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ABSTRACT

The morphogenesis of the retina of the Sprague-Dawley
albino rat has been studied by light microscopy from the 1lth
day of gestation until 225 days after birth. A quantitative
analysis of the changes during development in retinal volume,
thickness of the entire neural retina and thickness of each of
the retinal layers, both posteriorly and peripherally, has been
made. The results indicate that initially activity is centered
on the formation of a single neuroblastic layer, continually
thickened by mitosis at its outer border. The retinal Layers
then form in sequence, moving from the inner retinal border out-
ward and always beginning posteriorly and then spreading peripher-
ally. The transient layer of Chievitz does not appear. All the
adult layers are present by 8 days after birth and each layer
thins after it has reached its maximal thickness. Total thick-
ness of the neural retina is greatest on the 5th postnatal day,
but retinal volume does not reach a peak until the 7th to the
12th postnatal days.

The development of the retinal pigment epithelium, chorio-
capillaris, Bruch's membrane, hyaloid and early retinal capillaries
has been studied by electron microscopy during the last fetal week
and the first two weeks of neonatal life. During this period,

the pigment epithelial cell changes from an undifferentiated,



to a highly specialized state, both morphologically and functionally.
The apical cytoplasm forms long thin projections that enclose first,
the developing photoreceptor inmer segments, and later the re-
ceptor outer segments., The basal region of the epithelium becomes
highly infolded in isolated areas, which later coalesce to cover
the entire basal surface. The pigment granules in the albino
rat develop normally in the inner epithelial cytoplasm until the
stage of melanin deposition, after which they begin to break
down. The lamellated inclusion body of the adult pigment epith-
elium first appears during the second week of postnatal life,

The five layers composing Bruch's membrane are formed
in the following order: the basement membrane of the pigment
epithelium; the two collagenous layers; the basement membrane of
the choriocapillary endothelium on the last prenatal day; and
finally, the central lamina densa after birth. The wall of the
choriocapillaris changes from a continuous endothelium on the 6th
prenatal day, to a thin fenestrated endothelial wall facing the
pigment epithelial layer by the 5th neonatal day.

Despite differences in the developmental pattern of
the hyaloid and retinal capillary systems and the temporary nature
of the mammalian hyaloid vessels, the two capillary systems are
basically similar in ultrastructural appearance. Both varieties
of capillary possess a continuous endothelium, a multilayered
basement membrane and an incomplete pericyte covering. In both
types, the endothelium and pericyte covering become thinner as

the capillary matures. The hyaloid pericytes, alone possess an
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inner cytoplasmic band of fibrillar material and the hyaloid
basement membrane never achieves the thickness of its retinal
counterpart. An outer glial covering, limited to the retinal
capillaries is the last layer of these vessels to be fully

developed.



I INTRODUCTION

The following work has been divided into three sections as follows:
1) A light microscopic study of the development of the retina.
2) An electron microscopic study of the development of the
retinal pigment epithelium, cheriocapillaris and Bruch's
membrane,
3) A comparative electron microscopic study of the development

of the hyaloid and retinal capillaries.

1. The principal features of development of the mammalian
retina have been described in man (Barber, 1955; Duke-Elder, 1988;
Mann, 1964) and in a number of laboratory animals (Mann, 1928; Tansley,
1951; Parry, 1953; Noell, 1958; Donovan, 1966) including the rat
(Detwiler, 1932; Tansley, 1933; Bourne, Campbell and Tansley, 1938;
Paik and Chung, 1966). Particular attention has been paid to the
relationship between the structural changes underlying retinal de-
velopment and functional maturity monitored by electro-retinography
(Parry, 1953; Hellstrbm and Zeterstrtm, 1956; Noell, 1958; Horsten
and Winkelman, 1960).

Despite the fact that many investigations of retinal
development have been published, a comprehensive, sequentiai analysis
of development of the retinal layers in mammals is not available}

nor has a detailed description of the morphogenesis of the rat retina



been published. The present investigation explores, quantitatively,
the successive development of the intrinsic retinal layers in the
rat, from the llth day of gestation until 225 days after birth.
The morphology of the developing rat retina has been studied and

a timetable indicating the first appearance and relative changes
in thickness of each of the retinal layers has been prepared. The
times of development in this strain of rat have been correlated
with the standard developmental stages of Christie (1964). It

1s anticipated that the results will provide necessary background
information for future studies of retinal ultrastructure, ex-
perimental embryology and teratogenesis.

2, The retinal pigment epithelium, choriocapillaris and
Bruch's membrane, in the adult mammal, comprise a highly differen-
tiated and functionally integrated structure charged with several
specialized roles indispensable to the ¥isual process. In addition
to the absorption of light, these include essential functions
related to the storage of Vitamin A ester and the regeneration of
visual pigment (Dowling, 1960), the metabolic support of the entire
outer retina (Michaelson, 1954; Bernstein, 1961; Bermstein and
Hollenberg, 1965b) and the architectural stabilization of the outer
portions of the photoreceptor cells (Bernstein, 1961).

A great deal has been learned in recent years concerning
the fine structure and function of the mammalian pigment epithelium,
Bruch's membrane, and the choriocapillaris in the adult animal

(Bernstein, 1960, 1961; Sumita, 1961; Dowling and Gibbons, 1962;



Garron, 1963; Bairati and Orzalesi, 1963; Nakaizumi, 1964; Lasansky
and de Fisch, 1965; Leeson and Leeson, 1966, 1967; Nakao, 1968;
Leure-du Pree, 1968). 1In contrast, the detailed morphologic and
functional changes accompanying the development of these structures
are not well known and have been the subject of only a few
publications (Dowling and Gibbons, 1962; Breathnach and Wyllie,
1966; Leeson, 1968; Weidman and Kuwabara, 1968).

The present study closely examines the ontogenic re-
lationship between the retinal pigment epithelium and the adjacent
photoreceptor cells. Particular attention was paid to the develop-
mental process at the epithelial photoreceptor junction. 1In addition,
the study explores the time, the sequence and the mode of acquisition
of the highly specialized morphological characteristics of the retinal
epithelium and its adjacent structures. An albino animal was chosen
to examine further the block to melanin granule formation in the
retinal epithelium of the albino and the subsequent fate of the non-
melanized, pro-pigment granules.

3. It is well known that during the early development of
the eye in mammals, the hyaloid and retinal vascular systems have
separate roles to play. The two systems, although both derived from
mesodermal tissue at the site of the optic stalk, appear at different
times, exhibit distinctive directions and patterns of growth and
for the most part nourish different intraocular s;ructures (Michael-
son, 1954; Mutlu and Leopold, 1964a, b).

The present study seeks to determine whether or not

the developmental distinctions between the two systems are reflected



tn related morphological differences. The results indicate that
despite the foregoing differences and the temporary nature of
mammalian hyaloid vessels, the two capillary systems resemble
one another in ultrastructural appearance, although each

possesses certain structural characteristics of its own.



IT HISTORICAL REVIEW

I LIGHT MICROSCOPY
1) A Brief Review of the Most Notable Studies of the

Structure of the Adult Retina.

The earliest microscopic investigations of the retina
coincide with the beginnings of microscopy itself, for the retina
was one of the numerous tissues studied by van Leeuwenhoek. On
at least two occasions in 1674 and again in 1684, van Leeuwenhoek
wrote letters to the Royal Society of London describing '"globular
bodiés" he had seen within the retina of the frog (Polyak, 1941).
His observations were for the most part only cursory studies on
the fresh retina, but the year before his death, in 1723, he
described the rods and cones of the retina of the frog (Duke-Elder,
1961). In the early 19th century, both Fontana and Ehrenberg
(Polyak, 1941) studied retinal structure as a means of gaining
a better understanding of the cerebral cortex. In the view
of Ehrenberg, the retina, like the brain was composed of very
fine fibres, continuous with the fibres of the optic nerve (the
cortical substance) and a whitish layer (the medullary substance}.
Jacob (1819) floated the retina under a glass sphere in water
and described the "bacillary layer" as an extremely tenuous but

separate membrane.



The first person to make a concerted effort to unravel
the complex architecture of the retina was Treviranus (Duke-Elder,
1961). He fixed the retina in alcohol and using this technique
produced diagrams of the cross-sectional appearance of the retina.
His observations, however, contained a number of errors. He erron-
eously positioned the nerve fibre layer on the scleral (or outer)
aspect of the retina. Papillae, probably ganglion cells which he
found towards the vitreal or inmer surface of the retina were
assumed to be the photoreceptors. Treviranus' work was improved upon
by a number of investigators in the next few years. Valentin (1837)
was the first to correctly recognize the position of the bacillary
layer at the outer edge of the retina. Gottsche (1836) established
the inner location of the optic fibre layer which Ehrenberg had
shown led to the brain. Hannover (1840) introduced the technique of
hardening tissues with chromic acid and this method was quickly
adopted by a number of workers. Corti (1850) showed that the pro-
cesses of the ganglion cells joined with the layer of optic nerve
fibres. This observation put an end to speculation that the photo-
receptive layer was located at the inner edge of the retina. Huschke
(1835) had speculated that the bacillary layer was the actual photo-
receptive area of the retina and MHller (1853) proved this by means
of a physiological observation; the parallax or displacement of
entoptically percéived shadows of retinal blood vessels. With the
help of histological data, MHller placed the locus of photoreception
in the bacillary layer. MUller's description of the retina was

confirmed by K8lliker (1854), in that he arrived at the same conclusions.



Mtiller (1853) described "radial fibres" within the retina which
he initially considered to be the optic nerve fibres passing through
the entire width of the retina to become the rods and comes. Soon
after Miller's discovery of the "radial fibres" however it was
observed by Remak (1854) that they did not merge with the ganglion
cells. It was subsequently revealed (Mlllex, 1856; Schultze, 1866)
that side by side with the 'radial fibres" which were now considered
by Mlller to be supportive elements were thinner fibres with all
the characteristics of nerve fibres. Schultze (1872) made another
important contribution during this era when he elucidated the
structure and function of the rods and cones and'introduced the
duplicity theory of vision which propounded that the rod photoreceptors
were for vision in dim light and the cones were for colour and bright
light vision. The concept of the retina as outlined by Miller and
K8lliker which stated that the optic nerve fibres pass through the
width of the entire retina to become the photoreceptor cells, remained
essentially unchanged for 30 years. (Nunneley, 1858; Ritter, 1864).
The next great advance in the knowledge of retinal
architecture came with the introduction of two new techniques where-
by individual neurons in nervous tissue cell could be delineated.
These were the silver stains of Golgi (1873) and the methylene blue
stain of Ehrlich (1885). Using these techniques as well as his own,
and devoting his life to the study, Cajal (1892) showed that mnerve
impulses were transmitted to the optic nerve fibres by a discontin-
uous chain composed of synaptically related links, represented by

distinct nerve fibres or "neurons". He also showed that the earlier



concept of the retina as a neuro-syncytium in which the nerve fibres
were fused was based on inadequate staining and was no longer tenable.
Cajal established that the retina, like the whole of the nervous
system of higher animals, is made up of a series of independent
neurons which normally conduct impulses in only one direction and
establish synaptic connections between their axons and dendrites.

After Cajal's classical work, further study of the
retina served mainly to corroborate Cajal's findings (Laurens and
Detwiler,.1921; Detwiler, 1932 ; Walls, 1942 etc). The work of Polyak
(1941 and 1957) however, stands out as the most monumental con-
tribution to the understanding of retinal structure in modern times.
Polyak devoted his life to an attempt to accurately describe the
primate and human retina. The 10 layers of the vertebrate retina
proper as described by Polyak (1941) are from without inwards, 1)
the pigment epithelium 2) the bacillary layer (outer and inner
segments of photoreceptive cells) 3) the outer limiting membrane
4) the outer nuclear layer (the nuclei of the rods and cones) 5)
the outer plexiform layer (a synaptic layer between the rods and
cones and the bipolar cells) 6) the inmer nuclear layer (the nuclei
of the bipolar cells, Milller cells and other integrative neurons
7) the inner plexiform layer (a layer of synapses between the cells
of the inner nuclear layer and the ganglion cells) 8) the ganglion
cell layer 9) the nerve fibre layer 10) the inner limiting
membrane.

The pigment epithelium, together with the membrane of

Bruch (1844) on which it lies was considered by the old anatomists



such as Ruysch (Duke-Elder,1961) to be part of the choroid. The
morphology of the pigment epithelium was first described by Jones
(1833). The physiological significance of the relation of the
pigment epithelium to the receptors was first noted by Kuhne (1879),
who found that in vitro regeneration of the visual pigment took

place only if the pigment epitheliuﬁ and receptors remained in
contact. The pigment epithelium is a single layer of cells in
mammals, each containing a round or oval nucleus and a large quantity
of pigment (called fuscin by Kuhne,1879). The inner surface of the
pigment epithelial cells have long processes which dip down between
the ends of the rods and cones (Kuhne, 1879) but make no direct
contact with them (Iwaki, 1958). Recent biochemical studies suggest
that the epithelial pigment is produced by the enzymatic oxidation

of tyrosine to melanin, a reaction catalysed by tyrosinase. (Miyamoto,
and Fitzpatrick, 1957 3 Mishima and Loud,1963). The pigment epithelium
is important to the process of vision for a number of reasons, per-
haps the most obvious being the absorption of random light and hence

an increase in resolution.

2) A Brief Review of the Studies on Retinal Development.

The first investigations of retinal development were
carried out on lower vertebrates (Huschke, 1832, Remak, 1854). These
studies led researchers to believe that the photoreceptors arose
from the external layer of the optic cup, that is the uninverted

portion of the optic cup. KOlliker (1861), however, was the first
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to show that the pigment epithelium alone arose from this outer
layer. Babuchin (1863) then demonstrated that in the embryo of

the frog, chicken and rabbit, the photoreceptive structures arose
from the inner or inverted layer of the optic cup. Ritter (1864)
confirmed these findings and made a general study of the develop-
ment of the various layers of the retina. These studies were
elaborated on by various workers, among them Chievitz (1887),
Rochon-Duvigneaud (1895), Cameron (1905, a,b,c, and 1911), Magitot
(1910), Weysse and Burgess (1906), Seefelder (1910), Mann (1928),
Detwiler (1932), Coulombre (1955), and 0'Rahilly and Meyer (1959).
The combined work of these investigators has shown that the formation
of the definitive layers of the retina takes place from within out-
wards, thus the nerve fibre and ganglion cells layers are the first
to differentiate and the photoreceptors the last to develop. Layer-
ing begins at the posterior pole of the retina and then spreads
peripherally. The main concepts of the morphogenesis of the human
eye have been principally coordinated and shaped by Mann (1964)

and her interpretatioh, with minor modifications in some species,
is the scheme recognized today. According to Mann (1964), during
the development of the human eye, the primary optic vesicle forms
as an outpouching of the diencephalon of the brain. This later
invaginates upon itself to form an inner (inverted) and outer
(uninverted) layer of the wall of the optic cup. The outer layer
will form only a single layer of cells, the pigment epithelium,
while the imner layer will greatly thicken by mitotic activity at

its outer edge and form all the other layers of the retina. The
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lens and cornea develop as secondary ingrowths of the super-

ficial ectoderm. The choroid and sclera arise from a concentration
of mesenchymal cells about the optic cup. The vascular system of
the eye forms from an ingrowth of mesodermal tissue at the site

of the optic stalk by a process of budding and the intraocular
vascularization forms according to Mann (1964) from pre-existing
vessels.

