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1. GENERAL INTRODUCTION 

Development of neuronal specificity remains one of 

the major enigmas in contemporary neurobiology. The 

embryonic neuroepithelium 1 derived from the surface 

ectoderm due to the inductive influence of the chorda

mesoderm, acquires a high]_ycomplex differentiation when 

neuronal and glial cells appear and establish specific 

structural relationships. Arising as a protrusion of the 

diencephalon during ontogeny 1 the retina presents the 

same anatomical and physiological problems as do other 

parts of the central nervous system. In the retina a 

spatial separation of both the perikarya and the cell 

processes into distinct nuclear and synaptic layers is 

effected during histogenesis. Tills makes the retina a 

very suitable material for studying vertebrate neuro

genesis and therefore the developing retina has been a 

preferred target of analysis through various approaches. 

Information about the structural integration of the 

optic nerve with the retina (Corti, 1850), transretinal 

organization of the radial fibres (1'-1liller, 1851) and the 

replacement of Treviranus'hypothesis of vitreal location 

of the photoreceptors by photoreceptive function of the 

bacillary layer (MUller, 1853) led to a first comprehen

sive description and functional interpretation of retinal 

structure (Kolliker, 1854; .r.Iti.ller, 1854). This provided 

a basis for developmental study of the retina and using 

routine histological methods Babuchin published his ob

servations on retinal development in 1863. 

The discovery of the silver impregnation technique 

by Golgi (1873, 1878) and of methylene blue staining by 

Ehrlich (1885, 1886) marked the beginning of neurohisto-
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logical methods. These two methods and their various 

modifications have been applied extensively on the adult, 

young and developing retina of several vertebrate species 

(Tartefuri, 1888; Dogiel, 1888a, b; Cajal, 1888, 1892, 

1894, 1896, 1919; Kallius, 1894; Krause, 1894; Neumeyer, 

1897; Marenghi, 1901; Greeff,1900). Cajal (1892, 1929) 

in reviewing these findings as well as his own comprehen

sive study on the development of the mouse, rabbit, calf 

and chick retina gave an elaborate description of the 

development of different- retinal cells. However his ob

servations were restricted to the stages when the ganglion 

cells and the inner plexiform layer have already differen

tiated.- His atterupts to stain the retina of younger embryos 

were unsuccessful. Since then, application of the silver 

impregnation method has provided more information on the 

retinal structure (Kolmer, 1930; Polyak, 1941, 1957; 

Boycott & Dowling, 1969; Dowling & Werblin, 1969; Shkolnik 

-Yarros 1 1971; Ogden, 1974) but studies on the developing 

retina by such methods (~·1orest, 1970) remained restricted 

to relatively late stages. 

Turning our attention to the earliest stages of 

retinal development the following can be said. The cells. 

of the embryonic neuroepithelium of course go through a 

period of repeated mitosis. With respect to this early 

phase of development the following question has become 

important: Are different cell lines established which 

give rise to distinct neuronal and glial cell types or 

do all cells remain developmentally equivalent till ces

sation of division. No definite answer to this question 

have been found (Jacobson, 1970). However,morphological 

different~tion of a cell, at least of the neuronal cells, 

is manifest after mitosis has stopped. Autoradiography, 

after administration of thymidine- H3 , a DNA precursor, 

at different stages of development, has been used ·to 

trace the time of origin of the different cells in the 

developing retina of mice (Sidman, 1961), chick (Fujita & 
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Horii, 1963; Kahn, 1973, 1974), frog (Hollyfield, 1968), 

xenopus (Jacobson, 1968; Hollyfield, 1971) and killifish 

(Hollyfield, 1972). Precise information has been obtained 

about the time of origin of certain retinal cells e.g, 

the ganglion and photoreceptor cells, due to the circum

stances that their perikarya are separated in distinct 

layers. In the case of the horizontal and Mliller cells 

in mice, however, the problem of cell identification in 

routine histological preparations makes similar obser

vations difficult as pointed out by Sidman (1961). Com

menting on this Fujita & Horii (1963) discussed the 

difficulty of correct designations of cells within the 

mixed population of amacrine, MUller, bipolar and horizon

tal Gells prior to the separation of the nuclear layers 

and advocated application of selective staining to distin

guish the different cell types. Similarly Sidman (1970) 

emphasized the need for correlation of silver impregnation 

and autoradiographic data but stressed that the techniques 

are mutually incompatible. Furthermore, since the labelled 

cells are identified after they have attained their defi

nitive form and location, autoradiographic data do not 

provide information about the events intervening between 

the time of cessation of mitosis and the separation of 

retinal layers. 

The present study is an attempt to bridge this qap 

in our understanding of the process of neurogenesis in 

the retina. Differentiation of the various retinal cells 

from the embryonic neuroepithelium must necessarily be 

reflected in changes of metabolic rate, appearance or con

centration of enzymes, or in the products of specific ~eta

belie pathways. A histochemical approach demonstrating 

some of these changes in cells remaining in si·tu seemed to 

be of particular advantage, since the biochemical 

changes in a differentiat~ng cell can not be ascertained 

using in ~ biochemical techniques whitout affecting 

its structural orientation in respect to other cells. 
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~~out the histochemical approach Shen (1958) pointedly 
" remarked it thus enables one to see as it were, both the 

topography,of a forest and the characteristics of indivi

dual trees . 

We have followed histochemical changes in the loca

lization of several different enzymes in the developing 

retina of mice from the embryonic optic cup to the adult 

stage. The main purpose is to trace the developmental 

sequence of retinal cells using histochemically detectable 

enzymatic features as indices of cytodifferentiation and 

to study the interrelation of these cells in the course 

of histogenesis of the retinal layers. 

For references see end of chapter III. 
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II. CYTOARCHITECTURE OF THE RETINA OF THE MOUSE 

The retina is one of the best studied parts of the 

central nervous system. Cytoarchitectural features of the 

retina have been studied and described in great detail 

(Polyak, 1941; 1957 ), but the observations are largely 

based on the primate retina. Comparative studies have 

established that the organization of the retinal layers 

is the same in all vertebrates, but that differences, 

mainly in the relative proportion of constituent cells 

are present ( Walls, 1942; Prince, !956 ) . 

The specific cytoarchitectural organization of the 

mouse retina, which has the same constituent cell types 

as other mammals, is schematically presented in Fig. 1 

and a brief description follows. 

The pigment epithelium is a single layer of flattened 

cuboidal cells at the outer circumference of the retina. 

These cells contain in pigmented strains numerous pigment 

granules which give it a dark appearance. The outer 

surface facing Bruch's membrane has numerous short infoldings 

while the inner surface, facing the receptors, shows many 

elongated microvilli projecting into the optic ventricle 

and between the receptor outer segments. 

The neural retina is composed of five~types of 

neuronal cells and one type of neuroglial cell. The 

perikarya and the processes of the cells are arranged in 

concentric layers. 

1. Bacillary layer : It is composed of the inner 

and outer segments of the photoreceptor cells which in 

mice and rats are primarily composed of rods with a few 

rudimentary cone cells ( Droz, 1963 ) . Villous projections 

from MUller cells are present between the rods. 
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Fig. 1. Schematic diagram showing the different 

retinal cell-types and their organization in the retina of 

the adult mouse. 
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2. Outer limiting membrane : The region at the base 

of the receptor inner segments appears under the light 

microscope as an extremely thin fenestrated membrane 

scleral to the outer nuclear layer. However electron 

microscopic studies have shown that it is not a true 

membrane but is produced by a series of terminal bars or 

desmosomes uniting the cell membranes of the photoreceptors 

and the Mliller cells ( SjOstrand, 1958; Yamada et al., 

1958;Missotten, 1960; Cohen, 1960; Fine, 1961; Fine & 

Zimmerman, 1962, 1963; Spitznas, 1970 ) . 

3. Outer nuclear layer : This layer is relatively 

thicker in mice than in animals with a predominantly cone 

or duplex retina ( Cajal, 1892; Prince, 1956 ) and contains 

10 - 12 rows of nuclei of the photoreceptor cells invested 

in thin perinuclear cytoplasm. 

4. Outer plexiform layer : This thin layer represents 

the synaptic zone between the photoreceptor terminals, the 

bipolar cell dendrites and the scleral expansion of the 

horizontal cells. It also contains the lateral processes 

branching off from the passing radial fibres of Mliller 

cells. 

5. Inner nuclear layer : This layer is formed by the 

perikarya of 5 - 7 rows of cells arranged in 4 ill defined 

zones. a) The- outer zone, is occupied by the perikarya of 

the horizontal cells interspersed between the outermost 

row of bipolars. The horizontal cells are relatively fewer 

in number and are larger than the bipolar cells. The 

scleral processes of the horizontal cells extend horizontally 

( vide name ) in the outer plexiform layer and synapse with 

the photoreceptor terminals and bipolar cell dendrites 

( Yamada & Ishikawa, 1965; Dowling, Brown & Major, 1966; 

Olney, 1968; SjOstrand, 1969, Dowling & Werblin, 1969; 

Fisher & Boycott, 1974 ) and possibly mediate lateral 

interaction in the outer plexiform layer ( Baylor, Fourtes 

& 0 1 Bryan, 1971; Baylor, 1974 ) . b) The outer intermediate 

zone contains 2 - 3 rows of oval shaped bipolar cell 
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perikarya. These appear identical and presumably are the 

common rod bipolar variety ( Cajal, 1892 ) comparable to 

the mop ( rod ) bipolars described by Polyak ( 1941 ) in 

the primate retina. c) The inner intermediate zone can be 

distinguished by the presence of the perikarya of some 

of the Mliller cells which are wedged between bipolar and 

amacrine cells as observed in other species ( Inomata, 

1965; Dowling, 1970; Hogan, Alvarado & Weddell, 1971 ). 

