unlike the 
fibrous coat, the uveal coat is highly vascular and usually 
pigmented. The ciliary body and choroid are attached to the 
internal surface of the sclera (Fig. 2.35). The iris originates 
from the anterior portion of the ciliary body, and it extends 
centrally to form a diaphragm anterior to the lens. The iris 
and ciliary body are the anterior uvea, and the choroid is the 
posterior uvea.

Iris

The iris is a diaphragm that extends centrally from the cili-
ary body to cover the anterior surface of the lens, except for 
a central opening, the pupil. It divides the anterior ocular 
compartment into anterior and posterior chambers, which 
communicate through the pupil. The shape of the pupil var-
ies among species. Among mammals, it is round in primates, 

canines, most large felines (cougar, leopard, lion, and tiger) 
and pigs; it is vertical when constricted in the smaller felines 
(bobcat, lynx, and domestic cat); and it is oval in a horizontal 
plane in herbivores (horses, cattle, sheep, and goats) (Fig. 2.8, 
Fig. 2.9, and Fig. 2.19). In herbivores, along the upper and 
lower margin of the pupil are several round dark brown 
‘masses’ referred to as granula iridica (corpora nigra) (see 
Fig. 2.9 and Fig. 2.36). Camelids have a pupillary ruff along 
the dorsal and ventral pupillary margins. These pigmented 
masses are extensions of the posterior pigmented epithe-
lium that augment the effectiveness of pupillary constric-
tion. Occasional myocytes of the sphincter muscle are 
present in the basal portion of the granula iridica of goats 
and horses. The presence of these cells indicates that the 
granula iridica probably plays more than a passive role dur-
ing changes of pupillary size and shape. Eyes of animals 
with pupils that constrict to a slit are believed, in most 
instances, to be more sensitive to light than those with 
 circular pupils (Prince, 1956).

A B

Figure 2.34 Scleral ossicles (SO) in birds vary in size and shape. A. Screech owl with large intraosseous spaces. (Original magnification, 
40×.) B. Chicken with smaller scleral ossicles and considerable overlap between adjacent ossicles (Original magnification, 100×). CM, 
ciliary body musculature (Crampton’s muscle); TM, trabecular meshwork.

Figure 2.35 SEM of the canine anterior uvea: cornea (C), ciliary 
processes (CP), ciliary body musculature (CM), iris (I), sclera (S). 
(Original magnification, 25×.)
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The iris has a central pupillary zone and a peripheral ciliary 
zone. The demarcation between these two zones is the col-
larette, which is best demonstrated with moderate pupillary 
constriction. The portion of the pupillary zone adjacent to the 
pupil is sometimes more pigmented than the rest of the iris.

The function of the iris is to control the quantity of light 
entering the posterior segment through a central pupil. 
Constriction of the pupil reduces the amount of light enter-
ing the eye. Narrowing the pupil also eliminates the periph-
eral portion of the refractive system, which diminishes 
lenticular spherical and chromatic aberrations. During peri-
ods of reduced light, the pupil dilates allowing maximal 
stimulation of photoreceptor cells.

The iris is composed of an anterior border layer, stroma 
and sphincter muscle, and posterior epithelial layers (see 
Fig.  2.36). The anterior border layer consists of two cell 
types: fibroblasts and melanocytes. Results of electron 
microscopic studies indicate these cells are fibrocytic in 
nature rather than forming an epithelial sheet (Donovan 
et  al., 1974a; Rohen, 1961; Tousimis & Fine, 1959). The 
anterior cells, which lack a basement membrane, form an 
almost continuous layer with their cellular processes, but 

frequent small openings with large intercellular spaces and 
extension of underlying melanocyte processes break the 
continuity. This anterior fibrocytic layer can be exquisitely 
thin and easily overlooked histologically. Particles measur-
ing up to 200 μm in diameter can diffuse into the iris stroma 
through the anterior portion of the iris (Rodriques et  al., 
1988; Smith et al., 1986). One or more layers of melanocytes 
are deep to the single layer of fibroblasts and compose the 
remainder of the anterior border layer. For the most part, the 
melanocytes are oriented parallel to the iris surface, and 
their processes intermingle with other melanocytes and 
anterior fibroblasts with no intercellular junctions. The 
shape of the melanin granules in the stroma varies between 
species and with the maturity of the granules. The pigment 
granules in the cat and dog are lanceolate to ovoid in shape, 
whereas they are round to ovoid in the horse (Sharpnack 
et al., 1984; Tousimis, 1963). In addition to the scattered mel-
anocytes in the anterior stroma of many dog irides, a dense 
band of melanocytes can be present in the ciliary zone ante-
rior to the dilator muscle, extending centrally to the sphinc-
ter muscle. The granules are generally smaller and more 
rod‐like than the pigmented granules of the posterior epithe-
lium. Particularly in the horse and the dog, large cells con-
taining pigment are associated with capillaries and venules 
near the sphincter muscle (Tousimis & Fine, 1959; Woberman 
& Fine, 1972). These are thought to be macrophages of 
hematogenous origin. In humans, these cells are known as 
the clump cells of Koganei (Woberman & Fine, 1972).

The iris stroma is composed of fine collagenous fibers, 
chromatophores, and fibroblasts. The stroma is loosely 
arranged except around blood vessels and nerves, where it 
can form dense sheaths. The collagen fibrils are organized to 
some extent in overlapping, wide arcades running from the 
pupil to the ciliary body (Shively & Epling, 1969). Despite 
the dense histologic appearance, considerable extracellular 
space is evident ultrastructurally.

Iridal color varies considerably among individuals, 
breeds, and species. The variation of iridal color results 
from the amount and type of pigmentation present. The 
coloration of irides in most domestic animals is dark brown, 
golden brown, gold, blue, or blue–green. Several avian spe-
cies have brightly colored irides. Historically, these bright 
colors were thought to result from the presence of carote-
noids, an idea based on a single study of the yellow iris of 
chickens performed over 50 years ago. Carotenoid‐bearing 
cells are referred to as xanthophores, and their presence cer-
tainly has been demonstrated to produce brightly colored 
irides. However, purines and pteridines are also major iridal 
pigments in a variety of avian species, including doves 
and great‐horned owls (Oliphant, 1988). Combinations of 
purines, pteridines, and carotenoids probably occur. 
Development of these pigments within an individual has 
been known to take a considerable amount of time, even as 
long as several years (Oliphant, 1988).

PE

CB

I

Figure 2.36 Equine iris (I) and anterior ciliary body (CB). The 
arrow points to the granula iridica, which continues posteriorly as 
the posterior pigment epithelium (PE).
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The major arterial circle is located at the peripheral iris 
root or the anterior ciliary body (Fig. 2.37). The arteries enter 
at the nine‐ and three‐o’clock positions as terminations of 
the medial and lateral branches of the long posterior ciliary 
arteries. Each artery branches dorsally and ventrally to pass 
circumferentially toward the opposite artery and forms an 
incomplete arterial circle in most species. In primates, the 
major arterial circle forms a completely enclosed ring. The 
major arterial circle gives rise to numerous radial arteries 
that end either in a capillary bed near the pupillary margin 
(i.e., in the dog and cat) or in a minor arterial circle of the iris 
(i.e., in primates and pigs). There is some debate over the 
presence of secondary arterial circles in the equine iris 
(Anderson & Anderson, 1977; Smith et al., 1988).

The arteries radial to the pupil are tortuous in most ani-
mals. The degree of tortuosity might reflect differences in 
pupil mobility between species. The radial arteries lose the 
internal elastic membrane that is present in the major arte-
rial circle artery, and they have only one layer of smooth 
muscle cells, compared with two to four in the arteries of the 
major arterial circle. A thick basement membrane is present 
externally, which also surrounds the smooth muscle cells, 
but this membrane is interrupted by frequent myoepithelial 
junctions.

A capillary network near the pupillary margin connects 
the terminal arterioles with the venules, which pass to the 
base of the iris behind the arterioles in the posterior stroma. 
The capillary endothelium is not fenestrated, but the type of 
intercellular junctions varies with species. Mice, monkeys, 
and humans have tight junctions (zonula occludens), but 
rats, cats, and pigs have 4 nm gap junctions between des-
mosomes (maculae occludentes) (Szalay et al., 1975).

Venous drainage of the iris occurs through tortuous, radial 
vessels that empty directly into the anterior choroidal veins 
and out the vortex veins (Fig. 2.38). These vessels typically 

A B

Figure 2.37 A. In many canine irides, melanocytes are concentrated in a wide band anterior to the dilator muscle (DM), as seen in the 
lower half of this iris. MAC, major arterial circle. (Original magnification, 100×.) B. The major arterial circle (MAC) in the peripheral iris 
of a cat.

Figure 2.38 SEM corrosion cast of the anterior 
microvasculature of the equine eye. The iridal arteries 
(small arrows) and veins (large arrows) have a tortuous 
appearance as they progress toward the pupil. Note the iridal 
veins eventually empty posteriorly, into the anterior choroidal 
venous system (CV). MAC, major arterial circle. (Original 
magnification, 40×.)
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number four in humans, pigs, and cats, but may vary in other 
species (Anderson & Anderson, 1977; Risco & Nopanitaya, 
1980; Van Buskirk, 1979). In horses, a unique variation of 
iridal venous drainage exists where branches of the intras-
cleral venous plexus empty into the bases of the iridal veins, 
which in turn empty into the anterior choroidal venous 
circulation (Smith et al., 1988).

The iridal sphincter muscle, which is a flat band of thin, 
circular bundles of smooth muscle fibers in mammals and 
striated muscle fibers in nonmammalian species, is located in 
the iris stroma near the pupil. In the dog and cat, it lies in the 
posterior stroma, separated from the pigmented epithelium and 
subjacent dilator muscle by a thin layer of connective tissue 
(Fig.  2.39A). In the horse, the sphincter occupies the main 
 portion of the central stroma and is capped by the granula 
 iridica when present (Fig. 2.39B). The shape of the sphincter 
muscle varies among species according to the pupillary shape 
(Fig.  2.40; Prince, 1956). The sphincter muscle is innervated 
primarily by parasympathetic nerve fibers.

The iridal dilator muscle is a single layer of smooth muscle 
fibers in the posterior iridal stroma extending from the iris 
sphincter to the iris periphery. These muscle fibers apically 
(i.e., posteriorly) contain pigment around their nuclei and 
are innervated by sympathetic nerve fibers. The basal regions 
of each cell, which contain the myofilaments, overlap one 
another in a shingle‐like fashion. This cell layer could be 
considered as a highly developed, pigmented myoepithe-
lium. The size of the dilator muscle varies between species, 
being well developed in the dog and involving the full circum-
ference of the iris. In the horse, it is less developed, and in 
species with elongated pupils, it is poorly developed adjacent 
to the long axis of the pupil (Prince et al., 1960).

The posterior iridal surface is covered by two layers of epi-
thelium. The anterior layer, which forms the dilator muscle, 
is continuous with the pigmented epithelium of the ciliary 
body, whereas the posterior layer, which is densely pig-
mented, is continuous with the nonpigmented epithelium of 
the ciliary body.

The basal aspect of the posterior epithelium of the iris faces 
the posterior chamber and has numerous surface projections 
(Fig. 2.41). The posterior surface of the iris contains folds that 
extend to the base of the ciliary processes. These folds are 
radially oriented, but the pigmented epithelial cells are ori-
ented with their long axis running circumferentially in the 
iris, thus giving rise to two patterns on the posterior surface 
(Donovan et al., 1974a). A basement membrane separates the 
cells from the posterior chamber but does not follow all the 
invaginations of the cell surface. The lateral cell surfaces of 
the posterior epithelium have numerous slender cell pro-
cesses with scattered desmosomes. In general, large spaces 
occur between the lateral cell membranes, which allow free 
access to the posterior chamber. The nuclei of the iridal pos-
terior epithelium in the dog are oval and moderately indented, 
whereas the nuclei in the horse are often bizarre‐shaped, 
being indented by adjacent pigment granules.

Figure 2.39 Sphincter muscle (SM) location in the dog (A) and in 
the horse (B). The sphincter muscle in the horse is capped by the 
granula iridica (GI), which is a proliferation of the posterior 
epithelium (PE). (Original magnification, 200×.)

A B C

Figure 2.40 A. Iris sphincter muscles that create a slit pupil when the pupil is constricted found in domestic cats, bobcats, and lynx. 
B. The circular iris sphincter muscle as found in primates, birds, dogs, and pigs. C. Iris sphincter muscle in an ungulate with a horizontal 
pupil. (Source: Redrawn from Prince, J.H. (1956) Comparative Anatomy of the Eye. Springfield, IL: Charles C. Thomas.)
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The apical portion of the cells of the anterior epithelium 
(iris dilator muscle) contains the nucleus and is located adja-
cent to the apical portion of the posterior epithelium. 
Melanin granules are predominately present in the apical 
portion of the cell. The myoepithelial (basal) portion has 
scattered melanin granules, forms irregular projections into 
the stroma, and is covered by a basement membrane. In the 
horse, basement membrane material fills much of the inter-
cellular space between projections of the myoepithelium.

In avian species and other lower vertebrates, the iris mus-
cles are striated. In addition to controlling the amount of light 
that enters the back of the eye, the iris of birds is thought to 
contribute to lenticular accommodation. Changes in the 
pupil diameters of chickens and pigeons result in changes in 
the positioning of their lenses (Glasser & Howland, 1995). In 
some birds and other animals, for example, American alliga-
tors, the sphincter and dilator muscles are both striated and 
smooth. Specifically, in great‐horned owls, pupillary constric-
tion occurs mostly by skeletal muscle and pupillary dilation 
mostly by the radial myoepithelium, which contains smooth 
muscle myofilaments (Oliphant, 1983).

The iris contains numerous myelinated and nonmyeli-
nated nerves for autonomic innervation. The myelinated fib-
ers do not specifically follow the iris vessels, but they have a 
similar pattern as they follow the collagen fibers of the 
stroma. Upon entering the iris, each long ciliary nerve forms 
a dorsal and a ventral branch, to form a circular nerve in the 
ciliary zone and also to meet their counterparts from the 
opposite side dorsally and ventrally. Radial nerve bundles 

from the circular nerve pass centrally to the pupil with a 
corkscrew shape, presumably to accommodate pupillary 
constriction. A circular plexus is formed near the collarette, 
from which branches continue toward the pupil, then divide, 
and intersect to form a rhomboid‐shaped mesh (Saari, 1971).

The belief that reflex constriction of the mammalian pupil 
in response to light depends exclusively on neural pathways 
between the eye and central nervous system may not be true 
(Lau et al., 1992). In both golden hamsters and hooded rats, 
effective constriction of the pupil in response to light 
occurred after a variety of interventions, including bilateral 
intraorbital optic nerve transection and unilateral intracra-
nial optic nerve transection with enucleation of the con-
tralateral eye, combined in some cases with bilateral removal 
of the superior cervical ganglia, pinealectomy, or both. The 
constrictions that occurred after these different interven-
tions were considerably slower than the usual, neuronally 
driven reflex but present. Interestingly, the slow, nonneural 
pupillary reflex was not observed in albino animals, which 
suggests a possible melanin‐mediated component to the 
slow pupillary light reflex.

Ciliary Body

The ciliary body is a heavily pigmented structure that pro-
vides nourishment for and removes wastes from the cornea 
and lens and participates in lens accommodation. The ciliary 
body is divided into the anterior pars plicata (corona ciliaris) 
and the posterior pars plana. The pars plicata consists of a 
ring of 70–100 ciliary processes, depending on the species, 
with intervening valleys (Fig. 2.42; Prince et al., 1960). The 

Figure 2.41 SEM of the posterior iris surface of a cat. Arrows 
point to radial folds. Tips of ciliary processes (A). Note 
circumferential orientation of clumps of posterior epithelium with 
small bumps from melanin granules. (Original magnification, 81×.)

Figure 2.42 Inner surface of the ciliary body of a dog treated 
with α-chymotrypsin to remove the lenticular zonules. Note the 
thin ciliary processes (CP), which posteriorly give rise to smaller 
secondary folds (small arrows). These folds flatten and disappear 
in the region called the pars plana (PP), which ends posteriorly at 
the adjoining retina, forming a line known as the ora ciliaris 
retinae (arrowheads). (Original magnification, 18×.)
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processes are generally more prominent and numerous in 
animals with larger anterior chambers (the cow and horse 
have 100 and 102 processes, respectively) than in animals 
with smaller anterior chambers (carnivores and primates 
have 74–76 processes) (Prince et  al., 1960). Ciliary body 
processes are often absent in lower vertebrates (most fish, 
lizards, and snakes) (Duke‐Elder, 1958; Prince, 1956; Prince 
et al., 1960). In anurans, birds, and some reptiles, the ciliary 
body processes are attached to the lens and participate 
directly in accommodation. In mammals, the ciliary body 
processes are attached to the lenticular zonules, which con-
nect to the lens equator.

The appearance of individual ciliary body processes var-
ies among species. In carnivores, the processes are thin and 
bladelike, with rounded tips that are invested with zonular 
fibers. Between the major ciliary processes, wide valleys 
with smaller, secondary folds are present. Many of the 
smaller secondary folds originating near the pars plana 
merge with the major processes at their base. The surface of 
each process has numerous convolutions, but most of it is 
obscured by the attachments of the zonular fibers (Fig. 2.43; 
Troncoso, 1942a).

In some ungulates, the ridge of the ciliary processes is 
capped by a broad, convoluted surface that overhangs the 
main body of the processes (Troncoso, 1942a). Numerous 
zonular fibers extend from a firm attachment on the 
sides  of the processes to the lens. These fibers also run 
circumferentially, connecting the broad ridges together 
(Fig.  2.44). The cap of broad convolutions stops before 
the anterior tips of the ciliary processes, which are free of 
fibers.

Each ciliary process consists of a central core of stroma 
and blood vessels covered by a double layer of epithelium: an 
inner, nonpigmented, cuboidal epithelium, and an outer, 

pigmented, cuboidal epithelium (Fig.  2.45). In ungulates, 
the double‐layered epithelium is more columnar than cuboi-
dal. The nonpigmented ciliary body epithelium is confluent 
posteriorly with the neurosensory retina at the ora ciliaris 
retinae and anteriorly with the posterior pigmented epithe-
lium of the iris. The basal surfaces of these cells face the pos-
terior chamber and can be irregular. The basement 
membrane of this epithelial layer follows the general con-
tour, but it does not pass down into the small irregularities or 
into the intercellular spaces. The basement membrane helps 
to anchor the lenticular zonular fibers and vitreous base.

The lateral cell surfaces of the nonpigmented epithelium 
have numerous villous processes along the bottom one‐half 
to two‐thirds. Cystic intercellular spaces in this region and 
in the pars plana are filled with material that has the stain-
ing characteristics of GAGs. The base of the cells also reacts 
positively for the same material. The nonpigmented epithe-
lium most likely produces the GAGs of the vitreous humor. 
These cells secrete the GAGs, which consist mostly of hyalu-
ronans, laterally into the cystic intercellular spaces, which 
then communicate with the vitreous base (Fine & Yanoff, 
1979). The enzyme carbonic anhydrase has been cytochem-
ically localized at or in the nonpigmented epithelium 
(Streeten, 1988).

The types of cellular junctions between the nonpigmented 
and pigmented epithelium of the ciliary processes consist 
of many gap junctions interspersed with desmosomes and 

Figure 2.43 SEM (sagittal view) of the inner ciliary body of a dog 
reveals numerous zonular fibers attached along the epithelial 
surface. (Original magnification, 130×.)

Figure 2.44 SEM of the ciliary processes and zonular fibers in a 
horse. Ciliary process (A). White arrows point in the direction of 
the lens equator as well as to the horizontal fiber network joining 
adjacent process (B). Zonular fibers in valleys between processes 
(C). Note also the zonular fiber ensheathment of the ciliary 
processes (black arrows). (Original magnification, 41×.)
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unusual junctions termed puncta adherentes, which 
resemble desmosomes but lack the larger tonofilaments 
and associated intercellular central band (Streeten, 1988). 
The lateral intercellular junctions of the nonpigmented 
epithelium consist of desmosomes, except at the apical end 
(Fig.  2.46). The apical ends possess gap junctions, zonula 
adherens, and zonula occludens, which represent the 
anatomic site of the blood–aqueous barrier (Fig. 2.46; Shabo 
et  al., 1976; Smith, 1971; Smith & Raviola, 1983; Smith & 
Rudt, 1973; Streeten, 1988). There are also dilated portions 
of the apical intercellular spaces with villous cytoplasmic 
processes protruding into them. These dilations are termed 
ciliary channels, and they are usually near the apical termi-
nation of two adjacent cells.

The ciliary process pigmented epithelium is confluent 
with the retinal pigment epithelium. Anteriorly, it continues 
as the anterior pigmented epithelial layer of the iris, which 
forms the dilator muscle. The pigmented epithelium is gen-
erally cuboidal and heavily laden with round‐to‐oval mela-
nin granules. The basal aspect of the pigmented epithelium 
faces the ciliary body stroma and is covered by a basement 
membrane. In some instances, the basement membrane of 
adjacent capillaries in the ciliary processes comes into con-
tact with the basement membrane of the pigmented epithe-
lium to form a thickened, irregular, common basement 
membrane. The lateral cell surfaces of the pigmented epithe-
lium are joined by desmosomes, and the basal cell surfaces 
have no specialized junctions. The nuclei of both pigmented 
and nonpigmented epithelia are located apically. The cytoplasm 

A B

Figure 2.45 The bilayered ciliary epithelium that lines the ciliary processes and intervening valleys. The outer layer is pigmented; the 
inner layer is nonpigmented. A. Feline ciliary processes. Insert: Cross-section of ciliary processes. The bilayered epithelium, which is 
cuboidal, lines blood vessels (BV), which together form a blood–aqueous barrier. B. Longitudinal section of an equine ciliary epithelium at 
the base of a process. Both layers are considerably more columnar than those in the dog and cat. (Original magnification, 400×.)

Figure 2.46 Apical junctions of nonpigmented (NPE) and 
pigmented (PE) ciliary epithelium in a cat. The nonpigmented 
epithelial nuclei are located apically; the wide intercellular spaces 
and villi can be seen in the basilar aspect of the intercellular spaces 
of the nonpigmented epithelium. The apical aspect of the 
nonpigmented intercellular space is the anatomic site of the 
blood–aqueous barrier and contains a fascia occludens (small arrow) 
and fascia adherentes (large arrow). The apical cell surfaces contain a 
fascia adherentes, gap junctions (open arrows), and arch-shaped gap 
junctions (curved arrows). The basement membrane (B) of the 
pigmented epithelium. (Original magnification, 9800×.)
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of the pigmented epithelium contains melanin granules, 
rough endoplasmic reticulum, smooth endoplasmic reticu-
lum, free ribosomes (polysomes), and mitochondria.

A thin layer of loose connective tissue with blood vessels 
and nerves lies under the ciliary epithelium, separating the 
ciliary body epithelium from the underlying ciliary body 
musculature. The vascular plexus within the stroma of the 
ciliary process is leaky, being lined with a fenestrated 
endothelium. Fibrocytes and melanocytes are sparsely 
 populated within the stroma, being more concentrated near 
the ciliary body muscle (CBM).

The pars plana is the flat, posterior portion of the ciliary 
body that extends from the posterior termination of the pro-
cesses to the retina (ora ciliaris retinae) (see Fig. 2.42). The 
width of the pars plana varies because the retina extends 
more anteriorly in the inferior and medial quadrant in most 
species, enhancing peripheral vision. Therefore, the pars 
plana is usually widest superiorly and laterally. In the dog, 
the ora ciliaris retinae is 8 mm behind the limbus dorsally 
and laterally but only 4 mm ventrally and medially (Donovan 
et al., 1974a).

Ciliary Body Musculature

The CBM is comprised of smooth muscle fibers in mam-
mals. Contraction of the CBM draws the ciliary processes 
and body both forward and inward, thus relaxing the lentic-
ular zonules (suspensory ligament of the lens) and altering 
the shape and refraction of the lens. This muscle is often 
weakly developed in many nonprimate species and as a 
result, offers poor accommodative ability.

On the basis of ciliary body musculature development, the 
placental mammalian ICA has been categorized into three 
main groups: the herbivorous, the carnivorous, and the 
anthropoid (Henderson, 1926; Tripathi, 1974). The categori-
zation depicted in Fig.  2.47 was originally inspired from 
observations of the ciliary regions of the dog, pig, and ape 
(Duke‐Elder, 1958).

The herbivorous type has been characterized as the most 
common and primitive in orders of mammals up to and 
including ungulates. This type of angle consists of an inner 
layer of connective tissue that forms a baseplate of the ciliary 
body and extends from the root of the iris to the ora ciliaris 
retinae. It also consists of an outer layer of smooth muscle that 
presses against the sclera externally and runs meridionally 
from the corneoscleral junction toward the ora ciliaris retinae 
(Fig. 2.47A and Fig. 2.48A). The two layers are often referred 
to as “leaves” that separate anteriorly and form the ciliary 
cleft. The ciliary cleft is then a triangular area that varies both 
in depth (i.e., length) and height, and functionally may be 
considered a posterolateral extension of the anterior chamber 
into the ciliary body. Historically, this region was called the 
cilioscleral sinus, but because it neither separates the ciliary 
body from the sclera nor is a part of the ciliary venous sinus, 

the term cilioscleral sinus has been replaced with ciliary cleft 
(Duke‐Elder, 1958; Tripathi, 1974; Troncoso, 1938).

The ciliary cleft is an area containing wide spaces filled 
with aqueous humor and interspersed with cell‐lined cords 
of connective tissue. The spaces between the fibrous cords 
were initially described in cattle and horses, and they have 
been often referred to as Fontana’s spaces (Samuelson, 1996).

The carnivorous type possesses a bi‐leaflet configuration 
as well, but the fibrous inner leaf or layer is usually replaced 
by meridionally oriented smooth muscle and some radially 
oriented muscle fibers (see Fig. 2.47 and Fig. 2.48B) (Duke‐
Elder, 1958). Similar to the herbivorous type, the two leaves 
separate anteriorly and hold a wide, deep ciliary cleft. In 
both the herbivorous and carnivorous types, the ciliary cleft 
offers little support to properly anchor the iris. Compensation 
for wide and deep ciliary clefts is provided by a series of pec-
tinate ligaments attaching the anterior iridal root and inner 
ciliary baseplate to the limbal cornea.

The anthropoid type differs sharply in its configuration 
compared with the other types (see Fig. 2.47C and Fig. 2.48C). 
The ciliary body musculature of primates is believed to be the 
most highly developed among mammals. The muscle, which 
has three components (i.e., radial, meridional, and circular), 
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Figure 2.47 Degree of development of the ciliary body 
musculature among mammalian iridocorneal angles in the ungulate 
(A), carnivore (B), and ape (C). The ciliary body musculature is most 
pronounced in primates and least developed in ungulates. The size 
of the iridocorneal angle and its cilioscleral cleft or sinus (CC) is 
inversely large or most pronounced in the ungulate. (Source: 
Redrawn from Duke-Elder, S. (1958) System of Ophthalmology. Vol. I. 
The Eye in Evolution. London: Henry Kimpton.)
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forms a large, anterior pyramidal structure that provides a 
strong baseplate for iridal attachment. The anterior portion 
of the CBM has replaced both the ciliary cleft, which barely 
exists in the anthropoid angle, and the pectinate ligaments, 
which vestigially consist of scattered iridal processes.

In addition to the three basic forms of CBM and ICA, three 
more configurations have been described among nonpri-
mate mammals (Fig. 2.49; Samuelson, 1996). Among herbi-
vores, two other types have been identified: the small 
diurnal herbivore and the large diurnal herbivore. In the 

A B

C

Figure 2.48 A. The deer has the traditional herbivorous type of iridocorneal angle and associated ciliary body musculature, which forms a 
single outer “leaf” (arrows) as it lines the outer, posterior portion of the iridocorneal angle. C, cornea; I, iris; S, sclera. (Original magnification, 
20×.) B. The cat possesses the traditional carnivorous type of iridocorneal angle, which forms a “bileaflet” anteriorly (arrows). I, iris; S, sclera; 
AC, anterior chamber. (Original magnification, 25×.) C. The Rhesus monkey has the anthropoid type, which consists of small iridocorneal 
angle and a well-developed ciliary body musculature (arrows). I, iris; S, sclera; A, iridocorneal angle. (Original magnification, 20×.)
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Figure 2.49 Three additional configurations of the eutherian nonprimate iridocorneal angle. Ciliary body musculature is indicated by 
linear shading. Ciliary cleft (CC). A. Small diurnal herbivore. B. Large diurnal herbivore. C. “High” accommodative carnivore. (Samuelson, 
D.A. (1996) A reevaluation of the comparative anatomy of the Eutherian iridocorneal angle and associated ciliary body musculature. 
Veterinary & Comparative Ophthalmology, 6, 153–172.)
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small diurnal herbivore, such as the squirrel, a deep ciliary 
cleft is lined by inner and outer leaves of fibrous tissue and 
smooth muscle of the ciliary body. In the large diurnal herbi-
vore, such as the pig, there is a well‐developed ciliary cleft 
and outer leaf of ciliary muscle, which anteriorly includes 
circularly oriented muscle embedded within a scleral spur. 
The scleral spur is a small ridge of dense connective tissue 
that separates the muscle fibers from the posterior ICA. TEM 
of different ungulates has revealed that many of the muscle 
fibers, especially those located anteriorly, course more cir-
cumferentially than meridionally (Samuelson & Lewis, 
1995). This difference in orientation of the musculature is 
most evident in the pig and water buffalo. In these animals, 
circular muscle fibers are located near the innermost portion 
of the posterior end of the ciliary cleft.

A third type occurs in “high” accommodative carnivores, 
such as raccoons and ferrets. In this configuration, the ante-
rior CBM is highly developed but not as an outer leaflet. 
Instead, the anterior musculature extends as a single leaflet 
either internally (i.e., raccoons) or intermediately (i.e., fer-
rets) (Fig. 2.49C and Fig. 2.50).

In birds and other nonmammalian species, the CBM con-
sists of skeletal muscle cells that are primarily meridional. 
At least two distinct muscle bundles are located in this 
region of the avian eye: an anterior bundle, which is known 
as the muscle of Crampton, arises near the corneal margin; 
and a posterior bundle, which is known as Brücke’s muscle. 
In birds such as the hawk, Brücke’s muscle is well developed 
and sometimes is referred to as two muscles: Müller’s (ante-
rior) and Brücke’s (Duke‐Elder, 1958). Contraction of 
Brücke’s muscle causes the ciliary body to push against or 
compress the lens, thus deforming it, whereas contraction of 
Crampton’s muscle alters the shape of the cornea by short-
ening its radius of curvature.

Ciliary Body Vasculature

The blood supply of the ciliary body derives from the two 
long posterior ciliary arteries and the anterior ciliary arter-
ies. As the long posterior arteries pass into the suprachoroi-
dal space equatorially along the lateromedial horizontal 
plane, they undergo several divisions. These divisions anas-
tomose anteriorly with branches of the anterior ciliary arter-
ies to form the major arterial circle, which is located either in 
the base of the iris or the anterior ciliary body (see Fig. 2.37 
and Fig. 2.38). The anterior ciliary arteries, which arise from 
branches of the ophthalmic artery, typically enter the globe 
at the attachment sites for the recti muscles and help to sup-
ply the ciliary muscles (Streeten, 1988). The major arterial 
circle is the primary vasculature supply of the ciliary 
processes.

Numerous anatomic variations of this vasculature have 
been found among mammals (Funk & Rohen, 1990; Matsuo, 
1973; Morrison & Van Buskirk, 1983; Morrison et al., 1987a, 
1987b; Natiello & Samuelson, 2005). In primates and rabbits, 
two types of arterioles supply the major and minor pro-
cesses, whereas in other species, a single type of arteriole 
originates from the major arterial circle and supplies the cili-
ary process vasculature (Morrison & Van Buskirk, 1983; 
Morrison et al., 1987a, 1987b; Natiello & Samuelson, 2005). 
Discrete interspecies variations occur in the angioarchitec-
ture of the ciliary processes (Fig.  2.51). Rodents, rats and 
Guinea pigs have extensive interprocess connections and 
concentrically parallel capillaries that are irregularly dilated 
and travel posteriorly, emptying into the anteriormost cho-
roidal veins. Carnivores such as dogs and cats have processes 
supplied by one arteriole that is directed posteriorly through-
out its length, with capillary arcades that extend to each pro-
cess margin, from which they empty into venous sinuses.

The mammalian CBM is supplied by parasympathetic 
fibers from the oculomotor nerve and by sympathetic nerve 
fibers. The parasympathetic fibers leave the oculomotor 
nerve, penetrate the ventral oblique muscle, and synapse in 
the ciliary ganglion. From the ciliary ganglion, short ciliary 
nerves penetrate the sclera around the optic nerve to pass 
into the sclera and suprachoroidal space innervating the 
ciliary muscle and iris muscles. The sympathetic fibers 
arrive via the long ciliary nerves from the dorsal or superior 
cervical ganglia in a similar manner (Gum et al., 2007).

Iridocorneal Angle

Aqueous humor is produced by the ciliary body epithelium 
and enters the posterior chamber before flowing through the 
pupil into the anterior chamber. In the conventional outflow 
pathway, aqueous humor exits the eye through the corneo-
scleral trabecular meshwork.

The anatomy of the aqueous humor outflow system has 
been extensively studied in humans, nonhuman primates, 

Figure 2.50 The mongoose has the “high” accommodative type 
of iridocorneal angle. CM, ciliary body musculature; UTM, 
trabecular meshwork. (Original magnification, 100×.)
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dogs, cats, rabbits, horses, and other ungulate species 
(Bedford & Grierson, 1986; Bill, 1975b; Inomata et al., 1972; 
Martin, 1975; McMaster & Macri, 1968; Samuelson & Gelatt, 
1984a, 1984b; Samuelson & Lewis, 1995; Samuelson et al., 
1989; Sharpnack et  al., 1984; Smith & Rudt, 1973; Smith 
et  al., 1986, 1988; Tripathi, 1971a, 1974; Troncoso, 1938, 
1942a). This system primarily consists of the ICA, which is 

bounded anteriorly by the peripheral cornea and perilimbal 
sclera, and posteriorly by the peripheral iris and anterior 
CBM. From amphibians to higher mammals, the ICA con-
sists of an irregular, reticular network of connective tissue 
beams called trabeculae that are lined partially or entirely by 
a single layer of cells (Samuelson, 1996; Tripathi, 1971a, 
1974). The size of the ICA varies among species. In dogs of 
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Figure 2.51 Comparative angioarchitecture of the ciliary processes. A. Rodents, B. Rabbit, C. Carnivores, D. Ungulates, E. Manatee. 
C, cornea; CV, choroidal vein; I, iris; MAC, major arterial circle. (Source: Modified from Morrison, J.C., DeFrank, M.P. & Van Buskirk, E.M. (1987) 
Comparative microvascular anatomy of mammalian ciliary processes. Investigative Ophthalmology Visual Science, 28, 1325–1340; Morrison, 
J.C., DeFrank, M.P. & Van Buskirk, E.M. (1987) Regional microvascular anatomy of the rabbit ciliary body. Investigative Ophthalmology Visual 
Science, 28, 1314–1324; Natiello, N. & Samuelson, D. (2005) Three-dimensional reconstruction of the angioarchitecture of the ciliary body 
of the West Indian Manatee (Trichechus manatus). Veterinary Ophthalmology, 8, 367–373.)
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different ages and breeds that had undergone cataract sur-
gery, the size of the ICA as determined by the angle opening 
distance (the distance between the internal limbus and the 
base of the iris) using ultrasound biomicroscopy was found 
to vary considerably (Crumley et al., 2009). At the expense of 
the CBM, a proportionally larger sinus is found in most 
domestic animals than in humans.

The pectinate ligaments consist of long strands anchoring 
the anterior base of the iris to the inner peripheral cornea 
(Fig. 2.52 and Fig. 2.53). In the dog and cat, these strands 
are usually slender and widely separated from each other, 
thus making it difficult to visualize histologically an intact 

pectinate ligament fiber for its entire length. In the rabbit 
and pig, the strands are somewhat shorter and thicker than 
those of domestic carnivores (Simones et al., 1996). In con-
trast, most ungulates possess moderately broad to very stout 
pectinate ligaments (Fig. 2.54). The pectinate ligaments are 
entirely lined by cells that are confluent with the anterior 
surface of the iris. In ICAs with stout pectinate ligaments, 
the anterior chamber freely communicates with the ICA 
through pores that lead into a collection of small channels 
surrounded by cords of densely packed collagen. Posteriorly, 
the pectinate ligament anastomoses with anterior beams of 
the trabecular meshwork. In mammals, the network of 

Figure 2.52 Gonioscopic view of the anterior ciliary body shows 
the fibrous strands, known as the pectinate ligaments, that attach 
the anterior base of the iris to the limbus.

Figure 2.53 Frontal view SEM of the canine iridocorneal angle. 
Fibrous pillars that attach the iris (I) to the limbus form the 
pectinate ligaments (PL). Arrows indicate smaller fibrous 
connections between these pillars and uveal trabeculae located 
behind the pectinate ligament. (Original magnification, 160×.)

A B

Figure 2.54 Frontal view SEM (A) and sagittal 
view light micrograph (B) of the equine 
pectinate ligament. Anteriorly pores (arrows) 
form openings that permit the aqueous humor 
to move from the anterior chamber into the 
iridocorneal angle. (Original magnification: 
A, 200×; B, 100×.)
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trabeculae is usually subdivided into two regions. The uveal 
trabecular meshwork, which in most animals comprises 
most of the inner ICA area, thus forming the ciliary cleft, 
and the corneoscleral trabecular meshwork, which is simi-
lar in construction to the uveal meshwork but smaller both 
in size of the trabecular beams and the channels or spaces 
between the cell‐lined beams.

The uveal meshwork interconnects the inner, anterior 
CBM with the pectinate ligament. For the most part, the 
uveal trabeculae are oriented meridionally. In most animals, 
these beams are completely encased by an endothelium 
referred to as trabecular cells. The beams branch increas-
ingly toward the CBM in radial and circular directions. As a 

result, the posterior uveal trabeculae are smaller, with 
smaller intertrabecular spaces separating them. The poste-
rior uveal meshwork often merges imperceptibly with the 
posterior, innermost regions of the corneoscleral trabecular 
meshwork.

The corneoscleral trabecular meshworks of domestic ani-
mals are characterized mainly by small trabeculae separated 
by small intertrabecular spaces. In carnivores, these trabecu-
lae are incompletely lined by trabecular cells (Fig. 2.55). By 
comparison, in certain ungulates, including horses, bison, 
and water buffalo, each trabecula is completely lined by tra-
becular cells. In ruminants and pigs, individual trabeculae 
can be completely lined, whereas others are incompletely lined. 

A B

CC DD

Figure 2.55 A–D. The corneoscleral trabecular meshwork (CM), sclera (S) and adjacent angular aqueous plexus (AAP) in the dog 
(asterisks indicate intertrabecular spaces). (Original magnification: All, 400×.) B. Bison, C. Horse, D. Pig.
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Composition of the trabeculae varies very little among spe-
cies (Bedford & Grierson, 1986; Samuelson, 1996; Samuelson 
& Gelatt, 1984a, 1984b; Samuelson et  al., 1989; Tripathi, 
1971a). The core, or center, of each beam is made up of 
circularly and meridionally oriented collagen fibers inter-
spersed with a modified elastin (Gong et  al., 1989). The 
core is usually enveloped by a cortical zone consisting of 
amorphous, granular material surrounded by basement 
membrane‐like material. In cats, horses, and water buffalo, 
the larger corneoscleral trabeculae and smaller uveal trabec-
ulae have multiple layers of basement membrane‐like mate-
rial within the cortical zone (Samuelson et al., 1989; Tripathi, 
1974). In horses, a narrow zone of thickened, rounded, 
corneoscleral trabeculae is present between the outflow 
veins of the ICA and the pectinate ligament. These trabecu-
lae possess no basement membrane‐like material; instead, 
they have long‐spacing collagen.

Trabecular cells are similar across species, being fibro-
blast‐like with slender cell processes that attach to adja-
cent cells and their processes. These processes allow the 
corneoscleral trabecular meshwork to act as a sieve, thus 
reducing the size of the particles that can move into the 
meshwork (Garcia et  al., 1986; Johnson et  al., 1990; 
Samuelson et al., 1985; Smith et al., 1986). The degree of 
meshwork porosity varies between species, with the dog 
having a more porous meshwork when compared with the 
horse. The trabecular cell also has the ability to ingest a 
wide variety of particles, which can range greatly in size 
(Samuelson et  al., 1984b). The phagocytic‐like quality of 
the trabecular cell provides the ICA with an indigenous 
clearance mechanism for debris, thus reducing possibilities 
for an inflammatory response (Grierson & Lee, 1973; 
Sherwood & Richardson, 1981).

An operculum is located within the canine corneoscleral 
trabecular meshwork (Samuelson et al., 2001). The opercu-
lum comprises much of the nonfiltering portion of the tra-
becular meshwork in the anterior portion of the ICA (Rohen 
& Lutjen‐Drecoll, 1989). It consists of the peripheral exten-
sion of the corneal endothelium (and its subjacent basement 
membrane, i.e., Descemet’s membrane) and the underlying, 
anteriormost portion of the corneoscleral trabecular mesh-
work. The operculum is especially well developed in dogs, 
rabbits, and nonhuman primates (Fig.  2.56; Samuelson, 
1996). The peripheral termination of the corneal endothe-
lium and its basement membrane leads to what is referred to 
as the cribriform ligament because it branches both postero-
externally, into the corneoscleral trabecular meshwork, and 
posterointernally, joining with the anterior uveal trabeculae. 
The function of the operculum is unknown; however, cells 
intimately associated with the operculum (i.e., Schwalbe’s 
line cells) are secretory in nature, able to form and release 
certain enzymes, including enolase and hyaluronans syn-
thase, and phospholipid surfactant‐like material (Fig. 2.57; 
Allen et  al., 1955; Lutjen‐Decoll & Rohen, 1992; Raviola, 

1982; Samuelson et al., 2001; Stone et al., 1984). Although 
the role these cells play in the mature ICA has yet to be 
determined, Schwalbe’s line cells represent a distinct sub-
population within most mammalian ICAs.

The external boundary of the corneoscleral trabecular 
meshwork is formed by the sclera and a plexus of aqueous 
humor collector vessels. In mammals and most lower ver-
tebrates, the aqueous humor chiefly exits the eye through 
the trabecular meshworks into these vessels (see Fig. 2.55). 
In most mammals, these vessels consist of a small network 
of veins collectively termed the AAP (Tripathi, 1971a, 
1974). These vessels have radially oriented lumens, differ-
ing from the circumferentially coursing canal of Schlemm 
in primates (Grierson et  al., 1977; Kayes, 1967; Tripathi, 

Figure 2.56 In the rabbit, as in most carnivores and monkeys, the 
peripheral corneal endothelium and its basement membrane 
extend posteriorly at variable lengths beyond the pectinate 
ligaments (PL) and form the operculum (O). In turn, the operculum 
forms a lid-like cover over the anteriormost corneoscleral 
trabecular meshwork (CTM). I, iris. (Original magnification, 100×.)

Figure 2.57 Cells associated with the operculum in the dog form 
clusters and can be linearly arranged (SLC, Schwalbe’s line cells) 
within the anteriormost regions of the corneoscleral trabecular 
meshwork. O, operculum. (Original magnification, 9800×.)
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1971b). The plexiform nature of the drainage vessels in 
most mammals allows removal of a substantial amount of 
aqueous humor. The single canal in primates most likely 
represents an evolutionary adaptation for removal of aque-
ous humor from a relatively small anterior chamber through 
a small, compact ICA bordered by a large and highly devel-
oped CBM essential for accommodation. Adjacent to the 
meshwork are aqueous collecting channels, which in turn 
empty into the intrascleral venous plexus and then the 
vortex veins.

The size of the individual collector vessels (i.e., trabecular 
veins) and the tissue immediately adjacent to the AAP varies 
considerably among mammals. The trabecular veins in cat-
tle, sheep, and water buffalo are large and extensive. Those 
associated with dogs, cats, pigs, and horses are less promi-
nent but are still extensive.

The manner by which aqueous humor flows into the 
trabecular veins of the AAP or canal of Schlemm is not com-
pletely understood (Allingham et al., 1989; Grierson et al., 
1977; Kayes, 1967; Lee & Grierson, 1975; Samuelson, 1996; 
Tripathi, 1971b). Most of the aqueous humor is thought to 
move through large, vacuole‐like structures of the inner 
endothelial cells (see Fig. 2.55).

The area adjacent to the trabecular veins typically consists 
of a zone of cellular elements intermixed with irregularly 
arranged elastin, collagen, and basement membrane‐like 
material. These elements are much more compact in the 
horse than in other mammals, except for humans. They con-
stitute a separate zone, called the juxtacanalicular zone that 
is readily distinguished from the rest of the outer corneoscle-
ral trabecular meshwork. The function of this zone has yet to 
be determined, but it may contribute substantially to aque-
ous humor outflow resistance.

In some species, including dogs, rats, rabbits, and humans, 
smooth muscle‐like cells (myofibroblastic cells) have been 
observed in the trabecular meshwork, especially adjacent 
to the aqueous humor outflow channels and along the dis-
tal or outer walls of the AAP and Schlemm’s canal (de 
Kater et al., 1990; Ryland et al., 2003). In the dog, the pres-
ence of myofibroblastic cells within the ICA suggests that 
these cells and the smooth muscle cells of the ciliary body 
along the same plane of orientation function to facilitate 
the removal of aqueous humor and are likely to be influ-
enced by vascular mediators. Whether all myofibroblastic 
cells play a significant role in regulation of aqueous humor 
outflow is unknown.

GAGs form an integral component of trabeculae within 
the ICA and the area adjacent to the AAP (and canal of 
Schlemm). Treatment with hyaluronidase results in lower-
ing of the IOP. GAGs appear to regulate IOP via their state of 
polymerization, which controls hydration capacity and 
swelling or shrinking (Grierson & Lee, 1975; Gum et  al., 
1992; Knepper et  al., 1996; Samuelson & Gelatt, 1998; 
Samuelson et al., 1987b).

Uveoscleral Outflow
Aqueous humor is not entirely removed by a plexus of col-
lector vessels via the ICA. Some aqueous humor drains 
either posteriorly into the vitreous humor, anteriorly within 
the iridal stroma and across the cornea, or exteroposteriorly 
along a supraciliary–suprachoroidal space into the adjacent 
sclera (Fig. 2.58; Bill, 1985; Bill & Phillips, 1971; McMaster & 
Macri, 1968; Smith et al., 1988). The lattermost pathway is 
called the uveoscleral, or unconventional, outflow pathway. 
The degree of uveoscleral outflow varies remarkably between 
species, with cats experiencing the least drainage (3%), fol-
lowed by humans (4%–14%), rabbits (13%), dogs (15%), and 
nonhuman primates (30%–65%) (Barrie et  al., 1985; Bill & 
Phillips, 1971). In the horse, the uveoscleral pathway may be 
just as important as the conventional route for aqueous 
humor removal. Large spaces of the outer uveal meshwork 
become confluent posteriorly, with a uniquely wide and 
well‐defined meshwork between the CBM and the sclera 
(i.e., the supraciliary space). This region, which has been 
found only in the horse, is called the supraciliary meshwork, 
and most likely represents a major pathway for aqueous 
humor removal (Fig. 2.59; Samuelson et al., 1989).

In pigs, cattle, dogs, cats, and horses, the outer anterior 
CBM forms longitudinal and circumferential attachments to 
trabeculae of the ICA (Samuelson & Birkin‐Streit, 2011; 
Sedacca et  al., 2011). Spaces between the endings of the 
CBM form avenues for the beginning of the uveoscleral 
pathway (Fig.  2.60). In pigs, the corneoscleral trabecular 
meshwork is anchored by a scleral spur, which in turn 
anchors much of the outer CBM. As a result, the uveoscleral 
pathway is limited to small intertrabecular spaces of the 
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Figure 2.58 The majority of aqueous humor flows from the 
posterior chamber (PC) into the anterior chamber (AC), where it is 
removed via the iridocorneal angle by the trabecular meshwork 
and angular aqueous plexus (AAP). Other drainage routes include 
exchange across the vitreous face (V), iris vessels (I), and corneal 
endothelium (C), and via the uveoscleral (US) pathway.
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posterior ICA that interface with the anterior CBM. Within 
the outer ciliary body, there are blood vessels in close proximity 
to the sclera. More posteriorly, the supraciliary space contains 
occasional collagenous trabeculae (Sedacca et al., 2011).

In cattle and domestic carnivores, outer anterior muscle 
bundles attach the CBM to the sclera with an anterior elastic 
sheath, which is especially well developed in dogs. Initially, 
the uveoscleral pathway consists of small intercellular spaces 
lying between the attachments of the anterior smooth 
muscle bundles of the ciliary body and the posterior uveal 
trabecular meshwork. Within the supraciliary space, slender 

trabeculae are most numerous anteriorly extending from the 
ciliary body obliquely and radially.

In horses, the outer anterior muscle bundles of the cili-
ary body are connected to branching connective tissue tra-
beculae within the uveoscleral pathway that are attached 
radially to the sclera (Samuelson et al., 1989; Sedacca et al., 
2011). An elastic sheath lines this portion of the uveoscle-
ral pathway. Trabeculae within the supraciliary space are 
extensive, consisting of either collagen or muscle. Both 
types of trabeculae are often branched and lined by mel-
anocytes, becoming less numerous, narrower, and less 
branched posteriorly.

Aging

A number of age‐related changes occur in the ciliary body. 
As the nonpigmented epithelium grows older, its base-
ment membrane thickens greatly, becoming multilaminar 
(Streeten, 1988). The pigmented epithelial basement mem-
brane similarly thickens with age, producing a nearly identical 
multilaminar appearance. The nonpigmented epithelium 
thins irregularly. The stroma of the ciliary body concomi-
tantly thickens because of increased amounts of collagen 
and other extracellular materials. The degree of pigmenta-
tion in the ciliary body lessens with age, particularly in the 
pigmented epithelium along the crests of the ciliary processes 
(Streeten, 1988).

Age‐related changes associated with the ICA are well doc-
umented in humans and dogs (Bedford & Grierson, 1986; 
Hogan et al., 1971; Samuelson & Gelatt, 1984a, 1984b, 1998). 
The cortical zone within the trabecula broadens in older 
individuals. This thickening is caused by the presence of 
additional basement membrane‐like material and additional 
amorphous material. The thickened cortical zone could 
contribute to increased thickening of the corneoscleral 

Figure 2.59 Located between the ciliary body meshwork and the 
sclera (i.e., supraciliary space), the supraciliary meshwork likely 
represents a major pathway for aqueous humor drainage in the horse 
via uveoscleral outflow. SCT, supraciliary trabecula; TC, trabecular cell. 
(Original magnification, 3500×.) Insert: Light micrograph of the 
meshwork. S, sclera. (Original magnification, 200×.)

A B

Figure 2.60 Anterior uveoscleral outflow pathway 
viewed tangentially. A. Bovine anterior uvea. (Original 
magnification, 20×.) B. Porcine anterior uvea. (Original 
magnification, 20×.) AC, anterior chamber; CBM, ciliary 
body musculature; ICA, iridocorneal angle; PC, 
posterior chamber; S, sclera; SCS, supraciliary space; 
UTM, uveal trabecular meshwork.
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trabeculae within the canine ICA. Use of PAS stain, which 
reacts strongly with basement membrane material, on nor-
mal laboratory‐quality Beagle ICAs of different ages (from 
3 months to 8 years) demonstrates positive reactions within 
the corneoscleral trabecular meshwork, especially along the 
posterior extension of Descemet’s membrane. The apparent 
increase in PAS staining with age occurs mostly within the 
anteriormost portion of the corneoscleral trabecular mesh-
work. No age‐related changes have been observed or reported 
within the uveal trabeculae of the canine ICA (Bedford & 
Grierson, 1986).

Perhaps the most discernable alterations of the canine 
ICA with regard to age are those associated with the extra-
cellular fibers comprising the bulk of each trabecula. When 
comparing the average diameter of the collagen fibril as 
well as the distribution of diameter size within the inner 
and outer regions of the corneoscleral trabecular mesh-
work and subjacent sclera next to the aqueous plexus at dif-
ferent ages, several changes are recognized (Gelatt & 
Samuelson, 1986). The average diameter of collagen fibrils 
within the outer corneoscleral trabecular meshwork 
increases by approximately 25% during the second and 
third years of life compared with the latter half of the first 
year (Samuelson & Gelatt, 1998). On the other hand, colla-
gen fibrils within the inner corneoscleral trabecular mesh-
work and adjacent outer uveal trabecular meshwork 
become progressively thinner during the first 3 years of 
life. Early age‐related changes in collagen fibrillar size are 
most remarkable within the sclera forming the outermost 
lining of the ICA, increasing nearly 100% in average diam-
eter over a 2.5‐year period. The increase of collagen fibril-
lar size within the inner scleral wall of the limbal region 
occurs unevenly, with some fibrils remaining small and 
others attaining considerable widths.

The appearance of the trabecular (i.e., endothelial) cells 
in both the uveal and corneoscleral meshworks changes 
mostly during the first year of life. As the cells become 
more separated spatially, they elongate and possess less 
clustered cytoplasmic processes. In older animals (>4 years 
of age), fewer cells are observed in both meshworks com-
pared with those in younger animals (<1 year of age). By 
the end of the first year, the average cellular density of both 
meshworks has dropped by nearly 30% (Samuelson & 
Gelatt, 1998). The lowering of cellular density during this 
period undoubtedly results from the overall increase in 
ICA size during the first year of life in dogs (Samuelson & 
Gelatt, 1984a, 1984b). A further substantial decrease in cel-
lular density is not observed for another 5 years, until the 
seventh and eighth years of age. The size of the ICAs in 
older dogs (7–8 years of age) is, in fact, slightly smaller 
than that in the younger mature dogs (1–6 years of age), 
which may be attributed to the age‐related increase in lens 
size. These changes appear to reduce the area available for 
aqueous humor outflow.

Innervation

As mentioned previously, the ciliary musculature is inner-
vated both sympathetically and parasympathetically (Gum 
et al., 2007; Murphy et al., 2012). Cholinergic and adrenergic 
nerve endings have been observed in the various compo-
nents of the ciliary body, including the trabecular meshwork 
and within the ICA. In the dog, cholinergic activity is most 
intense in the musculature, ciliary processes, and epithe-
lium. Dense adrenergic innervation, however, is located in 
the subepithelial portions of the ciliary body (Gwin et  al., 
1979). Species differences in the distribution of these nerves 
among many lower mammals have been demonstrated 
(Ehinger, 1966a), but the function of the cholinergic and 
adrenergic nerves within the ciliary body remains specula-
tive (Ehinger, 1966b; Nomura & Smelser, 1974).

Choroid

The choroid is the posterior portion of the uveal coat. It is 
composed primarily of blood vessels (mainly thin‐walled 
veins) and pigmented support tissues. It is the main source 
of nutrition for the outer layers of the retina. In most domes-
tic animals, the anterior margin of the choroid joins the cili-
ary body along a regular, nonserrated junction called the ora 
ciliaris retinae. In primates, the junction is irregular and ser-
rated and termed the ora serrata. The choroid tends to 
thicken along the posterior pole, becoming thinner toward 
the globe equator.

For morphologic discussions, the choroid is divided exter-
nally to internally, as shown in Fig. 2.61, into

1) the suprachoroidea
2) the large‐vessel layer
3) the medium‐sized vessel and tapetum layer, and
4) the choriocapillaris.

The tapetal layer varies among species, and it is absent in 
pigs, squirrels, rodents, rabbits, kangaroos, llamas, alpacas, 
and many nonhuman primates.

Suprachoroidea
The suprachoroidea consists of elastic, heavily pigmented 
connective tissue that forms a transition between the sclera 
and the choroid. Branching collagen lamellae traverse the 
potential suprachoroidal space to fasten the choroid to the 
lamina fusca of the inner sclera (see Fig. 2.61). During pro-
cessing for histologic examination, the choroid frequently 
separates from the sclera. The suprachoroidea also functions 
as the posterior component for uveoscleral outflow. Aqueous 
humor that has moved along this narrow junction of the 
sclera and choroid diffuses into the sclera and, subsequently, 
the systemic circulation. The layers of melanocytes and 
fibrocytes and the interspersing collagen and elastic fibers 
may produce resistance to uveoscleral drainage, even though 
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a cellular barrier has not been found (Koseki, 1992). The 
long posterior ciliary nerves and arteries course their way 
anteriorly in the suprachoroidea along the horizontal merid-
ian (Castro‐Correia, 1967).

In birds, this region also contains a layer of nonvascular 
smooth muscle cells (DeStefano & Mugnaini, 1997). This 
layer is believed to be innervated by somatostatin‐expressing 
neurons located within the avian choroid. The function of 
this band or layer of smooth muscle within the supracho-
roidea is unknown, but its location suggests that it could 
play a significant role in uveoscleral outflow and IOP 
regulation.

Large-Vessel Layer
Immediately internal to the suprachoroidea is a vascular 
plexus embedded in loose connective tissue containing mel-
anocytes and fibrocytes. This plexus is composed mostly 
of large veins and scattered arteries (Fig. 2.62). These veins 
merge centripetally into four or more prominent vortex 
veins located obliquely near the globe equator between the 
horizontal and vertical meridians. In cross section, the veins 
are cavern‐like, occupying 50% or more of the total volume 
of the choroid (see Fig. 2.61 and Fig. 2.63). They frequently 
collateralize with each other and communicate anteriorly 
with anterior ciliary veins, the intrascleral venous plexus, 
and the iridal veins (Natiello et  al., 2005; Wong & Macri, 
1964). The large arteries, which are much fewer in number, 
are mostly branches of the short posterior ciliary arteries, 

A B100 μm

Figure 2.61 A. The canine choroid (C) consists of the suprachoroidea (1), large-vessel layer (2), medium-sized vessel and tapetum layer 
(3), and choriocapillaris (4). R, retina; BV, blood vessel. * denotes a nerve within the sclera (S). B. SEM shows a close-up view of the outer 
choroid, where the suprachoroidea (Su) forms fine collagenous attachments (arrows) with lamina fusca of the sclera (S). (Original 
magnification, 850×.)

Figure 2.62 SEM corrosion cast of the choroidal vasculature in 
the dog. Large arrows indicate collateralization of the intrascleral 
plexus (ISP) with the large choroidal veins (V). Small arrows 
indicate choroidal arteries. (Original magnification, 10×.)
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which enter the globe in the vicinity of the optic nerve and 
supply the retina, optic nerve, and choroid. To a lesser 
extent, the choroid also receives blood from the long poste-
rior ciliary arteries and the anterior ciliary arteries 
(Torczynski, 1988).

In addition to providing the major source of oxygen and 
nutrients for the retina, the large vessels may act as a “cool-
ing system,” dissipating the heat produced from light absorp-
tion (Auker et  al., 1982; Parver et  al., 1982). The osmotic 
pressure created by high levels of plasma proteins in the cho-
roidal tissue fluid might also assist in keeping the retina 
attached to the retinal pigment epithelium (RPE), by allow-
ing retinal fluids to pass into the choroid, then subsequently 
into the suprachoroidea, sclera, and episcleral tissues (Bill, 
1968, 1975a, 1985).

In the avian eye, the large veins are directly associated 
with another bed of vessels, which have been referred to as 
sinusoids, lacunae, or most recently, lymphatic vessels 
(DeStefano & Mugnaini, 1997; Meriney & Pilar, 1987; Walls, 
1942). These vessels comprise a major portion of the choroi-
dal volume, and they serve as a large reservoir that may 
assist in IOP regulation by removal of fluid from the blood 
vessels (DeStefano & Mugnaini, 1997; Meriney & Pilar, 
1987). Morphologically, the vessels are similar to lymphatic 
vessels, with a fenestrated endothelium but no innervation 
or defined, basal lamina‐associated smooth muscle. These 
vessels are mostly located next to the suprachoroidea, and a 

portion of them extends into adjacent large veins as the 
latter exit the choroid (Fig.  2.64). The combination of 
these accessory vessels in the outer choroid and the previ-
ously discussed thin band of smooth muscle within the 
suprachoroidea distinguishes the avian from the mamma-
lian choroid.

Medium-Sized Vessel and Tapetum Layer
A small layer of medium‐sized vessels and pigmented retic-
ular connective tissue lies internal to the large‐vessel layer. 
These vessels are emissaries between a single sheet of cap-
illaries and the layer of large blood vessels. The medium‐
sized vessels, especially the arteries, dichotomously branch, 
radiating slightly inward in a fanlike manner from the 
larger vessels. The cells surrounding these vessels consist 
of melanocytes and fibrocytes. In heavily pigmented indi-
viduals, the melanocyte is the predominant cell type. In 
most domestic animals, the melanocyte possesses charac-
teristically oval‐to‐round melanin granules ranging from 
0.1 to 4.0 μm in diameter. The extracellular space consists 
of loosely arranged bundles of collagen interspaced with 
numerous elastic fibers.

Nonmyelinated nerve fibers in the choroid are predomi-
nantly associated with the vascular system, and most of the 
nerves are associated with the arterial system. They arrive in 
the choroid as short ciliary nerves around the optic nerve 
and provide numerous collaterals in the posteroanterior 
route. They follow the short posterior ciliary artery branches, 
and they give off anastomotic branches. Most of the nerve 
endings provide motor input to the smooth muscles of the 
arteries.

In most domestic animals, the dorsal portion of the cho-
roid at the medium‐sized vessel layer contains a layer of 
reflective tissue called the tapetum lucidum. The tapetum is 
roughly triangular in shape when viewed funduscopically, 
and it varies in color (Fig.  2.65). It reflects light that has 

Figure 2.63 SEM of the posterior canine eye shows the choroid 
(C) is composed mostly of large, cavernous veins (V) that drain the 
choriocapillaris (arrow), which nourishes the outer retina (R). S, 
sclera. (Original magnification, 25×.)

Figure 2.64 The outer choroid in the avian (i.e., chicken) eye 
consists of sinusoids (S) that extend to the suprachoroidea 
(arrows) and adjacent “cup” of hyaline cartilage. A, arteries; V, veins. 
(Original magnification, 200×.)
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passed through the retina and thus restimulates the photo-
receptor cells. The tapetum lucidum is responsible both for 
the “eyeshine” seen at night when the eye is illuminated and 
for the variable background color of the ocular fundus when 
viewed ophthalmoscopically during fundic examination. 
Animals without a tapetum lucidum have diurnal habits and 
red or orange to pale gray (depending on the amount of cho-
roidal pigmentation) fundic reflections (Young & Braekevelt, 
1993). The red‐to‐orange backgrounds result from reflection 
of light from choroidal blood vessels in less pigmented 
individuals.

The tapetal layer is composed of regularly arranged colla-
genous fibers in herbivores (i.e., the tapetum fibrosum in 
horses, cattle, sheep, and goats) and of specific polyhedral 
cells, or iridocytes, containing reflecting crystals in carnivores 
(i.e., the tapetum cellulosum in the dog and cat). Animals 
with a tapetum show great color variation depending on spe-
cies, breed, age, and amount of pigmentation. Microscopically, 
the tapetum is interposed between the branching vessels in the 
choroid and the single layer of the choriocapillaris beneath 
the retina. The thickness of the tapetum varies, being multi-
layered at its center and thinning to a single cell (or lamella) at 
its periphery and adjacent to the optic nerve. The tapetum 
develops late in animals born with immature eyes (e.g., dogs 
and cats); it is usually completely developed by 4 months of 
age. Animals born with mature eyes (e.g., ungulates and 
equines) have a well‐developed tapetum at birth.

Histologically, the tapetum cellulosum is composed of rec-
tangular‐shaped cells, iridocytes, with a species‐dependent 

variability in number of cell layers (Fig.  2.66; Table  2.10). 
The tapetal layer is thickest centrally and thins toward the 
periphery until the tapetum cellulosum is replaced by regu-
lar choroidal stroma. From the underlying choroidal stroma, 
numerous small vessels penetrate the tapetal layer to form a 
single‐layered capillary bed, known as the choriocapillaris 
network, on the inner surface of the tapetum. Iridocytes 
have a round nucleus with a prominent nucleolus; in tan-
gential sections, the tapetal cells are polygonal.

The most striking ultrastructural feature of tapetal cells in 
the dog and cat is the presence of numerous slender, elec-
tron‐dense rods in the cytoplasm. These rods in the cat are 
densely packed, uniform in size, circular in cross section, 
and circumferentially arranged into highly organized groups 
(Fig. 2.67). The sides of adjacent tapetal cells have a wider 
intercellular space, separated by collagen and elastic fibrils, 
than the ends of the cells, which are in closer apposition to 
each other. Within each cell, there may be several groups of 
rods, often oriented at right angles to each other but still 
maintaining their long axis parallel to the retinal surface. 
The rods are membrane‐bound and pack the cytoplasm so 
that the remaining organelles are limited to the perinuclear 

Figure 2.65 The tapetum lucidum (T), which is always located 
dorsally, usually ends along the horizontal plane next to or 
including the optic nerve head (ON). In this specimen, a portion of 
the retina and choroid (*) have been removed to demonstrate the 
posterior eyewall, the sclera (S). Feline globe.

A

B

TL

TL

Figure 2.66 The carnivorous tapetum lucidum (TL) consists of 
layers of cells, called iridocytes, which vary in number, size, and 
composition. A. The dog. B. The cat. (Original magnification: 200×.)
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region and the cell periphery. Melanin granules are present 
in small numbers in the tapetal cells on the scleral side of the 
tapetum (Chijiiwa et al., 1990; Pedler, 1963), and tapetal rods 
have the ability to bind calcium at a similar level to melanin; 
this suggests that, in all likelihood, the iridocyte is a modi-
fied melanocyte. The chemical composition of the tapetal 
layer varies among species. A high level of zinc (zinc 
cysteine) is present in canine iridocytes, whereas feline iri-
docytes contain abundant riboflavin and zinc (Braekevelt, 
1993a). The tapetal rods are believed to contain high concen-
trations of these substances (Pirie, 1966).

In ungulates, closely and regularly arranged collagen fib-
ers comprise the tapetum, which is often referred to as a 
fibrous tapetum. The fibrous tapetum is basically acellular, 
except for an occasional fibrocyte. The collagen fibrils are 
organized into well‐ordered lamellae that branch and inter-
connect with adjacent lamellae at the same level, parallel 
with the retinal surface. The collagen fibrils within each 
layer vary little in diameter (approximately 80 nm) and 
have a regular spatial arrangement similar to that seen in 
the corneal stroma (see Fig. 2.26).

Small blood vessels, typically capillaries, penetrate the 
tapetum at right angles to the long axis of the iridocytes in 
carnivores, and to the collagen lamellae in herbivores, 
directly interconnecting the medium‐sized blood vessels 
with the choriocapillaris (Fig.  2.68). When observed oph-
thalmoscopically, these end‐on vessels are sometimes called 
the “stars of Winslow.” In the dog and cat, these vessels are 
separated from the iridocytes by a small amount of loose 
connective tissue and a lining of fibrocytes (see Fig. 2.68).

In nonmammalian species, the tapetum lucidum is either 
located within the retina (teleosts and some reptiles) or 
within the choroid (elasmobranches). The tapetum lucidum 
is consistently absent in birds (Pirie, 1966). With a retinal 
tapetum lucidum, either lipid‐ or guanine‐laden material 
lies within the cytoplasm of the RPE (Ollivier et al., 2004; 
Schwab et al., 2002). Among teleosts, movement of melanin 
granules within the RPE occurs depending on the environ-
mental illumination, with the melanin granules migrating 
toward the vitreous humor (forward) during illumination or 
toward the sclera (backward) during dim light or darkness. 
The movement of melanin granules causes the reflective 
material within the RPE to become masked or occluded. 
Consequently, these retinal tapeta lucida are referred to 
as occlusible. In elasmobranchs, the tapetum lucidum is 
also occlusible, but not because of melanin movement. In a 

Table 2.10 Choroidal tapeta among selected vertebrates.

Classification Type of tapetum Reflective material Thickness Size of fibrils or rodlet dimensions

Fish (Elasmobranchs) Occlusible Guanine 60–80 μm 12–20 superposed crystals

Dog Cellulosum Zinc cysteine 9–20 layers Length: 4 μm
Diameter: 0.14–0.18 μm
Spacing: 0.20 μm

Cat Cellulosum Riboflavin, zinc 10–30 layers Length: 0.10–6 μm
Diameter: 0.10–10 μm
Spacing: 0.08–0.20 μm

Cow Fibrosum Diameter: 0.15–0.20 μm
Spacing: 0.20 μm

Sheep Fibrosum Collagen 9‐16 layers Diameter: 0.15 μm
Spacing: 0.08–0.2 μm

Source: From Ollivier, F.J., et al. (2004) Comparative morphology of the tapetum lucidum (among selected species). Veterinary Ophthalmology, 1, 
11–23. Reproduced with permission of John Wiley & Sons.

Figure 2.67 Tapetal cells of a cat. The main cytoplasmic 
components are the rods; mitochondria (M) are infrequent. The rods 
are uniform in a group concerning spatial orientation, but more than 
one group is often present within a cell (arrows). The sides of 
adjacent cells have wide intercellular spaces with scattered collagen 
fibrils (C), whereas the ends of the cells are in close apposition. N, 
nucleus of tapetal cell. (Original magnification, 7750×.)
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phenomenon termed retinomotor movement, RPE cell 
processes and the photoreceptors experience positional 
rearrangements based on changes in ambient lighting. The 
RPE processes move between and over the reflective cells 
within the tapetum during illumination, masking the reflec-
tive material. Then in low light conditions, this movement is 
reversed, exposing the reflective material and enhancing 
the ability of the photoreceptors to process light.

Choriocapillaris
The choriocapillaris is the innermost layer of choroidal ves-
sels, forming a thin layer of capillaries separated from the 
RPE by a basement membrane complex known as Bruch’s 
membrane (Fig. 2.69). The lumen of the choriocapillaris is 
fairly wide, allowing red blood cells to pass through two to 
three abreast. The endothelial lining of the choriocapillaris 
possesses numerous circular fenestrations, which are often 
arranged in rows. External to the endothelium is a basement 
membrane forming the external layer of Bruch’s membrane. 
Bruch’s membrane is poorly developed in many domestic 
animals when compared to primates. In most diurnal spe-
cies that lack a tapetum lucidum, including pigs and pri-
mates, Bruch’s membrane is pentalaminated, consisting of 
basal laminae of the RPE and choriocapillaris endothelia, 
two adjacent layers of collagen, and an intervening band of 
elastic fibers. In animals with tapeta, and especially with 

m

I
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Figure 2.68 Capillaries (C) vertically interconnect medium-
sized blood vessels with the choriocapillaris (CC) in the cat. 
The iridocytes (I), or tapetal cells, line up evenly next to 
these capillaries. The end of each iridocyte is bordered 
by mitochondria (m). F, fibrocyte. (Original magnification, 
7200×.)