The studies on the development and architecture of the
blood supply of the eye date back to early histological work. As
early as about 1700, Ruysch (Duke-Elder, 1961) introduced a technique
for the injection of blood vessels and determined the main outlines
of ocular circulation in the human. Injection techniques were sub-
sequently developed further amd numerous substances used as in-
jection media. In the hands of numerous workers, among them Kiss
(1942) and Ashton (1951) these techniques have become extremely
sophisticated. Kuwabara and Cogan (1960) introduced a trypsin
digestion technique which digests the neuroglia and leaves behind
only the vascular network. This method has provided further inform-
ation on the morphology of the blood vessels of the eye. Various
other histological techniques such as better fixation and serial
sectioning have led to a fairly complete picture of the fascularization
of the vertebrate eye at the light microscopic level,

The blood system of the choroid was shown to be the first
to become organized and can be seen as a disorganized plexus bordering
the optic vesicle as early as the 5 mm. stage in the human (Barber,

1955; Mann, 1964) and the 15th day of gestation in the rat (Bersonm, 1965).
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Duke-Elder (1961) has divided the development of the uwal vascular
system into 3 stages, 1) the early formation of a plexus of small
vascular channels immediately adjacent to the optic vesicle and
then the optic cup (the future choriocapillaris) 2) the formation
of venous channels more externally and 3) the final insinuation
of arterial elements between the capillary and venous layers. By
5 months the choroidal vasculature of the human is complete.

The formation and subsequent disintegration of the
hyaloid system including the tunica vasculosa lentis was especially
intriguing to early eye investigators. Henle (1832) and Arnold
(1832) noted the complex vasaular formations surrounding the fetal
lens and the origin of these vessels from a central artery running
through the vitrous. TFurther studies by Fuchs (1905), Seefelder
(1909), Bach and Seefelder (1914), Agrawal, Agamwal and Tandon
(1964), and Mutlu and Leopold (1964b) clarified the anatomy of these
fetal intra-ocular vessels in the human and trace them from their
inception to disintegration. According to Mann (1964) the dis-
integration of the hyaloid System is due mainly to the fact that
they come to lag behind the developing eye and become stretched and
eventually break. The smaller vessels in the vitreous are the
first to be stretched aﬁd broken by the growing pressures, with the
main trunk being the last to atrophy.

The retinal circulation in the rat was initially inves-
tigated by Hesse (1880) and Bruns (1882). They showed the presence

of both a deep and a superficial capillary net lying at the level
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of the inner nuclear layer and the nerve fibre layer respectively.
The two layers of capillaries were joined. The retinal capillaries
formed as the hyaloid system was breaking down, Michaélson (1948a,
b, 1954) described the development of the superficial net of
retinal capillaries in the cat and various other animals, by a
process of budding into the nerve fibre layer from pre-existing
vessels. Cairns (1959) subsequently showed that the deep capillary
net (located around the inmner nuclear layer) formed by a process

of budding from the superficial net. Various other works on the
development of the retinal vasculature tend to support the same
idea (Cogan, 1963; Engerman and Meyer, 1965; Henkind and de Oliveira,
1967) that the intra-ocular vascularization is formed entirely from
a mesodermal ingrowth.

The monumental works of Polyak (1941, 1957) ably
summarize and catalogue the findings of light microscopy of the eye
as far as they can logically be expected to carry us. Questions
concerning the cellular structure of the photoreceptor cells,
the morphology of the retinal synapses and the component parts of
the various membranes of the eye could only be answered by the

increased resolution provided by the electron microscope.

IT ELECTRON MICROSCOPY
1) A Brief Review of the Fine Structure of the Adult
Vertebrate Retina.
Research at the level of resolution of the electron
microscope has stressed even more the similarity in cytological

structure of the retina to other parts of the central nervous system.
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As an example, the margins of all cells lining the lumen of the
neural tube possess terminal bars (Sauer, 1937; Cohen, 1961).

The same is true of all cells lining the cavity of the optic ven-
tricle (Cohen, 1960, 1961; Fine, 1961).

Sjbstrand (1953a, b) was the first to publish an
electron microscopic description of the fine structure of the
photoreceptor cells of the guinea pig and the perch. His des-
cription and those of several other authors (Cohen, 1960; Yamada,
1960; Lasansky and De Robertis, 1960; Moody and Robertson, 1960;
Nilsson, 1964; Morris and Shorey, 1967 etc.) have shown a remark-
able similarity amongst vertebrate photoreceptor cells. The visual
receptors are elongate cells whose scleral halves extend beyond the
external limiting membrane, towards and into the pigment epithelium,
Two distinct regions of this extended portion, the outer and inner
segment are separated by a narrow neck., At and below the external
limiting membrane lie the cell nuclei and below the nuclei, cell
processes which lead to the synaptic bases of the receptor cells.
The outer segment of the photoreceptor cell lies in close association
with the inner apical processes of the pigment epithelial cells
and is composed of a stack of double membrane discs. In the rod,
these membranes are for the most part enclosed by a cell membrane,
but in theccone the majority of the membranous discs are continuous
with the plasma membrane (Cohen, 1963). The outer segment is
almost invariably connected to the inner segment by a typical cilium
(sj¥strand, 1953a; De Robertis, 1956b, Yamada, Tokuyasu and Iwaki,

1958b; Missotten, 1960) however Pedler and Tansley (1963) have found
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the connecting cilium to be almost non-existent in the gecko.
Yamada et al (1958b) have reported some abnormal photoreceptor
cells in man and mouse which also show no connecting cilium. The
inner segment of the photoreceptor cell typically contains a con-
centration of mitochondria at its distal end (Yamada, 1957, 1960;
Cohen, 1960, 1963; Dartnall and Tansley, 1963) and a Golgi zone in
its proximal part (Cohen, 1960). Some non-mammalian cone inner
segments also exhibit an oil droplet at its distal end (Pedler and
Tansley, 1963; Meyer and Cooper, 1966). The visual cell body is
usually connected to the inmer segment by means of a fibre resembling
a non-myelinated nerve fibre, while a similar fibre often connects
it to the synapse (De Robertis and Franchi, 1956).

An analysis of the fine structure of the synaptic
endings of the retinal photoreceptors (De Robertis and Franchi,
1956; Ladman, 1958; SjBstrand, 1958, 1961;_Dow1ing;and Boycott,
1966) has revealed the characteristics of synaptic vesicles and in
addition "synaptic ribbons", The function of the latter remains
obscure. The rod Synapse usually receives dendrites from a single
bipolar or horizontal cell and in some cases, at least, is also
associated with processes from other rods and cones (Ladman, 1958;
Cohen, 1963; Hollenberg and Bernstein, 1966). The cone synaptic
pedicle is more complex than that of the rod and it receives several
bipolar and horizontal cell dendrites and also makes contact with
other visual cells (De Robertis and Franchi, 1956; Yamada et al 1958b;
Cohen, 1960; Dowling and Boycott, 1966; Hollenberg and Bernstein,

1966).
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One of the main structural differences between rods
and cones appears to be in the relative diameters of the inner and
outer segments. In the rod they are about equal. In the cones,
the inner segment is much thicker than the outer segment. (Dartnall
and Tansley, 1963). Other differences include the greater complexity
of the cone synaptic pedicle and the fact that more of the membran-
ous discs of the outer segment of the conme are continuous with the
plasma membrane than in the rod (Cohen, 1963; Dartnall and Tansley,
1963).

The fine structure of the adult pigment epithelium has
also been well described (Bernstein, 1961, 1966; Dowling and Gibbons,
1962; Garron, 1963; Bairati and Orzalesi, 1963; Breathnach and
Wyllie, 1966; Leure-du Pree, 1968; Leeson, 1968). These workers
have shown that the-mature pigment epithelium is a highly specialized
layer involved in the transport of metabolites from the chorio-
capillaris to the receptor cells. The basal surface is highly
infolded and mitochondria are located basally to facilitate trans-
port of metabolites to the photoreceptors. The apical surface of
the epithelial cells have numerous processes vwhich contain pigment
granules and which surround the photoreceptor outer segments.

The other nuclear and synaptic layers of the retina
have not been as extensively studied by electron microscopy but
some of their fine structural characteristics have been noted.

In the human, the four types of cells whose nuclei comprise the
inner nuclear layer (bipolar, amacrine, horizontal and MUller cells)

can be differentiated by various ultrastructural characteristics



17

Missotten, 1965). The rod bipolar can be identified in the human
by helical tubules adjacent to the cell membrane (Missotten, 1965).
The horizontal cells in the periphery of the human retina contains
groups of tubular organelles (Missotten, 1965). The plasma membrane
of the Miller cells is much less dense than that of a neuron
(Missotten, 1965). The fine Structure of the M#ller cell has in
fact been studied by a number of workers (Sj8strand, 1960; Ladman,
1961; Okuda, 1965; Inomata, 1965; Meller and Glees, 1965; Radnot
and Lovas, 1968). It appears to be a glial cell and probably is
without neuronal function. The inner plexiform layer appears in
electron micrographs as a series of intertwined processes of nerve
cells forming the synapses between the cells of the inner and outer
nuclear layers (Missotten, 1960; 1965; Kidd, 1962; Dowling and
Boycott, 1965; Radnot and Lovas, 1967; Raviola and Raviola, 1967),
plus numerous glial processes. The ganglion cell nuclei are easily
recognizable with their typical Nissl bodies (Fine, 1963). Typical
non-myelinated, fibres form the nerve fibre layer.

The structure of the four membranes of the eye originally
described by light microscopy has also been elucidated by electron
microscopy. Bruch's membrane located between the choriocapillaris
and the pigment epithelium has been shown to be composed of 5 layers;
the basement membrane of the pigment epithelium, the basement membrane
of the choriocapillaris, an inner and an outer collagen layer
separated by a central discontinuous lamina densa (Sumita, 1961 ;
Nakaizumi, 1964; Hollenberg and Burt, 1969). Verhoeff's membrane

(Verhoeff, 1903) which runs through the pigment epithelium is composed
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of a series of terminal bars joining the lateral aspects of the
pigment epithelial cells (Fine, 1961). The external limiting
membrane of the retina is also composed of a series of terminal
bars joining the inner segments of the photoreceptor cells to
adjacent Mller cells (Fine, 1961). The inner limiting membrane
of the retina is however considered to be a true membrane as it is
composed of the plasma membranes of the flattened ends of the Milller
cells and a typical basement membrane located immediately adjacent
and internal to the MlUller cells (Fine, 1961).

Study of the fine structure of the capillaries of
the eye has revealed differences in the morphology of the chorio-
capillaris, retinal capillaries and the temporary mammalian hyaloid
capillaries. The choriocapillaris has a very thin wall bordering
Bruch's membrane (Sumita, 1963; Missotten, 1965) and a thicker wall
on the choroidal side (Bernstein, 1961; Leeson and Leeson, 1967)
tending to facilitate transport towards the pigment epithelium.
The endothelial cells also have numerous fenestrae covered by a
thin membrane on the side bordering Bruch's membrane (Bernstein
and Hollenberg, 1965b). A continuous basement membrane is
present but no pericytes are seen. This type of capillary can
be classified as Type A-2-q according to the classification
established by Bennett, Luft and Hampton (1959) (see Appendix 1).
Capillaries of this type are typically found in the glomerulus of
the kidney (Rhodin, 1962) and chorioid plexus (Pease, 1956) and other
areas where large volumes of fluid are transported across the

capillary wall.



The retinal capillaries, on the other hand, have a
continuous endothelium with no fenestrations and a continuous base-
ment membrane (Wolter, 1957; Maeda, 1959; Kissen and Bloodworth,
1961; Hogan and Feeney, 1963; Ishikawa, 1963; Bernstein and Hollenberg,
1965a). 1In addition an incomplete covering of pericytes of mural
cells are present around the endothelial cells and are always
surrounded in the adult by a layer of basement membrane material
(Kuwabara and Cogan, 19633 Bernstein and Hollenberg, 1965a). These
capillaries can be classified as Type A-l-q (Bennett et al, 1959),

The hyaloid capillaries have been briefly described
by Lasansky (1967) on the surface of the toad retina and the fine
structure of the hyaloid capillaries forming the tunica vasculosa
lentis has been described in the human by Mikawa (1965). These
capillaries, as described by Mikawa, are composed of a continuous
endothelium, a thin but continuous basement membrane and a few
pericytes. Thus they would be classified as Type A-1-¢¢ (Bennett
et al, 1959).

2) A Review of Studies on the Fine Structure of

the Developing Eye.

Very little work has been done on the fine structure
of the developing eye and the majority of this has been on the
developing photoreceptor cell (De Robertis, 1956a, 1960; Tokuyasu
and Yamada, 1959; Cohen, 1963; Nilsson, 1964; Olney, 1968). The

majority of workers who have studied the development of the outer
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segment of the rod conclude that the discs of the outer

segment are formed by a process of invagination of the

plasma membrane of the inner segment which later became

oriented in the mature condition. Leeson (1968) however

feels that the pigment epithelium may contribute some of the
membranous material for the outer segment discs. Young (1965,
1966, 1967, 1968) has done extensive autoradiographic work on the
renewal of photoreceptor outer segments and has shown conclusively
that discs are constantly being formed at the base of the outér
segment. Once formed the discs then move outwards towards the
pggment epithelium and eventually are ingested by the pigment
epithelium,

Dowling and Gibbons (1962) and Leeson (1968) have
investigated the fine structure of the developing pigment epithelium
in the rat and have shown that the pigment epithelial layer is
mature in advance of the photoreceptor outer segments.