The radial fibres of the Mliller cells traverse the entire 

thickness of the retina and lateral processes extend into 

the plexiform layers. d) The inner zone is formed by 2 - 3 

rows of amacrine cells, perikarya of some of the Mliller 

cells and of a few displaced ganglion cells located in the 

innermost row of this zone. The amacrines are round cells 

with a thick rim of perinuclear cytoplasm. Two types of 

amacrine cells can be identified in the mouse. They 

resemble the diffuse and the stratified varieties described 

in other species. The diffuse amacrines have tufted 

expansions that extend throughout the depth of the inner 

plexiform layer while the processes of the stratified type 

spread laterally at definite levels ( Cajal, 1892; Polyak, 

1941; Boycott & Dowling, 1970; Gallego, 1971 ) . 

6. Inner plexiform layer : This synaptic zone is 

formed by the processes of the arnacrines, axons of bipolars 

and dendrites of the ganglion cells, together with the 

processes of Mliller cells. The zone shows horizontal 

striations. 

7. Ganglion cell layer :This layer contains a single 

row of ganglion cells. These are usually spherical and at 

least two morphological types, large and small can be 

distinguished besides some cells of intermediate size. The 

ganglion cells are similar to those reported by Cajal 

1892 ) in different mammalian species. 

·8. Layer of nerve fibres : This layer is formed by 

the axons of the ganglion cells which converge towards the 

optic nerve and also contQ.ins .. ,the inner ends of the 
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MUller cells. 

9. Inner limiting membrane : The vitreal border of 

the retina shows a basal membrane produced by the adjoining 

inner endfeet of the Mliller cells ( Polyak, 1941; Wolff, 

1961; Wolter, 1961; Cohen, 1961; Uga & Smelser, 1973 ) . 

Macrophages, originating from the vascular monocytes, 

have been demonstrated ( Sanyal, 1972 ) in the mouse retina 

and it has been suggested that they are comparable to the 

microglia described by Rio-Hortega ( 1932 ). 

For references see end of chapter III. 
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Ill. HISTOMORPHOLOGICAL CHANGES DURING RETINAL 

DEVELOPMENT IN THE MOUSE 

As a basis for our enzyme-histochemical studies on 

the developing retina we give here a brief description 

of the morphological changes during retinal development 

in the Balb/cHeA strain of mouse, used throughout this 

study. (Figs. 1-11). Our observations are in agreement 

with the earlier studies of Pye & Rhodin (1970) on pre

natal development, and of Tanseley (1951, 1954), Sorsby 

et al. (1954), Noell (1958), Caley et al. (1972) and 

Sanyal and Bal (1973) on postnatal development in diffe

rent strains of mice. Available descriptions of the 

developmental stages of the mouse (Rugh, 1968; Theiler, 

1972) also provide information on the stages of eye de

velopment. 

The earliest differentiation of the neuro-ectoderm 

which eventually develops into the retina is visible in 

the 7 somite embryo at 8 days of embryonic life. At this 

stage two barely noticeable dents at each side of the 

rostral end of the neural plate mark the beginning of 

the optic sulci, which deepen into two pits called foveo

lae opticae (Walls, 1942; Duke-Elder & Cook, 1963) 

At 8.5 days of gestation, when the neural folds begin to 

approach each other to close the neural tube, the foveolae 

opticae rotate, forming a pair of protrusions of the 

lateral diencephalic wall, which expand to form the 

optic vesicles (Fig .1) . When the anterior neuropore closes at 9 

days, the optic vesicles reach the overlying ectoderm and 

induce the formation of the lens placode. Simultaneously 

the invagination of the optic vesicle, leading to the 

formation of a deep lens pocket takes place (Fig. 2). 

At 10 days, a two layered .. opt~~·q cup is formed (Fig. 3). 
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Figs. 1-6. Schematic representation of retinal 

development in the mouse during the prenatal period. 

Fig. 1. 8.5 days of gestation, Fig. 2. 9 days, Fig. 3. 

10 days, Fiq. 4. 13 days, Fig. 5. 16 days, Fig. 6. 

Magnified view of the area shown in the rectangle in Fig.s. 

PE, pigment epithelium; NR, neural retina; ON, outer 

neuroblastic layer; IP, inner plexiform layer; GC, gan?lion 

cells; NF, layer of nerve fibres. 
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Figs. 7-ll. Schematic representation of retinal 

development in the mouse during the postnatal period. 

Fig. 7. Newborn, Fig. 8. 4 days, Fig. 9. 7 days, 

Fig. 10. 14 days, Fig. 11. 26 days. 

PE, pigment epithelium; OS, rod outer segment; IS, rod 

inner segment; ON, outer nuclear layer; OP, outer plexi

form layer; IN, inner nuclear layer; IP, inner rlexiform 

layer; GC, ganglion cells; NF, layer of nerve fibres. 
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'l'he outer layer of the optic cup, the presumptive pigment 

epithelium, consists of 1-2 rows of columnar cells, while 

6-7 rows of neuroblasts in the inner layer represent the 

presumptive neural retina. The cells of the neural retina 

rapidly proliferate and by 13 days the nerve fibre layer 

can be distinguished in the fundus area (Fig. 4). At 16 

days of embryonic life, a hair line gap, the prospective 

inner plexiform layer appears at the inner level of the 

neural retina and separates the presumptive ganglion cells 

from the outer layer of neuroblasts (Figs. 5, 6). The 

pigment epithelium consists at this stage of a single row 

of flattened cells. 

The animals are born after 19 days of gestation. In 

the newborn mouse, the inner plexiform layer has grov.m in 

thickness and the ganglion cells are clearly recognized. 

Two to 3 rows of cells close to the outer side of the 

inner plexiform layer appear morphologically different and 

can be recognized as amacrine cells. At 4 days after birth 

the retina shows a further sign of differentiation when a 

poorly defined outer plexiform layer appears in the outer 

part of the neuroblastic layer (Fig. 8). This is the be

gining of separation of the inner and outer nuclear layers. 

Although formation of photoreceptor inner segments is 

known from electron microscopic studies to have already 

started at birth, they are first seen with light optics 

at this stage. As the outer plexiform layer increases in 

thickness, migrating photoreceptor nuclei segregate into 

the outer nuclear layer around 6-8 days (Sanyal & Bal, 

1973). This, together with the addition of cells at the 

margin of the retina where mitosis continues for a few 

days after birth (Sidman, 1961), results in a considerable 

increase in thickness of the outer nuclear layer (Fig. 9). 

The rod inner segments increase markedly in length and 

developing outer segments can be distinguished at 10 days. 

The eye opens around 12 days after birth and then an 

electroretinographic response can first be obtained (Noell, 
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1965). Between this period and the time of weaning, 

usually at about 4 weeks, a linear increase in growth of 

the rod outer segment takes place (LaVail, 1973). The 

adult stage is finally reached by an increase in thickness 

and complexity of the synaptic knit-work in the inner 

plexiform layer accompanied by a relative decrease of the 

thickness of the outer and inner nuclear layers and of 

the ganglion cell layer (Figs. 9-11 ) . Simultaneously the 

retina expands along with the growth of the eyeball (Caley, 

1972) . 
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INTRODUCTION 

Although the literature onthe developmental cytology 

of the retina is considerable, information about the 

origin and initial differentiation of MUller cells is 

scanty and often contradictory. MUller identified these 

cells as the most important, if not the only, glial 

elements of the retina in 1851. Cajal ( 1892 ) noted the 

first appearance of Miiller cells as elements scattered 

throughout the retina in mouse embryos of about 15 mm 

length, a stage at which the ganglion cells could also be 

recognized. The observations of Berkow & Patz ( 1964 } on 

the developmental histochemistry of oxidative enzymes and 

of Merest ( 1970 ) on the rapid Golgi impregnated retina 

of the rat indicate relatively late appearance of Hi..iller 

cells. However, recent electron microscopic studies by 

Uga & Smelser ( 1973 ) in the rabbit and by Kuwahara & 

Weidman ( 1974 ) in the rat have shown that MUller cells 

are the earliest among the retinal cells to differentiate. 

Lack of identifiable characteristics prior to their 

attaining definitive form and location clearly is an 

impediment in analysing the early events of 1'-1liller cell 

differentiation. In a histochemical study on the 

developmental changes of enzymes with esterase activity 

in the retina of mice, it was observed that the initial 

differentiation of cells, identifiable as presumptive 

MUller cells, was characterized by a localized and 

transient activity of non-specific esterase. This report 

describes the origin and change of these cells, visualized 

by the non-specific esterase reaction, during the prenatal 

development of the retina in mice. 
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MATERIAL AND METHODS 

Balb/cHeA mice were used throughout this study. 

sexually mature females and males were allowed to mate 

overnight and the presence of vaginal plugs in the morning 

marked the beginning of pregnancyi the next day was 

considered as day 1. Starting on day 10 of gestation 

females were killed at daily intervals until birth. The 

embryos were removed from the uterus and immediately 

immersed in physiological saline. The entire heads, or 

the eye regions, were dissected out and fixed overnight 

in ice-cold fixative ( 4% paraformaldehyde in 0.067 M 

phosphate buffer at pH 7.2 and 7.5% sucrose). The material 

was stored in gum-sucrose ( Holt, 1959 ) for up to 5 days 

before sectioning ln a cryostat at 10 pm. Non-specific 

esterase was localized according to the method of Barka 

& Anderson ( 1963 ) . ~-naphthyl acetate ( Sigma ) was 

used as substrate at pH 6.5 with hexazotized pararosanilin 

as coupler. The sections were incubated at 37° c for 20 

minutes and were counterstained with methyl green. Specific 

substrates and inhibitors were used according to the 

directions of Pearse ( 1972 ) to confirm the histochemical 

reaction as due to non-specific esterase activity. 

RESULTS 

The optic vesicle is formed in the mouse embryo around 

day 9 of gestation and by day 10 develops into a two-layered 

optic cup connected with the diencephalon by the optic 

stalk. The choroid fissure is then still open ( Rugh, 1968; 

Pei & Rhodin, 1970; Theiler, 1972 ). At this stage the 

cells of the inner layer, the presumptive neural retina, 

do not show any noticeable activity for non-specific 

esterase or any morphological evidence of differentiation 

Fig. l ) . 