A B

I

Figure 2.69 Choriocapillaris in the dog. A. Note the numerous fenestrations (F) in the endothelium. Bruch’s membrane in most places 
consists of only the fusion of the pigment epithelium (PE) and the endothelial basal lamina (dark arrows), but small amounts of the 
collagenous zone are visible when they separate (open arrow). Note how the tapetum (T) is buffered from the capillary by a layer of 
collagenous tissue (C). Note also the lack of pigment in the PE over the area of the tapetum. (Original magnification, 12,400×.) B. The 
choriocapillaris (CC) forms the innermost layer of the choroid, being a wide capillary bed intimately associated with the RPE. I, iridocyte. 
(Original magnification, 3000×.)
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cellular tapeta, Bruch’s membrane is reduced to a trilami-
nated structure consisting of two basal laminae and a layer 
of collagen.

Lens

The crystalline lens is a transparent, avascular structure that 
focuses light onto the retina. It is suspended within the eye 
by zonules arising from the ciliary body epithelium (i.e., pars 
plicata) and attaching circumferentially to the lens capsule 
at the lens equator. The lens is also held in place posteriorly 
within a shallow depression in the anterior vitreous (i.e., the 
patella fossa), and the iris rests against it anteriorly. In many 
mammals, birds, and reptiles, the lens is biconvex; the degree 
of convexity (i.e., shape) is able to change during accommo-
dation because of the elasticity of the capsule and the pliabil-
ity of the lens fibers. In young mammals, the lens is quite 
soft, with only a small, central, denser nucleus. The lens 
grows throughout life, with newly formed fibers added con-
tinuously to the outermost cortex, causing compression of 
the central, older zone of lens fibers. This results in a hard-
ening of the central nucleus (i.e., nuclear sclerosis), which 
reduces accommodation ability as the lens ages.

The refractive power of the lens is less than the cornea 
because the change of refractive index is much greater at the 
air–cornea interface than at the aqueous–lens and lens–vitre-
ous interfaces. Contraction of the CBM reduces tension on 
the lenticular zonules, thereby changing the shape of the lens 
resulting in an alteration of the dioptric power. Of the roughly 
60 diopters of total refractive power of the eye, the lens con-
tributes approximately 13–16 diopters in humans. In dogs, 
the dioptric power of the lens contributes approximately 40 
diopters. The remaining refraction is provided by the cornea. 
Some mammals, including monotremes, marsupials, some 
herbivores, aquatic (primarily marine), placentals, and many 
nocturnal types such as mice and rats, have no known accom-
modative mechanism (Prince, 1956). Others, such as ungu-
lates, accommodate weakly, having poor near vision; as a 
result, they rely more on other senses to detect near objects.

The lens is proportionately larger in domestic animals 
than in humans. The dog lens has a volume of approximately 
0.5 mL and averages 7 mm in thickness at the anteroposte-
rior axis, with a 10‐mm equatorial diameter. The proportion 
of lens volume to entire globe volume ranges from 1 : 8 to 
1 : 10. The equine lens, on the other hand, has a volume of 
approximately 3 mL, 12–15 mm average anteroposterior axis 
thickness, an approximately 21‐mm equatorial diameter, 
and a lens–globe ratio of 1 : 20. Lens volumes of sheep, cattle, 
and pigs fall between these volumes, thicknesses, and 
diameters (Table 2.11). The lens consists of an enveloping 
basement membrane called the lens capsule, an anterior 
epithelium, and lens fibers occupying two main zones: the 
nucleus and the cortex (Fig. 2.70).

Lens Capsule

The lens fibers are completely enclosed within a thick, PAS‐
positive capsule, which is the exaggerated basement membrane 
of the lens epithelium. It has elastic properties but no elastic 
fibers (Hogan et al., 1971). The thickness of the capsule varies 
by region, with the thinnest being the posterior pole. The canine 
lens capsule thickness is 8–12 μm at the equator, 50–70 μm 
anteriorly, and only 2–4 μm posteriorly. Most of the capsule 
thickening occurs during the first year of life (Table  2.12; 
Monaco et  al., 1985). As in most basement membranes, the 
main component of the lens capsule is type IV collagen.

Anterior Epithelium

Lining the anterior capsule is a monolayer of lens epithelial 
cells that continuously produce new basement membrane 
(i.e., capsule material). The cells are cuboidal to squamous 
axially at the anterior pole of the lens, become columnar 
near the equator, then elongate into slender hexagonal 
lens fibers. Nuclei are lost as lens fibers mature and move 
centrally. The lens epithelium lines only the interior aspect of 
the anterior surface of the capsule postnatally. The cell apices 
face the outer lens fibers, being attached to the underlying 

Table 2.11 Lens measurements in domestic animals.

Animal Volume (mL)
Anteroposterior 
axis (mm)

Diameter 
(mm)

Dog 0.5 7 10

Cat 0.5 7.5–7.8 9–10.4

Horse 3.0 12–15 18–22

Cow 2–2.3 12–14.9 17.2–19.5

Sheep 0.9–1.2 8–12 12–15

Pig 0.5–0.8 7.5–8.1 9.5–11

Source: Translated from Bayer, J. (1914) Angenheilkunde. Vienna: 
Braumueller.

Table 2.12 Lens capsule measurements in the dog.

Age Anterior pole (μm) Equator (μm) Posterior pole (μm)

Neonatal 1.9 3.8 1.9

1 week 2.9 4.8 1.9

4 weeks 6.7 7.6 3.8

8 weeks 10.5 7.6 3.8

12 weeks 20.9 7.6 3.8

16 weeks 21.9 7.6 3.8

1 year 48.5 7.6 3.8

Source: Monaco, M.A., Samuelson, D.A. & Gelatt, K.N. (1985) Morphology 
and postnatal development of the normal lens in the dog and congenital 
cataract in the Miniature Schnauzer. Lens Research, 2, 393–433.
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cortical fibers by tight junctions (zonula occludens) and 
macula adherens (Benedetti et al., 1976; Hogan et al., 1971; 
Monaco et  al., 1985; Rafferty & Esson, 1974; Samuelson 
et al., 1987a). The posterior lens epithelium forms the embry-
onic primary lens fibers and, thus, is absent under the poste-
rior lens capsule later in life.

Mature lens fibers become dependent on the anterior epi-
thelium for maintaining a critical level of dehydration, 
which allows the soluble proteins to be functionally effec-
tive, and for providing a healthy level of reduced glutathione. 
The lens epithelium is highly susceptible to damage caused 
by factors such as changes in local oxygen concentration, 
exposure to toxins, X‐ray irradiation, and ultraviolet (UV) 
light damage. Nocturnal (and arrhythmic) animals might be 
less able to compensate for exposure to bright light, as free‐
radical scavenging and other defense mechanisms might dif-
fer between species.

Lens Fibers

Immediately anterior to the lens equator is a proliferative 
zone within the epithelium, referred to as the lens bow 
(Fig. 2.70 and Fig. 2.71). The cells within this zone begin to 

mitose at approximately the same time the primary lens fib-
ers form during early fetal development. This zone of mitosis 
continues throughout life. The most recently formed cells 
elongate, with the apical portion of the cell extending for-
ward beneath the epithelium and the basal portion posteri-
orly along the capsule (Fig. 2.72). As these cells transform 
into lens fibers, small ball‐and‐socket interdigitations begin 
to develop (Fig.  2.73) and the lens fibers become roughly 
hexagonal in shape. The ball‐and‐socket junctions, which 
are present along the length of the fibers, are formed only at 
the six angular regions; in this way, any particular lens fiber 
is tightly coupled to six other lens fibers, including two older 
fibers, two of the same generation, and two younger fibers. 
In addition to these cytoplasmic interdigitations are many 
gap junctions, or nexi (Philipson et al., 1975). The nucleus of 
each developing lens fiber retains its central location, and 
the difference in the degree of elongation between younger 
and older developing lens fibers creates the lens bow con-
figuration of nuclei at the equator (see Fig. 2.70, Fig. 2.72, 
and Fig. 2.74).

The lens fibers elongate toward the anterior and posterior 
poles, forming a U‐shaped cell. The fibers do not reach the 
full distance from one pole to the next, much less the entire 
circumference of the lens; rather, they meet fibers from the 
opposite side to form the anterior and posterior lens sutures. 
The sutures are simply the junctions from opposite fibers at 

zf

Cortex

Adult nucleus

Fetal
nucleus

Posterior capsule

Anterior capsule

Embryonal
nucleus

Figure 2.70 Composite drawing of the lens, capsule, 
attachments, and nuclear zones. The lens epithelial cells line the 
anterior capsule. At the equator, these dividing cells elongate to 
form lens cortical cells (fibers). As they elongate anteriorly and 
posteriorly toward the sutures, their nuclei migrate somewhat 
anterior to the equator and form the lens bow. Zonular fibers (zf) 
attach to the anterior and posterior lens capsule and to the 
equatorial capsule, forming pericapsular or zonular lamellae of 
the lens. (Source: Modified from Hogan, M.J., Alvarado, J.A. & 
Weddell, J.E. (1971) Histology of the Human Eye. Philadelphia, PA: 
W.B. Saunders. Reproduced with permission of Elsevier.)

Figure 2.71 The anterior epithelium of a neonatal canine lens 
near the equator (E) has a proliferative zone at which cells 
undergo mitosis (arrows) and, subsequently, are pushed toward 
the equator. (Original magnification, 400×.)
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a given level in the lens. They vary in configuration among 
species and at different levels within the lens.

The sutures usually form a Y‐shaped pattern near the 
center of the lens, but in older eyes, they become more com-
plex, with branching arms in the more superficial layers 
(Fig. 2.75). The suture patterns extend throughout the depth 
of the lens, but they are apparent in vivo only at optical inter-
faces. The sutures in the anterior half are typically in an 
upright Y‐shaped pattern, whereas those on the posterior 
half are an inverted Y‐shaped pattern. Figure 2.76 illustrates 

how inversion of the suture pattern develops and how a fiber 
attaches to opposite sites on a suture arm at its anterior and 
posterior limits (Hogan et al., 1971). At the lens sutures, the 
fibers markedly interdigitate with each other (Fig. 2.77). The 
interdigitations can affect optical quality to some degree by 
varying the focal length of light in this region of the lens, 
especially in the presence of nuclear sclerosis, lens pathol-
ogy, or both (Kuszak et al., 1991). Overall, the combination 
of these well‐developed regions for cell attachment, includ-
ing the ball‐and‐socket and gap junctions, make the lens a 
remarkably unified structure. Lens fibers that become 
attached at the suture have fully matured; these cells lie in 
the deep bow zone and eventually lose their nuclei and orga-
nelles (Kuwabara & Imaizumi, 1974).

The mammalian adult lens consists of lens fibers formed 
chronologically throughout life. The oldest portion, formed 
during embryonic development, is in the center of the lens 
and known as the embryonic nucleus. It is a small, dark, 
lucent zone. Extending outwardly, the fetal nucleus, adult 
nucleus, and cortex are respectively encountered. These por-
tions are frequently subdivided clinically into anterior and 
posterior divisions to further localize lesions (Daniel et al., 
1984; Martin, 1969).

The surface of lens fibers varies according to the location 
within the lens. In newly mature fibers (i.e., the outer cor-
tex), the ball‐and‐socket junctions are the dominant feature 
along each hexagonal edge (see Fig.  2.73). This feature is 
notably reduced in the lens fibers in the inner cortex next to 
the adult nucleus. The reduction in size of these interdigita-
tions and the undulating appearance of the fibers undoubt-
edly result from the increasing compression this region 
undergoes. This change is even more remarkable in the 
nucleus, in which lens fibers have lost their ball‐and‐socket 

Figure 2.72 Young horse lens near the equator. Lens capsule (A) 
and columnar lens epithelium (B) at equator. Arrows delineate the 
formation of the lens bow by the nuclei of the newly formed 
fibers. Open arrow points rostrally. (Original magnification, 500×.)

A B

N

Figure 2.73 Newly formed canine secondary lens fibers are evenly hexagonal in cross-section. They form small ball-and-socket 
junctions (arrows) along their six angular edges. A. SEM. (Original magnification, 6,600×.) B. TEM. (Original magnification, 8,000×.) Insert: 
Close-up of one of the ball-and-socket junctions. N, nucleus. (Original magnification, 30,000×.)
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junctions entirely and instead possess tongue‐and‐groove 
junctions.

To a greater extent than in mammals, lenticular accom-
modation in birds depends on the ability of the lens to 
change shape. The avian lens is generally softer and more 
flexible than the mammalian lens, and consequently is more 
readily deformed during contraction of the ciliary body and 
peripheral iris musculature (Glasser et  al., 1995). As the 
anterior uveal muscles contract, it is theorized that the cili-
ary body pushes against the mid‐equatorial region of the 

lens while the peripheral edge of the iris presses against the 
anterior equatorial surface (Fig.  2.78). As an evolutionary 
adaptation to this activity, the avian lens has an annular 
pad (i.e., ‘ringwulst’), which consists of lens fibers that 
are relatively enlarged and arranged radially instead of 

Nu

Nu

Nu

Nu

Figure 2.74 At the equator of a dog lens, the nuclei (Nu) of the newly forming secondary lens fibers are arranged linearly, taking up a 
central location within each cell. As these fibers mature, their nuclei are more rostrally or anteriorly located, achieving a bow-like 
configuration. These cells possess a great deal of free ribosomes and rough endoplasmic reticulum. (Original magnification, 3000×.)

Figure 2.75 Stereoscopic view of the posterior pole in an adult 
bovine lens demonstrates the distinct, Y-shaped suture pattern 
where lens fibers attach to each other. Branching arms 
(arrowheads) of the Y-shaped sutures occur more superficially, 
representing the attachment of younger cells. (Original 
magnification, 40×.)

a

p

Figure 2.76 Drawing of the embryonal lens (i.e., nucleus) shows 
the anterior (a) Y suture, posterior (p) Y suture, and arrangement of 
the lens cells. The lens cells are depicted as wide, shaded bands. 
Those that attach to the tips of the Y sutures at one pole of the 
lens (a) attach to the fork of the Y at the opposite pole (p). (Source: 
Revised from Hogan, M.J., Alvarado, J.A. & Weddell, J.E. (1971) 
Histology of the Human Eye. Philadelphia: WB Saunders. 
Reproduced with permission of Elsevier.)
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concentrically (Fig. 2.79). The size of the annular pad appears 
to relate directly to the degree of accommodative ability. In 
both birds and reptiles, the ciliary processes directly contact 
the lens equator, and zonules are not present.

Between the annular pad and the main lens body exists a 
space called the cavum lenticuli, which separates these two 
distinct zones of the avian lens (Willekens & Vrensen, 1985). 
Annular pad fibers have a hexagonal circumference and are 
similar to young developing mammalian lens fibers. The 
annular pad fibers are smooth‐surfaced, lacking any anchor-
ing cellular processes (as in the chicken, song thrush, and 
kestrel), or they may be studded with edge protrusions, 
including ball‐and‐socket junctions (Willekens & Vrensen, 

1985). At the transition between the annular pad and the 
main lens body, the cells become considerably elongated, 
and their nuclei appear to be oval before they disappear. The 
germinative epithelial cells differentiate in two phases: first 

Figure 2.77 Close-up of a suture line in a dog lens reveals the 
great amount of cellular interdigitation (arrows) between adjacent 
lens fibers. (Original magnification, 5,000×.)

Figure 2.78 The avian lens is capable of dramatic changes in shape during accommodation, because it can be physically compressed 
(broad arrows) into a more rounded shape by the adjacent ciliary processes. By comparison, the lens “at rest” is stretched by zonules (small 
arrows) into a biconvex form.

Figure 2.79 The “ringwulst,” or annular pad (AP), of a screech 
owl’s lens consists of radially arranged cells (arrows) that can 
withstand direct pressure. (Original magnification, 200×.) Insert: 
Overview of the annular pad. I, iris. (Original magnification, 20×.)
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into annular pad fibers that are elongated horizontal to the 
anteroposterior axis of the lens, and then into main lens 
body fibers, which continue to elongate further and eventu-
ally lose their organelles.

Zonular Attachment

The mammalian lens is circumferentially suspended from 
the ciliary body by fibers called zonules. Zonular attachment 
is achieved by a complex arrangement of fibers that insert 
onto the lens capsule in a zone encompassing the equator 
and a short distance both anterior and posterior to the equa-
tor (Fig.  2.80A, B; Farnsworth et  al., 1976). Each zonular 
fiber is made of numerous small fibrils, which are visible 
under SEM as they attach to the lens capsule (Fig. 2.80C). 
The zonular fibers spread out near the equator and termi-
nate into smaller bundles. Each of these bundles also fan out 

and form a network that ramifies over the surface of the lens 
capsule, approximately 1.5–2.0 mm away from the lens equa-
tor. As each smaller bundle of fibrils blends into the outer 
capsule, it is interwoven with an adjacent bundle, thus 
 providing added strength for its insertion.

It was once believed that the zonular fibrils consisted of 
collagen and were perhaps a condensation of vitreous; 
zonules are therefore referred to as the tertiary vitreous. 
However, the fibrils are composed in part of a noncollagen-
ous glycoprotein, fibrillin‐1, that is also found in elastin 
(Cain et al., 2006; Dische & Murty, 1974; Streeten & Licari, 
1981). Zonular fibers are believed to originate from the cili-
ary body, specifically the nonpigmented epithelium (Gloor, 
1974). At the level of the ciliary body nonpigmented epithe-
lium, the fibrils do not penetrate the basement membrane 
entirely, but rather intermix with the inner folds of the base-
ment membrane. At the level of the lens, the zonules insert 

A B

C

Figure 2.80 Zonular attachments to the lens in a dog. A. SEM shows zonules (Z) extend from the ciliary body onto the equator of the 
lens (L) in a ring-like manner, covering each ciliary process. (Original magnification, 30×.) B. SEM shows that each zonule consists of 
bundles (arrowheads) of fibrils, which are most apparent next to the lens (L). (Original magnification, 78×.) C. SEM shows termination of 
zonular fibrils, which unravel to form a dense meshwork over the capsule that greatly increases the surface area of attachment. A, zonular 
fiber. (Original magnification, 1600×.)
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intracapsularly, mixing with the type IV collagen of the lens 
capsule (Hiraoka et al., 2010).

The relationship of the zonules to ciliary processes varies 
to some extent among species. In primates, the zonular 
fibers originate largely from the pars plana, within 1 mm 
anterior to the ora serrata (Raviola, 1971; Rohen, 1979; 
Streeten, 1992). As the zonules course anteriorly, almost all 
have a close attachment to ciliary processes, adhering 
strongly to the valleys between the folds and along the sides 
of the processes.

In the cat, the zonular fibers largely appear to bypass the 
ciliary processes and insert in the valleys (Fig. 2.81). In the 
dog, tips of the ciliary processes are free of zonular fibers, but 
the remaining process is ensheathed very intimately with the 
zonules (see Fig.  2.43 and Fig.  2.82; Gelatt & Samuelson, 
1998). The fibers as a group can be followed to the base of the 
ciliary process. As the fibers insert into the lens capsule, they 
can fan out over a breadth of 300 μm, and as a result overlap 
considerably with fibers arising from adjacent processes. The 
horse (see Fig.  2.44) has numerous fibers both ensheathing 
the processes and in the valleys, and both types continue 
down to the pars plana. In addition, an extensive network of 
fibers runs horizontally, joining the ridges of the processes.

Vitreous

The vitreous humor is a transparent hydrogel that comprises 
a portion of the clear ocular media and accounts for up to 
two‐thirds of globe volume. Vitreous volumes in selected 

species are listed in Table  2.13. Anteriorly, the vitreous 
provides support for the lens as it rests in a shallow concavity 
(i.e., the patella fossa), whereas posteriorly, the vitreous 
abuts the neurosensory retina. As a result, the vitreous func-
tions to transmit light, to maintain the shape of the eye, and 
to help maintain the normal position of the lens and retina 
(Jaffe, 1969).

Embryologically, the vitreous is composed of three 
components

1) the primary vitreous (containing the hyaloid artery 
system)

2) the secondary (definitive, or adult) vitreous, and
3) the tertiary vitreous (lens zonules, discussed earlier).

The primary, or primitive, vitreous develops first, as the 
hyaloid artery system courses through it to provide a blood 
supply to the avascular developing lens. The secondary 

Figure 2.81 Caudal-view SEM of ciliary processes and zonular 
attachments to the lens in a cat. A, Posterior lens. B, Ciliary 
processes. C, Posterior zonular fibers. D, Anterior zonular fibers. 
Note the zonular fibers extending from the valleys and producing 
a cluster of fibers at their lenticular insertion with gaps between 
bundles. (Original magnification, 40×.)

Figure 2.82 SEM shows that the apical portion (A) of each ciliary 
process in the dog is not intimately associated with zonular fibers. 
(Original magnification, 50×.)

Table 2.13 Vitreous humor volume in selected species.

Animal Vitreous volume (mL)

Doga 1.7

Horsea 26.15

Calf 10

Pig 3.5

Rabbit 1

Human 4

Source: Modified from Jaffe, N. (1969) The Vitreous in Clinical 
Ophthalmology. St Louis.
a Gilger et al., 2005.
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 vitreous then forms around the primary vitreous, leaving 
the primary vitreous at the central core of the vitreal com-
partment. The secondary vitreous becomes the definitive, or 
adult, vitreous.

Within the adult vitreous exist several anatomic structures, 
potential spaces, and connection points between the vitre-
ous and adjacent tissues (Fig. 2.83). The core of the primary 
vitreous around which the adult vitreous develops is occu-
pied by Cloquet’s canal (i.e., the hyaloid canal), a potential 
space that contained the hyaloid artery in the embryonic eye. 
The remnant of the anterior insertion of the hyaloid artery 
appears as a dense, white, small dot (i.e., Mittendorf’s dot) 
with a variable “corkscrew” tail extending from the posterior 
pole of the lens. The anterior and posterior surfaces of the 
vitreous are lined by the anterior and posterior hyaloid 
membranes, respectively; though, no true ‘membrane’ exists 
in an ultrastructural sense at either location. The peripheral 
portion of the vitreous next to the retina is referred to as the 
cortex. Here, the collagen fibrils of the cortex join the base-
ment membranes of Müller and glial retinal cells.

A potential space, sometimes referred to as Berger’s space, 
exists between the posterior lens capsule and the anterior 
hyaloid membrane. The anterior hyaloid membrane curves 
forward from the region of the ora ciliaris retinae (i.e., vitre-
ous base) to blend in with the peripheral posterior lens cap-
sule, where a strong circumferential attachment forms (i.e., 
the hyaloideocapsular ligament). The adult vitreous attaches 
firmly to the area around the optic disc, the region of the ora 
ciliaris retinae (i.e., vitreous base), and at the hyaloideocap-
sular ligament.

The central portion of the vitreous consists of tracts, which 
are layers of funnel‐shaped sheets or plicae fitted one into 
another (see Fig. 2.83). Between the cortex and central vitre-
ous exists a border layer composed of many compacted 
lamella, with each lamella consisting of a meshwork of col-
lagen fibrils (Faulborn & Bowald, 1982).

The vitreous is 99% water; the remaining 1% is a network 
of polygonal, hydrated fibrils consisting of type II collagen 
and hyaluronic acid (McLaughlin & McLaughlin, 1986; 
Snowden & Swann, 1980). The collagen fibrils interconnect 
with the hyaluronic acid by associated GAGs, consisting 
principally of chondroitin sulfate IV and VI and heparan sul-
fate (Goes et al., 2005; Noulas et al., 2002). A number of pro-
teins are also part of the vitreal extracellular matrix; these 
proteins are produced primarily by the posterior half of the 
nonpigmented ciliary epithelium and appear to be in a con-
tinuous state of turnover (Bishop et al., 2002).

The vitreous has a relatively low cell density, with most 
cells found in the cortex near the vitreous base. The main 
cell type is the hyalocyte, which is a histiocyte with a poorly 
developed lysosomal system. Hyalocytes can produce hyalu-
ronic acid in vitro and are thought to contribute to formation 
of the vitreous humor, along with the nonpigmented ciliary 
body epithelium and the non‐neuronal cells of the retina 
(Jacobson, 1976). However, the possibility that these cells 
play a role in remodeling events in the vitreous, rather than 
in hyaluronic acid production, is plausible. In addition to the 
hyalocyte, fibrocytes and glial cells, found next to the ciliary 
body and the optic disc, comprise roughly one‐tenth of the 
total population of vitreal cells (Balazs et al., 1964).

Ventral
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Cortical vitreous
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Figure 2.83 The various components of and spaces within the vitreous. The secondary, or adult, vitreous is composed of the cortical and 
central (intermediate zone) components. (*Not a true ‘membrane’.)
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The consistency of the vitreous is quite variable, because 
of the different proportions of gel to liquid that occur among 
species and at different ages. In the cat and dog, the cortex is 
fluid, and the center is dense. In cattle, pigs, and sheep, the 
entire vitreous is nearly homogenous in structure and of 
high density. Like ruminants, the pig and the horse do not 
show a separation into cortical and central zones, but the 
vitreous is of comparatively low optical density. The rabbit 
vitreous is of such low optical density that it could hardly be 
examined (Eisner, 1975, 1988; Eisner & Bachmann, 1974a, 
1974b, 1974c, 1974d). The consistency of the vitreous is also 
influenced by aging. In most species, holes and liquefaction 
(i.e., syneresis) occur in older individuals, particularly in the 
central region.

Retina

The retina and optic nerve are derivatives of the forebrain; 
consequently, their morphology and physiology are similar to 
that of the brain. The neurosensory retina is connected to the 
brain by the optic nerve and the optic tracts. The rods and 
cones, the primary retinal photoreceptors, comprise a complex 

layer of specialized cells, which contain photopigments that 
convert light energy into a series of biochemical events. The 
RPE furnishes important metabolites to the photoreceptors; 
it also actively phagocytizes the outermost photoreceptor 
segments as they are shed during normal outer‐segment 
renewal. The retina has one of the highest rates of metabolism 
of any tissue in the body and receives almost all its nutrition 
from the retinal and choroidal capillaries.

The function of the retina is to turn light stimuli from the 
external environment into nervous impulses and transmit 
this information accurately to the brain, where it is then 
interpreted as vision. Stimulation of the photoreceptors by 
light alters the release of a neurotransmitter; this response is 
received and modified by cells with nuclei located in the 
inner nuclear layer (i.e., amacrine, bioplar, and horizontal 
cells) (Fig.  2.84). The modified message is then relayed to 
ganglion cells, with axons that form the nerve fiber layer and 
extend through the optic nerve to targets in the brain (includ-
ing the lateral geniculate nucleus and occipital cortex) (see 
Chapter 4).

Classically, 10 layers are described in retinal histology. 
The neurosensory retina contains nine, and the supportive 
pigmented epithelium is the tenth layer (Fig. 2.85). The 
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Figure 2.84 Relationship between different neuronal cells within the retina. The amacrine cell has a reciprocal inhibitory response onto 
the bipolar cell from which the information originated and acts to adjust the sensitivity of the ganglion cell synapse after receiving a 
signal. Horizontal cells interconnect laterally to integrate and regulate input from multiple photoreceptors.
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10 identifiable layers are considered, sclerad to vitread, in 
the following order:

1) RPE
2) photoreceptor layer (rod and cone layer)
3) outer limiting membrane
4) outer nuclear layer
5) outer plexiform layer
6) inner nuclear layer
7) inner plexiform layer
8) ganglion cell layer
9) nerve fiber layer, and

10) inner limiting membrane.

Retinal Pigment Epithelium

The RPE is a monolayer of flat, polygonal cells that forms 
the outermost layer of the retina. It is the continuation of the 
outer pigmented epithelial layer of the ciliary body. The RPE 
is more adherent to the choroid than to the rest of the retinal 
tissue, and it serves an important role in nutrient transport 
from the choriocapillaris to the outer layers of the retina. 
Each cell sends cytoplasmic processes inward to surround 
the photoreceptor outer segments, which help to filter out 
excessive amounts of light and increase the photoreceptors’ 
individual sensitivity. The cells also phagocytize the outer 
segments of photoreceptors as they are continuously shed.

The RPE cells are usually densely pigmented, but there is 
some variability in the intensity of pigmentation amongst 
individual animals. This variability is largely based on hair 
color and the relative amount of pigmentation in other areas 
of the eye; for instance, RPE cells might contain light, rust‐
colored pigment in a tan or red colored animal, or pigment 
could be virtually absent in an animal with a blue iris 
(i.e., subalbinotic). Additionally, RPE cells overlying the 
tapetum lucidum, when present, are devoid of pigment. The 
absence of melanin permits light to pass through the RPE 
to the tapetum and then reflect back to the light‐sensitive 
photoreceptors.

On flat preparations, the RPE of most species forms a 
mosaic of hexagonal cells, which is most uniform in the 
posterior pole and in young animals. In most species, except 
the rat and rabbit, these cells are generally mononucleate. 
In general, the cells are larger and have more binucleate 
forms near the ora ciliaris retinae (Tso & Friedman, 1967).

The morphology and location of RPE melanosomes varies 
to some degree among different animals. The shape of mela-
nosomes is typically oval, but they can be more elliptical in 
diurnal species such as birds and various reptiles (Kuwabara, 
1979). The elliptical to nearly lanceolate melanosomes are 
frequently positioned within apical microvilli, which are 
cytoplasmic projections of the RPE cells that lie between and 
surround the photoreceptors. These microvilli offer substan-
tial shielding for the photoreceptors against scattered light. 
Melanosomes within the RPE of arrhythmic and nocturnal 
species, such as the rat, hamster, mouse, and bat, tend to be 
rounder, fewer in number, and less frequently located within 
the microvilli.

In addition to providing protection against light scatter, 
the apical microvilli surround the outermost and oldest por-
tion of the photoreceptor outer segments. No cell membrane 
attachments exist between the RPE and the photoreceptors, 
but a viscous ground substance of GAGs surrounds the pho-
toreceptor outer segments (Fine & Yanoff, 1979; Spitznas & 
Hogan, 1970; Weale, 1963). On SEM examination, the apical 
microvilli are quite numerous, being clustered next to outer 
segments that have fractured and adhered to the RPE during 
routine cryopreparation, as shown in Fig. 2.86. Microvilli are 
especially large and long in the RPE of many nonmamma-
lian animals (Kuwabara, 1979). The lateral RPE cell surfaces 
near the apical end have a well‐defined junctional complex, 
including zonular occludens and zonular adherens.

The basal aspect of the RPE rests on Bruch’s membrane, a 
basal complex in the capillary zone over the choriocapillaris. 
Marked basal infoldings of the cell membrane contrast 
sharply with the basement membrane, which is relatively 
smooth (Fig.  2.87). The size and organization of the basal 
infoldings vary to some degree among mammals (Braekevelt, 
1986, 1990a, 1990b). In birds, the basal infoldings are 
 especially developed and tightly packed as opposed to those 
in mammals, which tend to be smaller and irregularly 

Figure 2.85 The retina consists of nine discrete layers and a 
supportive pigmented epithelium that forms an outer, tenth layer, 
as demonstrated by light microscopy in the dog. G, ganglion cell; 
1, retinal pigment epithelium; 2, photoreceptor layer; 3, outer 
limiting membrane; 4, outer nuclear layer; 5, outer plexiform 
layer; 6, inner nuclear layer; 7, inner plexiform layer; 8, ganglion 
cell layer; 9, nerve fiber layer; 10, inner limiting membrane. The 
outer and inner limiting membranes are denoted by dashed lines.
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 positioned (Braekevelt, 1990b, 1998a; Braekevelt & 
Thorlakson, 1993). In animals with a cellular tapetum, the 
basement membrane of the pigment epithelium and the 
basement membrane of the choriocapillaris occasionally 
fuse, thus reducing the pentalaminated structure to a single 
layer. More often, however, the basement membrane of both 
epithelia remains, with a shared collagenous zone of varia-
ble thickness.

Neurosensory Retina

The neurosensory retina varies in thickness (Table  2.14), 
being thickest near the optic disc and tapering toward the 
ora ciliaris retinae. The width of all layers decreases, but the 
nerve fiber layer contributes the most to the variation in 
thickness. Most domestic animals have a central retina of 
approximately 200–240 μm and a peripheral retina of 100–
190 μm (Brown, 1968; Donovan et al., 1974b; Prince et al., 
1960). In animals with poorly vascularized or avascular 
retinas, retinal thickness rarely exceeds 140 μm, which is the 
proposed oxygen diffusion maximum for retinal tissue 
(Buttery et al., 1991; Chase, 1982; Dollery et al., 1969).

The retinal photoreceptors are the primary visual cells of 
the eye and are the first‐order neurons (see Fig. 2.84). Rods 
function in dim or reduced illumination, and cones function 

Figure 2.86 SEM shows cryofractured RPE and the underlying 
choriocapillaris (CC) of a sheep. Arrows indicate photoreceptor 
outer segments that remain fastened to apical villi. Note the 
strands of collagen (Co) and elastic fibers (E) that make up much 
of Bruch’s membrane. (Original magnification, 6,000×.)

Figure 2.87 TEM shows the basal complex (i.e., Bruch’s membrane) 
in the capillary zone over the non-tapetal region of a dog. Note the 
RPE with melanin (M) granules and basal infoldings (BI) of the RPE. 
The basal complex consists of: 1, basal lamina of RPE; 2, inner 
collagenous zone; 3, elastic layer; 4, outer collagenous zone; 5, basal 
lamina of choriocapillaris. F, fenestrations in choriocapillary 
endothelium; FI, fibroblast in anterior choroid; RBC, erythrocyte in 
choriocapillaris. (Original magnification, 43,600×.)

Table 2.14 Retinal thickness measured by optical coherence 
tomography.

Animal
Retinal 
thickness (μm) Retinal location Reference

Doga 198.7
164.4

Dorsal/superior
Ventral/inferior

Hernandez‐Merino 
et al., 2011

Cat 245
204
182

Peripapillary
Peripheral
Area centralis

Gekeler et al., 
2007

Horseb 239
133
276
263

Dorsal
Ventral
Nasal
Temporal

Pinto & Gilger, 
2014

Cowc 235
120

Tapetal (dorsal)
Non‐tapetal (ventral)

Chauhan & 
Marshall, 1999

Human 160
258

Foveolad

Clivuse
Chauhan & 
Marshall, 1999

a Female Beagle dogs.
b Measurements taken 1.0 mm from optic disc.
c Cadaveric globes.
d Central depression within fovea.
e Sloping wall of fovea.



Section I: Basic Vision Sciences96

SE
C

T
IO

N
 I

in bright light. The rods allow detection of shapes and 
motion, while the cones provide sharp visual acuity and 
color sensitivity. Primates and many avian and reptilian 
species possess cone‐rich regions completely free of rods. 
These regions are called foveae (i.e., fovea centralis) and are 
responsible for the perception of different hues of color, high 
resolution, binocular fixation, and depth perception. 
Domestic animals do not have foveal pits, but dogs have 
been shown to have a small fovea‐like structure, a fovea 
plana (Beltran et al., 2014). Other domestic animals instead 
possess an area of high cone density called the area centralis. 
The area centralis, which surrounds the fovea plana, fre-
quently occurs in a location 1.5 mm temporal and 0.6 mm 
superior to the optic disc in the dog, which corresponds to a 
location 1.2 disc diameters temporal and 0.6 disc diameters 
superior to the optic disc for purposes of clinical ophthal-
moscopy (Mowat et al., 2008). The visual streak is a region of 
the retina with increased ganglion cell density that occurs in 
a horizontal band, dorsal to the optic disc. The area centralis 
resides within the visual streak, and these terms are some-
times used synonymously. Often, the two regions are nearly 
identical, or even topographically identical. Instances do 
occur, however, in which peak ganglion‐cell densities do not 
topographically match peak cone densities (Rapaport & 
Stone, 1984). Instead, a specific subpopulation of ganglion 
cells might be associated with the area centralis (Enroth‐
Cugell & Robson, 1966; Provis, 1979).

Photoreceptor cell densities have been measured in a vari-
ety of species, including the dog and cat (Table 2.15; Beltran 
et  al., 2014; Koch & Rubin, 1972; Mowat et  al., 2008; 
Østerberg, 1935; Steinberg et al., 1973). In the cat, the cones 
in the area centralis are approximately six to seven times more 
numerous than in the periphery (26,000–27,000 cells/mm2 

vs. 4,000 cells/mm2). By comparison, the rods of the cat are 
similar in density when comparing the peripheral retina 
(250,000 cells/mm2) to the area centralis (275,000 cells/
mm2); however, the density of the rods nearly doubles 
(460,000 cells/mm2) along a zone surrounding the area 
centralis (Steinberg et al., 1973).

In general, animals with foveae and well‐developed areas 
centrales or visual streaks, including fish, reptiles, birds, 
squirrels, ungulates, carnivores, and primates, are essentially 
diurnal or arrhythmic (Duke‐Elder, 1958). True nocturnal 
species possess rod‐dominant retinas lacking cone‐rich centers. 
Diurnal predaceous birds can have two foveae, a principal 
“deep” central fovea and a shallower temporal fovea. The 
central fovea provides enhanced lateral viewing for these ani-
mals, whereas the temporal fovea provides straight‐ahead 
projection, enhancing the binocular field (Fig. 2.88; Meyer, 
1977; Tucker, 2000). The bi‐foveate condition in diurnal rap-
tors is closely associated with orbit orientation and amount of 
eye movement (O’Rourke et  al., 2010). There appear to be 
strong relationships between depth of field, optimal range of 
stereopsis and motion parallax, and selective prey detection.

Photoreceptor Layer (Rod and Cone Layer)
The photoreceptor layer contains only the outer parts of the 
photoreceptor cells known as the inner and outer segments; 
the photoreceptor nuclei are contained in the outer nuclear 
layer. These segments are cylindrically to conically shaped 
and closely packed together, with a radial orientation paral-
lel to incoming light as it passes through the pupil (Fig. 2.89). 
The segments are stimulated by incoming light to initiate the 
conversion of light to a nerve signal (i.e., phototransduction) 
that will ultimately be relayed to the brain, which eventually 
forms a visual image.

Table 2.15 Photoreceptor densities and ratios.

Animal Photoreceptor density (cells/mm2) Location Rod-cone ratio Reference

Dog 23,000 cones/mm2

501,000 rods/mm2

127,000 cones/mm2

7,500 cones/mm2

305,000 rods/mm2

200,000 rods/mm2

Area centralis
 
Fovea‐like area
Inferior periphery
 
Ora ciliaris retinae

23 : 1
 
 
41 : 1

Mowat et al., 2008
Mowat et al., 2008
Beltran et al., 2014
Mowat et al., 2008
Mowat et al., 2008
Yamaue et al., 2015

Cat 487,000
279,000
253,000

Area centralis
Periphery
Ora ciliaris retinae

11 : 1
65 : 1
100 : 1

Steinberg et al., 1973

Sheep 120,000–298,000
203,000

Dorsotemporal
Area centralis

20 : 1
6 : 1

Shinozaki et al., 2010

Pig 138,500 Entire retina 8 : 1 Chandler et al., 1999

Human 5,000 cones/mm2

40,000 rods/mm2
Ora serrata
Ora serrata

50 : 1 Østerberg, 1935
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The outer segments of the rods and cones are composed of 
stacks of membranous discs surrounded by the cell mem-
brane. The rods form stacks of discs of uniform width 
throughout their length and are longer than the cone outer 
segments (Fig. 2.89 and Fig. 2.90; see Fig. 4.26). The cones 
form stacks of discs wider at one end, producing a conical 
shape (Fig.  2.89; see Fig. 4.26). In the area centralis, the 
cones are longer and more slender; nevertheless, they 
remain easily distinguished from the rods (see Fig. 2.89). The 
invaginations of the photoreceptor cell membrane, which 
form the disc lamellae, constitute the major morphologic 
difference between cones and rods (Cohen, 1969). In cones, 
which are the most ancestral photoreceptors, the discs 
remain connected to the cell membrane, whereas with rods, 
the discs are detached and fill the outer segment like a ‘stack 
of coins’ (Fig. 2.90) (Hogan et al., 1971; Rodieck, 1973).

The discs contain visual photopigments that are sensitive 
to different wavelengths of light. Cones contain a more 
diverse array of photopigments compared with rods, as 
cones are traditionally responsible for color vision. Retinal 
physiology is covered in detail in Chapter 4 and fundamen-
tals of animal vision is covered in Chapter 5.

The photoreceptor outer segments are connected to the 
inner segments by a nonmotile cilium (Fig.  2.91A). The 
inner segments carry the cellular machinery necessary to 
meet the high metabolic demands of each photoreceptor 
cell. The outer portion of the inner segment is called the 
ellipsoid, and it is filled with long, tubular mitochondria that 
produce ATP (see Fig. 2.91B and Fig. 2.92). The cone ellipsoid 

T T
C

Figure 2.88 The foveal arrangement in the swallow, which 
possesses two foveae within each eye: one located temporally (T) 
for binocular vision, and one located centrally (C) for panoramic 
vision. (Source: Redrawn from Duke-Elder, S. (1958) System of 
Ophthalmology. Vol I. The Eye in Evolution. London: Henry Kimpton.)

Figure 2.89 The photoreceptor layer of the pig contains many 
cones (C) among the rods (R) within the area centralis, making this 
animal well suited for day vision. Note that the rods are uniform 
in width throughout their length, while the cones are conically 
shaped due to variation in disc width at one end.. (Original 
magnification, 400×.)

Figure 2.90 Tip of the outer segment discs in a rod of a young 
dog. Note that the discs or lamellae are separated from each 
other as well from as the plasma membrane (PM). The 
intralamellar space is slightly dilated at their periphery (arrow). 
Apical villi (AV) of pigmented epithelium are found between outer 
segments. (Original magnification, 54,000×.)
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is more broad and conical, and contains more mitochondria, 
than the rod ellipsoid. In a number of vertebrates, including 
birds, reptiles, amphibians, and nonplacental mammals, 
the cone ellipsoid contains an oil droplet that separates the 
numerous mitochondria from the connecting cilium (Prince 
et al., 1960). The appearance of this droplet varies according 
to the species and type of cone (Braekevelt, 1993b, 1993c). 
The function of the oil droplet has undergone considerable 
speculation, and since the 19th century, it has been thought 
to serve as a light filter, allowing only specific wavelengths 
to be transmitted to the outer segments (King‐Smith, 1969; 
Schultze, 1866).

The vitread or inner portion of the inner segment is called 
the myoid, and it is the principal site of protein synthesis. 
The myoid contains ribosomes, rough and smooth endo-
plasmic reticulum, Golgi bodies, and rare mitochondria. In 
the pig, the cone myoid may also contain a fairly prominent 
vesicle (see Fig. 2.91). In the avian myoid, there is an area 
filled with glycogen, called the paraboloid, that is best rec-
ognized with light microscopy through use of histochemical 
localization.

Rod and cone inner segments are separated from each 
other by long, villous extensions of Müller cells called fiber 
baskets (Fig. 2.93). The fiber baskets are virtually identical 
morphologically among the vertebrate species, but they are 
less numerous in retinas with intraretinal vasculature 
(Uga & Smelser, 1973). It is hypothesized that these cell 

Figure 2.92 Inner portion of the outer segment (OS) and 
adjacent inner segment of a porcine cone. E, ellipsoid; M, 
mitochondria; RIS, rod inner segment; V, vesicle. (Original 
magnification, 10,000×.)

AA BB

Figure 2.91 A. The outer portion of a rod inner segment (IS) of a dog contains a basal body (BB) that gives rise to the connecting 
cilium (arrowhead). Note the oblique plane of an adjacent inner segment reveals the peripheral placement (open arrow) of these basal 
bodies and confluent cilia. M, mitochondria; OS, outer segment. (Original magnification, 18,000×.) B. The ellipsoids of rods (R) and 
cones (C) in the central retina of a sheep. The cone ellipsoids possess more mitochondria (M) than the rod ellipsoids. (Original 
magnification, 11,000×.)
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processes serve to keep the extracellular portion of the 
photoreceptor layer dehydrated and thus help to maintain 
proper alignment of the outer segments (Sigelman & 
Ozanics, 1988). These processes are also likely involved in 
the exchange of metabolites with the RPE, thereby helping 
to provide a homeostatic environment for the outer seg-
ments (Magalhaes, 1976).

In addition to the rod and cone photoreceptors, there is a 
third class of primary photoreceptors known as the double‐
cone photoreceptor, which is found in all vertebrate groups 
except placental mammals. The double‐cone consists of two 
closely associated, but separated, cone photoreceptors that 
differ in size, shape, and structure (Fig.  2.94). The signifi-
cance of the double‐cone has yet to be determined, but it is 
the dominant photoreceptor in diurnal animals, occupying 
up to 82% of the retina at the inner segment level (Meyer, 
1977; Walls, 1942). The chief cone of the double‐cone pair is 
the longer of the two, and it possesses an oil droplet. The 
accessory cone, on the other hand, lacks an oil droplet, 
having instead a conspicuous paraboloid (i.e., barrel‐shaped 
body of glycogen).

Outer Limiting Membrane
An extremely thin limiting membrane composed of the 
junctional complexes between Müller cells, as well as 
between Müller and photoreceptor cells, forms a lateral 
intercellular border between the inner segments of the 
 photoreceptor layer and their nuclei (Fig. 2.93). The function 
of the outer limiting membrane is somewhat speculative. 

In addition to holding the outer retina together, the outer 
limiting membrane most likely forms a barrier between 
the photoreceptor layer extracellular spaces and the rest of 
the neurosensory retina. It might also help to maintain the 
location of the photoreceptor nuclei away from the highly 
metabolic inner segments, thus reducing the potential for 
oxidative injury.

Outer Nuclear Layer
The soma, or cell bodies, of the photoreceptors are contained 
within this layer. The number of rows of nuclei varies greatly 
according to species and location within the retina. In the 
central retina, the dog and cat possess the greatest depth of 
rows (10–15 and 12–18, respectively), whereas ungulates 
have fewer rows (five in the horse and pig, 10 in the cow) 
(Table  2.16). The outer nuclear layer gradually thins as it 
approaches the peripheral retina where the density of rods 
and cones decreases. Cone nuclei are universally situated 
next to the outer limiting membrane. In mammals, they are 
usually larger, oval, and more histologically euchromatic 
(i.e., more lightly staining) than the rod nuclei (Fig. 2.95). 
Rod nuclei are smaller, round to oval, darker, and more het-
erochromatic (i.e., more darkly staining).

Additional structures in the outer nuclear layer include 
rod and cone connecting fibers, rod and cone axons, and 
Müller cell processes. The rod and cone connecting fibers 
link the photoreceptor nuclei to their respective inner 

Figure 2.93 Long, villous extensions of Müller cells, known as 
fiber baskets (FB), occur ubiquitously in the vertebrate eye, as 
shown here in the dog. OLM, outer limiting membrane. (Original 
magnification, 35,000×.)

OD

P

Nu

Nu

Figure 2.94 An avian double-cone photoreceptor. Nu, nucleus; 
OD, oil droplet; P, paraboloid. (Source: Modified from Duke-Elder, S. 
(1958) System of Ophthalmology. Vol I. The Eye in Evolution. London: 
Henry Kimpton. Reproduced with permission of Elsevier.)
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segments, while the axons of the rod and cone nuclei extend 
into the outer plexiform layer to synapse with horizontal and 
bipolar cells.

Outer Plexiform Layer
The axons of the photoreceptors and their synaptic connec-
tions are the two components of the outer plexiform layer. 
The photoreceptors of the outer nuclear layer form connec-
tions with the horizontal and bipolar cells of the inner 
nuclear layer (see Fig.  2.84 and Fig.  2.85). The rod axons 
typically terminate in pear‐shaped spherules, whereas cone 
axons end in larger, broader pedicles (see Fig. 2.84). The rod 
spherule has one or more invaginations at which ribbon syn-
apses occur, whereas the cone pedicle has numerous, more 
shallow invaginations of ribbon synapses (see Fig. 2.84). The 

cone pedicles usually extend further vitread into the outer 
plexiform layer (Hogan et al., 1971; Kaas et al., 1972; Rodieck, 
1973; Shively et al., 1970).

Two distinct types of synapses occur in the outer plexiform 
layer, and each is specific to the rod spherule or the cone 
pedicle. The invagination of each rod spherule synaptic 
expansion contains two deeply inserted, horizontal cell pro-
cesses laterally and one or more bipolar cell process centrally 
(see Fig. 2.84; Fig. 4.22B). Within the presynaptic spherule at 
the site of synaptic expansion is a dense lamellar structure, 
the synaptic ribbon, which is oriented perpendicularly and 
close to the cytoplasmic invaginations (Fig. 2.96). A specific 
horizontal cell will contact a spherule only once, but each 
spherule may be contacted by several horizontal cells as well 
as by the dendritic processes from one to four bipolar cells.

The shallow, broad invaginations of each cone pedicle syn-
aptic expansion contain flat bipolar cell processes. Horizontal 
cell processes may have conventional synaptic contacts 
between bipolar cell processes, and they can have both pre‐ 
and postsynaptic sites along their length. In the cat, the 
horizontal cell processes synapse only to cones, and the axon 
terminal connects exclusively to rods (Kolb, 1974; Kolb & 
Famiglietti, 1974). Thus, rods and cones are interconnected 
primarily by horizontal cells. Direct contact through gap 
junctions (connexin channels) also exists between adjacent 
cones and between rods and cones (Bloomfield & Völgyi, 
2009; Park et al., 1994; Witkovsky, 1992).

Inner Nuclear Layer
The inner nuclear layer is composed of the soma of horizon-
tal, bipolar, amacrine, interplexiform (in some retinas), and 
Müller cells. The neurons in this layer maintain connections 

Table 2.16 Rows of nuclei in the outer nuclear layer.

Animal

Peripheral retina

Central retina Dorsal Ventral

Dog 10–15 8–9a 8–10a

Cat 12–18 8–10a 8–10a

Horse 4–6 3–4b 3b

Cow 8–10 3–4b 3–4b

Pig 5–6 3–4a 3–4a

a Measurements taken 1.0 mm from ora ciliaris retinae.
b Measurements taken 2.0 mm from ora ciliaris retinae.

Figure 2.95 Within the outer nuclear layer of a sheep, cone 
nuclei (CNu) form a single layer next to the outer (i.e. , external) 
limiting membrane (OLM). The rod nuclei (RNu) are typically 
smaller and more heterochromatic. (Original magnification, 
6,500×.)

Figure 2.96 Outer plexiform layer of the cat. Synaptic vesicles 
fill spherules, and the small arrows point to an arciform density. B, 
bipolar cell process; H, horizontal cell process; R, rod nuclei; RS, 
rod spherules; S, ribbon synapse in rod spherule with synaptic 
ribbon. (Original magnification, 22,500×.)
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between the photoreceptor layer and the ganglion cell layer 
and are involved in modification and integration of the neu-
ral responses elicited by the stimuli. Specifically, horizontal 
and bipolar cells are second‐order neurons that connect with 
photoreceptors (first‐order neurons) and ganglion cells 
(third‐order neurons). Amacrine cells are inhibitory cells 
that interact with bipolar cells and ganglion cells, and Müller 
cells are the main glial cell of the retina. Little is known 
about the function of interplexiform cells, but they increase 
the gain in the photoreceptor‐to‐bipolar synapses, at least in 
some species (Jiang et al., 2014).

The horizontal cell nuclei are positioned along the outer-
most margin of the inner nuclear layer (near the outer 
plexiform layer), whereas the amacrine cells are positioned 
along the innermost margin (near the inner plexiform 
layer) (Fig.  2.97). These two cell types have ramifying 
branches in their respective plexiform layers and act as 
integrating units. The bipolar cell nuclei and Müller cell 
nuclei comprise the intermediate zone of the inner nuclear 
layer (Hogan et al., 1971; Shively et al., 1970; Sigelman & 
Ozanics, 1988).

The nuclei of horizontal cells are large, with a single, 
prominent nucleolus. The cells are also characterized by 
their wide, horizontally oriented cell processes. There are 
different kinds of horizontal cells: axonless and those 
with axons (Boycott et al., 1987; Gallego, 1986; Kolb, 1974; 
Kolb et al., 1992). They have been studied in several spe-
cies, including cats, horses (Guo & Sugita, 2002; Macneil 
et  al., 2009; Sandmann et  al., 1996b), some even-toed 
ungulates (Sandmann et  al., 1996a), rabbits (Mills & 
Massey, 1992; Strettoi & Masland, 1995), and tree shrews 
(Müller & Peichl, 1993).

In horses and related species, type B horizontal cells 
outnumber type A from 5 : 1 to 10 : 1. The type A horizontal 
cells are unusual among mammals in that they have very 
large dendritic fields. These dendrites, which are fine and 
sparsely branched, appear to contact cones selectively, spe-
cifically blue cones, which comprise 10%–25% of the cone 
population. Type B cell densities range between 500 and 900 
cells/mm2 within the visual streak, being greater than 1000 
cells/mm2 in the area centralis at the temporal end of the 
visual streak. The density of type B cells drops sharply away 
from the visual streak to between 100 and 300 cells/mm2. By 
comparison, type A cell density is between 50 and 100 cells/
mm2 within the visual streak and from 15 to 45 cells/mm2 
peripherally (Sandmann et al., 1996b).

The bipolar cell is the second most numerous neuron in 
the retina of most domestic animals, and it constitutes the 
radial connection between the photoreceptors and the gan-
glion cells. In cone‐rich retinas, the numbers of bipolar cells 
increase remarkably, as do those of amacrine cells. Bipolar 
cell dendritic processes in the outer plexiform layer synapse 
with photoreceptors and horizontal cells. Axonal processes 
then terminate in the inner plexiform layer, synapsing with 
amacrine and ganglion cells. Among mammalian retinas, 
the inner nuclear layer houses the somata of a single type of 
rod bipolar cell and a variety of cone bipolar cell types.

Cone bipolar cells can be divided into many types, consist-
ing of 11 in the cat (Cohen & Sterling, 1990; Kolb & Nelson, 
1996). Flat, diffuse bipolar cells synapse with several 
cones, whereas midget bipolar cells synapse with single 
cones. All cone bipolar cells can synapse with ganglion cells 
and amacrine cells in the internal plexiform layer. For the 
most part, cone bipolar cells have narrow dendritic and 

AA B

Figure 2.97 Inner nuclear layer (INL) and inner plexiform layer (IPL) of a pig (A) and a chicken (B). AC, amacrine cell; B, bipolar cell; GCL, 
ganglion cell layer; HC, horizontal cell; M, Müller cell; ONL, outer nuclear layer. (Original magnification: A, 100×; B, 200×.)
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axonal fields, which would be expected in radial transmission 
of information for high‐spatial resolution.

Amacrine cells do not have recognizable axons, and 
their processes terminate in the region of the inner plexi-
form layer (Rodieck, 1973). Ultrastructural studies have 
demonstrated that these neurons are of the pseudounipo-
lar type, having axons with the characteristic synaptic 
vesicles but also having features in common with den-
drites (Sigelman & Ozanics, 1988). Amacrine cells are 
located vitread in the inner nuclear layer, and they often 
have indented euchromatic nuclei. Their cytoplasm is 
more copious than that of  bipolar cells, being filled 
with polysomes and rough endoplasm reticulum, mito-
chondria, neurofilaments, and tubules. Collectively, 
amacrine cells provide horizontal integration in the inner 
plexiform layer between bipolar cell terminals, ganglion 
cell dendrites, and other amacrine cells.

Another type of amacrine cell is located in the ganglion 
cell layer and appropriately named the displaced amacrine 
cell (Chang & Straznicky, 1992; Vaney et  al., 1991). Most 
amacrine cells of the peripheral cat retina consist of this type 
(White & Chalupa, 1991).

In addition to the horizontal cell, bipolar cell, and 
amacrine cell, there is a fourth neuron of the inner nuclear 
layer, called the interplexiform cell, that is not found in all 
retinas (Iuvone, 1986; Linberg et al., 1996; Park et al., 1994). 
This neuron, which is observed in the innermost zone of the 
inner nuclear layer, has both pre‐ and postsynaptic processes 
in the inner plexiform layer and presynaptic connections 
with horizontal and bipolar cells via a long horizontal pro-
cess extending to the outer plexiform layer. As a result, it 
provides a feedback mechanism from the inner retina to the 
outer synaptic layer (Jiang et al., 2014).

Müller cells (radial glial cells) are the principal non‐ 
neuronal cell of the vertebrate retina and serve as support 
cells for most neurons in the retina. In teleost fish, Müller 
cells can obtain stem cell characteristics after retinal damage 
and play an important role in the regeneration of the retina, 
whereas they can both be protective and harmful to the 
 damaged retina in mammals (Goldman, 2014). They tend to 
have more cytoplasm and to lie in the outer portion of the 
inner nuclear layer. Müller cells are elongated, branching 
cells that extend from the internal limiting membrane to 
beyond the external limiting membrane. They are important 
for internal structural support as well as for retinal nutrition. 
Müller cell fibers fill almost all the extracellular space 
between neural cells. In both the outer nuclear and ganglion 
cell layers, Müller cells form close contacts to the neuronal 
somata, entirely encasing them, compared with the neu-
ronal somata of the inner nuclear layer, which are only par-
tially wrapped (Distler & Dreher, 1996; Robinson et  al., 
1989). Their nuclei are angular and have denser chromatin 
than other nuclei in the inner nuclear layer. The vitread ends 

of the Müller cells possess end feet, which have the ability to 
phagocytize foreign substances and consequently may play 
an important role in normal retinal function (Nishizono 
et  al., 1993). The lateral sides of the end feet contain gap 
junctions, thus allowing these cells to transmit information 
throughout the retina.

As a cell type within the vertebrate retina, the Müller cell 
is unique in that it consists of a single morphologic class or 
type. These cells do vary in length according to the overall 
thickness of the retina, being shortest peripherally and 
longest centrally. Müller cells have a neuronal‐like distri-
bution with densities highest parafoveally and in the visual 
streak (Distler & Dreher, 1996; Robinson et al., 1989).

Inner Plexiform Layer
The inner plexiform layer comprises the cell processes of the 
inner nuclear and ganglion cell layers, at which synapses 
between bipolar, amacrine, and ganglion cells occur. The 
bipolar cells synapse in ribbon synapses with two postsynap-
tic elements, and hence are termed a dyad. The postsynaptic 
elements of the dyad consist of: (1) a ganglion cell dendrite 
and an amacrine cell process, or (2) two amacrine cell pro-
cesses (see Fig. 2.84 and Fig. 2.98).

In addition to the ribbon synapses, abundant conventional 
synapses are present on amacrine cells. These synapses 
involve bipolar cells, ganglion cells, and other amacrine 
cells. Some act as reciprocal synapses back onto a bipolar cell 
after participating in a dyad synapse (see Fig. 2.98); thus, a 
single amacrine cell might connect presynaptically and 

B

2

A
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1

Figure 2.98 The bipolar–amacrine–ganglion cell interaction. 
The bipolar cell (B) projects onto both the ganglion (G) and the 
amacrine (A) cells. The amacrine cell controls or adjusts the 
bipolar cell in a negative feedback arrangement. 1, further 
interactions; 2, reciprocal inhibition. (Source: Redrawn from 
Records, R.E., et al. (1988) Electrical signals of the retinal 
microcircuitry and the visual cortex. In: Biomedical Foundations of 
Ophthalmology (eds Duane, T.D. & Jaeger, E.A.), Vol. 2. Philadelphia, 
PA: J.B. Lippincott.)
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postsynaptically to different areas of the same bipolar cell. 
In addition, serial synapses between two or more adjacent 
amacrine cell processes have been observed (Dowling & 
Werblin, 1971; Kolb, 1997; Masland, 2012).

The bipolar cell axons contain numerous synaptic vesicles 
and mitochondria. The ganglion cell axons are the only pro-
cesses in the inner plexiform layer without synaptic vesicles. 
They are pale, with smooth and rough endoplasmic reticu-
lum, small mitochondria, and microtubules. The amacrine 
cell processes, which also are pale and possess large mito-
chondria and synaptic vesicles, are the most numerous 
because of the extensive arborization of their axons.

Functionally, the outer plexiform layer is organized to 
enhance static or spatial aspects so as to accentuate con-
trast in the retinal image. The inner plexiform layer 
appears to be involved in temporal or dynamic activities, 
enhancing motion and direction responses (Dowling & 
Werblin, 1971).

Ganglion Cell Layer
This layer contains different types of ganglion cells, neuro-
glial cells, and retinal blood vessels. It is the innermost cell 
layer of the retina and consists of a single layer of cells, 
except in the area centralis and visual streak, where it can 
be two or three cell layers thick (see Fig. 2.85 and Fig. 2.97). 
In primates and various nonmammalian species, the gan-
glion cell layer can be six to nine cell layers thick.

With measurement of retinal ganglion cell isodensity 
lines, the location of the visual streak and associated area 
centralis has been determined in many vertebrate species. 
The ganglion cell density of those species of greatest veteri-
nary importance are in Table 2.17 (Henderson, 1985; Peichl, 

1992; Silveira et al., 1989; Wong, 1989). In most instances, 
isodensity measurements of the ganglion cells reveal a streak 
along the horizontal axis that often extends more temporally 
than nasally. Some variations of the shape and location of 
the visual streak do occur. In the dog and cat, the visual 
streak is more concentric than elongated (Gonzalez‐Soriano 
et  al., 1995). In the horse, which has a narrow, elongated 
visual streak, the highest ganglion cell density occurs within 
its temporal portion, at which optimal resolution is believed 
to be restricted (Timney & Keil, 1992). In the elephant, in 
addition to a concentration of ganglion cells along the hori-
zontal plane inferior to the optic disc, is another concentra-
tion of ganglion cells in the dorsal temporal retina, which 
may be an evolutionary adaptation enabling the animal to 
monitor its trunk (Stone & Halasz, 1989). In sloths, the vis-
ual streak is oriented vertically in the ventral temporal ret-
ina. The location of the visual streak may be an adaptation 
allowing the three‐toed sloth to rotate uniquely its head 180° 
while climbing upside down along horizontal branches (Costa 
et al., 1987). Giraffes, like other artiodactyls, have both a hori-
zontal streak and a temporal area which improve resolution 
along the horizon and in the frontal visual field, respectively. 
Giraffes also have a dorsal arch related to their head height 
that affords enhanced resolution in the inferior visual field. 
Additionally, the alpha ganglion cell distribution pattern is 
unique to the giraffe, and it enhances acquisition of motion 
information for the control of tongue movement during forag-
ing and the detection of predators (Coimbra et al., 2013).

Three basic forms of ganglion cells have been described in 
the cat, and extensive research has related the morphology 
of these cells to their neurophysiology (see Chapter  4; 
Henderson, 1985). Boycott and Wassle described α‐, β‐, and 

Table 2.17 Ganglion cell densities in various species.

Animal Ganglion cell density (per mm2) Total ganglion cells Reference

Dog 5,300–14,400 (area centralis)
 
 
1,500 (area centralis)

109,000
 
115,000
75,000a

Gonzalez‐Soriano et al., 1995
 
Peichl, 1992
McGreevy et al., 2004

Cat 9,000–10,000 Hughes, 1975

Horse 6,500 (area centralis)
3,000 (area centralis)

 
 
440,000

Hebel, 1976
Evans & McGreevy, 2007
Guo & Sugita 2000

Cow 5,000 (area centralis)
600–2,400 (peripherally)

Hebel, 1976
Hebel & Holländer, 1979

Rabbit 4,700–5,400 Robinson et al., 1989
Vaney, 1980;

Human 32,000–38,000 Curcio et al., 1990

a Only large and medium size cells were counted in this study.



Section I: Basic Vision Sciences104

SE
C

T
IO

N
 I

γ‐ganglion cells in the retina on the basis of dendritic fields, 
and these morphologic types correspond with the three 
physiologic types of ganglion cells (Y, X, and W) (Boycott & 
Wassle, 1974; Levick, 1975). The size of the dendritic fields 
for each of the three morphologic types varies with location 
in the retinal field. All three are represented throughout the 
retina, including the visual streak and area centralis, but the 
proportions vary.

Alpha‐ or Y‐cells have rather sparsely branching den-
drites and a large perikaryon and are found primarily 
within the peripheral retina. In the canine retina, the 
density of the α‐cell varies by location, and they comprise 
between 3% and 14% of the total ganglion cell population in 
the dog (Peichl, 1992).

Beta or X ganglion cells are smaller than α‐cells and have 
more branches. They are also more numerous than α‐cells, 
being more concentrated within the area centralis and visual 
streak than peripherally.

Gamma‐ or W‐cells, which have a small perikaryon 
with a few thin, infrequently branching dendrites, are 
also numerous and mostly concentrated in the central 
retina. They are most often directly connected with midget 
bipolar cells, which synapse solely with cones. These 
 ganglion cells are involved in high‐resolution vision and 
project mostly to the superior colliculus (Stone & Keens, 
1980). In the cat, the γ‐cells comprise nearly one‐half the 
ganglion cells in most of the nasal retina but only one‐
third of those in the temporal retina and area centralis 
(Stein & Berson, 1995).

Ultrastructurally, the types of ganglion cells have not been 
differentiated. In general, they have abundant cytoplasm 
containing rough endoplasmic reticulum, ribosomes, a 
smooth‐surfaced endoplasmic reticulum, dense membrane‐
bound bodies, and mitochondria (Beauchemin, 1974; Hogan 
et al., 1971; Shively et al., 1970).

Nerve Fiber Layer
Axons of ganglion cells gather in the nerve fiber layer, con-
verging to turn at right angles and course to the posterior 
pole at which the optic nerve exits the globe. To maintain 
transparency of the retina, the axons lack myelin sheaths. 
Some neuroglial cells and the cellular processes of Müller 
cells are also present among the axons. Large retinal vessels 
occur in the nerve fiber layer as well as in the ganglion cell 
and inner plexiform layers.

The nerve fiber layer increases in thickness as it 
approaches the optic disc. The axons, which do not 
branch, pass radially to the optic nerve, except in the area 
centralis, where the concentration of axons arising from 
this region causes the more peripheral axons to take an 
altered course around this area to reach the optic disc. 
Axonal diameters within the optic nerve may be as much 
as 30% greater than those within the nerve fiber layer 
(Fitzgibbon & Funke, 1994).

The neurons of the nerve fiber layer are mainly centripetal 
(i.e., afferent) fibers carrying impulses from the retina to the 
brain. The axons are of various sizes, and the large axons 
originate from the large ganglion cells (Y- or a-cells). In some 
species, centrifugal (i.e., efferent) fibers carrying impulses 
from the brain to the retina have been described. In birds, 
the presence of centrifugal fibers is well established, but in 
other animals, the existence of these fibers is controversial 
(Brooks et al, 1999; Matsuyama, 1973; Rodieck, 1973).

In addition to Müller cells, glial cells are present in the 
inner retina, being found in the inner plexiform, ganglion 
cell, and nerve fiber layers. Astrocytes have long, branching 
processes found along the retinal blood vessels in vascular 
retinas, but these cells are not present in avascular retinas. 
Astrocytes play a supportive role structurally, and perhaps 
nutritionally, around blood vessels and nerve axons and are 
the main producers of vascular endothelial growth factor 
(VEGF) under both normal conditions and in disease (Ozaki 
et al, 2000; Rodieck, 1973). Furthermore, they are an essen-
tial part of the blood–retinal barrier.

Inner Limiting Membrane
The inner limiting membrane is a true basement membrane 
formed by the fused terminations of Müller cells. Vitreal 
fibrils insert into the membrane, effectively establishing a 
‘fusion’ between the neurosensory retina and the vitreous 
body.

Retinal Vasculature

Classically, variations in the retinal vasculature have been 
categorized into four basic patterns: holangiotic, merangio-
tic, paurangiotic, and anangiotic. Most mammals possess the 
holangiotic pattern, in which the majority of the neurosen-
sory retina receives a direct blood supply. The merangiotic 
pattern consists of blood vessels localized to a region of the 
retina medial and lateral to the optic disc. Examples of animals 
with this retinal vascular pattern are lagomorphs (rabbits 
and pika). In the paurangiotic pattern, blood vessels within 
the retina occur only circumferentially near the optic disc 
(peripapillarily). This pattern can be found in certain ungu-
lates, such as horses, elephants, and rhinoceroses, and in 
some marsupials such as kangaroos. The anangiotic pattern 
is characterized by an absence of any vasculature within the 
neurosensory retina, and it occurs in sugar gliders, Guinea 
pigs, chinchillas, and nonmammalian species such as birds. 
In general, the retinal arterial supply in domestic animals 
comes from the short posterior ciliary arteries, which are 
termed cilioretinal arteries, rather than via a central retinal 
artery origin as in higher primates, rats, and mice (Henkind, 
1966; Matlu & Leopold, 1964; Michaelson, 1954; Prince 
et al., 1960).

In the holangiotic pattern of the cat, three major pairs of 
cilioretinal arterioles and venules are present, originating 
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around the optic disc margin. They consist of a dorsomedial 
pair that curves laterally, a ventromedial pair, and a ventro-
lateral pair. These vessels arc around the area centralis, leav-
ing what appears clinically as a vessel‐free zone; however, a 
capillary network exists in intercommunicating nets within 
the nerve fiber and inner nuclear layers. Adjacent to arteri-
oles is a 100–200‐μm capillary‐free zone (Matlu & Leopold, 
1964). In the dog, approximately 20 cilioretinal arterioles 
and three to four major venules radiate from the optic disc. 
Additional smaller venules join the larger venules on the 
optic disc and form a very short central retinal vein. The 
capillary network is extensive and similar to that of the cat 
in its depth, having a capillary‐free zone around arterioles 
and a capillary network over the area centralis.

Histologically, the larger vessels of holangiotic retinas lie 
within the nerve fiber, ganglion cell, and inner plexiform lay-
ers. Capillaries, however, lie mostly within the inner nuclear 
layer and, to a lesser extent, within the ganglion cell and 
nerve fiber layers. Ultrastructurally, one to four endothelial 
cells line a capillary lumen. A basement membrane covers 
the endothelium as well as divides the surrounding mural 
cells (i.e., pericytes) and their processes (Shively et al., 1970). 
Adjacent endothelial cells are attached by desmosomes and 
tight junctions (Sigelman & Ozanics, 1988).