Some work has also been done on the fine structure
of the vasculature of the eye during development, Shakib and
de Oliveira (1966) and Shakib et al (1968) have studies the
developing retinal capillaries in the cat and rat and support the
idea of budding as a means of new vessel formation. The basement
membrane of the retinal capillaries appears to be formed by both
the endothelial cells and the pericytes (Shakib and de Oliveira

1966) .



ITI MATERIALS AND METHODS

The animals used in the study were healthy specimens
of the Wisconsin strain of the Sprague-Dawley albino rat (Rattus
norvegicus). Rats were fed Purina lab chow and water ad libidum
and in addition, nursing females were fed rolled oats. To
determine the age of the prenatal rats, daily vaginal smears of
the breeding females were used. The first day of gestation was
taken to be the day when spermatozoa were first detected in the
smear. The degree of development of each specimen prior to the
20th day of gestation, was determined by reference to the system

~of standard developmental stages of Christie (1964).

1. Light Microscopy

Beginning on the 10th day of gestation, pregnant
females were anesthetized with an intraperitoneal .overdose of
pentobarbital (Nembutal) and the prenatal rats were surgically
removed from the uterus. Embryonic eyes were obtained in this
manner at daily intervals from the 10th day of gestation until
birth. The eyes were removed intact from the embryo and fixed
whole in either Bouin's fixative or 10% phosphate-buffered formalin
for 24 hours. 1In the case of small embryos the whole head was
fixed and in the earliest stages (lOth-14th day of gestation)

the whole embryo was fixed. Following fixation, the eyes (or
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embryos) were dehydrated in graded ethyl alcohols, cleared in
Terpineol (Fisher Scientific Co.) and embedded in paraffin (Tissue-
mat m.p. 56.5, Fisher Scientific Co.).

Rats after birth were sacrificed at daily intervals up
to 10 days after birth, every second day from 12 to 20 days and
on the 40th, 50th, 100th and 225th day after birth. The rats were
anesthetized with an intraperitoneal overdose of pentobarbital,
their eyes removed, fixed whole and processed in the same manner
as the embryonic material. Serial sections of the eyes studied
were cut at 5y and stained with Ehrlich's alum hematoxylin (Gray
1954 p. 289) and Bowie's Eosin.

Measurements were made on the width of the retinal
layers, both posteriorly and peripherally within each eye studied,
using a calibrated eye piece. To insure that the plane of section
was horizontal and through the greatest width of the globe, measure-
ments were taken only on sections which showed the optic nerve,
pupil and cornea. On each day studied, a total of 10 measurements
were taken both posteriorly and peripherally from the eyes of at
least 2 rats. The measurements were averaged and the standard error
for each mean calculated (Table 1 and Text-Figs. 1 and 2). The
posterior measurements were taken immediately adjacent to the optic
disc and the peripheral measurements were taken at a point halfway

between the equator and the ora serrata. Except in the'case of the

ganglion cell layer, initial measurements of the thickness of each re-

tinal layer were taken as soon as the layer appeared as a distinct entity.

Measurements of the thickness of the ganglion cell layer on the 16th



and 17th days of gestation were taken prior to the appearance of
the inner plexiform layer. On these days, the ganglion cell layer
arbitrarily was taken to include the group of spherical nuclei
forming at the inner edge of the neuroblastic layer, since almost
all of these nuclei eventually become nuclei of ganglion cells,
Measurements of the thickness of the whole retina extended from
the inner limiting membrane to the outer border of the neural retina
and did not include the pigment epithelium.

An estimate of retinal volume (Tablel,Text;Fig;S) was
calculated using the formula Vsp = (1 + cos x) 2/3 r3, where Vs&p
is the volume of a sphere, radius r from which a cone angle x has
been removed, Assuming angle x to be constant, this formula reduces
to Vsp = K3 where K is a constant. In Srder to apply this formula
to the volume of the retina, let radius r1, extend from the center
of the globe to the scleral edge of the retina and let radius ro
extend from the center of the globe to the vitreal edge of the retina.
Thus rj - ¥y = d, the thickness of the retina. Using the above
formula we get, V retina = K (r]_3 - r23) =K (r1 - 19) (r22 +
riry + r22). Since the difference d, between ry and ry is small
in relation to the radius r, V retina = K (xr1 - 19) 3r2 % 3K d r2,
Since the circumference is proportional to the radius, V retina is
proportional to d 12 where 1 is the circumference of the retina,
The value for 1 was obtained by measuring with an odometer the
length of the retina from ora serrata to ora serrata in projected
sections passing through the optic nerve, pupil and cornea. TFor

each day, 10 such measurements were made from at least two different
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rats and averaged. The value d was obtained by averaging the
posterior and peripheral thickness of the retina on each day
studied (Table 1). All measurements were taken on Bouin's fixed
material and no attempt was made to correct for shrinkage. How-
ever the values obtained should be comparable with one another as
a standard technique was employed throughout.

A Wild M20 microscope equipped with fluotor ob jective
lenses was used throughout the study. All light micrographs were
taken on Kodak Panatomic X film using a Kodak #58 green filter and
developed in Kodak Microdol X at 68°F for 9 minutes. The termin-
ology used to describe the developing eye is that suggested by

0'Rahilly (1966).

2. Electron Microscopy

In the case of the prenatal rats, each pregnant female
was anesthetized with an intraperitoneal injection of pentobarbital
(Nembutal) and the fetal rats removed surgically. Fetal eyes were
obtained at daily intervals from the 15th day of gestation until
birth. The prenatal eyes were removed intact, opened at the equator
with a razor blade and fixed whole, in either cold 47, glutaraldehyde
in Sorensen's phosphate buffer (0.2 - 0.5M at pH 7.3) for 5 hours,
or in cold 2% osmium tetroxide in Sorensen's or Zetterquist's
phosphate buffer (0.2 - 0.5M at PH 7.3) for 2 hours. Eyes fixed
initially in glutaraldehyde were washed in 5% sucrose in the same
phosphate buffer for 2-18 hours and cut into small pieces with a

razor blade while in the sucrose wash, The tissue was then post-
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fixed for 2 hours in 1% or 2% osmium tetroxide in Sorensen's buffer
(0.2 - 0.5M at pH 7.3), dehydrated in graded alcohols, transferred
to acetone, then to styrene and embedded in Vestopal W. In the
case of the tissue fixed in osmium tetroxide alone, the tissue

was cut into small pieces in the 30% alcohol stage and then de-
hydrated and cleared as above,

Rats after birth, taken at daily intervals up to 16
days after birth, were anesthetized with an intraperitoneal over-
dose of pentobarbital (Nembutal) and their eyes removed intact.

The globe was opened at the equator with a razor blade and fixed
whole by either of the two methods outlined above,

The capillaries and the pigment epithelium were located
by examining thick (1-2u) sections cut from the embedded tissue
and stained with hot cresyl fast violet. Thin sections were then
cut of areas containing the capillaries and/or pigment epithelium.
Hyaloid capillaries were located and sectioned on the lens, retina
and within the vitreous. Retinal capillaries were sectioned in a
number of sites throughout the retina.

Thin sections were cut on a Porter Blum MT-1 or a
Reichert Om U2 ultramicrotome and placed on formvar coated grids.
The sections were stained with both uranyl acetate and lead citrate
and examined by a Phillips 100C electron microscope operated at
60 Kv. The 35 mm. fine grain positive photographic film was
developed in D-19 (Kodak) for 5 min. at 22,

Hyaloid capillaries were arbitrarily taken to be

those capillaries lying internal to the inner limiting membrane of
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the retina. Retinal capillaries were those capillaries located
within the substance of the retina. The term "pericytes" is

used in this study to refer to those cells lying immediately
external to the endothelial cells of both the hyaloid and retinal
capillaries and forming a part of the capillary wall., The peri-
cytes are the same cells which Cogan and Kuwabara (1967) have
called mural cells and Ashton and de Oliveira (1966) have termed

intramural pericytes, when referring to retinal capillaries.



IV OBSERVATIONS

1. Development of the Retina of the Albino Rat.

l1th day of gestation (Stage 20-Christie 1964) (Fig. 1)

The optic vesicles of the Madison Wisconsin strain of
the Sprague-Dawley rat are well formed by the 1lth day of gestation
but have not reached the single layer of surface ectoderm cells.
The walls of each of the optic vesicles contain 3 to 4 layers of
nuclei and display mitotic figures crowded centrally. Numerous
cilia protrude inwards into the optic ventricle,

12th day of gestation (Stage 2l-Christie 1964) (Fig. 2)

Early on the 12th day of gestation increased mitotic
activity and thickening within the surface ectoderm highlights the
appearance of the lens disc. Also at this stage, the optic
vesicles show the first signs of invagination.

13th day of gestation (Stage 22B-Christie 1964) (Fig. 3)

On the 13th day the optic cup is well formed and the
lens vesicle has invaginated from the surface ectoderm. Mitoses
are common within the walls of the lens vesicle and both the
external and inverted layers of the optic cup. Mitoses in the
retina are always seen at the surface adjacent to the optic ven-
tricle, The external layer of the optic cup, or future pigment

epithelium, appears stratified and contains tall columnar cells
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Figure 1.

Figure 2

1lth day of gestation, (Stage, 20, Christie 1964)

The two optic ventricles (V) are well developed.
Mitotic figures (arrows) are numerous at the
luminal edge of the optic vesicles (VE).

Fixative: Bouin's (X 575)

12th day of gestation,(Stage, 21, Christie 1964)

The lens disc (arrow) is present as a thickening
of the surface ectoderm. The optic vesicle has
enlarged and displays continued mitotic activity
centrally.

Fixative: Bouin's (X 575)
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Figure 3

Figure 4

13th day of gestation, (Stage 22B, Christie 1964)

The optic cup has formed and both its external and
inverted layers are evident. The optic ventricle
remains open. The lens has invaginated but has not
yet closed off from the surface.

Fixative: Bouin's (X 575)

l4th day of gestation, (Stage 23C, Christie 1964)

Mitoses remain common in the neuroblastic layer
(NBL) and the pigment epithelium (PE). Hyaloid
vessels (arrows) are seen within the future vitreal
cavity. The lens vesicle is completely closed.

Fixative: Bouin's (X 575)
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with large oval nuclei in the long axis of each cell. The inverted
layer of the optic cup consists of several layers of colummar

cells with indistinct borders and large oval nuclei. A narrow
marginal zone free of cell nuclei is visible within the inverted
layer bordering the antrum of the optic cup or the future vitreal
cavity. -Elements of the hyaloid system are present within the
antrum and a few capillaries of the future choriocapillaris are
visible in the mesoderm bordering the external layers of the optic
cup.

l4th day of gestation (Stage 23C-Christie 1964) (Fig. 4)

Early on the 1l4th day of gestation, the lens vésicle
separates from the surface ectoderm and the cells of the deep wall
of the vesicle begin to grow forward. The optic ventricle is now
almost obliterated and the external and inverted layers of the
optic cup are in contact in most places. The inverted layer of
.the retina continues to thicken and mitotic figures are regularly
encountered at its choroidal edge. The nuclei free zome at the
inner border of the inverted layer has spread peripherally to
the equatorial region of the developing eye. Hyaloid vessels are
now plentiful on the surface of the lens vesicle and within the
antrum of the optic cup.

15th day of gestation gs;éggM26-Christie 1964) (Frig. 5)

By the 15th day of gestation, the primary lens fibres
are well formed. The pigment epithelial layer of the retina is
now present as an uneven, single layer of roughly cuboidal cells

with round nuclei. Mitoses are scarce in this layer, even at the

s N e e = s+ 2
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Figure 6

15th day of gestation, Posterior retina (Stage 26,

Christie 1964)
The innermost nuclei of the neuroblastic layer are
beginning to become spherical in shape (arrows).
Mitotic figures are still common at the outer border
of the neuroblastic layer but are no longer evident
in the pigment.epithelium posteriorly. The pri-
mary lens fibres have grown forward.

Fixative: Bouin's (X 575)

17th day of gestation, Posterior retina (Stage 30,
Christie 1964)

The inner six to seven layers of nuclei within the
neuroblastic layer have become more spherical and
somewhat less dense. The nerve fibre layer (NFL)
is now well formed and can be traced to the de-
veloping optic nerve. The hyaloid artery (H) is
obvious.

Fixative: Bouin's (X 575)
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periphery. The inverted layer of the retina, containing a single
nuclear or neuroblastic layer, is constantly thickened by ex-
tensive mitotic activity at its choroidal edge. The marginal zone,
separating the inner edge of the neuroblastic layer from the
vitreous, now contains nerve fibres running parallel to the
internal limiting membrane as they pass towards:the optic nerve.
Although the main bulk of the nuclei within the neuroblastic layer
remain oval in shape, the inner 2 or 3 layers of nuclei have become

slightly rounder.

17th day of gestation (Stage 30-Christie 1964) (Fig. 6)

By the 17th day of gestation, several layers of paler
round nuclei are present at the inmer border of the neuroblastic
layer. Almost all of these cells with round nuclei will become
ganglion cells. The central processes of the ganglion cells now
form a distinct nerve fibre layer and can be traced to the optic

nerve. The differentiation of ganglion cells as a distinct layer

begins posteriorly adjacent to the optic nerve, spreads peripherally,

and reaches almost to the edge of the retina by the end of the

17th day.

18th day of gestation (Stage 32-Christie 1964)
(Fig. 7, posterior retina)

At this stage, the ganglion cells begin to move in-
wards away from the main bulk of the neuroblastic layer. The
inner plexiform layer first appears posteriorly as a relatively
clear zone between the round, lighter staining, ganglion cell

nuclei and the oval more darkly staining and compact nuclei com-

|



Figure 7

Figure 8

18th day of gestation,_gqigerior retina (Stage 32,
Christie 1964)

The inmer plexiform layer (IPL) makes its appear-
ance as the paler, innermost nuclei of the neuro-
blastic layer (NBL) move inwards.

Fixative: Bouin's (X 575)

20th day of gestation, Posterior retina

The inner plexiform (IPL), ganglion cell (GCL) and
nerve fibre layers (NFL) are now well established.
Cells are still being added to the outer border of
the neuroblastic layer.

Fixative: Bouin's (X 575)
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s

prising the main portion of the neuroblastic layer. Numerous
mitotic figures are still present at the choroidal edge of the
neuroblastic layer. Elements of the hyaloid system are plentiful
in the vitreal cavity.