On day 11, the choroid fissure has closed and non

specific esterase activity is now seen in a very few cells 
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Photomicrographs of cryostat sections of developing mouse 

retina showing changes of non-specific esterase activity 

in Mliller Cftlls. 
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Fig. 1. Optic cup of day 10 embryo; cells in the neural 

retina (nr) and pigment epithelium (pe) do not show 

any esterase activity. cf, choroid fissure. x 100. 



Fig. 2. Optic cup at 11 days; note esterase activity in 

cells near the vitreal border of the central retina. 

X 100. 

Fig. 3. 13 days; section of the optic cup lateral to 

the point of entry of the optic nerve. Note growth of 

the optic cup and thickness of the neural retina along 

with the appearance of esterase-positive cells in the 

fundus. xlOO. 

Fig. 4. 15 days; cells with high esterase activity are 

seen near the ora. Cells with reduced activity are 

scattered throughout the retina. nf, layer of nerve 

fibres. x 100. 

Fig. 5. 16 days; esterase activity is seen near the 

ora while activity has disappeared from the fundus. 

Note presence of the layer of ganglion cells (gc) and 

the inner plexiform layer ( arrow ) . x 100. 

Fig. 6. Magnified view of 11 day retina ( Fig. 2 ) . 

Note esterase activity along the inner limiting 

membrane (arrow). x 400. 

Fig. 7. 13 days; part of section passing through the 

optic nerve (on). Most intensely stained cells are 

located along the vitreal border. Cells near the optic 

nerve show reduced activity. x 400. 

Fig. 8. 15 days; part of retina shown in Fig. 5. Note 

cells with reduced esterase activity scattered throughout 

the depth of the retina. x 400. 
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located on the vitreal side near the optic stalk ( Fig. 2 ) . 

These cells are elongated with external and internal 

processes oriented perpendicular to the retinal surface 

( Fig. 6 ) . They are considered to be MUller cells at the 

beginning of their differentiation (see discussion). At 

the same time, esterase activity of moderate intensity has 

appeared along the vitreal border of the retina close to 

the inner limiting membrane. Some necrotic cells with 

clumps of esterase-positive material are also seen in the 

centre of the retina adjacent to the optic stalk. 

On day 13, the number of esterase-positive cells 

has increased markedly. Such cells are seen as far forward 

as half of the distance from the centre of the optic cup 

to the ora ( Fig. 3 ) . As cells with esterase activity 

appear in peripheral regions the area immediately adjacent 

to the optic nerve, where the emergence o£ the layer of 

nerve fibres is now discernible, shows considerably 

reduced enzyme activity ( Fig. 7 ) . Although nearly all 

cells which are most intensely stained are located on the 

vitreal border, many cells with a varying intensity of 

esterase activity are seen more externally with a few 

close to the scleral border of the neural retina, thus 

producing a characteristic radial orientation (Figs. 3, 

7 ) . It appears that the perikarya of these cells acquire 

the esterase activity while located in the vitreal position, 

and migrate in the scleral direction, losing some of the 

activity on the way. By day 15, the most intensely stained 

cells are located in the more peripheral part of the retina, 

close to the ora, and cells with esterase activity of 

varying but reduced intensity are scattered uniformly 

throughout the fundus (Figs. 4, 8 ). The layer of nerve 

fibres has now expanded into the peripheral area, but no 

further progress of development is recognizable. Along 

with the growth of the optic cup from 11 days onwards, a 

sudden increase in the thickness of the neural retina is 

recorded and is most pronounced in that part of the central 
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retina where esterase-positive cells have appeared. 

on day 16, the esterase activity of cells has 

considerably declined ( Fig. 5 ) . In the fundus, towards 

the optic nerve, the cells appear uniformly negative, but 

some cells with faint activity are still found scattered 

in the peripheral part, including the ora. Besides the 

extension of the layer of nerve fibres throughout the 

central part of the retina, further advance in the histo

genesis of the retinal layers is seen in the separation 

of the layer of ganglion cells along with the emergence 

of the inner plexiform layer. Gradually the changes hitherto 

observed in the fundus extend into the ora, and the esterase 

activity in the remaining scattered population of cells 

disappears around the time of birth. The margin of the 

optic cup which develops into the iris and ciliary body 

continues to show a high level of esterase activity. 

DISCUSSION 

The identification of the esterase-positive cells as 

MUller cells is based on two previous findings. !>1Uller cells 

are the first type of cells to differentiate in the rabbit 

retina; this has been demonstrated by the early appearance 

of cells with smooth endoplasmic reticulum, characteristic 

of mature 1'-tU.ller cells ( Uga & Smelser, 1973 ) . The earliest 

cells with these organelles appeared in the vitreal border 

on the 14th prenatal day which is developmentally equivalent 

to the 11th prenatal day of mice, when the esterase-positive 

cells first appear at the same site. The MUller cells sub

sequently migrate with the growth of the retina, and this 

leads to their scattered distribution ( which Cajal (1892) 

observed with the silver method in 15 mm mouse embryo, 

approximately corresponding to the 15 or 16 day old embryos 

used in our study ) . 

M.igration presumably involves only the perikarya, 

including the outer ends of the cells, while the inner ends 
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remain fixed to the vitreal surface, since the inner 

limiting membrane is considered to be formed by the MUller 

cell endfeet and has been shown to be a basement membrane 

continuously present from the optic vesicle stage ( Cohen, 

1961 ). It is tempting to speculate, in this context, 

whether position along the vitreal border predetermines 

the presumptive Mliller cell population of the retina in 

the way positional information has been proposed to control 

cellular differentiation in many instances ( Wolpert, 

1969 ) • 

The functions generally attributed to Mliller cells 

in the adult retina are the provision of mechanical support 

in the form of a framework to the retinal neurons ( Cajal 1 

1904; Polyak, 1941 ) , of nutritive and metabolic support 

as evidenced by high concentration of glycogen ( Shimizu 

& Maeda, 1953; Kuwabara & Cogan, 1961 ) and several enzymes 

Cogan & Kuwabara, 1959; Kuwahara & Cogan, 1960 ) and of 

insulation of neuronal networks Polyak, 1956 ) . Early 

detection of Mliller cells at the light microscopic level 

provides an opportunity to observe their appearance in 

relation to the progress of development in the whole retina. 

The initial phase of differentiation of Mliller cells, 

marked by transient esterase activity, advances as a 

concentric wave from the centre to the periphery. A rapid 

growth of the neural retina occurs almost immediately and 

is followed by differentiation and separation of the inner 

retinal layers as the perikarya of the MUller cells migrate 

towards more outer levels. The sequence of these changes 

suggests that early acquisition of some of the metabolic 

functions might be important in promoting growth of the 

retinal cells. Further, outward migration of the perikarya 

is a part of the process that results in formation of the 

radial fibres which constitute the glial framework. The 

early development of this structure suggests that it might 

act as a substratum for the neuronal precursor cells which 

show repeated to and fro movement along the scleral-vitreal 
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axis in the course of the cell cycle and subsequent 

differentiation (Sidman, 1961 ). Furthermore, active 

participation of MUller cells in the separation of the 

receptor and the bipolar cells has been suggested by 

Meller ( 1964 ) and Meller & Glees ( 1965 ) on the basis 

of electron microscopic observation on 9 day old chick 

embryos. It has been earlier reported { Coulombre, 1955 

that, in the chick retina, MUller cells differentiate 

around 4 - 5 days of incubation, which is developmentally 

comparable to the ll - 12 day stage in mice. Thus a spatia

temporal relationship between differentiation of MUller 

cells and histogenetic separation of the neuronal layers 

appears to be a regular feature of retinal development. 

Experiments with other enzyme markers and autoradiography 

are in progress to observe retinal histogenesis during 

the postnatal period when the outer retinal layers 

differentiate, and the MUller cell perikarya become 

finally located in the inner nuclear layer. 

SUMMARY 

During the prenatal development of the retina in mice 

MUller cells at theinitial stage of differentiation show 

a high level of histochemically detectable non-specific 

esterase activity. These are the first of the retinal cell 

types to differentiate and appear at the 11th day of 

gestation along the vitreal border in the central retina. 

As development proceeds they appear in more peripheral 

areas and their perikarya migrate outwardly and become 

scattered throughout the depth of the retina. Appearance 

of presumptive MUller cells is followed by rapid growth 

of the retina and differentiation of the inner retihal 

layers. With the progress of histogenesis from the central 

to the peripheral areas the esterase activity in the 

Mliller cells gradually diminishes. The possible significance 

of early differentiation of MUller cells in promoting 
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growth and histogenesis of retina is discussed. 
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Synopsis. In the optic cup of early mouse embryos, carbo

nic anhydrase activity is seen only in the pigment epi

thelial cells. During the late prenatal period the enzyme 

appears in the Mliller cells, first in the perikarya. 

During the postnatal development, the enzyme activity 

appears in the radial processes of the Mliller cells star

ting at the vitreal border, along with the separation of 

the outer retinal layers. This is followed by increased 

activity in the plexiform layers, presumably in the la

teral processes. Carbonic anhydrase localization, in pig

ment epithelial and Mliller cells attains adult pattern 

at about 16 days corresponding with the initiation of 

retinal function. 

Introduction 

The localization of the enzyme carbonic anhydrase (E.C. 

4.2.1.1.) in the pigment epithelial and the retinal layers 

of several vertebrate species (Korhonen & Korhonen, 1965; 

Leder, 1966; P. Bhattacherjee, 1971) has invoked consi

derable interest. Electron microscopic study of 11usser & 

Rosen (1973) has shown that the enzyme in the neural 

retina is localized in the Mliller cells and its presence 

in the different retinal layers is due to the extension 

of processes from these cells. Recent observations on the 

developing retina of rabbit (Uga & Smelser, 1973), rat 

(Kuwahara & Weidman, 1974) and mouse (Bhattacharjee & 

Sanyal, 1975) have shown that 11liller cells are the earliest 

retinal cells to differentiate. This report deals with the 

changes in the histochemical localization of carbonic 

anhydrase in the pigment epithelial and Mliller cells 

during differentiation of the retinal layers from the 

embryonic optic cup to the adult stage. 
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Materials and methods 

Albino mice of Balb/cHeA strain were used in all cases. 