Around the optic disc, the paurangiotic retina of the 
horse contains approximately 30 fine arterioles and 30 ven-
ules of approximately 25 and 35 μm diameter, respectively 
(Michaelson, 1954). Ophthalmoscopically, they cannot be 
distinguished from each other, and they radiate 360 degrees 
outward from the disc for 6 mm horizontally and 3–4 mm 

vertically. The arterioles do not form a capillary network at 
their terminations; rather, they pass directly into the 
venules, which have arteriolar annuli at the point of side‐
arm branching (Michaelson, 1954; Prince et al., 1960).

In the merangiotic rabbit retina, there is a horizontal band 
of vessels confluent with medullated nerve fibers, emanat-
ing medially and laterally from each side of the optic disc. 
The vessels branch in a side‐branch manner rather than 
dichotomously, which is usually the case in most mammals 
(Hyvarinen, 1967). Four capillary areas are located within 
the horizontal band, including superficial net capillaries, 
deep capillaries of the nerve fiber layer, peripheral capillar-
ies, and peripapillary capillaries.

In the anangiotic avian retina, vasculature is restricted to a 
structure called the pecten (pecten oculi), which lies vitread 
to the optic nerve. The pecten is a highly pigmented, pleated 
structure reminiscent of ciliary processes, and it contains a 
rich plexus of small blood vessels (Fig. 2.99). The plexus is 
supplied by tributaries of the ophthalmotemporal artery and 
lacks any direct connections with the neighboring choroidal 
circulation (Iskandar et al., 1988). The main function of the 
pecten is to provide nourishment for the inner retina (Duke‐
Elder, 1958; Meyer, 1977). When viewed grossly, the pecten 
can be divided into three types: the pleated type seen in most 
birds; the conical type found in kiwi; and the vaned type 
reported in the ostrich (Meyer, 1977; Sillman, 1973). Among 
the pleated pecten, the number of pleats and the size vary 
considerably within avian species. The variations appear to 
be associated with the general activity of the species, 
including its visual capability. The size of the pecten and 

A B

Figure 2.99 A. The avian pecten, as seen here in the chicken, consists of a pleated vascular plexus that lies vitread atop the optic nerve 
head (ON). (Original magnification, 50×.) B. Close-up of the base of the pecten as it internally lines the nerve fibers (NF) that form the 
optic nerve head. BV, blood vessels of the pecten. (Original magnification, 250×.)
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its number of folds are indicative of its role in transport of 
substances to the avascular retina (Braekevelt, 1991, 1994, 
1998b).

The amount of pigmentation varies among pecten of 
different birds, but melanin is especially located along the 
apical portion, which may protect the blood vessels against 
exposure to UV light (Kiama et al., 1994). The amount of UV 
light the retina and pecten receive has not been determined 
in birds; however, evidence indicates that at least some avian 
retinas use UV light for visual detection (Bennett & Cuthill, 
1994). In addition to providing protection against the 
damaging influence of UV light, the extensive population of 
melanocytes may also offer structural support to the pecten 
(Braekevelt, 1991, 1993d; Smith et al., 1996).

Aging

In aging eyes, the inner limiting membrane becomes 
thickened and increasingly vacuolated. The inner and 
outer plexiform layers can have cystoid spaces. The layers of 
the sensory retina, especially the outer nuclear layer of the 
peripheral retina, progressively thin (Gao & Hollyfield, 
1992). A displacement or migration of photoreceptor nuclei 
into the photoreceptor layer also occurs with age in humans 
and rats (Gartner & Henkind, 1981; Lai, 1980). RPE cells 
decrease in number and, concomitantly, fill with residual 
bodies, including aging pigment (lipofuscin) (Feeney‐Burns 
et al., 1984; Fite & Bengston, 1989; Gao & Hollyfield, 1992).

Optic Nerve

Retinal ganglion cell axons leave the nerve fiber layer and 
form the optic disc. From this area, they pass through the 
choroid and sclera and into the orbit as the optic nerve. In 
addition to ganglion cell axons, the optic nerve is composed 
of glial cells and septae, which arise from the pia mater. 
The visual axons synapse in the lateral geniculate nucleus, 
whereas the pupillomotor fibers synapse in the nucleus of 
CN III.

The optic nerve extends from the globe to the optic chi-
asm, and it consists of four regions: intraocular, intraorbital, 
intracanalicular, and intracranial (Fig. 2.100; Brooks et al., 
1999). Because of similar anatomic properties, the optic 
nerve is considered to be more of a nerve fiber tract of the 
brain than a peripheral nerve (Hogan et  al., 1971). The 
intraocular optic nerve consists of retinal, choroidal, and 
scleral portions.

The terms optic disc, papilla, and optic nerve head are 
interchangeable and include the retinal and choroidal por-
tions of the optic nerve. Optic papilla refers to an elevation 
of the nerve head, and its presence and development vary 
among and within species (Hogan et al., 1971). Within the 

optic papilla is a central depression called the physiologic 
cup. The cup is lined by a plaque of astrocytes known as the 
central supporting tissue meniscus of Kuhnt (Fig. 2.101). An 
exaggeration of this tissue is Bergmeister’s papilla, which is 
the remnant of the hyaloid artery on the disc’s surface.

Converging nerve fibers of the retina cluster into fascicles 
or bundles as they become lined by glial (fibrous astrocytes) 
and collagenous (lamina cribrosa) elements. The astrocytes 
are oriented perpendicularly to the length of the bundle, 
thus separating the nerve fibers from all non‐neuronal com-
ponents, that is, extracellular fibers of connective tissue, 
blood vessels, and microglia. Vitread, the astrocytes and 
associated loose connective tissue form capillary‐bearing tra-
beculae that support the nerve bundles as they turn 90° into 
the scleral canal from the nerve fiber layer (Fig.  2.102; 
Hayreh, 1974). This region is referred to as the choroidal or 
the anterior lamina cribrosa portion of the optic nerve.

Two morphologic types of fibrous astrocytes are present 
throughout the optic nerve: thin‐bodied and thick‐bodied 
(Trivino et  al., 1996). Thin‐bodied astrocytes are located 
more anteriorly, both accompanying and contacting axons. 
Thick‐bodied astrocytes are located throughout the optic 
nerve head and the prelaminar, laminar, and postlaminar 
regions. Within the posterior prelaminar region, these cells 

Figure 2.100 Ventral view of the dog brain–eye relationship. The 
right cerebral hemisphere has been removed; note how physically 
close the eyes are to the brain. ION, intracranial optic nerve; OC, 
optic chiasm; ON, orbital optic nerve; OT, optic tracts; 1, olfactory 
tract; 2, piriform lobe; 3, pons; 4, medulla; 5, cerebellum; 6, pituitary.
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form glial tubes, which guide axons into the lamina cribrosa 
(Trivino et al., 1996).

Sclerad, the posterior region of the lamina cribrosa con-
sists of meridional extensions of the sclera. In turn, these 
extensions consist of successive laminar sheets with radially 
aligned perforations (see Fig. 2.102). Each lamina possesses 

a capillary in its center. As in the retina, the optic nerve cap-
illaries are nonfenestrated, having tight junctions (i.e., 
zonula adherens) (Anderson & Baverman, 1976; Brooks 
et al., 1989). The lamina cribrosa of cats, dogs, horses, squir-
rels, and monkeys is well developed, having prominent col-
lagenous laminae (Brooks et  al., 1989; Tansley, 1956). By 
comparison, the lamina cribrosa of mice, rats, and rabbits is 
poorly developed, lacking substantial amounts of collagen 
within the lamina. Among rodents, the lamina cribrosa in 
the rat optic nerve is least developed, consisting of only one 
or two beams of sparse connective tissue (Johanssen, 1987); 
however, the lamina cribrosa of guinea pigs is considerably 
more developed, consisting of three or more beams of abun-
dant connective tissue. Of the different types of collagen 
within the lamina cribrosa, type VI predominates.

The axons within the optic nerve are easily distinguished 
by their tubular processes, which contain evenly dispersed 
neurofilaments and neurotubules, and occasional vesicles 
and mitochondria. The vesicles, mitochondria, lipids, pro-
teins, and other cytoplasmic materials are continuously 
transported within the axon either toward the synaptic 
 ending (orthograde) or toward the cell body (retrograde), in 
a movement called axonal flow. Axonal flow within the optic 
nerve is normally unimpeded throughout the life of the gan-
glion cell; however, at the lamina cribrosa axonal flow is sus-
ceptible to blockage, which usually results from elevated 
IOP (Samuelson et al., 1983; Williams et al., 1983a). As the 
IOP rises, the laminar perforations lose their proper align-
ment, and axonal flow is interrupted (Brooks et  al., 1989, 
1994; Quigley & Addicks, 1981; Samuelson et  al., 1983). 
Partial constriction of axoplasmic flow, however, has been 
found at the lamina cribrosa of normotensive eyes among a 
wide range of mammals, including humans, cats, rabbits, 
rats, Guinea pigs, sheep, cattle, and pigs (Hollander et  al., 
1995). This constriction may result from the pressure gradi-
ent across the lamina cribrosa and could play a role in 
 normotensive glaucoma. In dogs, each axon is myelinated by 
oligodendrocytes throughout the entire optic nerve, includ-
ing the optic disc. In cats, horses, cattle, and humans, 
 myelination begins posterior to the lamina cribrosa and is 
responsible for the marked increase in optic nerve diameter 
after exiting the lamina cribrosa (Prince et al., 1960).

The number of optic nerve fibers, their density and size, 
vary considerably among species (Fig.  2.103; Table  2.18; 
Ashton, 1960; Beazley & Dunlop, 1983; Brooks et al., 1995a, 
1995b; Bruesch & Arey, 1942; Do Nascimento et  al., 1991; 
Fischer & Kirby, 1991; Fitch et al., 1991; Flocks, 1956; Flugel 
et al., 1991; Fritz, 1906; Fukuda et al., 1982; Geri et al., 1982; 
Henderson, 1985; Jonas et al., 1990, 1992; Kirby et al., 1982; 
Krinkle et  al., 1985; Levy et  al., 1996; Novokhatshii & 
Reshetniak, 1987; Qijiu et  al., 1981; Sanchez et  al., 1986; 
Shen et al., 1985; Silveira et al., 1989; Vaney & Hughes, 1976; 
Virchow, 1910; Wakakuwa et  al., 1987; Williams et  al., 
1983a). Animals with poorly developed eyes, such as mole 

Figure 2.101 The optic nerve head and bulbar optic nerve of a 
dog. Arrows indicate lamina cribrosa; note the number of 
astrocytes anterior to it. C, choroid; CMK, central meniscus of 
Kuhnt (accumulation of astrocytes in physiologic cup); CRV, central 
retinal vein; RV, retinal veins; S, sclera; PS, pial septa. (Original 
magnification, 720×.)
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Figure 2.102 Trypsin digest of a canine optic nerve shows the 
network of collagen beams that make up the lamina cribrosa (LC). 
These beams, which are largely a continuation of the fibrous tunic, 
are interconnected externally to pial septa (PS). (Original 
magnification, 25×.) (Courtesy of D.E. Brooks.)
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rats, contain approximately 900–1800 nerve fibers, whereas 
those with highly developed eyes, such as various primates, 
have 100–150 times that number. Interestingly, the size of 
the eye often does not correlate with the total number of 
nerve fibers within the optic nerve.

The orbital portion of the optic nerve is covered by the 
three meningeal sheaths of the central nervous system: the 
dura mater, the arachnoid sheath, and the pia mater. The 
outermost sheath is the thick dura mater, which fuses with 
the sclera anteriorly. Posteriorly, at the optic foramen, it 
divides into two layers. The outermost of these layers reflects 
onto orbital periosteum, and the innermost is continuous 
with the dura of the cranial vault (Fig. 2.104). The collagen-
ous fibers of the dura run longitudinally on the external sur-
face and circumferentially internally. The principal cell type 
is the fibroblast (Donovan et al., 1974b; Prince et al., 1960). 
The arachnoid sheath is internal to the dural sheath, and it is 
composed of collagen trabeculae covered by fibroblastic 
meningothelial cells. The pia mater is closely apposed to the 
nerve and sends septa radially into the nerve, thus dividing it 
into columns (Fig.  2.105). Small blood vessels accompany 
the pial septae into the optic nerve.

A B

Figure 2.103 Cross-section of the optic nerve in a dog (A) and a horse (B) posterior to the laminar cribrosa. In both species, the widths 
of individual nerve fibers vary a great deal within a nerve fiber bundle. The myelin sheaths of the nerve fibers in the horse are generally 
thicker than those in the dog, reflecting the longer distances they extend in that species. (Original magnification, 1,000×.)

Table 2.18 Axon count and density of the optic nerve.

Animal Total axon count
Axon density
(per mm2)

Mean fiber
diameter (μm) Reference

Dog 145,000–165,000 ∼50,000 1.5 Brooks et al., 1995a; Bruesch & Arey, 1942; Krinkle et al., 
1985; Novokhatshii & Reshetniak, 1987; Williams et al., 1983b

Cat 193,000 78,000 1.6 Williams et al., 1983b

Horse 1.08 million 62,800 1.9 Brooks et al., 1995b

Rat 102,085 568,000 0.6–0.83 Fukuda et al., 1982

Rabbit 394,000 354, 395 1.0 Vaney & Hughes, 1976

Human 1.1–1.2 million 150,000 ∼100 Jonas et al., 1990, 1992

Figure 2.104 SEM shows how the orbital optic nerve is 
protected by the three meningeal layers, or sheaths, of the central 
nervous system; the thick dura mater (dm), which is internally 
lined by the arachnoid and its trabeculae; and the pia mater (pm). 
(Original magnification, 33×.)



2: Ophthalmic Anatomy 109

SE
C

T
IO

N
 I

Vasculature of the Eye and Orbit

Among domestic animals, the main supply of blood to the 
eye and orbit is via the internal maxillary artery (a branch of 
the external carotid artery), which after passing through the 

alar canal, branches to give rise to the external ophthalmic 
artery. By comparison, in primates, the entire microcircula-
tion of the eye and most of the orbital circulation is supplied 
via the internal carotid artery, which gives rise to the internal 
ophthalmic artery (Prince et al., 1960).

Domestic animals possess both internal and external 
ophthalmic arteries, but the external ophthalmic artery 
provides most of the circulation to the eye. Both the long and 
short posterior ciliary arteries as well as the lacrimal, muscular, 
and supraorbital arteries derive from the external ophthalmic 
artery. The internal ophthalmic artery, which is relatively 
small, provides the blood supply for the optic nerve and 
anastomoses with the external ophthalmic artery or one of 
its branches (Fig.  2.106); this anastomosis is especially 
prominent in the dog.

The blood vessels of the retina and choroid arise from both 
the long and short posterior ciliary arteries. Domestic ani-
mals generally have a number of small arteries entering the 
retinal layers from around the optic disc; a single central reti-
nal artery does not exist.

In the horse, the choroidal vasculature is fed by short pos-
terior ciliary arteries, which originate from the four posterior 
ciliary arteries, including the lateral and medial posterior 
arteries that continue anteriorly. Additionally, choroidoretinal 

Figure 2.105 Pial septae within the pig orbital optic nerve can 
contain melanocytes (Me) and separate the nerve fiber bundles 
into long columns. (Original magnification, 200×.)
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Figure 2.106 Arterial system of the mammalian orbit. Note that variations exist in different animals.
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arteries form a network around the optic nerve, giving rise to 
small retinal arterioles that characterize the paurangiotic 
fundus of this species as well as giving rise to peridiscal 
choroidal branches (Simoens et al., 1996).

In small mammals, the arterial supply to the eye is com-
parable but can be understandably reduced. In the ham-
ster, the primary blood supply for the eye is derived from 
the long posterior ciliary artery, which initially enters the 
optic nerve head region and separates into three branches, 
consisting of the medial and lateral long posterior ciliary 
arteries and the central retinal artery (Ninomiya & Inomata, 
2005). The central retinal artery, in turn, branches into six 
radiating arterioles, which characterize the holangiotic 
fundus of this animal.

Venous drainage of the eye varies considerably among 
domestic animals (Fig. 2.107; Prince et al., 1960). In the dog, 
the two main venous channels within the orbit are the 
supraorbital and the inferior orbital veins. The lacrimal, 
superior vortex, ethmoidal, and several muscular veins 
empty into a large dilation of the supraorbital vein. The infe-
rior vortex and malaris veins empty into the inferior orbital 
veins, which anastomose anteriorly and join the supraorbital 

dilation at the apex of the orbit posteriorly. Two prominent 
veins drain the supraorbital dilation: the orbital vein, 
which enters the intracranial system; and an internal max-
illary vein, which connects to the external jugular vein 
(Prince et al., 1960).

The cat has an external rete or vascular network that is 
more venous than arterial (Prince et al., 1960). The anterior 
ciliary veins, four vortex veins, and a pair of fine long 
posterior veins empty into the rete (Tousimis, 1963). The 
inferior vortex vein and anterior ciliary veins initially join 
the inferior orbital veins, and the superior vortex vein drains 
initially into the superior orbital veins. The rete is drained 
by a large ophthalmic vein, which passes into the external 
jugular. The supraorbital vein also empties anteriorly into 
the facial vein via the angular and inferior orbital veins, 
which eventually empty into the internal jugular vein 
(Prince et al., 1960).

In the horse, the principal venous channels of the eye con-
sist of the ophthalmic, orbital, supraorbital, and reflex veins. 
The dorsal ophthalmic vein receives blood from the superior 
vortex, palpebral, and lacrimal veins (Fig. 2.108). The dorsal 
ophthalmic vein is joined posteriorly by the anterior ciliary, 
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supraorbital, muscularis, infratrochlear veins, and ultimately, 
the ophthalmic vein at the apex of the orbit, at which point 
blood is then drained intracranially by the orbital vein and 
extracranially by the internal maxillary vein. The ophthal-
mic vein also passes anteriorly to become the reflex vein 

after first receiving the inferior vortex veins via muscular 
veins, posterior ciliary veins, inferior vortex veins, and pal-
pebral veins (Prince et al., 1960). The reflex vein receives the 
great palatine, sphenopalatine, and infraorbital veins before 
joining the facial vein.
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Functional knowledge of ocular physiology in animal 
 species provides a critical foundation for clinicians practic-
ing comparative and veterinary ophthalmology. Diagnostic 
procedures, interactions of ocular tissues and drugs, oph-
thalmic diseases, and surgical procedures require a thorough 
understanding of the normal physiology as well as the 
pathophysiology of the eye and its associated structures. 
This chapter presents the physiology of the eye, especially 
regarding the adnexa, anterior segment, ocular circulation, 
aqueous humor dynamics, lens, and vitreous. The optics and 
physiology of vision are presented in Chapter 4.

The rate at which both relatively simple and complex ocu-
lar physiological mechanisms are being studied is incredible. 
This chapter presents the fundamental physiological phe-
nomena of the eye required by the clinical veterinary oph-
thalmologist. Other resources should be referenced for the 
newest and most detailed information and that associated 
with less commonly seen species.

Anterior Eye Structures

Eyelids

The eyelids of domestic animals are designed to protect the 
eye, particularly the cornea. All domestic animal species 
have a superior (upper) and inferior (lower) eyelid; most 
have a nictitating membrane (NM, third eyelid). The eyelids 
contain the meibomian glands; these are large sebaceous 
glands that secrete the outer, oily layer of the precorneal tear 
film (PTF). The conjunctiva which lines the inside of the 
eyelids and reflects onto the globe contains goblet cells that 
contribute the mucin to the PTF; accessory lacrimal glands 
are also present in some species. The normal blinking of the 

eyelids maintains the physiologic thickness of the preocular 
tear film, aids movement of the tears both to and within the 
nasolacrimal system, and helps eliminate small particles 
from the corneal and conjunctival surfaces. Reflex closure 
of the eyelids protects the anterior segment from external 
trauma.

The eyelids determine the shape and width of the palpebral 
fissure, along with the associated medial and lateral canthal 
ligamentous and muscle attachments. For example, a wide, 
round palpebral fissure is normal among brachycephalic 
breeds, and a narrow, almond-shaped palpebral  fissure is 
normal among dolichocephalic breeds. The shape of the pal-
pebral fissure also depends on the relationship of the globe 
to the orbit. A small globe in a deep orbit allows a narrow 
palpebral fissure; the opposite occurs with a large globe in a 
shallow orbit. The NM aids in protection of the conjunctiva 
and cornea by moving, either passively or actively, over the 
cornea when the globe is retracted. The NM contains one or 
more important accessory, tear-producing glands that con-
tribute to the aqueous portion of the PTF. The NM also helps 
to support the position of the lower eyelid through its mass 
in the ventromedial cul-de-sac, and it forms part of the lacri-
mal lake in the medial canthus. In all animals, if the globe is 
retracted by the retractor bulbi muscles or decreases in size, 
the membrane passively begins to cover the eye.

Eyelid closure is mediated by the efferent fibers of the 
facial nerve (CN VII) and their effects on the orbicularis 
oculi muscles. The oculomotor (CN III) innervates the levator 
palpebral superioris, which is responsible for opening the 
upper eyelid.

Eyelid closure is the end result of three eyelid reflexes, 
the corneal, palpebral, and dazzle reflexes, and the menace 
response (Table 3.1). The corneal and palpebral reflexes are 
primitive reflexes with a purely subcortical course. Both are 
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 elicited by touch, with the afferent pathway being the oph-
thalmic branch of the trigeminal nerve (corneal) or the 
ophthalmic and maxillary branches of the trigeminal nerve 
(palpebral). The efferent pathway of these two reflexes as well 
as the menace response is the facial nerve stimulating the 
orbicularis oculi muscles, resulting in a blink. These reflexes 
are present immediately following birth or eyelid opening. By 
contrast, the menace response is cortically mediated and is 
initiated by a threatening gesture. The visual input results in 
a blink closure via the facial nerve or globe retraction via the 
abducens nerve. This response requires integration and inter-
pretation and is a learned response (see Chapter 36).

Blinking and blink rates have been studied in many species 
under varying circumstances and methodologies, making 
comparisons and generalized statements difficult (Table 3.2). 
However, a few generalizations can be made. Blinking does 
not occur randomly, and blinks are often associated with gaze 
shifts and saccades. One of the theories for this timing is that 
blinking temporarily blocks visual information, and blinking 
during gaze shifts and saccades takes advantage of blocking 
vision when the images are already degraded from move-
ment (Yorzinski, 2016). Diurnal primates and birds have 
higher blink rates than nocturnal primates and birds (Kirsten 
& Kirsten, 1983; Tada et al., 2013). A large comparative study 
showed that in general, larger mammals and primates blink 
more often than smaller mammals (Blount, 1927).

Eyelids in the Dog
In dogs, the upper eyelid, which contains the cilia or 
 eyelashes, is more mobile than the lower eyelid. When the 
eyelids are closed, most of the ambient light is prevented 
from entering the eyes. Restrained dogs blink 10–20 times/
min in comparison to unrestrained dogs (Table 3.2; Gum & 
MacKay, 2013). Some 50% of dogs’ blinks are incomplete 
(Harmer & Williams, 2003). Puppies normally open their 
eyelids between 10 and 15 days of age (Glaze, 2011).

Eyelids in the Cat
In cats, both eyelids lack cilia. The eyelids of pigmented cats 
allow no more than 5% of light at longer wavelengths to be 
transmitted (Crawford & Marc, 1976). Kittens normally open 
their eyelids between 10 and 15 days of age; however, both 
eyes do not always open on the same day (Blakemore & 
Cummings, 1975).

The NM of the feline species is large and active and may 
passively or actively cover part of the cornea or be drawn 
into the medial canthus. It can extend at least two-thirds 
of the way across the cornea and contains nine smooth 
muscles which lead to active retraction or protrusion 
(Nuyttens & Simoens, 1995). The smooth muscle that 
draws the membrane into the medial canthus is inner-
vated exclusively by postganglionic adrenergic sympa-
thetic nerve fibers, with cell bodies located in the anterior 
cervical ganglion. Their axons follow the oculomotor 
nerve. Normally, the NM shows no spontaneous activity, 
because the smooth muscle lacks tight junctions like that 
of the visceral smooth muscle. Each muscle cell is inner-
vated by one or more axons, thus confirming that activa-
tion of the smooth muscle in the NM is neurogenic and 
that the myogenic conduction normally found in visceral 
smooth muscles does not occur (Marshall, 1974). Cats are 
the only common domestic animal in which sympathetic 
stimulation will cause the NM to move slightly. The NM 
permits ~10% of applied light to pass in this  species 
(Crawford & Marc, 1976).

Other Species
Horse
In horses, the cilia are long and numerous on the upper 
 eyelid, except near the medial canthus. While horses blink at 
19 blinks/minute, approximately 33% each of the blinks are 
minimal incomplete, moderate incomplete, or complete, 
with only 6% of the blinks having a complete squeeze. Lid 

Table 3.1 Reflexes involving the blink response.

Cornea Reflex Palpebral Reflex Menace Responsea Dazzle Reflex

Stimulus Corneal touch Eyelid touch Menacing gesture Bright light

Receptors Somesthetic Somesthetic Photoreceptors Photoreceptors

Afferent 
pathway

Trigeminal nerve 
(ophthalmic)

Trigeminal nerve  
(ophthalmic & maxillary)

Optic nerve Optic nerve

Interneuron Subcortical Subcortical Cortical, cerebellum Subcortical

Efferent 
pathway

Facial nerve Facial nerve Facial nerve, VI, IX Facial nerve

Effectors Orbicularis oculi muscle Orbicularis oculi muscle Orbicularis oculi muscle, 
retractor bulbi muscle

Orbicularis oculi muscle

Response Blink Blink Blink, retract globeb Blink

a If sufficient cortex of one cerebral hemisphere is damaged, the menace reaction cannot be elicited in the contralateral eye of the dog. Pathology of 
the cerebellar cortex can also affect the menace reaction.
b The menace response can also involve turning the head or moving away from the stimulus.
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closure is approximately twice as rapid as lid opening (Best 
et al., 2018). Eyelids are open at birth.

Long tactile hairs, or vibrissae, are present on both the 
dorsal brow and lower eyelid. The vibrissae are long, stout, 
single shafts of hair that are usually thicker than adjacent 
skin hair; they may provide additional sensation for the 
eyelids.

Cattle, Sheep, and Pigs
In cattle, sheep, and pigs, the upper eyelid is the most mobile, 
and the majority of cilia are present on the upper eyelid. 
Pigs, rabbits, rodents, and some ruminants have a deeper 
structure, the Harder’s gland or harderian gland, in addition 
to the superficial gland of the NM. This gland secretes lipids, 
porphyrins, indoles, and growth factors and is thus also 
important for lubrication of the eye.

In the pig, the meibomian glands are poorly developed, 
and the primary eyelid glands are sweat glands. Eyelids are 
open at birth.

Birds and Reptiles
In birds and certain reptiles, the lower eyelid is larger and 
more mobile than the upper eyelid. There are no feathers 
corresponding to eyelashes on the lids. The superciliary line 
refers to feathers that correspond to the eyebrow and are 
often different colors than surrounding feathers. The super-
ciliary or supraorbital ridge refers to the unfeathered bony 
protuberance just dorsal to the orbital rim that is seen in 
many raptors, such as eagles and hawks. This  ridge is thought 
to provide shade to the eye. Birds blink with both eyelids or 
the NM alone. In contrast to mammals, the nearly transpar-
ent NM of birds is under direct skeletal muscular control. 
Two muscles extraneous to the lid pull the NM over the 
entire cornea as many as 15–20 times per minute, even with 
the other eyelids closed (Gum & MacKay, 2013). Blinks in 
peacocks are strongly associated with gaze shifts (Yorzinski, 
2016). The NM also contains a superficial tear gland, and 

some species have a deeper harderian gland. Chicks hatch 
with their eyes open.

Tear Production and Drainage

Both the optical and normal functions of the cornea depend 
on the integrity of the lacrimal system. The PTF maintains 
an optically uniform corneal surface by smoothing out 
minor irregularities, removing foreign matter from the cor-
nea and conjunctiva, lubricating the conjunctiva and cornea, 
providing nutrients to the avascular cornea, and controlling 
the local bacterial flora. The PTF also undergoes constant 
evaporation and formation of transient “dry spots.” Hence, 
the rate of tear evaporation appears to be directly related to 
the rate of blinking, since the rate of blinking is faster than 
the development of these dry spots (Milder & Weil, 1983). 
Actual tear flow rates are difficult to measure in most spe-
cies; however, in the horse, the tear flow rate was estimated 
to be 34 μL/min with a tear volume of 234 μL, which indi-
cates a tear volume turnover rate of approximately 7 minutes 
(Chen & Ward, 2010). By comparison, tear turnover and tear 
evaporation rates in humans are ~1 ± 0.4 μL/min and 
0.14 ± 0.07 μL/min, respectively (Tomlinson et al., 2009).

In all species studied, the PTF can be loosely divided into 
three layers that intermix (Fig. 3.1). The outer layer (~0.1 μm) 
is a very thin, oily layer that forms a reversible, noncollapsi-
ble, multilayer film with the primary purpose of stabilizing 
the air–tear interface (Eftimov et al., 2017). The primary con-
stituent of this lipid layer is the meibomian gland secretions 
(MGS), or meibum, a composite lipid-rich mixture. Up to 
22 wt% comprises nonlipid components (proteins, salts, and 
polysaccharides; McMahon et  al., 2013). The main lipid 
classes found in canine MGS (cMGS) are very long-chain 
cholesteryl esters, wax esters, (O-acyl)-omega-hydroxy fatty 
acids (OAHFA), and cholesteryl esters of OAHFA (Butovich 
et al., 2011). The lipidomes of cMGS and human MGS are 

Table 3.2 Blinking rates of domestic animals.

Species Blinks/Minute Interblink Period Concurrent Blinks

Dog 3–5a 20–30 secondsb,c 85%a

Cat 1–5 per 5 mina 18.5 secondsb 70%a

Horse 19d 77%d

Cattle 5e 60%e

Pigs 10 e 90%e

a Gum & MacKay (2013).
b Blount (1927).
c Dogs have partial blinks every few seconds between complete blinks.
d Best et al. (2018).
e Gum (1991).
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similar, implying similar biosynthetic and biodegradation 
pathways. However, dogs have a relatively larger proportion 
of OAHFA than humans, which could be related to a higher 
tear film stability and lower blink rate in dogs versus humans 
(Butovich et  al., 2011). The same types of molecules are 
found in the MGS of cattle, rodents, and marsupials 
(Butovich et al., 2011; Nicolaides & Santos, 1985). This outer 
lipid layer prevents evaporation of the underlying layers and 
overflow of tear film onto the eyelids, spreads over the aque-
ous subphase, imparts stability to the tear film, thickens the 
aqueous subphase, provides a smooth optical surface for the 
cornea, constitutes a barrier against foreign particles, pro-
vides some antimicrobial activity, and seals the lid margins 
during prolonged closure. Additionally, it prevents macera-
tion of the lid skin by the tears (Bron et al., 2004).

The lipid layer is produced by sebaceous glands (i.e., tarsal 
or meibomian glands) of the eyelids. These glands undergo 
holocrine secretion (release of the entire cell and its con-
tents). Androgens as well as neurotransmitters are likely 
involved in the regulation of MGS. Androgen receptor 
mRNA and protein have been isolated from rat, rabbit, and 
human meibomian acinar epithelial cells. Additionally, the 
neuropeptides, calcitonin gene-related peptide, substance P, 
neuropeptide Y, and vasoactive intestinal peptide have been 

identified in association with meibomian glands in humans 
and guinea pigs (Davidson & Kuonen, 2004). A lipid layer 
may not be present in all species, as one was not detected in 
sea lions (Kelleher Davis et al., 2013).

The middle aqueous layer (∼7 μm) is the thickest (>60% of 
the total tear film thickness) and performs the primary func-
tions of the tear film. This layer is composed of ~98% water 
and ~2% solids, comprising predominantly proteins. The 
aqueous layer contains inorganic salts, glucose, urea, pro-
teins, glycoproteins, and soluble mucins (Butovich et  al., 
2008; Hicks & Carrington, 1997; Hicks et al., 1998). The lacri-
mal gland, gland of the NM, harderian gland, and accessory 
lacrimal glands in the conjunctiva all contribute to its forma-
tion. Destruction or excision of the lacrimal gland or NM 
gland results in a variable reduction in aqueous tear produc-
tion (Gelatt et al., 1975; Helper et al., 1974; McLaughlin et al., 
1988; Saito et al., 2001). These studies indicate that approxi-
mately two-thirds of the aqueous tear production is produced 
by the lacrimal gland, approximately one-third by the gland 
of the third eyelid, and a very minor amount by the accessory 
lacrimal glands in the conjunctiva; however, there is variabil-
ity between dogs. The aqueous portion is evaluated clinically 
primarily through use of the Schirmer tear test (STT), but the 
phenol red thread test can be used in very small animals.

Goblet cells

Lacrimal gland

Microvilli with
associated glycocalyx

200 nm

3–7 µm

1 µm

Tear film
Lipid layer

Aqueous layer
(containing mucin and
other soluble proteins)

Mucin-gel layer Superficial
epithelial cell

Meibomian gland

Corneal epithelium

Lens

Limbus

Conjunctival epithelium

Figure 3.1 The tear film is a complex multilayered fluid phase. This figure represents the classic three-layered model, composed of a 
mucin-gel layer adjacent to the epithelial surface, an aqueous layer containing mucin, and other soluble proteins and a thin lipid film on 
the outermost surface. (Reproduced with permission from Yanez-Soto, B., Mannis, M.J., Schwab, I.R., et al. (2014) Interfacial phenomena 
and the ocular surface. Ocular Surface, 12, 178–201.)
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The deep, or mucin, layer (∼1 μm) is composed of tear 
mucins produced by the apocrine conjunctival goblet cells, 
as well as an underlying glycocalyx which is associated with 
the corneal and conjunctival microvilli. The distribution of 
goblet cells varies among species. The fornix is rich in goblet 
cells in dogs, cats, and horses (Bourges-Abella et al., 2007; 
Eördögh et al., 2017; Moore et al., 1987; Sebbag et al., 2016), 
whereas the highest density in chinchillas and guinea pigs is 
in the palpebral conjunctiva (Gasser et al., 2011; Voigt et al., 
2012). All species have lower concentrations of goblet cells 
in the bulbar conjunctiva. In rats and mice, the goblet cells 
occur in clusters, while in rabbits, cats, dogs, and humans, 
they appear as single cells (Huang et al, 1988). Mucin is pro-
duced by goblet cells in response to mechanical, immune, 
histamine, antigenic, or (direct or indirect) neural stimula-
tion (Davidson & Kuonen, 2004). The gel-forming mucin 
layer contains glycoproteins (20–40 million daltons and clas-
sified as MUC1-21), which are carbohydrate–protein com-
plexes characterized by the presence of hexosamines, 
hexoses, and sialic acid.

The glycocalyx comprises polysaccharides that are pro-
duced by the stratified squamous epithelial cells of the cor-
nea and conjunctiva and project from the surface microvilli 
of those cells. They are considered membrane-spanning 
mucins versus secreted mucins that are described above 
(Dartt, 2011). In dogs, MUC16 is expressed at a higher level 
than MUC1 and MUC4, whereas rabbits have relatively equal 
expression of all three mucins. Additionally, the peripheral 
corneal epithelium has higher MUC1, MUC4, and MUC16 
mRNA expression when compared with the central corneal 
epithelium (Leonard et  al., 2016). Roles specific to these 
membrane-associated mucins include promotion of water 
retention, provision of a dense barrier to pathogens and 
debris, participation in signal transduction, and direct inter-
action with the actin cytoskeleton (Gipson & Argueso, 2003). 
Mucins from the goblet cells and the corneal epithelial cells 
both play a critical role in lubricating the corneal surface, 
thus making its hydrophobic surface more hydrophilic (to 
permit spreading), and in stabilizing the PTF (Van Haeringen, 
1981). The mucin layer as well as the integrity of the outer-
most layer of corneal epithelium are necessary for retention 
of the tear film on the cornea (Mishima, 1965).

Tears are a clear and slightly alkaline solution, with a 
mean pH of 8.3, 8.1, and 7.8 in cattle, dogs, and horses, 
respectively (Beckwith-Cohen et  al., 2014). In humans, 
horses, cattle, and rabbits, tear electrolyte concentration is 
similar to that of plasma, except for potassium, which is 
three to six times more abundant in tears, thus indicating an 
active transport mechanism (Best et  al., 2015; Maidment 
et al., 1985; Mircheff, 1989). Tear film osmolarity/osmolality 
is influenced by the rate of tear secretion, evaporation, and 
composition. It is similar in cats (329 mOsm/L), dogs 
(356 mOsmol/L), and rabbits (376 mmol/kg; Davis & 
Townsend, 2011; Korth et al., 2010; Wei et al., 2012), whereas 

humans (283 mmol/kg) and horses (284 mmol/kg) have a 
lower osmolarity (Best et  al., 2015; Wei et  al., 2012). Even 
though the units are different, osmolarity and osmolality are 
interchangeable parameters in aqueous solutions such as 
the tear film.

In human patients, increased osmolarity is correlated with 
a faster tear film break-up time and greater surface tension. 
Additionally, hyperosmolarity induces expression and pro-
duction of inflammatory cytokines and activates several 
signaling pathways that activate inflammatory cells (Davis & 
Townsend, 2011). Mean total solids concentration in the PTF 
of horses, cattle, and dogs is ~2 ± 1.3 g/dL, ~1 ± 0.6 g/dL, and 
~0.3 ± 0.2 g/dL, respectively (Beckwith-Cohen et  al., 2014). 
The glucose concentration is lower in human tears than in 
plasma, but its concentration parallels that in plasma. 
However, in human patients with diabetes, the elevated glu-
cose concentrations in tears appear to be related to the tissue 
fluids and are not from the lacrimal gland secretions (Zhang 
et al., 2011). Normal horses have measurable cortisol in their 
tears that approximates serum cortisol following adrenocor-
ticotropic hormone (ACTH) stimulation. The results of this 
study raise the question of whether this cortisol could hinder 
corneal healing in this species (Monk et al., 2014).

The PTF contains both nonspecific and specific antimicro-
bial substances. Nonspecific substances include lysozyme, 
lactoferrin, α-lysine, and complement. Specific antimicro-
bial substances include secretory immunoglobulins A, G, 
and M. Toll-like receptors that play a role in the defense 
against many types of microbial infections are expressed by 
the corneal and conjunctival epithelial cells in humans and 
horses (Gornik et al., 2011; Kumar & Yu, 2006). Protein con-
centrations in canine tears average 0.35 g/dL, with 93% glob-
ulin, 4% albumin, and 3% lysozyme, which is a ubiquitous 
antibacterial enzyme that hydrolyzes bacterial cell walls 
(Roberts & Erickson, 1962). Lysozyme is produced by the 
conjunctival goblet cells and has antibacterial and antifun-
gal properties; its concentration increases with conjunctivi-
tis (Roberts & Erickson, 1962). Relative to humans and 
nonhuman primates, domestic animals have very low 
amounts of lysozyme (e.g., the horse has one-half to one-
fourth that of human tears) and the cat has none (Bonavida 
et al., 1968; Erickson et al., 1956; Luchter & Gurisatti, 1974; 
Marts et al., 1977). Lysozyme activity has not been detected 
in cattle, but it has been detected in sheep and goats (Daubs, 
1976). Lactoferrin has been identified in the PTF of humans, 
dogs, cats, cattle, and other mammals, and reversibly binds 
the iron that would be available for bacterial metabolism and 
growth (Holmberg et  al., 2004). Immunoglobulin A (IgA) 
contributes to ocular defenses by coating bacterial and viral 
microorganisms leading to agglutination, neutralization, 
and lysis. IgA is present in greater concentrations in the PTF 
than immunoglobulins G and M (Davidson & Kuonen, 
2004). Cat tears have a 6.6 mg/mL total protein concentra-
tion with 9.7% IgA (Petznick et al., 2012).
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The lacrimal nerve, a branch of the trigeminal nerve, is 
primarily sensory but also provides the lacrimal gland with 
its parasympathetic (release ACh and VIP neurotransmit-
ters) and sympathetic (release norepinephrine and neuro-
peptide Y neurotransmitters) fibers (Elsby & Wilson, 1967; 
Powell & Martin, 1989). Both adrenergic and cholinergic dis-
tribution patterns around the acini and blood vessels of the 
canine lacrimal gland are similar; however, the cholinergic 
fibers appear to be greater in number than the adrenergic 
fibers (Powell & Martin, 1989). The acinar cells are primarily 
responsible for secretion of proteins in lacrimal gland fluid. 
These proteins are synthesized in the endoplasmic reticu-
lum, modified in the Golgi apparatus, and stored in secretory 
granules. Stimulation of the cholinergic and adrenergic fib-
ers in the lacrimal gland initiates release of these proteins 
into the lacrimal fluid. This process requires a series of sepa-
rate cellular pathways that use secondary messengers and is 
controlled by signal transduction (Dartt, 1989).

Lacrimation is stimulated by painful irritants, eye diseases, 
mechanical or olfactory stimuli of the nasal mucous mem-
branes, and sinus diseases. Tear production as assessed with 
the external ocular surfaces anesthetized and the lower con-
junctival fornix dried by Dacron swabs (STT II) measures 
~50% of that measured without manipulation (STT I) in the 
cat and dog. Larger dogs also have greater wetting per minute 
than smaller dogs as measured with the STT I (Berger & 
King, 1998; Gelatt et al., 1975). Additionally, canine neonates 
have lower tear production than adults (da Silva et al., 2013; 
Verboven et al., 2014). In one litter of puppies, both the STT I 
and STT II increased significantly until 9 and 10 weeks of 
age, respectively (Verboven et al., 2014). Clinical estimation 
of the rate of evaporation (and, indirectly, of the mucus com-
ponent of the PTF) is performed through determining the 
time (in seconds) for the tear film to break up (Carrington 
et al., 1987a, 1987b, 1987c). While somewhat subjective, this 
has been studied in dogs and cats and is covered in Chapter 10.

The nasolacrimal drainage system eliminates used tear 
film and any excessive tears. The PTF accumulates along the 
palpebral margin of each eyelid and is forced by blinking to 
move medially into the lacrimal puncta. When the tears are 
in the lacrimal pool and the facial muscles relax, the tears 
flow into the canaliculi by capillary action. Normal breath-
ing movements also facilitate this flow into the canaliculi. 
Reflex blinking of the eyelids closes the lacrimal sac, which 
acts as a passive pump. Pseudoperistaltic motion of the 
nasolacrimal duct allows movement of the tears into the 
nasal cavity (François & Neetens, 1973). Autoregulation of 
the lacrimal system with receptors in the excretory portion 
has been suggested in studies of human tear flow (François 
& Neetens, 1973). Evaluation of canalicular function in 
humans suggests that destruction of either canaliculus alone 
does not affect excretion of tears; in domestic animals, the 
lower canaliculus is considered to be the more important for 
tear drainage (Jones et al., 1972).

Cornea

The clear cornea serves as a window for the eye with two criti-
cal optical properties, transparency and refractive power, both 
of which are essential for vision. The cornea, with the sclera, 
protects the inner components of the eye from injury through 
its exquisite structure, biomechanics, and sensitivity.

Transparency

The cornea serves as the most powerful refractive structure 
of the eye. To fulfill this role, it must remain transparent. 
Corneal clarity is a result of the lattice-like organization of 
the stromal collagen fibrils as well as the transparency of the 
cells within the cornea. The state of relative dehydration, 
hypocellularity, unmyelinated nerve fibers, a nonkeratinized 
epithelium, and absence of blood vessels and pigment also 
contribute to corneal transparency. For further details on 
how the cornea refracts light, see Chapter 4.

The corneal stroma comprises the bulk of the cornea and 
is responsible for 90% of its thickness. It is predominantly 
composed of water that is stabilized by an organized net-
work of collagens, glycosaminoglycans (GAGs), and glyco-
proteins. Cellular and nerve components are also present. 
Type 1 collagen is the most abundant form in the cornea; it 
aggregates into structural, banded fibrils with a uniform 
diameter of 25 nm in the central cornea that gradually 
increase to 50 nm at the limbus (Meek, 2008; White et  al., 
1997). Correspondingly, interfibrillar spacing is relatively 
constant in the central cornea at 20 nm and gradually 
increases in the paraxial cornea, before rapidly increasing at 
the limbus (Meek, 2008). The GAGs are important for main-
taining this regular spacing between fibrils. The uniform-
thickness, small collagen fibrils arrange into parallel 
lamellae running at oblique angles to each other, and are 
separated by less than a wavelength of light (Fig.  3.2; 
Maurice, 1960). This formation results in a highly ordered 
lattice-like arrangement whereby short-range order results 
in corneal transparency via destructive interference. 
However, it lacks the precise arrangement of a true crystal-
line lattice. The parallel arrangement of the corneal collagen 
fibers extends from the center of the cornea to its periphery, 
where the fibrils develop a concentric configuration to form 
a “weave” at the limbus, which in turn provides strength and 
helps to maintain its curvature. For further details on the 
constituents and structure of the cornea, see Chapter 2.

Quiescent keratocytes lie between collagenous lamellae to 
form a closed, exquisitely structured syncytium (Nishida 
et al., 1988). These three-dimensional, stellate-shaped cells 
comprise a cell body with multiple, extensive dendritic pro-
cesses that interact with other keratocytes. Abundant cor-
neal crystallins (~25–30% of the intracellular soluble 
protein), such as aldehyde dehydrogenase and transketolase, 
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minimize refractive differences in the keratocyte cytoplasm, 
thus ensuring transparency of these cells. Furthermore, the 
dendritic cellular processes of normal keratocytes demon-
strate negligible backscatter of light (Jester et al., 1999). The 
thinness and even spacing of keratocytes in a clockwise cir-
cular arrangement throughout the stroma also minimize 
light scatter. Upon corneal wounding, transformation of 
keratocytes to activated fibroblasts and myofibroblasts 
results in a dramatic increase in cell volume and subsequent 
dilution of corneal crystallins with a concomitant increase 
in light scatter (Jester et al., 2012). Corneal scarring is now 
thought to be due to alterations in the light-scattering prop-
erties of keratocytes, in addition to changes to the extracel-
lular matrix (Jester, 2008).

The epithelium and endothelium are responsible for 
maintaining the cornea in a relatively dehydrated state. 
Specifically, loss of the corneal epithelium or endothelium 
results in a 200% or 500% increase in corneal thickness, 
respectively, due to stromal edema (Maurice & Giardini, 

1951). Anatomic integrity of the epithelium and endothe-
lium provides two-way, physical barriers against the influx 
of tears and aqueous humor (AH), respectively. However, 
the multiple-layered epithelium provides a relatively imper-
meable barrier versus the leaky, single-layered endothelium. 
The endothelium primarily maintains stromal deturges-
cence via active transport that is energetically maintained by 
sodium potassium–activated adenosine triphosphatases 
(Na+-K+-ATPases; Dikstein & Maurice, 1972). A summary of 
the molecular mechanisms that contribute to the corneal 
endothelial pump was provided by Bonanno (2012).

Metabolism

Steady-state hydration in the cornea occurs when the 
endothelial leak and pump rates are equivalent; this process 
is termed the “pump-leak” mechanism (Maurice, 1960). The 
leaky barrier function of the endothelium may at first seem 
counterintuitive, but most nutrients for the cornea, except 

20 nm

25 nm

Visible lig
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390–700 nm
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Figure 3.2 In the normal cornea (A), a cross-section of the corneal fibrils demonstrates a nearly perfect lattice arrangement, with 
equidistant collagen fibrils permitting light transmission and concomitant transparency. By contrast, swelling of the cornea with edema 
(B) disrupts this highly ordered arrangement, resulting in light diffraction and an opaque, blue cornea.
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oxygen, come from the AH. Thus, leakiness of the endothe-
lium is essential to providing bulk fluid flow through a tissue 
that lacks blood and lymphatic vessels. Glucose transporters 
are found on both the apical and basolateral endothelial cell 
membranes that face the AH and stroma, respectively, to 
ensure transcellular glucose flux (Kumagai et al., 1994). The 
corneal epithelium converts glucose to glucose-6-phosphate, 
where it is subsequently metabolized to pyruvate via glycoly-
sis. Most of this pyruvate is then metabolized into lactate, 
but some is diverted into the tricarboxylic acid cycle to pro-
duce ATP. Glucose is also stored in the epithelium as glyco-
gen, which can be used for energy under stressful conditions 
such as corneal injury.

The corneal epithelium and keratocytes in the anterior 
stroma obtain oxygen for aerobic glycolysis from the 
precorneal tear film, while the endothelium and keratocytes 
in the posterior stroma receive their oxygen from the AH. 
Upon eyelid closure, oxygenation of the anterior cornea is 
achieved by exposure to the palpebral conjunctiva and its 
vasculature. However, the palpebral conjunctiva has approx-
imately one-third the atmospheric oxygen concentration, 
resulting in reduced corneal oxygenation (Chhabra et  al., 
2009). Consequently, the corneal epithelium will rely on 
anaerobic glycolysis for energetic needs in the absence of 
oxygen. If excessive lactate is produced by this process, cor-
neal hydration occurs (Forrester et al., 1996; Maurice, 1960). 
Glucose is also metabolized by the corneal epithelium via 
the pentose phosphate shunt, which produces nicotinamide-
adenine dinucleotide phosphate (NADPH), an important 
free radical scavenger. Other metabolites from this pathway 
are ribose-5-phosphate (ribose-P) and reduced triphos-
phatepyridine nucleotide. Ribose-P is used in nucleic acid 
synthesis of DNA or RNA, whereas triphosphate-pyridine 
nucleotide is used by the corneal epithelium for lipid synthe-
sis. Keratocytes primarily metabolize glucose via the pentose 
phosphate shunt as their metabolic needs are limited, and 
primarily relate to maintenance of the collagen fibrils and 
GAGs within the stroma. By contrast, the corneal endothe-
lium has immense glucose needs (~5 times that of the epi-
thelium) to sustain its pump mechanism. It uses similar 
glycolytic pathways as the epithelium: mainly anaerobic gly-
colysis, with the pentose phosphate and tricarboxylic acid 
pathways also making substantial contributions.

Biomechanics

The cornea is a thick-walled, pressurized, partially inter-
twined, unidirectionally fibril-reinforced laminate biocom-
posite, which imparts stiffness, strength, and extensibility to 
withstand both inner and outer forces that may alter its 
shape or integrity (Dawson et al., 2011; US Department of 
Defense, 1997; Hayes et al., 2007; Thomasy et al., 2014). A 
soft, fibrous connective tissue, like the cornea, usually is 
much stronger in the parallel versus perpendicular direction 

to the collagen fibrils (Fung, 1981). Consequently, the collagen 
fibrils are arranged into complex hierarchic structures, 
which give the cornea its anisotropic mechanical properties 
(Silver et al., 1992). The collagen lamellar architecture of the 
cornea varies dramatically between vertebrate species, with 
nonmammalian vertebrates exhibiting an orthogonal-rota-
tional arrangement with a marked increase in lamellar 
branching in species such that birds >> reptiles > amphibi-
ans > fish; by contrast, the mammalian species exhibit a ran-
dom pattern (Winkler et al., 2015). In mammals without a 
Bowman’s membrane, the biomechanical behaviors of the 
cornea from the macro- to nanoscale are primarily due to the 
collagen architecture in three composite-like regions: ante-
rior stroma, posterior stroma, and Descemet’s membrane 
(Fig  3.3; Boyce et  al., 2007; Bron, 2001; Elsheikh et  al., 
2008; Jue & Maurice, 1986; Meek & Newton, 1999; Winkler 
et al., 2015).

Tissues are biomechanically characterized by measuring 
the elastic modulus, a property that defines a material’s abil-
ity to resist deformation under an applied stress, which 
approximates its stiffness. The elastic moduli of the layers of 
the cornea have been reported and the values can differ 
markedly depending on methods of measurement and/or 
sample preparation (McKee et al., 2011). In thin, heteroge-
nous tissues such as the cornea, atomic force microscopy 
(AFM) is optimal for determining the micron-scale deforma-
tions that cells and their adjacent matrix experience. The 
elastic moduli of the corneal layers as measured by AFM 
have been reported in the human and the rabbit (Table 3.3); 
all layers of the human cornea were stiffer than those of the 
rabbit (Last et  al., 2009, 2012; Thomasy et  al., 2014). The 
variability in corneal collagen fiber organization and matrix 
properties observed between species likely contributes to 
their diverse mechanical properties (Thomasy et  al., 2014; 
Worthington et al., 2014). For more information on corneal 
biomechanics, we direct the reader to these excellent sum-
maries: Dawson et al. (2011), Kling and Hafezi (2017), Pinero 
and Alcon (2015), and Ruberti et al. (2011).

Sensitivity and Innervation

The cornea is an exquisitely sensitive tissue, and this sensi-
tivity provides a critical protective function. Upon stimula-
tion of the cornea, involuntary blinking occurs via 
intermediate relays from the ophthalmic branch of the 
trigeminal nerve to orbicularis oculi innervation from the 
facial nerve – a fundamental reaction termed the corneal or 
blink reflex. Concomitant with the blink reflex is reflex tear-
ing from parasympathetic innervation to the lacrimal gland. 
During extreme pain, the corneal reflex is exaggerated, and 
blepharospasm sometimes occurs such that the eyelids can-
not be opened voluntarily. Corneal sensitivity varies by spe-
cies, region of the cornea, and, in the dog and cat, skull 
conformation (Barrett et al., 1991; Blocker & van der Woerdt, 
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2001; Good et al., 2003). For example, corneal sensitivity in 
dogs, as measured by the Cochet–Bonnet esthesiometer and 
histology of the corneal nerves, was highest, intermediate, 
and lowest in the dolichocephalic, mesatocephalic, and 
brachycephalic skull types, respectively (Barrett et al., 1991). 
Similarly, the central cornea is less sensitive in brachyce-
phalic cats than Domestic Shorthair (DSH) cats (Blocker & 

van der Woerdt, 2001). Corneal sensitivity is greatest in the 
central cornea and lower in the peripheral cornea (Barrett 
et al., 1991; Good et al., 2003). For more detailed information 
on corneal esthesiometry, see Chapter 10.

The cornea is one of the most richly innervated tissues in 
the body. Most corneal nerve fibers are sensory in origin and 
respond to mechanical, chemical, and thermal stimuli via 

Anterior Banded
Layer

Posterior Non-Banded
Layer

Cornea

Epithelium

Anterior Basement
Membrane

Stroma
(interwoven)
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Descemet’s
Membrane
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Figure 3.3 Schematic of collagen fiber organization in the canine cornea. The epithelium produces an anterior basement membrane 
with a complex surface topography consisting of a meshwork of fibers and holes. The anterior 10% of the cornea comprises unidirectional, 
interwoven collagen lamellae, while the posterior 90% consists of unidirectional, nonwoven collagen lamellae with a random orientation. 
Descemet’s membrane, the specialized basement membrane of the endothelium, can be divided into the anterior banded and posterior 
non-banded layers. The anterior banded layer is dominated by collagen VIII, which appears as a hexagonal network en face and parallel 
bands in transverse section. The surface topography posterior non-banded layer has a rich network of intertwined fibers, but with a 
smaller pore size in comparison to the anterior basement membrane.
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the ophthalmic branch of the trigeminal nerve. However, a 
small proportion of nerves are sympathetic or parasympa-
thetic in origin and derive from the superior cervical ganglion 
or ciliary ganglion, respectively. Corneal nerve organization 
is similar across mammalian species, with only minor inter-
species differences. All mammalian corneas contain a dense 
limbal plexus, multiple radially directed stromal nerve bun-
dles, a dense highly anastomotic subepithelial plexus, and a 
richly innervated epithelium (Fig. 3.4; Marfurt et al., 2001).

In the dog, corneal innervation arises from the corneal 
limbal plexus, which comprises a 0.8–1 mm wide, ring-like 
band, surrounding the peripheral cornea. Morphologically, 
this plexus can be further subdivided into a predominantly 
perivascular, outer, periscleral zone and a denser and more 
highly branched inner, pericorneal zone. From the limbal 
plexus, nerve fibers enter into the stroma as 14–18 promi-
nent, radially directed, superficial stromal bundles that are 

Table 3.3 Elastic moduli of layers of the cornea as determined 
by atomic force microscopy in rabbits and humans.

Corneal Layer

Elastic Modulus (kPa)

Rabbit (Thomasy  
et al., 2014)

Human (Last et al., 
2009, 2012)

Epithelium 0.6 ± 0.3 Not assessed

Anterior basement 
membrane

4.5 ± 1.2 7.5 ± 4.2

Bowman’s layer Absent 110 ± 13

Stroma 1.1 ± 0.6 (anterior)
0.4 ± 0.2 (posterior)

33 ± 6 (anterior)

Descemet’s membrane 12 ± 7.4 50 ± 18

Endothelium 4.1 ± 1.7 Not assessed

Subbasal
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Membrane
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Subepithelial
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Stromal
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Figure 3.4 Schematic of corneal innervation. The limbal plexus is a ring-like band of predominantly myelinated fibers in the sclera 
adjacent to the cornea. From the limbal plexus, nerve fibers enter into the corneal stroma as nerve bundles and lose their myelin as they 
traverse to the central cornea. The subepithelial plexus is a dense, anastomosing network of thin axons immediately underlying the 
anterior basement membrane. The subepithelial plexus gives rise to the subbasal plexus, a whorl-shaped network of axons between the 
anterior basement membrane and basal epithelium where nerve fibers run horizontally as long parallel nerves, termed leashes. The 
axons of the subbasal plexus then vertically ascend to terminate in various layers of the epithelium.
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evenly distributed around the limbus (Marfurt et al., 2001). 
The number of stromal bundles varies among mammals, 
with 6–8 and ~60 bundles in the rat and human, respec-
tively (Muller et al., 1996; Sasaoka et al., 1984). Any myeli-
nated axons included in stromal nerve bundle will lose 
their myelin as they traverse toward the central cornea. 
Each bundle in the canine cornea contains approximately 30 
to 40 axons which undergo repetitive dichotomous branching 
to form complex axonal trees that innervate the anterior cor-
nea (Marfurt et al., 2001). Immediately beneath the anterior 
basement membrane is a dense, anastomosing network of 
exceptionally thin, preterminal axons that comprise the sub-
epithelial nerve plexus. The subbasal plexus arises from sub-
epithelial nerve fibers entering the basal epithelium to form 
unique, preterminal arborizations termed epithelial leashes 
which exhibit a highly ordered distribution and give rise to a 
profusion of smaller, ascending branches (Marfurt et al., 
2001). The subbasal nerve plexus of dogs, cats, and humans 
has a centripetal whorl-like pattern, whereas cattle and rab-
bits exhibit a horizontal pattern that is directed nasally (He et 
al.,2019; Marfurt et al., 2019). The innervation of the epithe-
lium is denser than any other surface epithelium such that 
injury to a single epithelial cell may be sufficient to stimulate 
nociception (Marfurt, 2000). While the anterior cornea is 
densely innervated, only sparse nerve fibers are present in the 
posterior cornea and are typically adjacent to the corneal 
endothelium (Marfurt et al., 2001). Thus, superficial corneal 
ulcers are typically more painful than deep stromal ulcers.

The majority of sensory fibers that innervate the cornea 
are activated by a variety of exogenous mechanical, chemi-
cal, and thermal stimuli, as well as endogenous factors 
released by tissue injury, and are thus termed polymodal 
nociceptors (Belmonte & Giraldez, 1981; Belmonte et al., 
1991; Gallar et al., 1993). The remainder of the sensory fib-
ers innervating the cornea comprise mechano-nocirecep-
tors and cold thermal receptors, which are only activated 
in response to mechanical forces or changes in tempera-
ture, respectively (Gallar et al., 1993; Tanelian & Beuerman, 
1984). Furthermore, electrophysiologic recordings of 
impulses from corneal nerve fibers of anesthetized cats 
demonstrated that different types of stimuli evoked varia-
ble responses from the three aforementioned sensory 
receptors (Acosta et al., 2001).

In addition to their contributions to corneal protection 
via the blink reflex and reflex tearing, corneal nerves 
maintain corneal epithelial health through the secretion 
of trophic factors and maintenance of basal tear secretions 
(Lawrenson, 1997; Muller et  al., 2003). Specifically, cor-
neal nerves secrete a variety of neurotransmitters, includ-
ing acetylcholine, vasoactive intestinal peptide (VIP), and 
neurotensin, as well as neuropeptides such as substance P 
and calcitonin gene-related protein (CGRP), which are 
critical to corneal epithelial proliferation and function 
(Belmonte et al., 2004; Muller et al., 2003). Thus, impairment 

of corneal sensory innervation, termed neurotrophic keratitis, 
causes decreased corneal healing, increased  epithelial 
permeability, and recurrent corneal ulcers (Beuerman & 
Schimmelpfennig, 1980; Bonini et al., 2003; Muller et al., 
2003; Scott & Bistner, 1973). The neuropeptides CGRP and 
substance P also act as neurogenic mediators of inflamma-
tory responses by inducing vasodilatation, plasma extrava-
sation, and cytokine release following their release from 
depolarized nociceptor endings (Bynke et al., 1984; Keen 
et al., 1982). This neurogenic inflammation impacts both 
the injured cornea and the noninjured conjunctiva, iris, 
and ciliary body, as nerve impulses from stimulated nocic-
eptors travel not only centripetally through the axon to the 
central nervous system, but also to nonstimulated periph-
eral axon branches of the trigeminal nerve. This reflex is 
likely responsible for the clinical signs of conjunctival 
hyperemia and anterior uveitis, including miosis, ocular 
hypotension, and aqueous flare associated with an isolated 
corneal lesion (Belmonte et al., 2004).

Iris and Pupil

Pupillary functions include regulating light entering the pos-
terior segment of the eye, increasing the depth of focus for 
near vision, and minimizing optical aberrations by the lens. 
The iris muscles consist of both a constrictor (sphincter) that 
encircles the pupil and radial dilator muscle. The sphincter 
muscle is an annular band of smooth muscles near the pupil-
lary margin of the iris and is derived from neural ectoderm. 
The dilator muscle, also derived from neural ectoderm, con-
sists of a series of myoepithelial cells that extend from near 
the pupillary margin to the base of the iris and are contigu-
ous posteriorly with the pigmented epithelium of the ciliary 
body. Pupil size varies on the basis of the balance between 
these two muscle groups. The constrictor muscle, which is 
the stronger of the two, is innervated by the oculomotor 
nerve (CN III) which provides primarily parasympathetic 
control; by contrast, the dilator muscle is innervated primar-
ily by sympathetic nerves. The constrictor muscle causes 
miosis, and the dilator muscle is responsible for mydriasis. 
Bright light decreases pupil size. The sympathetic activity in 
the iridal dilator muscle and ciliary body musculature (dis-
cussed later) is mediated by a combination of β-receptors (β1 
and β2) and α-receptors (α1 and α2; Yoshitomi & Ito, 1986). 
Components of the pupillary light reflex (PLR) are listed in 
Table 3.4.

Species differences of the α- and β-receptors have been 
demonstrated among humans, rabbits, nonhuman primates, 
cats, and dogs, and they are summarized in Table 3.5 (Bartlett 
& Jaanus, 1989; Colasabti & Trotter, 1981; Jones & Studdert, 
1975; Lee & Wang, 1975; Loewy et al., 1973; Macri & Cevario, 
1974; Murphy & Howland, 1986; Neufeld & Sears, 1974; 
Ogidigben & Potter, 1993; Piccone et al., 1988; Potter & Rowland, 



3: Physiology of the Eye 135

SE
C

T
IO

N
 I

1978; Shields, 1992; Toyoshima et  al., 1980; van Alphen 
et al., 1965; Vareilles et al., 1977b; Wallenstein & Wang, 1979; 
Yoshitomi & Ito, 1986, 1988; Zimmerman, 1993). These 
receptors alter the effects of drugs on the eye. For example, 
feline pupils constrict with the use of timolol, a nonselective 
β-adrenergic antagonist, because the feline iris sphincter 
muscle has primarily β-adrenergic nerve fibers (van Alphen 
et al., 1965). Because β-adrenergic nerve fibers are inhibitory 
to the sphincter muscle, the miosis in response to topically 
applied timolol is suspected to be the result of its antagonism 
of inhibitory input to the sphincter muscle (Kiland et  al., 
2016). Most synapses in the ciliary ganglion are involved in 
relaying impulses that result in accommodation; the remain-
der are concerned with constriction of the pupil. Pure mu 
opioid agonists such as morphine act on subcortical cells 
(i.e., oculomotor nuclear complex) to cause constriction of 
the canine pupil and dilation of the feline pupil because of 
the release of catecholamines from the adrenal glands (Lee 
& Wang, 1975; Wallenstein & Wang, 1979). Endogenous 
prostaglandin F2α appears to be involved in maintaining 
muscle tone in the sphincter muscle of the iris. Prostaglandins 
most likely act directly on these muscles, and they appear to 
act to a lesser extent on the dilator muscles of the canine iris 
(Yoshitomi & Ito, 1988). Exogenous prostaglandin analogues 
cause miosis in cats, dogs, and horses, and the receptors 

have been detected in the iris and ciliary body of several 
mammals (Bhattacherjee & Paterson, 1994; Bhattacherjee 
et al., 1997; Gum et al., 1991; Willis et al., 2001). Additionally, 
biologically active peptides have been isolated in the nerve 
supply of the intraocular muscles. For example, neuropep-
tide Y has a modulatory role on the iris dilator muscles that 
enhances adrenergic-induced contractions. By itself, how-
ever, neuropeptide Y does not have any potent contractile 
qualities (Piccone et al., 1988).

Iridal color and pupil size vary widely among species, and 
the irides of the young are often a different color than those 
of the adult. Iris color, or the amount of melanin, influences 
the effects of many drugs, as melanin can bind drugs, 
increasing their time to onset and duration (Ogidigben & 
Potter, 1993).

Pupil shape also varies among species. Vertical pupils 
are most commonly seen in terrestrial mammals and 
 reptiles that are ambush predators and are diurnal. Prey 
species tend to have horizontally elongated pupils. These 
respective variations are thought to keep images on the 
vertical and horizontal contours sharp. In domesticated 
cats, the constricted pupil is a vertical slit, whereas in the 
larger, wild felidae, it is circular. On dilation, the vertical 
sides of the domestic feline pupil expand to produce a cir-
cular pupil. The constrictor muscle fibers are vertically 
oriented, and therefore contraction leads to a vertically 
oriented slit pupil. Additionally, in prey with horizontal 
pupils, changing head pitch causes torsional movement of 
the eye, such that the pupil’s long axis maintains rough 
alignment with the horizon (Banks et al., 2015).

In young horses, the pupil is more circular than in 
adults. Under illumination, the ends of the oval pupil of 
mature horses do not constrict, but the dorsal and ventral 
borders do. In bright daylight, the superior granula iridica 
occludes the central papillary opening, resulting in two 
apertures and assisting with focusing through the creation 
of Scheiner’s disc phenomenon (Murphy & Howland, 
1986). With very low illumination or administration of a 
mydriatic, the dorsal and ventral borders of the pupil 
dilate, thereby forming a circular pupil. The equine pupil 
responds relatively slowly to a light stimulus in comparison 
to that of cats and dogs.

Table 3.4 Components of the pupillary light reflex.

Stimulus Illumination of the Retina

Receptors Photoreceptors (rods and cones)

Afferent 
pathway

Optic nerve–optic tract to pretectal area (ipsi- 
and contralateral via posterior commissure)

Efferent 
pathway

Pretectal area to the parasympathetic nucleus of 
CN III (ipsi- and contralateral), and then 
parasympathetic fibers to ciliary ganglion (via 
CN III)

Postganglionic fibers to the iris

Effector Sphincter muscle of the iris

Response Miosis (constriction of the pupil both direct and 
consensual reflex)

Table 3.5 Adrenergic receptors in the iris and ciliary body.

Species Iris Sphincter Iris Dilator Ciliary Muscles

Human α and β equally Mainly α, very few or no β Mainly β, very few α
Rabbit Mainly β, few α Mainly α, few β Mainly α, few β
Monkey Mainly α, perhaps β Mainly α, few β Only β, no α
Cat Mainly β, some α Mainly α, some β Mainly β, some α
Dog α and β α And β ?
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The avian pupil is circular and highly motile. The consen-
sual pupillary reflex is usually absent (because of total decus-
sation of nerve fibers at the optic chiasm), but occasionally a 
strong beam of light may traverse the posterior ocular layers 
and the thin medial orbital bones to stimulate the opposite 
retina. As the constrictor and dilator muscles are mainly stri-
ated with varying amounts of nonstriated fibers, the pupil is 
not affected by traditional mydriatic agents, but it can be 
dilated by various neuromuscular-blocking drugs.

When dogs are under combined injectable and inhalation 
anesthesia, the pupil reaches a steady baseline size. In this 
state, light stimulation causes a rapid pupil constriction, an 
initial redilation phase, and a slower secondary recovery to 
baseline. As light intensity increases, the amplitude of pupil 
constriction increases, and the latency decreases. Average 
constriction velocity and initial redilation velocity increase 
with increasing stimulus intensities, but then gradually 
decline with intensities greater than 11 log photons/cm2/s. 
Similar to humans, dogs demonstrate intrinsically photosen-
sitive retinal ganglion cells (ipRGC) that contribute to the 
PLR. Melanopsin, the ipRGC photopigment, has peak sensi-
tivity at 480 nm. The ipRGCs are slow to activate and have a 
high threshold. Below the ipRGC threshold, PLRs to blue 
and red stimuli are similar. However, when the ipRGCs are 
strongly activated with a blue stimulus at 14.5 log photons/
cm2/s intensity, pupil constriction persists for at least 60 sec-
onds after the stimulus is removed. Additionally in dogs, the 
stimulus intensity required to elicit a threshold PLR is 
approximately 10-fold lower than that required to elicit a 
scotopic threshold ERG response in the dark-adapted state 
(Whiting et al., 2013).

Nutrition of Intraocular Tissues

While allowing light transmission through the eye, nutrients 
are provided and waste is removed by two systems of blood 
vessels (i.e., retinal vessels, uveal vessels), the formation and 
egress of AH, and the vitreous body. Intraocular tissues lack 
a typical lymphatic system, and the uveal tract (i.e., iris, cili-
ary body, and choroid) provides this function.

Ocular Circulation

The choroid, ciliary body, and iris are supplied by the uveal 
vessels. The outer retina in some animals (e.g., dogs, cats, 
ruminants, and pigs) and almost all or the entire retina in 
others (e.g., horses, guinea pigs) is nourished by diffusion 
from the uveal vessels in the choroid. The inner retina is sup-
plied by retinal vessels in many species. Blood vessels sup-
plying the cornea and lens in the embryo regress before birth 
or shortly thereafter, leaving the AH as the primary source of 
nutrients for the cornea and lens.