20th day of gestation (Fig. 8, posterior retina)

By the 20th day, the inner plexiform layer is prominent
posteriorly but still contains migrating nuclei within it. The
ganglion cell layer, which has now completely separated from the
neuroblastic layer posteriorly, is composed of 6 to 7 layers of
loosely arranged cells. The ganglion cell nuclei are roughly
spherical and stain less intensely but are larger than the nuclei
of the more undifferentiated cells of the neuroblastic layer. cCell
margins remain indistinct. MHller cell processes contributing to
the internal limiting membrane are now visible within the nerve
fibre layer. The vessels of the hyaloid system are still obvious
at the inner edge of the retina but do not appear as numerous
as before. The pigment epithelial layer is now a single layer of
low cuboidal cells. Mitoses remain numerous at the outer border
of the neuroblastic layer as the latter continues to grow in
thickness. The nuclei of the neuroblastic cells remain oval and
contain dense, compact chromatin.

21st day of gestation (Fig. 9, posterior retina)

On the last day of gestation, the nerve fibre layer,
ganglion cell layer, inmer plexiform layer and single neuroblastic
layer are present within the neural retina and are distinct to
the retinal periphery. A few nuclei which resemble those of the

ganglion cell layer, can be made out scattered within the inner
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Figure 10

21st day of gestation, Posterior retina

The inner plexiform layer (IPL) is distinct and
contains very few nuclei. Mitoses remain common

at the choroidal edge of the thickening neuroblastic
layer.

Fixative: Bouin's (X 575)

4th postnatal day, Posterior retina

The neuroblastic layer (NBL) has increased greatly
in thickness. The inner plexiform layer has also
increased in width but the ganglion cell layer has
thinned. Capillaries of the superficial retinal
capillary net are obvious for the first time in the
nerve fibre layer (arrows).

Fixative: Bouin's (X 575)
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plexiform layer. It is impossible to determine, however, whether
or not these nuclei belong to ganglion cells or cells from the
ganglion cell layer moving back to the neuroblastic layer. The
bulk of the nuclei of the neuroblastic layer remain darkly stained
and compact and mitotic figures are still common at the choroidal
edge. The pigment epithelium at this time is a single, distinct
layer of cuboidal cells in which no mitoses are seen.

4th postnatal day (Fig. 10, posterior retina)

During the first 4 days after birth, mitoses at the
outer border of the neural retina increase in frequency and the
neuroblastic layer is considerably thickened. The nuclei of the
neuroblastic layer remain dark and oval but have become less
tightly packed close to the inmer plexiform layer. The ganglion
cell layer during the first 4 postnatal days thins considerably
and on the 4th day contains only 2 or 3 layers of large, irregularly
placed nuclei. The inner plexiform layer has become more distinct
but occasional nuclei can still be made out within its boundaries.
The nerve fibre layer has thickened slightly during the first &4
days after birth and in the posterior regions of the eye now
contain a rich capillary network.

S5th postnatal day (Fig. 11, posterior retina)
(Fig. 12, peripheral retina)

The outer plexiform layer first appears posteriorly
on the 5th postnatal day as a slight separation within the nuclei
of the neuroblastic layer and subsequently spreads peripherally.

The nuclear separation occurs so that approximately the inmer 2/3



Figure 11

Figure 12

5th postnatal day, Posterior retina

The outer plexiform layer (OPL) makes its first
appearance as a splitting of the neuroblastic
layer to give the inmer nuclear layer (INL) and
the outer nuclear layer (ONL). Mitosis has ceased
and the first indications of the bacillary layer
(BL) are visible.

Fixative: Bouin's (X 575)

Sth postnatal day, Peripheral retina

Development is slower peripherally. The neuro-
blastic layer (NBL) has not yet divided to form
the outer and inner nuclear layers and mitoses
are still prevalent at its outer border.

Fixative: Bouin's (X 575)
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of the thickness of the neuroblastic layer becomes the inner
nuclear layer and the outer 1/3 becomes the outer nuclear layer.
Concurrently, mitotic activity at the outer border of the neural
retina ceases posteriorly and the formation of the bacillary

layer begins. The nuclei of the inmer nuclear layer are larger
and not as compact as those of the outer nuclear layer, but in
both layers, the nuclei are predominantly oval in shape. (Fig. 11).
Peripherally on the 5th postnatal day, the neuroblastic layer is
still intact and mitotic figures remain common at its outer border
(Fig. 12).

7th postnatal day (Fig. 13, posterior retina)
(Fig. 14, peripheral retina)

By the 7th postnatal day, the inner and outer nuclear
layers have become more equal in thickness posteriorly. Three
zones of nuclei in the inner nuclear layer may be made out at
this stage; an outer zone composed of small dense nuclei, a
middle zone containing predominantly oval nuclei and an inner zone
of larger, less compact, nuclei (Figs. 13 and 14). 1In the periphery
of the retina, the outer plexiform layer is now apparent as a
slight separation of the nuclei of the neuroblastic layer. Mitosis
at the outer border of the neuroblastic layer has almost ceased
and formation of the inner segments of the photoreceptors has begun
(Fig. 14).

9th postnatal day (Fig. 15, posterior retina)
(Fig. 16, peripheral retina)

On the 9th neonatal day, dll the layers of the retina

are present both posteriorly (Fig. 15) and peripherally (Fig. 16)



Figure 13

Figure 14

7th postnatal day, Posterior retina

All layers of the retina are now present although
not in the mature condition. The outer plexi-
form layer (OPL) is more obvious now. Three
distinct zones of nuclei with differing mor-
phology are visible within the inmer plexiform
layer.

Fixative: Bouin's (X 575)

7th postnatal day, Peripheral retina

The outer plexiform layer (OPL) makes its first
appearance peripherally. Mitosis has now stopped
at the choroidal edge of the retina.

Fixative: Bouin's (X 575)
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Figure 15

Figure 16

9th postnatal day, Posterior retina

The layers of the retina are now beginning to
approach their adult condition in thickness

and appearance. The bacillary layer (BL) is now
more prominent and the inner and outer plexiform
layers have increased in thickness.

Fixative: Bouin's (X 575)

P

9th postnatal day, Periphera1~retina

All the retinal layers are now established
peripherally, but not as well developed as they
are posteriorly. The bacillary layer (BL) is
distiﬁguishable peripherally but occupies only
a narrow zone.

Fixative: Bouin's (X 575)
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and are approaching their adult proportions. The bacillary layer
is now well established and the inner and outer plexiform layers
have thickened. The ganglion cell layer posteriorly is now a
single continuous layer of large nuclei. Peripherally, the ganglion
cell nuclei are becoming separated but still constitute a single
layer. The inner nuclear layer is thinner but the three nuclear
zones described previously are still distinguishable. The outer
nuclear layer is thicker than the inner layer and its nuclei
remain dark and compact. Mitosis is still present at this stage
at the extreme periphery of the retina and will continue in this
location until the 10th to the 12th postnatal day.

l4th postnatal day (Fig. 17, posterior retina)

The inner plexiform layer continues to thicken and
within it can be seen capillaries connecting the superficial
capillary net in the nerve fibre layer and the deep capillary
network now visible within the outer plexiform layer. Within the
inner nuclear layer, the majority of nuclei are now round and
pale, although dense, oval nuclei can still be recognized. The
nuclei of the outer nuclear layer have become difficult to
delineate because their chromatin tends to form several clumps
within each nucleus. The bacillary layer is now well developed
and outer segments have appeared.

50th postnatal day (Fig. 18, posterior retina)

On the 50th day, the ganglion cell layer remains un-
changed but the inner and outer nuclear layers are both more compact,

and thinner. The nuclei of the inmer nuclear layer are predominantly



Eigure 17

Figure 18

14th postnatal day, Posterior retina

The bacillary layer (BL) and the inner plexiform
layer (IPL) have thickened. Retinal capillaries
are visible crossing the inner plexiform layer
to the deep capillary net in the outer plexi-
form layer (arrows).

Fixative: Bouin's (X 575)

50th postnatal day, Posterior retina

The inner and outer segments of the photoreceptor
cells are distinct at the outer retinal border.
The inner plexiform layer (IPL) has reached its
maximum thickness and will remain the thickest
layer of the retina.

Fixative: Bouin's (X 575)
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Figure 19

Figure 20

225th postnatal day, Posterior retina

The neural retina is thinner than at 50 days

due mostly to a decrease in width of the nuclear
layers. Almost all the nuclei forming the outer
nuclear layer are similar in appearance. The
same is due for the nuclei of the inner nuclear
layer. The ganglion cell layer (GCL) is now
formed by a single row of spherical nuclei.

Fixative: Bouin's (X 575)

225th postnatal day, Peripheral retina

Peripherally, all layers of the retina except the
ganglion cell layer are thinner than posteriorly.
The ganglion cell nuclei however are fewer in
number and further apart than postériorly.

Fixative: Bouin's (X 575)
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round and pale and only an occasional nucleus is darker in

appearance. The inner plexiform layer has reached its maximal

thickness. Both the inner and outer segments of the photoreceptors

can be easily distinguished.

225th postnatal day (Fig. 19, posterior retina)
(Fig. 20, peripheral retina)

The retina at 225 days is thinner than at 50 days, due

mostly to a decrease in thickness of the inner and outer nuclear
layers. The ganglion cell layer is now a discontinuous single
layer of nuclei posteriorly (Fig. 19), and peripherally the
ganglion ﬁell nuclei are widely spaced (Fig. 20). The bacillary
layer is slightly thinner than at 50 days but otherwise is un-

changed in appearance.

Analysis of changes in eetinal volume, thickness of the neural

retina and thickness of the retinal layefs.

The thickness of each of the retinal layers as well
as the thickness and volume of the entire neural retina at each
stage of development are shown in Table 1 and Text-Figs. 1, 2 and
3. The principal features of retinal development revealed by
this quantitative analysis are as follows. The volume of the
retina continues to increase after the retina as a whole has
begun to decrease in thickness (Text-Fig. 3). Retinal volume
reaches a peak between the 7th and 12th postnatal days and then
decreases slightly whereas retinal thickness reaches its highest
point earlier, on the 5th postnatal day. After the 5th post-

natal day, the thickness of the neural retina steadily declines
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TABLE 1 THE RELATIONSHIP BETWEEN AGE, DEVELOPMENT OF THE RETINAL LAYERS AND METIMA
9 days Bdeys 7days 6days Sdays 4 deys 3 days 2 days | day 1 day 2 day 3 day 4 day 5 dey 6 day 7 day 8 day
Prenatal Pranstal Prenatal Prenatal Prenatal Prenatal Prenatal Prenatal Prenatal Necratal WNeonstal Neonatal Neonatal MNeonatal Neonatal MNeonatal Neonata!
" 1 [ " " ') " N n M i " B 1 " [ It
Pastarfar 7.62 7.62 7.62 6.19 10.47 18.98 20,47 19.99 22.56 22.85 22.85 25.70 27.6) 27.13 25.70 22.85 23.80
+1.03 +.77 .77 *.72 *1.90 £1.80 11,59 +£1.38 +3.18 +.95 .18 21,45 s £1.26 +1.05 +-95 $0.00
HERVE FIBRE LAYER
333 4.28 5.24 4.76 4.83 8.09 13.80 10.47 10.47 15,23 14.76 12.85 15.71 17.14 18.56 18.09 17.61
Peripheral +.72 +.85 +.48 20.00 .62 +.72 #2.29 *.66 42,22 +.95 4.47 22.01 *.72 +1.26 N +.63 +.70
Posterior 29.99 50.55 36.75 35.22 34.75 19.99 19.99 22.85 19.99 22.85 18.09 17.14 15.23
2,75 +1.61 42,25 +2.03  +3.55 +.95 +.63 41,18 .95 42.85 £.63 21,45 +.63

GANGLION CELL LAYER
8.57 26.66 30.46 37.61 26.66 14.76 15.23 18,56 19.04 19.99 14.28 15.71 10,54

Peripharal 22,45 31,26 22,03 #2.50  #1.05 )1 £.95 2131 20,00 4155 4123 4l01 +.49
Posterfor 10.00 9.52 12.38 23.80 24.75 29.51 28.56 39.98 31.89 34.75 40.94
3.85 0.0 +97 31,00 463 233 s123 1302 £92 42,25 +.77
NNER PLEXIFORN LAYER
7.62 9.52 11.42 18.56 17.14 22.37 24,28 28.08 23.80 28.56 28.56
Perlpheral +1.90 +0.00 77 2.47 +3.15 272 11,50 £1.49 71 21.23 +.70

Posterior 146.61 112,34 98.06 99.48
5.93 42.57 12,15 +2.06
INNER NUCLEAR LAYER

ferlpheral 4389 +1.62
Posterior 6.76 4.76 7.62 7.82
+0.00 +0.00 +77 *.50
CQUTER PLEXIFORM LAYER
4.76 4,76
Peripheral 40.00 10.00
Posterior 67.12 67.59 76.64 81.40
OUTER MUCLEAR LAYER £2.40 2,22 #3712 +1.93
56.17 65.69
Peripheral £2.22 +2.33
Posterior ) 4.76 4,76 7.14 7.82
BACILLARY LAYER 10.00 +0.00 .79 +.50
4.76
Peripheral +0.00

Posterior 67.59 79.97 92.34 95.68 72.35 96.15 ' 98.53 103.29 121.38 168.50 172.3| 203.73 196.97
2155 33,16 2396 1351 L4290 4273 1200 3.0 +6.6b b6k 36.22  311.8)  s1.98
HEURDBLASTIC LAYER N - - -
45.22 £0.45 68.54 7.1 76.64 59.98 93.77 96.15 104.24 134,23 134.71 124.22 181.83 182.78 160.88
Peripheral +2.38 2174 +2.48 26,18 +2.40 #3.90 #1.55 #1.55 #1.77 +2.10 +3.82 5.4 13.81 +4.15 21,70

Posterior 75.21  37.59  99.96  101.87  112.81  165.68  163.75  168.02  191.07  235.146  239.90  281.79  275.13  3M3.21 26513 264.20  276.49

+1.98 13,70 13.68  25.05 5,45 4646 14,90 #5.16 18,16 46,43 26,85 +16.15 2,91 18.92 +3.90 +9.31 +3.96
WHOLE RETINA - - B
48.55 64.73 73.78-  81.87 90.04 96.73 145.65  153.75  152.79 182,78 181,42  228.00  240.86  247.99 217.52  229.91 219.98
Perfpheral +2.10 +1.90 +1.62 b8 +1.38 25.14 16.07 12,93 7.3 a3 +6.33 16.50 43.56 +7.91 42.36 +4.18 +2.43
. E2 ES &
RETENAL 3 VOLUME 0.02 0.07 0.18 0.23 0.3 0.93 1.1 1.93 2,08 4.67 6.13 7.48 9.30 9.15 9.04 12,13 10.62
.