Sexually mature females and males were caged together 

and the pregnant females detected by the presence of 

vaginal plugs,were isolated on the following morning. 

Females were killed after 10, 11, 13 and 16 days of gesta

tion and the entire heads or pieces of the head region of 

the embryos including the eyes were dissected out and 

fixed for 2 hours in ice-cold fixative containing 2% para

formaldehyde, 1.5% glutaldehyde, 7.5% sucrose in 0.067.r.~ 

phosphate buffer at pH 7.2. The newborn and animals of 

5, 7, 11, 16 and 26 days of age were killed by cervical 

dislocation and the eyes were immediately removed and 

immersed in the fixative as above. After an hour the 

cornea and the lens were removed and fixation was con

tinued for another hour. This fixation schedule was pre

ferred after initial trial with unfixed tissues and tis

sues fixed for various lengths of time in different con

centrations of formaldehyde and glutaraldehyde. Uilfixed 

tissues gave qualitatively comparable results but loss of 

enzyme activity through diffusion (LOnnerholm, 1974) and 

damage of the retinal layers affected the final picture. 

The materials were washed overnight in gum-sucrose (Holt, 

1959) and were then frozen rapidly and sectioned at 10 pm 
in a Pearse-Slee cryostat operating at -45"C. Sections 

were either picked up on millipore filters (25 pm thick, 

pore size 0.45 pro) or handled free floating. 

Carbonic anhydrase was localized according to the 

procedure of Hansson (1967). The details about the speci

ficity of this method and the reactions involved have been 

discussed by several authors (P. Bhattacherjee, 1971; 

Rosen & Musser, 1972i Lightfoot & Cassidy, 1973; Cassidy 

& Lightfoot, 1974i Rosen, 1974; LOnnerholrn, 1974). The 

incubation media contained 1 rnl O.U1 Coso 4 , 5 rnl 0.067M 

KH 2Po 4 , 5 rnl O.SM H2so4 , mixed together and added to a 
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solution containing 560 mg of NaHC0 3 in 40 ml H2o. The pH 

of the medium was 5.8 immediatly after mixing. The sec

tions were floated on the media for 8-10 minutes at room 

temperature {20"C), rinsed quickly in phosphate buffered 

saline {pH 5.9) and treated in 2% ammonium sulphide for 

visualizing the reaction sites. The sections were washed 

in H20 and were mounted on slides with glycerinejelly 

{Gurr) or entellan {Merck) . Inhibition by acetazolamide 

{Sigma) was used as control for enzymatic reaction. Complete 

inhibition of visible reaction was recorded in l X 10- 6M 

concentration. 

Results 

Localization of carbonic anhydrase in the retina of 

adult mouse 

In the retina of the adult mouse, carbonic anhydrase is 

present only in the pigment epithelium and ~~tiller cells 

{Korhonen & Korhonen, 1965) and the histochemical locali

zation resembles the observations in other species {Leder, 

1966; P. Bhattacherjee, 1971; ~1usser & Rosen, 1973). In 

the pigment epithelium, intense carbonic anhydrase acti

vity is seen along the scleral border which forms the 

basal infoldings facing Bruch's membrane and in the vitreal 

Figure l. ~1ontage of microphotographs of retina from 

adult mouse showing distribution of carbonic anhydrase 

activity in the pigment epithelium (PE) and in the Mliller 

cell perikarya (N) and processes .:i::n the neura,l retina. OLM , 

outer limiting membrane; ONL, outer nuclear layer; OPL, 

outer plexiform layer; INL, inner nuclear layer; IPL, 

inner plexiform layer; GC, ganglion cells; ILM, inner 

limiting membrane. Bar= 10 pro. 
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side which forms long villous processes projecting into the 

optic ventricle and interdigitating between the rod outer 

segments (Fig. 1). Enzyme activity is also seen along the 

lateral cell junctions but the central cytoplasmic part 

is negative. 

Carbonic anhydrase activity in the different layers 

of the neural retina in the mouse is considered to be 

localized in MUller cells of which the perikarya located 

in the inner nuclear layer are completely stained. Intense 

enzyme activity around the outer limiting membrane exten

ding into the optic ventricle and between the rod inner 

segments represent the apical part including the villous 

projection of the MUller cells, collectively producing 

the characteristic fibre basket (Polyak, 1941) pattern. 

In the outer nuclear layer a large number of stained 

obliquely oriented processes can be seen. These constitu

te the external part of the radial processes. The inner 

processes can be traced running across the inner plexiform 

layer and between the ganglion cells finally forming 

unbrellar expansions at their basal end facing the vitreous 

and ilin contact with the inner limiting membrane. The parts 

of the radial processes located within the inner nuclear 

layer show comparatively less staining. High carbonic 

anhydrase activity and the pattern of localization in the 

outer and inner plexiform layers suggest staining of the 

lateral processes of Mliller cells. 

Changes in the localization of- c·arbonic anhydr·ase during 

prenatal development 

The optic cup at 11 days of gestation consists of an 

outer layer of pigment epithelium containing ~-2 rows of 

columnar cells and an inner thick layer of neuroblasts, 

the presumptive neural retina. At this stage, a moderate 

.activity of carbonic anhydrase is seen in the fundal area 

of the pigment epithelium but the reaction is weak towards 
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Figures 2-4. Changes in the localization of carbonic 

anhydrase in mouse retina during prenatal development. 

Bar ~ 50 pm. 

Figure 2. Optic cup at 11 days, activity is seen only in 

the pigment epithelial cells. 

Figure 3. At 13 days, pigment epithelial cells show in

creased activity. In the neural retina faint activity is 

seen in a few cells (arrow) neat the optic nerve. 

Figure 4. At 16 days, many presumptive Hiiller cells with 

high carbonic anhydrase activity are seen scattered in the 

fundal retina. 

the peripheral areas (Fig. 2). The reaction product is 

evenly distributed in the cytoplasm around the nuclei but 

the intervening areas between the adjacent cells appear 

unstained. No enzyme activity is seen in the neural retina. 

At 13 days, the optic cup has grown in size. Carbonic 

anhydrase activity has appeared in the peripheral cells of 

the pigment epithelium. In the neural retina, faint reac-
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tion is seen in a very few cells on either side of the 

optic nerve (Fig. 3). At 16 days (Fig. 4), the pigment 

epithelium consists of a single row of flattened cuboidal 

cells which are completely filled with reaction product. 

The retina, in the fundal region, has differentiated into 

an inner layer of ganglion cells, outer layer of neuro

blasts and an incipient inner plexiform layer in bet·ween. 

In the outer layer of neuroblasts a large number of car

bonic anhydrase positive cells are seen randomly distri

buted throughout the fundal region. The enzyme activity 

is seen only in the perikarya. On the basis of subseguent 

developmental changes, these cells can be easily identi

fied as developing Nliller cells. The presumptive Hi.iller 

cells in the peripheral retina do not show any activity 

of the enzyme at this stage but the cells in the margin 

of the optic cup wich differentiate into iris show high 

carbonic anhydrase activity (Fig. 4, lower right corner). 

Changes in the localization of carbonic anhydrase during 

postnatal development 

In the newborn mouse, the retina has increased in thick

ness and the inner plexiform layer is well developed. The 

entire population of MUller cells now show carbonic anhy

drase activity as stained cells are seen in the peripheral 

retina in the same frequency as in the fundus. However, 

many of these cells seem to have moved inwards from the 

outermost levels (Fig. 5). At 5 days, the outer plexiform 

layer has appeared in the fundal retina as a very thin 

horizontal fissure separating the inner and outer nuclear 

layers. At the same time the perikarya of Mi.iller cells 

located in the outer retina have moved into the inner nuclear 

layer and no carbonic anhydrase positive cells are seen in 

the outer nuclear layer. While some of .MUller cells remain 

at the innermost border of the inner nuclear layer many of 

them seem to have migrated outward producing a thick band 
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Figures S-9. Changes in the localization of carbonic 

anhydrase activity in mouse retina during postnatal de

velopment. Bar = 30 pm. 

Figure 5. Newborn, enzyme activity in Mliller cells is seen 

only in the perikarya scattered in the undifferentiated 

layer of neuroblasts, note fewer stained cells in the 

scleral zone. 

Figure 6. 5 days, note accumulation of Mliller cell 

perikarya in the inner nuclear layer and appearance of 

activity along the inner limiting membrane (arrow). 

Figure 7. 7 days, Mliller cell perikarya arranged in their 

definitive location, note appearance of enzyme activity 

in the inner plexiform layer and increased activity along 

the inner limiting membrane. 

Figure 8. 11 days, in the pigment epithelium the enzyme 

activity is seen in the vitreal and scleral surfaces. 

Note increased activity in the outer limiting membrane 

and appearance of activity in the outer nuclear layer 

and the outer plexiform layer. 

Figure 9. 26 days, note increased enzyme activity in pig

ment epithelium and in Mliller cell processes at all levels 

of the neural retina. 
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of HUller cell perikarya in the middle of this layer 

(Fig. 6). Except for the appearance of discrete staining 

near the inner limiting membrane, presumably in the end 

feet, carbonic anhydrase activity is still seen only IIJith

in the perikarya. At 7 days, along with growth and separa

tion of the retinal layers, the perikarya of MUller cell 

reach their final location (Fig. 7). These are mostly 

located in a single row along the middle of the inner nu

clear layer and a few are located among the amacrine cells 

occupying the innermost border of this layer. Carbonic 

anhydrase activity alOng the inner limiting menfurane is 

much increased and staining of moderate intensity is seen 

in the inner plexiform layer suggesting appearance of 

enzyme activity in the internal processes of MUller cells. 