Birds have a unique structure, the pecten oculi, which is a 
heavily pigmented, highly vascularized, and usually fanlike 
structure projecting from the surface of the optic nerve into 
the vitreous. A similar structure occurs in reptiles, termed 
the conus papillaris. The avian pecten likely functions as an 
important source of nutrients for the inner retina (Bellhorn 
& Bellhorn, 1975; Wingstrand & Munk, 1965). This assump-
tion is based on the observations that the avian retina is 
thicker than oxygen could perfuse from the choroid and that 
the pectinate artery resistive and pulsatility indices are low 
(Chase, 1982; de Moraes et al., 2017; Ferreira et al., 2016). 
The pecten may also control the intraocular pH, which is 
affected by acidic retinal waste products (Brach, 1975). 
Several marine mammals, the bottlenose dolphin (Tursiops 
truncatus), spotted seal (Phoca largha), and California sea 
lion (Zalophus californianus), have an ophthalmic rete from 
which the retinal and choroidal arteries are derived. A 
higher degree of thermal emission in this area than adjacent 
areas of the skin suggests that the rete might conserve ocular 
heat so that photoreceptor and ocular muscle function can 
be maintained in a cold ambient temperature. Additionally, 
the rete may have a flow-damping effect by maintaining 
resistance to blood flow in the orbit (Ninomiya, 2017; 
Ninomiya et al., 2014).

Ocular Blood Flow

The vascular pressure promoting flow, the resistance of 
blood vessels, and the viscosity of the blood all influence the 
blood flow through all tissues, including the eye. The pres-
sure head for blood flow (i.e., perfusion pressure) is the dif-
ference in pressure between the arteries and the veins. In 
the eye, the intraocular pressure (IOP) approximates the 
venous pressure, so the perfusion pressure is the difference 
in pressure between the small arteries entering the eye and 
the IOP (Bill, 1963). Of clinical importance is that the perfu-
sion pressure to the eye is reduced by lowering the blood 
pressure or raising the IOP, as occurs in glaucoma. Studies 
of hemodynamics in the rabbit ophthalmic artery demon-
strate that autoregulation maintains normal blood velocity 
and resistance when the IOP is below 40 mmHg. However, 
at higher pressures the autoregulatory capacity is limited 
(Yang et al., 2011)

Anterior Uveal Blood Flow

In most species, the major arterial circle of the iris is formed 
by the nasal and temporal long posterior ciliary arteries. The 
iris and ciliary body receive approximately 1% and 10%, 
respectively, of the ocular blood flow (Bill, 1975). In humans 
and rabbits, additional iridal blood flow occurs from the 
anterior ciliary arteries via the extraocular muscles (EOM). 
Blood flow to the ciliary body in most species that have been 
studied is provided by the iridal major arterial circle, 
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branches of the anterior ciliary arteries, and branches of the 
long posterior ciliary arteries. The cat and monkey iris and 
ciliary body have autoregulation of their blood flow. Carbon 
dioxide dilates the anterior uveal vessels, and sympathetic 
α-adrenergic receptors cause vasoconstriction in the anterior 
uvea. Parasympathetic muscarinic receptors and prostaglan-
dins, however, cause vasodilation (Alm & Bill, 1972). 
Prostaglandins E1 and F2α appear to cause a two- to threefold 
increase in blood flow to the anterior uvea when applied 
topically (Green et al., 1985).

Choroidal Blood Flow

The outer retina (and the entire retina in some species) 
depends on choroidal blood flow for nutrients and waste 
removal. In the animal species studied, most of the blood 
supply to the choroid is supplied by the short posterior ciliary 
arteries, but some of the peripheral choroid receives blood 
from the major arterial circle of the iris. The choroidal capil-
laries are fenestrated and large (diameter 15–50 μm). These 
vessels are highly permeable and permit glucose, proteins, 
and other substances in the blood to enter the choroid.

Within the choroid, these proteins create a high osmotic 
pressure gradient that assists in removal of fluids from the 
retina. The short posterior ciliary arteries appear to supply 
well-defined territories within the choroid. As a result, these 
“watershed zones” can develop with marked elevations of 
IOP, and appear in the dog as pyramidal-shaped areas of 
choroidal and retinal degeneration extending from the optic 
nerve head.

The rate of uveal blood flow is rapid (1.2 mL/min in the 
cat), with a mean combined retinal and choroidal circulation 
time of 3–4 seconds (Bill, 1962; Freidman & Smith, 1965). In 
monkeys, 95% of the ocular blood flows through the uveal 
tract, of which 85% is through the choroid. With this high 
rate of blood flow, oxygen extraction from each millimeter of 
blood is low (∼5%–10%). The oxygen content of choroidal 
venous blood is 95% of that in arterial blood. Reduced flow 
rates result in higher oxygen extraction, so that total extrac-
tion is reached. This protects the oxygen supply to the retina, 
and it also protects the eye from light-generated thermal 
damage (Bill, 1975). Choroidal vessels have little to no 
autoregulatory mechanism, but carbon dioxide is a potent 
vasodilator of choroidal vessels (Kiel & Shepherd, 1992; 
Mann et  al., 1995; Yu et  al., 1988). Choroidal vessels are 
under the strong influence of sympathetic stimulation, 
which can result in a 60% reduction of choroidal blood flow. 
Parasympathetic fibers have been found in the choroid of 
monkeys, but no studies concerning the relationship of these 
fibers to blood flow have been conducted. The α-adrenergic 
drugs cause vasoconstriction of choroidal vessels, but 
β-adrenergic drugs have no effect (Bill, 1975). In rabbits, α- 
and β-adrenergic blockade causes choroidal vasodilation 
and vasoconstriction, respectively (Kiel & Shepherd, 1992).

Retinal Blood Flow

The retina receives 4% of the ocular blood flow in the monkey 
(Bill, 1975). In cats, 20% of the oxygen consumed by the retina 
is delivered through the retinal circulation and the remaining 
80% is via the choroidal circulation (Alm & Bill, 1972). Similar 
data are not available for other domestic animals.

Blood flow in the innermost retina is practically unaf-
fected by moderate changes in perfusion pressure. 
Autoregulation of retinal blood flow is extensive in the cat, 
monkey, and pig, and protects the retinal circulation from 
large variations in perfusion pressure (Alm & Bill, 1972; 
Attariwala et  al., 1994). Both metabolic and myogenous 
autoregulation are present in the eye. Metabolic control of 
retinal blood flow is similar to that of blood flow to the 
brain. In the brain, increased PO2 and decreased PCO2 
cause vasoconstriction, and decreased PO2 and increased 
PCO2 cause vasodilation. In the cat, maximum retinal vas-
odilation occurs with an increased PCO2 of 75–80 mmHg, 
so as to increase flow from 15 to 50 mL/min (Alm & Bill, 
1972). Interestingly, retinopathy of prematurity occurs 
when immature eyes with developing blood vessels are 
exposed to higher oxygen concentrations than the normal 
physiologic in utero hypoxia. The increased oxygen causes 
vasoconstriction and inhibition of vascular development, 
with obliteration of vessels. With the hypoxic injury is a 
concomitant, rebound release of angiogenic factors that 
lead to pathologic angiogenesis. Signs include vasoprolif-
eration, retinal edema, hemorrhages, and possible retinal 
detachment (Dogra et al., 2017).

Neural control of retinal blood flow is limited to those ves-
sels indirectly affecting retinal blood flow. Retinal vessels 
have α-adrenergic-binding sites that, when stimulated, cause 
vasoconstriction, thus increasing retinal vascular resistance 
(Forster et al., 1987; Hoste et al., 1989). Retinal arteries most 
likely autoregulate through a myogenic mechanism, which 
is activated based on stretch. During sympathetic stimula-
tion, myogenic autoregulatory responses appear to increase 
(Hoste et al., 1989). Opening and closing of capillary beds 
in many tissues occur with varying metabolic needs. 
Spontaneous contractions and dilations of small retinal arte-
rioles have been observed in kittens, but are rare in adult cats 
(Bill, 1975). In general, it is believed that choroidal blood 
flow is constant through all capillary beds; however, regional 
blood flow in the retina decreases from the optic disc to the 
periphery (Laatikairen, 1976).

The vascular endothelial cells may produce nitric oxide, 
endothelins, prostaglandins, and renin-angiotensin prod-
ucts in response to chemical stimuli (e.g., acetylcholine, 
brachykinin), changes in blood pressure and blood vessel 
wall stress, changes in local oxygen levels, and other stimuli 
(Brown & Jampol, 1996). As the mechanisms of local 
autoregulation become better understood, pharmacologic 
modulation of these processes may become possible.
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The theoretical oxygen diffusion maximum of 143 μm 
plays a significant role in animal species with avascular reti-
nas; as a result, avascular retinas are usually very thin and 
have short photoreceptors, no tapeta, high glycogen levels in 
the Müller cells, and no retinal taper (Chase 1982).

Blood Flow of the Optic Nerve Head

Blood flow of the optic nerve head is usually provided pri-
marily by branches from the short posterior ciliary arteries. 
In humans, cats, and rabbits, optic nerve head blood flow 
possesses autoregulation over a wide range of IOPs (∼30–
75 mmHg), but in humans, this autoregulation is most effi-
cient when IOP is 6–30 mmHg (Shonat et al., 1992; Weinstein 
et  al., 1983). Ocular perfusion pressure, the relationship 
between systemic blood pressure and IOP, determines blood 
flow in the optic nerve head. The autoregulatory capacity of 
optic nerve head blood flow is more susceptible to an ocular 
perfusion pressure decrease induced by lowering the blood 
pressure, compared with that induced by increasing the 
intraocular pressure (Wang et al., 2015).

Studies of blood flow in the optic nerve head have been 
limited by the small tissue mass involved. The optic nerve 
head is subjected to several different pressures as well as to 
the tissue stress at the level of the scleral lamina cribrosa. 
Axons from the retinal ganglion cells exit the eye under the 
effect of IOP, passing through the lamina scleral cribrosa at 
progressively decreasing tissue pressures to become the optic 
nerve. The retrolaminar pressure for these axons in the dog is 
approximately 7 mmHg and relates directly to the cerebrospi-
nal pressure (Morgan et al., 1995). Both short- and long-term 
elevations in IOP also produce tissue changes within the lam-
ina cribrosa that influence blood flow and axon vitality.

Ocular Barriers

The blood–ocular barriers contain endothelial and epithelial 
tight junctions with varying degrees of “leakiness.” These 
barriers prevent nearly all protein movement and are effec-
tive against low-molecular-weight solutes such as fluores-
cein and sucrose. The complexities of these structures differ 
between the various vascular beds, which allow movement 
of some substances from one compartment to the other. The 
two primary barriers within the eye are the blood–aqueous 
barrier (BAB) and the blood–retinal barrier (BRB). Other 
lesser barriers of the eye exist as well. The zonula occludens 
of the corneal epithelium prevents the movement of ions 
and therefore fluid from the tears into the stroma, prevents 
some evaporation, and protects the cornea from pathogens. 
The partial obliteration of the intercellular spaces provided 
by the macula occludens of the corneal endothelial cells 
 prevents bulk flow of AH into the corneal stroma but allows 
moderate diffusion of small nutrients and water.

Blood–Aqueous Barrier

The BAB depends primarily on the tight junctions in the 
nonpigmented ciliary body epithelium, the nonfenestrated 
iris capillaries, and the posterior iris epithelium. The ante-
rior BAB in the iris allows transcellular transport by means 
of vesicles. Paracellular transport is controlled by tight junc-
tion extensions (Riva et al., 2011). The anterior surface of the 
iris does not serve as a barrier as it does not have a continu-
ous cellular layer. The epithelial portion of the BAB is the 
inner, nonpigmented ciliary epithelium, and it controls the 
flow of fluid into the posterior chamber. The BAB is less 
effective than the retinal epithelial barrier, because protein 
can pass into the AH through leakage in other parts of the 
anterior uvea. Both the ciliary body and choroidal blood ves-
sels are highly fenestrated and thus leak most of their plasma 
components, including protein, into the stroma.

No barrier is present between the AH and the vitreous 
humor, which allows the diffusion of solutes from the poste-
rior aqueous into the vitreous humor, or between the anterior 
uvea and the sclera (Elgin, 1964). Breakdown of the BAB is 
seen clinically as an aqueous flare in anterior uveitis or sec-
ondary to loss of AH, as in anterior chamber paracentesis.

Blood–Retinal Barrier

The tight junctions between the retinal pigmented epithelial 
cells comprise the epithelial portion of the BRB. The nonfen-
estrated retinal capillary endothelium with tight junctions 
between the cells comprises the endothelial portion of the 
BRB. The most permeable point of the BRB is the optic nerve 
head, at which substances from the choroid can pass into the 
nerve (Rodriquez-Peralta, 1975). The choroidal capillaries 
are highly permeable to permit passage of all low-molecular-
weight compounds and proteins. Thus, nutrients from the 
choroidal blood supply pass readily into the retinal pigment 
epithelium, where numerous transport systems account for 
the selectivity of the barrier and elaborate transcellular path-
ways exist to pass them on into the retina (Mann et al., 2003). 
This high protein permeability of the choroidal vessels also 
elevates osmotic pressure, which helps fluid to pass out of 
the retina. The transport of water from the retina to the cho-
roid is driven by the active transport of chloride to prevent 
water accumulation in the subretinal space. No significant 
barrier exists between the vitreous body and the retina.

Aqueous Humor and Intraocular Pressure

In the normal eye, IOP is generated by flow of AH against 
resistance, and is necessary to maintain the appropriate 
shape and optical properties of the globe. AH is a clear, 
colorless liquid that fills the anterior and posterior chambers 
as well as the pupil. It has a refractive index of 1.335, which 
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is slightly denser than water, and is a critical constituent of 
the eye’s optical system. As AH is formed by the ciliary body 
processes, it enters the posterior chamber and flows through 
the pupil into the anterior chamber, where it leaves the eye 
through the corneoscleral trabecular and uveoscleral out-
flow pathways. The rate of AH formation equals the outflow, 
so the IOP is maintained relatively constant, and the refrac-
tive surfaces of the eye are kept in a normal position.

This continuous flow of AH supplies the avascular cornea 
and lens with nutrients and also removes their waste 
 products. A convection current exists within the anterior 
chamber whereby AH circulates downward adjacent to 
the air-cooled cornea and upward near the lens where the 
 temperature is warmer. This thermal circulation is responsible 
for the deposition of cellular material  –  termed keratic 
precipitates  –  on the inferior aspect of the corneal 
endothelium.

Aqueous Humor Formation

The ciliary body has several critical functions, including 
production of AH by active secretion, ultrafiltration, and 
diffusion; generation of IOP through the aqueous 
dynamic process; influencing through its musculature 
the conventional (i.e., corneoscleral trabecular mesh-
work or pressure-sensitive) AH outflow; provision of 
blood and nerve supplies for the anterior segment; con-
trol of accommodation via its musculature; formation of 
the BAB; and provision of the entry for nonconventional 
(i.e., uveoscleral or pressure-insensitive) AH outflow. 
Furthermore, the ciliary body is also rich in antioxidant 
systems, with significant concentrations of catalase, 
superoxide dismutase, and glutathione peroxidase types I 
and II. In addition, the ciliary body is the major drug 
detoxification center in the eye, with its microsomes con-
taining the cytochrome P450 proteins, which catalyze 
many drugs. In avian species, the ciliary body muscula-
ture is composed of distinct anterior and posterior com-
ponents that alter the corneal curvature for corneal 
accommodation and move the ciliary body anteriorly for 
lenticular accommodation (Glasser & Howland 1996; 
Murphy et al., 1995).

The bilayered ciliary epithelium, consisting of the outer 
pigmented epithelium (PE) and inner nonpigmented epithe-
lium (NPE), is the site for AH secretion. At their apical bor-
ders, the PE and NPE connect via gap junctions to form an 
intricate network (Fig. 3.5). Adjacent NPE cells are joined by 
tight junctions to form a barrier that inhibits paracellular 
diffusion. AH is formed by three basic mechanisms: diffu-
sion, ultrafiltration, and active secretion by the NPE. The 
processes of diffusion and ultrafiltration form the “reser-
voir” of the plasma ultrafiltrate in the stroma of the ciliary 
body, from which the AH is derived via active secretion by 
the ciliary epithelium. Diffusion of solutes, such as carbohydrates, 

occurs from a region of higher concentration to that of lower 
concentration. By contrast, ultrafiltration occurs when 
movement of a compound across a cell membrane is 
increased by a hydrostatic force; in this case, from differ-
ences between ciliary body capillary pressure and IOP. 
Energy-dependent active transport is required to secrete sol-
utes against a concentration gradient across the basolateral 
membrane of the NPE; it is the most important factor in AH 
formation (Cole, 1977; Pederson & Green, 1973). Two 
enzymes critical in this process, Na+-K+-ATPase and car-
bonic anhydrase (CA), are abundantly present in the NPE. 
The Na+-K+-ATPase is membrane-bound and is found in the 
highest concentrations along the basolateral interdigitation 
of these cells (Flugel & Lutjen-Drecoll, 1988). Inhibition of 
the Na+-K+-ATPase with cardiac glycosides (e.g., oubain) or 
vanadate causes a marked decrease in aqueous formation 
(Bonting & Becker, 1964; Cole, 1977; Garg & Oppelt, 1970) as 
differences in osmolarity between plasma and AH are small, 
thereby making the rate of aqueous production dependent 
on the rate of solute transfer (Maren, 1995).

Due to the primary active secretion of sodium, other mol-
ecules and ions cross over the epithelium by secondary 
active transport. As a consequence, increased concentra-
tions of ascorbate, amino acids, and chloride are observed in 
AH relative to plasma in most mammalian species (Bito 
et  al., 1965; Blogg & Coles, 1970; Cole, 1974; Gabelt & 
Kaufman, 2011; Graymore, 1970; McLaughlin & McLaughlin, 
1988; Tulamo et al., 1990). Electroneutrality is maintained 
by anions accompanying the actively transported sodium; 
channels allow passage of chloride on the basolateral NPE 
membrane and a passive transporter exchanges bicarbonate 
for chloride. As a result, high osmolarity is produced on the 
basolateral aspect of the NPE, thus initiating diffusion of 
water out of the cells by aquaporins (Frigeri et  al., 1995; 
Verkman, 2003). To continue the process, sodium and chlo-
ride constantly enter the PE via Na+/H+ and Cl-/HCO3

- anti-
ports and a Na-K-2Cl cotransporter. Chloride is just as 
critical as sodium in driving AH formation, such that A3 
adenosine receptor agonists, which enhance chloride 
release, increase IOP in mice.

CA is abundant in the cytoplasm and on the basal and lat-
eral membranes of the NPE and PE and catalyzes the follow-
ing reaction:

 CO HCO2 2 3H O H . 

Formation of bicarbonate by CA is essential for secretion 
of AH, such that inhibition of CA results in decreased active 
transport of sodium by the NPE; it is unclear how this pro-
cess occurs, although several hypotheses exist (Gabelt & 
Kaufman, 2011). Topical and systemic CA inhibitors sub-
stantially decrease AH production, therefore reducing 
IOP, and are thus useful in the management of glaucoma 
(Higginbotham, 1989; Maslanka, 2015).
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Aqueous Humor Composition

As an ultrafiltrate of plasma, the compositions of AH and 
plasma are similar, with a few notable exceptions: a low pro-
tein concentration, high ascorbate and lactate concentra-
tions, and reduced amounts of urea, glucose, and nonprotein 
nitrogen occur within AH versus plasma (Fig. 3.5; Blogg & 
Coles, 1970; Caprioli, 1987; Cole, 1974; Graymore, 1970). 
Thus, breakdown of the BAB modifies the composition of 
the AH, primarily by the addition of proteins and prosta-
glandins, and increases light scattering. The resultant 
Tyndall effects makes a slit-lamp beam evident within the 
anterior chamber, an observation clinically known as aque-
ous flare. With the addition of proteins, the aqueous compo-
sition closely approximates that of plasma and is termed 
plasmoid aqueous. Plasmoid aqueous in domestic animals 
forms fibrin clots easily due to high concentrations of the 

glycoprotein fibrinogen. Unless treated pharmacologically, 
these fibrin clots can cause numerous complications, 
including anterior and/or posterior synechiae or adhesions 
between the iris and the cornea and/or lens.

Ascorbate concentration in the AH exceeds that in plasma 
due to an active transport mechanism (Chu & Candia, 1988). 
This high concentration of ascorbate might assist in protect-
ing the anterior segment structures from oxidative damage 
induced by ultraviolet radiation. For example, AH ascorbate 
concentrations are ~35 times greater in diurnal versus noc-
turnal mammals, suggesting the importance of its role as an 
antioxidant to prevent photic damage (Koskela et al., 1989). 
Furthermore, ascorbate is a cofactor in electron transfer 
reactions, is a reducing agent in hydroxylation reactions, 
helps regulate production of GAGs in the trabecular mesh-
work, and might play a role in the storage of iridal catecho-
lamines (Chu & Candia, 1988; DiMattio, 1989).
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Figure 3.5 Schematic of aqueous humor (AH) production across the pigmented epithelium (PE) and nonpigmented epithelium (NPE) of 
the ciliary body. Note the position of the critical enzyme, sodium-potassium-activated adenosine triphosphatase (Na+-K+-ATPase) on the 
basolateral enzyme of the NPE. Carbonic anhydrase (CA), also critical to AH formation, is abundant in the cytoplasm of both the NPE and 
PE. Ion transporters and channels facilitate transfer of Na+, K+, chloride (Cl-) and bicarbonate (HCO3-) into, between, and out of the NPE 
and PE, while aquaporins enable water movement. Relative solute concentrations that most markedly differ between aqueous humor and 
plasma can be found at the bottom.
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In addition to protein and ascorbate, other organic com-
pounds constitute the AH, and their concentrations vary 
relative to plasma. In most mammalian species, the concen-
tration of amino acids in the AH is higher than that in the 
plasma, suggesting active transport of amino acids is occur-
ring across the ciliary epithelium (Dickinson et  al., 1968; 
Reddy et al., 1977). In the dog, however, amino acid concen-
trations are less in AH than in plasma (Bito et al., 1965). In 
this species, the vitreous may act as a “sink” for some of the 
amino acids, thus causing the deficiency (Dickinson et al., 
1968; Reddy et  al., 1977). Carbohydrate concentrations in 
the AH are ~80% of plasma since they enter by diffusion and 
are subsequently metabolized by the lens and cornea. Thus, 
the concentration of diffusible substances in blood can 
impact its amount in the AH. For example, the concentra-
tion of glucose in AH is markedly increased in diabetic 
patients due to elevated plasma concentrations. Urea con-
centration in the AH is also ~80% that of plasma. Results of 
previous studies in the dog have indicated that urea pene-
trates the BAB very slowly; therefore, a steady concentration 
as compared to that in plasma is never reached, thus result-
ing in a lower amount of urea in the AH (Davson & Weld, 
1941). By contrast, immunoglobulins, enzymes, and lipids 
are present in much lower concentrations in AH versus 
plasma due to the BAB.

The major cations in the AH are sodium, potassium, 
calcium, and magnesium, with sodium comprising 95% 
of the total cation concentration. Sodium enters the AH 
via active transport, with a net flow of water into the 
posterior chamber. The major anions in AH are chloride, 
bicarbonate, phosphate, ascorbate, and lactate. The 
chloride and bicarbonate ions enter with sodium, but 
their concentrations vary among species. For example, 
in the horse, the aqueous chloride concentration exceeds 
that of plasma, whereas the amount of bicarbonate in 
aqueous is less than that of plasma. By contrast, the 
bicarbonate concentration is higher and the chloride 
concentration is lower in the AH of the guinea pig 
(Davson & Weld, 1941; Davson, 1969). Because the total 
anion and cation concentrations must equal each other, 
the combined chloride and bicarbonate concentrations 
equal the sodium concentration. Lactate is found in 
much higher concentrations in the AH versus plasma 
likely due to glycolysis by the lens, cornea, ciliary body, 
and retina, since it does not appear to accumulate in the 
posterior chamber (Riley, 1972).

The viscosity, or resistance of fluid to flow, of normal AH 
varies markedly between species, with raptors, particularly 
barred owls, having a much more viscous AH than dogs, 
cats, and horses (Davis et al., 2015). Similarly, teleosts, spe-
cifically rainbow trout, are reported to have an AH viscosity 
that is 10 times greater than that of dogs; this difference is 
due to a high concentration of hyaluronic acid in rainbow 
trout versus canine AH (Hoffert & Fromm, 1969).

Aqueous Humor Regulation

The rate of aqueous formation by the ciliary epithelium is 
influenced by sympathetic and parasympathetic innerva-
tion as well as humoral mechanisms to maintain a steady-
state IOP. Adrenergic regulation of AH formation is complex 
and the role of some receptor subtypes remains unclear. 
The β-adrenergic antagonists, such as timolol, lower IOP by 
decreasing AH production (Coakes & Brubaker, 1978; 
Schenker et al., 1981; Yablonski et al., 1978); more infor-
mation on this important drug class for glaucoma manage-
ment can be found in Chapters 8 and 20. During sleep, AH 
formation decreases ~50% via modulation of the β-arrestin/
cAMP signaling pathway by β-adrenergic receptors in 
humans (Brubaker, 1991; Reiss et al., 1984; Sit et al., 2008). 
Thus, IOP exhibits a circadian rhythm, which varies 
depending on whether animals are nocturnal or diurnal. 
For example, diurnal species such as dogs and primates 
(Gelatt et al., 1981; Komaromy et al., 1998) exhibit the great-
est IOP during the day, while in nocturnal species such as 
cats and rats IOP peaks at night (Del Sole et al., 2007; Moore 
et al., 1996). Consequently, β-antagonists provide little addi-
tional reduction in AH production during sleep and may be 
less effective at controlling IOP during this time period in 
glaucomatous patients (Sit et al., 2008). The α-2-adrenergic 
agonists, including brimonidine, markedly lower IOP in 
humans by decreasing AH formation, but no change in IOP 
was observed following topical brimonidine administration 
to glaucomatous Beagles (Gelatt & MacKay, 2001) or nor-
mal horses (Von Zup et al., 2017), suggesting that the effects 
of this drug class vary by species.

Cholinergic regulation of AH formation and composition 
are similarly ambiguous. For example, parasympathomi-
metic nerve stimulation or drugs have been demonstrated to 
increase, decrease, or not change the rate of AH production; 
these differences are likely due to species and technique-
related effects (Berggren, 1970; Bill, 1967a; Chiou et  al., 
1980; Green & Padgett, 1979; Macri & Cevario, 1974; 
Stjernschantz, 1976; Uusitalo, 1972). Cholinergic agents may 
regulate amino acid transport from the blood to the AH as 
well as modulate inorganic ion concentrations within the 
AH (Bito et al., 1965; Walinder, 1966; Walinder & Bill, 1969). 
In aggregate, these studies suggest that the influence of para-
sympathetic drugs such as pilocarpine is relatively minor in 
AH formation, and that their efficacy in decreasing IOP is 
likely due to increased AH outflow.

Other pharmacologic agents as well as local, systemic, and 
surgical factors can influence AH formation, as reviewed by 
Gabelt and Kaufman (2011). Importantly, an increase in IOP 
causes a reduction in AH inflow due to an alteration in the 
hydrostatic pressure gradient. However, IOP depends on sys-
temic blood pressure to a small degree. For example, marked 
hypotension reduces blood flow to the eye and concomi-
tantly lowers IOP (Green, 1984; Macri & Cevario, 1975). 
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In summary, the regulation of AH formation is complex and 
is influenced by a multitude of factors.

Aqueous Humor Outflow

AH dynamics involve the balance between production (i.e., 
active secretion) and outflow via the conventional and non-
conventional routes (Fig.  3.6). Conventional outflow con-
sists of AH flow through the corneoscleral trabecular 
meshwork (TM), while the nonconventional route involves 
uveoscleral outflow (Cruise & McClure, 1981; Samuelson 
et  al., 1985). Depending on the species, ~50–95% of AH 
drains through the TM via conventional outflow (Table 3.6).

Structural and Biomechanical Attributes

The TM is a complex, three-dimensional structure compris-
ing cells supported by an intricate extracellular matrix 
(ECM). The TM can be divided into three portions: uveal, the 
innermost portion; corneoscleral, the middle region; and 
the juxtacanalicular zone, the outermost section nearest the 
sclera. The pore size of each TM zone decreases from inward 
to outward, with the juxtacanalicular zone consisting of sev-
eral endothelial cell layers that produce a matrix comprising 
GAGs, collagen, fibronectin, and other glycoproteins in 
which these cells are embedded. Thus, the juxtacanalicular 
zone, which is immediately adjacent to Schlemm’s canal in 
primates or the angular aqueous plexus (AAP) in most 

AAP

Anterior Chamber

Iris

LensCiliary Body

Vitreous

Cornea

SVP

Figure 3.6 Aqueous humor (AH) drainage occurs via the traditional and uveoscleral outflow pathways in the iridocorneal angle of the 
dog. The ciliary body epithelium produces AH, which flows from the posterior chamber, through the pupil, and into the anterior chamber. 
Then, AH drains through the pectinate ligament to enter the trabecular meshwork. In the traditional outflow pathway, AH enters the 
angular aqueous plexus (AAP) to drain anteriorly to the episcleral and conjunctival veins or posteriorly into the scleral venous plexus 
(SVP) and vortex veins. With uveoscleral outflow, AH flows through the ciliary muscle interstitium to the supraciliary and suprachoroidal 
spaces to diffuse out the sclera.

Table 3.6 Estimates of aqueous humor dynamics in selected species.

Dog Cat Rabbit Cow Horse Nonhuman Primate

Estimated normal IOP (mmHg) 15–18 17–19 15–20 20–30 17–28 13–15

“C” outflow (μL/mmHg/min by tonography) 0.24–0.30 0.27–0.32 0.22–0.28 — 0.90 0.24–0.28

Uveoscleral outflow (μL/min) 15% 3% 13% — — 30%–65%

Episcleral venous pressure (mmHg) 10–12 8 9 — — 10–11

Aqueous formation (μL/min) 5.22 6.00–7.00 1.84 — — 2.75
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domestic animals, is thought to be the major site of aqueous 
outflow resistance.

Other studies suggest that the main site of resistance to 
outflow is the endothelial lining of the AAP and its ECM 
(Samuelson & Gelatt, 1984a, 1984b; Tripathi & Tripathi, 
1972). However, the site of filtration may be different from 
the site of flow resistance (Johnson et al., 1990). AH trans-
port through the endothelium of the AAP (or Schlemm’s 
canal in nonhuman primates and domestic chickens) is 
thought to occur via transcellular pores, large vacuoles, or 
pinocytotic vesicles. However, paracellular routes between 
the endothelial cells of Schlemm’s canal have also been pro-
posed and may be pressure sensitive, particularly at higher 
IOPs (Epstein & Rohen, 1991; Sabanay et al., 2000; Ye et al., 
1997). Nevertheless, disputes regarding juxtacanalicular ver-
sus inner wall resistance and transcellular versus paracellu-
lar transport are unlikely to translate to major differences 
in therapeutic approaches from a clinical perspective.

Excessive deposition of ECM and concomitant stiffening 
of the TM are critical to the pathogenesis of primary open 
angle glaucoma (POAG) in humans (Chatterjee et al., 2014; 
Last et al., 2011) and likely dogs with the ADAMTS10 muta-
tion (Ahonen et al., 2014; Boote et al., 2016; Kuchtey et al., 
2011, 2013; Palko et al., 2013, 2016). Thus, phagocytic activ-
ity of TM cells and macrophages is important in ECM 
remodeling and removal of large particulate material 
(Gasiorowski & Russell, 2009). A malfunction of endothelial 
phagocytosis and reduced numbers of trabecular endothelial 
cells may also contribute to the pathogenesis of POAG 
(Samuelson et  al., 1984). The nonfiltering portion of the 
canine iridocorneal angle (ICA) has been shown to contain 
Schwalbe’s line cells, which have both secretory and epithe-
lial characteristics. Recently, a stem cell niche was identified 
in Schwalbe’s line of cynomolgus macaques, which may 
serve to repopulate cells in the TM and/or corneal endothe-
lium (Braunger et al., 2014). Changes in the morphology and 
number of Schwalbe’s line cells correlate with disease pro-
gression in Beagles with POAG (Samuelson et al., 2001), sug-
gesting that loss of this cell population is important in the 
pathogenesis of glaucoma.

Fluid Dynamics

As the CB produces AH, the tissues comprising the ICA resist 
AH outflow, thus generating IOP. Steady-state IOP occurs 
when the rates of AH inflow and outflow are equivalent. The 
AH exits the eye by passive bulk flow via two routes in the ICA:

1) The traditional or conventional pathway, which involves 
passage through the TM, AAP, scleral venous plexus, 
veins of the episclera and conjunctiva (anterior) or vortex 
veins (posterior), and systemic venous circulation.

2) The uveoscleral or nonconventional pathway, which 
involves passage through the iris root, anterior face of the 

ciliary body muscle, supraciliary or suprachoroidal space, 
and out through the sclera.

The traditional pathway is dependent on IOP, while the 
uveoscleral pathway is not, as long as IOP is greater than 
7–10 mmHg (Bill, 1966a, 1967b, 1975). At very low IOP, the 
net pressure gradient across the nonconventional pathway 
declines, so that uveoscleral outflow subsequently decreases. 
It is unknown why uveoscleral outflow is largely independ-
ent of IOP, but it may relate to complex relationships between 
pressure and resistance between the fluid compartments and 
the soft tissues that comprise this route (Bill, 1975). For exam-
ple, the pressure gradient between the anterior chamber and 
suprachoroid is independent of IOP, thus fluid flow between 
these compartments is also IOP independent. Uveoscleral 
outflow is primarily impacted by the state of the ciliary body 
and by the hydrostatic pressure difference between the ante-
rior chamber and the suprachoroidal space (Barrie et  al., 
1985; Bill, 1966a; Emi et  al., 1989; Gelatt et  al., 1979). 
Contraction of the ciliary body musculature decreases uncon-
ventional outflow, possibly by reducing the extracellular 
spaces; in turn, relaxation increases outflow via this route. 
Thus, pilocarpine, a parasympathomimetic, and atropine, a 
parasympatholytic, will decrease and increase uveoscleral 
outflow by contracting and relaxing the ciliary body muscle, 
respectively (Bill, 1967a; Lutjen-Drecoll & Kaufman, 1993; 
Rohen et al., 1967).

Formulae can be used to describe the formation and drain-
age of AH (Table 3.7).

Table 3.7 Aqueous humor dynamics formulae.

I Fin = Fat + Fuf
F = flow (μl/min)
Fin = total AH inflow
Fat = inflow from active transport
Fuf = inflow from ultrafiltration

II Fout = Ftrab + Fuveo
Fout = total AH outflow
Ftrab = outflow via the trabecular meshwork
Fuveo = outflow via uveoscleral pathway

III Ctotal = Ctrab + Cuv + Cpseudo
C = facility or conductance of flow (μl/min/mmHg)
Ctotal = total AH outflow facility
Ctrab = facility of outflow via the trabecular meshwork
Cuv = facility of outflow via the uveoscleral pathway
Cpseudo = pseudofacility

III At steady state, F = Fin = Fout

IV F = Ctrab (Pi − Pe) Goldmann equation
P = Pressure (mmHg)
Pi = IOP
Pe = episcleral venous pressure

V Fin = Ctrab(Pi − Pe) + Fuveo

VI Pi = Pe + (Fin - Fuveo)/ Ctrab
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Episcleral venous pressure or the “backpressure” cre-
ated by the venous portion of the conventional pathway in 
the AAP or Schlemm’s canal constitutes approximately 
50%–75% of the resistance that determines IOP. While 
minor anatomic variations in the venous system exist 
between species, results of pressure studies in humans, 
nonhuman primates, rabbits, and dogs reveal episcleral 
venous pressure to be between 8 and 12 mmHg (Bill, 
1966b; Gelatt et al., 1982b; Maepea & Bill, 1989; Talusan & 
Schwartz, 1981; Tripathi & Tripathi, 1973). Arteriovenous 
anastomoses within the episcleral vasculature have been 
demonstrated in the rabbit, dog, owl monkey, and cyn-
omolgus monkey. These vascular shunts may function in 
rabbits and dogs, where the episcleral vasculature appears 
to lack a capillary system, and in the monkey species as an 
emergency system to elevate IOP after globe perforation 
or to retrogradely flush the outflow channels (Funk & 
Rohen, 1996; Rohen & Funk, 1994). Episcleral venous 
pressure can be measured by direct cannulation (using 
very fine glass pipettes) or indirect partial to complete 
compression schemes (using a string-gauge system or a fluid-
filled chamber; Gelatt et al., 1982b). The term pseudofacility 
refers to pressure-dependent ultrafiltration formation of 
AH. It was assumed that any measurement procedure for 
AH dynamics that temporarily elevated IOP (e.g., perfu-
sion of the anterior chamber, tonography, perilimbal 
 suction cup) would temporarily decrease the rate of 
humor formation. This slight decrease in the rate of for-
mation would alter the pressure-sensitive outflow meas-
urements obtained by tonography and was termed false 
facility, or pseudofacility. Results of studies that involved 
compressing the episcleral venous pressure of the AH 
outflow systems in humans and nonhuman primates sug-
gest the pseudofacility to be as high as a 20% error 
(Brubaker & Kupfer, 1966; Kupfer & Sanderson, 1968). 
However, fluorophotometric measurements of AH forma-
tion rates indicate that these sudden (but limited) 
increases in IOP do not suppress the rate of AH forma-
tion. Indeed, fluorophotometry measurements in both 
normal and glaucomatous human eyes indicate that rates 
of AH formation are essentially the same (Beneyto Martin 
et al., 1995). Thus, the temporary increase in IOP observed 
in the original experiments by Brubaker and colleagues 
may be due to immediate dilation of the intraocular blood 
vessels followed by slow accumulation of AH (Brubaker & 
Kupfer 1966; Moses et al., 1985).

Results of earlier studies indicated that the volume of the 
anterior chamber directly relates to the rate of aqueous out-
flow, so that animals with large eyes have faster outflow 
rates (Tripathi, 1974; Tripathi & Tripathi, 1972, 1973). The 
resistance to aqueous outflow is inversely proportional to 
the facility of outflow (Ctotal).

Regulation of Outflow

Cholinergic agonists such as pilocarpine decrease outflow 
resistance by contraction of the ciliary muscle and subse-
quent spreading of the TM. This effect is rapid, such that 
intravenous administration of pilocarpine to vervet mon-
keys results in a near-instantaneous decrease in outflow 
resistance, suggesting that the effect may be mediated by a 
structure perfused by arteries (Bárány, 1967). Ciliary mus-
cle disinsertion and removal of the iris obliterate this acute 
response to pilocarpine, suggesting that it is mediated 
completely by ciliary muscle contraction rather than a 
direct effect on the TM (Kaufman & Bárány, 1976). The M3 
subtype of the muscarinic receptor is strongly expressed 
in the ciliary muscle and thought to mediate the changes 
in outflow facility in response to cholinergic agonists 
(Gabelt, 1994; Gabelt & Kaufman, 1992; Zhang et  al., 
1995). Because the effect of cholinergic agonists on trabec-
ular outflow (increase) is greater than that on uveoscleral 
outflow (decrease), the net effect is an increase in AH 
outflow and concomitant decrease in IOP. As expected, 
cholinergic antagonists such as atropine decrease tradi-
tional outflow and increase nontraditional outflow by 
similar mechanisms.

Stimulation of adrenergic receptors by nonspecific ago-
nists such as epinephrine increases outflow, but the pre-
cise mechanism remains elusive despite extensive study 
(Ballintine & Garner, 1961; Bárány, 1968; Bill, 1969, 
1970; Krill et al., 1965; Sears, 1966). However, it is likely 
to involve stimulation of β2 receptors on TM cells and 
subsequent increased cyclic adenosine monophosphate 
(AMP) production (Kaufman, 1987; Neufeld et al., 1972, 
1975; Neufeld & Sears, 1975; Sears & Neufeld, 1975). 
Downstream effects may include disruption of actin fila-
ments within TM cells, changes in cell shape, cell–cell 
and cell–ECM interactions, altered TM structure, and 
increased hydraulic conductivity within the TM (Kaufman, 
1981; Kaufman & Rentzhog, 1981). Epinephrine also 
increases uveoscleral outflow, likely by stimulation of 
β-receptors in the ciliary muscle and subsequent 
 relaxation (Bill, 1969; Casey, 1966; Schenker et al., 1981; 
Tornqvist, 1966; Townsend & Brubaker, 1980; van Alphen 
et al., 1962, 1965).

Many other influences on the rate of AH formation and 
regulation of IOP have been proposed. For example, a 
center in the feline diencephalon has been found that, 
when stimulated, causes alterations in the IOP (Gloster, 
1960). Central nervous system (CNS) regulation of IOP is 
poorly understood, however, and hormonal control of AH 
production may be involved (Niederer et  al., 1975). The 
influence of the CNS on AH dynamics was reviewed by 
Denis and colleagues (1994).
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Methods to Measure Aqueous Dynamics

Both invasive and noninvasive methods are used to investigate 
AH dynamics (Table  3.8), and normative values have been 
described in domestic and laboratory animal species.

AH formation has been measured using both invasive and 
noninvasive techniques. As one may anticipate, early meth-
ods were invasive and essentially measured the dilution of 
intracamerally injected substances over short time periods. 
With the AH volume within the anterior and posterior cham-
bers measured and the amount of dilution of the tracer esti-
mated, the total amount of AH produced per unit of time 
could be determined. Knowledge of anterior and posterior 
chamber volumes is critical to determining the rate of AH 

production (Table 3.9; McLaren et al., 1990; Toris et al., 1995). 
Unfortunately, a major limitation of these studies is variabil-
ity in the determination of the anterior and posterior cham-
ber volumes. In glaucomatous animals, these chambers may 
be altered considerably, and their volumes are subsequently 
difficult to determine. In response to these invasive experi-
ments, fluorophotometry was developed as both an experi-
mental and a clinical procedure to noninvasively determine 
the rate of AH formation in many species, including humans.

Fluorophotometry is a noninvasive method for studying 
AH flow dynamics, for evaluating ocular pharmaceutical 
agents used to treat glaucoma, and for determining iris 
permeability in both normal and disease states (Bartels, 
1988; Brubaker, 1991; Kurnik et  al., 1989; McLaren & 
Brubaker, 1988). Fluorophotometry of the anterior cham-
ber and vitreous can assess the permeability of the BRB in 
the normal and diseased eye. Fluorophotometry has been 
used  extensively in humans (Brubaker, 1991), nonhuman 
 primates (Toris et al., 2010), rabbits (Reitsamer et al., 2009; 
Zhao et al., 2010), cats (Crumley et al., 2012; Lee et al., 1984), 
dogs (Cawrse et  al., 2001; Skorobohach et  al., 2003; Ward 
et al., 2001), and, most recently, the red-tailed hawk (Jones & 
Ward, 2012). This tool can also be used to assess permeability 
coefficients of the BAB involved in health and disease, and 
determine the effects of selected drugs on the BAB.

To determine AH outflow, perfusion of the anterior cham-
ber (AC) of in vivo and ex vivo eyes has been performed in 
numerous species. The constant pressure perfusion tech-
nique is the most frequently used. It involves maintaining a 
constant level of IOP with periodic, intermittent, or continu-
ous volumes of perfusate. In the perfusion decay test, either 
a preselected volume of perfusate is injected or a preselected 
IOP is achieved. Once the perfusate has been injected, the 
time for the IOP to regain the baseline or preexisting meas-
urement is obtained. In many ways, the perfusion techniques 
are similar to the noninvasive tonography methods. The 
two-step constant perfusion of the anterior chamber, as 

Table 3.8 Methods to investigate aqueous humor dynamics.

I Techniques to investigate the formation of aqueous humor
Cannulation of anterior chamber: constant rate/constant 
pressure perfusion
Direct view/measurement of newly formed aqueous humor
Use of markers in aqueous humor (radioactive, fluorescein, 
paraminophippuric acid). Measure the decay rate of 
intracamerally injected isotopes. Fluorophotometry, a 
noninvasive method, is primarily used today

II Procedures to investigate the exit of aqueous humor
Ocular perfusion to lower IOP
Perilimbic suction cup
Tonography (conventional outflow/pressure sensitive)
Use of markers (fluorescein, nitrotetrazolin, latex spheres, 
radioactive tracers). Both conventional and uveoscleral 
outflow routes are measured

III Methods to measure the episcleral venous pressure
Partial to complete collapse of the episcleral veins to affect 
alteration in the blood flow
Torsion balance
Pressure chamber (filled with air or saline)
Air jet
Ocular compression
Direct cannulation and measurement by transducer

Table 3.9 Comparative volumes of the chambers and select structures of the eye.

Species
Anterior Chamber  
(mL)

Posterior Chamber  
(mL)

Lens Volume 
(mL)

Vitreous Volume  
(mL)

Human 0.2 0.06 0.2 3.9

Rabbit 0.3 0.06 0.2 1.5

Pig 0.3 — — 3.0

Dog 0.8 0.2 0.5 3.2

Cat 0.8 0.3 0.3 2.8

Cow 1.7 1.5 2.2 20.9

Horse 2.4 1.6 3.1 28.2
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reported by Bárány and Scotchbrook (1954), has become the 
most frequently reported procedure. Briefly, the technique 
includes constant perfusion of the anterior chamber at two 
different IOPs (∼2–3 and 8–10 mmHg above baseline) for 
several minutes. The total (i.e., perfusion) facility is deter-
mined by dividing the difference in perfusion rates between 
the two IOPs by the pressure difference between them. 
Pseudofacility may account for approximately 0.02 μL/min/
mmHg with this procedure in humans.

Ample literature is available on anterior chamber perfu-
sion in several species. The type of perfusate, duration of 
perfusion (i.e., the “washout effect”), eye preparation, IOP 
during perfusion, addition of certain enzymes, and drugs 
(including anesthesia and other substances) may directly 
influence the perfusion rate. If perfusion of the anterior 
chamber is planned, the literature should be consulted and 
carefully evaluated. In general, the rates of perfusion 
obtained in the animals investigated have correlated closely 
with the values obtained by the noninvasive tonographic and 
fluorophotometric methods. For more information on tonog-
raphy to noninvasively measure conventional outflow, see 
Chapter 10. Several methods have been used to demonstrate 
anatomic routes and quantity of uveoscleral outflow, as well 
as of conventional (i.e., corneoscleral) outflow.

The percentages accounted for by uveoscleral outflow 
range from 30% to 65% in nonhuman primates, 15% in dogs, 
13% in rabbits, 4% to 14% in humans, and 3% in cats 
(Table  3.6; Barrie et  al., 1985; Bill, 1966a, 1966b; Bill & 
Phillips, 1971; Zhan et al., 1998). The horse appears to have 
an extensive uveoscleral outflow system (Smith et al., 1986), 
but the volume and percentage of the total outflow system 
have not been reported. For additional information on 
unconventional outflow in a variety of species under numer-
ous conditions, the reader is referred to the thorough review 
by Johnson and colleagues (2017).

Uveoscleral outflow can be demonstrated using observa-
ble tracers measuring from 10.0 nm to 1.0 μm in diameter. As 
one would anticipate, the smaller-diameter (i.e., pore) trac-
ers penetrate the different tissues to greater extents. After 
perfusion at different IOPs and for different time intervals, 
the eyes (especially the root of the iris, entire ciliary body, 
suprachoroidal space, and choroid, even as far posterior as 
the optic nerve) are examined by light microscopy, scanning 
electron microscopy, and transmission electron microscopy 
for these markers. These same methods have also demon-
strated the ability of the trabecular endothelium and wan-
dering macrophages to phagocytize particulate material 
within the outflow pathways. An alternative method to esti-
mate the amount of uveoscleral outflow (either as μL or %) is 
by using radioactive isotopes injected into the anterior 
chamber; the time, amount of the isotope, or both is stand-
ardized. At the conclusion of perfusion, the ocular tissues 
are either dissected into the different sections, analyzed for 
radioactivity, or the entire globe is sectioned, and the 

 radioactivity of each area is measured by scintillation counter. 
Measurements of tracers in the fluids within the intrascleral 
veins, episcleral veins, and vortex veins are alternate meth-
ods of determining the different routes of AH outflow, but 
these methods require the anatomy of these venous  systems 
to be determined. There may be mixing between the  systems, 
and the tracer concentrations in the anterior chamber and 
blood must be established at the same time. Atraumatic 
entry to the intrascleral or episcleral venous system (or both) 
must be available.

Ocular Rigidity

Another key concept in the measurement of IOP is ocular 
rigidity (k), or the resistance offered by the fibrous tunics of 
the eye (i.e., sclera and cornea) to a change in intraocular vol-
ume. Ocular rigidity may also be defined as the change in 
IOP per incremental change in the intraocular volume; this 
resistance manifests as a change in IOP. Ocular rigidity is 
determined by Schiotz tonometry, and it estimates the change 
in volume (open manometer system) when the instrument is 
placed on the cornea as well as after injections of exact vol-
umes or preselected elevations in IOP. This  logarithmic rela-
tionship between IOP and volume of the globe is:

 log .P /P k V V2 1 2 1  

Ocular rigidity is a constant characteristic of each eye, but 
it also depends on IOP. Hence, the distensibility of each 
globe varies among individuals as well as with the IOP. Dogs 
and cats have greater scleral elasticity than humans, so less 
resistance is offered with indentation tonometry, and 
buphthalmia occurs more readily with prolonged, increased 
IOP (Peiffer et al., 1978; Wyman, 1973). Manometric studies 
to develop Schiotz tonometer calibration tables for the dog, 
rabbit, and cat have not been successful clinically and may, 
perhaps, be associated with different individual rigidities for 
the cornea and sclera (Miller & Pickett, 1992). Consequently, 
Schiotz tonometry is rarely performed in animals.

Intraocular Pressure

In many species, IOPs as measured with tonometry in nor-
mal animals have been reported (Table 3.10). In humans and 
animals, fluctuations in IOP occur for a variety of reasons 
(Table 3.11), and a review of considerations for conducting 
IOP studies in animals was recently performed (Millar & 
Pang, 2015). Diurnal IOP variations generally occur in most 
species; in humans and dogs, the highest pressure occurs in 
the morning and the lowest in the afternoon (Gelatt et al., 
1981). By contrast, the greatest IOPs occur during the day 
and the lowest IOPs are documented at night in the rabbit, 
cat, horse, and nonhuman primate (Bertolucci et al., 2009). 
In glaucomatous canine patients, diurnal IOP fluctuations 
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Table 3.10 Intraocular pressures in select animal species.

IOP Results

Species Mean ± SD Tonometer Investigator

Alligator 23.7 ± 2.1 TonoPen Whittaker et al. (1995)

Cat 22.6 ± 4.0 Mackay-Marg Miller et al. (1991b)
19.7 ± 5.6 TonoPen

Cow 28.2 ± 4.6 Mackay-Marg Gum (1990)
26.9 ± 6.7 TonoPen XL

Chinchilla 3.0 ± 1.8 TonoVet-D Müller et al. (2010)
9.7 ± 2.5 TonoVet-D Snyder et al. (2018)

Dog 15.7 ± 4.2 Mackay-Marg Miller et al. (1991a)
16.7 ± 4.0 TonoPen
17.8 ± 0.9 (pm) Mackay-Marg Gelatt et al. (1981)
21.5 ± 0.8 (am)

Ferret 22.8 ± 5.5 TonoPen Sapienza et al. (1991)
15.4 ± 1.1 TonoPen Vet Di Girolamo et al. (2013)
14.1 ± 0.4 TonoVet

Frog
White’s tree frogs 16.8 ± 3.9 TonoLab-R Hausmann et al. (2017)

14.7 ± 1.6 TonoVet-D

Goat (pygmy) 11.8 ± 1.5 TonoVet-D Broadwater et al. (2007)
10.8 ± 1.7 TonoPen XL

Guinea pig 18.3 ± 4.6 TonoPen Vet Coster et al. (2008)
6.1 ± 2.2 TonoVet

Horse 25.5 ± 4.0 Mackay-Marg Cohen & Reinke (1970)
23.5 ± 6.1 Mackay-Marg Miller et al. (1990)
23.3 ± 6.9 TonoPen

Mouse (no anesthetic) 14.6 ± 0.5 TonoLab Ding et al. (2011)

Nonhuman primate
Rhesus (ketamine) 14.9 ± 2.1 Pneumatonograph Bito et al. (1979)

15.4 ± 2.6 TonoPen XL Komaromy et al. (1998)

Tibetan monkey 29.3 ± 0.9 TonoVet-P Liu et al. (2011)

Rabbit 19.5 ± 1.8 Pneumatonograph Vareilles et al. (1977a, 1977b)
17.9 ± 2.1 Smith & Gregory (1989)
9.5 ± 2.6 TonoVet Pereira et al. (2011)
15.4 ± 2.2 TonoPen Avia

Raptor

Red-tailed hawk 20.6 ± 3.4 TonoPen Stiles et al. (1994)

Golden eagle 21.5 ± 3.0

Great horned owl 10.8 ± 3.6

White-tailed sea eagle 26.9 ± 5.8 TonoVet Reuter et al. (2011)

Northern goshawk 18.3 ± 3.8

Red kite 13.0 ± 5.5

Eurasian sparrowhawk 15.5 ± 2.5

Common buzzard 26.9 ± 7.0

Common kestrel 9.8 ± 2.5

Peregrine falcon 12.7 ± 5.8

Tawny owl 9.4 ± 4.1

Long-eared owl 7.8 ± 3.2

Barn owl 10.8 ± 3.8

Rat 17.3 ± 5.3 TonoPen Mermoud et al. (1994)

21.4 ± 1.0 TonoPen Sappington et al. (2010)

Sheep 10.6 ± 1.4 Perkins Gerometta et al. (2009)
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are typically much greater in comparison to normal dogs 
(Gelatt et  al., 1981). Consequently, antiglaucoma medica-
tions administered once daily to dogs should be given in the 
evening to mitigate IOP spikes in the morning, when pres-
sures are typically the greatest (Gelatt & MacKay, 2001).

Lens

The second most powerful refracting structure in the eye is 
the lens. Like the cornea, the lens is a transparent tissue 
without a direct blood supply. The lens depends primarily on 
AH for its metabolic needs. Most of the lens proteins are 
soluble, with a small amount of glycoproteins, whereas the 
cornea consists mostly of insoluble collagen and a relatively 
large amount of glycoproteins.

Lens epithelial cells (LECs) are the progenitors of the lens 
fibers and transition into lens fiber cells of the cortex at the 
equator. This process is characterized by distinct biochemi-
cal and morphologic changes, such as the synthesis of crys-
tallin proteins, cell elongation, loss of cellular organelles, 
and disintegration of the nucleus (Ochiai et al., 2014).

Transparency of the lens depends primarily on the highly 
ordered lens cell arrangement, as well as on the solubility 
and physical arrangements of its proteins. The lens behaves 
as a cell syncytium both biochemically and electrically. The 
lens consists of approximately 68% water, 38% protein, and 
small amounts of lipids, inorganic ions, carbohydrates, 
ascorbic acid, glutathione, and amino acids (Viteri et  al., 
2004). Both the anterior and posterior lens capsules are the 
lens’s extracellular matrix and, like a typical epithelial base-
ment membrane, consist of Type IV collagen and heparan 
sulfate proteoglycan. The thickness of the anterior lens 

 capsule increases with age because of the anterior location 
of the lens epithelial cells (Bernays & Peiffer, 2000).

The protein content of the lens is very high in comparison 
to other organs. Protein synthesis ceases with formation of the 
lens fiber cells, and all the protein changes that occur after this 
stage are posttranslational modifications. Lens proteins are 
divided into water-soluble proteins and water-insoluble pro-
teins. Crystallins comprise 80–90% of the water-soluble lens 
proteins (Andley, 2007; Piatigorsky, 2003). Most of the insolu-
ble proteins occur in the lens nucleus, whereas the soluble 
proteins are concentrated in the lens cortex (Harding & Dilley, 
1976). The insoluble proteins are associated primarily with 
membranes of the lens fibers; the soluble proteins comprise 
the bulk of the refractive fibers of the lens and are considered 
the structural proteins of the lens. The percentages of soluble 
and insoluble proteins vary among species and with the 
pathophysiologic state of the lens. With aging, water-soluble 
proteins coalesce to make high-molecular-weight aggregates 
and their hydrophilicity diminishes (Ortwerth & Olesen, 
1989). Additionally, when the lens becomes cataractous, the 
level of water-insoluble proteins increases.

The crystallin proteins are classified as classical or taxon-
specific. Crystallins evolved from stress proteins and 
enzymes (Andley, 2007). Classical crystallins comprise 
α-crystallins and the β/γ-crystallin superfamily. Crystallins 
form very stable and durable structures. All vertebrate lenses 
accumulate large amounts of classical crystallins in their 
fiber cells. Alpha-crystallins are not only refractive, but as 
members of the family of small heat shock proteins, they 
also serve as molecular chaperones that function to protect 
against physiologic stress. Alpha-crystallins account for 
almost 50% of the protein mass of the human lens and are 
thought to bind to partially unfolded β/γ-crystallins and 

Table 3.11 Factors that cause short- and long-term fluctuations in intraocular pressure.

Short-Term Long-Term

Diurnal changes Aging

Forced eyelid closure Race/breed

Contraction of retactor bulbi muscles Hormones

Coughing/valsalva maneuver Glucocorticoids

Abrupt changes in blood pressure Growth hormone

Pulse Estrogen

Struggling/electroshock Progesterone

Changes in body/head position Obesity

Succinylcholine Myopia

Acidosis Gender

Season
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interact with cytoskeletal proteins, preventing further aggre-
gation, interaction, and precipitation, which would lead to 
lens opacification (Andley, 2007).

The β/γ-crystallin superfamily is more diverse than the 
α-crystallins, but its functional role is less evident. Previously 
the β/γ-crystallins were thought to be two distinct protein 
families, but protein sequencing has shown that they are 
closely related. The major difference is that β-crystallins tend 
to form multimers and γ-crystallins exist as monomers 
(Driessen et al., 1981).

Taxon-specific crystallins vary between species and pro-
vide the lens with transparency and enzymatic capacity. This 
ability to serve in both capacities is referred to as gene shar-
ing. One example is δ-crystallin, which is a soluble protein 
that also has argininosuccinate lyase activity and accumu-
lates only in the lenses of birds and reptiles. Delta-crystallin 
is the first and major crystallin (70%) in the lens of the devel-
oping chicken (Das & Piatigorsky, 1988; Piatigorsky & 
Wistow, 1989). Additionally, these crystallins may have been 
recruited as lens proteins because of their thermodynamic 
stability, which is required for the long life of fiber cells 
(Wistow & Piatigorsky, 1987).

The long prismatic lens fiber cells are organized in tightly 
packed units with interdigitations that appear as a three-
dimensional jigsaw puzzle. The interdigitations stabilize the 
lateral membranes of the lens fibers, and they are special-
ized gap junctions that join all the lens cells, thus permitting 
them to act as a syncytium. Gap junctions mediate cell-to-
cell transport of molecules, which is critical since most fib-
ers are distant from their nutrient sources, the aqueous and 
vitreous humors. Lens fiber cells have a higher concentra-
tion of gap junctions than any other cells in the body. The 
lens fiber cytoskeleton contains micro-filaments and inter-
mediate filaments that are composed of vimentin, filensin, 
and phakinin. These filaments have a knobby structure 
 leading to the name, beaded filaments, which are only found 
in lens fiber cells, suggesting a very specialized role. The 
functions of the beaded filaments probably relate to crystal-
lin packing and density distribution, as well as their being 
attachment sites for the crystallin molecules (Ireland & 
Maisel, 1984).

Aquaporins comprise a family of intrinsic membrane pro-
teins involved in water transport in many tissues. Specifically, 
AQP0 has been localized to the canine lens fibers as well as 
the lens of other mammals (Karasawa et al., 2011). In rats and 
most likely other animals, the AQP0 are located on the lens 
equatorial fiber plasma membranes, both in a diffuse arrange-
ment and in clusters that correspond to specialized junctions 
between fibers and interact with gap junctions in the apical 
surface of the fiber. These adaptations are thought to assist the 
circulating fluxes of ions and water needed to move nutrients 
into and waste products out of the nucleus. The fluxes are 
directed from the poles of the lens toward the equator. These 
adaptations allow the lens to avoid being dependent on the 

diffusion–consumption equation or capillaries used by other 
tissues (Zampighi et al., 2002). Homeostasis, especially that 
associated with solute exchange from the aqueous and vitre-
ous humors to the lens fibers, has been extensively studied. A 
review by Dahm and colleagues (2011) summarizes current 
information into four main forms of transport:

1) Paracellular transport via the intercellular spaces between 
the LECs and the underlying lens fibers is driven by Na+ 
leak conductance. This mechanism accounts for the 
influx of ions, water, and small molecules such as  glucose, 
amino acids, and ascorbic acid.

2) Plasma membrane-based transport of small molecules 
from the lens’s extracellular space into the lens fiber’s 
cytoplasm is via ion and water channels and specific 
transporters for small molecules.

3) Gap-junctional transport accounts for the flux of ions, 
water, and small molecules from superficial fibers toward 
the deep fibers, and also accounts for the efflux of waste 
products at the epithelial cell lens fiber interface in the 
equatorial regions.

4) Vesicle-mediated active transport by caveoli accounts for 
the uptake of macromolecules such as growth factors and 
other regulatory factors necessary for the normal devel-
opment and maintenance of lens fibers. Coated vesicles 
are involved in the uptake of lipoproteins and cholesterol 
by superficial fibers needed for the biogenesis of new 
membranes, as lens fiber cells increase their length by up 
to 1,000-fold (Dahm et al., 2011).

The lens epithelium is the major site of energy production 
in the lens. Energy is used for active transport of inorganic 
ions and amino acids and for protein synthesis. Osmoregulation 
occurs through active transport and involves the action of 
Na+-K+- ATPase to maintain high K+ and amino acid con-
centrations and low Na+, Cl−, and water concentrations within 
the lens. The movement of water is passive and occurs with 
the active cation transport. As the Na+ ion is transported 
from the lens, K+ is transported into the lens (Fig. 3.7) in a 
manner similar to that in red blood cells. A deficiency of 
lens Na+-K+-ATPase results in cataracts in mice because 
of the breakdown of this critical pump mechanism 
(Kinoshita, 1974).

The lens undergoes major oxidative stress due to constant 
exposure to light and oxidants. Oxidative stress is reduced by 
radical scavenging antioxidants such as glutathione, carni-
tine, and ascorbic acid, which are present at high concentra-
tions in the lens. However, some species such as dogs, 
rabbits, and guinea pigs have lower concentrations of ascor-
bic acid in the lens than in the AH (Kuck, 1970). The func-
tion of lenticular ascorbic acid most likely relates to 
oxidation–reduction reactions or is coupled to glutathione 
metabolism (Berger et al., 1988). In humans, the lens epithe-
lium contains transporter molecules for ascorbate, which 
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ensure adequate metabolism and help to protect against 
damage by free radicals. A deficiency in these protective 
mechanisms can result in cataractogenic changes (Andley 
& Clark, 1989). Glutathione is a tripeptide of glutamine, 
cysteine, and glycine. It is synthesized in the lens epithelial 
cells and superficial fiber cells and provides most of the pro-
tection against oxidative damage in the lens. Glutathione 
furnishes sulfhydryl groups for the lens proteins, thereby 
preserving their solubility, and for Na+-K+-ATPases, thereby 
maintaining these transport “pumps.” Other biologic func-
tions include participation in amino acid transport with 
γ-glutamyl transpeptidase and as a substrate for glutathione 
peroxidase, which destroys cytotoxic lipid hydroperoxides. 
In a normal lens, glutathione is predominantly in the 
reduced form (GSH), with the concentration of the oxidized 
form of glutathione at only 2.1%–2.6% that of the reduced 
form. Concentrations of both the reduced and the oxidized 
forms of glutathione are decreased in cataract formation, 
except in advanced cataract patients, where the amount of 
the oxidized form is 9% that of the reduced form (Gelatt 
et al., 1982a). Carnitine is known to have an antioxidative 
and antiradical role on the ocular surface. The same is sus-
pected to be true in the lens. Recently, the carnitine trans-
porter SLC22A5 was identified in canine lens epithelium 
and is thought to be responsible for the transport of carnitine 
to the lens from AH (Ochiai et  al., 2014). A major factor 

involved in cataract formation is oxidative damage caused 
by O2 radicals, peroxide (H2O2), OH−, and ultraviolet 
radiation.

Telomerase is a ribonucleoprotein responsible for main-
taining telomere length, preventing chromosomal degrada-
tion and recombination, and repairing DNA strand breaks, 
thereby preventing cell senescence. Telomerase activity has 
been found in normal canine, feline, and murine lens epi-
thelial cells in the central, germinative, and equatorial 
regions at equivalent concentrations. Telomerase activity 
may be in the germinative epithelium to maintain its prolif-
erative potential and prevent cell senescence, whereas it may 
function in the quiescent, central lens to maintain telomeres 
damaged by oxidative stress and ultraviolet light exposure, 
thereby preventing accelerated loss of these elements, which 
can trigger cell senescence (Colitz et al., 1999).

The lens capsule functions as a semipermeable mem-
brane. It prevents direct contact between the lens and the 
surrounding ocular environment and protects the lens from 
the invasion of pathogens. However, the capsule allows 
water, small solutes, many proteins, and waste to pass, 
thereby enabling the lens to grow and perform metabolic 
functions (Danysh & Duncan, 2009). Its mechanical func-
tions include maintaining the shape of the lens in associa-
tion with accommodating and providing for the attachment 
of the zonules. Additionally, a contractile system appears to 
exist in the lens epithelial and cortical cells, and though its 
physiologic function is not completely understood, it seems 
to stabilize the shape of the lens (Rafferty et al., 1990).

The primary source of energy for the lens is glucose, which 
diffuses from the AH. Energy is derived from anaerobic 
 glycolysis and is used for active cation transport and protein 
synthesis. Oxygen is not necessary for normal lens metabo-
lism, though a small percentage of glucose is metabolized 
through the Krebs cycle. The hexose monophosphate (i.e., 
pentose) shunt and the sorbitol pathway are other pathways 
of glucose metabolism in the lens. The major end product of 
glucose metabolism in the lens is lactic acid, which diffuses 
into the AH. The rate of glycolysis is controlled by the 
amount of hexokinase and the rate of entrance of glucose into 
the lens. With high concentrations of glucose (>175 mg/dL), 
the level of glucose-6-phosphate increases, which inhibits 
hexokinase and limits the rate of glycolysis. This process 
prevents excessive buildup of lactic acid in the lens, which 
would lower the pH and activate the lens proteases (Kuck, 
1970). With very high blood and AH glucose concentrations, 
as occur in diabetes mellitus, the enzyme aldose reductase is 
activated as an alternative route of glucose metabolism in 
the lens (Sato & Kador, 1989). The result is an accumulation 
of sorbitol in the lens cells, which causes swelling associated 
with the increased osmotic pressure. The outcome is a dia-
betic cataract.

Aging changes in the lens include an increase in insoluble 
proteins and changes in the cytoskeleton. Normal proteolysis 
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Figure 3.7 Chemical composition of the aqueous humor and 
lens. Water and protein are expressed as percentages of lens 
weight. Na+, Cl−, K+, and Ca++ ions are expressed in 
microequivalent per milliliter of lens water. Other compounds are 
expressed in micromole per gram of lens weight or micromole per 
milliliter of aqueous humor. AA, amino acid; RNA, ribonucleic acid.
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truncates many of the soluble crystallins and contributes to 
aging changes. The increase in water-insoluble proteins 
most likely occurs because of crystallin binding and interac-
tions with the cytoskeletal/membrane components. The 
chaperone role of α-crystallin, whereby the α-crystallin 
binds to partially unfolded β/γ-crystallins and interacts with 
cytoskeletal proteins to prevent uncontrolled aggregation, 
ultimately increases the amount of insoluble proteins. The 
increase in insoluble proteins is also secondary to covalent 
interactions between crystallin fragments (Su et  al., 2011). 
Additionally, with age, the flow of antioxidants from the 
metabolically active cortex to the lens nucleus decreases, 
predisposing the lens to cataract development. Iron is also 
implicated in cataract development, due to its ability to cata-
lyze the formation of free radicals, and aging cataractous 
lenses have higher concentrations of iron. Normally excess 
iron is safely stored in ferritin, a ubiquitous protein. One 
study found that modified fiber cell ferritin L chains are pre-
sent at the highest amount in the outermost layers of both 
cataractous and noncataractous canine lenses. They decrease 
gradually in the inner layers of the fiber mass and are unde-
tectable in the inner two layers of cataractous lenses. By con-
trast, modified ferritin H chains are ubiquitous throughout 
noncataractous lens cortex, but are found in decreasing 
amounts toward the interior of the lens. However, in cata-
ractous lenses, normal-sized ferritin H chains are present in 
smaller quantities in the outer fiber layers, and increase in 
quantity and size in the inner layers. These different amounts 
and types of ferritin may reflect a response of the lens to 
increased oxidative stress during cataractogenesis (Goralska 
et al., 2009).

The Vitreous

Vitreal Structure and Aging

Physically, the vitreous is a hydrogel that consists of >98% 
water and fills the posterior cavity of the eye. Collagen com-
prises the framework of the vitreous and provides its plastic-
ity. Despite the low protein content, a diverse array of >1,200 
soluble proteins have been identified in the vitreous (Murthy 
et  al., 2014). Spaces between the collagen fibers are filled 
with hyaluronic acid (HA), which provides viscoelasticity to 
the vitreous (Fig. 3.8). An increase in the collagen content of 
the vitreous makes it more solid, or gel-like, while a decrease 
in the collagen content makes its consistency more fluid. 
Species differ in the collagen content of their vitreous, which 
accounts for variability in its consistency. Generally, the cor-
tical areas of the vitreous contain more collagen, so they are 
more rigid than other portions. The vitreous contains few 
cells, termed hyalocytes. Hyalocytes belong to the mono-
cyte/macrophage lineage and derive from bone marrow. 
Their origin is not from glial cells or retinal pigment epithelial 

cells, as previously thought. Hyalocytes are important for 
extracellular matrix synthesis, vitreous cavity immunology 
regulation, and modulation of inflammation (Sakamoto & 
Ishibashi, 2011).