Standard errors for the mean of cach retinal leyer are glven

Y 1"
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BETWEEN AGE, DEVELOPMENT OF THE RETINAL LAYERS AND METIMAL VOLUME IM THE ALBINO RAT EYE

3 day
Neonatal
u

25.70
41,45

12,85
22,01

22.85
£1.18

18,56
BE

29.51
42,33

22.37
.72

03.73
11.81

74.22
+5.41

81.79
16.15

28.00
16.50

4 day
Naonatal
i

27.6)
s

5.7
&.72

19.99
+.95

15.04
0,00

28.56
21,23

24,28
+1.50

196.97
41.98

181.83
43.81

275.13
12.91

260.86
43.56

Y 1"

5 dey
Heonatal
I

27.13
£1.26

17.14
+1.26

22.85
+2.85

19.99
+1.55

39.98
+3.02

28.08
21,69

146.61
5.9

.76
+0.00

67.12
£2.40

4.76
40.00

182.78
+4.15

313.2)
+8.92

247.99
+7.91

6 day
Reonatal
"

25.70
+1.05

18.56
L.

18.09
+.63

14.28
.23

31.89
+.72

23.80
+71

12.3%
1257

67.59
+2.22

160.88
21.70

265.13
43.90

2)7.52
12.3

9.04

7 day
Heonatal
N

22.85
+.95

264.20
49031

229.91
4,18

12,13

8 day
Neonatal
(]

23.80
+0.00

17.61
.70

15.23
+.63

10,54
+.49

7.82
.50

4.76
+0.00

276.49
+3.96

219.98
2283

10.62

9 day
Neonatal
n

21.42
+£.79

19.99
+.95

39.51

32,37
+1.55

65.21
+3.25

74.73
+2.36

10.00
.47

5.24
+.47

89.49
£1.85

68.07
£1.26

10.95
+.72

8.09
+.72

29.43.
Jraens

218.00
24,90

11.67

10 day
Meonatet
"

23.80
*1.74

21.42
£1.77

10,00

9.52
40.00

36.65
+5.26

31.89
+1.59

63.78
+4.66

66.64
+3.40

1.9

8.09
+1.01

263.23
+3.56

218.00
+7.60

10.06

12 day
Neonatal
®

25,23
+.72

17.61
+72

12.85
72

10.00
+47

52,84
£1.49

35.22
£1.26

57.12
174

49.03
72

13.80
+.47

9.52
0,00

81.40

+2.87

67.59
+1.85

24,28
+.56

15.1
+.72

267.52
+3.93

204.68
+3.40

12.27

14 day
Heonatal
|

22.85
+.95

18.56
2447

250.37
+2.57

214.67
+3.81

9.95

16 day
Neonatal

253.71
48.00

177.55
25.50

8.77

18 doy
Neonata!
3

64.74
+2.57

50.93
+1.88

3t.42
+1.05

23.32
+1.50

264,19
+3.69

180.40
£5.19

9.22

20 day
Neonatal

B

265.13
+h.43

178,03
45.27

9.61

40 doy
Neonata)
5

19.9%
+.63

11.90
+1.06

10.00
+.67

8.09
+.72

70.92
+1.49

51.41
42,33

40,94
+1.26

25.70
+1.26

12.38
£.77

10.47
.63

251.81
+5.95

183.25
£7.43

50 day
Neonatal
[

10.60
4.1

6.65
£ 77

6.66
*.77

6.19
272

53.31
+1.70

48.08
21,65

29.99
+1.01

23,80
+1.23

13.80
+.47

10.47
+.63

53.79
1.0

43.79
*1.98

30.94
+1.06

23,32
2130

198.49
*2.97

162,31
+4.51

100 dey
Neonatal

o
10.00
.47

5.24
+.67

I+~
Noy
IR

"o
XS

52.86
£2.18

4.79
£1.18

25,23
+1.0}

18.56
41.85

13.80
EARN

43.32
*1.53

29.04
a3

32.84
4111

22.85
.95

185.65
+4.92

133,76
22,26

8.78

225 day
feonatal
"

4.76
+.00

4.76

57.12
+1.87

42.36
+1.53

24,28
2447

19.04
+1.00

10.95
+.72

10.00
247

38.08
21.00

31.89
21.26

25.23
+1.26

19.04
+.70

169.94
+3.23

132.80
+6.07



TEXT - FIGURE 1

The changes, during development, in thickness of the retinal
layers at the posterior of the retina are shown. The bars

representing prenatal days are shaded.
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TEXT - FIGURE 2

The changes, during development, in thickness of the retinal
layers at the periphery of the retina are shown. The bars

representing prenatal days are shaded.
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TEXT - FIGURE 3

The changes, during development, in total

retina and total retinal volume are shown.

thelium has been excluded in both cases.

prenatal days are shaded.
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to about 170y, its maximum thickness on the 225th postnatal day
(Text-Fig. 3). The thickness of each of the retinal layers

present in the adult retina also declines from maxima reached at
varying times for the different layers (Text-Figs,1l and 2).
Considering each of the retinal layers individually, it is evident
that the nerve fibre, inner plexiform and outer plexiform layers

all continue to increase in thickness after the ad jacent nuclear
layers have reached their maximum width and have begun to thin.

The ganglion cell and outer nuclear layers both increase in thick-
ness after their first appearance but the inner nuclear layer

begins to decrease in thickness as soon as it is established
(Text-Figs. 1 and 2). Comparing Text-Fig. 1 with Text-Fig. 2 it

is obvious that the peripheral retina always lags behind the posterior
retina in development and the retinal layers peripherally never
attain the thickness that they do posteriorly. Finally the results
of both the photomicrographic study of the developing rat retina
(Figs. 1-20) and the quantitative analysis (Table 1, Text-Figs.

1, 2 and 3) indicate that the transient layer of Chievitz (Chievitz,

1887) is not present within the rat retina during development.

2. Development of the Retinal Pigment Epithelium, Choriocapillaris

.and Bruch's Membrane.

15th day of gestation (Stage 26-Christie 1964) (Fig. 21)

On the 15th day of gestation, or 6 days before birth,
the typical pigment epithelial cell is quite immature (Fig. 21).

It is polygonal with a large nucleus, surrounded by a narrow rim



Figure 21

Figure 22

Electron micrograph of pigment epithelium (PE),

the future site of Bruch's membrane (B), and
choriocapillaris (Cc) of a rat at 15 days of
gestation. Note the continuous nature of the
endothelium of the choriocapillaris and the small
tight junction (arrow). The basement membrane of
the pigment epithelium (Bm) is obvious. Fibro-
blast processes (FP) are present withinBruch's
membrane. The pigment epithelial cell at this
stage is roughly polygonal in shape. The direction
of the choroid is indicated by the encircled arrow.

Primary fixative: glutaraldehyde (X11,880)

Electron micrograph of the apical region of a
pigment epithelial cell at 16 days of gestation.
Pro-pigment granules (PP) and a Golgi zone (G)
are visible. Lateral cell junctions (J) are
forming. The optic vesicle is closed. The
direction of the choroid is indicated by the
encircled arrow.

Primary fixative: glutaraldehyde (X11,880)
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of cytoplasm containing many polysomes and a few scattered mito-
chondria. The small amount of nuclear chromatin is clumped

at the edge of the uni-nucleolar nucleus. The apical (or inmer)
and basal (or outer) borders of the cell show only slight infold-
ings and the lateral cell margins are almost smooth. No cell
Junctions are present as yet at the lateral borders. A dense,
complete, epithelial basement membrane layer, about 40 my thick,
is present rumning parallel to the base of the pigment epithelium.
This is the first layer of Bruch's membrane to appear. Scattered
between the pigment epithelium and the choriocapillaris are pro-
cesses of fibroblasts and some fibrillar material. The chorio-
capillaris at this stage consists of thin walled capillaries.

The endothelial cytoplasm is continuous and is rich in polysomes.
As yet there is no basement membrane underlying the endothelial
cells, which are joined by small tight junctionms.

16th day of gestation (Stage 28-Christie 1964) (Figs. 22
and 23)

At 5 days before birth the typical pigment epithelial
cell shows a marked change in shape and organelle content (Figs.
22 and 23). The cell is now more rectangular in shape with its
long axis at right angles to Bruch's membrane. All the cell
surfaces are relatively smooth although some lateral interdigitation
is seen. Within the cell, polysomes remain numerous, rough-
surfaced endoplasmic reticulum is forming and a supra-nuclear
Golgi zone is now present. The nucleus is more oval in shape,

lies in the long axis of the cell and contains chromatin of granular

—————
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Figure 23

Figure 24

Pigment epithelium of a rat 5 days before birth
(16 days of gestation). Note the pro-pigment
granules (PP).and the developing cilium (Ci).
Future photoreceptor cells are seen at the

lower right, (Ph). The direction of the choroid
is indicated by the encircled arrow.

Primary fixative: glutaraldehyde (X21,600)

Electron micrograph of choriocapillaris (Cc) and
pigment epithelium (BE) at 17 days of gestation.
Note the Golgi zone (G) and the abundant gran-

ular endoplasmic reticulum in the endothelial

cell. A process of a fibroblast (F) and scattered
fine filaments are visible within Bruch's membrane.
The basal surface of the pigment epithelium and the
epithelial basement membrane (Bm) layer are

visible to the right. The direction of the

choroid is indicated by the encircled arrow.

Primary fixative: glutaraldehyde (X 32,400)
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appearance concentrated at the nuclear border (Fig. 22).

Pro-pigment granules concentrated in the apical
region of the cell are first visible at 5 days before birth. The
internal lamellae within some of the pro-pigment granules are very
loosely arranged, while in others the lamellae are tightly packed.
A distinct peripheral membrane forms the outer border of each
pro-pigment granule (Figs. 22 and 23). Lateral cell junctions
also make their first appearance at 5 days before birth and are
first seen as thickenings of continguous cell membranes in the
apical region of the cell (Fig. 22). Occasionally a cilium can
be seen developing within the apical cytoplasm of the epithelial
cell (Fig. 23).

17th day of gestation (Stage 30-Christie 1964) (Fig. 24)

By the 4th day before birth the endothelial cells
of the choriocapillaris are well developed. The endothelial
cytoplasm contains many mitochondria, polysomes and rough-surfaced
endoplasmic reticulum. A Golgi zome is usually present near the
irregularly shaped nucleus. The nuclei of the endothelial cells
contain dense marginated chromatin and are usually located on the
choroidal side of the capillary. The endothelial basement membrane
layer is present in isolated areas at this time, but does not as
yet form a complete layer. Fibrillar material is accumulating in
the gap between the endothelium and the pigment epithelium, at
the site of formation of Bruch's membrane.

18th day of gestation (Stage 32-Christie 1964) (Fig. 25)

On the 18th day of gestation (3 days before birth)



Figure 25

Figure 26

The pigment epithelial (PE) photoreceptor (PH) junction
is shown from a rat at 18 days of gestation. Apical
epithelial processes (AP) are forming. The series of
cell junctions forming the external limiting membrane
(ELM) are visible (arro®s). A dividing photoreceptor
cell is present in the lower left. Pro-pigment granules
and endoplasmic reticulum remain numerous in the
epithelial cell. A lateral cell junction between
epithelial cells (J) is visible. The direction of the
choroid is indicated by the encircled arrow.

Primary fixative: glutaraldehyde (x27,000)

Electron micrograph showing the pigment epithelial (PE)
photoreceptor (PH) junction at the 20th day of
gestation. The apical epithelial processes (AP) are

now well advanced and are beginning to enclose the
developing photoreceptor inner segments (IS). Pro-
pigment granules (PP) are numerous within the epithelial
cytoplasm, Some of the pro-pigment granules have lost
their outer membrane and may be breaking up. A lateral
cell junction (J) joining adjacent epithelial cells is
visible close to the photoreceptor pigment epithelial
junction. A cilium (Ci) in the early stages of develop-
ment is seen within a photoreceptor cell. The direction
of the choroid is indicated by the encircled arrow.

Primary fixative: glutaraldehyde (X20,736)



FIGURE 26



N
,\.\‘.‘l. ;;‘

{




processes can be seen for the first time, forming at the apical
epithelial surface. The epithelial processes as they are formed
lie immediately adjacent to the developing inner segments of

the photoreceptors, which have advanced slightly beyond the
external limiting membrane. Pro-pigment granules of varying shapes.
and sizes are concentrated in the apical, epithelial cytoplasm
and ité processes, but mitochondria are scarce in this region.
Polysomes remain numerous throughout the epithelium and a number
of scattered, dense, osmiophilic bodies also can be seen. The
lateral cell junctions now are more distinct and are located
further choroidally than when they first appeared. The future
photoreceptor nuclei are still undergoing mitosis at this time.

20th day of gestation (Fig. 26)

On the 20th day of gestation the apical processes of
the pigment epithelial cells are well advanced and remain in intimate
contact with the globular inner segments as the latter enlarge.
Pro-pigment granules are still numerous in the apical epithelial
cytoplasm. In some of the pro-pigment granules the internal
lamellae show a distinct parallel arrangement, but in others the
lamellae are loosely arranged and are no 1ong¢r surrounded by an
enélosing membrane. The pro-pigment granules without a distinct
outer membranous boundary may be in the process of dissolution.
None of the pro-pigment granules are becoming pigmented, The
lateral epithelial cell junctions are now more prominent and are ;\
located still further choroidally as they mature,

21st day of gestation (Figs. 27 and 28)

On the 21st and last fetal day the pigment epithelial



Figure 27

Figure 28

Electron micrograph showing the pigment epithelium

(PE), Bruch's membrane (B) and choriocapillaris (Cc)
from a 21-day-old fetal rat., Fenestrae are present in
the endothelial lining of the choriocapillaris (arrows).
More collagen fibrils are present in Bruch's membrane
and an endothelial basement membrane layer is forming.
Pro-pigment granules (PP) in various stages of
formation and bfeak-up are numerous within the epithelial
cytoplasm. Both rough-surfaced endoplasmic reticulum
and smooth membranes in parallel array can be seen
within the epithelial cytoplasm. The direction of the
choroid is indicated by the encircled arrow.

Fixative: osmium tetroxide (X21,600)

The basal portion of the pigment epithelium from a
21-day-old fetal rat is shown. Basal infoldings (B1l)

of the pigment epithelium in early stages of formation
are clearly visible. Tight junctions (TJ) between ad-
jacent endothelial cells are present, but the basement
membrane (Bm) of the endothelium is still incomplete.