In the outer retina very faint reaction is seen in the 

outer plexiform layer and along the outer limiting men

brane. In the pigment epithelium, compared to the uniform

ly dark reaction seen at earlier stages, areas of cyto

plasm now show reduced staining. At ll days, a remarkable 

increase of carbonic anhydrase activity is seen in the 

outer retina and is most pronounced along the outer li

miting membrane (Fig. 8). Some of the radial processes 

in the outer nuclear layer are moderately stained and the 

outer plexiform layer also shows increased staining. A 

differential distribution of the enzyme activity is seen 

in the pigment epithelium. Intense staining is recorded 

along the vitreal border, overlying the developing recep

tor segments; faint activity has appeared along the basal 

membrane at the scleral bord.er but the intervening cyto

plasm is completely negative. From this stage, the enzyme 

activity at all levels, increases rapidly and by 16 days 

resembles the pattern of localization seen in the adults 

(Fig. 9). 
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Discussion 

Carbonic anhydrase catalyzes the hydration of metabolic 

CO into Hco; and facilitates exchange for plasma C1 and 

Na* ions. Specific occurence of this enzyme in the glial 

cells of the brain is an indication of the special role of 

these cells in providing metabolic support maintaining 

the ionic milieu of the neurons (Giacobini, 1962). In 

retina, this function is shared by the pigment epithelial 

and MUller cells (Korhonen & Korhonen, 1965; Lasansky, 

1965). Developmentally, these two cell-types show consi

derable difference in the time of appearance and changes 

in the intra-cellular distribution of carbonic anhydrase. 

In the embryonic optic cup, the pigment epithelial cells 

are, for several days, the only site of carbonic anhydrase 

activity, the neural retinal cells being completely nega

tive. This suggests early metabolic dependence of the neu

ral retina on the pigment epithelium and might be one of 

the reasons of developmental failure of isolated neural 

retina (Hollyfield & Witkovsky, 1974). The HUller cells, 

on the other hand, originate near the vitreal border, mi

grate outward and become scattered throughout the depth 

of the rapidly growing retina during the 11th and 15th days 

of gestation (Bhattacharjee & Sanyal, 1975). Carbonic 

anhydrase first appears in the perikarya of these cells 

around 16 days and permi~ a close follow-up of develop

mental changes in these cells in course of the histogene

sis of retinal layers. The first noticeable change is the 

gradual shifting of the HUller cell perikarya towards 

their definitive position in the inner nuclear layer si

multaneously with its separation from the outer nuclear 

layer. Enzyme activity begins to appear in the radial 

processes at this stage and progresses from the vitreal 

to the scleral end and finally, in the lateral processes 

as evidenced by the increased activity in the plexiform 

layers. As carbonic anhydrase activity appears in the MUller 

49 



cell processes, the pigment epithelium shows a gradual 

shift Of the enzyme activity towards the scleral and vi~al 

border corresponding with the change in the distributiOn 

of mitochondria and rapid growth of their basal infoldings 

and apical microvilli (Moyer, 1969; Braekvelt & Hollen

berg, 1970). Finally, a marked increase of carbonic anhy

drase activity occurs at all sites and is most noticeable 

near the outer limiting membrane and the vitreal border 

of the pigment epithelium corresponding with the functio

nal maturation of the retina as seen in growth of the 

rod outer segments (LaVail, 1973; Sanyal & Bal, 1973) and 

development of electroretinogram response (Noell, 1965} 

of 'Which the b wav.e is known to be generated by the f1liller 

cells (Miller & Dowling, 1970) .. 
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INTRODUCTION 

Presence of high levels of DPN and TPN linked 

dehydrogenases in the retina has been reported in 

histochemical studies based on the tetrazoliurn reaction 

(Wislocki & Sidman, 1954; 1 Cogan & Kuwabara, 1959; Kuwahara, 

Cogan, ·Futterman & Kinoshita, 1959; Berkow & Patz, 196la, 

b; Eranko, Niemi & Merenmies, 1961; Pearse, 1961; Niemi & 

Merenmies, 1963). Since the reaction depends on the 

activities of flavoprotein intermediates called 

diaphorases (Farber, Steinberg & Dunlap, 1956; Nachlas, 

Walker & Seligman, 1958; Scarpelli, Hess & Pearse, 1958; 

Cascarano & Zweifach, 1959), the positive sites are 

considered to represent substrate dependent dehydrogenase 

with accompaying diaphorase activity (Pearse, 1961}. 

Although phenazine methosulphate as an artificial electron 

carrier has been used to bypass the diaphorase tetrazolium 

route, enzyme activity distinct from diaphorases has only 

been demonstrated in the retina in the case of succinic 

(Berkow & Patz, 1961b) and of lactic dehydrogenase 

Graymore & Kissun, 1969). In the developing retina of the 

rat, several dehydrogenases as well as diaphorases with 

nearly identical localization have been demonstrated to 

appear very early and precede the morphological differentiation 

of the retina (Berkow & Patz, 1964). 

It appears that precise~ytological localization 

of such enzymes (see material and methods) will permit 

early identification of differentiating retinal cells 

and will also enable study of their changes in localization 

which lead to the characteristic stratified organization 

of the retina. To this end,rthis report describes in 

detail the changing pattern of DPN and TPN diaphorase 

stained cells in the developing retina of the mouse, 

from the embryonic optic cup to the adult stage. 
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MATERIAL AND METHODS 

Albino mice of the Balb/cHeA strain were used throughout 

this study. The method of collecti~n of the embryonic 

materials has been described earlier (Bhattacharjee & 

Sanyal, 1975.). Pregnant females were killed at daily 

intervals from day 10 till day 17 of pregnancy. The entire 

heads or pieces of the head region of the embryos including 

the eyes were dissected out and fixed for 30 minutes 

in ice-cold fixative, 4% paraforrnaldehyde and 7.5% 

sucrose in 0.067M phosphate buffer at pH 7.2. In addition, 

newborns and animals of 4, 7, 11, 14 and 26 days of age 

were used. They were killed by cervical dislocation and 

the eyes were immersed in the fixative described above. 

Then the cornea and lens were removed. Fixation was 

carried out over a total period of 15 minutes at 4'C. 

Use of unfixed tissues resulted in less and diffuse 

enzyme activity at comparable sites and al$0 caused 

considerable damage to the retinal cytoarchitecture. 

Brief fixation at low temperature (Novikoff & ~1asek, 1958; 

Walker & Seligman, 1963; Pearse, 1972; Spector, 1975) 

permitted precise cytological localization of the enzymes 

without apparent loss in activity. Following fixation 

the-tissues were w.ashed overnight in gum-sucrose 

(Holt, 1959) and sectioned in a Pearse-Slee cryostat at 

10 pm. Sections were collected on gelatin coated slides 

and stored at -2o·c (Farber et al; 1956) for maximally 

15 days. No detectable loss in enzyme activity could be 

demonstrated during this period. 

Before staining, the sections were thawed at room 

temperature (2o·c) and allowed to dry. The DPN and TPN 

diaphorases were localized according to Burstone (1962), 

with reduced nicotinamide adenine dinucleotide (BDH) 

and reduced nicotinamide adenine dinucleotide phosphate 

(Boehringer) as substrates, with nitro blue tetrazolium 

(BDH) as electron acceptor and with 0.2H phosphate buffer 
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and O.lM veronal acetate buffer for the respective enzymes 

at pH 7.4. The incubation was performed at 37"C for 

15-20 minutes. Sections were rinsed in H
2

o and mounted in 

glycerine jelly (Gurr) without counterstaining. 

Control sections,either incubated in media lacking 

substrates or preheated to 100"C in a humid chamber and 

then incubated in complete media,were negative. Addition 
-3 of 1 X 10 M KCN to the media or pretreatment of the 

sections in cold acetone (4"C) produced no difference 

in the staining reaction. 

RESULTS 

The pattern of distribution of the two diaphorases 

is the same unless stated otherwise. The DPN diaphorase 

reaction appears however more intense and granular than 

the TPN diaphorase. Diaphorase activity first appears in 

the day 12 embryos, when a few cells at the centre of 

the vitreal margin of the optic cup show a faint reaction 

(Fig. 1). Faint staining indicating the outer limiting 

membrane is also seen. At day 13, a sharp increase in 

diaphorase activity is seen at different levels of the 

retina (Fig. 2). In the fundus area, particulate diaphorase 

activity is seen in a few rows of cells facing the 

vitreal border and corresponding in position to the 

developing ganglion cells (Hinds & Hinds, 1974). In the 

immediate vicinity of these cells, the appearance of a 

thin layer of nerve fibres with moderate staining is also 

discernible. More stained cells are seen at the nasal 

side of the optic cup than at the other side. Along the 

outer limiting membrane, diaphorase activity is very much 

increased and appears as a dark band between the outermost 

row of nuclei and the optic ventricle. As development 

proceeds and as the optic cup grows in size, more 

cells with diaphorase activity are located at the vitreal 

side of the retina and they gradually extend to the ora. 
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Figs. 1-3. Photomicrographs of cryostat sections of the 

embryonic retina showing changes in the activity of 

diaphorases. X 150 

Fig. 1. Optic cup at 12 days, TPN diaphorase; note faint 

activity in a few cells near the vitreal border (arrow) 

and along the outer limiting membrane. 

Fig. 2. 13 days, DPN diaphorase; note increased activity 

along the outer limiting membrane (arrow) and in the cells 

of the innermost layer, more pronounced in the nasal side 

of the retina. Moderate activity is seen in the pigment 

epithelium (PE) and layer of nerve fibres (NF). Inset, 

magnified view of area shown in rectangle; diaphorase 

activity is localized in the vitreal side of the cells. 

Fig. 3. Part of retina at 16 days, showing appearance of 

DPN diaphorase positive cells in the ora. 
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At this stage, the staining of these cells is localized 

at the vitreal side of the perikarya, facing the layer 

of nerve fibres (Figs. 2 and 4), i.e., at the axon hillock 

of these cells. At day 16, a dense layer of cells 

with diaphorase activity is seen throughout the retina 

extending upto the ora (Fig. 3). In the fundus area, 

rudiments of the inner plexiform layer have appeared and 

separate the inner rows of diaphorase positive cells 

in what is now readly recognized as the layer of the 

ganglion cells (Fig. 4) from the other, more outer retinal 

cells . On the scleral side of the developing inner 

plexiform layer 1-2 rows of cells showing moderate diaphorase 

activity in the vitreal side of their perikarya can be 

recognized as amacrine cells at early stage of differentiation 

At the scleral side, diaphorase activity along the 

outer limiting membrane is also increased. 