The embryonic vitreous is very dense and therefore translu-
cent. As an individual matures, however, important structural 
changes occur in the vitreous. The axial length of the vitreous 
increases, which is critical for growth of the eye (discussed 
later). The overall collagen content remains unchanged in the 
adult, but the HA concentration undergoes a fourfold increase 
in both cattle and humans (Balazs, 1982; Balazs et al., 1959). 
This change in the HA-to-collagen ratio contributes to greater 
dispersal of the collagen fibrils, because the newly synthe-
sized HA molecules push the collagen fibril bundles further 
apart, thus increasing the optical clarity of the vitreous. These 
changes in HA–collagen interactions as well as in the GAG 
contents of the vitreous do not cease upon reaching adult-
hood. Rather, these alterations continue throughout life, and 
they are believed to be responsible for the vitreal liquefaction 
observed as part of the aging process in some species (Sebag, 
1989). In humans, rheologic (i.e., the gel-liquid state of the 
vitreous) changes begin in the central vitreous at 5 years of age 
and continue throughout life, so that in the geriatric patient, 
more than 50% of the vitreous is eventually liquefied (Balazs, 
1982). As liquefaction progresses, the collagen bundles are 
packed into the remaining gel fraction, whereas HA mole-
cules are redistributed to the liquid fraction. A common com-
plication of this progressive liquefaction is separation of the 
posterior vitreous cortex from the retinal inner limiting mem-
brane. This detachment, which predisposes to retinal tears, 
has been implicated as a risk factor in rhegmatogenous retinal 
detachment in dogs (Hendrix et al., 1993).

Vitreous Functions

The vitreous is the largest structure in the eye, occupying 
approximately 80% of the globe (Sebag, 1989). It contributes 
to the development, optics, structure, physiology, and metabolism 
of the eye. The vitreous plays an important role in the growth 
of the eye by contributing to the increase in globe size. 
Inserting a drainage tube into the vitreous cavity of chicken 
embryos lowers intravitreal pressure and effectively stops 
the growth of the eye, and vitrectomy of rabbit eyes has a 
similar inhibitory effect (Arciniegas et al., 1980; Coulombre, 
1956). By contrast, vitreal elongation will cause an increase 
in the axial length of the globe. This lengthens the path of 
the incoming light, thus providing for greater light refrac-
tion. In some aquatic species, such as goldfish, this increased 
vitreal refractivity is a physiologic mechanism that compen-
sates for the loss of refractive power when the cornea is sub-
merged in water (Seltner et al., 1989). In terrestrial species, 
the increased refraction by the vitreous leads to myopia. 
Vitreal elongation resulting in axial myopia has been induced 
through visual deprivation in a number of species, including 
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nonhuman primates, chickens, and cats (Belkin et al., 1967; 
Hodos et al., 1985; Raviola & Wiesel, 1985). This elongation 
of the vitreous is affected by the synthesis of collagen. 
Synthesis, molecular reconfiguration, and hydration of HA 
molecules likewise change the volume of the vitreous and, 
hence, of the eye (Sebag, 1989).

Diffusion is slow and bulk flow is limited in a gel such as 
the vitreous. Therefore, topically administered substances 
are prevented from reaching the retina and optic nerve and 
systemically administered antimicrobials are unable to reach 
the center of the vitreous (Lund-Andersen & Sander, 2011). 
This slow change of substance concentrations has been used 
in humans to determine time of death and aid in postmor-
tem diagnosis in manatees (Swain et  al., 2015; Varela & 
Bossart, 2005).

The optical transparency of the vitreous is primarily due 
to a low concentration of structural macromolecules (0.2% 
w/v) and soluble proteins (Lund-Andersen & Sander, 2011). 
Additionally, the configuration of highly hydrated glycosa-
minoglycan chains separating small-diameter collagen fib-
ers aids in the passage of light with minimal scattering 
(Bettelheim & Balazs, 1968). Another important factor in 
optical clarity is the blood–vitreous barrier; HA is thought 
to act as a barrier that prevents diffusion of macromole-
cules and cells into the vitreous, except in cases of trauma 
or cortex disruption (Hultsch, 1977). Inflammatory 
responses, neovascularization, and collagenase activity are 
likewise suppressed in the vitreous (Hultsch, 1977; 
Jacobson et al., 1985; Lutty et al., 1983). As a result of these 
anatomic and physiologic properties, the vitreous trans-

mits 90% of light at wavelengths between 300 and 1400 nm 
(Boettner & Wolter, 1962).

In addition to its refractive role, the vitreous appears to have 
additional functions in the process of accommodation. In 
both humans and monkeys, imaging has revealed that the vit-
reous bows posteriorly as the ciliary body contracts (Croft 
et al., 2013). This movement is in proportion to the accommo-
dative amplitude. The vitreous also plays an important role in 
ocular metabolism. It serves as a storage site for retinal metab-
olites, including glycogen, amino acids, and potassium 
(Newman, 1984; Reddy, 1979; Weiss, 1972). Retinal and len-
ticular waste products, including lactic acid and free radicals, 
are absorbed by the vitreous, which thus serves to protect the 
lens and retina from toxic compounds (Sebag, 1989; Ueno 
et al., 1987). In cattle, these molecules (and water) can diffuse 
across the vitreous through pores that are 400 nm in diameter 
(Fatt, 1977). HA serves as a barrier to this diffusion process 
(Foulds et al., 1985); therefore, molecule size and HA concen-
tration are two of the primary factors affecting the diffusion of 
molecules through the vitreous. A decrease in HA concentra-
tion, which results in vitreous liquefaction, will thus lead to an 
increase in particle diffusion through the vitreous. Therefore, 
pathologic or aging processes leading to a decreased HA con-
centration and vitreal liquefaction will affect the nutrient sup-
ply, waste removal, and drug delivery in the posterior segment 
of the eye (Balazs & Denlinger, 1982).

The vitreous also provides some mechanical and struc-
tural support to the lens and retina (Schmidt & Coulter, 
1981). Furthermore, its viscoelastic properties protect the 
internal eye structures from trauma and stress, especially 
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Figure 3.8 Schematic of the vitreal ultrastructure. 
Parallel collagen fibrils are packed into bundles that 
aggregate and, ultimately, form visible fibers. 
Hyaluronic acid and water molecules fill the 
interfibrillar spaces. (Modified with permission from 
Sebag, J. & Balazs, E.A. (1989) Morphology and 
ultrastructure of human vitreous fibers. Investigative 
Ophthalmology & Visual Science, 30, 1867–1873.)
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during rapid eye movement (REM). Concentrations of 
 collagen and HA, as well as the nature of their cross-links, 
contribute to this viscoelasticity. For example, in humans, 
the concentration of vitreal HA and collagen is twice as high 
as in the pig, and this corresponds to a 60% increase in the 
spring constant of human versus porcine vitreous (Weber 
et al., 1982). Woodpecker vitreous differs from human vitre-
ous in that it does not have vitreo-retinal attachments. This 
lack of coupling of the vitreous to the posterior pole, as well 
as the orientation of the eye with respect to the axis of strik-
ing, is thought to reduce relative shearing motions that 
would be expected to result in ocular trauma from the 
 woodpecker’s rapid acceleration–deceleration movements 
(Wygnanski-Jaffe et al., 2007).

Ocular Mobility

As Chapter 5 discusses, higher-resolution vision is subserved 
by a small section of the retina termed the area centralis. 
Visual acuity as well as other parameters of vision (e.g., color 
perception) decrease rapidly in the more peripheral retina 
outside the area centralis. To keep an object of interest in the 
center of the visual field, so that its image will stimulate the 
area centralis (or fovea in birds and primates), vertebrates 
rely on the actions of six or seven EOM.

Domestic species have four rectus EOM  –  dorsal (or 
superior), ventral (inferior), nasal (medial), and temporal 
(lateral)  –  all of which move the eye in those respective 
directions (see Chapter 2). The oculomotor nerve (CN III) 
innervates the dorsal, ventral, and medial rectus muscles, 
and the abducens nerve (CN VI) innervates the lateral rec-
tus muscle. Two oblique muscles that work in conjunction 
with the rectus muscles are also present. The ventral 
oblique, which is innervated by the oculomotor nerve, 
rotates the ventral aspect of the eyeball both nasally and 
dorsally; the dorsal oblique, which is innervated by the 
trochlear nerve (CN IV), rotates the dorsal aspect of the 
eyeball both nasally and ventrally. These muscles keep 
vision horizontally level irrespective of eye position in the 
orbit. The retractor bulbi, which is present in most species 
other than primates and birds, is innervated by CN VI and 
pulls the globe deeper within the orbit. The EOM contain 
both fast (~85%) and slow (~15%) fibers; however, in con-
trast to noncranial skeletal muscles, they exhibit both very 
fast contractility and extreme fatigue resistance. Even 
among the EOM there is great variation in the composition 
of each muscle in regard to the myosin heavy chain iso-
forms that assist with the dynamic physiologic properties 
and CNS control of eye movements (McLoon, 2011). The 
EOM are highly aerobic as well as resistant to injury and 
oxidative stress, with only cardiac muscle having a higher 
blood flow rate (Wooten & Reis, 1972). Additionally, nor-
mal EOM undergo myonuclear addition and subtraction 

throughout life while maintaining overall size and function, 
which is not observed in any noncranial muscles (McLoon 
et  al., 2004). A motor axon innervates five to ten muscle 
fibers in the extrinsic eye muscles, whereas thousands may 
be innervated by a single axon in skeletal muscles, thus 
allowing for finer control of eye muscles by the CNS (Gum 
& MacKay, 2013).

The EOM of the eyes of birds are generally similar to those 
of mammals, other than the lack of a retractor bulbi muscle. 
In addition, the rectus muscles are much less robust than in 
mammals. Globe shape varies considerably among avian 
species, but the globes are relatively large, such that the two 
eyes weigh nearly as much as the brain (Martin, 1982). The 
globe shape and tight fit within the orbit impede globe move-
ment, thus leading to the less robust rectus muscles. Birds 
compensate for this restricted globe mobility through 
 movement of upper body and neck muscles to obtain a spa-
tial perspective on objects.

Simplistically, two fundamental laws govern eye move-
ments. The first, formulated by Sherrington, states that 
antagonistic muscles (in the same eye) have reciprocal 
innervation. In other words, stimulation of an agonistic 
muscle (e.g., medial rectus) occurs concurrently with inhibi-
tion of the antagonistic muscle (e.g., lateral rectus) in the 
same eye (Sherrington, 1947). The second governs innerva-
tion of yoked muscle pairs (i.e., the two muscles responsible 
for moving both eyes in the same direction). In the 19th cen-
tury, Hering, (1977) discovered that in mammals, yoked 
muscle pairs are always equally innervated; therefore, a 
lateral movement of the left eye will be accompanied by an 
identical, medial movement of the right eye. Additionally, 
several EOM pulley systems have been hypothesized but not 
proven (Miller, 2019).

The seven EOM are responsible for numerous types of eye 
movements. Saccadic eye movements are very rapid (up to 
1000°/s) and very brief (<0.1 second). They are intended for 
fast correction of eye position to rapidly bring the image of 
interest onto the area centralis. Thus, saccadic movements 
are used mostly when tracking a fast-moving object or to 
begin pursuit of a formerly stationary object.

Once the image of the object has been “captured” by the 
area centralis, smooth pursuit eye movements are used to 
match the speed of the object and to maintain its image in 
the area centralis. Required minor corrections and adjust-
ments are, again, executed by saccadic movements. This 
combination of alternating rapid and slow eye movements is 
called optokinetic nystagmus (discussed later), which can be 
used to track objects moving at speeds <100°/s (Feldon & 
Burde, 1992). Saccades and smooth pursuit constitute the two 
types of conjugate (or version) eye movements, in which the 
two eyes move together without changing the angle between 
them.

Vergence eye movements, in contrast, change the angle of 
intersection between the two eyes. These can be either 
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 convergent (i.e., increasing the angle between the visual axes 
to focus on a near target) or divergent (i.e., decreasing the 
angle between the visual axes to focus on a far target). 
Vergence movements are usually slow (<21°/s) and they 
have two roles. The first is to aid in visualizing nearby 
objects, which is a process that combines convergent eye 
movement, accommodation, and miosis. The second is to 
resolve any small misalignments between the two visual 
axes that otherwise might result in a disparity between the 
retinal images of the two eyes.

The afferent stimulus for all these eye movements is the 
visualized object. If the head is moving, however, eye move-
ment is controlled by a different afferent limb, which allows 
for a faster tracking response. In this case, the stimulus is the 
acceleration of the head. Linear acceleration stimulates the 
otoliths of the vestibular apparatus, and angular accelera-
tion stimulates the hair cells of the semicircular canals. 
These organs provide the afferent input for the vestibulo-
ocular reflex (VOR), the neuronal pathways of which are 
 discussed in detail in Chapter 36. The reflex produces imme-
diate, but slow, eye movements, which compensate for 
movement of the head and help stabilize the image on the 
area centralis. Thus, if the head moves up, the VOR moves 
the eyes down, and if the head moves to the left, the VOR 
moves the eyes to the right. It appears that the cat makes 
greater use of the VOR arc than the dog to follow moving 
objects. Comparison of the dog and cat when visually follow-
ing a bouncing ball is most dramatic.

Nystagmus is usually characterized by a rapid eye move-
ment in one direction and a slow movement in the opposite 
direction. Nystagmus can be either horizontal or vertical. 
The types of nystagmus are categorized on the basis of their 
causes, and they include optokinetic, rotatory, postrotatory, 
ocular, caloric, galvanic, anesthetic, brain stem, cerebellar, 
and vestibular. In optokinetic nystagmus, the eyelids must 
be open, and the fast phase is opposite in direction to the 
movement of the visual stimuli. However, the visual stim-
uli can be moving with the head stationary, or the head and 
body can be moving with the visual stimuli stationary. In 
the latter case, the fast phase is in the same direction as the 
movement of the head. This can be used as an objective 
means of detecting vision in animals. Optokinetic nystag-
mus usually occurs in the horizontal plane and is less well 
substantiated in the vertical plane. In rotatory nystagmus, 
the fast phase is in the same direction as the rotation of the 
head. In postrotatory nystagmus, which is seen after 
 rotation stops, the fast phase is opposite to the direction of 
the rotation of the head. Postrotatory nystagmus lasts 
approximately 10 seconds after rotation stops. In rotatory 
and postrotatory nystagmus, the stimuli are acceleration 
and deceleration, respectively. At a constant rate of rota-
tion, nystagmus does not occur if the lids are closed. 
Optokinetic nystagmus occurs if the eyelids are open. 
Ocular nystagmus is associated with congenital blindness 

and has a wandering or searching movement of the eyes 
rather than the distinct fast and slow phases (see Chapter 36 
for more details).

There are several other types of eye movements. During 
certain stages of sleep, REM occurs, usually in bursts last-
ing from 5 to 60 minutes. Numerous REM bursts, which 
are traditionally associated with dreaming, may occur dur-
ing a single sleep. Sleep patterns vary with age, however. 
Discrete eye movement bursts during certain stages of 
sleep are infrequent in newborn kittens, but after 3 weeks 
of age adult patterns of sleep develop (Hoppenbrouwers & 
Sterman, 1975).

Another important class of movements, microsaccades or 
micronystagmus, are those that maintain eye position while 
gazing at a stationary target (Alpern, 1982). These move-
ments are required to maintain fixation on the object even 
when both the observer and the target are immobile. Though 
slow drifts are also used for this purpose, position mainte-
nance movements are usually characterized by their low 
magnitude (several minutes/arc) and high frequency (1–50 
per second).

Kittens are born with a divergent strabismus that is evi-
dent following eyelid opening at approximately 12–14 days 
postnatally. Normal interocular alignment, which depends 
on visual stimuli, develops during the second postnatal 
month (Sherman, 1972). Crossed eyes (i.e., convergent stra-
bismus), which are commonly seen in adult Siamese cats 
and certain albino mammals, result from a genetic neuro-
anatomic defect in the primary visual pathway that involves 
the retinogeniculate and geniculocortical projections 
(Robertson et al., 1980; Shatz & Levay, 1979).

Oculocardiac Reflex

The oculocardiac reflex can cause reflexive slowing of the 
heart and can be stimulated by pressure on the globe,  tension 
on the extraocular muscles or iris, or increased intraorbital 
pressure caused by injection, hemorrhage, or a foreign body. 
The most common effect of the reflex is bradycardia, but 
other clinically significant effects are cardiac arrest and 
 ventricular fibrillation. The oculocardiac reflex has been 
reported in humans, dogs, cats, horses, rabbits, mice, and a 
cockatiel (Clutton et  al., 1988; Panneton & Burton, 1985; 
Pipo et al., 1996; Rhode et al., 1958; Short & Rebhun, 1980; 
Walsh & Hoyt, 1969). The afferent arc of the oculocardiac 
reflex begins with the long and short ciliary nerves to the cili-
ary ganglion. The ophthalmic division of the trigeminal 
nerve (CN V) continues to the trigeminal ganglion to its sen-
sory nucleus. The afferent arc continues along short inter-
nuncial fibers in the reticular formation to connect with 
the efferent pathway in the motor nucleus of the vagus nerve 
(CN X) to the myocardium. Sensory stimulation of the eye 
and orbital areas results in stimulation of the vagal nucleus 
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in the brain stem, thus causing a reflexive slowing of the 
heart. Conscious, healthy rabbits and dogs do not show clini-
cally significant decreases in heart rate with globe compres-
sion of 1 minute (Turner-Giannico et al., 2014). Endotracheal 
intubation can cause vagal stimulation as well, resulting in 

similar reflexive cardiac alterations (Brunson, 1980). In the 
dog, as the IOP increases, the heart rate may also increase, 
thus indicating the possibility of an intraocular-sympathetic-
cardiac reflex as well as a trigeminovagal reflex (Howard & 
Sawyer, 1975).
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The aim of this chapter is to describe the physical, anatomic, 
and physiologic aspects of the process of vision. With this 
aim in mind, the chapter has been divided into two parts. 
The first part is devoted to visual optics. It covers the physi-
cal changes that light undergoes during its passage from the 
cornea, through the various structures and tissues of the eye, 
until it reaches the retina. One may question the amount of 
text that has been devoted to optical aberrations in the eye 
and to species not normally seen as patients, such as aquatic 
animals, chickens, and fish; however, understanding how 
various species cope with these aberrations, or with their 
unique habitat, is fundamental to the understanding of vis-
ual optics.

The second part of this chapter is devoted to visual pro-
cessing and describes what happens once light reaches the 
retina. This part is dedicated to the neuronal processes of 
vision and describes the generation, processing, and propa-
gation of the visual signal in the retina, the visual pathways, 
and the cortex. Both these parts lay the foundations for 
understanding how optical and neuronal processes enable 
the detection of stimulus movement, details, and color that 
create the rich experience of vision described in Chapter 5.

Visual Optics

Physical Optics

Light
The nature of light has long been a subject of controversy. 
Light has alternately been described as a wave (first pro-
posed by Huygens in 1678) or as photon particles (first pro-
posed by Newton in 1672). However, these descriptions are 
not mutually exclusive. Quantum optics (first proposed by 
Planck in 1900) integrates both models to explain the dual 
nature of light and its interaction with matter. Both models 
also are applicable in the eye: the wave theory explains the 

physical changes light undergoes during its passage through 
the eye, and the particle theory explains the energy transfor-
mation that occurs when light is absorbed in the outer 
segments of the photoreceptors. Therefore, the first part of 
this chapter discusses light as a wave, while the second part 
discusses it as a particle.

Light behaves like a wave as it passes through transparent 
media such as air, vacuum, or the visual axis of the eye. 
Much like a wave of water, a wave of light has two principal 
characteristics (Fig. 4.1). Its amplitude, A, is the maximum 
value of the field generated by the propagating wave; it 
determines the wave’s intensity. The wavelength, λ, is the 
distance between adjacent wave crests; it determines the 
wave’s location in the electromagnetic spectrum. As Fig. 4.2 
shows, light, which is the visible portion of the electromag-
netic spectrum, occupies a small fraction of that spectrum, 
which ranges from cosmic and gamma rays (λ < 10−10 m) to 
radio transmission (λ > 103 m). In humans, visible light 
ranges in wavelength from approximately 380 (i.e., deep 
blue) to 780 (i.e., deep red) nm (Wang et al., 2014). However, 
additional wavelengths, outside the 380–780 nm spectrum, 
can be seen by other species. For example, many nonmam-
malian species, and some mammals, possess ultraviolet 
(UV) vision that allows them to detect light with a wave-
length shorter than 380 nm, enabling them to see hues that 
are not perceived by humans (Odeen et al., 2011). This capa-
bility is used in both foraging and courting behavior (Hogg 
et al., 2011). At the other end of the spectrum, fish living in 
blackwater rivers, in which the maximally transmitted light 
is longer than 600 nm, have evolved near-infrared (IR) vision, 
enabling them to detect light with a wavelength longer than 
780 nm that is prevalent in their environment (Shcherbakov 
et al., 2013). The cat retina has also been shown to respond 
to IR light (826–875 nm), though the functional and behavio-
ral implications of this capability are not clear (Gekeler 
et al., 2006). This is not to be confused with the IR “vision” 
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of snakes, which relies on the heat-detection properties of 
the pit organs (Bolívar-G et al., 2014).

At the same time, light also possesses the properties of par-
ticles, termed photons, which represent quanta of energy that 
can be emitted (at the light source) or absorbed (e.g., by reti-
nal photoreceptors). The amount of energy in a given photon 
is inversely proportional to its wavelength; therefore, blue 
light possesses more energy than red light, which has a longer 
wavelength (see Fig. 4.2). An example of the particle nature 
of light is seen in the use of cobalt blue light to highlight fluo-
rescein staining of corneal ulcers. Fluorescein sodium mole-
cules absorb photons of blue light and reemit photons with a 
lower energy content, in the yellow-green portion of the spec-
trum, in a process known as fluorescence (Glasgow, 2016).

As light strikes the photoreceptor outer segments, it is 
absorbed by a visual photopigment. The function of this two-
part molecule reflects the principles of quantum physics, as 

it utilizes both the wave properties and the particle proper-
ties of light. The first part of the molecule, the opsin, deter-
mines the wavelength of the light that the photopigment will 
absorb, thus determining color vision. The second part of the 
molecule, the visual chromophore or retinal, uses the energy 
of the photon particle to undergo isomerization (from 
11-cis-retinal into all-trans-retinal in the case of rhodopsin), 
thereby initiating conversion of a light stimulus into an 
electric signal. This process, the phototransduction process, 
which is discussed in detail later in this chapter, is the first 
step in the initiation and propagation of a visual signal.

Photometry
Photometry is the quantitative measurement of visible light. 
Photometry measures a number of interrelated properties of 
light, using a basic unit called a candela. Two important 
characteristics of light are its luminous intensity, which 
describes the intensity of a light source (as measured in can-
dela), and its luminance, which describes its brightness 
reflected from a surface (as measured in foot-Lamberts or 
candela/m2). These two properties are related, but they are 
not necessarily proportional. A handheld transilluminator is 
a bright source of light, but it possesses low intensity and 
therefore cannot be used to illuminate a football stadium. 
On the other hand, a streetlight provides high-intensity 
light, which illuminates a large area, but it is not bright and 
does not provide enough illumination to conduct cataract 
surgery. Table 4.1 provides the luminances of several com-
mon sources of light.

A

λ

Figure 4.1 Representation of light as a wave, which is 
characterized by two parameters. Its amplitude (A) is the maximum 
value the wave obtains as it propagates. Its wavelength (λ) is the 
distance between two consecutive peaks.
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Figure 4.2 Spectrum of electromagnetic radiation. Visible light occupies only a small portion of the spectrum. Most humans can see 
radiation with a wavelength of approximately between 380 and 780 nm. Some animal species see a more limited part of the spectrum, 
while others can discern larger portions of the spectrum, as they are also able to perceive shorter (ultraviolet) or longer (infrared) light. 
Note that the wavelength (blue arrow) of a light wave are inversely related to its energy and frequency (purple arrow). (Reproduced from 
www.chemicalconnection.org.uk with permission of Dr. Paul Murray.)
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Luminance is measured using photometers, which are 
divided into two major classes. Visual photometers provide a 
subjective reading, because the observer compares the illu-
mination of the measured light with that of a standard light. 
Photoelectric photometers convert the measured light into 
an electric current, which is displayed by the instrument. 
Photometry measurements are extremely important in elec-
troretinographic (ERG) recordings because they are used to 
describe such variables as threshold, ambient and adapting 
lights, and stimulus luminance.

Transmission and Reflection

As noted, human vision is limited to a wavelength range of 
380–780 nm. This limitation is a result of two factors. The 
first is the absorption spectrum of the opsin component of 
the visual photopigment, mentioned previously. The second 
limiting factor is the transmission, reflection, and attenua-
tion of the various wavelengths by the ocular media, which 
depend on several properties, the most significant being the 
wavelength of the light, the angle of incidence, and the clar-
ity of the media.

In humans, radiation wavelengths of 300–2500 nm are 
transmitted through the cornea (Boettner & Wolter, 1962). 
Not all wavelengths, however, are transmitted through the 
cornea equally, as transmission is directly related to wave-
length. For example, the human cornea transmits 95% of 
light with wavelengths of 650 nm or longer, but only 80% of 
light with a wavelength of 425 nm (Calhoun et al., 2015). In 
the rabbit, the cornea transmits 89%–93% of the light at 
370–500 nm, falling to 50% transmittance at 310 nm and a 
mere 2% at wavelengths below 290 nm (McLaren & 
Brubaker, 1996).

Additional attenuation of transmission occurs inside the 
eye (Fig. 4.3). Even though light with wavelengths of up to 
2500 nm passes the cornea, there is barely any transmission 
of wavelengths greater than 1950 nm through the aqueous 
humor, and in humans the lens only transmits wavelengths 
between 390 and 1400 nm (Boettner & Wolter, 1962). A sim-
ilar range of wavelengths is transmitted through the pig eye 
(Lei & Yao, 2006). The implication of these numbers is that 
the aqueous and lens act as color filters, preventing UV and 
IR light with very short and very long wavelengths (which 
has passed the cornea) from reaching the retina. The UV 
filtering by the lens is of particular importance, as UV light 
is a risk factor in a number of retinal diseases, particularly 
age-related macular degeneration (Schick et  al., 2016). 
Therefore, intraocular lenses (IOLs) contain chemically-
bound UV filters to restore this protection in pseudophakic 
patients. Consequently, aphakic humans can detect UV 
radiation following lens extraction, having lost the 
UV-filtering lens (Li et al., 2017b). In other words, human 
opsin is capable of absorbing UV light, but these wave-
lengths do not reach the retina of phakic subjects (Griswold 
& Stark, 1992). Conversely, transmittance of light by the 
eye does not automatically result in vision, because trans-
mitted radiation must be absorbed by a photopigment sen-
sitive to that wavelength before the light can be perceived. 
This is why humans cannot perceive infrared light, even 
though it reaches the retina (Fig. 4.3).

Additional ocular structures, such as tear film (Choy et al., 
2011) and eyelids (Bierman et al., 2011), also act as color fil-
ters, causing significant attenuation of short-wavelength 

Table 4.1 Luminances of natural and artificial light sourcesa.

Source Luminance (cd/m2)

Sun 109

Car light 107

Incandescent tungsten lamp 106–107

Fluorescent lamp 104–105

Clear sky at noon 104

Full moon 103

Street lamp 0.1–1.0

Moonless night sky 10−3–10−6

Source: Adapted from Millodot, M. (2018) Dictionary of Optometry and 
Visual Science, 8th ed. St. Louis, MO: Elsevier.
a In general, only the photopic system is active at a luminance > 3 cd/m2; 
at a luminance < 0.03 cd/m2, the scotopic system functions alone. Both 
systems are active at intermediate luminance values, which are defined 
as mesopic vision.
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Figure 4.3 Transmittance rates of light through various 
structures of the human eye, not including light lost due to 
reflection or scatter, at each wavelength. (Reprinted with 
permission from Boettner, E.A. & Wolter, J.R. (1962) Transmission 
of the ocular media. Investigative Ophthalmology, 1, 776–783.)
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light. Thus, when cumulative transmittances are calculated 
for the successive components of the eye, a maximal trans-
mittance rate in humans of 84% is obtained for light between 
650 and 850 nm (Boettner & Wolter, 1962), while in rabbits 
the transmittance rate for light between 370 and 500 nm is 
90% (McLaren & Brubaker, 1996). Obviously, transmission 
will be further reduced by ocular opacities. Grade II nuclear 
cataracts in rats cause a 50% reduction in transmission of 
light compared with grade I cataracts (Nishimoto & Sasaki, 
1995), and in humans the light scatter index for nuclear cata-
racts is twice that of cortical cataracts (Siik et al., 1999). Age 
is another factor affecting transmittance. Transmission of 
light at 480 nm through the human lens decreases by 72% 
from the age of 10 years to the age of 80 years (Kessel et al., 
2010), thus affecting the color perception of the elderly. 
Surprisingly, however, studies have failed to demonstrate 
age-related decline in transmittance in the human cornea 
(van den Berg & Tan, 1994).

Ocular surfaces can also reflect back incoming light, 
depending on the angle of incidence. Light that strikes a 
surface at an oblique angle is reflected back; it is not trans-
mitted into the new medium. The critical angle for reflec-
tion is determined by the difference in the indices of 
refraction between the two media (discussed in the next 
section). Most of the reflection that takes place in the eye 
occurs as incoming light strikes the cornea because of the 
large difference in refraction indices between the cornea 
and air. Reflection that occurs at the cornea–air interface 
affects not only incoming light, but also outgoing light. 
Thus, internal reflection of outgoing light back into the eye 
prevents the ophthalmologist from examining the iridoc-
orneal angle. Goniolenses filled with fluid are used to 
decrease the difference in refractive indices between the 
cornea and air, thus increasing the critical angle and per-
mitting rays emanating from the iridocorneal angle to pass 
through the cornea (Wilson, 2006).

Light that is not transmitted and not reflected can be 
either scattered in the eye or absorbed by pigments. 
Foremost among these pigments are the photopigments of 
the photoreceptor outer segments, which absorb photons 
and thus initiate the visual process. Additional absorption 
processes in the eye may have clinical implications. 
Cyclophotocoagulation in glaucoma patients is based on 
the preferential absorbance of 810 and 1064 nm radiation 
of the diode and Nd : YAG lasers, respectively, by melanin-
containing tissue (Bras & Maggio, 2015). In addition, 
absorption of UV solar radiation has been implicated in 
diseases such as canine chronic superficial keratitis 
(Chandler et al., 2008), squamous cell carcinoma in cattle 
(Pausch et  al., 2012), and pterygium (Zhou et  al., 2016), 
cataract, and macular degeneration in humans (Delcourt 
et al., 2014). The interaction of the cornea with UV light 
may also hold implications for corneal cross-linking treat-
ment (Lombardo et al., 2015).

Geometric Optics

Refraction
In vacuum, light travels at a constant speed (c) of approxi-
mately 3 × 108 m/s. As it strikes denser media, light under-
goes three changes:

1) Its velocity is reduced.
2) Its wavelength shortens.
3) It is bent (unless it struck the surface of the medium at a 

90° angle).

The first two changes are expressed in the equation

 n c v m/ / , 

where n is the index of refraction (or bending) of the new, 
dense medium; c and λ are the speed and wavelength, respec-
tively, in vacuum; and ν and λm are the velocity and wave-
length, respectively, in the new, dense medium.

Since the index of refraction of any medium other than 
vacuum is greater than one (n > 1), it follows that c > ν; that 
is, the speed of light in the new medium (ν) is less than it was 
in vacuum (c). For the same reason (n > 1), it follows that λ 
> λm; that is, the wavelength of light in the new medium (λm) 
is shorter than it was in vacuum (λ).

The third change that occurs when light passes into a 
dense medium is bending, or refraction. The amount of 
refraction that occurs as light passes from one medium to 
another is described by Snell’s law (Fig.  4.4) and is deter-
mined by the angle of incidence and by the refractive indices 

ni ∙ sin θi = nr ∙ sin θr 

ni

θi

nr

θr

Figure 4.4 Refraction of light as it passes from one medium to 
another is governed by Snell’s law, summarized in the formula 
below the diagram. The angle of refraction (θr) is a function of the 
angle of incidence (θi) and the refractive indices of the two 
mediums. In this representation, ni < nr; therefore, θi > θr.
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of both media. Because various structures of the eye differ in 
their refraction indices, light is successively refracted (bent) 
as it passes from air through the precorneal tear film (PTF), 
cornea, aqueous humor, lens, and vitreous on its way to the 
retina (see the next section, “Visual Optics”).

Vergence
An object that bends (or refracts) light is called a lens. When 
a single ray of light strikes a lens, the ray undergoes simple 
refraction, as depicted in Fig.  4.4. Most objects or images, 
however, generate a pencil of light rays rather than a single 
ray. When a pencil of rays strikes a lens, they spread apart 
(i.e., diverge) or come together (i.e., converge). Convergence, 
or positive vergence, occurs when light strikes a convex lens 
(Fig. 4.5A, B). Such a lens has a positive power, indicating 
that it forms a real image, which means that incoming rays 
from the object are converged and focused on the other side 
of the lens (see Fig. 4.5A, B). On the other hand, divergence, 
or negative vergence, occurs when light strikes a concave 
lens (Fig. 4.5C). The negative power of the concave lens indi-
cates that it forms a virtual or aerial image, which means 
that the diverging rays are traced, using imaginary exten-
sions, backward to a “focused” virtual image “located” on 
the same side of the lens as the object (dashed, “imaginary” 
lines in Fig. 4.5C).

The vergence power (i.e., amount of bending) of a lens is 
measured in units called diopters. One diopter (D) is the ver-
gence power of a lens with a focal length (f) of 1 m when in 
air. In broader terms,

 D /1 f . 

The focal length of a lens is the distance between the center of 
the lens and the point at which parallel rays of light are brought 
into focus by that lens. The focal length of a lens is directly 
proportional to its curvature radius. Therefore, the vergence 
power (or the diopter power) of the lens increases as its curva-
ture increases (or its radius of curvature decreases). For exam-
ple, a convex lens with a focal length of 0.1 m will have a power 
of +10 D (D = 1/f = 1/0.1 m = 10 D), while a flatter convex lens 
with a focal length of 0.2 m will be “weaker,” with a power of 
+5 D (D = 1/f = 1/0.2 m = 5 D; compare Fig. 4.5A and Fig. 4.5B). 
On the other hand, a concave lens with a focal length of 0.2 m 
will have a power of −5 D (Fig. 4.5C).

The vergence powers of lenses in an optical system are 
additive. Thus, if the lenses in Fig. 4.5A and Fig. 4.5B were 
placed next to each other, the resulting optical system would 
have a theoretical power of +15 D. If all three lenses in 
Fig.  4.5 were combined into one system, it would have a 
power of +10 D. This principle also holds in the eye, as the 
refractive contributions of the successive ocular surfaces are 
added to form a focused or blurred image on the outer seg-
ments of the photoreceptors.

As noted, the former formula describes the refractive pow-
ers of lenses in air. When placed in a medium with a refrac-
tive index n, the refractive power of the lens is described by 
the formula

 D /n f . 

Since n > 1 for any medium other than vacuum, it follows 
that the refractive power of the lens is reduced in other 
media. This is what happens to lenses in the eye, an effect 
that is described in detail in the following section.

Visual Optics

Refractive Structures of the Eye
Precorneal Tear Film and Cornea
As mentioned, light is successively refracted by the various 
ocular structures as it passes through the eye on its way to 
the retina. Table 4.2 lists the refractive indices and powers of 
various ocular surfaces in humans. The most anterior optical 
surface of the eye is the PTF. By strict definition, it could be 
argued that the tear film is the most refractive layer of the 
eye. This is due to the large difference in refractive indices as 
light passes from air, which has a refractive index of almost 
1, into the tear film, which has a refractive index of 1.337 
(Barbero, 2006). Factoring the refractive indices of air and 
the tear film into Snell’s law reveals that the human PTF has 

A

B

C

Figure 4.5 Refraction of light through various lenses. A. A 
spherical convex lens with a power of 10 D focuses parallel light 
rays at a distance of 0.1 m. B. A flatter, less spherical convex lens 
with a power of 5 D focuses parallel rays at a distance of 0.2 m. 
C. Parallel rays passing through a concave spherical lens diverge. 
A virtual image is formed by tracing back (dashed lines) the 
diverging rays.
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a refractive power of 43 D (Montes-Mico et  al., 2004). 
Alterations in the composition (Fish et al., 2004) or breakup 
time (Montes-Mico et al., 2004) of the PTF may change the 
refractive power of the eye by as much as 1.3 D and may con-
tribute to the blurry vision complaints commonly encoun-
tered in (human) dry eye patients (Koh, 2016). Conversely, 
successful treatment of dry eye can cause a significant 
improvement in blurred vision (Toshida et  al., 2017). The 
effect of PTF deficiencies on the quality of vision in animal 
patients has yet to be studied.

The cornea is the next organ through which incoming 
light passes. As can be seen in Table 4.2, the human corneal 
stroma has a refractive index of 1.376. Because this value is 
slightly higher than the refractive index of the tear film, 
passage of light from the PTF into the anterior layers of 
the cornea results in an additional 5 D of refractive power 
(Courville et al., 2004). However, these 5 D are “lost” when 
light passes from the posterior cornea into the aqueous 
humor, which has a refractive index nearly identical to that 
of the PTF. When combined, the PTF and the cornea of 
humans contribute a net refractive power of 43 D. Strictly 
speaking, these 43 D are contributed by the tear film, as they 
are due to the large difference between the refractive indices 
of air and the PTF. Still, by convention, this power is usually 
attributed to the cornea (see Table  4.2). Therefore, in 
humans, for example, the cornea contributes approximately 
70% of the total 60 D power of the eye, thus making it our 
largest refractive organ (Courville et al., 2004).

Another factor affecting the refractive power of the cornea, 
besides the refractive index, is its curvature. Because the cor-
nea converges light, it acts as a convex lens. As stated earlier, 
the refractive power of such a lens depends to a large extent on 
its curvature radius. Therefore, in large eyes, which are 
characterized by relatively flat corneas, the refractive power of 
the  cornea is reduced. Conversely, in small eyes with more 
spherical corneas, its power is increased. Table 4.3 shows that 

the inverse relationship between globe axial length and the 
refractive power of the cornea is maintained across a large 
range of species. Furthermore, the central and peripheral cor-
neas have different curvatures and consequently differ in their 
refractive powers (see “Spherical and Chromatic Aberrations” 
later in this chapter). It is suggested that evolutionary changes 
in corneal curvature and shape, especially between mamma-
lian and nonmammalian species, are reflected in collagen 
lamellar organization in the stroma (Winkler et al., 2015).

Lens
As noted, because of the similar refractive indices of the cor-
nea and aqueous humor, the refraction that occurs as light 
passes from the former into the latter and during its passage 
through the aqueous has little overall optical significance. 
Therefore, the next significant refractive structure through 
which light passes after the cornea is the lens (see Table 4.2 
and Table 4.4). As in the case of the cornea, the refractive 
power of the lens is determined by both its refractive index 
and its curvature. In humans and in many nonaquatic spe-
cies, the refractive index of the lens nucleus is about 1.41; it 
decreases gradually toward the cortex, forming a bell-shaped 
refractive index curve known as the gradient index (GRIN). 
In humans, the refractive index in the subcapsular regions is 
about 1.38 (Piersckionek & Regini, 2012). Since these values 
are relatively similar to that of the aqueous humor (range, in 
most species, 1.334–1.338), the lens in these species has a 
rather low refractive power (Hughes, 1977). In humans, the 
calculated refractive power of the lens is approximately 22 D 
(Chang et al., 2017). The implication of this value is that con-
trary to the popular belief of the general public, the lens is 
not the main refractive organ of the eye, as its refractive 
power is less than half of that of the human cornea. The 
refractive index of the lens increases in aquatic species, 
where it can be as high as 1.66, resulting in significantly 
higher refractive power (Sivak, 1978).

Table 4.2 Refraction constants in the human eye.

Structure Refractive Index Refractive Power (D) Reference

Tear film 1.336 43.0a Montes-Mico et al. (2004)

Cornea 1.376 42.3a Duke-Elder (1970); Naeser et al. (2016)

 Anterior surface 1.401 48.2 Patel et al. (1995)

 Posterior surface 1.373 −5.9 Patel et al. (1995)

Lens 1.41 21.9 Chang et al. (2017); Duke-Elder (1970)

 Anterior surface 8.4 Millodot (1982)

 Posterior surface 14.0 Millodot (1982)

Vitreous/aqueous 1.336 Duke-Elder (1970)

Retina 1.363 Millodot (1982)

a The refractive power of the cornea and tears is not additive. Rather, that of the former arises from the latter, and 
from its interface with air. The net power of the tears and the anterior and posterior cornea is 43 D.
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The second factor determining lenticular refractivity, the 
lens curvature, also differs between aquatic and nonaquatic 
species. Generally, it can be said that the lens is spherical in 
fish and aquatic mammals, while it is more discoid (i.e., less 
spherical) in terrestrial species (see Fig. 4.5A and Fig. 4.5B, 
respectively). Therefore, the lens will have a higher refrac-
tive power in the former compared to the latter. The reason 
for the increased refractive index and lens curvature in 
aquatic species is the loss of corneal refractive power under 
water and is discussed later in this chapter. Of course, the 
curvature (and hence the refractive power) of the lens 
can also be changed actively through a process termed 
accommodation (see the next section).

Vitreous
The next refractive organ is the vitreous. Though there is lit-
tle refraction as light passes from the lens into the vitreous 
(due to their similar refractive indices), the vitreous plays an 
important role in the refractive development of the eye. 
Vitreous elongation increases the axial length of the eye, 
thereby increasing the refractive path of light and inducing 
myopia, or nearsightedness (Fig.  4.6). In certain fish, this 
mechanism serves to increase ocular refraction and compen-
sate for loss of corneal refractive power. In different goldfish 
strains, for example, the vitreous body can contribute any-
where from 37% to 70% of the total axial length of the eye 
(Seltner et al., 1989). In visual deprivation studies conducted 

Table 4.3 Eye size (ascending order) and corneal power (descending order) in selected animal species.

Species Axial Length (mm) Corneal Power (D) References

Goldfish 4.2 129 (in air) Hughes (1977)

Rat 6.3 112.7 Hughes (1977)

Chicken 8.9 108 Cohen et al. (2008)

Guinea pig 8.9 83.9 Howlett & McFadden (2007)

Sea otter 14.0 59.2 Murphy et al. (1990)

Rhesus monkey (4 months) 16.3 56 Qiao-Grider et al. (2010)

Rabbit 18.0 44.6 Hughes (1977); Wang et al. (2014)

Cat 21.3 43.0 Habib et al. (1995)

Dog 19.5–21.9 37.8–43.2a Gaiddon et al. (1991); Nelms et al. (1994); Rosolen et al. (1995)

Ostrich 38.0 25.3 Martin et al. (2001)

Elephant 38.8 21.3 Murphy et al. (1992a)

Horse 39.2 16.5 D McMullen & Gilger (2006)

Horse 43.7 15.7–19.5 Farrall & Handscombe (1990); Miller & Murphy (2017)

a The range of values in the dog probably reflects a breed difference, because larger breeds have flatter corneas (Gaiddon et al., 1991).

Table 4.4 Lens power and refractive indices (both in descending order) in selected animal species.

Species Lens Power (D) Refractive Index References

Rat 243.9 1.683 Hughes (1977)

Guinea pig 160.0 1.649 Howlett & McFadden (2007)

Rabbit 75.0 1.6 Hughes (1977)

58a Sanchez et al. (2017)

Cat 52.9 1.554 Hughes (1977)

Cynomolgus monkey 52.0 1.42 Borja et al. (2010)

Chicken (90 days) 48.1 1.44 Iribarren et al. (2014)

Dog 41.5b Davidson et al. (1993)

Horse 14.9–15.4 1.42 Farrall & Handscombe (1990); Mouney et al. (2012)

Horse 14b Harrington et al. (2013); Townsend et al. (2012)

a Calculated value;
b Value is based on dioptric strength of intraocular lens needed to regain emmetropia in pseudophakic patients.



4: Optics and Physiology of Vision 175

SE
C

T
IO

N
 I

during critical developmental periods in species as diverse as 
chickens (Stone et al., 2016), fish (Sivak, 2008), tree shrews 
(Gawne et al., 2017), and nonhuman primates (Smith et al., 
2015), the deprivation-induced myopia was a result of elon-
gation of the vitreous body.

Accommodation
Accommodation is a rapid change in the refractive power of 
the eye, which is intended to bring the images of objects at 
different distances into focus on the retina. The stimulus for 
the accommodative response is a blurred, or defocused, reti-
nal image (Buehren & Collins, 2006). In vertebrates, eyes 
accommodate by one or more of the following mechanisms 
(Glasser, 2011):

1) Changing the curvature or position of the lens.
2) Changing the corneal curvature.
3) Changing the distance between the cornea and retina.
4) Having two or more separate optical pathways of  different 

refractive powers (discussed under “Static Accommodation” 
later in this chapter).

Accommodation is most commonly measured using infra-
red photoretinoscopy, which uses reflection of IR light from 
the fundus to measure dynamic changes in the refractive 
error. Since mammalian accommodation is mediated by 
contraction of the smooth ciliary muscle, it can be stimulated 

by pilocarpine (Ostrin et  al., 2014). For a comprehensive 
review of comparative accommodation in animals, the 
reader is referred to Ott (2006).

Humans and other primates accommodate by changing 
the curvature of the lens (Fig. 4.7). To view distant objects, 
sympathetic innervation induces relaxation of the ciliary 
body muscle, which in turn leads to stretching of the lens 
zonules. The increased tension of the zonules results in a 
greater pull on the lens capsule, thus causing the lens to 
become more discoid and decreasing its overall axial thick-
ness and refractive power in a process of disaccommodation 
(see Fig. 4.5B and Fig. 4.7B; Glasser, 2011). To accommodate 
for near objects, the reverse process takes place. Parasym-
pathetic input induces contraction of the ciliary body 
muscles, leading to relaxation of the zonular fibers and 
reduced tension on the lens capsule. In turn, this liberates 
the inherent elasticity of the lens, resulting in a more spheri-
cal lens possessing greater axial thickness and refractive 
power (Fig.  4.4A and Fig. 4.7A; Glasser, 2011; Hughes, 
1977). Consequently, anterior chamber depth decreases and 

A

B

Focal
Plane

Figure 4.6 The effect of vitreous elongation on ocular refraction. 
A. A focused, emmetropic eye. B. The refractive power of the eye 
has not changed, and the light is focused on the same spot as in 
panel A. However, due to vitreous elongation, the retina has 
moved posteriorly, and therefore the light is now focused in front 
of the retina. As a result, the eye is now nearsighted, or myopic.

Disaccommodation B

Accommodation A

Figure 4.7 Accommodation in the primate lens. A. In an 
accommodated eye, the ciliary muscle contracts, causing the lens to 
become more spherical, thereby increasing its refractive power. Light 
from nearby objects (blue lines) is focused on the retina 
(emmetropia), whereas light from distant objects (parallel red lines) 
is focused in front of the retina (myopia, or nearsightedness). B. At 
rest the lens is discoid (flat) because of relaxation of the ciliary 
muscle (disaccommodation). In this state, incoming light from distant 
objects (parallel red lines) is focused on the retina (emmetropia), 
whereas light from nearby objects (blue lines) is focused behind the 
retina (hyperopia, or farsightedness). (Reproduced with permission 
from Maggs, D.J., Miller, P.E., & Ofri, R. (2018) Slatter’s Fundamentals of 
Veterinary Ophthalmology, 6th ed. St Louis, MO: Elsevier.)
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increases during accommodation and disaccommodation, 
respectively. The resulting changes in lenticular curvature 
allow primates such as the young (< 5 years) rhesus monkey 
to accommodate by as much as 34 D (Bito et al., 1982). As the 
animal ages, however, it gradually loses its accommodative 
capability in a process termed presbyopia, and monkeys 
older than 25 years can accommodate only by an average of 
5 D (Bito et  al., 1982). A similar and dramatic age-related 
reduction has been reported in the chicken, as lenticular 
accommodation decreases from more than 20 D at hatching 
to less than 5 D at 1 year of age (Choh et  al., 2002b). In 
humans, presbyopia causes a reduction of 0.32 D per year in 
the refractive power (Croft et  al., 2013). Mechanisms pro-
posed for presbyopia include reduction in ciliary muscle 
contractility, changes in the refractive index of the lens, age-
related changes in the relative position of the lens and ciliary 
body, and loss of the lens capsule and lens fiber elasticity 
(Charman, 2008; Glasser, 2011; Reilly, 2014).

As with most other aspects of vision research, the mam-
malian species in which accommodative capabilities have 
been studied most extensively is the cat. The elasticity of the 
feline lens capsule is only 5% of the elasticity in humans; 
thus, the cat is incapable of accommodating by changing its 
lens curvature (Fisher, 1971). Instead, translation (i.e., the 
anteroposterior movement of the entire lens) is responsible 
for accommodative changes in the feline eye (Glasser, 2003; 
Hughes, 1977; Ott, 2006; Sunderland & O’Neil, 1976). This 
movement is made possible by the relative abundance of 
meridional (i.e., longitudinal) fibers in the feline ciliary body 
muscle and by the relative scarcity of circular fibers, which 
predominate in primates (Ebersberger et  al., 1993; Prince 
et al., 1960). Parasympathetic stimulation of the meri dional 
muscle fibers in the cat results in anterior displacement of 
the lens by up to 0.6 mm (O’Neill & Brodkey, 1969), thus 
inducing anywhere between 2 and 4 D of accommodation 
(Ott, 2006). The dog’s accommodative power is reportedly 
lower, only 1–3 D in range (Hughes, 1977; Miller & Murphy, 
1995). Factoring these accommodative powers into the D = 
1/f formula reveals that though cats and dogs can focus on 
distant object (by disaccommodating), their depth of field 
for nearby objects is 50–25 cm (cats) and 100–33 cm (dogs). 
Closer objects are usually perceived using the sense of smell.

In other carnivore species, the same translation mecha-
nism is used to achieve a significantly greater magnitude of 
accommodation. Anterior lens movement in the raccoon 
induces accommodation of up to 19 D, 6× more than in the 
dog (Rohen et al., 1989), while the mongoose accommodates 
up to 13.5 D (Ott, 2006). A similar wide range of accommoda-
tive capability also exists in other closely related species. For 
example, the gray squirrel does not accommodate (McBrien 
et  al., 1993), whereas the California ground squirrel can 
accommodate up to 6 D (McCourt & Jacobs, 1984). It should 
be noted that in mammals, translation of the accommodating 
lens results from ciliary muscle contraction, but in teleost 

fish, it is affected by a specialized smooth muscle, the retrac-
tor lentis, which pulls the lens backward to focus on distant 
objects (Khorramshahi et al., 2008). Snakes also accommo-
date by moving their lens. However, as snakes lack a ciliary 
muscle, accommodation is accomplished by contraction of 
the iris, which causes an increase in vitreous pressure that 
pushes the lens anteriorly (Fontenot, 2008). And in ceta-
ceans, anterior lens displacement is due to increased intraoc-
ular pressure mediated by contraction of the retractor bulbi 
muscle (Mass & Supin, 2007).

Rodents (Artal et  al., 1998) and ruminants (Piggins & 
Phillips, 1996) are generally described as lacking accommoda-
tive capabilities. In the former, this lack of accommodation is 
explained by the absence of a well-defined ciliary muscle 
(Samuelson, 1996), though the small pupil size and short axial 
length in species such as the rat and mouse provide these 
animals with a significant depth of focus (Geng et al., 2011). 
Lack of accommodation in ruminants, some of which possess 
a more developed ciliary muscle (Samuelson, 1996; Samuelson 
& Lewis, 1995), is more difficult to explain, and may be a con-
sequence of the cytoarchitecture of the lens fibers (Kuszak 
et al., 2006). Other ungulates also have a very limited accom-
modative capability. Horses, for example, can accommodate 
only ±1 D (Miller & Murphy, 2017; Sivak & Allen, 1975).

Another species in which accommodation has been stud-
ied extensively is the chicken, which employs several accom-
modative mechanisms, enabled by the presence of three 
ciliary muscles: anterior (Crampton’s muscle), intermediary 
(Müller’s muscle), and posterior (Brücke’s muscle) (Tedesco 
et  al., 2005). Lenticular accommodation in the chicken is 
mediated by the intermediary and posterior ciliary muscles, 
which (as in mammals) are parasympathetically innervated 
by postganglionic ciliary nerves. However, several unique 
anatomic adaptations combine to significantly increase the 
lenticular accommodative capability of the chicken com-
pared to that of mammals (Fig. 4.8). These include very large 
ciliary processes, as well as a ring of columnar epithelial 
cells at the equatorial periphery of the lens (i.e., the annular 
pad), which increases the diameter of the lens and its con-
tact area with the processes. Lenses are soft and malleable, 
and the corneoscleral sulcus, which exists as a consequence 
of the scleral ossicles, permits a greater range of movement 
(Choh et al., 2002a). Together, these structures make it pos-
sible for contraction of the intermediary and posterior ciliary 
muscles to directly squeeze the lens, as compared to the indi-
rect effect of the mammalian ciliary muscle, which is trans-
mitted to the lens through the zonules. Contraction of the 
peripheral iris (Ostrin et al., 2011), as well as the posterior 
and intermediary ciliary muscles (West et al., 1991), induces 
thickening of the lens by 0.2 mm, steepening of its curvature, 
and a bulging of the lens into both the anterior and vitreous 
chambers (Choh et al., 2002a). The cumulative results of all 
these mechanisms is 15–19 D of lenticular accommodation 
(Choh et al., 2002a).
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Unlike mammals, chickens (and possibly lizards) also 
accommodate by changing the corneal curvature. Corneal 
accommodation is mediated by the anterior ciliary muscle. 
Contraction of Crampton’s muscle, which originates in the 
sclera and inserts in the cornea, flattens the peripheral 
cornea and increases the curvature of the central cornea 
(see Fig. 4.8; Chu et al., 2014; Murphy et al., 1995). Corneal 
accommodation is reported to play an important role in 
chicken accommodation, contributing 8–9 D (Glasser et al., 
1994; Schaeffel & Howland, 1987). Thus, the reported com-
bined (corneal and lenticular) accommodative power of the 
eye in young chicks is 25 D (Ostrin et al., 2011), compared 
with a maximal power of 15 D in children (Glasser, 2011). It 
should be noted that the chicken, as well as other avian 
(Schaeffel & Wagner, 1992) and reptile (Schmid et al., 1992) 
species, can accommodate independently in both eyes, 
potentially resulting in anisometropia (i.e., unequal degree 
of refraction in the two eyes) of up to 6 D. Similar corneal 
and lenticular mechanisms of accommodation exist in lizards 
(Ott, 2006).

Finally, in chickens even the choroid plays a role in focus-
ing light on the retina. By changing its choroidal thickness, 

the chicken changes the distance between the retina and the 
cornea. The result is that in addition to bringing the focal 
point of incoming light onto the retina (by lenticular and/or 
corneal accommodation), chickens can also use “choroidal 
accommodation” to bring the retina into the focal point of 
the light (a twist on the proverb “If the mountain will not 
come to Mohammed, Mohammed will go to the mountain”). 
Once again, the choroidal “accommodation” is mediated by 
parasympathetic and sympathetic innervation. Transient 
thickening of the choroid in response to a blurred image is 
accomplished by changing either the volume of fluid (blood 
and aqueous humor) flowing through the choroid, or the 
tone of the choroidal smooth muscle (Nickla & Wallman, 
2010). Long-lasting thickening is due to choroidal and scle-
ral remodeling.

Additional Refraction in the Pupil and Elsewhere
The pupillary aperture is not considered to be a classic refrac-
tive structure as it has no refractive index, but it does make an 
important contribution to the resolving power of the eye. As 
the pupil dilates in dim light, the number of photons entering 
the eye increases, resulting in increased retinal illumination. 

corneainner lamella
of the cornea

circumferential muscle
fibers of the iris

pectinate
ligament

Crampton’s
muscle

scleral
ossicle

Brücke’s
muscle

tenacular
ligament

annular
pad
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Figure 4.8 A generalized scheme of the mechanism of accommodation in birds. Left side: Relaxed state. Note the deep corneoscleral 
sulcus, the presence of Brucke’s and Crampton’s muscle (Müller’s muscle not shown), the annular pad, and the lack of zonules, which 
allows direct contact between the ciliary processes and annular pad. All of these features contribute to the great accommodative power 
of the chicken eye (see text for details). Right side: An accommodated state. The black arrows show the direction of the contracting 
muscle forces. The open arrowheads show the resulting deformation of both the cornea and the lens. Similar mechanisms have also been 
found in lizards, snakes, and turtles. (Reproduced with permission from Ott, M. (2006) Visual accommodation in vertebrates: Mechanisms, 
physiological response and stimuli. Journal of Comparative Physiology A, 192(2), 97–11.)
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But there is “a price to be paid” for this increased illumination, 
as mydriasis also decreases the depth of focus of the eye. This 
means that as the pupil dilates, the range of distances at which 
objects remain in focus decreases. For example, in an eye that 
is focused at a distance of 1 m, objects at a distance of between 
0.56 and 5.00 m will be in focus when pupil diameter is 1 mm; 
the range decreases to between 0.78 and 1.40 m when the pupil 
dilates to 4 mm (Duke-Elder, 1970). This is especially critical in 
species that have limited accommodative capability, such as 
the dog. Furthermore, as the pupil dilates, the relative signifi-
cance of spherical and chromatic aberrations inherent in the 
eye increases (see the section on “Spherical and Chromatic 
Aberrations”), thereby reducing its resolving power. Therefore, 
the pupillary light reflex is, in effect, a constant balancing of 
two conflicting requirements for vision: maximal retinal illu-
mination and visual resolution. In a scotopic environment, the 
pupil dilates to improve retinal illumination at the cost of 
decreased nighttime resolution (which is further attenuated by 
cone inactivity). In a photopic environment, pupillary constric-
tion improves visual resolution (which is further enhanced by 
cone activity). As a rule of thumb, constricting the pupil by 
half increases visual resolution by a factor of two (Duke-Elder, 
1970). The “cost” of miosis in a photopic environment is negli-
gible, as there is sufficient retinal illumination under these 
conditions. This balancing of retinal illumination and visual 
resolution is especially dramatic in deep-diving animals, which 
move rapidly from one environment to another. In the 
Northern elephant seal (Mirounga angustirostris), it has been 
demonstrated that the pupil constricts from a giant area of 
422 mm2 in dark-adapted conditions (approximately 23 mm in 
diameter) to a pinhole opening of 0.9 mm2 in light-adapted 
conditions; that is, the range of variation is almost 470 times 
(Levenson & Schusterman, 1997)!

It should be noted that light is also refracted during its pas-
sage through ocular structures such as the cornea and lens, 
not just at their interface with other structures. This refrac-
tion results from changes in refractive indices in various lay-
ers of these structures. Some of these refractive gradients are 
probably too small to affect the overall optical performance 
of the eye, however. For example, refractive indices in the 
various corneal layers range from 1.401 to 1.373 D in humans 
(Patel et  al., 1995), whereas the rat retina has a refractive 
range of 1.369 to 1.385 D (Chen, 1993). But in other cases, 
regional differences are significant and must be taken into 
account; for example, in the goldfish eye, the refractive indi-
ces of the lens cortex and nucleus are 1.35 and 1.57 D, respec-
tively (Axelrod et al., 1988).

Abnormal Refractive States and Optical Errors

Emmetropia and Ametropia
The “purpose” the refractive and the accommodative pro-
cesses described in the previous sections is to focus an image 
on the outer segments of the photoreceptors. An emmetropic 

eye is one in which parallel light rays (from a distant object) 
are focused on the outer segments when the eye is disaccom-
modated. A nonemmetropic, or ametropic, eye is one in 
which the focused image (from a distant object) falls anterior 
to the retina (i.e., nearsighted or myopic eye) or posterior to 
it (i.e., farsighted, hyperopic or hypermetropic eye; Fig. 4.9).

Retinoscopy is the most commonly used method to deter-
mine the refractive state of the eye. It is based on two 
assumptions: first, that light emerging from the eye (i.e., 
emergent rays) follows the same optical path as light enter-
ing the eye; and second, that the fundus reflex originates at 
the level of the outer segments. If those two assumptions 
hold, then emergent rays exit an emmetropic eye as parallel 
rays, a hypermetropic eye as diverging rays, and a myopic 
eye as converging rays (Davidson, 1997). Therefore, the loca-
tion of the focal point formed by the emergent rays can be 
used to determine the refractive state of the eye.

A

B

C

Figure 4.9 A. In emmetropia, parallel light rays are focused on 
the retina. B. In a farsighted (hypermetropic or hyperopic) eye, 
light rays are focused behind the retina. C. In a nearsighted 
(myopic) eye, the light is focused in front of the retina.



4: Optics and Physiology of Vision 179

SE
C

T
IO

N
 I

However, it should be noted that the second assumption is 
not completely accurate. The fundus reflex does not origi-
nate at the outer segments but closer to the observer, most 
likely at the level of the inner limiting membrane (Glickstein 
& Millodot, 1970). Thus, there is a gap (equal to the thick-
ness of the retina) between the point at which the reflected 
light is actually measured and the point at which it should be 
measured. This gap, termed the artifact of retinoscopy, results 
in shifting refraction values in the direction of hypermetro-
pia and needs to be corrected using an established formula 
(Glickstein & Millodot, 1970). This error is relatively minor 
(+0.25 D) in young humans (Millodot & O’Leary, 1978) and 
monkeys (+1.4 D; Hung et al., 2012), but it becomes signifi-
cant in small eyes, reaching values as high as +7 D in tree 
shrews (Norton et  al., 2003). On the other hand, other 
researchers claim that the fundus reflex originates at the 
outer limiting membrane, and that the artifact’s significance 
has been overestimated (Mutti et al., 1997).

Table 4.5 lists refractive errors in selected species. Most of 
these values have been determined using streak retinoscopy, 
though autorefractors have also been used in veterinary 
medicine (Groth et al., 2013; Hernandez et al., 2016; Wang 
et  al., 2016). As can be seen, few species are truly emme-
tropic, though once the values are corrected for eye size, 
most mammals are within ±1 D of emmetropia (Hughes, 
1977). A large survey found that on average, dogs are indeed 
emmetropic, with a mean refractive error of −0.05 D (Kubai 
et  al., 2008). Nine dog breeds  –  English Springer Spaniel, 
German Shepherd, Golden Retriever, Siberian Husky, 
Shetland Sheepdog, Labrador Retriever, Border Collie, 
Samoyed, and “other” terriers  –  were found to be emme-
tropic (defined as having a mean refractive error < 0.5 D in 
either direction). Yet the same study found that 8% of all 
dogs were hypermetropic, with a refractive error of up to 
+3.25 D. Three breeds (Australian Shepherd, Alaskan 
Malamute, and Bouvier des Flandres) were found to have a 

Table 4.5 Refractive errors in selected animal speciesa

Species Refractive Value (D) References

Cat by habitat Belkin et al. (1977)

 Street cat −0.8

 Laboratory cats 1.4

Cat by age Konrade et al. (2012)

 Kitten (  4 months) −2.45

 Adult (> 1 year) −0.39

Cat by coat length Konrade et al. (2012)

 DSH −1.02

 DLH −0.13

Dog – mean value −0.05 to (−0.39) Gaiddon et al. (1996); Groth et al. (2013); Kubai et al. 
(2008); Murphy et al. (1992b)

Dog by habitat Gaiddon et al. (1996)

 Indoor dogs −0.64

 Outdoor dogs 0.17

Dog by breed –1.87 to (+0.98) For specific breeds see Black et al. (2008); Kubai et al. 
(2008, 2013); Mutti et al. (1999); Williams et al. (2011)

Horse –0.17 to (+0.33) Bracun et al. (2014); Harman et al. (1999); Rull-
Cotrina et al. (2013)

 Horizontal meridian −0.06 to (+0.41) Grinninger et al. (2010); McMullen et al. (2014)

 Vertical meridian 0.25 to 0.34 McMullen et al. (2014)

Rabbit (New Zealand White) 1.7 Herse (2005)

Chicken (Cornell-K) 4.1, 3.7 (4 & 17 weeks old, respectively) Wahl et al. (2015)

Guinea pig (pigmented) 0.7 Howlett & McFadden (2007)

Rat (Norway brown) 4.7, 14.2 (infant & adult, respectively) Guggenheim et al. (2004)

Mouse (CBL75/6) –1.5, 4.0 (10 & 102 days old, respectively) Zhou et al. (2008)

a See reference list for additional refractive studies in wildlife and aquatic species.
DSH, Domestic Shorthair; DLH, Domestic Longhair.
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mean refractive error that was hypermetropic. Conversely, 
25% of all surveyed dogs were myopic, with a refractive error 
of up to −6.25 D, and four breeds (Rottweiler, Collie, 
Miniature Schnauzer, and Toy Poodle) had a mean refractive 
error that was myopic. Even breeds that were on average 
emmetropic had population clusters and litters that were 
myopic. This was especially notable in the Labrador 
Retriever, in which up to 31% of dogs are reportedly myopic, 
reinforcing the hypothesis that myopia in this breed may be 
inherited (Black et  al., 2008). Myopia in the Labrador 
Retriever is caused by elongation of the vitreous chamber 
(Mutti et al., 1999; see Fig. 4.6), while in other breeds, includ-
ing the Toy Poodle, Collie, and English Springer Spaniel, 
myopia is due to the presence of a steeper, more powerful 
lens (Kubai et al., 2013; Williams et al., 2011). The pathogen-
esis of myopia in the Labrador Retriever, and its mode of 
inheritance, could make this breed a naturally occurring 
large animal model for the study of myopia in humans, 
where vitreous elongation (see Fig. 4.6) and inheritance play 
a significant role (Black et al., 2008; Mutti et al., 1999).

A study in cats reported that kittens (  4 months) are 
myopic, with a mean error of −2.45 D, while adult cats are 
close to emmetropia, with a mean error of −0.39 D, thus 
demonstrating a significant effect of age (Konrade et  al., 
2012). It is interesting to note that myopia decreases with age 
in cats, but in horses and in some dog breeds, notably the 
English Springer Spaniel and Beagle, it increases with age 
(Grinninger et al., 2010; Hernandez et al., 2016; Kubai et al., 
2008; Maehara et al., 2011). Once again, there was an overall 
significant positive correlation between feline refractive 
error and axial globe length, though the correlation was 
insignificant when only kittens and juvenile cats were exam-
ined. Coat length was another significant factor, with domes-
tic shorthair cats more likely to be myopic, and domestic 
longhair cats more likely to be emmetropic (Konrade et al., 
2012). Another study found a significant effect of habitat on 
the feline refractive error, with hypermetropia (+1.4 D) or 
myopia (−0.8 D) depending on whether the cats live out-
doors or indoors, respectively (Belkin et  al., 1977). This is 
consistent with findings in humans, demonstrating the cor-
relation between time spent outdoors and prevention of 
myopia (French et al., 2013).

Several large studies have shown horses to be overall 
emmetropic (Bracun et  al., 2014; Grinninger et  al., 2010; 
Rull-Cotrina et al., 2013). However, only 48–68% of horses 
are emmetropic in both eyes, with hyperopia and myopia 
reported in equal proportions in the ametropic horses, with 
errors of up to ±3 D (Bracun et  al., 2014; Farrall & 
Handscombe, 1990; Grinninger et al., 2010). Age and breed 
may affect the refractive error in horses (Bracun et al., 2014; 
Rull-Cotrina et  al., 2013). Age, habitat, and working envi-
ronment have also been shown to be significant factors in 
other species (Belkin et al., 1977; Murphy et al., 1992b; Ofri 
et al., 2001, 2004). However, because of low accommodative 

capacity in most veterinary patients, cycloplegia has no sig-
nificant effect on refraction in patients, including dogs and 
horses (Groth et al., 2013; McMullen et al., 2014).

A large range of retinoscopy values is reported in species 
with small eyes. For example, values range from +20 to −13 D 
in the rat (Guggenheim et al., 2004; Hughes, 1977) and from 
-0.7 to +13.7 D in C57BL/6J mice (Pardue et al., 2013). Such a 
range of results may be due to failure to correct for the artifact 
of retinoscopy, or because of the significant spherical aber-
rations (see later section) caused by the very high power of the 
cornea in small eyes, as shown in Table 4.3. It is recommended 
that retinoscopy in such small eyes be conducted using an 
artificial pupil, to occlude the corneal periphery.

Ametropia has also been induced in a number of experi-
mental animals, including chickens, fish, and various mam-
malian species (Schaeffel & Feldkaemper, 2015). Ametropia 
is usually induced by visual deprivation in young animals, 
before the eye has completed its development. Initially, eye-
lid suturing was used to cause visual deprivation, though 
this has been replaced by exposure to various regimens of 
ambient light, and the use of pharmacologic agents or refrac-
tive contact lenses to degrade the quality of the retinal image. 
Visual deprivation leads to progressive axial elongation of 
the vitreous body and the eye, thereby inducing myopia (see 
Fig. 4.6; Norton, 2016). Additional anatomic changes in the 
eye induced by visual deprivation include a shallow anterior 
chamber, thinner lens, and changes in corneal curvature 
(Choh & Sivak, 2005; Ostrin et al., 2014). On the other hand, 
removing the lens during the same period retards axial elon-
gation (Lambert, 2016). The aims of these experiments are to 
develop animal models for the study of the pathogenesis of 
myopia in humans, to identify molecular and cellular mech-
anisms controlling emmetropization, and to evaluate new 
therapeutic approaches (Schaeffel & Feldkaemper, 2015). 
Identification of genes associated with, or causing, myopia 
(Guggenheim et al., 2017; Li et al., 2017a) may represent a 
breakthrough in the prevention and treatment of what is 
considered to be one of the most prevalent ophthalmic disor-
ders in humans (Morgan et al., 2018).