An endothelial cell process, projecting into Bruch's
membrane is seen (arrow). A meshwork of collagen fibers
has formed within Bruch's membrane but the central lamina
densa is still absent. The direction of the choroid

is indicated by the encircled arrow.

Fixative: osmium tetroxide (X21,600)
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cytoplasm contains large numbers of organelles and inclusion

bodies. The pro-pigment granules are numerous in the apical cyto-
plasm and their morphology varies widely (Fig. 27). 1In many of

the granules the tightly packed internal lamellae are no longer
surrounded by an enclosing membrane. Numerous vesicles are

also seen apically and some are arranged in linear fashion per-
pendicular to the inner epithelial surface (Fig. 27). However,
Matsusaka (1967) has suggested that the linear arrangement of
vesicles in this manner in the pigment epithelium is an artifact

of unsuitably applied osmium tetroxide fixation. Ribosomes are
extremely plentiful--both attached to membranes and forming polysomes.
Masses of smooth-surfaced membranes, in parallel formation, also

are obvious in the central region of the epithelial cell (Fig. 27).
The apical surface displays many processes at this stage and the
basal surface of the cell is beginning to show some infolding

and vesicle accumulation. The endothelial basement membrane of

the choriocapillaris is now almost complete, but it is not as
prominent as the basement membrane of the pigment epithelium (Fig. 28).
Within Bruch's membrane, collagen fibrils are now much more numerous
and form a three dimensional mesh. Processes of fibroblasts are
still present between the choriocapillary endothelium and the
pigment epithelium. Occasional endothelial cell processes project
through the endothelial basement membrane layer into Bruch's membrane
(Fig. 28). The choriocapillary endothelium adjacent to the pigment

epithelium now shows occasional fenestrae (Figs. 27 and 28)

—a,



) .

58

5th postnatal day (Figs. 29 and 30)

After birth both the basal and apical surfaces of
the pigment epithelium continue to become more tortuous (Figs.

29, 31, 32, 33 and 34). On the 5th neonatal day, increasingly
longer and thinner apical epithelial processes occupy the entire
inner epithelial surface (Fig. 29). Throughout their development
the apical processes remain immediately adjacent to the enlarging
inner segments. Unlike the apical processes, which form simultan-
eously over the entire inner epithelial border, the infolding of

the basal surface are first formed in isolated regions (Fig. 29).
These areas then gradually enlarge to cover almost the entire basal
surface. The remaining pro-pigment granules, still located apically,
are now fusiform in shape and mostly lie parallel to the apical
processes (Figs. 29 and 30). Their internal structure is now more
regular aﬁd consists of numerous longitudinal, parallel membranes
which display a distinct periodicity. Nome of the internal lamellae
show any evidence of melanin deposition (Fig. 30).

As the basal infoldings form, the mitochondria and
smooth and rough-surfaced endoplasmic reticulum, which were dis-
persed throughout the epithelial cytoplasm become confineddtoocitss
centnal region along with the epithelial nuclei (Fig. 29). Polysomes
and occasional osmiophilic bodies remain randomly arranged within
the epithelium.

The final component of Bruch's membrane to appear is
the centrally located demse layer. It is first seen on the 5th
neonatal day and appears as isolated segments of densely staining

material separating the collagen fibers into inner and outer bands

(Fig. 29).

h



Figure 29

Figure 30

Electron micrograph showing Bruch's membrane (B)

and the pigment epithelium (PE) at 5 days after birth.
The central discontinuous lamina densa of Bruch's
membrane can now be seen (arrows). The basal surface
of the pigment epithelium has become infolded (B1)

in discrete areas. The apical epithelial processes
(AP) are now well developed. Within the epithelial
cytoplasm the remaining pro-pigment granules (PP)

are fusiform in shape and mitochondria, rough-surfaced
endoplasmic reticulum and the occasional osmiophilic
body can be seen. The direction of the choroid is
indicated by the encircled arrow.

Primary fixative: glutaraldehyde (X14,256)

At higher magnification, the longitudinal arrangement
of the internal lamellae of the epithelial pro-pigment
granules is clearly visible. Note also the periodicity
of the contained lamellae and the absence of pigment
deposition. Polysomes are plentiful in the surrounding
epithelial cytoplasm. The direction of the choroid is
indicated by the encircled arrow.

Primary fixative: glutaraldehyde (X47,520)
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8th postnatal day (Fig. 31)

As previously noted, when the apical processes of
the pigment epithelium first appear on the 18th fetal day (Fig.
25) they are contiguous with the distal surfaces of the develop-
ing photoreceptor inner segments. As the inner segments lengthen,
the apical epithelial processes insinuate themselves between
them until, by the 8th neonatal day, they surround the enlarging
inner segments.

9th postnatal day (Fig. 32)

On the 9th neonatal day the choriocapillaris, Bruch's
membrane and the pigment epithelium are in an almost mature condition.
The tortuous basal infoldings now cover almost the entire basal
surface. The fusiform pro-pigment granules are fewer in number
and are strictly confined to the apical region of the epithelium.
Although no pigmentation of the granules has taken place, they
often appear denser than before, perhaps due to compression of
the internal lamellar structure of the granules. The lateral margins
of the epithelial cells interdigitate slightly and the prominent
cell junctions have receded further from the apical zone. Polysomes
are still scattered throughout the cell cytoplasm while the smooth
and rough-surfaced endoplasmic reticulum, osmiophilic bodies, mito-
chondria and Golgi zones are confined to central regions.

Bruch's membrane is complete on the 9th neonatal day
and is composed of five distinct layers: the basement membrane of
the pigment epithelium; the basement membrane of the endothelium;

and a discontinuous central lamina densa separating an inner and

an outer collagenous band. The choriocapillary endothelium bordering



Figure 31

Figure 32

Electron micrograph showing the pigment epithelial
(PE) photoreceptor (Ph) junction at 8 days after
birth. The apical processes (AP) of the pigment
epithelium enclose the growing photoreceptor inner
segments (IS). The external limiting membrane (ELM)
1s now well developed (arrows). The direction of the
choroid is indicated by the encircled arrow.

Primary fixative: glutaraldehyde (X20,736)

Electron micrograph showing the pigment epithelium

(PE), Bruch's membrane (B) and choriocapillaris (Cc)

on the 9th postnatal day. The choriocapillary endothelium
is now very thin and highly fenestrated. All five layers
of Bruch's membrane as seen in the adult are present

and almost the entire basal surface of the pigment
epithelium is now infolded. The lateral junctions (J)
between epithelial cells are well established. Pro-
pigment granules (PP) can still be identified in the
apical epithelial cytoplasm. The direction of the choroid
is indicated hy the encircled arrow.

Primary fixative: glutaraldehyde (X9, 072)
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Bruch's membrane at this stage is noticeably fenestrated and
extremely thin,

14th postnatal day (Figs. 33 and 34)

The most significant feature to appear on the 1l4th
postnatal day, is the lamellated inclusion body of the pigment
epithelium (Fig. 33). At this time the photoreceptor outer segments
are well formed and closely encloéed by numerous thin, apical,
epithelial processes (Fig. 34). Pro-pigment granules are still
visible within the apical processes and cytoplasm of the pigment

epithelium (Fig. 34).

3. A Comparative Study of the Development of the Hyaloid and

Retinal Capillaries.

Hyaloid Capillaries

16th day of gestation (Stage 28-Christie 1964) (Figs. 35
and 36)

The hyaloid capillaries on the 16th day of gestation
are well established. The endothelial wall of the capillary is
continuous and in most cases quite thick (Fig. 35). The cytoplasm
of the endothelial cells is rich in mitochondria and in ribosomes,
both grouped as polysomes and attached to membranes. Tight junctions
connect the endothelial cells and several endothelial cells may
be joined to enclose the capillary lumen (Figs. 35 and 36). The
nuclei of the endothelial cells are often very irregular in shape
and some endothelial cells still undergo mitosis at this time
(Fig. 35). Dense fibrillar material is present on the external

surface of the endothelial cells, (Figs. 35 and 36) but is not



Figure 33

Figure 34

The basal portion of a pigment epithelial cell at

14 postnatal days is shown. The basal infolding

(Bl) now cover the entire basal surface. A lamellar
inclusion body (LB) is seen for the first time, within
the epithelial cytoplasm. The direction of the
choroid is indicated by the encircled arrow.

Primary fixative: glutaraldehyde (x21,600)

Electron micrograph showing the apical portion of

the pigment epithelial cell at 14 postnatal days.
Pro-pigment granules (PP) are still numerous in the
apical epithelial cytoplasm and the apical epithelial
processes (AP) now enclose the lamellated profiles

of photoreceptor outer segments (0S). The direction
of the choroid is indicated by the encifcled arrow.

Primary fixative: glutaraldehyde (X21,600)
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Figure 35

Figure 36

Electron micrograph showing a hyaloid capillary within
the vitreous chamber of the eye of a rat on the 16 day
of gestation. Tight junctions (TJ) join the cells of
the continuous endothelium forming the capillary wall.
The endothelial cytoplasm contains numerous polysomes
and granular endoplasmic reticulum. A mid-body (MB)
is present indicating the end of a mitotic division

of an endothelial cell. Fine granular and fibrillar
material is visible adjacent to the outer endothelial
plasma membrane.

Primary fixative: glutaraldehyde (X7,560)

Electron micrograph showing a hyaloid capillary on

the surface of the lens capsule (LC) on the 1l6th day

of gestation. Polysomes and rough endoplasmic reticulum
are plentiful within the endothelial cytoplasm. The
capillary appears to be joined to the capsule by fibrillar
material (F). Disorganized fibrillar material is also
present around the capillary. Endothelial processes

(EP) protrude both into the lumen of the capillary and
into the vitreous.

Primary fixative: glutaraldehyde (X9,180)
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yet definite enough to constitute a basement membrane. The
capillaries of the tunica vasculosa lentis are closely adherent
to the lens capsule and appear to be bound to it by fibtillar
material similar to that of the capsule (Fig. 36).

19th day of gestation (Fig. 37).

At this stage the hyaloid capillaries have become more
tubular in shape and their walls thinnmer. Most of the endothelial
cells forming the inner layer of the capillary wall overlay with
each other although in some cases the endothelial cells abut
directly, end to end. The endothelial cytoplasm is still rich
in ribosomes and mitochondria. The peric}tes, located external to
the endothelial cells are similar in appearance to the endothelial
éells, although their cytoplasm appears darker. The fibrillar
material surrounding the capillary is now more condensed and in
some places forms a distinct basement membrane layer.

21st day of gestation (Figs. 38 and 39).

By the last day of gestation, the hyaloids lying on
the lens exhibit an extremely thin wall facing the lens capsule
(Fig. 38). The endothelium remains continuous without fenestrations
and is surrounded by a narrow basement membrane layer (Fig. 38).
The endothelium of the hyaloid capillaries lying on the inner
surface of the retina is also thin and invested by a fine basement
membrane layer (Fig. 39). Pericytes processes do not intrude
between the capillary endothelium and the lens (Fig. 38), or the
retina (Fig. 39). In some areas, the hyaloid capillaries lying

on the retina and the retinal capillaries are found in close



Figure 37

Figure 38

Hyaloid capillaries, near the surface of the inner
retina (R) 2 days before birth (19th day of gestation),
are shown. Pericytes (P) are presant helping to form
the wall of both capillaries. The basement membrane
(Bm) material surrounding the capillary wall is now
morejdﬁfinite but still discontinuous. Polysomes remain
plentiful within the endothelial cytoplasm. The inner
wall of both capillaries is formed by several endo-

thelial cells joined by tight junctions (TJ).

Primary fixative: glutaraldehyde (X7,265)

The endothelium of a hyaloid capillary, located on

the surface of the lens capsule (LC) on the 21lst day

of gestation, is shown. The endothelium lying on the
lens is extremely thin but is continuous and without
fenestrations, A narrow but complete basement membrane
(Bm) ensheaths the endothelium. Fibrillar material
material occupies the narrow gap between the outer
lamina of the lens capsule and the capillary wall.

No pericytes intrude between the lens and the capillary.

Fixative: osmium tetroxide (X21,600)
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Figure 39

Figure 40

Electron micrograph showing a hyaloid capillary (HC)

on the surface of the retina and a retinal capillary
(RC) within the retina of a rat at the 21st day of
gestation. The vessels are located adjacent to the .
optic disc. The internal limiting membrane (ILM) of
the retina, formed by the inner processes of the Miller
cells and a subjacent basement membrane layer, is
discontinuous at the left. A thin, continuous base-
ment membrane surrounds the endothelium of the hyaloid
capillary. Both the retinal and the hyaloid capillary
endothelium is rich in polysomes and is continuous
without fenestrations. The wall of the retinal capillary
is still tenuous but the endothelial cells are joined
by small tight junctions (TJ). No glial investment

is present around the retinal capillary.

Primary fixative: glutaraldehyde (X23,760)

A hyaloid capillary, within the vitreous of a 3 day
neonatal rat, is shown. The endothelial cells (E)
and pericytes (P)'are easily distinguishable. A fine
basement membrane layer is present surrounding the
capillary wall.

Primary fixative: glutaraldehyde (X7,265)
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approximation. At these sites, the internal limiting membbane ;
of the retina may become discontinuous, so that the two capillary
systems are only separated by immature cell processes (Fig. 39).

3rd postnatal day (Figs. 40, 41 and 42).

By the 3rd neonatal day, the pericytes of the hyaloid
capillaries show morphological differences from the endothelial i
cells (Figs. 40, 41 and 42). Mitochondria and Golgi zones are
more plentiful in the pericyte cytoplasm than in that of the endo-

thelial cells (Figs. 40 and 42). The cytoplasm of the pericytes

is, on the whole, darker than that of the endothelial cells (Fig.
40) and on the luminal edge of the pericyte cytoplasm, a band of
dense fibrillar material has formed (Figs. 40, 41 and 42). A ;
fine band of basement membrane material surrounds the whole capillary

and also intrudes between pericytes and endothelial cells (Figs.

41 and 42). The nuclei of both the pericytes and the endothelial

cells are oval in shape and lie in the long axis of the cell

(Figs. 40, 41 and 42). Several endothelial cells, still joined

by tight junctions, form the inner wall of each capillary (Figs.

40 and 41). The long processes of the pericytes almost encircle

each capillary but in some places the endothelial cells are un-

covered (Figs. 40 and 41). Both pericytes and endothelial cells

are thinner than previously (Fig. 40).

4th postnatal day (Figs. 43 and 44).

The thinning of the walls of the hyaloid capillaries
continues and is even more pronounced on the 4th neonatal day.

