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Ocular Embryology and Congenital Malformations

Cynthia S. Cook

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

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.
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Table 1.1 Sequence of ocular development (Cook, 1995; O'Rahilly, 1983).

Human (Approximate Dog (Day
Postfertilization Age) Postfertilization)
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Mouse (Day
Month Week 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 28 105 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
33 115 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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Table 1.1 (Continued)
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z
Human (Approximate Dog (Day E
Postfertilization Age) Postfertilization) ﬁ
w
Mouse (Day
Month Week 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
45-1P Hyaloid artery begins to atrophy to the disc
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)
2-14P Tunica vasculosa lentis atrophies
Short eyelashes appear
5 40 Layers of the choroid are complete with pigmentation
6 — Eyelids begin to open, light perception
1P 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
14P 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).

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
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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, KW. & Spiegel, PH.), pp. 3-38. New York: Springer.)
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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, KW. & Spiegel, PH.), pp. 3-38. New York: Springer.)

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.

1: Ocular Embryology and Congenital Malformations |7

Table 1.2 Embryonic origins of ocular tissues (Johnston et al.,

1979; Noden, 1993; Yamashita & Sohal, 1987).

Neural Ectoderm

Neural Crest

Neural retina

Retinal pigment epithelium
Posterior iris epithelium

Pupillary sphincter and
dilator muscle (except in

SECTION |

Stroma of iris, ciliary body, choroid,
and sclera

Ciliary muscles
Corneal stroma and endothelium

Perivascular connective tissue and
smooth muscle cells

avian species) 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 ~ Vascular endothelium

epithelium
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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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, KW. (2003)
Embryology. In: Pediatric Ophthalmology and Strabismus (eds.
Wright, KW. & Spiegel, P.H.), pp. 3-38. New York: Springer.)
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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; Il, 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.)

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.

10/7/2020 8:09:09 AM
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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, KW. & Spiegel, PH.), pp. 3-38. New York: Springer.)
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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, PH.), pp. 3-38. New York: Springer.)

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,

10/7/2020 8:09:10 AM
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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
C57B1/6) 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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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, KW. & Spiegel, P.H.), pp. 3-38. New York: Springer.)

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, KW. & Spiegel,
PH.), pp. 3-38. New York: Springer.)
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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

Optic cup Intraretinal space

Neurosensory retina
RPE

.. Neural ectoderm

Hyaloid

Primary
vessels

vitreous Optic fissure

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

10/7/2020 8:09:11 AM
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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.)

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

c0lindd 12

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 (Hubmacheretal.,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).
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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, PH.), pp. 3-38. New York: Springer.)

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

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, PH.), 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, KW. & Spiegel, P.H.),
pp. 3-38. New York: Springer.)

(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

ey

™ Secondary

vitreous

Hyaloid artery

Optic nerve

Muscle

Tunica vasculosa lentis
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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, PH.), pp. 3-38. New York: Springer.)

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
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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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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 (PIGF) 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

1: Ocular Embryology and Congenital Malformations

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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Section I: Basic Vision Sciences

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, KW. &

Spiegel, PH.), pp. 3-38. New York: Springer.)

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
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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

10/7/2020 8:09:14 AM



c0l.indd 17

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).

1: Ocular Embryology and Congenital Malformations

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 Miiller 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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Section I: Basic Vision Sciences

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 Miiller 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.
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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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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 C57B1/6) mice. Scanning Electron Microscopy, 3,1215-1227.)

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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Section I: Basic Vision Sciences

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

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.)
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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

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

Table 1.3 Anomalies associated with microphthalmia in dogs.

Anomaly Breed References
Anterior Saint Arnbjerg & Jensen (1982); Bergsjo
segment Bernard, et al. (1984); Boroffka et al. (1998);
dysgenesis Doberman Lewis et al. (1986); Martin & Leipold
(1974); Peiffer & Fischer (1983);
Stades (1980, 1983); van der
Linde-Sipman et al. (1983)
Cataract Old English ~ Barrie et al. (1979)
Sheepdog
Akita Laratta et al. (1985)
Miniature Gelatt et al. (1983); Samuelson et al.
Schnauzer (1987); Zhang et al. (1991)
Chow Chow  Collins et al. (1992)
Cavalier King Narfstrom & Dubielzig (1984)
Charles
Spaniel
English Strande et al. (1988)
Cocker
Spaniel
Irish Kern (1981)
Wolfhound
Retinal Saint Bernard Martin & Leipold (1974)
dysplasia

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

Peiffer & Fischer (1983)

1: Ocular Embryology and Congenital Malformations

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
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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

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.
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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
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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.)

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
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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.)

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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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 Extensive scleral/ Common, localized
hypoplasia retinal defects
Optic nerve Rare Frequent
coloboma
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.

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

1: Ocular Embryology and Congenital Malformations

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).

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
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Section I: Basic Vision Sciences

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).

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.)

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.

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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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, 166x. 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.)

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
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EMBRYO ADULT Figure 1.30 The relationship between microphthalmia
forebrain deficiency 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

smaII optlc cup — microphthalmia the lens. The result is a spectrum of malformations in
the adult, including microphthalmia, microphakia,
colobomas, persistent hyperplastic primary vitreous, and
perSIStent optic flssure — anteriorand posterior oo segment dysgenesis. ECM, extracellular matrix.

segment colobomas (Reprinted with permission from Cook, C. (1995)
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small Iens vesicle » microphakia Embryogenesis of congenital eye malformations.
Veterinary and Comparative Ophthalmology,5,109-123.)
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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
appear to have a genetic predisposition, with Burmese cats  in this flattened appearance. (Courtesy of Kristina Burling.)

overrepresented (Blacklock et al., 2016). When uveal cysts

originate within the ciliary body, they can be nonpigmented dogs and other breeds. There has been a great deal of specu-

(see Fig. 1.32). lation about whether the cysts may play a causal role in the
Uveal cysts are often seen associated with pigmentary uve- inflammatory disease process (Pumphrey et al., 2013;

itis or pigmentary and cystic glaucoma in Golden Retriever =~ Townsend & Gornik, 2013). Uveal cysts seen in dogs affected
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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.)

1: Ocular Embryology and Congenital Malformations

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
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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

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
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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.)
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 (Pearl et al., 2015).
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
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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).

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

1: Ocular Embryology and Congenital Malformations

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 1.37 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

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.
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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.)

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
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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.)

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

1: Ocular Embryology and Congenital Malformations

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.

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.
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