Aphakic Eyes and Intraocular Lenses
Because of the significant refractive role of the lens, cataract 
surgery (or any surgical lens extraction) resulting in aphakia 
leaves the eye severely hypermetropic. The aphakic eye lacks 
the refractive contribution of the lens; therefore, light is not 
sufficiently refracted, resulting in image formation “behind” 
the retina (Pollet, 1982). Since the early 1980s, veterinary oph-
thalmologists have sought to alleviate this problem by implant-
ing IOLs in dogs’ eyes following cataract extraction. The 
purpose of these implants is to compensate for loss of refrac-
tion by the lens, thereby returning the eye to an emmetropic 
state. Early attempts using 14.5–29.0 D IOLs left the implanted 
canine eyes hypermetropic (Peiffer & Gaiddon, 1991). 
Following the results of studies involving large numbers of 
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dogs of various breeds, it has been determined that the 
canine IOL should have a power of 40.0–41.5 D (Davidson 
et al., 1993; Gaiddon et al., 1991, 1996). The 1.5 D range of 
recommended values probably results from breed differ-
ences (Kubai et  al., 2008). Indeed, use of 41 D IOLs in 60 
dogs resulted in an average refractive error of  1.2 D (Gift 
et  al., 2009). However, it is important to note that though 
41 D IOLs are used to bring aphakic dogs to emmetropia, this 
does not mean that aphakic dogs suffer from hypermetropia 
of 41 D. Indeed, the hypermetropia in aphakic dogs has been 
shown to range from 14.4 to 15.2 D (Davidson et al., 1993; 
Gaiddon et al., 1991). The reason that a 41 D IOL is needed to 
correct 15 D of hypermetropia is that an IOL is placed in the 
capsular bag, surrounded by aqueous humor. This environ-
ment results in a reduction of its overall refractive power 
(due to the small difference in refractive indices between the 
aqueous humor and the IOL), and therefore this power has 
to be higher than the aphakia it is intended to resolve. If dogs 
were to be fitted with spectacles to correct aphakia, then 
indeed these spectacles would require 15 D lenses!

While canine IOLs are widely used by veterinary ophthal-
mologists, their development and use in other species is lag-
ging behind. A study in horses concluded that an IOL of 
25–30 D overcorrects the aphakic equine eye (McMullen 
et al., 2010), even though preliminary calculations showed a 
theoretical power of up to 30 D is required to restore emme-
tropia (McMullen & Gilger, 2006; Mouney et  al., 2012). 
Subsequent studies, supported by a calculated IOL power of 
15.4 D (Mouney et  al., 2012), have shown that a 14 D IOL 
brought five out of six horse eyes to within 0.4 D of emmetro-
pia (Townsend et al., 2012). A 14 D IOL also brought a foal to 
emmetropia (Harrington et al., 2013), even though calcula-
tions showed that adult horses and foals may require differ-
ent power IOLs (Townsend et  al., 2013). Calculated IOL 
powers for bald eagles and rabbits are 16.4–17.4 and 58 D, 
respectively (Kuhn et al., 2015; Sanchez et al., 2017).

Studies in the cat indicate that IOLs for this species should 
have a power of 52–53 D (Gilger et al., 1998). The difference 
between the canine and feline IOL values stems from differ-
ences in the anterior chamber depth of the dog and cat 
(Fig. 4.10). Though the globe axial length in both species is 
similar, the cat has a much deeper anterior chamber, which 
means that the lens (and IOL) is located more posteriorly in 
the cat. As a result, the distance between the lens and retina 
in the cat is shorter, and a stronger lens is required to focus 
the light in the course of such a short optical path. Conversely, 
humans, who also have a similar size globe, have a much 
shallower anterior chamber and a more anteriorly located 
lens. This results in a longer optical path to the retina, and 
therefore most human IOLs have a power of only 19–22 D. 
Thus, it is not surprising that a study of pseudophakic dogs 
found a correlation between the postoperative refractive error 
and the distance of the IOL from the retina (Gift et al., 2009). 
Similarly, in Icelandic horses with multiple congenital ocular 

anomalies, a deeper anterior chamber is associated with 
myopia in older horses (Johansson et al., 2017).

Besides developing IOLs for additional species, veterinary 
ophthalmologists could also improve the postoperative 
refraction of their pseudophakic patients through preopera-
tive calculation of the required IOL power. Such calculations 
rely on keratometry and intraocular dimension measure-
ments and use established formulas to determine the IOL 
power (Kuhn et al., 2015; McMullen & Gilger, 2006; Mouney 
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Figure 4.10 The effect of anterior chamber depth on lens 
curvature in a human (A), dog (B), and cat (C). Though the axial 
length in the three species is similar, they differ significantly in 
the depth of their anterior chambers. Humans have the shallowest 
anterior chamber, and consequently the location of the human 
lens is relatively anterior. Cats have the deepest anterior chamber, 
and consequently the location of the feline lens is relatively 
posterior. As a result, light exiting the lens has a relatively long 
path before it reaches the retina in a human, and a relatively short 
path before it reaches the retina in a cat. Therefore, the feline lens 
needs to have significantly greater power than the human lens, 
and this is made possible by its greater curvature. The dog has 
intermediate values in anterior chamber depth, lens location, and 
lens curvature.
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et al., 2012; Sanchez et al., 2017; Townsend et al., 2013). This 
approach can be especially beneficial in dogs who suffer 
from vitreous chamber elongation and who may remain 
ametropic if implanted with a “one size fits all” 41 D IOL. 
Ideally, such measurements will become part of the routine 
preoperative evaluation, and every cataractous animal 
patient will be fitted with an appropriate IOL that will bring 
its eye to an emmetropic state. Recently introduced Fo-X 
IOLs with extended depth of focus of ± 1.5 D represent 
another approach to establishing postoperative emmetropia, 
but these have yet to be evaluated in clinical studies.

Though veterinary ophthalmologists have made signifi-
cant progress in restoring emmetropia to pseudophakic 
patients, little attention has been paid to correcting ametro-
pia in phakic patients. As noted, more than 25% of the canine 
population has been shown to be significantly myopic (Kubai 
et al., 2008), and could potentially benefit from such correc-
tion through the use of contact lenses or surgery. Indeed, it 
has been demonstrated that even 1.5–2 D of myopia causes 
significant deterioration in the visual performance of 
Labrador Retrievers (Ofri et al., 2012) and in the pattern vis-
ual evoked potentials of Beagles (Ito et  al., 2016). Various 
surgical techniques, mostly involving the use of lasers to 
ablate the cornea, are employed to correct ametropia and 
astigmatism in humans, and preliminary work shows that 
some of these techniques are applicable in the dog (Rosolen 
et  al., 1995) and cat (Bühren et  al., 2010). Alternatively, 
lasers have also been used to change the refractive index of 
the feline cornea (Savage et  al., 2014). Interestingly, Wang 
et al. (2016) have also shown improvement in canine refrac-
tive error following 6 months of nutritional antioxidant 
supplementation.

Astigmatism
Astigmatism is a state of unequal refraction of light along 
the different meridians of the eye. Normally, a given refrac-
tive structure of the eye (e.g., the cornea or lens) has a con-
stant curvature radius in all its meridians (though the 
cornea may flatten toward the limbus). Astigmatism occurs 
when the horizontal and vertical meridians of the cornea or 
lens have different curvature radii. Because of these differ-
ing curvatures, light entering the eye through the vertical 
meridian may be refracted more (i.e., direct, or with-the-
rule, astigmatism) or less (i.e., indirect, or against-the-rule, 
 astigmatism) than light entering through the horizontal 
meridian. There are also cases of irregular astigmatism in 
which the principal meridians are not perpendicular to 
each other, as in keratoconus, or because of injury. 
Therefore, light entering along one meridian will be focused 
on the retina and result in high-resolution vision, whereas 
light from the other meridian will be unfocused, leading to 
blurred vision (Fig.  4.11). Such an aberration is corrected 
with a cylindrical lens rather than with a spherical lens that 
is used to correct simple ametropia.

Astigmatism is diagnosed by refracting the eye in both the 
horizontal and vertical meridians. A difference of 0.5 D or 
more in the refractive power of the horizontal and vertical 
meridians in the same eye is defined as astigmatism. 
Alternatively, astigmatism can be diagnosed using a kerato-
meter to measure the curvature of the steepest and flattest 
meridians of the cornea, or by use of a corneal topographer, 
which provides a map based on a large number of photo-
graphic sections of the cornea and calibrated into dioptric 
power (Savini et al., 2017). In humans, most cases of astig-
matism result from abnormalities of the anterior surface of 
the cornea. Only a minority of cases result from lenticular 
or posterior corneal surface abnormalities (Duke-Elder, 
1970). Direct astigmatism accounts for 90% of cases in 
young eyes, but the proportion of indirect astigmatism 
increases with age (Nemeth et al., 2013; Xiao et al., 2014). In 
humans, the prevalence of low-grade astigmatism may be as 
high as 63% in some populations, but the prevalence of 
astigmatism > 1.5 D is usually under 5% (Read et al., 2007). 
The prevalence of significant (> 0.5 D) astigmatism in dogs 
seems to be equally low, reportedly affecting 1% of all dogs; 
a higher prevalence of 3.3% was documented in German 
Shepherds (Kubai et  al., 2008). On the other hand, other 
species are “naturally astigmatic” because of their corneal 
topography. In the horse, for example, the mean corneal 
curvature along the horizontal and vertical meridians is 
21.6 D and 22.9 D, respectively. Consequently, the horse has 
a mean degree of 1.3 D direct astigmatism (Grinninger 
et al., 2010). For the same anatomic reason, 1.75–2.36 D of 
astigmatism is reported in pig eyes (Sanchez et  al., 2011) 
and 0.4–0.6 D in rabbits (Wang et al., 2014). A high preva-
lence of astigmatism was also demonstrated in gazelles 
(Ofri et al., 2004) and elephants (Murphy et al. 1992a). In 
cows, sheep, and pigs, the lens sutures have been identified 
as the source of astigmatism and other aberrations (Gargallo 
et al., 2013).

Some pathologic processes may induce astigmatism. 
Corneal disease resulting in edema or scarring will inevitably 
lead to an uneven corneal surface, resulting in irregular astig-
matism. Focal cataracts will cause refractive astigmatism 

Normal focus Vertical focus Horizontal focus

Figure 4.11 A normal eye can see focused horizontal and 
vertical lines (left). An astigmatic eye will see a focused line in 
one orientation and a blurred line along the perpendicular axis. 
Vertical focus: The horizontal lines are blurred (center). Horizontal 
focus: The vertical lines are blurred (right).
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because of variations in refractivity among different lenticu-
lar zones (Duke-Elder, 1970). In addition, cataract surgery 
(Eslami & Mirmohammadsadeghi, 2015), penetrating kerato-
plasty (Fadlallah et  al., 2015), and other procedures that 
involve incising and suturing of the cornea often result in 
astigmatism because of imperfect alignment of wound edges; 
however, such surgically induced astigmatism frequently 
resolves over time. In dogs undergoing cataract extraction, 
surgically induced astigmatism was significantly different 
between right and left eyes, with values of 2.01 and 3.05 D for 
dorsotemporal and dorsonasal incisions, respectively 
(Pederson et al., 2019).

Static Accommodation
Several avian (Hodos & Erichsen, 1990), amphibian 
(Scheaffel et  al., 1994), and reptilian (Henze et  al., 2004) 
species possess lower-field myopia. The eyes of these ani-
mals are emmetropic along the horizontal and in the upper 
visual field, but they become progressively myopic below 
the horizontal (Fig. 4.12). In other words, different parts of 
the eye have a different refractive power because the shape 
of the eye is more like a flattened circle, so that the posterior 
focal length differs for different meridians. This adaptation 
can be regarded as a static accommodation mechanism (Ott, 
2006). Rather than changing the refractive power of its lens 
to focus on an object (in dynamic accommodation), the animal 
shifts its gaze to see the object with the appropriate refrac-
tive power. Consequently, the animal can match the average 

viewing distances of different areas of the visual field 
(Schaeffel et al., 1994). This allows the animal to keep the 
ground in focus with relaxed accommodation while forag-
ing for food and, at the same time, monitor the sky for pred-
ators while focused at infinity (Hodos & Erichsen, 1990). 
This may be why predators such as raptors do not possess 
this adaptation (Murphy et al., 1995). The same principle is 
also found in the eyes of pinnipeds (Hanke et al., 2006; Mass 
& Supin, 2007; Miller et al., 2010). Regional changes in the 
refractive powers of different parts of the cornea allow these 
animals to maintain high-resolution vision in both water and 
air (see the section on “Emmetropia and Accommodation 
Under Water”). Therefore, static accommodation may be an 
evolutionary mechanism helping animals to improve their 
spatial resolution capabilities in different environments 
(Shilo, 1977).

The horse was also believed to possess a similar, static 
“accommodating” mechanism, resulting from its nonsym-
metric eye shape. According to the ramp retina theory, the 
superior retina was believed to be farther from the lens 
than the inferior retina (Farrall & Handscombe, 1999; 
Harman et al., 1999; Sivak & Allen, 1975). Therefore, it was 
argued that the horse raises its head to focus distant objects 
on the ventral retina and lowers it to focus nearby objects 
on the dorsal retina. An analogy to this would be a person 
with bifocal glasses trying to peer through one lens or the 
other to view objects at different distances, though in this 
case the person is aided by the different refractive powers 
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Figure 4.12 Lower-field myopia in the terrestrial turtle Geoemyda as an example of static accommodation. Top panel: The refractive 
state of the unaccommodated eye changes steadily from hyperopic values in the upper visual field to myopic values in the lower visual 
field. Black dots represent the focal points at various visual angles apart from the optical axis for this state of focus. Lower panel: 
Because the refractive power changes with the visual angle, the animal can keep the whole ground in focus, and by changing the angle 
of its gaze focus on its prey no matter how distant it is. (Reprinted with permission from Ott, M. (2006) Visual accommodation in 
vertebrates: Mechanisms, physiological response and stimuli. Journal of Comparative Physiology A, 192(2), 97–111.)
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of the lenses rather than by the varying axial lengths of dif-
ferent meridians. Anatomic measurements have now dis-
credited this theory, and the horse is believed to possess an 
active (though limited) accommodation mechanism of 
±1 D (Harman et al., 1999; Miller & Murphy, 2017; Sivak & 
Allen, 1975). The head movement previously associated 
with this behavioral “focusing” is now believed to occur 
when the horse is interchanging monocular and binocular 
visual fields (Harman et al., 1999). However, a “ramp ret-
ina” has been demonstrated in guinea pigs, with the ventral 
retina further from the lens center than the dorsal retina as 
a result of differing globe axial lengths and vitreous cham-
ber depths in different quadrants (Zeng et  al., 2013). 
Consequently, the guinea pig’s inferior visual field is –6 D 
more myopic than the superior field. As in the case of 
lower-field myopia of nonmammalian species, it is pro-
posed that this adaptation evolved to allow the ground 
plane to be well focused while maintaining clear vision on 
the horizon, presumably important to a small creature that 
needs to detect both food and predators.

Spherical and Chromatic Aberrations
Spherical Aberrations
The eye is not a perfect optical system. Indeed, Duke-Elder 
(1970) quotes Hermann von Helmholtz, the 19th-century 
German physicist who invented the ophthalmoscope, as say-
ing that “if an optician should try to sell me an instrument 
possessing such faults, I would feel justified in using the 
most severe language with regard to the carelessness of his 
work and return the instrument under protest.” Two of the 
most significant optical problems that affect the eye are 
spherical and chromatic aberrations. Sperical aberrations 
occur because in both the cornea and the lens, rays passing 
through the periphery are refracted more than rays passing 
through the center. Therefore, rays passing through the 
periphery are focused closer to the cornea (or lens) than rays 
passing through its center (Fig.  4.13). Obviously, as the 
image is not uniformly focused on the retina, the aberration 

causes blurred vision. In other words, the focusing of rays 
depicted in Fig. 4.5 and Fig. 4.7 is an “ideal” refraction that 
in reality does not take place in the eye. The difference 
between the focal points of the peripheral and central rays, 
the spherical aberration, is measured in diopters. A compar-
ative study found significant degrees of spherical aberration 
in the lenses of dogs, cats, and rats, but minimal lenticular 
aberrations in cows, sheep, and pigs (Sivak & Kreuzer, 1983).

Both the cornea and the lens possess anatomic adaptations 
that are intended to minimize the extent of their inherent 
spherical aberrations. In the lens, the higher refractive index 
of the lenticular nucleus increases the refractive power of 
the central lens. This results in moving its focal point closer 
to the lens, nearer to the focal point of the peripheral lens 
(Fig. 4.14). A gradient variation in the refractive index of the 
lens would result in the formation of a multifocal lens, with 
a higher refractive index in the nucleus and a lower refrac-
tive index toward the equator, leading to further attenuation 
of the spherical aberration. Corneal spherical aberrations 
are minimized because the peripheral cornea is flatter than 

A B

Figure 4.13 Spherical aberrations occur when light passes through the lens (A) and cornea (B). In both cases, peripheral rays are 
refracted (bent) more than central rays. Therefore, the focal point of the peripheral rays is closer to the lens/cornea, while the focal point 
of the central rays is closer to the retina. The result is a blurred image. The distance between the two focal points is called spherical 
aberration and is measured in diopters (D).

Figure 4.14 Multifocal lenses reduce the amount of spherical 
aberrations. A higher refractive index of the lens nucleus causes 
increased refraction of the central light rays (compared to the 
refraction of the central rays in Fig. 4.13A). Consequently, the focal 
point of the central rays is shifted closer to the lens and closer to 
the focal point of the peripheral rays, thus eliminating the 
spherical aberrations seen in Fig. 4.13A.



4: Optics and Physiology of Vision 185

SE
C

T
IO

N
 I

the central (apical) cornea. This decreases the refractive power 
of the peripheral cornea and moves its focal point toward the 
retina and closer to that of the central cornea (Millodot & 
Sivak, 1979). Therefore, refractive surgeons attach great 
importance to centering the apical cornea so that the aberra-
tion-free zone is aligned with the pupil, thereby contributing 
to a high-quality retinal image (Bühren et  al., 2010; Gobbe 
et  al., 2015). A similar problem may arise in corneoscleral 
transposition in veterinary patients, as the flatter peripheral 
cornea is transposed into the steeper central cornea, poten-
tially increasing spherical aberrations in the patient. For simi-
lar reasons, surgeons performing keratoplasty should strive to 
collect the donor’s cornea from the same region as the 
intended grafting site. However, the possible effects of corneo-
scleral transpositions and keratoplasty on visual optics in ani-
mal patients have yet to be investigated.

Another structure that plays a critical role in reducing 
spherical aberrations is the pupil. Contraction of the pupil 
blocks rays of light that enter the eye through the most 
peripheral (and refractive) cornea. It also prevents light from 
passing through the peripheral lens. Thus, miosis allows 
only rays that pass through the central cornea and lens to 
reach the retina, thereby contributing to the formation of a 
well-focused image (Fig. 4.15A). A mydriatic pupil, on the 
other hand, allows more peripheral rays to enter the eye, and 
their passage through the peripheral cornea and lens 
increases the amount of spherical aberrations as well as all 
the other wavefront aberrations (Fig 4.15B). In humans, an 
8 mm pupil induces 1 D of spherical aberrations (Millodot, 
2018), which is the reason for the significant blurring of 
vision that is experienced after pupils have been pharmaco-
logically dilated.

It is worth noting that nowadays the aberrations of the eye 
are analyzed by assessing the amount of deviation obtained 
between an output wavefront emanating from it and a theo-
retical ideal wavefront (Thibos et al., 2002). This stems from 
the fact that the eye is not a symmetric globe. These aberra-
tions are reported as Zernike polynomials, of which there are 
more than 20 types, including astigmatism, spherical aberra-
tion, coma, trefoil, and quatrefoil. They are now routinely 
measured with various types of commercial aberrometers, 
and a common unit of measurement of all wavefront aberra-
tions is the root mean square (RMS). In a large human sur-
vey, Wang and Koch (2003) found that the most significant 
aberration was spherical aberration, followed by coma.

Chromatic Aberrations
Chromatic aberrations result from the fact that the refractive 
index n (as in the equation D = n/f) is not constant, but 
rather is wavelength dependent. Once again, therefore, 
Fig. 4.5 and Fig. 4.7 are somewhat misleading because they 
portray the ideal situation pertaining to monochromatic 
light. However, when white light enters a prism (or a lens), 
each wavelength contained in that light is refracted by a 

 different amount. The n of a given wavelength is inversely 
proportional to λ. Therefore, waves with a short wavelength 
(e.g., blue light) have a higher n than waves with a long 
wavelength (e.g., red light). Consequently, blue light will be 
more refracted than red light, and its focal point will be 
closer to the lens (Fig 4.16A). The distance between the focal 
points of the short and long wavelengths is the chromatic 
aberration, and once again this distance is measured in diop-
ters. The implication is that when viewing red text on a blue 
background, for example, the overall image would be 
blurred, as the text and the background are focused on differ-
ent planes in the eye. A study comparing chromatic aberra-
tions in different species found that in most animals 
(including cats, cattle, sheep, pigs, rats, and fish) the amount 
of chromatic aberration (442–633 nm) of lenses amounts to a 
relatively constant 4.6% of equivalent focal length; an excep-
tion is the dog lens, with 5.7% chromatic aberrations 
(Kreuzer & Sivak, 1985).

As in the case of spherical aberrations, anatomic adapta-
tions may contribute to a reduction in the effect of the chro-
matic aberrations. For example, fish have been shown to 
possess multifocal lenses consisting of concentric rings of dif-
fering refractive properties (Kröger, 2013). Thus, red light 
passing through one ring will be more refracted than blue 

A

B

Figure 4.15 Pupillary diameter affects the magnitude of spherical 
aberrations. A miotic pupil (A) blocks the peripheral rays, thereby 
eliminating the spherical aberrations induced by the peripheral 
cornea and lens (seen in Fig. 4.13). Only central rays reach the 
retina, resulting in a focused image. A mydriatic pupil (B) admits 
peripheral rays into the eye, thereby increasing the amount of 
spherical aberrations. Panel B is the basis for the blurred vision 
experienced following pharmacologic dilation of the pupil.
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light passing through another ring, thereby compensating for 
the blue light’s higher n. Consequently, the image formed on 
the retina will be chromatically focused (Fig. 4.16B).

It is interesting to note that in terrestrial species, multifo-
cal lenses consisting of concentric refractive rings can be 
found in those species in which the miotic pupil is not round 
(Land, 2006; Malmström & Kröger, 2006). Such a lens has 
been demonstrated, for example, in the domestic cat. The 
vertical slit shape of the cat’s miotic pupil allows light to pass 
through both the peripheral and central lens during con-
striction. Therefore, even during miosis, the cat continues to 
benefit from the advantage of a multifocal lens (Fig. 4.17). 
On the other hand, in the closely related tiger, a round pupil 
is associated with a monofocal lens, so that no optical prop-
erties of the lens are “lost” when the pupil constricts 
(Malmström & Kröger, 2006). Therefore, species with a mul-
tifocal lens have a steeper GRIN than species with a monofo-
cal lens. In cats, for example, the refractive indices in the 
lens nucleus and subcapsular areas are 1.48 and 1.39, respec-
tively; in humans, the respective figures are 1.41 and 1.38 
(Pierscionek & Regini, 2012). In this context it is noteworthy 
that the harbor seal, which is a monochromat, has multifo-
cal lenses; since multifocal lenses have evolved to compen-
sate for chromatic aberrations in animals with color vision, 
the functional significance of such a lens in a monochromat 
is not understood (Hanke et al., 2008).

Additional evolutionary adaptations to decrease the detri-
mental effect of chromatic aberrations on visual resolution 
can be found in the anatomy of the retina. The human fovea, 
for example, contains red and green cones, but does not con-
tain any blue cones (Chen et al., 2015). Therefore, red light, 
which is focused on the fovea, will be absorbed in this region. 
Blue light, which is not focused on the fovea, will not be 
absorbed, and therefore not be perceived, thus contributing 
to the high-resolution vision of the fovea (at the expense of 

A

B

Figure 4.16 Chromatic aberrations in the lens. A. White light is 
composed of numerous wavelengths, each of which is 
characterized by a different refractive index (n). Light with a 
longer wavelength (e.g., red light) has a lower n than light with a 
shorter wavelength (e.g., blue light). Consequently, red light will 
be refracted to a lesser degree than blue light. If the blue light is 
focused on the retina, the red light converges behind the retina. 
The distance between the focal points of the short and long 
wavelengths is the chromatic aberration; this distance is 
measured in diopters. B. Multifocal lenses reduce the magnitude 
of chromatic aberrations. A higher refractive index of the lens 
nucleus causes increased refraction of the red light (compared to 
its reduced refraction in panel A). Consequently, the focal point of 
the red light is shifted closer to the lens and closer to the focal 
point of the blue light, thus eliminating the chromatic aberrations 
seen in panel A.

A B C

Figure 4.17 The functional significance of the slit pupil in combination with a multifocal lens. In the fully dilated state of the pupil (A), 
all zones of the lens (shown in the colors they are focusing) can be used. A concentrically constricting iris (B) would cover the outer zone 
of the lens, such that a spectral range (blue in this example) could not be focused on the retina. By contrast, all lens zones can be used if 
the pupil constricts to a slit (C). (Reprinted with permission from Malmström, T. & Kröger, R.H. (2006) Pupil shapes and lens optics in the 
eyes of terrestrial vertebrates. Journal of Experimental Biology, 209, 18–25.)
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foveal blue color perception). This is why the fovea has been 
called the blue scotoma region of the retina (Chen et  al., 
2015). The chromatic aberrations induced by blue light in 
the macular region are further reduced by the presence 
of yellow macular pigment, which is abundant in carote-
noids, lutein, and zeaxanthin, with a peak absorption of 
about 460 nm, which absorbs unfocused short wavelengths 
(Bernstein et al., 2016).

Obviously, chromatic aberrations are less significant in 
species that have limited color vision, as some of the defo-
cused wavelengths may not be absorbed by the photore-
ceptors, and hence are not perceived. Thus, in many of 
our animal patients, who have dichromatic vision, it is 
possible that this aberration has minor functional 
implications.

Emmetropia and Accommodation Under Water
In aquatic species, the cornea is in contact with water rather 
than air. Because of the very small (∼0.003) difference 
between the refractive indices of the cornea and water, the 
cornea of these species has virtually no refractive power. In 
fact, because the anterior corneal surface has lower curva-
ture than the posterior surface (Ueno et  al., 2015), under 
water the cornea acts as a weak divergent lens. Fish are 
forced to compensate for the absence of corneal refraction by 
increasing the refractive power of other ocular structures, 
usually the lens. For this reason, as noted earlier, the lenses 
of fish eyes are very spherical. Their increased curvature 
results in significantly larger refractive power. Biochemical 
changes in lenticular proteins also increase the refractive 
index of the fish lens to up to 1.66, thereby contributing to 
significant refraction as light passes from the aqueous humor 
into the lens (Sivak, 1978). In the sandlance fish, these evo-
lutionary adaptations can increase the refractive power of 
the lens to as much as 500 D (Pettigrew & Collin, 1995). If it 
were not for these two lenticular adaptations, the absence of 
corneal refraction would cause fish to be severely hyperme-
tropic under water.

The problem of refraction under water is further compli-
cated in species that move in and out of water because it is 
physically impossible for an eye to be emmetropic both in 
air and underwater (Fig. 4.18). Eyes that are emmetropic in 
the air will be hypermetropic under water because the 
refractive power of the cornea is lost due to its submersion 
in water. Conversely, eyes that are emmetropic under water 
become extremely myopic in the air because now the cornea 
(due to Snell’s law) contributes refraction that the eye did 
not possess under water. Therefore, species that live and 
function in both habitats must “choose” whether they will 
be emmetropic in the air or under water. It is very interest-
ing to observe that both of these evolutionary strategies 
exist in the animal kingdom. Birds that hunt under water, 
such as cormorants (Katzir & Howland, 2003), the 
Australasian gannet (Machovsky-Capuska et al., 2012), and 

penguins (Sivak et al., 1987), as well as sea otters (Murphy 
et al., 1990), are emmetropic in the air. These species over-
come the resulting underwater hypermetropia by increas-
ing the accommodative power of the lens, thus allowing 
them to actively hunt and chase their prey under water. 
During accommodation in the cormorant, for example, the 
lens bulges through the pupil, forming anterior lenticonus 
that increases the lenticular axial length pathway and con-
sequently its refractive power (Fig. 4.19) (Katzir & Howland, 
2003). This combination of forward movement and change 
in lenticular curvature gives the cormorant lens an accom-
modative power of 60 D and an incredible accommodation 
rate of more than 600 D/s, 10 times as fast as nondiving 
birds (Katzir & Howland, 2003). Sea otters have also been 
shown to have a similar lenticular accommodative mecha-
nism, combining forward movement and change in the cur-
vature of the lens (Mass & Supin, 2007). As in cormorants, 
the result is an accommodative power of 55–60 D, which is 
the highest of any mammal (Murphy et al., 1990). Since the 
otter loses 59 D of corneal power under water, the equiva-
lent magnitude of lenticular accommodation allows the 
animal to regain its visual acuity when diving. In penguins, 
the entire cornea is flat, consequently minimizing the alter-
ation in refractive state when moving from air to water 
(Sivak et al., 1987).

In waterIn air

In water

A terrestrial eye

An aquatic eye

In air

Figure 4.18 No eye can be emmetropic both in air and under 
water. An eye of terrestrial animals, which is emmetropic in an 
aerial environment, loses the refractive contribution of the cornea 
under water and becomes farsighted (top panel). An eye of a fish 
that is emmetropic under water becomes severely nearsighted 
(myopic) in the air because it “gained” corneal refraction that it did 
not possess under water (bottom panel). Note the difference in 
shapes of the lenses between the two species. The lens of the fish 
is more spherical in order to increase its refractive power (to 
compensate for the absence of corneal refraction under water). 
(Reproduced with permission from Sivak J.G. & Millodot M. (1977) 
Optical performance of the penguin eye in air and water. Journal of 
Comparative Physiology, 119, 241–247.)
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Thus, in cormorants, otters, and penguins, the cornea is the 
major refractory organ on land, allowing for aerial emmetro-
pia; the lens accommodation provides for underwater 
 refraction. However, as usually happens with evolutionary 
strategies, there is a price to be paid for this well-developed 
underwater lenticular accommodative capability. The bulging 
of the lens through the pupil in these species requires miosis. 
This, in turn, limits the amount of light entering the eye. 
Therefore, these species can only hunt to a depth of about 9 m 
(Boyd et al., 2015). In deeper water, the inevitable mydriasis 
will not allow them to accommodate and focus on their prey. 
In this context it is worth noting that other piscivorous (fish-
eating) birds, such as osprey, kingfishers, and sea eagles, do not 
chase their prey under water. Instead, these birds search for 
their aquatic prey from the air and capture it while plunging 
into the water, relying on momentum rather than accommoda-
tion to catch the fish (Machovsky-Capuska et  al., 2012). 
Therefore, it is not surprising that pursuit-diving ducks accom-
modate, while nondiving ducks do not (Lisney et al., 2013).

On the other hand, many aquatic mammals developed an 
opposing evolutionary strategy (Mass & Supin, 2007). Sea 
lions, harbor seals, and other pinnipeds are emmetropic 
under water. Consequently, these animals become severely 
myopic when they come out of the water to breathe. Various 
mechanisms have evolved to make up for the increased 
refractive power of the eye in an aerial environment. 
Harbor seals have one flattened corneal meridian, with a 

slit-shaped pupil oriented along this flattened meridian 
(Hanke et al., 2006). When the animal exits the water, the 
bright light causes pupillary constriction along this merid-
ian, which has minimal refractive power as it is not curved 
(stenopaic vision). Therefore, the resulting aerial myopia 
along this axis is attenuated significantly. Thus, in the air, 
the animal suffers from about −20 D myopia along the hor-
izontal meridian, but “only” –7.5 D of myopia in the vertical 
meridian, the difference in refractive power of the central, 
flat cornea between water and air (Hanke et  al., 2006). 
The aerial miosis also serves to minimize aberrations and 
increase the depth of field, thus allowing for further improve-
ment of aerial acuity, which is comparable to the animal’s 
underwater acuity (Hanke & Dehnhardt, 2009). Obviously, 
aerial visual acuity will deteriorate significantly at night, 
when mydriasis will allow light to enter through the highly 
curved and refractive quadrants of the cornea. A similar 
solution has evolved in the California sea lion, which has a 
specialized, flattened region with very low refractive power 
in the ventromedial cornea (Miller et  al., 2010), and dol-
phins, which have a similar region in the medial cornea 
(Dawson et al., 1987). These regions provide for minimally 
defocused aerial vision, whereas the rest of the cornea is 
convex, providing for high underwater acuity. The animal 
shifts its head as it exits the water to allow light to enter 
through the flat “window” (Fig. 4.20; Dawson et al., 1987).

In both seals and dolphins, underwater mydriasis ena-
bles the eye to benefit from the highly curved and refractive 
quadrants of the cornea, thus allowing for emmetropia and 
high-resolution aquatic vision. Therefore, unlike diving 
birds, these animals can accommodate and hunt in deep 
water, as they use mydriasis, rather than miosis, for improv-
ing underwater acuity. The detrimental effect of the flat 
window, so beneficial in the air, is probably neutralized by 
underwater accommodation (Hanke et al., 2006). Therefore, 
what these animals lose in aerial acuity, they gain in hunt-
ing depth. More primitive amphibians (e.g., crocodiles) 
that lack this compensatory accommodative capability 
simply cannot focus. These animals are emmetropic in air 
and are severely hypermetropic under water, forcing them 
to rely on other senses when hunting under water (Nagloo 
et al., 2016).

Another interesting adaptation is observed when semi-
aquatic garter snakes submerge in water. Contrary to expecta-
tions, their pupils constrict under water, rather than dilate. It 
is suggested that this constriction causes an increase in vitre-
ous pressure in the posterior chamber and pushes the lens 
forward. The resulting accommodation allows the snake to 
compensate for the loss of corneal refractive power under 
water. In other words, aquatic submersion triggers a “pupil-
lary water reflex” that is independent of light intensity; this 
reflex is intended to prevent hyperopia through lens accom-
modation, rather than to regulate the amount of light on the 
retina (Fontenot, 2008).

Figure 4.19 A sectioned eye of a cormorant during 
accommodation. The bulging of the lens through the miotic pupil 
into the anterior chamber is clearly illustrated. As a result, the 
axial length of the lens, and its refractive power, increases. This 
underwater accommodation allows the eye to compensate for the 
loss of corneal refraction during diving, and the bird can focus on 
its prey. But if the bird dives into deep, scotopic waters, the 
inevitable mydriasis will disable this accommodating mechanism. 
Therefore, the bird is restricted to hunting in shallow, photopic 
waters. (Courtesy of Gadi Katzir.)
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Visual Processing: From Photoreceptors 
to Cortex

The Retina

The optical part of the visual process ends with photons 
striking the outer segments of the photoreceptors. The neu-
ronal part of the visual process begins with the capture of 
these photons and absorption of their energy by the photo-
pigments in the outer segments of the cones and rods, 
where a chain of biochemical reactions starts. In addition to 
these sensory neurons, the retina also contains secondary 
and higher-order neurons and an intricate neural circuitry 
that performs the initial stages of image processing, before 
trains of electrical impulses are transferred through the 
axons of the retinal ganglion cells (RGCs) to areas in the 
brain where secondary processing and eventually visual 
perception occur. A schematic representation of the retina 
is shown in Fig. 4.21.

The Photoreceptors
The outermost cells in the neural retina are the photorecep-
tors, which are divided into two classes: rods and cones. 
Rods and cones differ from each other in their morphology, 
function, and retinal distribution. Functionally, cone sys-
tems are characterized by high resolution of fine details, 
rapid responses, color perception, and low sensitivity to 
small fluctuations in light intensity (Lamb, 2016). Rod sys-
tems are characterized by poor visual resolution and no color 
perception, but they are extremely sensitive to minute 
changes in light levels and detection of motion. Therefore, 
cones are particularly suitable for daylight photopic vision, 

whereas rods contribute mostly to dim-light scotopic vision 
(Collin et  al., 2009; Lamb, 2013; Lamb et  al., 2007, 2016; 
Mustafi et al., 2009). Hence, a retinal mosaic containing both 
cone and rod photoreceptors, which appears to be ubiqui-
tous among mammals (Peichl, 2005), forms a duplex retina, 
which functions in both low and bright light conditions.

These functional differences between rods and cones are 
partially the result of the morphologic differences discussed 
in Chapter 2. The rod outer segment is long and thin, about 
2 μm in diameter, which permits a high density of rods, thus 
increasing the probability of absorbing scarce photons at 
night. Cones are thicker than rods, but both cones and rods 
in the central part of the retina are thinner than those in the 
periphery to permit a high photoreceptor density (Mowat 
et al., 2008). Rod axons are thin, which is consistent with 
the cell’s slow response to light and fewer ribbon synapses, 
whereas cone axons are thick, enabling transfer of informa-
tion (signals) at higher rates in multiple synapses (Hsu 
et al., 1998).

Cones constitute a minority of the photoreceptors in most 
mammalian retinas, with ranges of 0.5%–3% in nocturnal 
species and 5%–10% in crepuscular and arrhythmic species, 
whereas the proportion of cones in diurnal animals ranges 
from 8% to 95% (Ahnelt & Kolb, 2000). Hence, the cone-to-
rod ratio roughly reflects the lifestyle of the species. There 
are also differences in photoreceptor concentrations in dif-
ferent regions of the retina. A specialized, avascular area 
with higher cone density providing higher spatial resolution 
(ability to see finer details) in the corresponding part of the 
visual field is often present in the retina. In diurnal species 
possessing high acuity, such as haplorrhine primates and 
many avian species, this region is called the fovea centralis. 

A B

Figure 4.20 A frontal (A) and sectioned (B) view of the anterior segment of a pinniped eye. Note the flattened central cornea, which 
minimizes the inevitable myopia that occurs when the animal exits the water to an aerial environment. Note in panel A that the pupil 
constricts around this part of the cornea, so that only light passing through the least refractive part of the cornea will enter the eye. The 
pinpoint pupil minimizes spherical aberrations and increases depth of focus, further enhancing aerial acuity. (Panel A courtesy of Carmen 
M. Colitz. Panel B courtesy of Richard R. Dubielzig.)
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The primate and avian fovea is actually a depression (or pit) 
that contains no rods or retinal capillaries, thus permitting 
more dense packing of cones almost individually connected 
to retinal interneurons and ganglion cells (Kolb & Marshak, 
2003). This area subserves the highest-resolution vision of 
the eye. Most other species are devoid of such a highly spe-
cialized area, but a fovea plana–like area (a fovea without 
evident foveal pit) temporal to the optic nerve head has 
recently been identified in the dog (Beltran et  al., 2014). 
A more diffusely outlined region with increased cone den-
sity called the area centralis surrounds the fovea plana in the 
dog and is usually seen in other mammals that are currently 
considered to be afoveate (Beltran et al., 2014; Mowat et al., 
2008). Though this area has a higher concentration of cones, 
rods still outnumber the cones in the area centralis 
(Table 4.6). Because of their higher rod concentration, these 
eyes have higher sensitivity under low light conditions, 
albeit sacrificing visual acuity and richer color vision, as they 
have fewer cones. The primate fovea and area centralis in 

lower mammals are surrounded, respectively, by a macula 
and a visual streak, which are regions of decreasing cone 
density. In foveate primates, the macular area appears yel-
lowish because of the macular pigments absorbing blue light 
and scavenging free radicals, thus protecting the retinal area 
providing the high visual acuity (Provis et  al., 2013). The 
concentration of cones continues decreasing with retinal 
eccentricity, and the more peripheral retina is characterized 
by higher rod-to-cone ratios.

Cones are further subdivided into several types depending 
on their opsin contents (Hunt et al., 2009). Humans (as well 
as Old World primates) have three cone classes, with peak 
sensitivities to either long (552–562 nm, usually called red 
cones, although they are most sensitive to greenish-yellow), 
medium (525–533 nm, green), or short (410–450 nm, blue) 
wavelengths of light (Hofmann & Palczewski, 2015a). These 
cones, known as L-, M-, and S-cones or red, green, and blue 
cones, respectively, are the basis of human trichromatic 
vision. Most New World primates and lower mammals have 
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Figure 4.21 Schematic drawing of the mammalian retina with part of the choroid (Ch) on top. Below the retinal pigment epithelium (PE) 
are the layers of the neuroretina: the outer segments of the photoreceptors (OS), the outer limiting membrane (OLM), the outer nuclear 
layer with nuclei of cones (C) and rods (R), the neuropil of the outer plexiform layer (OPL), the inner nuclear layer (INL) with nuclei of 
horizontal (H), bipolar (B), and amacrine (A) cells, the inner plexiform layer with synapses in strata, the ganglion cell layer (G), their axons 
in the nerve fiber layer, and finally the inner limiting membrane (ILM) facing the vitreous. The glial elements of the retina, Müller cells 
(M), and microglia (Mi), as well as astrocytes (As) embracing retinal blood vessels, are shown. (Reproduced with permission from Vecino, E., 
Rodriguez, F.D., Ruzafa, N., et al. (2016) Glia–neuron interactions in the mammalian retina. Progress in Retinal and Eye Research, 51, 1–40. 
doi: 10.1016/j.preteyeres.2015.06.003.)
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two cone populations (serving dichromatic vision). Some 
animals have one cone population (monochromatic vision), 
while others have more than three cone populations 
( tetrachromatic vision and beyond). Morphologically, the 
three primate cone populations are almost identical, and 
immunohistochemistry or another molecular method is 
needed to distinguish between them. These methods reveal 
differences in the cone synaptic terminals and in their reti-
nal distribution, such as the absence of S-cones in the fovea. 
They also reveal a high degree of evolutionary conservation 
between L- and M-cones. Thus, most dichromatic species 
will have S- and L/M-cones rather than L- and M-cones, 
because S- and L/M-cones, whose absorption spectra are 
 further apart, are activated by a wider range of wavelengths 
and therefore able to detect more of the electromagnetic 
radiation being reflected off different surfaces in nature. The 
implications of these properties for color vision are discussed 
in Chapter 5.

Mammals only have one class of rods, which precludes 
color vision when light is too dim for cones to be activated. 
The peak spectral sensitivity of rods is close to 500 nm 
( cyan-greenish light). In the dog, the highest rod density, 
almost 540,000 rods/mm2, is seen dorsal to the area centra-
lis  region, whereas the density in the peripheral retina is 
2.5–2.7 times lower (Yamaue et al., 2015).

Morphologically, both rods and cones are divided into four 
parts (Fig. 4.22A):

1) Outer segment
2) Inner segment
3) Nucleus
4) Synaptic terminal.

The outer segment is the part of the cell where phototrans-
duction, as well as disc formation and shedding, occurs; for 
a review see Molday and Moritz (2015). The outer segments 
are connected by a cilium to the inner segment, which is an 
area rich in mitochondria (ellipsoid), Golgi apparatus, and 
endoplasmic reticulum (myoid). Opsin is synthesized in the 
Golgi apparatus of the inner segment and is transported 
through the cilium to the base of the outer segment, where it 
is incorporated into the outer segment’s plasma membrane, 
which undergoes evagination and invagination to form a 
new disc. In rods, the disc detaches from the membrane and 
the outer segment is filled with a stack of 600–1,600 free-
floating discs, similar to a stack of coins (Hofmann & 
Palczewski, 2015b). In cones, the disc remains part of the 
membrane, thus exposing it to a greater supply of the recy-
clable, light-sensitive part of the photopigment (relative to 
the disconnected rod disc). Thus, the outer segments are in 
fact tubes full of discs (or tubes made up of discs, in the case 
of cones) of folded double membranes in which the visual 
photopigment molecules are embedded.

The outer segments undergo constant destruction due to 
photo-oxidative damage. The damaged tips of the outer seg-
ments are shed and then phagocytized by the retinal pig-
ment epithelium (RPE), where they become phagosomes 
that are broken down by lysis (Nguyen-Legros & Hicks, 
2000). This shedding of outer segments is a diurnal cycle 
(which takes place following morning light onset in rods, 
and following night onset in cones), and is not to be confused 
with the intermittent and much more frequent process of 
chromophore phagocytosis and regeneration. As new discs 
are formed at the base of the outer segment, older discs are 

Table 4.6 Photoreceptor concentrations in cats, dogs and humans.

Human  
(Østerberg, 1935)

Cat (Steinberg et al., 
1973)

Dog (Mowat et al., 2008; 
Beltran et al., 2014*; 
Yamaue et al., 2015**)

Number of rods (×106) 110–125

Number of cones (×106) 6.5

Maximal cone concentration 
(×103 per mm2)

199 27 23/127*

Maximal rod concentration 
(×103 per mm2)

160 460 501

Cone concentration at ora 
serrata (×103 per mm2)

5 <3 7a

Rod concentration at ora 
serrata (×103 per mm2)

40 250 ~200**

Rod-to-cone ratio (area 
centralis)

No rods 11 : 1 23 : 1b

Rod-to-cone ratio (ora serrata) 50 : 1 100 : 1 41 : 1a

a These numbers were obtained in the periphery by Mowat et al. (2008) and not at the ora serrata;
b Data from Beltran et al. (2014) suggest that the rod-to-cone ratio in the area centralis is closer to 1 : 1.
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Figure 4.22 A. The discs of the outer segments (facing the retinal pigment epithelium) of the photoreceptors contain the photopigment 
required for vision. The photoreceptors’ inner segments contain the mitochondria, and together with the outer segments constitute the 
photoreceptor layer. The rod spherule and cone pedicle are synaptic expansions where their axons synapse with dendrites of bipolar and 
horizontal cells in the outer plexiform layer. Portions of Müller’s cells (dotted lines) are shown adjoining the rods and cones. B. Rod and 
cone bipolar cells show extensive contacts. Horizontal cells also make synapses with both rods and cones. Interconnections are shown 
between spherules and pedicles. (Modified and reproduced with permission from Remington, L.A. (2005) Clinical Anatomy of the Visual 
System, 2nd ed. St. Louis, MO: Butterworth-Heinemann.)
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displaced toward the distal end. Experiments in which 
 radiolabeled precursors have been injected into the inner 
segments show that labeled proteins appear at the outer 
 segment base within 2 hours; another 11 days pass before the 
discs containing these proteins are shed and phagocytized 
(Anderson et al., 1978).

The nuclei of the photoreceptors constitute the outer 
nuclear layer (ONL) of the retina, which is separated from 
the inner segments by an outer limiting membrane. Nuclei 
of cones occupy a single row directly below the membrane, 
with rod nuclei making up the remainder of the ONL below 
the cone nuclei. The synaptic terminals of the rods and cones 
synapse with dendritic processes of bipolar and horizontal 
cells in the outer plexiform layer (OPL; Fig. 4.22B). The syn-
aptic terminal of a mammalian cone, which is large and flat, 
is called a pedicle. The rod terminal, which is rounder and 
smaller, is called a spherule. Both pedicles and spherules 
contain mitochondria, synaptic vesicles, and synaptic rib-
bons (Mustafi et al., 2009; Schmitz, 2009).

The Classic Visual Pigments and Phototransduction
Most of our understanding about the processes occurring in 
the outer segments comes from studying rhodopsin, the rod 
photopigment. This light-sensitive transmembrane protein 
comprises more than 90% of the protein content of the discs 
in the rod outer segments and covers approximately 50% of 
the disc membrane area (Hargrave, 2001; Hofmann & 
Palczewski, 2015b; Palczewski, 2006). It is estimated that 
each human rod has approximately 109 rhodopsin molecules 
(Smith, 2010), whereas the mouse has only about 106–107 
molecules/rod (Palczewski, 2006).

A visual photopigment consists of two components. The 
first component of the photopigment is the opsin, which is 
an apo-protein that determines the wavelengths of light that 
the photopigment will absorb. In most mammals studied to 
date, maximal absorption of rhodopsin, determined by its 
opsin part (called scotopsin), occurs round 500 nm in most 
species, thus showing a high degree of evolutionary conser-
vation in the molecule (Bowmaker, 1981, 2008; Palczewski, 
2006). There is greater evolutionary divergence in the opsin 
of cones, with most mammalian species possessing at least 
two classes of cone opsins: those sensitive to one short 
wavelength (S-cones) and those sensitive to medium to long 
wavelengths (L/M-cones; Bowmaker, 2008; Imamoto & 
Shichida, 2014; Lamb, 2013). Although they are more com-
plicated to study because of the smaller number of cones 
and difficulties in extraction, cone opsins such as iodopsin 
appear to be similar to scotopsin in both structure and func-
tion (Wensel, 2008).

The second component of the photopigment is the chromo-
phore, which is the part of the photopigment that is excited 
when the energy from a photon is absorbed. The chromo-
phore is covalently bound to the opsin. Both rod and cone 
photopigments use the same excitable chromophore, a 

 vitamin A1 derivative, 11-cis-retinal (Wald, 1968). The 11-cis-
retinal is highly conserved and found in most terrestrial and 
avian species.

Phototransduction in Image-Forming Photoreceptors
Phototransduction is the process by which light stimulus is 
converted into a neuronal signal (Fig.  4.23). Photons cap-
tured by the photopigment transfer their energy to the 
chromophore, causing photoisomerization of the 11-cis-reti-
naldehyde, through several intermediate compounds, into 
all-trans-retinal (Hargrave, 2001; Palczewski, 2006). This 
results in changes in the chromophore conformation that 
cause a rearrangement of the heptahelical transmembrane 
opsin molecule, which eventually leads to activation of sub-
sequent steps in the phototransduction cascade (Nakamichi 
& Okada, 2006). This bleaching process (so called because 
the rhodopsin loses its purple color when activated) can be 
recorded as the early receptor potential of the ERG (Müller 
& Topke, 1987).

Stimulated neurons depolarize, but contrary to intuition, 
photoreceptors are depolarized in the dark, causing them to 
release glutamate (an excitatory neurotransmitter). This 
depolarized state of the photoreceptor is maintained by a 
dark current, which is generated by a constant influx of Na+ 
and Ca++ (at an 85 : 15 ratio) into the cell and balanced by K+ 
outflow. These cations enter the photoreceptor through 
cyclic guanosine-3,5′-monophosphate (cGMP)-gated cation 
channels in the outer segment plasma membrane. The end 
result of the phototransduction process is a decrease in 
cGMP levels, leading to closure of the ion channels in a 
 millisecond or less (Yau, 1994). Even though only a small 
fraction of the cation channels is open in the dark, the cessa-
tion of Na+/Ca++ influx leads to hyperpolarization of the 
photoreceptor. This hyperpolarization decreases or termi-
nates the glutamate release at the photoreceptor synaptic 
terminals, a signal affecting the second-order neurons in the 
retina (Heidelberger et al., 2005).

The phototransduction cascade, beginning with the 
absorption of photon energy by the photopigment and end-
ing with closure of the cation channels and photoreceptor 
hyperpolarization, involves several enzymes. The interac-
tive form of rhodopsin, R*, activates a G-protein in the disc 
membrane called transducin (T) in rods, which is composed 
of three subunits (Tα, Tβ, and Tγ). In the dark, transducin is 
bound to guanosine diphosphate (GDP), but R* binds to 
transducin, forming a T-GDP-R* complex (see Fig.  4.23). 
This binding changes the affinity of the complex to GDP, 
which drops off and is replaced by guanosine triphosphate 
(GTP), leading to the formation of a T-GTP-R* complex. 
Additional affinity changes now occur and the complex 
breaks up. R* falls off and is free to activate additional 
T-GDP molecules at the rate of one per millisecond. Tβ-Tγ 
also falls  off, thereby removing the inhibitory γ subunit 
from the Tα-GTP complex (Stryer et  al., 1981). Each R* 
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 molecule can  activate 20 or more T-GDP complexes (Krispel 
et  al., 2006). This is the first step of amplification of the 
response to the capture of a single photon in the phototrans-
duction cascade.

The activated complex migrates to the disc membrane, 
where it activates the next enzyme in the cascade, phospho-
diesterase (PDE), by removing its inhibitory γ-subunits. 
Because PDE contains two γ subunits, two Tα-GTP com-
plexes are required for complete PDE activation. However, 
the density of PDE is lower than that of T in the outer seg-
ment. The activated PDE hydrolyzes cytoplasmic cGMP into 
GMP, resulting in decreased levels of free-floating cGMP. 
The activation of PDE by Tα-GTP represents no gain per se, 
but the increase in catalytic power of the activated PDE 

(which hydrolyzes numerous cGMP molecules) is consider-
able and constitutes the second step of amplification of the 
response (Lamb & Pugh, 2006).

Multiple cGMP-gated cation channels in the cell’s plasma 
membrane respond by closure to the rapid decrease in cyto-
plasmic cGMP. Hence, a small relative change in the cGMP 
concentration produces a threefold larger relative change in 
the current through the channels. Each photoisomerization 
interrupts the flow of 105 or more cations into the cell (Burns 
& Baylor, 2001). Therefore, the photoreceptor membrane 
hyperpolarizes, which generates an electronegative signal 
that can be recorded at the surface of the eye as the first part 
of the a-wave of the ERG. The combined amplification for all 
steps in rods is high, allowing them to detect a single photon. 
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Figure 4.23 Activation of the rod phototransduction cascade. The top of the illustration shows the rod in the dark, where its depolarized 
state is maintained by influx of sodium and calcium through the open cyclic nucleotide-gated (CNG) cyclic guanosine-3,5′-
monophosphate (cGMP)-gated cation channel (α, β). This cation influx is balanced by potassium outflow (through the NCKX Na+/Ca2+, K+ 
exchanger). In the lower part of the figure, a photon has been absorbed by the rhodopsin (R). Activated rhodopsin (R*) now binds to the 
transducin guanosine diphosphate (T-GDP) complex, leading to reduction in affinity to GDP. GDP is replaced by guanosine triphosphate 
(GTP), forming an R*-T-GTP complex, leading to dissociation of R* and the transducin Tβ-Tγ subunits. The remaining Tα-GTP complexes 
remove the inhibitory γ-subunits from the phosphodiesterase (PDE) enzyme. The activated enzyme (PDE*), consisting of its β- and 
α-subunits, hydrolyzes cGMP into GMP. The reduction in cGMP levels leads to closure of the CNG channels and hyperpolarization. IPM, 
interphotoreceptor matrix. (Reproduced with permission from Phototransduction in Rods and Cones, WebVision, Moran Eye Center (http://
webvision.med.utah.edu). Used under CC BY.)
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Cones, on the other hand, need to absorb 10–100 times as 
many photons to generate the same current, thus accounting 
for their decreased light sensitivity (Baylor, 1996).

Inactivation of the Phototransduction Cascade
The cascade is eventually quenched by an equally complex 
chain reaction that leads to inactivation of R*, transducin, 
and PDE (Fig. 4.24). Initially, the enzyme rhodopsin kinase 
(regulated by recoverin) phosphorylates R* (Arshavsky & 
Burns, 2012; Burns & Baylor, 2001). This phosphorylation 
increases the affinity of rhodopsin to arrestin, and their bind-
ing prevents further transducin activation by R*. At the same 
time, Tα-GTP is hydrolyzed into Tα-GDP, thus freeing up the 
PDE-inhibitory γ subunit. The γ subunit rebinds to PDE, thus 

stopping the hydrolysis of cGMP, and Tα-GDP rebinds to Tβ-
Tγ, thus deactivating the transducin molecule (Makino et al., 
2003). The cessation of cGMP hydrolysis by PDE, together 
with increased guanylate cyclase activity in the outer seg-
ment, results in net synthesis of cGMP (Burns et al., 2002). As 
cGMP’s concentration rises, it eventually causes reopening of 
the channels and photoreceptor depolarization.

The phototransduction process in rods can be regarded as 
a G-protein signaling pathway, with rhodopsin as its recep-
tor, transducin as its G protein, and cGMP PDE as its effec-
tor. cGMP is the second messenger in this pathway, 
connecting between the “rhodopsin receptor” in the rod disc 
membrane and its “target channel,” located in the plasma 
membrane (Luo et al., 2008).
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hydrolyzed into Tα-GDP, thus freeing up the PDE inhibitory γ-subunit. The γ-subunit rebinds to PDE, thus stopping the hydrolysis of cGMP, 
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permission from Phototransduction in Rods and Cones, WebVision, Moran Eye Center (http://webvision.med.utah.edu). Used under CC BY.)
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Understanding of the molecular biology of phototrans-
duction has led to new insights into the pathogenesis of 
photoreceptor dysplasias and degenerations, and is lead-
ing to new treatments of these diseases (Petersen-Jones & 
Komaromy, 2015; Scholl et al., 2016).

Synthesis and Regeneration of the Classic Visual Pigments
Regeneration of all-trans-retinal to 11-cis-retinal is a rather 
complicated process in vertebrates that mainly takes place in 
cells adjacent to the photoreceptors. Most of the all-trans-
retinal is released from the opsin on the cytoplasmic side of 
the discs in the rod outer segments; however, the portion of 
the inactive form of the chromophore that enters into the disc 
lumen has to be transported over to the cytoplasm by an ATP-
binding cassette transporter (ABCA4). Because of the reac-
tive aldehyde group on retinal that could potentially damage 
the photoreceptors, the all-trans-retinal is rapidly reduced 
to  all-trans-retinol by all-trans-retinol dehydrogenase 
(Fig. 4.25). This is the only step of the regeneration process 
that occurs in the outer segment of the rods; the rest occurs in 
the RPE (Kiser et al., 2014; Palczewski, 2014; Saari, 2000).

All-trans-retinol diffuses out of the outer segment into 
the subretinal space and makes its way to the RPE. An 
interphotoreceptor retinoid-binding protein (IRBP) plays 
an important role in the movement of all-trans-retinol 
from the photoreceptors through the subretinal space (Wu 
et al., 2007). Once inside the RPE, all-trans-retinol under-
goes a three-step transformation reaction to 11-cis-retinal. 
A key enzyme in this reaction is RPE65 (Redmond, 2009). 
The 11-cis-retinal is then translocated from the RPE back to 
the outer segment via IRBP, where it binds with opsin (syn-
thesized in the inner segment) to reform the photopigment 
in both rods and cones (Parker et al., 2011). In addition to 
the recycling of the chromophore in the RPE, the cones 
also receive 11-cis-retinal through a process involving the 
Müller cells in the neuroretina (Das et al., 1992). This path-
way supports rapid dark adaptation of cones and extends 
their dynamic range in background light independently of 
the RPE (Wang et  al., 2014). Hence, cones are not com-
pletely dependent on the function of the IRBP (Kolesnikov 
et al., 2011).

Thus, the rods have access to 11-cis-retinal from three stor-
age sites in the neuroretina and RPE. When moving abruptly 
from a scotopic to a photopic environment, the chromophore 
will be depleted from these three sites in sequential order. 
The first is the chromophore available in the rod outer seg-
ments; the second is the chromophore bound to IRBP in the 
subretinal space; and the third is the chromophore bound to 
RPE65 in the RPE. The cones also have access to a fourth stor-
age site for rapid recovery, the Müller cells. Therefore, RPE65 
plays two vital roles in the visual cycle. In light, it catalyzes 
the re-isomerization reaction of the chromophore back to 
11-cis-retinal. In the dark, it serves as a chromophore binding 
protein and an important reserve pool of 11-cis-retinal.

Bleached pigment is not the only source for 11-cis-retinal 
synthesis in the RPE. Dietary uptake remains the main sub-
strate for chromophore synthesis. Carotenoid compounds in 
food are oxidized into vitamin A (all-trans-retinol) in the 
wall of the small intestine. The vitamin is then esterified and 
transported to the liver, where it is bound to serum RBP. 
Retinol-bound RBP is transported through the bloodstream 
and eventually reaches the choriocapillaris. Specific recep-
tors on the outer aspect of the RPE bind the serum RBP, and 
the retinol is taken up by the cell for processing, similar to 
that undergone by all-trans-retinol reaching the RPE from 
the photoreceptor. This dependence on dietary carotenoid 
compounds is the reason for the nyctalopia and progressive 
retinal degeneration observed in cases of avitaminosis A in 
cattle and other species (Millemann et al., 2007).

As indicated earlier, light stimulation causes bleaching of 
the photopigment; conversely, the pigment undergoes regen-
eration during darkness (Lamb & Pugh, 2006; Redmond, 
2009; Wang & Kefalov, 2011; Wang et al., 2014). Prolonged 
and intense light stimulation will eventually bleach all of the 
rod photopigment, resulting in its depletion. Prolonged and 
total darkness will enable all of the photopigment to regen-
erate, which is an important part of the dark adaptation pro-
cess. At intermediate levels of illumination, between these 
two extremes, a dynamic and continuous process of bleach-
ing and regeneration occurs, leading to equilibrium and con-
tributing to adaptation to existing light levels (see Chapter 5).

Physiology of Retinal Cells

Horizontal and Bipolar Cells
The soma of both the horizontal and bipolar cells are located 
in the inner nuclear layer (INL). Both cells serve as second-
order neurons of the retina, connecting, directly or indi-
rectly, the first-order (photoreceptors) and third-order 
neurons (RGCs).

Horizontal cells occupy the outermost layer of the INL and 
synapse almost exclusively in the OPL (Ahnelt et al., 2000; 
Bloomfield & Xin, 2000; Chapot et al., 2017; Macneil et al., 
2009; Marshak & Mills, 2014; Thoreson & Mangel, 2012). 
They connect photoreceptors laterally across the OPL (see 
Fig.  4.22), serving to integrate responses from photorecep-
tors and increase their sensitivity to changes in illumination 
(i.e., brightness contrast) and color, which is a phenomenon 
termed lateral inhibition. Morphologically, horizontal cells 
are divided into HI or B-type cells with axons, and HII or 
A-type cells that are axonless. Additional types of horizontal 
cells are seen in animals, including primates, birds, and rep-
tiles, with more types of cones. The horizontal cells form a 
mosaic with about six dendritic fields overlapping at any 
given point in the murine retina (Reese et al., 2005).

The physiologic equivalents of HI/B and HII/A horizontal 
cells have been characterized as luminosity (L) and color (C) 
types, respectively. The HI/B- or L-type horizontal cells  
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chromophore of the dark-adapted rhodopsin. Subsequently, a proton is lost and rhodopsin activates G proteins (i). The isomerized 
chromophore is released via hydrolysis, generating free all-trans-retinal and opsin (ii). The all-trans-retinal is then enzymatically reduced 
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metabolized by lecithin retinol acyltransferase (LRAT) to produce all-trans-retinyl esters (iv), which can be either stored in retinosomes or 
further processed. RPE65 is the key enzyme that catalyzes the conversion of all-trans-retinyl esters to 11-cis-retinol (v). 11-cis-retinol is 
finally enzymatically reduced to 11-cis-retinal (vi) and transported back via IRBP to the rod outer segment, where it recombines with 
opsin to form ground-state rhodopsin (vii). This cycle runs continuously to sustain vision under conditions where rods are primarily active. 
(Reproduced with permission from Kiser, P.D. & Palczewski, K. (2010) Membrane-binding and enzymatic properties of RPE65. Progress in 
Retinal and Eye Research, 29, 428–442.)
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synapse with both rods and cones. They code changes in ambi-
ent light intensity, thus regulating the adaptational and spatial 
responses of the photoreceptors and bipolar cells. These cells 
respond with graded hyperpolarizations to light stimuli 
(regardless of wavelength), with the amplitude and duration of 
the response depending on the intensity and duration of the 
stimulus (Svaetichin & MacNichol, 1959). The HII/A- or 
C-type cells only connect with cones, thus contributing to color 
and fine detail perception. HII/A- or C-type horizontal cells 
respond with different polarity to light stimuli of different 
wavelengths; for example, they may respond with graded 
depolarization to red light stimuli and with graded hyperpo-
larization to yellow, green, and blue stimuli. Surprisingly, the 
HII/A-like cells in the horse seem only to contact S-cones 
(Sandmann et al., 1996), which precludes color opponency.

Thus, the two types of horizontal cells serve to modulate 
the antagonistic center-surround receptive fields of bipolar 
cells, normally contributing to both their spatial and color 
opponency properties. Furthermore, the receptive field of 
horizontal cells may extend outside their dendritic fields via 
electric coupling through gap junctions between horizontal 
cells (Chapot et al., 2017).

Bipolar cell somata are also located in the INL. Their den-
drites synapse with photoreceptors and horizontal cells in the 
OPL (see Fig. 4.22), and their axons terminate in the inner 
plexiform layer (IPL), where they synapse with amacrine and 
ganglion cells. There are several ways to classify bipolar cells. 
Anatomically, bipolar cells (bipolars) are divided based on 
whether they synapse with rods or with cones. Because most 
species have more rods, rod bipolars are numerically superior 
to cone bipolars. Only one type of rod bipolar has been 
described in mammals. As each rod bipolar cell can receive 
input from numerous rods, the rod pathway has been 
described as a convergent pathway with large receptive fields 
(the receptive field of a bipolar cell is the sum of the receptive 
fields of the photoreceptors from which it receives input; 
Fig. 4.26). Such a pathway enhances scotopic vision, because 
the absorption of just one photon anywhere in the receptive 
field is sufficient to stimulate the rod bipolar pathway.

The number of cone bipolar types in species carefully 
studied, such as the macaque, mouse, and rabbit, seems to 
be about 11–12 (Euler et al., 2014; Tsukamoto & Omi, 2016; 
Wässle et  al., 2009). In the primate fovea, midget bipolars 
typically synapse only with one M- or L-cone in a one-to-one 
relationship (Jusuf et  al., 2006; Wässle et  al., 1994). Since 
each midget bipolar cell receives input from just one cone, it 
will have a much smaller receptive field, and form a noncon-
vergent pathway (Fig. 4.27). This feature, combined with the 
antagonistic center-surround properties of the receptive 
fields that is thought to be established at the bipolar cell level 
(Dacey et al., 2000), contributes to the higher visual resolu-
tion that characterizes the cone system. Diffuse cone bipolars 
receive input from as few as a handful of cones in the central 
retina, and as many as 20 cones in the peripheral retina. 

Thus, diffuse cone bipolars function much like rod bipolars, 
converging input from several cones, but their role in retinal 
processing is still largely elusive, although progress has been 
made (Hoon et al., 2014).

Bipolar cells are the first visual neurons exhibiting spatial 
organization of their receptive fields. The cells respond with 
opposite-voltage polarity to light stimuli illuminating either the 
center or the surround of the receptive field. The interactions 
between horizontal cells and photoreceptors that underlie this 
organization of spatial opponency organization are illustrated 
in Fig.  4.28. Specifically, direct input from photoreceptors is 
believed to contribute to the central response of bipolar cells, 
while the horizontal cells form the antagonistic surround com-
ponent through modulation of photoreceptor synaptic output.

Therefore, another way of classifying bipolar cells is on the 
basis of the response generated by light stimulation of their 
central receptive field. “ON-center” cells are activated (depo-
larized) when their center is stimulated by light, whereas 
“OFF-center” cells are inhibited (hyperpolarized) in 
response to light stimulation in the central field.

The peripheral (i.e., toroidal) receptive field of these cells 
is antagonistic to the center. Thus, for example, an ON-center 
bipolar cell will also have OFF-surround properties and will 
activate (depolarize) when light is turned off in the sur-
rounding field. Therefore, when both the central and periph-
eral fields of an ON-center–OFF-surround bipolar cell are 
stimulated by light, the central field will depolarize, and the 
peripheral field will hyperpolarize. The result is decreased 
responsiveness by the cell, because the response of the 
periphery will inhibit the response of the center.

However, if an OFF-field is inhibited (hyperpolarized) by 
light, it follows that it is activated (depolarized) by darkness. 
Therefore, if the same ON-center–OFF-surround bipolar cell 
was presented with a small light stimulus in its central field 
and an adjacent dark stimulus in its peripheral field, the net 
result would be an enhanced response, as both fields respond 
with activation and depolarization to their respective stim-
uli. This enhanced responsiveness to small, adjacent light 
and dark stimuli is the cornerstone of high-resolution vision.

In addition to enabling spatial center-surround antago-
nism, horizontal cell modulation also allows chromatic 
antagonism. For example, based on horizontal cell feedback, 
it is possible to have a red-OFF green-ON bipolar cell. Such 
a cell responds with hyperpolarization to red stimuli and 
with depolarization to green stimuli. This color opponency is 
generated by different types of inputs from different types of 
cones, in this case excitatory input from the red cones and 
inhibitory input from the green cones, forming the first step 
in chromatic visual processing.

Other Inner Nuclear Layer Cells
The INL is populated by three more types of cells, in addi-
tion to some displaced RGCs. Little is known about the inter-
plexiform cells, which are neurons with processes in both the 
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OPL and the IPL. In the OPL, they are presynaptic to bipolar 
cells. In the IPL, they are pre- and postsynaptic to amacrine 
cells, and presynaptic to bipolar cells. Thus, it believed that 
they may modulate the synaptic gain between photorecep-
tors and their second-order neurons (Jiang et al., 2014).

Müller cells are another class of cells found in the INL, 
and they are the main glial cells of the retina (de Melo Reis 

et al., 2008; Kofuji et al., 2000; Vecino et al., 2016). Müller 
cells are ependymoglial cells, meaning they have both a 
structural support and a metabolic role. Their perikarya are 
located in the INL, but they extend long processes toward 
the inner and outer retina, where they join to form both the 
inner and outer limiting membranes. Therefore, the Müller 
cells can be regarded as retinal radial cells, extending 
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Figure 4.26 The primary rod pathway is indirect and more convergent than that of cones. A group of rods connect to a rod bipolar cell 
(RBC), whereas the cones connect to both ON- and OFF-cone bipolars. Furthermore, the rod signal has to pass via the amacrine and cone 
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through the retina’s entire thickness and lending it architec-
tural support. Müller cells also fill in all gaps in the neurore-
tina not occupied by other elements. Thus, their processes 
encircle intraretinal blood vessels and RGC axons in the 
nerve fiber layer. They also sheath dendritic processes, iso-
lating them chemically and electrically, and surround the 
individual photoreceptors, insulating them from each other 
and keeping them properly aligned. Recently, it has also 
been shown that Müller cells have a circadian clock func-
tion (Xu et al., 2016).

Metabolically, Müller cells synthesize and store glyco-
gen, which helps protect the retina from fluctuations in 
systemic glucose levels. These cells also help to maintain 
the anionic balance in the retina by taking up the K+ 
secreted by the photoreceptors. Müller cells remove the 
excess K+ from the retina, thus acting as a “K+ sink” and 
contributing to the generation of the ERG b-wave. Müller 
cells are also active in uptake and metabolism of neuro-
transmitters, including γ-aminobutyric acid (GABA), 
dopamine, and glutamate (Bringmann et  al., 2013). In 
pathophysiologic conditions, they can become activated by 
inflammatory mediators, and contribute to the immune 
response of the retina following injury (Bringmann et al., 
2009). In mammals, their ability to reacquire a retinal pro-
genitor state and regenerate neurons after retinal damage 
is very limited (Hamon et al., 2016).