At birth, the layer of ganglion cells is completely 

separated (Fig. 5) along with the growth of the inner plexifoiiP. 

layer. The ganglion cells show increased activity which 

is now localized at the scleral side of the perikarya 

In the outer level of the retina a row of evenly 

spaced cells extending up to the ora now show moderate 

activity. The outer plexiform layer develops at a later 

period along these Cells when their identification as 

horizontal cells become apparent. A few cells showing 

diffuse staining but similar configuration and location 

could already be seen in the 16 day old embryos (Fig. 

4). At 4 days, the ganglion cells have grown in size 

and show increased activity. Most of the amacrine cells 

do not show any change. However, intense reaction for 

both diaphorases can be localized in a few large amacrine 

cells scattered in the inner row of the inner nuclear 

layer. The horizontal cells have grown in size and show 

intense reaction (Fig. 6). At the outer margin of the 

developing horizontal cells an irregular line marking the 

appearance of the outer plexiform layer can be distinguished. 
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The processes of these cells show more staining with TPN 

than with DPN and are aligned horizontally along the 

presumptive outer plexiform layer. Along with the appearance 

of staining in the rod inner segments, reaction around the 

outer limiting membrane is very much increased. At 7 days, 

the outer plexiform layer is well developed and is located 

at a more inner level where moderate activity is localized 

(Fig. 7). Increased activity is now localized within 

the growing rod inner segments but the activity in the 

inner side of the outer limiting membrane is considerably 

reduced. In cells, identifiable as bipolar cells on the 

outermost levels of the inner nuclear layer, diaphorase 

activity has now appeared in the scleral side of the 

perikarya. No significant change in the localization of 

diaphorase activity is seen in the inner retina except in 

a few isolated amacrine cells. The vitreal side of the 

perikarya of these cells as well as the stout descending 

processes which branch and often traverse a great distance 

in the inner plexiform-layer now show .moderate reaction 

for TPN diaphorase while DPN diaphorase activity is seen 

only in the perikarya. The stained processes of these 

amacrine cells are seen to arborize at two different 

levels of the inner plexiform layer. Those cells which are 

located at the innermost row of the inner nuclear layer 

show stout descending processes and branch at a relatively 

outer level in the inner plexiform layer (Figs. 8,9) 

while some of these cells with perikarya located at more 

outer level, have long processes and branch at a more 

inner level (Fig. 10). At 11 days, the ganglion cells 

appear round and cells of different sizes can be distinguished. 

The nerve fibre layer shows dense precipitation of diforrraz·an. 

The activity in the amacrine cells is except in the large 

ones, very much reduced {fig. 9). In the photoreceptor 

layer, developing outer segments are discernible but show 

no reaction. 

In the retina of 14 day old mice an overall increase 
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Figs. 4-13. Photomicrographs of the central parts of reti

na of albino mice showing diaphorase activity at different 

stages of development. X 400 

Fig. 4. Embryonic retina at 16 days, DPN diaphorase. Note 

rudiments of inner plexiform layer with heavily stained gang

lion cells {G) in the innerside and moderately stained 

amacrine cells on the outerside (A). Faint activity appears 

in a few cells in the outer retina (arrow). 

Fig. 5. Newborn, DPN diaphorase. Note distinct inner plexiform 
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layer (IPL). Activity in the ganglion cells (G) is 

seen in the scleral side of the perikarya. Sparsely 

distributed cells in the outer retina show moderate activity 

(arrow). 

Fig. 6. 4 days after birth, DPN diaphorase. Note appearance 

of outer plexiform layer along the row of horizontal cells 

showing intense staining (arrow), increased activity near 

the outer limiting membrane and in the ganglion cells. 

Fig. 7. 7 days, DPN diaphorase. Note activity in the deve

loping rod inner segments (arrow}. Outer plexiform layer 

(double arrow) has moved inward, with the growth of the 

outer nuclear layer (ONL) . Bipolar cells in the outer rows 

of the inner nuclear layer (INL) shows diaphorase activity. 

Fig. 8. 7 days, TPN diaphorase. Note reduced staining, 

positive reaction in large amac-ine cell (arrow). 

Fig. 9. 11 days 1 TPN diaphorase. Note increased staining 

in large amacrine cell with short descending process 

bifurcating in the inner plexiform layer. 

Fig. 10. 14 days 1 TPN diaphorase activity in a large 

amacrine cell with a long descending process bifurcating 

at a different level. 

Fig. 11. 14 days, DPN diaphorase. Note accumulation of 

activity in the rod inner segments (IS) and outer plexi

form layer(OPL). Staining of the MUller cell processes in 

the inner plexiform layer {IPL) is first seen at this 

stage. Note increased activity in the ganglion cell and 

along the inner limiting membrane. Arrow points to a dis

placed ganglion cell. 

Fig. 12. 26 days 1 DPN diaphorase. Note high activity at 

all levels of the retina. 

Fig. 13. 26 days 1 TPN diaphorase. Note intense staining 

in the Mliller cell processes which can be followed from 

the inner limiting membrane to their perikarya in the 

inner nuclear layer. Faint activity in the outer nuclear 

layer (ONL) is presumably located in the outer processes 

of the Mliller cells. 
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in the activity of DPN diaphorase is seen. In the inner 

plexiform layer a large number of stained vertical 

processes has appeared (Fig. 11); the distal ends of these 

seem to be in connection with the cell bodies occupying 

the middle of the inner nuclear layer and corresponding 

in position and morphology to the MUller cells (Bhattacharjee, 

in press) . These processes terminate proximally in a 

densely stained area along the inner limiting membrane. The 

staining is probably located in the adjoining basal endfeet 

of the Mliller cell processes reported to have high 

concentration of mitochondria (Rasmussen, 1975}. The 

bipolar cells show increased activity in the scleral 

side of the perikarya which collectively appear as a dark 

band. The outer plexiform layer has continued to widen 

and coarse diformazan granules are localized along its 

outer margin (Fig. 11). The rod inner segments are well 

developed and show intense reaction. Located among the 

inner row of amacrine cells,the large amacrine cells 

described earlier show increased TPN diaphorase activity 

(Fig. 10). At 26 days, the activity in the inner plexiform 

layer is considerably increased and dense reaction in the 

inner processes of the Mliller cells is evident (Fig. 12). 

In the outer nuclear layer sparsely distributed diforrnazan 

granules, as well as faintly stained vertical processes 

are seen (Fig. 13) and seem to represent the external 

processes of the Mliller cells. 

In the pigment epithelium, moderate activity appears 

at day 13 of gestation (Fig. 2). From 16 days the 

activity gradually increases reaching adult pattern 

around day 14 after birth. At the initial stages 

of development the activity is localized in the perinuclear 

cytoplasm but with the gradual increase in the surface 

area dense precipitation of diforrnazan covers the entire 

epithelium except for the nuclei (Fig. 12). 
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DISCUSSION 

Differential localization of the diaphorase activity 

in the developing retina of the mouse permits identification 

of several retinal cell types at a very early stage 

Ganglion cells:First appearance of diaphorase activity 

in the 12-13 day old mouse embryos in the presumptive 

ganglion cells near the vitreal border and along the outer 

limiting membrane is similar to the observation of Berkow 

and Patz (1964) in the rat and confirms the postulates of 

these authors that patterns of enzyme localization appear 

Before morphological differentiation. 

In mice, since we have followed the developmental 

stages at close intervals, it can be said that ganglion 

cells differentiate from 12-16 days of embryonic life. 

As most of the ganglion cells become postrnitotic during 

this time (Sidman, 1961}, acquisition of diaphorase 

activity can be considered to be an immediate expression 

of enzymatic differentiation. Change of intracellular site 

of diaphorase activity from the scleral to the vitreal 

side probably coincidies with the periods of axonal and 

dentritic growth respectively. This is indicated by the 

timing of the growth of the layer of nerve fibres and 

the inner plexiform layer. Therefore, this change in 

enzyme localization is likely to be related to the 

site of energy requirement of the cells. 

Amacrine Cells : The amacrine cells with discrete activity 

in their perikarya, could be detected when their position 

in the innermost level of the inner nuclear layer is 

demarcated by the appearance of the inner plexiform layer. 

However, the possibility remains that these cells differentiate 

simultaneously with the ganglion cells as suggested by 

Cajal (1892}. A further differentiation within the 

population of the amacrine cells could be followed from 

around 7 days after birth. This observation is based on 

the localization of TPN diaphorase activity, in the 

63 



processes and in the perikarya. A variety of large amacrine 

cells, of which the long processes run horizontally within 

the inner plexiform layer at two distinct levels,could be 

identified. The cells morphologically resemble the 

unistratified amacrine cells described in various other 

vertebrate species (Cajal, 1892; Castro, 1966; Boycott & 

Dowling, 1969; Gallego, 1971). Existence of sublayers in the 

inner plexiform layer as a result of synaptic contacts 

between various ganglion, amacrine and bipolar cells at 

several different strata have been described (Cajal, 1892; 

Polyak, 1941; Shen, Greenfield & Boell, 1956; Shen, 1958). 

In the mouse, synaptic contacts in the inner plexiform layer 

start developing from day 10 after birth (Olney, 1968) 

and at the completion of development five acetylcholinesterase 

positive bands can be recognized (Bhattacharjee & Sanyal. 

in press). Therefore it appears that the differentiation 

among the amacrine cells and the growth of the processes 

in dstinct strata precedes synaptic development. 