The endothelium remains continuous but, except for areas surréunding



Figure 41

Figure 42

Electron micrograph showing a portion of the wall of

a hyaloid capillary within the vitreous on the 3rd
neonatal day. A band of fibrillar material (FB)

is obvious occupying the inner cytoplasm of the pericytes
(P). Numerous tight junctions are visible joining ad-
jacent endothelial cells (E). Dense granular material

is present around pericytes and between pericytes and
endothelial cells.

Primary fixative: glutaraldehyde (X10,800)

A portion of the wall of a hyaloid capillary, from

the vitreous of a 3 day old rat, is shown. The

pericyte (P) cytoplasm is rich in organelles and contains
a dense band of fibrillar material at its inner border.

A Golgi zone (G) is visible. The endothelium (E) is

very thin in places but shows no fenestrations. At

this stage, the pericyte covering of the capillary is
almost compiete.

Primary fixative: glutaraldehyde (X11,880)
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Figure 43

Figure 44

Electron micrograph showing a portion of the wall of

a hyaloid capillary within the vitreous of a 4 day

old rat. The capillary wall at this site is composed
of a thin endothelium surrounded by a thick portion of
a pericyte. The inner fibrillar band (FB) within the
pericyte cytoplasm is still present but not as obvious
as on the 34d neonatal day. Basement membrane material
(Bm) is still visible.

Primary fixative: glutaraldehyde (X13,068)

A portion of the wall of a hyaloid capillary, within
the vitreous of a 4 day old neonatal rat, is shown.

At this site, the capillary wall is formed principally
by the cell bodies and processes of endothelial cells
(E). Thin processes of pericytes (P) surround the
endothelium and a band of granular material lies just
outside the pericyte investment.

Primary fixative: glutaraldehyde (X17,280)
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nuclei, is quite thin. The pericytes are also thinner and their
processes almost enclose the endothelium (Figs. 43 and 44).

A fine condensation of granular and fibrillar material is
present around the periphery of each capillary and between peri-
cytes and endothelial cells (Figs. 43 and 44). The dense band
of fibrillar material within the cytoplasm of the pericytes is
still present but not as conspicuous as before.

16th postnatal day (Fig. 45).

The wall of the hyaloid capillaries at 16 neonatal
days has become still thinner but tight junctions between endothelial
cells still maintain the integrity of the capillary wall. The
dense band of fibrillar material within the pericytes is no longer
bbvious but the cytoplasm of the pericytes is slightly darker
than that of the endothelium. A thin band of granular and fibrillar
material is still present surrounding the capillary and within

the interstices of its wall.
Retinal Capillaries

21st day of gestation (Fig. 39).

The retinal capillaries begin to appear in large numbers
about the time of birth and when first formed are closely invested
by developing neuroglial processes. The endothelial cells are
rich in polysomes and several endothelial cells usually overlap
to form a thick capillary wall. A fine condensation of granular
and fibrillar material is already present on the external surface

of the endothelial cells.



Figure 45

Figure 46

A portion of the wall of a hyaloid capillary from

the vitreous of a 16 day old rat, is shown. The

wall as a whole is much thinner than before but is
still composed of processes of both endothelial cells
(E) and pericytes (P). Long endothelial processes
(Pr) protrude into the capillary lumen. The pericyte
cytoplasm appears slightly darker than that of the
endothelial cell but the inner cytoplasmic band of
fibrillar material, seen earlier within the pericyte
cytoplasm, is no longer visible. Granular extra-
cellular material is still present.

Primary fixative: glutaraldehyde (X30,240)

Electron micrograph showing a retinal capillary just
under the inner surface of the retina from a 1 day
neonatal rat. The endothelial cells (E) are rich in
polysomes and are joined by tight junctions (TJ).

No definite basement membrane or glial investment is
visible. Cells which may be the precursors of
pericytes (P) are present outside the endothelium.

Primary fixative: glutaraldehyde (X9,180)
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lst postnatal day (Fig. 46)

The endothelial cells forming the wall of the capillary
are joined by tight junctions and remain rich in cytoplasmic
organelles. Pericytes similar in appearance to the endothelial
cells, have appeared just outside of the endothelium.

10th postnatal day (Figs. 47 and 48).

By this stage, the retinal capillaries have become
more tubular in shape (Fig. 47). The cytoplasm of the endothelial
cells and the pericytes contains mitochondria, polysomes and
rough-surfaced endoplasmic reticulum (Figs. 47 and 48). Several
endothelial cells, joined by tight junctions, encompass the capill-
ary lumen (Fig. 47). The capillary basement membrane is not present
as a distinct entity yet but a fine condensation of fibrillar
material surrounds the capillary (Fig. 47). The pericytes have
formed processes which cover more of the surface of the endothelial
cells than previously (Fig. 47). The endothelial cells of the
retinal capillaries still undergo mitosis at this time and the
tight junctions binding endothelial cells remain intact during the
cell division process (Fig. 48).

l4th postnatal day (Figs. 49 and 50)

On the l4th neonatal day, most retinal capillaries
are almost in an adult condition (Figs. 49 and 50). The capillary
endothelium is now isolated from the nervous tissue of the retina
by basement membrane material, pericytes and glial cells (Figs.
49 and 50). The basement membrane in some areas is still incomplete

(Fig. 49) but it is more prominent now than at earlier stages of



Figure 47 Electron micrograph showing a retinal capillary within
the nerve fibre layer of the retina of a 10 day old
rat. The main portion of the capillary wall is formed
by a dense endothelium (E) but pericytes (P) are
beginning to spread their processes around the

oy capillary. Tight junctions (TJ) affix adjacent
endothelial cells. Basement membrane material is
accumulating in the:space surrounding the capillary.

Primary fixative: glutaraldehyde (X7,560)

Figure 48 Electron micrograph showing a retinal capillary in
a 10 day old rat. An endothelial cell is undergoing
mitosis (Mi) but the capillary wall remains complete
and the tight junctions (TJ) joining endothelial cells
are intact. Processes of pericytes (P) surround the
endothelium. The capillary basement membrane and
its glial investment have not formed as yet.

Primary fixative: glutaraldehyde (X13,068)



!

FIGURE 48

4
1
1
'
{
‘
i



o

/

4

FIGURE




Figure 49

Figure 50

A retinal capillary, from the nerve fibre layer of

the retina of a 14 day old rat, is shown. The cyto-
plasm of both endothelial cells (E) and pericytes (P)
has a high ribosomal content. The pericyte investment
of the capillary is now almost complete and the
capillary basement membrane (Bm) can be clearly
distinguished for the first time. Vesicles (V) are
visible within the endothelial cytoplasm. The glial
investment (Gl) of the capillary is forming.

Primary fixative: glutaraldehyde (X20,736)

A retinal capillary, near the ganglion cell (GC) layer
of a 14 day old rat, is shown. The capillary bade-
ment membrane (Bm) is well developed and enclosed both
pericytes (P) and endothelial cells (E). A glial
covering (Gl) is present and the capillary has the
overall appearance of an adult vessel.

Primary fixative: glutaraldehyde (X10,800)
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development (Fig. 50). Vesicles may be seen within the endothelial

cytoplasm (Figs. 49 and 50).

B
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V DISCUSSION
1. Development of the Retina in the Albino Rat.

The results of the present and previous studies
indicate that although morphogenesis of the retina in the albino
rat follows the typical mammalian pattern as exemplified by the
human (Mann, 1964), differences exist between retinal development
in this species and in man. The retina of the rat is unusually
immature at birth when compared with the human and corresponds
in degree of development to the retina of a 4 month old human
fetus (Mann, 1964). This relative immaturity of the retina appears
to be a common feature of non-primate mammals and in addition to
the rat (Detwiler, 1932), has been demonstrated in the mouse
(Tansley, 1933), rabbit (Noell, 1958), cat (Donovan, 1966) and
dog (Parry, 1953). The rat retina also differs from the human
in that it is preferentially adapted for nocturnal vision, con-~
taining almost exclusively rod receptors (Walls, 1942) and no
fovea centralis (Walls, 1942).

The present results also indicate that the transient
layer of Chievitz (Chievitz, 1887) does not appear in the rat
retina during development. The prior study of rat retinal develop-
ment by Detwiler (1932) similarly does not mention the appearance

of this layer. During formation of the human retina, in contrast,
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Barber (1955) and Mann (1964) have demonstrated that the single

neuroblastic layer of nuclei splits early in development to fomm |
inner and outer neuroblastic layers. The zone lying between

the inner and outer neuroblastic layers is the transient layer

of Chievitz. In the human, cells within the outer part of the
inner neuroblastic layer differentiate into Mller and amacrine
cells. These cells then unite with the innermost cells. of the
outer neuroblastic layer, the precursors of bipolar and horizontal
cells, to form the definitive inner nuclear layer and obliterate
the layer of Chievitz. (Mann, 1964).

In the rat retina, in contrast, the first cells which
differentiate by forming spherical nuclei and which move inwards
from the neuroblastic layer probably form only ganglion cells.

A few cells in the inner portion of the neuroblastic layer whose
nuclei have also become spherical do not move inwards with the
ganglion cells, but remain as a part of the neuroblastic layer.
It seems likely, by analogy with the situation in the human, that
these cells which remain as a part of the inner region of the
neuroblastic layer in the rat are precursors of amacrine and
Mlller cells.

The layer of Chievitz has also been found to be absent
in the retina of the cat (Donovan, 1966). Donovan states that
the four cells types comprising the inmer nuclear layer of the
cat retina separate from the neuroblastic layer at the same time
and hence no transient layer of Chievitz is seen. Mann (1928)

observed a layer of Chievitz during retinal development in the eyes :



of several vertebrate species, however, in some forms, its
formation and existence was extremely short.

In the rat, the retina as a whole reaches its maximum
thickness on the 5th postnatal day while retinal volume does not
reach its peak until about the 12th day after birth (Table 1,
Téxt-Pig)3) Mitosis continues at the extreme periphery of the
retina until the 10th to the 12th postnatal day. Both retinal
thickness and retinal volume decrease somewhat after they have
reached their maximum values. Between the Sth and the 12th post-
natal days the outer nuclear, inner and outer plexiform and
bacillary layers are increasing in thickness and the decrease in
thickness of the total neural retina which occurs during this
period is due to thinning of the remaining layers. The continued
increase in rétinal volume which occurs after retinal thickness
has reached a maximum can be explained by the addition of cells
to the retina provided by continued mitosis at the retinal peri- ;
phery. The decrease in both retinal thickness and retinal volume
which occurs after the l4th postnatal day may be due to several
factors. These include a thinning of the retina as the eyeball
enlarges (Keeney, 1951; Parry, 1953), further convergence of the
cellular elements forming the retinal layers and possibly de-
generation and subsequent loss of some cells.

The present results indicate that in the initial o
phase of retinal formation in the rat, activity is centered on

the formation of a single neuroblastic layer which is continually
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thickened by mitosis at its outer edge. Once established, the
retinal cells differentiate and form the definitive retinal |
layers in sequence, beginning at the inner retinal border and

moving progressively outwards. Once the nuclear layers are es-

tablished they gradually thin, while simultaneously the adjacent

fibrous layers formed by axonal and dendritic processes originating

in the nuclear layers continue to thicken. As has been noted in

other mammals (Mann, 1928, 1964; Donovan, 1966) the peripheral

retina lags behing the posterior retina in development and the

layers of the retina never attain peripherally the degree of

thickness that they do posteriorly.

Since the ganglion cells are the first to be fully
differentiated, the nerve fibre layer is the first of the fibrous
layers to reach its maximum width on about the 4th postnatal day,
posteriorly and the 10th postnatal day, peripherally. The inner
plexiform layer, in contrast, does not reach its maximum width
until about the 40th postnatal day both posteriorly and peripherally
and it remains the thickest layer in the adult retina. The outer
nuclear layer unlike the inmer nuclear layer, increases in thick-
ness after it is first established. The increase continues until
about the 10th postnatal day both posteriorly and peripherally.
Since mitosis continues at the extreme periphery of the retina
until about the 12th postnatal day it seems likely that the main
destination of the cells produced in this last pool of mitosis is
the outer nuclear layer. Hollyfiédd (1968), using radioautographic

methods, has shown this to be the case in Rana pipiens tadpoles,
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Cells from the final peripheral locus of mitosis do not appear
to be entering the inner nuclear layer in large numbers since
this layer decreases in width after its first appearance post-
eriorly, on the 5th postnatal day. Further, it does not seem
likely that cells are added to the inner nuclear layer at its
inner or outer borders since it is bounded by plexiform layers
which are almost free of migrating cells,

Once they have reached their maximum widths, all
layers of the retina decrease somewhat in thickness. This de-
crease in the width of the individual layers can be correlated
with simultaneous decreases in the total width of the neural retina
and in retinal volume. The decrease in thickness of the retinal
layers during the later phases of development has also been
described in other vertebrate species such as the human and the

dog (Keeney, 1951; Parry, 1953; Mann, 1964).

2. Development of the Pigment Epithelium, Choriocapillaris

and Bruch's Membrane.

The formation of the pro-pigment granules in the
pigment epithelium of the albino rat £5llows essentially the same
sequence of development as that described by Moyer (1961) in
the mouse retinal pigment epithelium, and by Breathnach and Wyllie
(1966) in the retinal epithelium of the human. According to Moyer
(1961), several stages are involved in the development of a pigment
granule. First, a spherical or ellipsoidal body appears which
contains fine, randomly arranged lamellae enclosed by a membrane.

Later, the internal lamellae become regularly oriented in parallel
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array as the granule becomes fusiform in shape. Melanin is then
deposited upon the inner membranes until the internal structure
is totally obscured by pigment in the mature granule.

In both the albino rat and the albino mouse (Moyer,
1961) development stops at Moyer's stage 2, pro-pigment granule
and Breathnach and Wyllie's (1966) premelanosome stage. At this
stage the granule is enclosed by a membrane and contains an in-
ternal system of parallel membranes, which are not pigmented. In
this study, pro-pigment granules were first detected on the 16th
fetal day and were most numerous in the epithelium at the time of
birth and shortly thereafter. Pro-pigment granules usually are
not present in the adult albino pigment epithelium (Dowling and
Gibbons, 1962). However, they still remain obvious on the 1l4th
neonatal day. The process of resorption of the pro-pigment granules
in the retinal epithelium of the albino rat starts with loss of
the outer limiting membrane of the granule. Subsequently, there
is dissociation and resorption of the internal lamellae. The
block to melanization in the albino mammal is genetically controlled,
and the work of Mishima and Loud (1963) on the human albino melano-
cyte indicates that the defect in albinism may be the lack of free
§-tyrosine available to the melanosome.