Light Light

Peripheral retina Central retina (fovea)

Cones

Bipolar cells
Long axon

Reduced light scatter

Ganglion cells

Figure 4.27 Cone pathways in the central (foveal) and in the peripheral primate retina. In the fovea, each cone photoreceptor has a 
private line to one retinal ganglion cell. In the peripheral retina, there is progressive convergence of several cones onto a bipolar cell. 
Furthermore, the long axons of the foveal cones allow light to reach the outer segment without having to pass through the neurons of 
the inner retina. Both of these specializations increase the resolution of details. (Reproduced with permission from Masland, R.H. (2017) 
Vision: Two speeds in the retina. Current Biology, 27(8), R303–R305. doi.org/10.1016/j.cub.2017.02.056.)
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Figure 4.28 Center-surround antagonism of bipolar (and 
consequently ganglion) cells is due to modulation by horizontal 
cells. A central stimulus is relayed directly from cones (in black), 
through a yellow or orange bipolar cell onto a gray ganglion 
cell. A peripheral stimulus is relayed through an inhibitory 
horizontal cell (in purple). The resulting receptive fields are 
depicted at the bottom, with stimulated centers (yellow or 
orange) and inhibited surround (bluish-violet). (Reproduced 
from Cone Pathways through the Retina, WebVision, Moran Eye 
Center (http://webvision.med.utah.edu) with permission of  
Dr. Helga Kolb. Used under CC BY.)
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Amacrine cells, which are the last type of INL cells, occupy 
the innermost tier of this layer, though displaced amacrine 
cells are also found in the ganglion cell layer (Klump et al., 
2009; Lee et al., 2016b; Masland, 2012; Weltzien et al., 2015). 
Morphologically, more than 30 types of amacrine cells have 
been identified in the mammalian retina. They are charac-
terized by the fact that they do not possess any recognizable 
axons, and they are classified by the size (i.e., narrow, small, 
medium, and wide) and shape of their dendritic tree (e.g., 
linear, beads, starburst), or by the neurotransmitter they 
release (e.g., acetylcholine, serotonin, dopamine). However, 
as the IPL is traditionally divided into five strata, the most 
widely used classification of amacrine cells is based on the 
IPL strata in which their dendritic tree is found.

Amacrine cells are known to be inhibitory neurons con-
taining the common inhibitory neurotransmitters GABA or 
glycine, but they also excite bipolar and ganglion cells 
through gap junctions and possibly glutamate release 
(Marshak, 2016; Nath & Schwartz, 2017; Roy et  al., 2017). 
The cells form very complex networks of connections with 
bipolar axon terminals, with RGC dendrites, and with other 
types of amacrine cells (Fig.  4.29). Each type of amacrine 
cell seems to be functionally charged with specific tasks in 
the retina. The amacrine cells create contextual effects for 
the responses of RGCs, including the center-surround antag-
onism enhancing motion detection relative to a background, 
but also mediate gain control (Grimes et al., 2010) and alter 
the kinetics of the bipolar cell output (Sagdullaev et  al., 
2011). Some of them also exchange information between the 
layers of the IPL, thus sending signals between the ON- and 
OFF-strata. Hence, amacrine cells such as the AII cell con-
tribute to both lateral and vertical communications in the 
retina (Fig. 4.30).

Amacrine cells are the target cells of centrifugal fibers 
from higher cortical centers, which further modulate the 
retinal responsiveness in birds and nonmammalian species. 
It is still unknown whether amacrine cells also are targeted 
in mammals.

Ganglion Cells
All information processed by the retina eventually con-
verges on the RGCs, the innermost cell layer in the retina, 
and its final-order output neuron. Though much signal 
processing has already occurred in the vertical (photore-
ceptor to bipolar to RGC) and in the lateral (photoreceptor 
to horizontal cell to bipolar to amacrine to RGC) pathways, 
the RGCs are the most complex information processing 
cells in the retina (Schiller, 2010). To date, more than 30 
functionally-distinct classes of RGCs have been described 
in the mouse (Baden et al., 2016). This means that even in 
the mouse, the data obtained and processed in the retina is 
sent to the brain in a rather large number of parallel output 
channels providing information about different features of 
the visual scene.

Traditionally, ganglion cells have been classified in three 
ways:

1) Morphology. Morphologic classification schemes have 
been used extensively. RGCs have been subdivided into 
classes such as the α-, β-, and γ-cells in cats (Boycott & 
Wässle, 1974). Later these classes have been further sub-
divided according to more detailed analysis of the cell’s 
microcircuitry (Kolb et  al., 1981; Masri et  al., 2019; 
Rockhill et al., 2002). Midget ganglion cells in primates 
(corresponding to β-cells in the cat) are located in the 
central retina, and the small size of these cells permits 
denser packing, thus allowing each to receive input from 
fewer cones and bipolars. In species with high-resolution 
vision, the functional ratio of cones and bipolar cells to 
β-ganglion cells approaches 1 : 1 : 1 in the foveal region. 
Larger (α) ganglion cells are found in the more peripheral 
retina, and their large size permits convergence of input 
from many amacrine cells. Axonal diameter is propor-
tional to the somata size; therefore, central β-cells possess 
smaller-diameter axons than peripheral α-cells. More 
recently, specific markers for individual RGC classes and 
molecular genetic techniques have been employed to 
characterize and subdivide the RGCs (Badea & Nathans, 
2011; Kim et al., 2010; Siegert et al., 2009; Sweeney et al., 
2019).

2) Physiologic responses. Physiologic classifications accord-
ing to the responses generated by the RGC, which of 
course depend on the input the cell receives, have also 
been elaborated (Enroth-Cugell & Robson, 1984; Zeck & 
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output synapse

gap junction

Figure 4.29 Amacrine cells (AC) form complex networks with 
other retinal neurons. Each colored dot represents a contact 
between this AII cell (labeled no. 2610) and other cells. Synapses 
with its rod bipolar are shown in magenta. Yellow gap junctions 
form electrical contacts with adjacent cells, such as cone bipolar 
cells (BC). A single ribbon synapse with a cone OFF-bipolar cell is 
marked with a white circle. Inputs from other amacrine cells are 
shown in red and the cyan inputs come from a tyrosine 
hydroxylase (TH-1) immunopositive interneuron. Glycinergic 
synaptic outputs from this AII cell are labeled blue. Scale bar: 
10 μm. (Reproduced with permission from Marc, R.E., Anderson, J.R., 
Jones, B.W., et al. (2014) The AII amacrine cell connectome: 
A dense network hub. Frontiers in Neural Circuits, 8, 104. doi: 
10.3389/fncir.2014.00104. Used under CC BY.)
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Masland, 2007). Most RGCs receive input directly from 
bipolar cells. Therefore, the receptive fields of these cells 
function in a manner similar to those of their associated 
bipolar cells (i.e., ON-center–OFF-surround, or vice 
versa). These cells are called X-cells and correspond to 
the cat β-cells. Other RGCs (i.e., Y-type) receive input 
mainly from amacrine cells. RGCs are also subdivided 
according to their ability to detect motion in a certain 
direction or respond better to elongated stimuli that have 
a certain orientation. Motion-responsive RGCs that are 
directionally selective respond to stimuli moving in a pre-
ferred direction and may be completely inhibited by 
movement in other directions (Fig. 4.31; Borst & Euler, 
2011; Fried et al., 2002). Some cells respond better to bar-
shaped stimuli that have a certain angular orientation 
(pointing in a particular direction like a hand on a clock) 
and are consequently called orientation selective 
(Antinucci et al., 2016; Levick, 1967). RGCs are also clas-
sified on the basis of the cell to which they output. 
M-ganglion cells synapse in the magnocellular layers of 

the lateral geniculate nucleus (LGN), and P-ganglion 
cells terminate in the parvocellular layers. The function 
of the heterogenous group of K-cells synapsing in the 
koniocellular layer is less well understood, but the 
K-ganglion cells are reported to convey blue color signals 
and respond to rapid movements (Percival et al., 2014).

3) Information processing. The luminance (magnocellular) 
pathway both processes and relays information regarding 
changes in light levels and motion. The resolution (par-
vocellular) pathway processes information pertaining to 
fine details and the color of the stimulus.

Obviously, these classifications are not exclusive; rather, 
they constitute different descriptions of the same cells. The 
β-, X-, or parvo-cells are numerous, small cells that receive 
input from cone systems and bipolar cells. They can further 
be subdivided into additional types, but all have a small 
diameter in common, and therefore the slower-conducting 
axons of these cells transmit information on stimulus wave-
length (color) and fine detail. The different types of RGCs 
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Figure 4.30 The intricate amacrine AII network contributes to both horizontal and vertical communication in the retina. The AII cell is 
subdivided into five parts, with the nucleus in the inner nuclear layer (INL) and the lower four representing the dendritic tree in different 
strata of the inner plexiform layer (IPL). The neck and lobule in the OFF-layer of the IPL do not overlap with neighboring AII cells, 
whereas the waist and arboreal network in the ON-layers do. The inputs to this AII cell include four types of excitatory glutamate inputs: 
gap junctions (electrical coupling) between cells, dopaminergic and peptide modulation, inputs from three types of wide-field GABAergic 
cells, and glycinergic inputs from narrow-field cells. The AII cell outputs to OFF-bipolar cells and OFF-inhibitory neurons and two types of 
OFF retinal ganglion cells (RGCs). Different types of pure cone bipolar cells (CBs) are lumped into single ON- and OFF-channels, as well as 
multiple types of ON- and OFF-amacrine cells lumped into single representative classes in the drawing. The dashed lines show cone -> 
rod suppressive crossover pathways. TH1AxC shows a glutamate/dopaminergic wide-field axonal cell. GCL, ganglion cell layer; OPL, outer 
plexiform layer; PRL, photoreceptor layer; SWS cone, short wavelength-sensitive (blue) cone. (Reproduced with permission from Marc, R.E., 
Anderson, J.R., Jones, B.W., et al. (2014) The AII amacrine cell connectome: A dense network hub. Frontiers in Neural Circuits, 8, 104. doi: 
10.3389/fncir.2014.00104. Used under CC BY.)
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lumped together as α-, Y-, or magno-cells are fewer in num-
ber and larger in size; these cells receive input from rod sys-
tems and amacrine cells. Their larger-diameter and 
faster-conducting axons relay information on subtle changes 
in illumination levels (i.e., contrast) and stimulus motion 
(i.e., temporal resolution). These cells are characterized by 
transient (phasic) responses, as compared to the more sus-
tained (tonic) responses of the β-cells.

About 3%–5% and 45%–50% of the feline RGCs can be clas-
sified as α- and β-cells, respectively. They are arranged in 
regular, superimposed mosaics across the entire retina. Both 
OFF-center and ON-center classes of α- and β-cells are 

arranged in a paired manner, so that an ON/OFF pair 
receives inputs from almost the same retinal region. 
Naturally, both cell types have their smallest dendritic tree 
sizes at the area centralis. The dendritic tree size increases 
(and RGC density decreases) with retinal eccentricity, and 
consequently peripheral RGCs extend over 10× larger areas 
than those in the area centralis. Most of the axons of both 
types of cells terminate in the LGN, with only a few collat-
eral fibers synapsing in the superior colliculus.

The remaining balance of the feline RGCs is classified 
morphologically as γ- (gamma) or δ- (delta). The γ-cells, also 
classified as W-cells, have small somata and axons, but their 
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Figure 4.31 A. A mammalian ON–OFF direction-selective ganglion cell (DSGC) fed by ON- and OFF-bipolar cells (BP) that relay signals 
from photoreceptors (PR). The DSGC has a bistratified dendritic arbor in sublaminae (S) 2 and 4 of the inner plexiform layer (IPL). Two 
mirror symmetric populations of starburst amacrine cells (SAC) with their nuclei in the inner nuclear layer (INL) and ganglion cell layer 
(GCL, where they are often termed “displaced amacrine cells”) modulate the signals to the DSGC. B. Reconstruction of contacts between a 
DSGC (red) and an SAC (green). Dots show dendritic contacts with putative GABAergic contacts (cofasciculation segments) on the null side 
in white and the rest in purple (scale bar 25 μm). C. Responses from recordings of an ON–OFF DSGC to a flashing spot of light. Both the 
onset of the light stimulus and the cessation of the stimulus trigger short bursts of spikes in this phasic cell. D. Recordings from the same 
ON–OFF DSGC in response to a bar moving in 12 different directions. Movement in the preferred directions elicits brisk bursts of spikes, 
whereas the cell is silent or responds very weakly when the bar is moved in nonpreferred directions. (Reproduced with permission from 
Wei, W. & Feller, M.B. (2011) Organization and development of direction-selective circuits in the retina. Trends in Neuroscience, 34, 
638–645. doi: 10.1016/j.tins.2011.08.002.)
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response to light can be either sustained or transient. They 
serve in cone systems and contribute to high-resolution pho-
topic vision. There are more than 20 types of δ-cells, classi-
fied as G4−G23 based on their size. Half of these cells project 
to the superior colliculus rather than to the LGN.

RGCs usually have an intrinsic, basal firing rate in dark-
ness. Changes in the number of spikes in response to light or 
darkness are similar to those of the associated ON- or OFF-
bipolar cells, and amacrine cells, with which they synapse in 
the IPL. Thus, an ON-center–OFF-surround RGC will 
respond to a light stimulus in the center of its receptive field 
with depolarization and a vigorous train of impulses due to 
input from its associated ON-bipolar cells (see Fig. 4.32A–C). 
On the other hand, a stimulus in the surround will actively 
inhibit the same RGC by hyperpolarizing its membrane 
based on input from its associated OFF-bipolar and amacrine 

cells (see Fig. 4.32). Conversely, OFF-center cells, which are 
excited at light offset in their center, have regions in the 
peripheral receptive field where ON excitation is evoked by 
light onset. As in the case of the bipolar cells, the result is a 
high degree of contrast perception between central and 
peripheral stimuli.

This antagonistic center–surround receptive field organi-
zation of RGCs is also used to code additional information 
about the stimulus. For example, amacrine cell modulation 
allows direction-selective RGCs to respond to stimuli mov-
ing in a preferred direction (see Fig. 4.31). Color opponent 
RGCs will change their firing rate in response to different 
colors. For example, in a red-OFF–green-ON center RGC, 
green light will excite the cell and evoke impulses, while red 
light will inhibit discharges (Fig.  4.33). The same cell will 
also have reciprocal red-ON–green-OFF surround proper-
ties. At the same time, additional RGCs code other features 
about the stimulus, including its size, contrast, orientation, 
and speed of movement.
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Figure 4.32 The upper half shows responses of an ON-center 
OFF-surround retinal ganglion cell (RGC). In (A), only the ON-center 
is stimulated by light (yellow) and a tonic train of spikes is seen 
throughout the stimulus. When the center is in the dark (gray) and 
only the surround is stimulated by an annulus of light, the cell is 
inhibited and starts firing first at the cessation of the annular 
stimulus (B). When both the center and surround are stimulated by 
light simultaneously (C), the RGC is spiking much less frequently 
because the excitatory signals from the center are counteracted by 
the inhibitory ones from the surround. Panels (D) through (F) show 
responses from an OFF-center ON-surround RGC.

cone types

color-opponent
concentric rf

color-opponent
concentric rf

HII
mb HI HIII

mgc
mgc

Figure 4.33 Schematic drawing of color opponent circuits in 
the primate fovea. A long wavelength-sensitive cone (in red; L) 
contacts an ON-midget bipolar cell (red mb), which connects to a 
L-cone midget RGC (red mgc). The same L-cone also connects to 
an OFF-midget bipolar cell and RGC (both in orange). Thus, an 
L-cone ON- (red center and green surround) and an L-cone 
OFF-center receptive field ganglion cell (orange center and 
green surround) are generated. Further to the right, a middle 
wavelength-sensitive cone (in green; M) is connected in a 
similar manner creating green ON- and OFF-receptive fields, 
respectively. Horizontal cells (HI through HIII) can contribute the 
surrounds to the L-cone center bipolar cells. (Reproduced from 
Midget Pathways of the Primate Retina Underlie Resolution and Red 
Green Color Opponency, WebVision, Moran Eye Center (http://
webvision.med.utah.edu) with permission of Dr. Helga Kolb. Used 
under CC BY.)
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Intrinsically Photosensitive/Melanopsin-Expressing Retinal Ganglion 
Cells
In 1998, a high level of expression of another vitamin 
A-based opsin, melanopsin, was identified in non-photore-
ceptor cells in the frog retina (Provencio et al., 1998). Later, it 
was found that the melanopsin was expressed in a subset of 
RGCs with small somata, but large, sparsely branching den-
dritic fields (Nasir-Ahmad et  al., 2019). These intrinsically 
photosensitive RGCs (ipRGCs) were mainly projecting to the 
hypothalamic suprachiasmatic nucleus (SCN), but also tar-
geting the geniculate and the olivary pretectal nuclei (Hattar 
et  al., 2002). Axons reaching other centers in the brain, 
including the superior colliculus, have been described more 
recently. The ipRGCs constitute up to 3% of the total RGC 

count. To date, six classes of ipRGCs have been identified in 
the mouse, whereas primates are considered to have three 
classes (Fig. 4.34; Hughes et al., 2016; Quattrochi et al., 2019; 
Sexton et al., 2012). Different types of ipRGCs appear to have 
both different response characteristics and, at least in part, 
project to different areas in the brain.

Melanopsin uses the same chromophore as cones and 
rods, 11-cis-retinal, and has a peak absorbance in the blue 
part of the spectrum at about 480 nm. Phylogenetic analysis 
indicates that mammalian melanopsin is more closely 
related to the invertebrate opsins than the classical verte-
brate visual opsins (Provencio et al., 1998). The phototrans-
duction cascade driven by photoactivation of melanopsin is 
also different from that of cones and rods (Hughes et  al., 
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Figure 4.34 So far six distinct subtypes of intrinsically photosensitive retinal ganglion cells (ipRGCs) have been identified in the mouse 
(M1–M6). This figure briefly outlines the input to and targets of the first five ipRGCs. Their nuclei make up a small fraction of those seen 
in the ganglion cell layer of the retina (and occasionally displaced into the inner nuclear layer) and subtypes have different dendritic 
patterns and primary nonimage or image-forming targets in the brain. They also differ in size, with the M1 being small and the M4 having 
large soma. Dots indicate synapses with other retinal cells. BC, bipolar cell; DAC, dopaminergic amacrine cell; dLGN, dorso-lateral 
geniculate nucleus; OPN, olivary pretectal nucleus (for pupillary light reflexes); SC, superior colliculus; SCN, suprachiasmatic nucleus 
(for circadian photoentrainment). It has been suggested that M1 cells can be further subdivided according to their expression of the 
transcription factor Brn3b. (Reproduced with permission from Schmidt, T.M., Chen, S.K., & Hattar, S. (2011) Intrinsically photosensitive 
retinal ganglion cells: Many subtypes, diverse functions. Trends in Neuroscience, 34, 572–580. doi: 10.1016/j.tins.2011.07.001.)
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2012). It seems to start with activation of special G-proteins 
that in turn activate the enzyme phospholipase C (PLC), 
which leads to an influx of Ca2+ through transient receptor 
potential (TRP) channels in the cell membrane of the 
ipRGCs and generation of action potentials. However, the 
melanopsin density in ipRGCs is about 104 less than that of 
cone and rod opsins (Do et  al., 2009). This implies a low 
probability of photon catch, which is why the phototrans-
duction in ipRGCs mainly plays a role in relatively bright 
light. However, ipRGCs are not only depolarized by the acti-
vation of melanopsin by light, but also by input from circuits 
driven by cones and rods (Fig. 4.35; Weng et al., 2013). This 
expands the dynamic range and spectral sensitivity of 
responses driven by or through ipRGCs.

IpRGCs may play a role in image-forming vision, but most 
of their important functions are non-image-forming (Feigl & 
Zele, 2014). Their input to the SCN is essential for the body’s 
circadian clock, whereas ipRGC axons to the intergeniculate 
leaflets contribute to the entrainment of the circadian 
rhythm. Projections to the ventrolateral preoptic nucleus 
are likely to play a role in the control of sleep, and ipRGCs’ 
signals to the pretectal olivary nucleus contribute to the 

pupillary light reflexes (PLRs) and the sustained constriction 
after offset of bright, short-wavelength lights. This is why 
Keeler could detect PLRs in blind mice (Keeler, 1927). 
Furthermore, ipRGCs have been reported to be less vulnerable 
than other RGCs in some diseases (such as Leber’s hereditary 
optic neuropathy), but are susceptible to other neurodegenera-
tive diseases, such as glaucoma (Georg et al., 2017).

Retinal Synapses and Neurotransmitters

Obviously, with so many different types and classes of retinal 
cells, there are numerous potential pathways for transferring 
a signal from the photoreceptors to the RGC axons. 
Furthermore, new cell types, projections, and synapses are 
constantly being discovered.

The rod spherules and cone pedicles contain synaptic 
invaginations, in which one bipolar and two horizontal cells 
synapse and together form the synaptic triad (see Fig. 4.22). 
Photoreceptors usually have more than one synaptic invagi-
nation. A typical rod synapses with two triads, and a cone 
may have multiple contacts with three or more bipolar cells. 
The cone pedicle with its 20–50 presynaptic ribbons and up 
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Figure 4.35 The M5 intrinsically photosensitive retinal ganglion cell (ipRGC; yellow) contains light-sensitive melanopsin, but can also 
be driven by the ultraviolet (UV-; violet) and M-cone (green) opsin in murine cones. In the mouse, most cones coexpress both opsins, but 
some only one opsin. Cone signals are relayed to the M5 cell through different subtypes of cone bipolar cells (numbered 6 through 9). In 
the center, the M5 cell receives input through all bipolar cell subtypes, including type 9, which contact pure UV-cones. A wide-field 
GABAergic amacrine cell (red) selectively samples type 6–8 bipolar cells and can thus create surround with cones relatively better driven 
by green light than the more UV-sensitive center. Hence, the M5 cell can send both chromatic opponent signals to the latero-dorsal 
geniculate nucleus of the mouse and signals driven by activation of the melanopsin in the ganglion cell itself. (Reproduced with 
permission from Stabio, M.E., Sabbah, S., Quattrochi, L.E., et al. (2018) The M5 cell: A color-opponent intrinsically photosensitive retinal 
ganglion cell. Neuron, 97, 150–163.e4. doi: 10.1016/j.neuron.2017.11.030.)
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to 500 contacts to postsynaptic cells is considered to be the 
most complex synapse in the central nervous system (CNS; 
Haverkamp et  al., 2000). In addition, photoreceptors send 
out processes to neighboring spherules and pedicles, thus 
providing for direct electrical junctions between photorecep-
tors. Because of these couplings, current can spread between 
adjacent photoreceptors. Therefore, the stimulation of a sin-
gle rod can activate other photoreceptors, resulting (once 
again) in the large receptive field that converges on the bipo-
lar cell. These junctions also allow rod signals to be transmit-
ted through cone pathways when the light is so dim that the 
cones are unable to respond (see Fig. 4.26).

Traditionally, the retina has been considered to have two 
pathways conveying signals from the photoreceptors: the 
cone pathway and the rod pathway (see Fig. 4.26). The cone 
pathway typically is short, involving only two types of syn-
apses: cone to bipolar cell to RGC, lateral processing pro-
vided by horizontal and amacrine cells in the OPL. Even 
though it is shorter than the rod pathway, the cone pathway 
is also complex, as it provides two parallel channels of pro-
cessing, ON- and OFF-center (Wässle, 2004). This dichotomy 
is made possible by the fact that bipolar cells can respond to 
light and subsequent cone hyperpolarization with either 
depolarization (ON-center bipolar cell) or hyperpolarization 
(OFF-center bipolar cell; see Fig. 4.30). However, it is clear 
that the cone and rod pathways are more complex than out-
lined above and not as distinctly separated as previously 
believed (Pang et al., 2010; Strettoi et al., 2010). Hence, some 
rods contact cone bipolars and cones synapse with rod bipo-
lars, but for enhancing the basic understanding of the retinal 
circuitry, the presentation has been restricted to the more 
traditional pathways of cone and rod signals.

OFF-center bipolar cells have excitatory, ionotropic 
(AMPA kainate) glutamate receptors (Puller et  al., 2013). 
Therefore, these cells are excited (depolarized) in the dark 
when cone glutamate release is high. Light stimulation 
decreases the amount of excitatory glutamate released from 
the cone and consequently the OFF-center bipolar is inhib-
ited and hyperpolarizes. This is called a sign-conserving syn-
apse, as both the photoreceptor and the bipolar cell respond 
with hyperpolarization to light.

ON-type bipolar cells have inhibitory, metabotropic gluta-
mate receptors (Gerber, 2003). As a result, the cells are inhib-
ited (hyperpolarized) in the dark due to glutamate release by 
cones. Light stimulation and the consequent decrease in glu-
tamate release remove the inhibition, allowing the cell to be 
excited and depolarize. The result is a sign-reversing synapse, 
because the response of the bipolar cell is opposite to that of 
the photoreceptor. Hence, the separation of signals for dark 
and light in the cone pathway is initiated by different gluta-
mate receptors present in the first synapse in the retina.

The ON- and OFF-center dichotomy of cone bipolar 
cells  is further enhanced by horizontal cell modulation in 
the OPL. In other words, the negative feedback signals of 

horizontal cells to the synaptic terminals of a cone provide 
lateral inhibition from surrounding cones (which are also 
stimulated), creating an antagonistic surround to the 
response in the center. This is considered to enhance the 
detection of edges in visual stimuli. This concentric organi-
zation is maintained in the inner retina, as ON- and OFF-
center bipolar cells synapse exclusively with ON- and 
OFF-center RGCs, respectively. The antagonistic effect of 
the surrounding receptive field (OFF- and ON-surround, 
respectively) is once again enhanced by amacrine cell modu-
lation and lateral inhibition in the INL (see Fig. 4.30). This 
arrangement improves contrast and, in combination with 
the dense packing of cones in the central retina, the low 
cone–bipolar–ganglion cell ratio, and the small size of the 
cone receptive fields, contributes to high spatial resolution 
and detection of fine details.

The traditional rod pathway differs from the cone pathway 
in several important features (Tsukamoto et al., 2001). First, 
there is only one type of rod bipolar cell. It has metabotropic, 
inhibitory glutamate receptors, similar to those of the 
ON-bipolar cells. Therefore, light stimulation and the conse-
quent decrease in the amount of glutamate released by rods 
will remove the neurotransmitter’s inhibitory effect on these 
receptors, leading to depolarization of rod bipolars, as it does 
in ON-bipolar cells.

Another significant difference between the two pathways 
is that rod ON-bipolar cells synapse with RGCs indirectly, 
through amacrine cells (see Fig.  4.26). This allows further 
convergence and processing of rod output, and its chan-
neling to both ON- and OFF-center RGCs. Summation and 
convergence of the rod pathway are much greater than those 
of the cone pathway. It has been demonstrated that in the 
ON-pathway of the cat, about 1,500 rods synapse with 100 
rod bipolars and 5 AII amacrine cells that converge on one 
small, β-ganglion cell. In the OFF-pathway, 75,000 rods syn-
apse with 5,000 rod bipolars and 250 AII amacrine cells that 
converge on a single, large α RGC. This contrasts with the 
feline cone pathway, where each small, β-ganglion cell in the 
area centralis receives inputs from 3–4 cone bipolars, each of 
which, in turn, receives input from 4–8 cones (Kolb, 1979; 
Wässle et al., 1981). These figures further demonstrate the 
low visual acuity of the rod pathway compared to that of the 
cone pathway. When a rod RGC fires, there is no way of 
knowing which of the thousands of rods in its receptive field 
was hyperpolarized by light. Therefore, its activation pro-
vides little information about the location of the stimulus. 
This contrasts with the cone pathway in the central retina, 
where the RGC has a much smaller receptive field, and 
therefore its firing provides more accurate stimulus localiza-
tion. Still, it is important to note that the feline cone pathway 
has some convergence, as opposed to the non-convergent 
nature of the primate, foveal cone pathway (Kolb & Marshak, 
2003). This is one reason why feline visual acuity is lower 
than that of primates.
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Several neurotransmitters are involved in lateral and verti-
cal communication in the neuroretina. Glutamate is an 
excitatory, mainly “vertical” neurotransmitter relaying infor-
mation from the photoreceptors, via the bipolars, to the 
RGCs (Wan & Heidelberger, 2011), but a subset of amacrine 
cells also uses glutamate to excite RGCs and contrast-sensi-
tive circuits (Lee et  al., 2016a). Acetylcholine is another 
excitatory transmitter released by cholinergic amacrine cells; 
it binds to muscarinic and nicotinic receptors in different 
types of amacrine cells in the mature retina (Gleason, 2012). 
Starburst amacrine cells are known to use acetylcholine to 
depolarize RGCs, although the function of these cholinergic 
circuits is still unclear (Taylor & Smith, 2012). Prior to the 
maturation of the photoreceptors, the primary source of pre-
vision neural activity is cholinergic retinal waves (Ackman 
et al., 2012).

The main inhibitory neurotransmitter in the retina is 
GABA (Hoon et  al., 2014; Wu, 2010). As such, it is used 
mainly for lateral processing of the signal by both horizontal 
and amacrine cells, which have an inhibitory function in the 
OPL and IPL, respectively. Together with glycine, GABA acts 
to inhibit RGCs by opening their Cl− channels (Lynch, 2009)

Dopamine and serotonin are two more neurotransmitters 
found in amacrine cells. They probably play an important 
role in retinal signal processing but may also have other 
functions (Brandies & Yehuda, 2008; Trakhtenberg et  al., 
2017). Dopamine is only released from one class of amacrine 
cells that is driven by both cones and rods, as well as ipRGCs 
(Qiao et al., 2016). Dopamine can bind to D1 and D2 recep-
tors, thus enabling further signal refinements. Many aspects 
of the role of the dopaminergic cells in the retina are still 
unclear or subject to contradictory reports.

Additional neurotransmitters, including substance P, 
adenosine, nitric oxide, somatostatin, neuropeptide Y, vaso-
active intestinal peptide, corticotropin-releasing factor, and 
cholecystokinin, have also been described in various types of 
amacrine cells.

From Retina to Visual Cortex

Optic Nerve
RGC axons constitute the optic nerve fibers. These axons 
converge at the optic disc, where they are joined in bundles 
to form the nerve. As the nerve contains RGC axons but no 
other neuronal cell body, it can be considered a pure white 
matter tract. But the nerve does contain several important 
glial cell populations (Butt et al., 2004). These include oligo-
dendrocytes, which contribute to its myelin sheath and for-
mation of nodes of Ranvier, and astrocytes, which have 
several functions, including K+ homeostasis and transporta-
tion and storage of metabolites (mainly glycogen) used by 
the axons. Microglia are CNS-specific macrophages that are 
smaller than the other glial cells and scan the tissues for 
signs of damage or distress (MacNair & Nickells, 2015). 

Once activated in inflamed or degenerating tissue, they can 
perform several tasks including phagocytosis of cellular 
debris, antigen presentation, and cytokine production.

RGCs (and some subtypes of amacrine cells) are the only 
retinal neurons that generate action potentials. Unlike the 
graded hyperpolarizing or depolarizing responses of other 
retinal neurons, action potentials are all-or-nothing spikes of 
electrical activity. This means that all of the neuronal pro-
cessing of the visual signal that has taken place in the retina 
so far, including information about stimulus size, contrast, 
color, movement, and location, is coded as alterations in the 
firing pattern (e.g., short bursts or sustained episodes of fir-
ing) and firing rates of the RGCs (Meister et al., 1995).

In their resting state, optic nerve axons are hyperpolar-
ized, maintaining a negative resting potential due to outflow 
of K+ cations, balanced by inflow of Na+ cations. Opening of 
voltage-sensitive sodium channels increases the inflow of 
Na+ into the axon and causes rapid depolarization. The 
increased potential within the axon will cause adjacent 
sodium channels to open, propagating the action potential 
further downstream. Myelination of the optic nerve, pro-
vided by oligodendrocytes, allows for decreased capacitance 
and increased resistance of the nerve, as well as clustering of 
sodium channels in the nodes of Ranvier, providing for effi-
cient and rapid saltatory conduction of the electrical signal 
(Kaplan et al., 2001).

A target anywhere in the visual field will elicit a cohort of 
signals generated by multiple RGCs representing different 
points in that particular part of the visual field. Consequently, 
arrangement of the axons within the optic nerve is not ran-
dom. Instead, the fibers are arranged in a retinotopic man-
ner, meaning that the precise spatial arrangement of the 
retina is maintained within the nerve. Through a carefully 
controlled process during development, fibers from the 
superior retina are made to arrive at the superior half of the 
optic nerve head, and those from the inferior retina form the 
inferior half. Fibers from the peripheral RGCs are peripheral 
within the nerve, and those from RGCs in the area centralis 
are located centrally within the nerve. This precise arrange-
ment is a condition for the subsequent accurate projection of 
the visual field in both the LGN and the visual cortex 
(Herrera et al., 2019; Reese, 2011). However, the fibers do not 
necessarily work as parallel channels sending independent 
information about the visual scene, but may also be part of a 
multineural signaling system sending more complexly coded 
information to the brain (Ala-Laurila et  al., 2011; Meister 
et al., 1995).

Optic Chiasm and Optic Tract
As the optic nerve approaches the optic chiasm, the location 
of fibers within the nerve gradually shifts in preparation for 
decussation at the optic chiasm (Neveu & Jeffery, 2007; 
Reese, 2011; see Fig. 4.36). Generally, fibers from the tempo-
ral retina remain in the ipsilateral hemisphere, and fibers 
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from the nasal retina cross over to the contralateral side. 
The amount of decussation varies between species, perhaps 
representing a broad evolutionary scale. Birds, as well as 
many amphibian and reptilian species, have complete cross-
over of fibers to the contralateral side. A greater proportion 
of fibers remains on the ipsilateral side in mammals that 
have developed binocular vision. In the horse, 15% of the fib-
ers stay on the ipsilateral side, as do 25% in the dog and 33% 
in the cat. In humans, only 50% of the fibers cross over. 
Partial crossover of fibers allows both hemispheres to con-
tinue receiving visual input even when one retina or optic 
nerve has been completely destroyed, thus enabling the ani-
mal to maintain better physiologic function and correlation 
with other sensory input (Fraser et  al., 2011). Because the 
topography of decussating fibers is characterized by spatial 
precision in primates (Jeffery et al., 2008), lesions in differ-
ent areas of the chiasm (or the optic nerve) will cause  specific 
visual deficits.

The optic tract runs from the optic chiasm to the LGN. 
Because of decussation at the chiasm, fibers of the optic tract 
conduct information from the opposite visual field of both 
eyes. In humans, where roughly 50% of the axons decussate 
in the chiasm, the left optic tract relays the right visual hemi-
field of both eyes, and the right optic tract relays both left 
visual hemifields. In animals, where a greater percentage of 
fibers cross over, the left optic tract will relay a greater pro-
portion of the right visual field from the right eye and a 
smaller proportion of the right visual field from the left eye.

It is important to remember that the optic tract carries 
only 80%–90% of the RGC axons to the LGN. The rest of the 
RGC axons, including those of the ipRGCs, exit the optic 
tract before it reaches the LGN and relay visual information 
to several other areas in the thalamus, midbrain, hypothala-
mus, and amygdala/pallidum (Martersteck et  al., 2017; 
Morin & Studholme, 2014). In total, RGCs project to more 
than 50 regions in the brain of a tiny mouse. Best known are 
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Figure 4.36 In animals with more frontally positioned eyes, such as several predatory mammals, the binocular overlap is large and 
consequently a large portion of the axons in the optic nerve project ipsilaterally at the optic chiasm (A). Animals with more laterally 
positioned eyes have a larger visual field, although the area of binocular overlap is smaller, resulting in fewer axons projecting 
ipsilaterally at the chiasm (B). N, nasal; T, temporal. (Reproduced with permission from Jeffery, G. & Erskine, L. (2005) Variations in the 
architecture and development of the vertebrate optic chiasm. Progress in Retinal and Eye Research, 24, 721–753. doi: 10.1016/j.
preteyeres.2005.04.005.)
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the fibers that relay information to the pretectal olivary 
nucleus, and through it to the parasympathetic oculomotor 
nucleus, providing afferent input to the PLR. Other optic 
tract fibers synapse in the superior colliculus, which controls 
saccadic eye movement and also receives information from 
other sensory organs (i.e., ears and spinal cord) and is there-
fore involved in the correlation of sensory information. In 
addition, information from the retina reaches additional 
nuclei involved in controlling optokinetic reflexes, circadian 
rhythms, and endocrine activity of the hypothalamus.

Lateral Geniculate Nucleus
For most RGC axons, the first synapse occurs in the LGN, 
which is one of about ten targets of RGCs in the thalamus 
(Monavarfeshani et  al., 2017). The axons maintain their 
retinotopic arrangement through the optic nerves,  chiasm, 
and tracts and as they enter the LGN. Here, the RGC 
axons synapse with dendrites of LGN interneurons (which 
provide for signal processing) and projecting cells in 
 synaptic glomeruli.

In the LGN, RGC axons segregate by eye and functional 
group, usually forming layers where they terminate in dis-
crete clusters, generating a retinotopic map of the contralat-
eral visual hemifield (with receptive fields similar in size and 
response properties to the retinal receptive fields). 
Furthermore, the somata of the projecting cells, classically 
subdivided into magnocellular (M), parvocellular (P), and 

koniocellular (K) cells, are also segregated into the same 
 distinct LGN layers as the RGC axons (Fig.  4.37). 
Traditionally, it has been considered that P-cells process 
form information (visual acuity and contrast), while M-cells 
process motion and K-cells process colors. Although these 
descriptions are oversimplifications, corticogeniculate neu-
rons can be segregated according to their konio-, magno-, 
and parvocellular properties (Briggs & Usrey, 2009).

Thus, in primates where the decussation is about 50%, 
three of the six LGN layers receive input from the ipsilateral 
visual hemifield, and three alternating layers receive their 
input from the corresponding contralateral hemifield. 
Furthermore, the six resulting monocular maps are in regis-
ter, which means that an electrode vertically penetrating 
through the six layers would record information about the 
same point in the visual field in each of the layers.

The maps of the LGN also reflect the physiologic process-
ing of the signal that has occurred in the retina. Thus, cells 
in the magno-layer receive input from Y- or α-type RGCs, 
while cells in the parvo-layers receive input from X- or β-type 
RGCs. Therefore, the six cells through which the abovemen-
tioned line of projection passes receive both X- and Y-type 
data about an identical receptive field in both eyes. 
Furthermore, the LGN cells also maintain the center- 
surround antagonism of the RGC receptive fields. This pro-
vides the basis for the additional merging of visual 
information that occurs in the cortex.
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Figure 4.37 In the lateral geniculate nucleus (LGN), the parvo- and magnocellular layers are separated by thinner koniocellular layers. 
Each LGN receives input from the part of the retina looking at the contralateral visual field in both eyes. In contrast to humans and 
rhesus monkeys (A), the marmoset (B) has fewer parvocellular layers and a large proportion of binocular cells in the koniocellular layers. 
(Reproduced with permission from Wallace, D.J., Fitzpatrick, D., & Kerr, J.N. (2016) Primate thalamus: More than meets an eye. Current 
Biology, 26, R60–R61. doi: 10.1016/j.cub.2015.11.025.)
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In recent years, it has been shown that rather than being a 
simple relay station conveying signals from the RGCs to the 
visual cortex, the LGN is actually a complex and multifunc-
tional center. In fact, signals from the RGCs account only for 
5%–10% of the input to projecting cells, and the LGN receives 
large amounts of feedback from the visual cortex and other 
areas. Weyand (2016) lists a multitude of putative functions 
of the LGN, including parsing retinal inputs for selective 
access for non-retinal inputs; amplifying and integrating 
retinal inputs; controlling contrast (luminance) gain; con-
trolling retinogeniculate gain by state, level of arousal, and 
attention; implementing pattern-recognition algorithms; 
synchronizing saccades and retinogeniculate signaling; 
enhancing temporal diversity, thus potentially improving 
coding of natural scenes; and generating signals that are 
used by directionally selective cortical neurons.

Axons of projecting cells exit the LGN and form the optic 
radiations. These axons relay the visual signal from the LGN 
to the primary visual cortex, as well as to other visual cent-
ers, where they synapse.

The Primary Visual Cortex

Location
Brodmann (1909) demonstrated that the primary visual cor-
tex (i.e., area 17) receiving the input from the LGN is located 
in the posterior part of the occipital lobe in a number of spe-
cies. This area is now usually called V1 (visual area 1) or the 
striate cortex, after the striae of Gennari. In contrast, all other 
visual areas in the cortex lacking the stria (which is a myeli-
nated stripe where the LGN axons enter the gray matter of 
the V1) are termed extrastriate.

V1 has been mapped in several species. In the cat, it occu-
pies the posteromedial portion of the cortex, extending from 
the crown of the lateral gyrus on the dorsal surface to the 
superior bank of the splenial sulcus on the medial surface 
(Tusa et al., 1978). In the dog, it is located at the junction of 
the marginal and endomarginal gyri (Ofri et al., 1994). The 
striate cortex has also been identified in the horse (Ström 
and Ekesten, 2016).

Neuronal Organization
Like the rest of the cerebral cortex, cells of V1 are orderly 
arranged in six layers. The incoming thalamic (LGN) axons 
synapse with cortical neurons, glutamate-containing simple 
cells, in layer 4. More precisely, magno-, parvo-, and koniocel-
lular projections synapse in layers 4Ca, 4Cb, and 4A, respec-
tively, thus maintaining the segregation of visual information 
that characterizes the visual system to this point. More superfi-
cial layers (layers 1–3) contain excitatory neurons that project 
to each other and to extrastriate visual areas; these layers also 
receive feedback from the same extrastriate visual areas 
(Binzegger et al., 2009). Layers 5 and 6 communicate with the 
superficial layers and feed back to the LGN.

The simple cells in layer 4 maintain the functional center-
surround orientation of their afferent RGCs and LGN layers, 
but they are monocular in nature (Lehky et  al., 2005). 
Complex cells in other layers of V1 receive binocular input 
from several simple cells, making them (in some species) the 
first neuron where input from both eyes is fused. Surprisingly, 
the incoming thalamic fibers provide just 5% of the excita-
tory synapses in layer 4 (Douglas & Martin, 2007). This small 
fraction of sensory input from the retina, compared to the 
huge number of synapses made by cortical and subcortical 
neurons in V1, is testimony to the complexity of the process-
ing of the image by local and long-distance circuits in the 
brain (Iacaruso et al., 2017; Stepanyants et al., 2009).

Functional Architecture of the Striate Cortex
The functional architecture of the striate cortex was exten-
sively studied by Nobel prize winners David Hubel and 
Torsten Wiesel (Wurtz, 2009). Here we present the organiza-
tion they originally proposed. The basic cortical unit that pro-
cesses an incoming signal is termed a cortical column, which 
extends through all six layers of V1. As in the LGN, vertical 
penetration through the six cortical layers of the column will 
result in passage through cells with almost identical receptive 
fields. Therefore, adjacent retinal receptive fields project onto 
adjacent columns in V1. Consequently, the entire contralat-
eral visual hemifield, as projected on both retinas, is mapped 
on the surface of the cortex retinotopically, meaning that 
adjacent loci of the contralateral visual hemifield are pro-
jected onto adjacent loci of the cortex in a point-to-point 
manner (Schira et al., 2007; Wandell & Winawer, 2011). There 
is no difference in size between columns serving the central 
and the peripheral retina; rather, more columns are used to 
process visual input from the central retina.

There are several functional types of columns in V1. These are 
devoted to stimulus size, color, orientation, and ocular domi-
nance (Fig. 4.38). In an orientation column, all the cells respond 
best only to one stimulus orientation; in other words, cells in a 
given column may fire in response to a horizontal bar, but not to 
a vertical or diagonal bar. Movement of 50  μm along one axis of 
the cortical surface will bring a shift of 10° in the orientation 
preference of the cells. Movement of 0.1 mm along the same axis 
will shift the orientation preference by 20°. Therefore, a column 
0.9 mm wide will contain cells responding to a 180° change in 
orientation, thus containing all the possible permutations.

Movement along another axis of the cortical surface will 
result in movement across ocular dominance columns. 
A dominance column is an area approximately 0.4 mm wide 
in which input from one eye is dominant over that of the 
other eye. The dominance is strongest at the center of the 
column and decreases gradually, so that input is almost 
equally  binocular at the column periphery. As movement 
continues into the adjacent column, there is a gradual 
buildup of  dominance by the other eye, which, again, will be 
most dominant at the adjacent column’s center.
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A hypercolumn is a complete set of both column types. It 
contains, along one axis 0.9 mm in length, all possible permu-
tations of orientation preferences. Along a different axis 
0.8 mm in length, it contains all possible ocular dominance 
combinations. Therefore, every given cell in a hypercolumn 
will respond best just to one stimulus orientation from one eye. 
Such a response of a given cell provides information regarding 
stimulus orientation, movement, direction, and binocularity.

Subsequently, it was discovered that interspaced between 
the hypercolumn’s columns is another system responsible for 
processing color information. Cells belonging to this system 
are arranged in “blobs” (so named because of their appearance 
after staining for cytochrome oxidase) and respond selectively 
to different combinations of stimulus wavelength (Economides 
et al., 2011; Livingstone & Hubel, 1984). These color opponent 
cells display antagonistic center-surround properties (similar 
to those of bipolar and ganglion cells) regarding color.

Despite the knowledge about this basic organization of cells 
in V1, still little is known about the connections individual neu-
rons make. In the mouse, a local cortical circuit (encompassing 
about 0.25 mm3) contains approximately 25,000 neurons and 
250 million synapses (Reid, 2012). Local signals from different 
types of neurons in V1 must be integrated to create a unified 

visual percept and the extensive interconnections between vis-
ual areas provide almost countless pathways along which sig-
nals can travel. V1 outputs to higher visual areas, where more 
specialized neurons respond to more complex stimuli. Both 
hierarchic and parallel processing are used in the visual areas 
and contribute different information (Ponce et al., 2008). At the 
same time, there is also extensive feedback activity from extras-
triate areas to V1 and from there back to the LGN.

Para- and Extrastriate Visual Areas
Visual area 2 (V2) or the parastriate cortex (Brodmann’s area 
18) forms a concentric crescent around V1. V2 can be sepa-
rated from V1 based on histologic appearance, connectivity 
pattern, response properties, and reversal of the retinotopic 
map at the border between V1 and V2 (Buckner & Yeo, 2014).

Another well-defined, more anterior area that has a bin-
ocular visual field map is the MT (middle temporal). MT is 
important for processing information about the motion, 
speed, and binocular disparity of moving stimuli (Maunsell 
& Van Essen, 1983a, 1983b).

There are additional maps and representations of the vis-
ual field in other extrastriate areas. Furthermore, some 
higher-order extrastriate areas are not as distinctly defined 

Functional Architecture of the  Adult Primary Visual Cortex

Cat Mouse

Layer 1

Layers 2/3

Layer 4

Layer 5

Layer 6

Contralateral

Ipsilateral

Binocular

Figure 4.38 The functional architecture of the cat visual area 1 (V1) is highly structured and the neurons are highly specialized. Both 
specific orientation (shown by the angle of the lines) and ocular dominance properties (indicated by the color of each line) are organized 
into columns. The columnar organization of preferred orientation of the stimulus spans all layers, from the most superficial layer 1 to the 
deepest layer 6. The ocular dominance columns are not as clearly outlined throughout the layers and are most pronounced in layer 4, 
where many cells are driven monocularly from the lateral geniculate nucleus. The mouse also has specialized neurons in V1, but neither 
preferred orientation nor ocular dominance properties are organized in columns. Furthermore, in this species, where the vast majority of 
the axons of the retinal ganglion cells decussate at the optic chiasm, a bias in ocular dominance is seen toward the contralateral retina. 
(Reproduced with permission from Espinosa, J.S. & Stryker, M.P. (2012) Development and plasticity of the primary visual cortex. Neuron, 75, 
230–249, doi: 10.1016/j.neuron.2012.06.009.)
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as V1, V2, and MT, neither anatomically nor functionally, 
and their exact number and boundaries are still controver-
sial (Angelucci & Rosa, 2015). This uncertainty is no sur-
prise, because the visual input is widely spread in the brain. 
Even in a tiny mouse, 50 or more areas receive input from 
the retina (Martersteck et al., 2017).

After V2, the visual pathways diverge into two functional 
streams. Broadly speaking, these two pathways process infor-
mation about where and how (the dorsal pathway or stream in 
the parietal cortex) and what (the ventral pathway or stream 
in the inferotemporal cortex) a certain visual stimulus is 
(Conway, 2014; Kravitz et  al., 2011). The dorsal pathway is 
devoted to object localization, processing motion, direction, 
and stereoscopic depth perception, but also to unconscious 
visually guided behavior (like grasping a cup on a table when 

you are drinking coffee). It receives mostly magnocellular 
input from V1 and V2, relaying it through areas usually 
termed V3 and V5 to even higher visual areas. The ventral 
pathway deals with object recognition (Fig. 4.39), processing 
details such as form, color, orientation, and shape. It receives 
both magno- and parvocellular input from V1 and V2, relay-
ing it through V4 to higher processing in several visual areas.

The complexity of the stimulus selectivity increases step by 
step when ascending the hierarchy of the extrastriate areas. 
Eventually, high-order neurons are driven only if the visual 
stimulus has a certain shape or other properties that contrib-
ute to object recognition. Lesions in higher visual areas can 
cause deficits in spatial or motion perception and visuomotor 
control (dorsal pathway disorders) or in color processing and 
object recognition (ventral pathway disorders; Barton, 2011).
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Ability to detect light is, of course, fundamental for vision, 
but other aspects, such as detection of motion or determin-
ing other qualities of an object, including shape and details, 
color, size, and distance, help to form our visual percept. The 
processing of the output from the photoreceptors starts in 
the retina (Fig.  5.1), but countless neurons in the brain 
finally shape and interpret the final perceived image of the 
world around us.

Animal visual perception is a subject of great fascination 
to researchers, clinicians, and animal owners. Unfortunately, 
we can know neither exactly what an animal sees because 
they usually cannot tell us, nor precisely what there is to see 
because of the limitations of our own visual system. Still, 
understanding the physiologic basis of animal vision and 
what different species can potentially perceive helps both to 
satisfy our curiosity and to better judge the impact of an 
ocular condition on an animal’s welfare, performance, and 
safety. While we often generalize about canine, feline, or 
equine vision, one should remember that an Irish 
Wolfhound, for example, may depend to a much greater 
extent on its vision than a typical scent hound, such as a 
Dachshund. Hence, individual and breed differences must 
also be recognized. In this context, owners may be able to 
help assess the quality of their animal’s vision just as par-
ents can aid in assessing the vision of their child using 
standardized questionnaires (Miller & Parisi, 2018), thus 
providing raw data for research that will improve our ability 
to establish better-substantiated prognoses for various con-
ditions and treatments.

Scotopic and Photopic Vision

We have all experienced temporary loss of vision when mov-
ing from a dark room into a brightly lit outdoor environ-
ment, or vice versa. This is because at any given moment 

photoreceptors have a narrow operating range: they do not 
respond to light that is too dim, and they are saturated by 
light that is too bright. However, photoreceptors can respond 
to changes in levels of background luminance by processes 
of adaptation (Demb, 2008; Kelber & Lind, 2010; Reuter, 
2011; Rieke & Rudd, 2009). The adaptation results in an 
extended operating range, allowing the eye optimal perfor-
mance at a given illumination level. A decrease in back-
ground illumination to below 0.03 cd/m2 will deactivate the 
cone system, resulting in increased light sensitivity (i.e., a 
lower threshold) and scotopic rod vision. An increase in back-
ground illumination, to 0.03–3 cd/m2, will lead to mesopic 
vision in which both the rod and cone systems are active, for 
example before dawn or after sunset. A further increase in 
background illumination above 3 cd/m2, to photopic levels, 
will result in rod saturation. In such an environment, cones 
will continue to function, albeit with a higher threshold, or 
with lower sensitivity.

The implication of this higher threshold is that in a bright 
environment, higher-stimulus intensities are required to 
stimulate cones. The “price” of adaptation to a bright envi-
ronment, a lower sensitivity, means that the eye will not be 
able to detect miniscule changes in stimulus intensity, a task 
that is easily performed by rods in darkness. The inverse 
relationship between retinal sensitivity and threshold is 
depicted in Fig.  5.2. For example, because of light adapta-
tion, we are able to see the glaring sand on a sunny day at the 
beach (high threshold), but we are unable to detect the small 
luminance change caused by the glow of a distant cigarette 
on the beach (low sensitivity). As noted in the following 
sections, however, what is lost in low photopic sensitivity is 
gained in higher visual acuity and faster responsiveness, 
both of which characterize cone function and output. 
Furthermore, a retina with more than one type of photore-
ceptor is a prerequisite for color vision. Because we have 
both rods and cones, and thanks to the adaptation of their 
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Figure 5.1 A considerable amount of processing of data from the photoreceptors is performed in the neuroretina. The left-hand panels 
briefly describe the purpose of the computations performed, and the right-hand column illustrates important elements of the underlying 
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pathways described next, we are able to see on a moonless, 
starry night (~10–4 cd/m2) as well as on a sun-drenched 
sandy beach (~105 cd/m2), a 109-fold (one billion) change in 
illumination (see Chapter 4, Table 4.1).

Scotopic Vision

Rods and Rod Pathways
Cones are inactive in scotopic conditions, and in such an 
environment our fovea becomes a relative blind spot (Records 

& Brown, 1999). Instead, scotopic vision is possible because 
of the molecular and anatomic characteristics of both rods 
and the rod pathway. The unique features that make an indi-
vidual rod more sensitive than an individual cone have been 
recently reviewed by Ingram et al. (2016) and are described in 
Chapter 4. Even though rods and cones share many proteins 
involved in the activation and termination of the phototrans-
duction cascade, because of a number of differences in iso-
forms and/or levels of expression of certain proteins, rods 
both have greater gain and close the sodium channels more 
rapidly. Consequently their responses rise much faster per 
photon absorbed. For the same reasons, the responses of rods 
decay much more slowly than those of cones, allowing the 
former to process incoming photons for longer. In addition, 
the volume of the outer segments is much larger in rods than 
in cones, increasing the probability of absorption of a photon 
by rhodopsin (Ingram et al., 2016). All these factors contrib-
ute to significant differences in the activation and inactiva-
tion of rods and cones (Fig. 5.3). For example, in mice the 
response per activated photopigment molecule (R*) is 20–30 
times larger in rods than in cones (Cao et al., 2014; Reingruber 
et al., 2015). In cats, rods are about 200 times more sensitive 
than cones (Enroth-Cugell et al., 1977).

Another important feature that enables sensitive scotopic 
vision is the converging nature of the rod pathway (see 
Chapter 4, Fig. 4.26). In cats, it has been estimated that in the 
peripheral retina, the output of approximately 75,000 rod 
photoreceptors converges on about 5,000 rod bipolar cells, 
which output to 250 amacrine cells, which converge on one 
ganglion cell (Sharma & Ehinger, 2003). The resulting spa-
tial (and temporal) summation of signals from numerous 
rods increases scotopic retinal sensitivity, as numerous 
responses are summed to generate a stronger signal and 
brighten the projected retinal image (Lamb, 2011; Taylor & 
Smith, 2004). At the same time, the rod pathway also has 
diverging features, with one feline rod synapsing with two 
rod bipolar cells that diverge to five amacrine cells and eight 
cone bipolar cells. Therefore, hyperpolarization of a single 
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Figure 5.2 The inverse relationship between retinal threshold 
(right Y-axis) and retinal sensitivity (left Y-axis). Note that the units 
of the left Y-axis (sensitivity) are increasing, while those of the 
right Y-axis (threshold) are decreasing. Sensitivities and thresholds 
of rods (purple) and cones (foveal - green, peripheral - black) are 
shown as a function of wavelengths. Note that for wavelengths 
< 650 nm, rods are much more sensitive, and have a lower 
threshold, than cones (keeping in mind the logarithmic scales 
of both Y-axes). (Reproduced with permission from Kalloniatis, M.  
& Luu, C. (1995–) Psychophysics of vision. In Webvision: The 
Organization of the Retina and Visual System (eds., Kolb, H., Nelson, 
R., Fernandez, E., & Jones, B.), http://webvision.med.utah.edu.)

by a thresholding operation. Signals from several rods are then pooled to and summed by one rod bipolar cell, 
which shows distinct activations (tracings without noise). B. The Y-RGC is activated by texture motion in either direction over its receptive 
field (red circle). Each movement elicits either transient ON- or OFF-responses in the bipolar cells, but only the depolarized bipolar cells 
signal to the ganglion cell that fires transiently to each shift in the grating. C. An RGC sensitive to local motion fires when the object in its 
central receptive field moves in different direction than that from the background, thus detecting differential motion. This RGC is silent 
when the object in the center moves in the same direction as the background, because the excitatory input in the center is counteracted 
by inhibitory input from the surround via the amacrine cell. D. An RGC responds strongly (several spikes) to an approaching dark object, 
but only weakly to lateral motion. More OFF-bipolar cells are excited when a larger part of the receptive field is dark. When the object 
only moves laterally, the RGC receives both excitatory signals from the OFF-bipolars and inhibitory signals from amacrine cells activated 
by ON-bipolar cells. E. Specific RGCs use differences in spike latencies to rapidly encode the structure of an image. RGCs with receptive 
fields (circles) in the dark part of the image have short latencies, those in the light have long. RGCs with receptive fields containing both 
dark and light areas fire in between, thus indicating the position of the border. Here signals from both ON- and OFF-bipolar cells are 
individually rectified, and the timing difference follows from a delay (Δt) in the ON-pathway. F. Wide-field amacrine cells (A1) are 
activated during rapid shifts of the image in the retinal periphery, which suppresses the OFF-bipolar cell signal and disinhibits the 
ON-bipolar cell through a local amacrine cell (A2). Hence, this circuit acts like a switch, in this case enabling a signal in the more central 
part of the retina. (Reproduced with permission from Gollisch, T. & Meister, M. (2010) Eye smarter than scientists believe: Neural 
computations in circuits of the retina. Neuron, 65, 150–164.

Figure 5.1 (Continued)
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rod in a cat can activate several retinal ganglion cells (RGCs), 
resulting in increased responsiveness (Sterling et al., 1988). 
Because of the increased sensitivity afforded by these fea-
tures of the rods and rod pathway, our scotopic vision can 
detect small changes in light intensity that would be invisi-
ble in daytime, such as dim stars uncovered by moving 
clouds. In fact, the rod pathway is so sensitive that it is able 
to detect just a single photon (Takeshita et al., 2017).

In many animal species, the increased number and den-
sity of rods enhances scotopic vision. As can be seen in 
Chapter  4, Table 4.6, the maximal rod concentration in 
humans (found about 15o away from the fovea) is about 
one-third of the maximal rod concentration in cats; in the 
ora serrata (or ora ciliaris retinae), the ratio between the 
two species is 1 : 6. It can also be appreciated that dogs 
have a higher maximal rod concentration than cats, even 
though most people associate the latter with greater sco-
topic sensitivity. This discrepancy may be explained by the 
structure of the tapetum, which is less reflective in dogs 
than in cats. Nonetheless, the high concentration of rods, 
which evolved to allow the retina to capture every availa-
ble photon at night, endows both these species with 
enhanced scotopic vision.

The advantages conferred by a high rod density in certain 
environments have resulted in some extreme evolutionary 

adaptations. Thus, it is not surprising that some deep-sea 
fish which inhabit a scotopic environment (Hirt & Wagner, 
2005), and some nocturnal species such as the nocturnal 
gecko (Yokoyama & Blow, 2001), have a pure-rod retina. 
However, these are rare examples, and most nocturnal spe-
cies, including mice, have cones (Musser & Arendt, 2017). 
Indeed, many species that were formerly believed to have a 
pure-rod retina, such as seals and whales (Peichl et al., 2001) 
and chinchillas (Sandalon et al., 2018), have been shown to 
be cone mono- and dichromats, respectively.

The Tapetum
One of the most fascinating adaptations for enhanced sco-
topic vision is the evolution of a reflective tapetum in the 
choroid (Fig. 5.4). Light photons striking this layer bounce 
back onto the retina, thus giving them a second chance to be 
absorbed by the photoreceptors. This second opportunity is 
not significant in daytime, as cones absorb enough photons 
during their “first pass” through the retina. In fact, the tape-
tum has a detrimental effect on visual acuity in broad day-
light, as the light is reflected onto a photoreceptor different 
from the one in the original trajectory (Ofri, 2018b). However, 
at night this detrimental effect on visual resolution is insig-
nificant since cones are inactive. Instead, the retina benefits 
from the increased probability that rods will absorb the few 
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photons entering the eye in a dim environment, thus enhanc-
ing scotopic vision.

The composition of the tapetum varies between species, 
depending on the habitat and ecologic requirements of the 
animal. The feline tapetum, for example, is 15–20 layers 
thick (Ollivier et  al., 2004), giving it a reflectance rate of 
almost 100% (Land, 1972). Indeed, the cat’s eye reflects about 
130 times more light than the human eye (Rodieck, 1973). 
However, not all wavelengths are reflected equally, as reflec-
tivity is also affected by the dimensions and packing of the 
reflecting tapetal fibrils or rodlets (Ollivier et al., 2004). As 
noted previously, the canine tapetum is less reflective than 
the feline one as it has fewer layers (Yamaue et al., 2015) and 
suboptimal packing of the reflecting rodlets (Ollivier et al., 
2004), which certainly contributes to cats having higher sco-
topic sensitivity than dogs.

The horse tapetum is only 4–5 layers thick, thus signifi-
cantly reducing its reflectivity (Ollivier et al., 2004), but the 
diameter and interfibrous distance of the tapetal collagen 
fibrils are such that they reflect light at about 468 nm; this 
wavelength is more effectively absorbed by rods than by 
cones, minimizing the detrimental effect of tapetal scatter 
on equine photopic vision (Shinozaki et al., 2013). In con-
trast, the tapetal reflectance of the diving hooded seal selec-
tively increases the relative ultraviolet (UV)/blue 
components to more than 10 times those of other wave-
lengths, which may have advantages in the dim, blue light-
shifted environment experienced by submerged marine 

mammals (Hogg et al., 2015). The most dramatic example 
of the adaptability of the tapetum to the animal’s environ-
ment is probably that of the Arctic Reindeer, which changes 
its tapetal reflectivity with the seasons! The reindeer tape-
tum is golden and less reflective in summer to enable high 
visual acuity during the long and bright Arctic days, but 
turns blue and more reflective in winter, when higher reti-
nal sensitivity is required to detect predators in the dark 
Arctic night (Stokkan et al., 2013).

Globe Size
The dimensions of the ocular tissues also contribute to 
improved scotopic sensitivity in many species. For example, 
the mean diameter of the cornea in cats and humans is 16.5 
and 11.7 mm, respectively (Carrington & Woodward, 1986; 
Rüfer et al., 2005). Consequently, much more light enters the 
cat’s eye. Next, light must pass through the pupil. The diam-
eter of a mydriatic pupil in cats and humans is about 12 and 
8 mm, respectively (Hammond & Mouat, 1985; Gilmartin 
et al., 1995), translating into a pupillary aperture of 113 and 
50 mm2, respectively. As a result, far more light passes 
through the cornea and pupil to reach the feline retina at 
night, when the pupil is fully dilated. Indeed, it has been cal-
culated that a fully dilated pupil increases the amount of 
light reaching the retina by 135-fold in the cat, compared to 
an 80-fold increase in humans (Hughes, 1977; Records & 
Brown, 1999). When all of these factors – a large aperture for 
light to enter the eye, a high concentration of rods, and a 
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Figure 5.4 Ocular fundus of various species showing the absence or presence of a tapetum lucidum that can exhibit various colors. 
From right to left: Lane 1: absence of tapetum: bird, albino rat, hooded rat, red kangaroo, pig, rhesus monkey, human. Lane 2: retinal 
tapeta: alligator, opossum, fruit bat. Lane 3: Choroidal tapeta cellulosa: puppy, dog, cat, jaguar, leopard. Lane 4: choroidal tapeta fibrosa: 
foal, horse, sheep, goat, cow, deer, mouflon. (Reproduced with permission from Ollivier, F.J., Samuelson, D.A., Brooks, D.E., et al. (2004) 
Comparative morphology of the tapetum lucidum (among selected species). Veterinary Ophthalmology, 7, 11–22.)
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highly reflective tapetum – are considered, it is not surpris-
ing that the scotopic threshold of cats (1.6 × 10–7 cd/m2) is 
5.5 times lower than that of humans (7.6 × 10–7 cd/m2); that 
is, cats can detect light that is 5.5 times dimmer (Harmening 
& Wagner, 2011; Weale, 1953; Fig. 5.5).

These species differences obviously become even more 
dramatic in larger eyes, such as in horses. The horizontal 
and vertical diameters of the equine cornea are 30.3 and 
21.2 mm, respectively (Badial et  al., 2015). The respective 
diameters of the equine pupil, dilated with tropicamide, are 
about 22 and 25 mm (McMullen et al., 2014), giving it a sur-
face area of approximately 430 mm2. Consequently, a greater 
number of photons can enter the dilated horse pupil and 
reach its retina, and though data regarding rod density in the 
horse are lacking, it is safe to assume that the large area of 
the equine retina allows it to pack more rods and to capture 
more light, compared to other species. However, as in the 
case of dogs, the scotopic sensitivity of the equine eye may 
be affected by a suboptimal tapetum. Nonetheless, Hanggi 
and Ingersoll (2009) report that horses could recognize 
shapes when the ambient light intensity was as low as 3.4 × 
10–5 cd/m2, so dim that the researchers were stumbling into 
objects and their cameras were unable to capture any images!

Dark Adaptation
Dark adaptation is a process in which sensitivity of photore-
ceptors increases, and their threshold decreases (see Fig. 5.2). 
It takes place in darkness following prolonged exposure to 
bright light, which causes bleaching of a substantial portion 
of the photopigment and includes several components.

One mechanism of dark adaptation is biochemical and 
revolves around the resynthesis of rhodopsin from free 
opsin and from recycled (or newly available) 11-cis-retinal. 
Consequently, the amount of unbleached photopigment 
increases in the dark, and in a totally dark-adapted eye, 100% 

of the rhodopsin is in an unbleached form (Rushton, 1965). 
The rate-limiting and time-consuming step of the process is 
the supply and transport of 11-cis-retinal from the retinal pig-
ment epithelium back to the outer segments, where it binds 
with opsin to reform unbleached rhodopsin (see Chapter 4, 
Fig. 4.25; Wang et al., 2014). Therefore, the time required for 
dark adaptation and photopigment regeneration is largely 
determined by the duration, intensity, and wavelength of the 
preadapting light, which dictates how much of the photopig-
ment has been bleached, and how much remains unbleached.

Postreceptoral neuronal processes make an equally impor-
tant contribution to dark adaptation (Lamb, 2011). Reciprocal 
synapses between bipolar and amacrine cells may regulate 
retinal sensitivity through feedback mechanisms (see Fig. 5.1) 
(Dowling, 1967; Reuter, 2011) and reorganization of RGC-
receptive fields also enhances dark adaptation (Puell et al., 
2014; Troy et  al., 1993). Together, the biochemical and 
neuronal adaptation processes increase the retinal sensitiv-
ity so that light that is about 10,000× dimmer (4 log units) 
can be detected.

The third mechanism that plays a role in dark adaptation 
is pupil dilation. Mydriasis contributes about 1 log unit of 
adaptation in humans and most terrestrial species (Dowling, 
1987). However, in diving pinnipeds, such as seals, where 
very fast adaptation is needed, very large pupils may contrib-
ute 2 log units of dark adaptation (Hanke & Dehnhardt, 
2009). In fact, the pupillary range of three pinniped species 
studied correlates with the range of light levels over which 
their visual system has to operate during diving (Levenson & 
Schusterman, 1999).

Dark adaptation is a biphasic process (Fig. 5.6). Cones (and 
cone pathways) dark-adapt too, as their stores of unbleached 
photopigment also increase in darkness. This first phase is 
relatively fast, and cones completely dark-adapt in 5–8 min-
utes (Reuter, 2011). Since rod rhodopsin regenerates much 

A B

Figure 5.5 Increased scotopic sensitivity of a cat. The same spider is seen at night, under identical scotopic conditions, by a human 
(A) and a cat (B). Even though both are viewing the spider under the same conditions, the cat sees a much brighter image because of its 
greater retinal sensitivity. The spider is seen by both observers in black and white, as no cones are active at these low intensities. 
(Courtesy of Dr. Shlomi Levi.)
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more slowly than the cone iodopsin (Wald, 1955), rod dark 
adaptation is a longer process, usually lasting 30–40 minutes 
in humans (Lamb & Pugh, 2006).

In animals, in which it is difficult to conduct psychophysi-
cal studies, dark adaptation is most often determined 
through electroretinographic (ERG) recordings. The aim is 
to establish the amount of time needed, following exposure 
to strong ambient light, for the scotopic b-wave to return to 
its maximal response to a dim stimulus. Such studies have 
shown that 100 minutes are needed for complete dark adap-
tation in albino rats (Dowling, 1960). During this time, rod 
sensitivity increased by 3.5 log units, while the amount of 
rhodopsin increased from 4% (in the light-adapted state) to 
about 100%, reflecting a logarithmic relation between these 
two parameters. In horses, scotopic b-wave amplitude 
reaches maximal amplitude after 20 minutes of dark adapta-
tion (Ben-Shlomo et  al., 2012). In dogs, the dark-adapted 
b-wave reaches maximal amplitude after 20 minutes in alert 
subjects (Yu et al., 2007) and after 30 minutes in sedated ani-
mals (Maehara et al., 2015). These species differences may 
be due to evolutionary differences in the speed at which reti-
nal is released by the bleached photopigment (Bickelmann 
et  al., 2015). Electroretinographic recordings of the dark 
adaptation process can be used for early diagnosis of outer 
retinal diseases in patients (Ekesten et al., 2013; Narfström 
et al., 2002; Fig. 5.7).

Photopic Vision

Light Adaptation
Light adaptation is a process in which cone (and rod) sensi-
tivity decreases, and threshold increases, in response to 
increased background light intensity and the resulting 

increased photopigment bleaching. This is a much faster 
process than dark adaptation. Our eyes begin light adapting 
within seconds to a sudden increase in background light 
intensity, such as that experienced when exiting a dark 
room. Indeed, it is suggested that the reason for the initial 
photophobia exhibited when exiting a dark room is an 
attempt by the eye to preserve the dark-adapted state of the 
retina (Records & Brown, 1999).

Several mechanisms account for light adaptation (see 
Chapter 4). One is the increased activity of phosphodiester-
ase, resulting in a shorter turnover time for cyclic guanosine-
3,5′-monophosphate (cGMP) and accelerating the response 
kinetics of cones. Another factor contributing to light 
adaptation is a drop in cytoplasmic Ca2+ concentration. This 
leads to activation of guanylyl cyclase, recoverin (which 
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Figure 5.6 The processes of dark adaptation in humans. Cones 
dark-adapt for the first 5–8 minutes, increasing their sensitivity 
(lowering their threshold) by about 2.5 log units. Dark adaptation 
of rods is a much slower process, which increases retinal 
sensitivity by another 3–4 log units. (Reproduced with permission 
from Goldstein, E. B. (2005) Blackwell Handbook of Sensation and 
Perception, 2nd ed. Malden, MA: Blackwell.)