Horizontal cells: Very little information is available 

about the early developmental stages of the horizontal 

cells. Cajal (1929) demonstrated the appearance of 

these cells in 1 day old mice and speculated about their 

possible earlier origin. In our study, horizontal cells 

marked by increasing diaphorase activity could be detected 

first in the 16 day old embryos and have appeared 

throughout the retina, in the newborn mouse, when they 

are already positioned in a line where the outer plexiform 

layer later develops as the horizontal processes grow 

out. The outer plexiform layer along with the horizontal 

cells gradually shifts inwards as the perikarya of the 

photoreceptor cells are segregated in the outer nuclear 
layer (Sanyal & Bal,1973). Thus the differentiation 

-of the horizontal cells seems to be an initiating factor 

in the development of the outer plexiform layer where 

the photoreceptor terminals and the bipolar cell dendrites 

synapse .. 
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Photoreceptor cells: Early differentiation of the 

photoreceptor cells is also marked by diaphorase activity 

which first appears in the embryonic retina along the 

outer limiting membrane, simultaneously with the 

differentiation of the ganglion cells as previously 

observed in the rat (Berkow & Patz, 1964). Indication 

of early differentiation of the photoreceptor cells is 

in contrast to the general assumption, based upon the 

late appearance of receptor elements, that these are the 

last retinal cells to differentiate. However, electron 

microscopic observations have shown the presence of 

rudimentary inner segments and accumulation of mitochondria 

along the outer limiting membrane in the newborn mouse 

(Olney, 1968; Caley et al, 1972; Sanyal & Bal, 1973). 

Early appearance and increasing diaphorase activity in 

the photoreceptor cells of the embryonic retina thus 

seem to reflect very early growth and accumulation of 

mitochondria preceeding the formation of the inner 

segments. 

Bipolar cells: Diaphorase activity in the bipolar 

cells appears relatively late and coincides with the 

time of synaptic development in the outer plexiform layer 

starting from day 7 after birth (Olney, 1968). 

Mliller cells·: In contrast to the other retinal sites r 

diaphorase activity appears in the MUller cells at day 

14 after birth when histogenesis of the retinal layers 

is already completed and appears to coincide with the 

initiation of retinal function. 

SUMHJI.RY 

During retinal development of mice, the early stages 

of differentiation of ganglion, amacrine and horizontal 

cells were characterized by high diaphorase activity in 

the perikarya. The reaction in the ganglion cells which 

start differentiation at day 12 of gestation when the 
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layer of nerve fibres is developing was first localized 

near the axonal end; later in the period of dentritic 

growth it shifted to the scleral side. The amacrine ceils 

were first detected on day 16 and showed a transient 

activity at the initial stage of their differentiation. 

A variety of large amacrine cells with long bifurcating 

processes appeared at day 7 after birth and showed 

particularly high TPN diaphorase activity. The horizontal 

cells could be followed from the 16th day of embryonic 

life. Their activity increased during the period of 

formation of the outer plexiform layer. 

Along the outer limiting membrane appearance of 

diaphorase activity was marked from the day 13 of 

embryonic life and seemed to accumulate later in the rod 

inner segments. Activity in the bipolar cells first 

appeared at day 7 after birth and increased thereafter 

coinciding with the period of synaptic development in 

the outer plexiform layer. Activity in the Mliller cells 

appeared around 14 days after birth and was most pronounced 

in the inner processes and basal end feet. 

The sequential differentiation of retinal cells 

and their interrelation during hisotgenesis of the retina 

are discussed. 
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Summary. Using specific substrates and inhibitors, 

the presence of acetylcholinesterase (AChE), carboxyles

terase (B-esterase) and arylesterase (A-esterase) has 

been histochemically studied in the developing mouse 

retina. 

In the neural retina the perikarya of the MUller 

cells, ganglion cells and horizontal cells showed high 

B-esterase activity at the initial stages of their de

velopment. In the Mliller cells, a second period of B

esterase activity, coinciding with the time of formation 

of their lateral processes, was found. 

AChE f.irst appeared in the ganglion cells at birth 

and increased thereafter. With the progress of synaptic 

development, AChE activity in the ganglion cell perikarya 

was reduced while the enzyme rapidly accumulated in the 

inner plexiform layer. AChE was also localized in the 

horizontal cells at the initial stage of their developnent 

and completely disappeared thereafter. AChE activity was 

localized in the outer plexiform layer at the time of 

weaning. 

A-esterase was detected in the ganglion cells only 

and appeared to be lysosomal. 

In the pigment epithelium only B-esterase was present. 

The enzyme first appeared in the late prenatal period and 

rapidly increased after birth. 

Introduction 

Esterase activity can be demonstrated with a number 

of substrates and accordingly comprises several enzymes. 

Comparison of relative stainability with different sub

strates and the use of varous inhibitors permit a charac

terization of the reaction products as due to acetylcholin

esterase, cholinesterase, or nonspecific esterase ]I._,Bpr C.The Neuron?.l 
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and glial components of the vertebrate retina, stratified 

into distinct layers, show a very characteristic staining 

pattern for several of these enzymes (Koelle, ~'Volfland, 

Friedenwald and Allen, 1952; Er8.nk6, Niemi and l'-1erenmies, 

1961; Esil8., 1963; Nichols and Koelle, 1968). In the 

developing retina, specific changes of acetylcholinesterase 

in the course of synaptogenesis in the chick (Shen, Green

field and Boell, 1956; Shen, 1958), rabbit (Raviola and 

Raviola, 1962) and rat (Wolff, 1969; Spira, 1974) and of 

nonspecific esterase during the early differentation of 

the Hilller cells in mice (Bhattacharjee and Sanyal, 1975) 

have been found. 

In this study, changes in the activity of the various 

esterases during the histogenesis of the retina in the 

mouse have been followed from the earliest stage of optic 

cup formation till the functional maturation of the retinal 

cells. 

Materials and Methods 

Albino mice of the Balb/cHeA strain were used through

out this study. The method of obtaining and processing of 

the embryonic materials has been described earlier (Bhat

tacharjee and Sanyal, 1975). Newborn and older animals 

were killed by cervical dislocation and the eyes were 

immediately removed to i~e cold fixative: 4% paraforma1dehyC.e 

and 7.5% sucrose in 0.067H phosphate buffer at pH 7.2. 

After one hour the cornea and lens were removed and the 

open eyeballs were fixed overnight in the same fixative. 

The materials were washed for 24 hours in gum-sucrose 

(Holt, 1959) and were sectioned in a cryostat at lOpm .. 

The sections were mounted on gelatin coated slides, air 

dried and were either used immediately- or stored in a re

frigerator up to 7 days. 

Cholinesterases were localized according to the pro

cedure of Karnovsky and Roots (1964) with acetylthiocholine-
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iodide (BDH) and butyrothiocholineiodide (BDH) as sub

strates at pH 6.0. Incubation for 90 minutes at 37"C was 

found to be optimal. Nonspecific esterase was localized 

according to Barka and Anderson (1963) using ~ -napthyl 

acetate (Sigma) as substrate and hexazotized pararosanili

ne as coupler at pH 6.5. The sections were incubated for 

20 minutes at 37"C. 

Eserine (BDH) and diethyl-p-nitrophenylphosphate 

(E600, Sigma) were used to discriminate between the cho

linesterase and nonspecific esterase activity according 

to Pearse (1972). 15,-bis- (4-allyldimethylammoniumphenyl) 

pentan-3-one dibromide (BW284C51, Wellcome) and tetrais

opropylpyrophosphoramide (iso-OMPA, Koch-Light) were 

used to determine the nature of cholinesterase involved 

(Silver, 1974). 

Results 

Characterization of retinal esterases - Based on 

observations with different substrates and inhibitors 

three different esterases were identified in the mouse 

retina. 

1. Acetylcholinesterase (E.C. 3.1.1.7., AChE) has been 

localized in the ganglion cells, horizontal cells, inner 

plexiform layer and outer plexiform layer at different 

stages of development. This enzyme hydrolyses a -napthyl 

acetate and acetylthiocholineiodide but the staining 

reaction with both substrates is completely inhibited 

after preincubation in 0 .1 p.M E600 and preincubation and 

incubation with 1 J.lM·BW284C5l. The intensity of staining 

remains unaffected after treatment with 0.2rnM iso-OMPA, 

a specific inhibitor of cholinesterase (E.C. 3.1.1.8., 

also called pseudocholinesterase). This latter enzyme 

seems to be absent in the mouse retina as no reaction 

could be obtained with butyrothiocholineiodide even after 

prolonged incubation. 
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2. Arylesterase (E.C. 3.1.1.2., A-esterase), generally 

considered as organophosphate resistant, has been loca

lized only in the ganglion cells with a-napthyl acetate 

after preincubation and incubation with 10pME600. 

3. Carboxylesterase (E.C. 3.1.1.1., B-esterase) accounts 

for most of the nonspecific esterase activity in the reti

na and is identified by its resistance to 0.1 ~1 E600 and 

sensitivity to 10 pM E600. 

Acetylesterase (E.C. 3.1.1.6., C-_esterase) usually 

identified by its activation with O.lmM PCMB (p-Chloro

mercuribenzoate) after preincubation with 10 p11 E600 was 

not found in the mouse retina. 

Developmental changes of retinal esterases - The 

optic cup is formed in the mouse embryo around 9-10 days 

of gestation. Its outer layer forms the pigment epithelium 

and the inner layer differentiates into the various cell 

components of the neural retina. The cellular sites of 

various esterases and their changes in the course of 

development are presented in Table 1. Up to 10 days, no 

activity of any of the esterases could be detected (Fig. 

1). At 11 days, a few presumptive MUller cells, located 

in the vitreal border of the optic cup (Bhattacharjee and 

Sanyal, 1975), first show B-esterase activity. At 13 

days, many such cells with high B-esterase activity are 

found scattered in the fundus area (fig. 2) and at 15 

days have also appeared in the ora. At 16 days, rudiments 

of the inner plexiform layer can be seen (unstained) and 

the ganglion cells show faint B-esterase activity (Fig. 3). 

The MUller cells, on the other hand, then become completely 

negative except in the ora, where diminished activity still 

persists. 

In the newborn mice, the neural retina has grown 

in thickness and the inner plexiform layer is well de

velope~. The perikarya of ganglion cells show increased 

activity of B-esterase (Fig. 4) and now also contain 

AChE. The enzyme is diffusely localized in the cytoplasm 
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Figs. 1-5. Distribution of esterases during early histo

genesis of mouse retina. a-napthyl acetate, counter

stained with methyl green x 400. 

Fig. 1. Retina at 10 days of gestation. Note absence of 

reaction in the pigment epithelium (PE) and neural 

retina (NR) . 

Fig. 2. At 13 days of gestation the presurntive MUller 

cells show high esterase activity. 