Leeson (1968) has described in the developing retinal
pigment epithelium of the albino rat "a fibrillar containing vesicle"
which appears identical with the pro-pigment granules described
here and by others (Moyer, 1959, 1960, 1961; Dowling and Gibbons,

1962; Breathnach and Wyllie, 1966). Leeson (1968) has speculated
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that the "fibrillar containing vesicles" act as a source of
lipoprotein membrane material for the formation of rod outer
segment. This suggestion seems unlikely in view of the prepon-
erance of evidence indicating that the membranes forming the
mammalian photoreceptor outer segment originate from a cilial
outgrowth of the receptor inmer segment (De Robertis, 1956a;
Tokuyasu and Yamada, 1959; Missotten, 1965), and are continuously
renewed at their base throughout life by transfer of proteins
from the inner to the outer segment of the photoreceptor cell
(Droz, 1963; Young, 1965, 1966, 1967).

The series of lateral cell junctions between the
pigment epithelial cells described in this study, were first
detected on the 16th fetal day and were fully developed by the
8th or 9th neonatal day. This terminal bar system is a prominent
feature of the adult retinal epithelium (Yamada, Tokoyasu and
Iwaki, 1958a; Fine, 1961; Leure-du Pree, 1968) and represents
the membrane originally described in a light microscopic study by
Verhoeff (1903). Cohen (1965) has suggested that this terminal
bar system constitutes an effective barrier to extracellular
transport. The fact that the lateral cell junctions are not
present prior to 5 days before birth suggests that the extra-

cellular transport of materials may be greater at this time and

further that the more immature pigment epithelial cells undergo more

extensive movements than their later counterparts.

The apical processes of the pigment epithelium of

the albino rat were first noted on the 18th fetal day and are quite



prominent by the 5th neonatal day when they enclose the inner
segments prior to outer segment formation. It is of particular g
interest that in this study the apical epithelial processes

were present prior to the formation of the outer segments of

the receptor cells. Dowling and Gibbons (1962) have indicated
that in the Harvard strain of the albino rat, the apical processes
do not appear until the 9th or 10th neonatal day when outer
segments form. The intimate association of the inner processes
with the photoreceptor cells suggests that they may play a role

in the nutrition and orientation of first, the inner segments and
later the outer segments.

Formation of the basal infoldings of the pigment
epithelium in the albino rat begins at birth butlis not complete
over the entire basal surface until the outer segments of the photo-
receptor cells first appear. The marked infolding of the basal
epithelial plasma membrane results in a greatly increased surface
area available for transport at a time when the nutrient require-
ments of the outer retina are rapidly increasing.

The lamellated inclusion body observed for the first
time in the pigment epithelium of the 14 day old neonatal rat is
a common feature of adult mammalian pigment epithelium (Dowling
and Gibbons, 1962; Bairati and Orzaleéi, 1963) but this is the
earliest stage in which it has been described. It has been
suggested that the lamellated bodies found within the retinal
pigment epithelium are residual portions of photoreceptor outer

segments which have been previously taken up at the apical epithelial
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border (Dowling and Gibbons, 1962; Bairati and Orzalesi, 1963).
The fact that in this study the lamellated bodies did not appear
in the pigment epithelium until after.outer segment formation
adds further support to this hypothesis. 1In addition, it is
significant that lamellated bodies are no longer present in the
retinal pigment epithelium in animals that have previously been
subjected to experimental retinal detachment (Kroll and Machemer,
1968), but'reappear in the pigment epithelium after retinal re-
attachment (Kroll and Machemer, 1969).

The cilia identified, in this investigation, in the
early stages of pigment epithelial development probably serve no
useful function. C(Cilia were not found after the 16th day of
gestation in the rat, and are not a normal constituent of adult
mammalian pigment epithelium. Where found, the cilia always
projected inwards towards the embryological external surface of

the pigment epithelium. It may be that the cilia are expressions

of the primitive more totipotent capabilities of surface ectodermal

cells. Cilia have been observed during developmental stages in
a number of other mammalian tissues including endocrine organs,
pancreas, kidney, skin and various tumours (Allen, 1965).

In the adult mammal, Bruch's membrane or the lamina

vitrea is composed of 5 layers; the basement membrane of the pigment
epithelium, the basement membrane of the choriocapillary endothelium
and inner and outer collagenous layers separated by a discontinuous

lamina densa. (Sumita, 1961; Nakaizumi, 1964; Leeson and Leeson, 1967;
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Hollenberg and Burt, 1969). The first layer of Bruch's membrane

to appear on the 15th day of gestation is the basement membrane |
of the pigment epithelium. This layer, according to Cohen (1961),

is a part of the basement membrane layer that completely surrounds

the developing optic vesicle. The next layer to appear during

the last 2-3 fetal days is the collagenous layer, probably a

product of the neighbouring fibroblasts. Once the collagen appears

it gradually fills the space between the choriocapillary endothelium

and the pigment epithelium. Later, when the lamina densa appears,

the single collagenous layer is split into an inmer and outer !
portion. The basement membrane of the choriocapillaris is not :
fully formed until after birth. The last layer of Bruch's membrane

to appear is the central lamina densa, which is largely composed

of elastic fibers (Sumita, 1961; Leeson and Leeson, 1967). Tt

is now well known that the choriocapillaris supplies a major portion

of the metabolites utilized by the outer retina (Bernstein, 1960,

1961; Bernstein and Hollemberg, 1965a, b). To accomplish this

purpose, the choriocapillaris endothelium on the retinal side

becomes very thin by the 17th day of gestationm. By the 9th neo-

natal day, when the basal infoldings of the pigment epithelium

are well formed and the photoreceptor outer segments are beginning

to appear, fenestrae are numerous throughout the attenuated endo-

thelium adjacent to Bruch's membrane. Bermdtein (1961) and Leeson

and Leeson (1967) previously indicated that, as a further aid to

rapid transport of materials towards the pigment epithelium, the

majority of the endothelial nuclei and thicker organelle-containing
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areas of endothelial cytoplasm of the choriocapillaris becomes

oriented towards the choroid. Further, Berson (1965) observed

that the choriocapillaris of the rat first appears at the posterior
pole of the eye and then spreads peripherally. This is also

the mode of development of the mammalian photoreceptor outer
segments, which form slightly later (Mann, 1964; Donovan, 1966),

It is evident then that a mature choriocapillaris bed is avail-
able to nourish the photoreceptor outer segments as they form.

It is also possible that the presence of a well developed choroidal
vasculature may play a role in inducing photoreceptor outer segment

fiormation.
3. Development of the Hyaloid and Re€inal Capillaries.

The present results indicate that, in the rat, the
two capillary systems derived from mesodermal tissue at the optic
stalk are basically similar in appearance. Both the developing
retinal and hyaloid capillaries possess a continuous endothelium
without fenestrations and an incomplete outer covering of pericytes.
Although the basement membrane of the retinal capillaries is much
more definite and better organized than that of the hyaloid
capillaries the more mature vessels of both capillary types possess
a distinct basement membrane covering. The presence of fine
fibrillar material within the inner border of the cytoplasm of the
mature hyaloid pericytes and the absence of such material in
retinal pericytes represents a true difference which is not simply

a matter of degree. Both the hyaloid and the retinal capillaries
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can be classified as type A-1-¢ according to the classification
of Bennett, Luft and Hampton (1959).

It is evident that, in the rat, the hyaloid capillaries
are extremely fragile structures particularly as they approach
regression when both endothelial cells and pericytes become
stretched and thin. It seems likely that these vessels rely to
a great extent upon the vitreous for mechanical support. In
addition, the fibrillar material within the pericyte cytoplasm
may serve to further strengthen the hyaloid capillary wall, although

the fibrils may also have a contractile function.

The fine structure of hyaloid capillaries forming
the tunica vasculosa lentis has been studied in the human embryo
(Mikawa, 1965). Also Lasansky (1967) has studied the morphology
and function of hyaloid capillaries resting on the inner surface
of the retina in the toad. In the toad, the hyaloid vessels are
& permanent vascular component of the eye (Michaelson, 1954),
In both the human and the toad, as in the rat, the hyaloid
endothelium is continuous, without fenestrations and is surrounded
by pericytes and a poorly organized layer of basement membrane
material (Mikawa, 1965; Lasansky, 1967). 1t is of particular
interest that in the present study it has been shown that, in the
rat, the portion of the hyaloid capillary wall facing the retina
or the lens is almost always extremely thin and devoid of nuclei
and processes of pericytes. This is also true of those capillaries
forming the tunica vasculosa lentis in the human (Mikawa, 1965).

It seems likely that this structural specialization favours the
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movement of nutrient materials from the hyaloid capillaries towards
the retina and lens rather than through thicker portions of the
capillary wall, centrally, into the vitreous. This situation
is analagous to that of the choriocapillaris in which the thickest
portion of the capillary wall is situated on the choroidal side
and movement of nutrients towards the pigment epithelium and
neural retina is favoured (Bernstein, 1961; Bernstein and Hollenberg,
1965a; Leeson and Leeson, 1967). Lasansky (1967) has attempted
to follow the movement of tracer substances across the hyaloid
capillary wall to the retina in the toad. His results indicate
that the hyaloid capillaries functionally resemble central nervous
system capillaries in that they do not allow the passage of trypan
blue and ferrocyanide. Lasansky (1967) feels that the only path-
way across the hyaloid capillary wall is directly through the
endothelial cells effectively prevented intercellular passage of
the tracer materials,

Another potential impediment to the passage of materials
across the walls of both the retinal and hyaloid capillaries is
the capillary basement membrane. Shakib and de Oliveira (1966)
have suggested that, in the retinal capillaries of the kitten,
both endothelial cells and pericytes contribute to the formation
of the basement membrane. In the early stages of formation of the
retinal capillaries in the rat, both endothelial cells and pericytes
are rich in polysomes and rough surfaced endoplasmic reticulum.
These cells seem quite capable of producing at least the protein

component of the capillary basement membrane. TFurther thickening
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of the basement membrane of the retinal capillaries as they
continue to develop may be due, at least in part, to accumulation
of materials trapped in transit across the capillary wall.

The fine structure of mature, adult retinal capillaries
has been described in a number of mammalian species (Maeda, 1959;
Hogan and Feeney, 1963; Ishikawa, 1963; Bernstein and Hollenberg,
1965b; Bloodworth, Gutgesell and Engerman, 1965; Ikui and Tominaga,
1965; Engerman, Molitor and Bloodworth, 1966) including the rat
(Kissen and Bloodworth, 1961). Comparison of the structure of
the mature retinal capillary with the developing capillaries
illustrated in this study and in prior investigations in the kitten
and the rat (Shakib and de Oliveira, 1966; Shakib, de Oliveira
and Henkind, 1968) reveals several distinctions. In general the
endothelial cells of the developing retinal capillaries are
thicker and contain a more generous allotment of polysomes and
rough surfaced endoplasmic reticulum than do the mature capillaries.
The pericytes, once established, become thinner, but otherwise
do not change significantly with aging. The capillary basement
membrane is much thicker and denser in the adult retinal capillary
than in its immature counterpart. Finally, retinal capillaries,
early in development in the rat, do not possess the outer glial
investment characteristic of the adult central nervous system

capillary.



VI SUMMARY

The sequential appearance and subsequent changes in the
relative thickness of the layers of the neural retina

have been described for the first time in the albino

rat eye.

The morphology of the retinal layers has been described

from the 11th day of gestation until 225 days after birth.

A timetable indicating the first appearance and relative
changes in thickness of each of the retinal layers has been
prepared.

The inverted layer of the optic cup becomes greatly thickened
by mitosis at its outer border after the optic vesicle is
obliterated.

The retinal layers form in sequence, from the immer retinal
border outwards and always beginning posteriorly and spreading
peripherally.

The transient layer of Chievitz does not appear in the albino
rat eye.

All retinal layers are present by 8 days after birth, although
not in their adult proportions.

Retinal thickness reaches a maximum on the 5th postnatal day,
while retinal volume only reaches a peak on the 7th to 12th

postnatal day.

7
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15.

16'

The nerve fibre, inner plexiform, outer plexiform and bacillary
layers all continue to increase in thickness after the ganglion
cell and inner and outer nuclear layers have reached their
maximum thickness and‘have begun to thin.

The fine structure of the developing pigment epithelium,
Bruch's membrane and choriocapillaris has been described

from the 15th day of gestation until 2 weeks after birth.

The apical cytoplasm of the pigment epithelial cells forms

long projections that enclose first the developing photo-
receptor inner segments, and later the receptor outer segments,
The basal region of the pigment epithelium becomes highly
infolded over the whole basal surface.

The pigment granules in the albino rat develop normally

in the inner epithelial cytoplasm until the stage of melanin
deposition, after which they break downm.

The lamellated inclusion body of the adult pigment epithelium
first appears during the second week of postnatal life,

The five layers of Bruch's membrane are formed as follows:

the basement membrane of the pigment epithelium on the 6th
prenatal day; the collagenous layers on the 3rd and 4th
prenatal days; the basement membrane of the choriocapillaris
endothelium on the last prenatal day; and finally the central
lamina densa on the 5th postnatal day,

The wall of the choriocapillaris changés from a continuous

endothelium on the 6th prenatal day, to a thin fenestrated
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18.

19.

20,

21.

endothelial wall facing the pigment epithelium by the 5th
postnatal day.

The ultrastructure of the developing retinal and hyaloid
capillaries has been described for the first time in the
albino rat.

Both the hyaloid and retinal capillaries possess a continuous
endothelium, multilayered basement membrane and an incomplete
pericyte covering.

The hyaloid capillary pericytes possess an inmer cytoplasmic
band of fibrillar material which the retinal capillary
pericytes lack.

The basement membrane of the hyaloid capillaries never attains
the thickness of the retinal capillaries' basement membrane.
An outer glial covering, limited to the retinal capillaries,
is the last layer of the retinal capillaries to be fully

developed.
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APPENDIX 1

The classification of vertebrate blood capillaries

as outlined by Benmnett et al (1959) is as follows:

Capillary type A.

Capillary type B.

Capillary type 1.

Capillary type 2.

Capillary type 3.

Capillary type Q.

Capillary type B.

capillaries with a complete continuous
basement membrane.

capillaries without a complete continuous
basement membrane.

capillaries without fenestrations or pores.
capillaries with intracellular fenestrations
or pores.

capillaries with intercellular fenestrations
or pores.

capillaries without a complete pericapillary
cellular investment (i.e. pericytes).
capillaries with a complete pericyte

investment,
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