190.0

180.0

170.0

160.0

150.0

140.0

130.0

120.0

110.0

100.0

90.0

80.0

70.0

60.0

50.0

40.0

30.0

20.0

10.0

0.0

–10.0
50.0

100.0
150.0

Figure 5.7 In a comprehensive canine electroretinographic (ERG) 
protocol, following preparation of the animal in ambient light, the 
light is turned off. During the next 20 minutes, the retina is 
stimulated with a dim flash every 4 minutes, thus generating a 
dark adaptation curve (Narfström et al., 2002; Ekesten et al., 
2013). In a normal animal, signal amplitude will increase from 
one flash to the next as the retina dark-adapts (black, red, green, 
pink, and yellow traces represent the respective responses 
recorded after 4, 8, 12, 16, and 20 minutes in the dark). Failure of 
the signal to increase with time in the dark may be an early sign 
of rod dysfunction.
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phosphorylates R*), and calmodulin (responsible for channel 
reactivation), all resulting in increased opening of cGMP-
gated sodium channels (Lamb, 2011; see Chapter  4, Fig. 
4.24). Generally, eyes are fully light-adapted within 5 min-
utes, in contrast to the 30 minutes or more required for com-
plete dark adaptation (Records & Brown, 1999).

These adaptation processes take place in both rods and 
cones. However, the former reach saturation at moderate 
levels of background light, as all the rhodopsin is bleached, 
thus making rods unresponsive in saturating light levels. In 
contrast, cones can continue functioning over an extended 
range of photopic intensities, albeit at a lower sensitivity (see 
Fig. 5.3C), and actually they never reach saturation in steady 
light (Lamb, 2016). Indeed, over 8 log units of background 
light, cone sensitivity is inversely correlated with back-
ground intensity (Burkhardt, 1994; see Fig.  5.2). This is 
because bleaching (and depletion) of the photopigment 
results in a proportional increase in the amount of light 
required for photoreceptor hyperpolarization. In fact, for 
each 1 log unit increase in light intensity there will be a 1 log 
unit decrease in the amount of unbleached photopigment 
available to absorb light, resulting in a 1 log unit reduction in 
photoreceptor sensitivity (Lamb, 2011).

The Pupil
As with scotopic vision, the pupil also contributes to pho-
topic vision because miosis protects the retina from exces-
sive and harmful amounts of light (Fig. 5.8). It is proposed 
that the large corpora nigra found on the superior border of 
the pupil in some species (and often the inferior pupil also) 
provides additional protection. This is because the corpora 
nigra supposedly decreases the amount of light entering the 
eye from the superior visual field (where the sun is located), 
further reducing glare and improving vision in bright light 

(Miller & Murphy, 2017). Moreover, because a miotic slit 
pupil can block light more efficiently than a miotic circular 
one, it is suggested that slit pupils have evolved in nocturnal 
or crepuscular species such as cats and geckos that need to 
function in daytime (Brischoux et  al., 2010; Murphy & 
Howland, 1986). However, this view is challenged by others 
who note that some species (such as the tarsier) have round 
pupils that constrict very effectively, to a diameter of about 
0.5 mm, while many ungulate species have rather rectangu-
lar pupils that do not close to a narrow slit in photopic condi-
tions (Land, 2006). Instead, it is possible that slit pupils have 
evolved to decrease the detrimental effects of chromatic 
aberrations (see Chapter 4, Fig. 4.17) (González-Martín-Moro 
et al., 2014; Malmström & Kröger, 2006).

Flicker Detection

The temporal responsiveness of the retina has two aspects: 
motion detection and flicker detection. The retina responds 
to flashes of light as long as there is a sufficient interval 
between two consecutive flashes, allowing the retina to 
recover from one response before the next flash is presented. 
But as the frequency of these flashes increases, a point is 
reached at which the retina does not have enough time to 
recover between flashes, and therefore it can no longer dis-
tinguish the individual flashes. At this point, which is termed 
the critical flicker frequency (CFF) or flicker fusion fre-
quency (FFF), the eye perceives a steady light even though 
this light is made up of numerous flickers (Ezra-Elia et al., 
2014; Lisney et al., 2012). There are separate CFFs for rod-
driven responses and signals generated from the different 
cone types, just as there are separate adaptation mechanisms 
for the rod and cone systems. Therefore, CFF is a function of 
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Figure 5.8 The direct and consensual pupillary light 
reflex in mice as a function of stimulating light intensity. 
(Reproduced with permission from Grozdanic, S., Betts, 
D.M., Allbaugh, R.A., et al. (2003) Characterization of the 
pupil light reflex, electroretinogram and tonometric 
parameters in healthy mouse eyes. Current Eye Research, 
26, 371–378.)
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stimulus intensity, wavelength, background light, adapta-
tion levels, and retinal eccentricity. Figure  5.9 shows the 
effect of the last two variables on CFF. It can be appreciated 
that flickers of low-intensity light projected on the periph-
eral retina, and consequently stimulating the rod pathway, 
“fuse” at a frequency of approximately 10–20 Hz. Flickers 
characterized by high illumination projected onto the cen-
tral retina will activate the cone pathway and therefore fuse 
at much higher frequencies. CFF is also determined by the 
location in the visual pathways at which it is measured. The 
CFF of the cone ERG is higher than the more processed sig-
nal detected in the visual cortex; similarly, the CFFs of chan-
nels delivering either luminance or chromatic information 
will also differ (Bowles & Kraft, 2012; Spitschan et al., 2016).

As noted, CFF is affected by numerous factors, and there-
fore it is difficult to make interspecies comparisons. However, 
in general, the CFF for the canine rod system is similar to 
that of humans (10–20 Hz). CFFs of 60 Hz or more have been 
reported for the feline and canine cone systems (Coile et al., 
1989), whereas birds can reach values close to 150 Hz 
(Bostrom et  al., 2016). The ability to resolve very rapid 
changes in luminance allows these species to view their sur-
roundings in “slow motion” (compared to the temporal reso-
lution of humans) and more easily to follow rapidly moving 
objects (such as prey) or avoid stationary obstacles (such as 
tree trunks and branches in a dense forest) while running or 
flying at high speed.

Motion Perception

Moving through the environment produces a flow of images 
projected onto the photoreceptors, resulting in huge amounts 
of visual information necessary for navigating through a 
complex environment (Lee, 1980). Perception of motion is 
required for both directing visual attention to a certain loca-
tion in the visual field and for segmenting moving objects 
from their background. Psychophysically, there are three 
ways of discerning motion (Burr & Thompson, 2011). 
Movement can be perceived if an object is moving across our 
visual field while our eyes and head are stationary. Motion 
can also be perceived when either the head or the eyes are 
moved to pursue a moving object. It is interesting to note 
that even though each of these perceptual mechanisms 
involves the use of different pathways, all three result in sim-
ilar sensations and experiences.

Processing of motion across the visual field starts in the 
retina, typically enabled through lateral inhibition by large-
field starburst amacrine cells that contribute to motion dis-
crimination and direction detection. Directionally selective 
RGCs, firing robustly in response to motion in a certain direc-
tion and weakly or not at all in response to motion in other 
directions, make specialized synapses with these amacrine 
cells. However, it seems that the inhibitory amacrine cell cir-
cuits are the primary source of the directional selectivity, 
which is then amplified by the RGCs (Vaney et  al., 2012). 
Signals from the RGCs, providing information about more 
rapidly moving targets, are relayed through the magnocellu-
lar pathway to the striate cortex, whereas the parvocellular 
pathway may contribute to the transfer of signals triggered by 
relatively slow motions (Gilaie-Dotan et  al., 2013). Visual 
area 1 (V1) relays information about motion hierarchically to 
extrastriate areas, such as the middle temporal area (MT/V5) 
in primates and to similar areas in lower mammals, mainly 
through the dorsal stream. Information about fast motion is 
also conveyed in parallel pathways bypassing V1, thus 
enhancing vision of rapidly moving objects (Juavinett & 
Callaway, 2015; Zeki, 2015).

Subtle movement of objects with relatively high lumi-
nance is best detected by the central retina, which has a 
lower threshold and higher sensitivity for motion detection. 
Therefore, motion sensitivity is directly correlated with vis-
ual acuity. Thus, in bright light a human can detect moving 
objects that are 10 times slower than can a cat (Pasternak & 
Merigan, 1980). However, in dim light the cat’s more effi-
cient scotopic vision makes it superior to humans in detect-
ing slow motion, though even in these conditions humans 
have an advantage when spatial frequencies exceed 0.5 
cycles/degree (Kang et al., 2009). Furthermore, the periph-
eral retina perceives motion and may be more sensitive to 
certain speeds, directions, or objects that function as “atten-
tion-grabbing” stimuli. For example, it has been shown that 
the ferret’s chase behavior is reflexively triggered by objects 
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Figure 5.9 Critical flicker frequency (CFF) as a function of retinal 
illumination for light projected at the fovea (0°), as well as 5 and 
15° above the fovea. As can be seen, the highest CFF values are 
attained for light flashing at the fovea, whereas the lowest values 
were obtained when stimulating the most peripheral location 
(15°). CFF values also increase with illumination (moving to the 
right along the X-axis). Both of these characteristics illustrate that 
the CFF of cones is higher than that of rods. In the foveal region 
of this test person (who was also the first author of the original 
article), using high illumination, responses of cones fuse at about 
45 Hz. (Reproduced with permission from Hecht, S. & Verrijp, C.D. 
(1933) The influence of intensity, color and retinal location on the 
fusion frequency of intermittent illumination. Proceedings of the 
National Academy of Science, 19, 522–535.)
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moving at the speed of a running mouse, but not by faster or 
slower objects (Apfelbach & Wester, 1977).

Different gaze behaviors, including fixations on objects, 
gaze shifts, and constant gaze, have developed to guide ani-
mals during locomotion (Rivers et al., 2014). Fixations occur 
when head and/or eye movements temporarily stabilize the 
image of an object moving relative to the observer on the 
retina, thereby projecting it onto the area with best acuity 
and allowing more time for visual processing of its proper-
ties. Here, the optokinetic reflex allows the eye to follow 
objects in motion when the head remains stationary. Gaze 
shifts or saccades are rapid movements between fixations 
and episodes of constant gaze when sampling of visual infor-
mation is suppressed to avoid blurring the image (Kowler, 
2011). Saccades are exploratory movements used by a wide 
range of species, where selected locations of the visual scene 
are brought to the area of best vision and the visual environ-
ment is sampled during a brief period of relative image sta-
bility in between these small eye movements. Finally, 
constant gaze occurs when the animal looks at a fixed dis-
tance ahead, thus probably extracting visual clues from the 
information flow about both its own movements and objects 
in the environment.

Visual Fields, Binocular Vision, 
and Depth Perception

It is rather extraordinary to note that all vertebrate species, 
and many invertebrates, have two eyes. Having more than 
one eye is required for a large visual field, virtually 360° in 
some species, and for stereopsis, or depth perception. 
However, no more than two eyes are required to achieve 
these aims (Tyler & Scott, 1994).

Visual Fields

The extent of the visual field depends largely on the place-
ment of the orbits within the skull (Fig. 5.10). Many mam-
malian prey species, as well as avian and fish species, have 
lateral eyes, providing almost a 360° field of view. These ani-
mals have a small, frontal binocular field; two large, periph-
eral monocular fields; and a small blind spot behind their 
head. On the other hand, most primate and predator species 
have frontal eyes. In these species, most of the frontal visual 
field is covered by extensive binocular vision; there are two 
small, peripheral monocular fields and a large blind spot 
behind the skull (Fig.  5.10). Therefore, enucleation will 
cause a cat, for example, to lose approximately 30° of one 
visual field, while in a horse the same procedure will cause a 
loss of about 145°.

While the two lateral (monocular) visual fields are equal 
in size, they may differ in their importance, a phenomenon 

known as visual lateralization. In dogs, for example, it has 
been shown that the right side of the brain, and subsequently 
the left lateral visual field, is more responsive to threatening 
and alarming stimuli (Siniscalchi et  al., 2018). This may 
explain why canine left eyes were 5.3 times more likely to 
sustain snake-induced trauma compared to right eyes (Scott 
et al., 2019).

Large (monocular) visual fields are typically associated 
with prey species that need to detect predators. This is why 
these species usually have a pupil and a visual streak 
whose shapes are aligned with the horizon, allowing them 
to identify predators and conspecifics (Pettigrew et  al., 
2010). The horizontal visual streak in species such as the 
horse is augmented by a relatively high RGC concentra-
tion both temporally and nasally (Evans & McGreevy, 
2007). The former serves the frontal binocular visual field 
of the animal, while the latter improves vision in the pos-
terior visual field that may harbor predators (Land, 2017; 
Pettigrew et al., 2010). In fact, horses can detect the appear-
ance of objects within almost 360°, and Hanggi and 
Ingersoll (2012) suggest that the high acuity of the poste-
rior field (provided by the high concentration of nasal 
RGCs) may explain how horses can defend themselves 
with such well-aimed hind-leg kicks.

Obviously, in addition to horizontal visual fields, we also 
have vertical visual fields. The vertical visual field of horses 
and humans is 178° and 135°, respectively (Harwerth & 
Schor, 2011; Miller & Murphy, 2017). The latter is divided 
into 60° superiorly and 75° inferiorly, though naturally the 
visual perspective changes when the head is raised or low-
ered. In fact, in some species these vertical fields, and their 
enhancement by eye movement, are more important than 
the horizontal visual fields. In rats, for example, eye move-
ments are mostly disconjugate, impeding horizontal binocu-
lar vision; instead, the eyes have a large area of binocular 
vision above the head, most likely to detect raptors overhead 
(Land, 2013).

Stereopsis

Many people associate stereopsis with predatory behavior, 
as depth vision is required to pounce on prey with precision. 
However, stereopsis is just as important for the prey that 
uses it to distinguish between a camouflaged predator and 
its surroundings. Though monocular stereopsis is possible 
thanks to various visual cues including grain, texture, 
brightness, contour, size, and relative motion (Ono & 
Steinbach, 1990), in most cases stereopsis is the result of 
binocular vision, and the extent to which the visual fields of 
the two eyes overlap. In addition, optimal stereopsis requires 
normal visual function and refraction, oculomotor control 
to maintain fixation, and sensory and neuronal mecha-
nisms to extract and process important visual cues 
(Harwerth & Schor, 2011).
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Geometry and Retinal Disparity
If an object is located in the plane of fixation of both eyes, it 
is viewed with the same angle by both eyes (Fig.  5.11). 
However, objects outside the binocular plane of fixation are 
viewed with a slightly different angle by each eye, resulting in 
disparate images. The visual angle can serve as a “range 

finder.” An object is deemed close if the projection lines from 
both eyes intersect before the plane of fixation, thus trigger-
ing a converging oculomotor response; for a distant object the 
projection lines intersect beyond the plane of fixation, serv-
ing as an oculomotor stimulus for divergence (see Fig 5.11). 
Therefore, range detection requires highly coordinated 
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Figure 5.10 A. The visual field of a horse showing a frontal binocular field (65°) comparable to that of a dog, but with much larger 
panoramic monocular fields (each spanning 146°) and a very small posterior blind area (3°). B. The visual field of a cat showing a large 
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Maggs, D.J., Miller, P.E., & Ofri, R., eds. (2018) Slatter’s Fundamentals of Veterinary Ophthalmology, 6th ed. St. Louis, MO: Elsevier.)
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 movements by both eyes. However, one should remember that 
many species have limited eye movement and convergence, in 
which case head or trunk movements supply the required 
cues. In barn owls, for example, eye movement is limited to 
only 2°, but the head can turn up to 270°, thus compensating 
for the immobile eyes (Harmening & Wagner, 2011).

The implication of the geometric angles depicted in 
Fig. 5.11 is that an object in the binocular plane of fixation 
will be projected on both foveas (or on the same spot of both 
areas centralis), resulting in haplopia, or a single image. 
However, because of the disparate viewing angles, objects 
outside the binocular plane of fixation will be projected on 
two different (but corresponding) retinal areas in both eyes 
(see Chapter 4, Fig. 4.36). The result is two disparate retinal 

images. This disparity increases with the distance of the 
object from the plane of fixation and allows accurate deter-
mination of this distance (Wilcox & Allison, 2009). It is 
important to note that stereopsis is the result of horizontal 
(mediolateral) disparity, which allows for perceiving the 
relative distance, or depth, of an object. Obviously, objects 
may also trigger vertical (ventrodorsal) disparity, which is 
important in estimating elevation and height, but this does 
not contribute to stereopsis in humans (Duke et al., 2006; 
Fig. 5.12).

Processing Retinal Disparity
Retinal disparity is resolved in the visual cortex, which has 
the unenviable task of reconstructing a three-dimensional 
image from the projection of this image on two two-dimen-
sional retinas (Tsutsui et al., 2005). As discussed in Chapter 4, 
the first synapse of the RGC axons occurs at the lateral 
geniculate nucleus (LGN); yet, though each LGN receives 
input from both eyes, binocular interaction typically com-
mences in the visual cortex. The segregation between the 
outputs of the two eyes is still maintained at the first cortical 
synapse; that is, the simple cells populating layer 4 of the 
striate cortex. Binocular interaction begins when these cells 
output to adjacent layers of the striate cortex and to extrastri-
ate visual areas, where many of the neurons receive binocu-
lar input and act as disparity detectors (Bridge & Cumming, 
2008; Tong et al., 2006). The disparity-sensitive neurons of 
the occipital cortex act as “low-level” detectors of spatial dis-
parity and process stereopsis; additional neurons in the pari-
etal lobe, inferotemporal cortex, and other cortical areas 
process “high-level” cues such as texture, shading, and 
motion to construct a three-dimensional image of the visual 
field (Tsutsui et al., 2005). Thus, it can be said that some cor-
tical neurons act to integrate disparate binocular inputs and 
fuse them into one image, while others use the same dispar-
ity as a stereoptic cue to process depth perception and three-
dimensional vision (Backus et  al., 2001; Poggio & Talbot, 
1981; Read & Cumming, 2005). Disparity-selective neurons 
have been described in the cortices of a number of species 
with laterally placed eyes, including sheep, goats, and rab-
bits (Clarke et al., 1976; Swadlow, 1988).

However, disparity cannot always be resolved by cortical 
integration and fusion of two images into haplopia. 
Sometimes the disparity is so significant that the fusion 
mechanism “breaks” and normal binocular input must be 
suppressed. For example, such suppression may occur due 
to anisometropia or unilateral aphakia that produces une-
qual contrast perception in both eyes. The consequence of 
the suppression is functional loss of visual input from the 
eye that cannot fixate (Harwerth & Schor, 2011). In this con-
text, it is worth remembering that Kubai et al. (2008) dem-
onstrated anisometropia in 6% of dogs surveyed, raising 
questions about the potential degradation of binocular 
 cortical vision in some veterinary patients. Failure of the 
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Figure 5.11 Binocular disparity and the perception of 
stereoscopic depth. The green diamond is on the plane of fixation 
of both eyes. It is therefore seen at the same angle by both eyes 
and projected onto both foveas (fv). Both the purple circle and red 
square are outside the plane of fixation. Therefore, they are 
viewed at different angles by both eyes, and projected onto 
disparate (but corresponding) retinal regions. The purple circle is 
closer than the object of fixation (the green diamond) and 
therefore the projection lines from both eyes intersect before the 
plane of fixation. The red square is further away, and the 
projection lines from both eyes intersect after the plane of 
fixation. The α angles of these projection lines, and their 
intersection, serve as range finders in stereoscopic depth 
detection. (Modified with permission from Levin, L.A., Nilsson, 
S.F.E., ver Hoeve, J., et al., eds. (2011) Adler’s Physiology of the Eye, 
11th ed. St. Louis, MO: Saunders Elsevier.)
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suppression mechanism will result in diplopia (i.e., double 
vision) or visual rivalry (i.e., visual confusion; Fig. 5.13).

Another form of suppression occurs when the two eyes see 
differing images due to a partial obstruction in the near vis-
ual field. Humans experience this when the view of a distant 
object is partially obstructed by the nose (Harwerth & Schor, 
2011). The effect this suppression has on vision in canine, 
equine, bovine, and other long-nosed patients is unknown, 
though it probably accounts for the anterior blind spot that 
horses have below their nose (Miller & Murphy, 2017). 
Similarly, in birds the beak falls in the anterior blind spot. 
Therefore, birds that eat immobile food usually have shorter 
beaks, while birds that need to capture moving food require 
a longer beak that extends beyond the blind spot and can be 
seen (Lisney et al., 2013; Tyrrell & Fernández-Juricic, 2017). 
The former are also often characterized by lower visual acu-
ity, a larger (monocular) visual field, and just one fovea, 
whereas the latter have higher acuity, a larger binocular 
field, and two foveas (Potier et al., 2016).

Another prerequisite for binocular vision is optic nerve 
decussation, which allows cortical neurons to receive input 

A

C

B

Figure 5.12 The effect of visual perspective on vision. The same scene as viewed by a small dog with eyes located 8 inches above the 
ground (A), a tall dog with eyes 34 inches above the ground (B), and a person with eyes 66 inches above the ground (C). (Reproduced with 
permission from Maggs, D.J., Miller, P.E., & Ofri, R., eds. (2018) Slatter’s Fundamentals of Veterinary Ophthalmology, 6th ed. St. Louis, MO: 
Elsevier.)

Figure 5.13 Diplopia, or double vision, is the simultaneous 
perception of two images of a single object. These images may be 
displaced vertically, horizontally (shown in this figure), diagonally, 
or rotationally in relation to each other. Diplopia may be the 
result of failure of cortical centers responsible for suppressing 
disparate input, or from dysfunction of the extraocular muscles 
that disrupts binocular convergence. (Courtesy of Dr. Shlomi Levi.)
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from corresponding areas of the retinas of both eyes. 
Consequently, Siamese cats and albino animals with con-
genital misrouting of optic nerve fibers and abnormal decus-
sation patterns suffer from deficits in their binocular vision 
(Di Stefano et al., 1984). Similarly, species with no decussa-
tion at the optic chiasm, such as birds, lack the input required 
to generate the binocular maps in the striate and extrastriate 
cortex. Instead, these species rely on cerebral commissures 
connecting the two hemispheres to make stereopsis 
possible.

However, as noted earlier, various visual cues make stere-
opsis possible in monocular visual fields, which is why 
humans have depth perception even when closing one eye 
(Fig. 5.14). Such cues have long been thought to play a cen-
tral role in providing stereopsis for animals with laterally 
placed eyes. Nonetheless, it has been shown that even spe-
cies with lateral orbits (such as the horse) rely on binocular 
rather than monocular stereopsis, as the former is about 5× 
superior to the latter (Timney & Keil, 1999). An interesting 
question that remains unstudied in veterinary medicine is 
the effect of enucleation on stereopsis, and the extent to 
which one-eyed animals can learn to use such monocular 
visual cues (Steeves et al., 2008). The story of Patch, a one-
eyed Thoroughbred who ran the 2017 Kentucky Derby (he 
finished 14th in a field of 20 horses), suggests that such com-
pensation occurs.

Of course, the world is not static and therefore stereopsis 
is not restricted to stationary objects such as those depicted 
in Fig. 5.11. Motion-in-depth processing is necessary to catch 
moving prey or to avoid colliding with obstacles while 
 running. Such processing may be facilitated by changes 
over time in the retinal disparity of a moving object, or by 

differential velocities of the retinal images (Harwerth & 
Schor, 2011). The cortex also processes motion-in-depth 
(Kim et al., 2016). This is why the segregation into magno-
cellular and parvocellular pathways (see Chapter 4) is also 
maintained in regard to stereopsis. The parvocellular path-
way is associated with static stereopsis and fine disparities, 
and the magnocellular pathway is associated with motion 
stereopsis and coarse disparities (Mansilla et  al., 1995). 
Nonetheless, motion-in-depth stereopsis is rather poor, and 
in humans it has only one-sixth the resolution of static stere-
opsis (Brooks & Stone, 2006).

Stereoacuity
Stereoacuity is the measurement of the smallest detectable 
stereoscopic depth. Just like visual acuity, it is measured in 
arc minutes or arc seconds (see the later section on “Visual 
Acuity”). It is largely determined by the distance of the 
object, as obviously smaller disparities can be detected for 
nearby objects than for distant objects. For example, at a dis-
tance of 25 cm some humans can detect a depth of 25 μm 
(Tyler & Scott, 1994). Of course, such fine discrimination is 
not possible for objects 100 m away. However, stereoacuity is 
also determined by other stimulus parameters such as color, 
contrast, orientation, size, duration of exposure, location 
(central or peripheral), and luminance (Chima et al., 2016; 
Harwerth et  al., 2003; Simmons & Kingdom, 2002). 
Stereoacuity is also affected by ocular parameters such as 
eccentricity and by interpupillary distance, which deter-
mines the disparity of the viewing angles. And finally, it is 
determined by the refractive error and visual acuity, as poor 
acuity and optical defocusing obviously have a negative 
impact on stereoacuity (Nabie et al., 2017). Low visual acuity 

Figure 5.14 Even though this picture is 
two-dimensional, various visual cues 
including relative size, perspective, partial 
obstruction, and texture gradient provide 
depth perception of the scene.
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may explain why horses and cats have only 5% and 10%, 
respectively, of the stereoacuity of humans (Miller & 
Murphy, 2017). However, in nearly all species stereoacuity is 
much finer than visual acuity, and therefore stereoacuity is 
also called hyperacuity (Harwerth & Schor, 2011). In barn 
owls, for example, stereoacuity is about three times higher 
than visual acuity (Harmening & Wagner, 2011).

Stereoacuity is also affected by ocular pathologies. For 
example, strabismus increases disparity and reduces stereo-
acuity, an effect that persists even after surgical correction 
(Chang et al., 2017). Lack of visual input during the critical 
developmental period (e.g., due to congenital cataracts or 
corneal opacities) also degrades stereoacuity (Jeffrey et al., 
2001). Nobel Prize–winning work by Hubel and Wiesel 
(1970) showed that in cats, the sensitive developmental 
period is through 3 months of age; during this time, even 
one week of monocular deprivation will result in amblyopia 
and cause irreversible deficits in binocular function (Timney, 
1990). The implication is that congenital ocular opacities in 
veterinary patients should be treated as soon as possible. 
Indeed, humans undergoing surgery for congenital cataract 
after 2 years of age (which is the critical developmental 
period in infants; Harwerth et al., 1990) will have visual acu-
ity < 20/200 for the rest of their lives (Tyler & Scott, 1994).

Color Vision

Prerequisites for color vision are that the retina has both 
photoreceptors with different spectral sensitivities that are 
active under the same background light conditions, as well 
as circuits where signals from the different photoreceptors 
are compared (Kelber, 2016). In most mammals, two or three 
types of cones with different opsins provide the first step in 
color vision in daylight, but some amphibians have more 
than one type of rod and are therefore likely to distinguish 
between hues at night too (Yovanovich et al., 2017). The cen-
tral part of the absorption curve of a photopigment is bell 
shaped, and the overlap of different photopigments’ absorp-
tion curves will allow perception of intermediate hues.

Photopigments are classified according to the wavelength 
at which the opsin molecule has its peak absorption. As noted 
in Chapter 4, the most common opsin molecules of cones are 
the L-, M-, and S-opsins, most sensitive to either long 
(∼560 nm, greenish-yellow light, but by convention called the 
L- or red opsin), medium (∼530 nm, green light), or short 
(∼420 nm, blue light) wavelengths, respectively. This means 
that even though peak absorbance (or maximum sensitivity) 
occurs at a primary wavelength, the photoreceptor can also 
be hyperpolarized by a relatively broad range of wavelengths. 
However, wavelengths further away from the absorbance 
peak will be weaker stimuli for the photoreceptor. In species 
with an overlap of two or more absorbance curves, a given 
light stimulus will stimulate cones of different classes. The 

extent of stimulation of the various cone classes will deter-
mine the color perceived. For example, the dashed vertical 
line seen in Fig. 5.15 would describe a yellow color, because 
this light stimulates green and red cones equally. A light 
source containing longer wavelengths would stimulate the 
red cones more strongly and the green (and blue) cones less, 
and would therefore be perceived as more orange-red by a 
normal human subject. In summary, the number of hues that 
can be perceived is a function of the number of cone classes 
and the degree of their overlap.

Perception of color also depends on the luminosity of the 
light source. Colors are best perceived in bright light, when the 
cone system is fully active. Under optimal conditions, humans 
can detect wavelength (color) differences as subtle as 1–2 nm. 
As the source luminosity decreases, so does the perception of 
color. At low illumination, when only the rod system is func-
tional, the observer can see only varying shades of gray.

Humans and Old World primates possess three opsins, 
thus allowing them trichromatic vision. The green photopig-
ment is the most abundant in the human retina, while the 
blue is the scarcest. Total color blindness, which is very rare, 
usually refers to rod monochromacy (or achromatopsia), 
where the patient has no cones at all and no color vision. 
Cone monochromats potentially have limited color vision 
under lighting conditions where both the rods and their sin-
gle type of cones are active (Joesch & Meister, 2016). Most 
color vision–deficient human subjects have dichromatic 
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Figure 5.15 Approximate absorption spectra of human 
rhodopsin (rods) and cone opsins. The wavelength where each 
opsin has its maximal sensitivity is indicated above each curve. 
SWS, short-wavelength-sensitive (blue) opsin; MWS, middle-
wavelength-sensitive (green) opsin; LWS, long-wavelength-
sensitive (blue) opsin. The dashed, yellowish, vertical line 
indicates the hue detected when the green and red opsins are 
equally stimulated (see text for additional explanation). The colors 
of the visible spectrum, as perceived by a normal trichromat, are 
shown below the diagram. (Modified and reproduced with 
permission from Deeb, S.S. & Motulsky, A.G. (2013) Color vision 
defects. In: Emery and Rimoin’s Principles and Practice of Medical 
Genetics (eds. Rimoine, D.L., Pyeritz, R.E., & Korf, B.), 6th ed., 
Fig. 133-1. St. Louis, MO: Elsevier.)
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vision, either missing or having a mutated form of the red 
(protanopia or protanomaly, most frequent), green (deutera-
nopia or deuteranomaly), or blue opsin (tritanopia or tri-
tanomaly, least frequent). Hence, they perceive colors but, 
for example, a protanope will perceive red and green objects 
to have very similar colors, but will readily discriminate 
between isoluminant blue and green (or red) objects.

Some species are monochromats. Rod monochromacy is 
mainly found in some fish species, whereas marine mammal 
species and a few terrestrial mammalian species, including 
the owl monkey, are cone monochromats (Hunt & Peichl, 
2014; Jacobs et al., 1993b; Levenson et al., 2006).

Most mammals, including cats, dogs, horses, cattle, goats, 
sheep, and swine, are dichromats, just like human protan-
opes or deuteranopes (Jacobs, 2018; Table 5.1). Horses, for 
example, have cone opsins with peak absorbance in the blue 
and green parts of the spectrum, making their color vision 
comparable to human protanopes. Dogs (and cats), on the 
other hand, have cone opsins most sensitive to blue and 
greenish-yellow, making their color vision more similar to 
that of human deuteranopes (Siniscalchi et  al., 2017; 
Fig. 5.16). When light stimulates the two opsins in a dichro-
mat equally (a monochromatic light of a wavelength that 
coincides with the intersection of the absorption curves), the 
retina will not be able to distinguish this wavelength from an 
achromatic stimulus. This neutral point is reported at about 

505 nm in the cat, and 480 nm in the dog and horse (Clark & 
Clark, 2016; Geisbauer et al., 2004; Neitz et al., 1989). Despite 
their having fewer cones than humans and being dichro-
mats, for dogs color vision cues seem to be important during 
daylight conditions (Kasparson et al., 2013), and it is likely 
that other mammalian species also take advantage of their 
ability to discriminate between different wavelengths to 
enhance their daily lives, and particularly their sexual and 
feeding behavior.

Some dichromats, including many rodents, such as the 
mouse, rat, gerbil, and Siberian hamster, have a specialized 
short-wavelength opsin that peaks in the UV range of the 
spectrum rather than in the blue (Peichl, 2005). Hence, they 
have extended the spectral range of the electromagnetic 
radiation that they can perceive (Gouras & Ekesten, 2004). 
Furthermore, some dichromats that have “regular” S- and 
M/L-cone pigments, such as the reindeer and dog (and most 
likely the cat, too), have lenses transmitting UV light, which 
enables them to see in the UV part of the spectrum using 
their regular cone pigments (Ekesten et  al., 2014; Hogg 
et al., 2011).

Many modern-day reptilian, avian, and fish species still 
have all four ancestral photopigments, including an addi-
tional short-wavelength opsin with peak absorbance in the 
UV or violet range (355–450 nm) that humans and most 
domestic mammals have lost, and have thus tetrachromatic 
vision (Bowmaker, 2008).

Birds have developed additional unique mechanisms for 
color vision. Their double cones are used for fine spatial dis-
crimination (visual acuity), while single cones are used for 
color vision. Oil droplets found in the cones of birds contrib-
ute to color perception by filtering out different wavelengths 
of incoming light and shifting the wavelength sensitivity of 
the photoreceptor (Toomey et al., 2015).

Although not using such a sophisticated system as a 
palette of oil droplets, incident light is in fact filtered in 
most species before reaching the photoreceptors. 
Transmission of UV light is profoundly reduced or blocked 
by the lens in several species, and the yellow macular pig-
ment in haplorrhine primates filters out short-wavelength 
light. Furthermore, the yellowing of the lens in some spe-
cies, such as the horse, may have a similar function, as it 
filters out the blue wavelengths of incoming light, 
although several other factors associated with aging may 
also contribute to age-related changes in color vision 
(Beirne et al., 2008).

Another extraretinal factor that determines color percep-
tion is the architecture of the LGN and visual cortex. Both 
areas are populated by color-sensitive cells, termed color 
opponent cells. These cells are activated in response to a 
given color but are inhibited by another, in a manner similar 
to the on–off responses characterizing the retinal bipolar 
and ganglion cells. For example, blue-yellow cells respond to 
blue light, but they are inhibited by yellow light. Other cells 

Table 5.1 Cone opsin peak sensitivities in selected species.

Cone Peak  
Sensitivity (nm)

Species S-opsin M/L-opsin References

Cat 454 561 Loop et al. (1987)

450 550 Guenther & Zrenner (1993)

Doga 429–435 555 Neitz et al. (1989); Jacobs 
et al. (1993a)

Horse 428 539 Carroll et al. (2001); 
Timney & Macuda (2001)

Pig 439 556 Neitz & Jacobs (1989)

Cow 451 555 Jacobs et al. (1998)

Sheep and 
goat

445 552 Jacobs et al. (1998)

Syrian gold 
hamster

— 508 Williams & Jacobs (2008)

Rat 358b 510 Jacobs et al. (2001)

Mouse 360c 510 Jacobs et al. (2004)

Guinea pig 429 529 Jacobs & Deegan (1994)

a Three species of foxes also have similar values. b Ultraviolet light 
sensitivity.
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may be triggered by red light and inhibited by green. Double 
opponent cells will respond in an antagonistic manner to 
both spatial and spectral stimuli. Thus, some cells may be 
“red-ON-center, green-OFF-surround,” or “blue-ON-center, 

yellow-OFF-surround.” Obviously, the number of possible 
double opponent cell types is potentially very large, depend-
ing on the number of cone classes (Conway, 2009; Shapley & 
Hawken, 2011).

A B

C D

E F

Figure 5.16 A colorful dog, as seen by a normal trichromat (A). In (B), the color information from the photograph has been extracted. The 
photograph has been filtered to mimic how a protanope (C), a deuteranope (D), a tritanope (E), and a cone monochromat (F) would 
perceive the same scene. The protanope and deuteranope can distinguish between short and long wavelengths, whereas the tritanope 
can subdivide the middle to long wavelengths into different hues.
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Visual Acuity

Visual Acuity in the Animal Kingdom

Visual acuity is the minimal detection power of the eye, or 
the minimal angle that can be resolved by the eye. There are 
a number of ways to express visual acuity, but the best-
known method is based on the Snellen chart (Fig. 5.17). This 
is determined by the size of letters that a subject can read at 
a distance of 20 ft, or 6 m. Obviously, determination of 
Snellen acuity requires verbal cooperation by the test subject 
and therefore is not applicable in veterinary medicine. In 
animals, visual acuity can be determined using behavioral 
discrimination tests (Hanggi & Ingersoll, 2009), by electro-
physiologic recordings to determine the smallest pattern that 
elicits an ERG or cortical response (Ofri et al., 1993), or by 
pursuit (i.e., optokinetic) eye responses to determine the 
smallest stimulus that elicits a tracking eye movement (Ryan 
et al., 2016). Acuity is also often determined by theoretical 
calculations based on cone or RGC density (Coimbra et al., 
2013, 2015, 2017; Pettigrew et al., 2010), though the results of 
these calculations may differ from those of behavioral tests 
(Clark & Clark, 2013; Mitkus et al., 2014).

There are two ways to express the results of such tests and 
calculations. Minutes of arc (MAR) describes the angle (in 
minutes) subtended by the narrowest bar that can be dis-
criminated, keeping in mind that 60 MAR make up a 1° vis-
ual angle. Alternatively, cycles per degree (cpd) is the 
number of cycles (a dark and a white bar) that can be seen 
within a field subtended by a 1° visual angle. These values 
are inversely related (Fig. 5.18). A subject with high visual 

acuity can resolve very narrow bars, resulting in a low MAR 
value; therefore, in 1° this subject will be able to see many 
bars, resulting in a high cpd value. Published charts can be 
used to convert between MAR, cpd, and Snellen acuity units 
(Miller & Murphy, 1995). A human adult typically has a 
Snellen acuity of 20/20 or 6/6, depending on whether the 
nonmetric or metric system is used, respectively. These frac-
tion values represent the size of the object that should be 
seen at a distance of 20 ft, or 6 m, by a person with normal 
vision. At this distance, the dimensions of this “gold stand-
ard” target are 1 MAR or 30 cpd. In the decimal system, a 
visual acuity of 20/20 or 6/6 corresponds to 1.0, whereas 
20/80 equals 0.25.

Snellen acuity values for selected species are provided in 
Table 5.2. Fractional values < 1 represent visual acuity that is 
lower than that of a gold standard human. The value of 
20/50 reported for the dog, for example, roughly means that 
a dog and a human who stand 20 and 50 ft away from a visual 
target, respectively, would both have the same resolution for 
that target. The general implication is that the resolution of 
the human is 2.5 times better than that of the dog, as both 
will be resolving and detecting the same target, even though 
the human is 2.5 times further away from it. In a metric sys-
tem, these results are reported as 6/15, with the dog and the 
human standing 6 and 15 m away, respectively, from the tar-
get. Figure  5.19 shows the optical quality of the images 
formed by a dog’s eye with 20/50 (or 6/15) vision.

As can be seen in Table 5.2 and Fig. 5.17, due to the pres-
ence of a fovea and macula, humans and nonhuman primates 
have the highest visual acuity among mammalian species. 
However, it can also be appreciated that raptors have even 
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Figure 5.17 Snellen acuity chart. A normal human with 
6/6 or 20/20 vision should be able to read the bottom line 
at a distance of 6 m or 20 ft. Humans and animals with 
lower acuity, as indicated by the figures on the right, can 
only detect larger letters at the same distance. Based on 
the values in Table 5.2, horses, for example, should be able 
to see the second line from the bottom, while rabbits can 
only detect the top letter.
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higher visual resolution, with Snellen fractions > 1. The 20/5 
resolution of the eagle, for example, implies that an eagle can 
be 4x further from a visual target than a human (20 and 5 ft, 
respectively), yet both species will equally resolve this target. 
On the other hand, it can be seen that contrary to common 
perception, the domestic cat has very low visual acuity, per-
haps as low as 50% of the canine visual acuity. The popular 
belief that cats have high visual acuity may stem from the 
superior scotopic sensitivity of this species; however, this high 
scotopic sensitivity of the cat is enabled by the presence of a 
tapetum lucidum (which scatters light) and a rod-rich retina, 
two factors that have detrimental effects on visual acuity.

When looking at Table 5.2, one should keep in mind that the 
legal definition of blindness in humans is 20/200 (or 6/60). 
This means that by human standards rabbits, cows, rats, and 
mice are legally blind. Furthermore, the menace response 
requires a visual acuity of only 20/20,000, far below the thresh-
old of legal blindness, thus casting doubts on the usefulness of 
this commonly used method to assess vision (Miller, 2018).

Factors Affecting Visual Acuity

Numerous factors affect visual acuity. These include both 
visual system- and stimulus-dependent factors. Visual sys-
tem factors are further subdivided into optical, retinal, and 
cortical features.

Optics of the Visual System
Refractive Error
Many of the optical factors affecting visual acuity were dis-
cussed in Chapter 4. Foremost among these is the refractive 
error of the eye. The values presented in Table 5.2 are for an 
emmetropic eye, when the image is focused on the retina. 
Obviously, ametropia results in a blurred image on the ret-
ina, and leads to degradation of acuity. In the dog, 1.5 D 
(diopters) of myopia reduces visual acuity from 20/50 to 
20/92, and 3 D myopia reduces it further, to 20/120 (Fig. 5.20). 
Such defocusing had a significant negative impact on 
retrieval times and performance scores of trained Labrador 
Retrievers (Ofri et al., 2012).

A large survey of over 1,400 dogs found that the average 
canine refractive error is −0.05 D, and that two-thirds of the 
study population was emmetropic, defined as a refractive 
error of <0.5 D in either direction (Kubai et  al., 2008). 
Therefore, two-thirds of canine patients have the visual 
acuity values presented in Table  5.2. Yet the same study 
found that 8% of all dogs were hypermetropic, with a refrac-
tive error of up to +3.25 D, and three breeds (Australian 
Shepherd, Alaskan Malamute, and Bouvier des Flandres) 
had a mean refractive error that was hypermetropic. 
Conversely, 25% of all surveyed dogs were myopic, with a 
refractive error of up to −6.25 D, and four breeds (Rottweiler, 
Collie, Miniature Schnauzer, and Toy Poodle) had a mean 
refractive error that was myopic. Other researchers also 
confirmed a high prevalence of myopia in Toy Poodles 
(63.9%), English Springer Spaniels (36.4%), and Collies 
(35.7%; Williams et  al., 2011). Thus, it would seem that a 
high proportion of dogs suffer from the adverse behavioral 
effects described for canine myopia (Ofri et  al., 2012; see 
Fig. 5.20). Furthermore, it should be noted that if an intraoc-
ular lens is not implanted in a canine patient undergoing 
cataract surgery, the aphakic eye will have 14.5 D of hypero-
pia (Davidson et  al., 1993), resulting in visual acuity of 
20/800, which is well below the 20/200 legal definition of 
blindness in humans.

Other species may also suffer from a high prevalence of 
ametropia. Only 48%–68% of horses are emmetropic in 
both eyes, with hyperopia and myopia reported in equal 
proportions in the ametropic horses (Bracun et  al., 2014; 
Grinninger et al., 2010), with errors of up to ±3 D (Farrall & 
Handscombe, 1990; Grinninger et  al., 2010). In Icelandic 
horses, a mutation causing silver coat color and multiple 
ocular anomalies is associated with myopia (Johansson 
et al., 2017). Though there are no studies documenting the 
behavioral consequences of equine ametropia, the condi-
tion has been associated with nervousness in affected 
horses (Miller & Murphy, 2017).

In a survey of 98 cats, only 30% were emmetropic; 54% and 
16% of the study population were myopic and hyperopic, 
respectively (Konrade et  al., 2012). However, the results 
may have been skewed by the fact that only 58% of the study 
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Figure 5.18 Visual acuity expressed in cycles per degree (cpd) 
and minutes of arc (MAR). The acuity of the observer on the left is 
denoted in cpd, which expresses the number of cycles (each cycle 
consisting of a dark and a light bar) seen within a 1° visual field. 
The observer on the right has an identical visual acuity, but it is 
denoted in MAR, which expresses the angle (in minutes) subtended 
by a single bar. A. The acuity of the observer on the left is 2 cpd 
(two pairs of light and dark bars). Because there are four bars in a 
degree, each is 15’ wide; therefore, the acuity of the observer on 
the right is 15 MAR. B. The observer on the left can discriminate 
four pairs of dark and light bars in a 1° field and, therefore, has an 
acuity of 4 cpd. The width of each bar is now 7.5’, however, and the 
acuity of the observer on the right is therefore 7.5 MAR.



Section I: Basic Vision Sciences244

SE
C

T
IO

N
 I

population were adults. Indeed, in dogs (Kubai et al., 2008), 
horses (Grinninger et al., 2010), and cats (Konrade et al., 
2012) as well as in wildlife species (Ofri et al., 2001, 2004), 
it has been shown that refractive error changes with age. 
Therefore, ametropia should be considered a differen-
tial  diagnosis for age-related deterioration in the visual 
 performance of animals with an unremarkable ophthalmic 

examination, and refraction should be added to the list of 
diagnostic tests performed in such patients.

Accommodation
Accommodation is another optical factor that may affect 
visual acuity, as it brings the images of nearby objects into 
focus on the retina. The process is described in detail in 

Table 5.2 Visual acuity in select species.*

Species
Snellen 
Resolution**

Spatial Frequency 
(Cycles/Degree)** Method*** References

Eagle (Aquila audax) 20/4 140 Behavioral and anatomic Reymond (1985)

Falcon (Falco berigora) 20/8 73 Behavioral and anatomic Reymond (1987)

Macaque monkey 20/16 38 Behavioral Merigan & Katz (1990)

Human 20/20 30 Ravikumar et al. (2011)

Horse 20/26 23 Behavioral Timney & Keil (1992)

20/36 16.5 Anatomic Harman et al. (1999)

King penguin Anatomic Coimbra et al. (2012)

 Under water 20/30 20.4

 In air 20/40 15.3

Alpaca 20/45 13.4 Anatomic Wang et al. (2015)

Sheep 20/51–20/43 11.7–14 Behavioral Sugnaseelan et al. (2013)

20/86–20/60 7–10 Anatomic Hughes (1977)

Camel 20/60 10 Anatomic Harman et al. (2001)

Dog 20/140–20/52 4.3–11.6 Electrophysiologic Odom et al. (1983); Ofri et al. (1993); 
Murphy et al. (1997)

20/110–20/31 5.5–19.5 Behavioral Lind et al. (2017)

Cat 20/190 3.2 Behavioral Jarvis & Wathes (2007)

20/90 6.5 Electrophysiologic Berkley & Watkins (1971)

20/33 18 Anatomic Steinberg et al. (1973); Clark & Clark (2013)

Barn owl Behavioral Orlowski et al. (2012)

20/190 3.2 (Mesopic)

20/500 1.2 (Scotopic)

Rabbit 20/200 3 Electrophysiologic Pak (1984)

Cow 20/460–20/230 1.3–2.6 Behavioral Rehkämper & Görlach (1998); Rehkämper 
et al. (2000)

Rat Behavioral Prusky et al. (2002)

 Pigmented 20/600–20/400 1–1.5

 Albino 20/1200 0.5

Mouse 20/1000 0.58 Behavioral Lehmann et al. (2012)

20/1500 0.39 Optokinetic Lehmann et al. (2012)

* This table mostly contains data for species commonly seen by veterinary ophthalmologists in clinical and research settings. Avian species have 
been included to demonstrate their high acuity (eagle, falcon) or the effects of aquatic vision (penguin) and light conditions (owl). The scientific 
literature reports visual acuity values for numerous other species, such as giraffes (Coimbra et al., 2013), elephants (Pettigrew et al., 2010), 
rhinoceros (Pettigrew & Manger, 2008), and marsupials (Dooley et al., 2012), that are beyond the scope of this book.
** Most articles report visual acuity in cycles/degree. These values have been converted to Snellen units by the author (R.O.) as most readers are 
more familiar with this latter scale. Values for Snellen acuity < 20/200 have been rounded.
*** Anatomic methods of assessment include counting the density or cones and/or retinal ganglion cells; electrophysiologic methods are based on 
recordings of the pattern electroretinogram or pattern visual evoked potentials.
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Chapter 4 (see Fig. 4.7). Briefly, during accommodation par-
asympathetic stimulation leads to contraction of the ciliary 
body muscle, allowing the eye to focus on nearby objects. In 
primates and birds this contraction leads to an increase in 
the curvature of the lens, while in carnivores it results in 
anterior movement of the lens in the eye. In disaccommoda-
tion, sympathetic stimulation leads to relaxation of the cili-
ary body muscle, allowing the eye to view distant objects. In 
primates and birds the relaxation results in a flatter lens with 
reduced refractive power, while in carnivores it results in 
posterior movement of the lens in the eye (Ofri, 2018b).

Children have a powerful accommodating capability, per-
haps as high as 15 D, which means that they can focus on 
objects as close as 6–7 cm; unfortunately, humans gradually 
lose this capacity with age, in a process called presbyopia, 
and by 50–55 years of age they are left with virtually no 
accommodative power (Glasser, 2011). As detailed in 
Chapter  4, in diving birds and otters the accommodative 
power can be as high as 60 D, and accommodative powers of 
10–20 D have been demonstrated in other avian species, as 
well as some mammals such as raccoons and mongooses. 
However, most mammalian species that are commonly seen 

HUMAN

E

A B

C D

HORSE

DOG

CAT

Figure 5.19 Comparative visual resolution. The same landscape is seen by (A) a human, (B) a horse, (C) a dog, and (D) a cat. The 
landscape is presented in black and white to avoid the confounding factor of differences in color vision between species. Differences in 
visual field size have also been ignored. E. Visual acuity depicted as cycles per degree, which means how many lines one can distinguish 
as being separate in 1 degree of the visual field. A cycle is a pair of a black and a white bar. Humans see 30 cycles per degree, horses 18, 
dogs 12, and cats 6. Therefore, acuity in cats is 0.2 times that of humans, 0.33 times that of horses, and 0.5 times that of dogs. (Panels A–D 
courtesy of Dr. Shlomi Levi.)
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by veterinary ophthalmologists have very low, or no, accom-
modative power. Dogs and cats have accommodative power 
of just 1–3 D (Hughes, 1977) and 2–4 D (Ott, 2006), respec-
tively. The implications of these numbers are that though 
dogs and cats can focus on distant objects (by disaccommo-
dating), their depth of field for nearby objects is just 100–
33 cm (dogs) and 50–25 cm (cats). Closer objects are very 
blurred and are usually perceived using the sense of smell, 
rather than vision. Horses can accommodate only ±1 D in 
either direction (Sivak & Allen, 1975), while rodents (Artal 
et al., 1998) and ruminants (Piggins & Phillips, 1996) gener-
ally lack accommodative capabilities. Thus, it would seem 
that in most veterinary patients, accommodation does not 
make a significant contribution to visual acuity.

The Pupil
Unlike accommodation, the pupil has a great impact on the 
visual acuity of many veterinary patients. As described in 
Chapter 4, the peripheral cornea and lens introduce signifi-
cant spherical (and chromatic) aberrations into the eye. 
Therefore, mydriasis results in reduced visual acuity as 
peripheral rays reach the retina (Fig. 5.21). In humans, dilat-
ing the pupil with 1% tropicamide will decrease acuity to 
about 20/30 (Chew et  al., 2007; Montgomery & MacEwan, 
1989). While similar studies are unavailable in animals, one 
can assume that due to the large pupil size in some veterinary 
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Figure 5.20 Simulated blurred vision due to myopia. 1–3 D (diopter) defocus can result in blurry vision simulated based on human 
subject experience. Similar blurry vision can be expected for dogs that have –1 to –3 D myopia. (Reproduced with permission from 
Hernandez, J., Moore, C., Si, X., et al. (2016) Aging dogs manifest myopia as measured by autorefractor. Plos One, 11, e0148436.)
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Figure 5.21 The effect of pupil diameter on visual acuity. 
Luminance values of the reference field are indicated at the right 
of the curves. Note how acuity decreases with decreasing 
luminance (compare top curve to bottom curve) and how it also 
decreases with increasing pupil diameter due to increased 
spherical aberrations. (Reproduced with permission from 
Leibowitz, H. (1952) The effect of pupil size on visual acuity for 
photometrically equated test fields at various levels of luminance. 
Journal of the Optical Society of America, 42, 416–422.)



5: Fundamentals of Animal Vision 247

SE
C

T
IO

N
 I

patients, the effect of mydriasis on visual acuity could be 
even more detrimental. The area of a mydriatic human and 
feline pupil is 50 mm2 (Gilmartin et al., 1995) and 113 mm2 
(Hammond & Mouat, 1985), respectively, allowing signifi-
cant spherical aberrations and visual degradation in cats.

Conversely, miosis decreases spherical aberrations and 
improves visual acuity. For example, treatment with carba-
chol causes significant improvement in the visual acuity of 
human patients (Abdelkader, 2015). This is why miosis is a 
component in the near reflex triad, which also includes ocu-
lar convergence and lens accommodation, as these three 
mechanisms allow humans to view nearby objects of interest 
with high resolution (Kardon, 2011). Another beneficial 
effect of miosis is that it increases the depth of field of the 
eye; that is, the distance between the nearest and farthest 
objects on which the eye can focus. With a 4 mm pupil, the 
depth of field of the human eye is 0.78–1.40 m; constricting 
the pupil to a 1 mm pupil will increase it to 0.56–5.0 m (Wang 
& Ciuffreda, 2006). This is one instance where the eye may 
be compared to a camera, as miosis may be compared to the 
pinhole effect attained when the lens aperture is decreased, 
thereby increasing the photographer’s depth of field, or 
f-stop (Harmening & Wagner, 2011).

However, there is a limit to the beneficial effects of miosis. 
As the pupil constricts, the diffraction of light, or its bending 
and scattering as it passes through the pupillary aperture, 
becomes more noticeable (Fig. 5.22). This has a detrimental 
effect on visual acuity, similar to that of the spherical aberra-
tions associated with mydriasis. In humans, the ideal pupil 
size, which balances diffraction (enabled by miosis) and 
aberrations (enabled by mydriasis), is 3–5 mm (Smith & 
Atchison, 1997). Furthermore, miosis reduces the amount of 
light reaching the retina. Due to the stenopaeic (slit-shaped) 
feline pupil, miosis in cats decreases retinal illumination by 
3 log units (Hammond & Mouat, 1985), compared to the 1.5 
log units decrease in miotic humans (Kardon, 2011). 
Depending on the prevailing conditions, this decrease may 
result in suboptimal retinal illumination, thus affecting reti-
nal factors that determine visual acuity, as discussed in the 
next section.

Globe Size
Another optical factor influencing visual acuity is the size of 
the eye. A comparative study of 91 mammalian species 
shows that axial length and visual acuity are significantly 
and positively correlated (Veilleux & Kirk, 2014). This is 
because an increase in axial length produces a longer poste-
rior focal distance (between the lens and the retina; Fig. 5.23). 
Consequently, as axial length increases a larger image is 
formed on the retina, an image that can be sampled by more 
photoreceptors and RGCs, as discussed next. Interestingly, 
large eyes and high visual acuity are also correlated with 
large semicircular canals in the inner ear; it is suggested 
that high acuity requires precise gaze stabilization, which is 

enabled by a vestibular system possessing canals with large 
radii and the resulting high vestibular sensitivity (Kemp & 
Kirk, 2014).

Retinal Factors Affecting Visual Acuity
Visual acuity is also determined, largely, by anatomic and 
functional differences between the rod and cone pathways 
(see Chapter  4). In the retina, visual acuity decreases as a 
function of increased eccentricity because of the decreased 
number of cones and RGCs in the peripheral retina (see 
Chapter  4, Table 4.6). This decline in the peripheral RGC 
population has been described in the dog (Gonzalez-Soriano 
et al., 1995), horse (Evans & McGreevy, 2007; Guo & Sugita, 
2000), and cat (Stein & Berson, 1995; Stein et al., 1996). In 
the latter, the ratio of RGCs in the central and peripheral 
retina is 20 : 1 (Miller, 2018). Additionally, the peripheral 
retina is populated mostly by α- or Y-type ganglion cells, 
which are characterized by large dendritic trees (Li & Da 
Costa 2002; Stein & Berson, 1995; Stein et al., 1996), further 
contributing to the low acuity of this region. Thus, it is not 
surprising that dogs and horses have low visual resolution in 
the peripheral retina, where most information is processed 
by the converging rod pathway (Harman et  al., 1999; Ofri 
et al., 1993).

Figure 5.22 The effect of pupil size on light diffraction. Note 
that with the smaller pupil (bottom) light passing through the 
pupil is more scattered. Though miosis can improve visual 
resolution as it decreases spherical aberrations (see Fig. 5.21), 
beyond a certain threshold it can have a detrimental effect on 
resolution due to increased light diffraction.
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Conversely, the architecture of the central retina has 
evolved to provide high visual acuity. It is characterized by a 
high density of cones and RGCs, by a low photoreceptor-to-
RGC ratio, and by RGCs with small dendritic trees. In pri-
mates and some avian species, the evolution of this 
arrangement has culminated in the formation of an ana-
tomic pit called the fovea. The central fovea contains no 
rods, and cones are tightly packed in a regular arrangement 
for maximal density (Levi, 2011). Each of these cones out-
puts, through a single midget bipolar cell, to a single midget 
RGC (Provis et  al., 2013). This pathway ensures maximal 
resolution, as there is no convergence or summation of the 
cone output, and each cell projects its signal directly to the 
brain, providing pinpoint localization of the visual stimu-
lus. The high density of photoreceptors, particularly the 
cones, and their associated bipolar and RGCs in the central 
retina, compared with peripheral retina, explains why the 
central canine retina is thicker than the retinal periphery 
(Ofri & Ekesten, 2020).

Though a fovea-like bouquet of cones has recently been 
described in dogs (Beltran et  al., 2014), in other (nonpri-
mate) mammals central vision is subserved by an area cen-
tralis, rather than a fovea. The principles of area centralis 
architecture are similar to those of the fovea: it is the retinal 
region containing the highest concentration of cones and 
associated RGCs, with small dendritic trees and minimal 
convergence. However, in the area centralis these principles 
are not as refined as they are in the fovea. Thus, even though 

it contains the highest concentration of cones, the area cen-
tralis is not rod free, and the presence of rods results in a 
lower cone density than in the fovea. Furthermore, the area 
centralis does not have the midget circuitry that character-
izes the fovea, resulting, once again, in cellular packaging 
that is not as dense as in the fovea. In the cat, for example, 
midget RGCs are replaced by β-RGCs; though their dendritic 
tree is smaller than that of other feline RGCs, it is larger than 
the dendritic trees of the primate foveal midget RGCs (Stein 
et al., 1996). Just as importantly, even in the area centralis 
the output of several feline cones converges on a single  
β-RGC (Cohen & Sterling, 1992). The result is summation of 
cone output in the cat’s area centralis, compared to the “pri-
vate line” that conveys the output of each primate foveal 
cone to the brain.

Obviously, differences in cone-to-rod ratios and variations 
in RGC types are not limited to regional retinal variations in 
eccentricity. Such differences are also found between spe-
cies, depending on their environment (diurnal vs. noctur-
nal), life style (herbivorous vs. carnivorous), and other 
evolutionary factors (see Chapter 4, Table 4.6). For example, 
barn owls are unique in that they have a fovea that is rod 
dominant, to facilitate scotopic hunting by this nocturnal 
raptor (Harmening & Wagner, 2011). On the other hand, 
other avian species, including diurnal raptors and passer-
ines, have evolved bifoveate retinas, containing both a shal-
low temporal and a deeper nasal/central fovea (Coimbra 
et al., 2015; Inzunza & Bravo, 1993; Fig. 5.24), contributing 
to their high visual acuity (see Table 5.2). In diurnal raptors, 
the nasal/central fovea (which has a higher acuity) is used to 
identify distant objects during flight, while the temporal one 
is used to fixate on nearby prey (González-Martín-Moro 
et al., 2017).

In general, after controlling for eye size and phylogeny, 
visual acuity in mammals is associated with diurnality, even 
in closely related species (Veilleux & Kirk, 2014). For exam-
ple, megabat species that roost outdoors and have a carnivo-
rous diet possess a pronounced visual streak (analogous to 
the area centralis) of high RGC density, whereas cave-
dwelling megabat species with a herbivorous diet have a 
less pronounced streak with lower RGC concentration. 
Consequently, the visual resolution of the former is twice as 
high as that of the latter (Coimbra et al., 2017).

Another feature of retinal anatomy that affects visual acu-
ity is the presence of a tapetum lucidum, though its effect is 
negative (Fig. 5.25). Light striking the tapetum is reflected 
back onto the retina at various angles, resulting in light scat-
ter and diminished acuity (Ofri, 2018a; Schwab et al., 2002). 
Since in most species the tapetum underlies the area centra-
lis, this scatter occurs in a region where it would have the 
most detrimental effect on the animal’s visual acuity. This 
may be why elephants have a heterogenous structure of a 
tapetum lucidum, with its least dense and least reflective 
area located behind the horizontal visual streak (Pettigrew 
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Figure 5.23 The effect of globe size on the image projected on 
the retina. The larger globe (top) has a longer posterior focal 
distance (between the lens and the retina), resulting in a larger 
retinal image. This results in higher visual resolution for this eye, 
as the image can be sampled and processed by more 
photoreceptors and ganglion cells than the bottom image.
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et  al., 2010). Such an anatomic arrangement would mini-
mize the negative effect that the tapetum has on the ele-
phant’s visual acuity.

Of course, features that are a disadvantage in daytime, 
when the photopic cone system is active, become advanta-

geous in dim light, when the scotopic rod system takes over 
(see “Scotopic and Photopic Vision”). Cats have low visual 
resolution because of a large pupil (and the consequent 
spherical aberrations) and a reflective tapetum, combined 
with an afoveate retina characterized by a low concentration 
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Figure 5.24 Stereologic sampling scheme used to map the topographic distribution of rods and cones in the retinal wholemounts of 
passerines. A. Rod density. The gray shaded areas mark the location of the rod-free zones in this representative retina. B. Cone density. The 
two rod-free areas in panel A are actually a central and a temporal fovea. The thick, dark diagonal line represents the pecten. T, temporal; 
V, ventral. Scale bars = 1 mm. (Modified with permission from Coimbra, J.P., Collin, S.P., & Hart, N.S. (2015) Variations in retinal 
photoreceptor topography and the organization of the rod-free zone reflect behavioral diversity in Australian passerines. Journal of 
Comparative Neurology, 523, 1073–1094.)
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Figure 5.25 Light scatter by the tapetum. The left side of this figure represents a nontapetal section of the fundus, the right half a tapetal 
region. On both sides of the figure, three incoming photons are shown. Two are absorbed by the photoreceptors and contribute to visual 
sensation, and the third passes through the retina without being absorbed. In the nontapetal fundus (left), this photon’s energy dissipates 
in the pigment epithelium and does not contribute to visual sensation. By comparison, in the tapetal fundus (right), this third photon is 
reflected back onto the photoreceptors, where it is absorbed and contributes to vision, thereby enhancing scotopic sensitivity. However, 
note that in this region the photon is eventually absorbed by a photoreceptor that is not in its original trajectory, and therefore the 
resulting image is blurred. Consequently, tapetalized eyes have low visual acuity but great scotopic sensitivity. (Reproduced with permission 
from Maggs, D.J., Miller, P.E., & Ofri, R., eds. (2018) Slatter’s Fundamentals of Veterinary Ophthalmology, 6th ed. St. Louis, MO: Elsevier.)
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of cones, converging cone output, and RGCs with large den-
dritic trees. Because of these anatomic constraints, the low 
acuity values of cats can never be improved by visual aids 
such as glasses or LASIK surgery, contrary to suggestions by 
the public. After all, the feline visual resolution is poor even 
though the cat eye is close to emmetropia (Konrade et al., 
2012). However, what cats lack in cone function they gain in 
rod function. The same factors – a large pupil, a reflective 
tapetum, and photoreceptor pathways that converge on 
RGCs with large dendritic trees – afford cats superior sco-
topic vision. Furthermore, the maximal rod concentration in 
cats and humans is 460,000/mm2 and 160,000/mm2, respec-
tively (see Chapter  4, Table 4.6). Therefore, though their 
view of the world may not be as colored or as detailed as 
ours, cats continue to see at night, while humans are left 
groping in the dark (see Fig. 5.5)!

The Visual Cortex and Visual Acuity
Just like the central retina, the architecture of the visual cor-
tex devoted to the central visual field has also evolved to 
enable high-resolution vision. However, there is a funda-
mental difference in the anatomic features that have evolved 
to process high-resolution vision in the retina and cortex. In 
the retina, each degree of the visual field is projected onto a 
similar-size retinal area, regardless of whether it is periph-
eral or central. The increased visual resolution of the central 

retina is obtained by increasing the density of the cones and 
their associated RGCs, as described in Chapter 4. In the cor-
tex, on the other hand, the density of neurons serving the 
peripheral and central visual fields is identical. The increased 
detail with which visual input from the fovea or area centra-
lis is analyzed by the cortex is not a result of thicker neuronal 
layers and increased cell density, as in the retina. Rather, this 
increased cortical visual discrimination is a result of the 
increased cortical area devoted to representing the fovea or 
area centralis. In other words, because of the importance of 
the visual input from the area centralis or fovea, large corti-
cal areas are devoted to processing the signals originating 
from these regions.

The larger area devoted to processing information from 
the central retina results in magnification of its cortical rep-
resentation. Magnification factor is a term coined by Daniel 
and Whitteridge (1961) to quantify the disproportionate 
amount of cortical area devoted to processing the high-reso-
lution vision of the central visual field. In the cat, for exam-
ple, the surface area of the visual cortex is 380 mm2, 50% of 
which is devoted to the central 20° of the visual field (Tusa 
et al., 1978). Consequently, half the visual cortex is devoted 
to the central 20° of the feline retina, and half of it is devoted 
to the rest of the visual field (Fig. 5.26). In humans, the dis-
proportionate cortical representation of the central visual 
field is even more striking. The fovea occupies only 0.01% of 
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Figure 5.26 The projection of the visual field on the cat cortex. A. Perimeter chart showing the extent of the visual hemifield. Azimuths 
and elevations are illustrated by solid and dashed lines, respectively. B. Visual hemifield projection in areas 17 (V I), 18 (V II), and 19 of the 
unfolded cat cortex. Note the disproportionate large amount of cortical area devoted to processing the central 5o of the visual field, at 
the expense of the small areas devoted to processing input from the peripheral visual field. (Reproduced with permission from Tusa, R.J., 
Rosenquist, A.C., & Palmer, L.A. (1979) Retinotopic organization of areas 18 and 19 in the cat. Journal of Comparative Neurology, 185, 
657–678.)
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the human retina, yet its representation takes up 8% of the 
visual cortex (Azzopardi & Cowey, 1993). Furthermore, in 
primates the density of neurons in this cortical area is 2.5× 
greater than in nonprimates, reflecting the high acuity of the 
fovea that it serves (Srinivasan et al., 2015). The increased 
cortical “machinery” devoted to processing the output of the 
area centralis and fovea is another reason for the significant 
difference between central and peripheral acuity, and con-
tributes a critical element to the actual perception of high-
resolution vision.

Stimulus-Dependent Factors Affecting Visual Acuity
The two most important stimulus parameters affecting vis-
ual acuity are its luminance and contrast (Fig. 5.27). Visual 
acuity is high in photopic conditions, when the cone system 
is active, and decreases in scotopic conditions, when the rod 
system is active. In dogs, for example, behavioral studies 
have shown that it decreases from an average of 20/70 in the 
former to 20/225 in the latter. Even in the barn owl, a noctur-
nal raptor highly adapted to night vision, acuity decreases by 
75% when transitioning from photopic to scotopic condi-
tions (Orlowski et al., 2012). This is because of the functional 
and anatomic differences between the cone and rod systems 
(high density of cones in the fovea or area centralis, the 

 synaptic connection of one cone to one midget bipolar cell 
and one midget RGC, versus the convergence and low pho-
toreceptor and RGC density of the rod pathway).

Likewise, a high degree of stimulus contrast is required 
for high acuity. On a sunny day, humans can easily see dark 
power lines at a distance, as they sharply contrast with the 
blue sky, but the same lines would not be easily seen if they 
were blue. As with luminance, acuity decreases with log 
contrast (Legge et al., 1987). In harbor seals, for example, 
behavioral testing demonstrated a linear decrease of acuity 
with increased water turbidity, potentially affecting the ani-
mals’ foraging ability (Weiffen et  al., 2006). However, as 
noted earlier, contrast and luminance sensitivities are not 
only dictated by retinal anatomy and physiology; the visual 
cortex also contributes to these functions, as it has func-
tional contrast- and luminance-modulating units (Dai & 
Wang, 2012).

The texture of the stimulus (De Weerd et  al., 1992; 
Wilkinson, 1995) – that is, the density and size of its consti-
tutive elements – and its shape are also important in deter-
mining visual perception (Fig. 5.28). For example, horses are 
better than chimpanzees at perceiving shapes with diagonal 
lines, but are worse at perceiving shapes with right angles 
(Tomonaga et  al., 2015). Similarly, young kittens react 
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Figure 5.27 Visual acuity increases with contrast. With high contrast (top row), high visual resolution is possible (top right image). With 
lower contrast (middle row), the object on the right can barely be seen, and only low visual resolution is possible (middle row, left image). 
The linear relationship is shown in the bottom graph. (Reproduced with permission from Levin, L.A., Nilsson, S.F.E., ver Hoeve, J., et al., eds. 
(2011) Adler’s Physiology of the Eye, 11th ed. St. Louis, MO: Saunders Elsevier.)
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strongly to horizontal lines, but not to dots (Wilkinson, 
1995). Additional stimulus parameters influencing visual 
acuity include stimulus duration (acuity declines for brief 
stimuli because of insufficient retinal exposure) and stimu-
lus movement (movement faster than the tracking response 
will also result in insufficient retinal exposure).

Other factors also become important when conducting 
behavioral tests to determine visual discrimination in animals. 
For example, in horses, visual discrimination is enhanced 
when the target is at ground level and poorer when it is at a 
height of 70 cm, or about 2 ft (Hall et al., 2003). In addition, the 
examiner should recall that most nonprimates have minimal 
accommodative ability, and therefore test objects should not be 
placed too close to the animal (Clark & Clark, 2013). For exam-
ple, since horses can accommodate by only 1 D, they will fail a 
behavioral test if the target is closer than 1 m.
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Figure 5.28 Visual texture allows the viewer to differentiate an 
object from its surroundings. In this image, a barn owl can be 
distinguished from the surrounding vegetation based on 
differences in the texture of the feathers, which are more 
homogenous and smooth than the tree trunk on the left.