Fig. 3. 16 days, note loss of esterase activity in ~1liller 

cells, emergence of the inner plexiform layer (arrow). 

Developing ganglion cells (G) and pigment epithelial 

cells (PE) show faint reaction. 

Fig. 4. Newborn. Note appearance of amacrine cells (A), 

widening of the inner plexiform layer (IPL) and 

increased esterase activity in ganglion cells. 

Fig. 5. 4th postnatal day. Pigment epithelium showing 

strong activity. Developing horizontal cells (arrow) 

are first discernible and show faint reaction. 
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Table l. Changes in the histochemical localization 

of esterases in the developing retina of mouse 

Site of Enzyme Prenatal period Postnatal period 

activity present Days after mating Days after birth 

11 13 16 0 4 6 10 

NF B-Esterase + + + + + + 

GC AChE + + ++ ++ 

A-Esterase 

B-Esterase + ++ ++ +++ +++ 

IP AChE + 

MC B-Esterase ++ +++ + ++ +++ 

HC AChE + ++ + 

B-Esterase + +++ ++ 

OP AChE 

RI B-Esterase + + + 

PE B-Esterase + ++ ++ +++ +++ 

Abbreviations : NF, layer of nerve fibres; GC, ganglion cells; 

IP, inner plexiform layer; MC, MUller cells; HC, horizontal 

cells; OP, outer plexiform layer; RI, rod inner segments; PE, 

pigment epithelium. 

Symbols : -, negative staining; +, faint; ++, moderate; 

+++, intense staining. 

12 26 

+ + 

+ + 

+ + 

+++ ++ 

++ +++ 

++ ++ 

+ 

++ 

+ + 

+++ +++ 
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Figs. 6-9. Distribution of esterases at different stages 

of postnatal developrnent;a-napthyl acetate counter

stained with me.thy 1 green X 4 0 0 . 

Fig. 6. 6 days after birth, horizontal cells (arrow) and 

ganglion cells (G) show increased activity. 

Fig. 7. 10 days, MUller cell perikarya in the inner 

nuclear layer {INL) show intense reaction; activity 

is also seen in external processes in the outer 

nuclear layer (ONL). Two faintly stained horizontal 

bands appear in the inner plexiform layer (IPL). 
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as observed in the rat (Spira, 1974) . At 4 days after 

birth, simultaneously with the appearance of the outer 

plexiform layer, a number of cells lying closely apposed 

to it on the vitreal side become distinguishable by faint 

activity of B-esterase (Fig. 5) and AChE. Similar cells 

could also be detected in the newborn mice by prolonged 

incubation with a-napthyl acetate. At 6 days, the 

perikarya of these cells are enlarged and show increased 

activity of both the enzymes (Fig. 6 and 10} and are 

easily identifiable as horizontal cells. In the layer 

of ganglion cells, a few larger cells with intense B

esterase activity can be distinguished at this stage 

among cells of smaller sizes with relatively less staining. 

Fig. 8. 12 days, note increased staining of the bands in 

the inner plexiform layer, MUller cell processes 

are no longer visible but the perikaryal activity 

persists. 

Fig. 9. 26 days. The activity in the inner plexiform 

layer is greatly increased. Horizontal cells (arrow) 

are completely negative. 

Figs. 10-13. Distribution of acetylcholinesterase at 

different stages of postnatal development, acetyl

thiocholineiodide, without counterstaining, X 300. 

Fig. 10. 6 days, note staining in horizontal (arrows) and 

ganglion cells (G). 

Fig. 11. 10 days. Two parallel bands are seen in the inner 

plexiform layer. A displaced ganglion cell is 

recognized in the inner nuclear layer (INL) . 

Fig. 12. 12 days. Note increased staining of the bands 

in inner plexiform and reduced activity in ganglion 

cells (G) . 

Fig. 13. 26 days. Maximum level of activity in the inner 

plexiform layer where between two heavily stained 

bands three faint bands can be traced. Note discrete 

activity along the outer plexiform layer (arrow). 
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At 10 days, an indication of synaptic development in 

the inner plexiform layer is seen in the appearance of 

AChE activity localized in two distinct bands (Fig. 11 ); 

at the same time, the smaller ganglion cells still show 

perikaryal staining. A few cells showing similar staining 

properties are seen at the innermost level of the inner 

nuclear layer among the perikarya of amacrine cells which 

are completely devoid of enzyme activity. Absence of AChE 

in the amacrine cells of the mouse is in keeping with 

previous observation in other species with primarily rod 

retina ( Esila, 1963; Nichols & Koelle, 1968; Spira, 1974 ) . 

The perikarya of MUller cells show intense B-esterase 

activity and some of the radial proc_esses are also stained 

{ Fig. 7 ) . At 12 days, AChE activity in the inner 

plexiform layer is increased and the s·taining appears in 

three distinct bands {Fig. 12 ). The horizontal cells do 

not show any AChE activity and their B-esterase is also 

reduced. Appearance of faint A-esterase activity in the 

ganglion cells, more pronounced in the larger onespcan be 

detected at this stage. The staining is localized in a 

dense mass close to the nuclei. From this stage on, a 

progressiveincrease of AChE activity is recorded in the 

~nner plexiform layer and at the time of weaning 26 days ) , 

five intensely stained bands are seen ( Fig. 13 ) . Some 

AChE activity has also appeared in the outer plexiform 

layer. B-esterase activity in the ganglion cells is 

reduced and has complet.ely disappeared from the horizontal 

cells (Fig. 9 ). Rod inner segments, which are first seen 

at 4 days, show faint B-esterase activity throughout the 

period of development. 

In the pigment epithelium, only B-esterase could 

be detected and the enzyme first appears around the 16th 

day of embryonic life. The activity increases at bi~th 

and attains maximum level around 6- 8 days (Fig. 6 ). 
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Discussion 

The first appearance of a differential esterase 

activity within a uniformly non-reactive and otherwise 

homogeneous population of cells can be considered as an 

expression of differentiation. The histochemical changes 

of specific esterases observed in the developing retina 

of mice fall into two categories. Besides progressive 

changes leading to the characteristic adult pattern, 

transient presence of esterases has been localized in 

certain cells in specific periods of development. High 

B-esterase activity marks the initial phase of differentiation 

of the Mliller cells which originate in the vitreal border 

and migrating outward lose their enzyme activity. The 

significance of the early developmental changes in the 

Mliller cells has already been discussed ( Bhattacharjee 

and Sanyal, 1975 ). At the initial stage of development, 

the ganglion cells show - first - B-esterase and shortly 

afterwards AChE activity. As the perikarya of the ganglion 

cells grow in size these enzymes are rapidly increased. 

During this stage, appearance of some large ganglion cells 

with relatively more enzyme activity and of a few similar 

cells in the innermost level of the inner nuclear layer is 

striking and these cells resemble the giant and displaced 

ganglion cells observed in the retina of many other 

species ( Cajal, 1892; Polyak, 1941; Shen et al., 1956; 

ShkoJ.nik-Yarros, 1971; Stell and VH tkovsky, 197 3; Anctil 

& Ali, 1974 ). The origin and early developmental changes 

of the horizontal cells are also marked by B-esterase 

and AChE activity. The enzyme activities rapidly increase 

as the cell perikarya grow and assume their definitive 

position along the inner aspect of the developing outer 

plexiform layer. 

Renewed B-esterase activity in the Mliller cells 

coincides with the time of increased carbonic anhydrase 

activity in the outer and inner plexiform layers indicating 
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growth of the lateral processes ( Bhattacharjee, in press). 

Near the outer plexiform layer, where synaptic contacts 

are established earlier than in the inner plexiform layer 

(Olney, 1968; Weidman & Kuwahara, 1968 ), a rapid losS 

of B-esterase and AChE activity of the horizontal cells 

is recorded. AChE activity, which appears later in the 

outer plexiform layer is possibly located in the processes 

of the horizontal cells ( Dickson, Flumerfelt, Hollenberg 

& Gwyn, 1971 ) . 

Next, the appearance of AChE positive bands in the 

inner plexiform layer and their progressive increase in 

number and intensity in staining represent increasing 

arborization and synaptic contacts between the processes 

of various types of ganglion, bipolar and amacrine cells. 

Concomitant reduction of AChE in the perikarya of the 

ganglion cells suggests a transfer of enzyme from the site 

of synthesis to the dendritic terminals. But the possibility 

of other sources of AChE in the inner plexiform layer 

must be considered as Spira ( 1974 ) has demonstrated the 

presence of this enzyme in almost every cell process in 

this layer. Furthermore, the existence of cholinergic 

centrifugal fibres as a source of retinal AChE has been 

suggested ( Lewis & Shute, 1965 ) but the issue remains 

controversial as far as the mammalian retina is concerned 

Nichols & Koelle, 1968 ) . 

A-esterase has been detected only in the ganglion 

cells and the distribution resembles that of acid 

phosphatase and N-Acetyl-fo-glucosaminidase ( Sanyal, 1970; 

1972 ). Therefore this enzyme seems to be lysosomal,as 

organophosphate resistant esterase has been demonstrated 

in the lysosomes of other tissues as well ( Holt, 1963 ) . 

Its absence in other retinal cells is an indication of 

lysosomal heterogeneity among the retinal cells. 

In the retina of the adult mice, a relatively high 

B-esterase activity is maintained in the pigment epithelial 

and the MUller cells which are known to play a special role 

in the metabolic support of the neuronal cells ( Lasansky,1965). 
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VIII. GENERAL DISCUSSION 

The pattern of neurogenesis in the retina, emerging 

from the findings in the foregoing chapters shows three 

aspects, which may be discussed separately: 1. the s~ce 

of development of the various retinal cells. 2. possible 

interrelations in retinal histogenesis. 3. the enzymatic 

differentiation of the retina. 

The sequence of de~elopment of the retinal cells 

The first sign of differentiation among the cells 

of the neural retina was seen at 11 days of embryonic 

life when a small batch of elongated cells could be 

distinguished by their reaction for nonspecific esterase 

(B-esterase) near the centre of the vitreal margin of the 

optic cup. From their morphology and location (Cajal, 1892; 

Uga & Smelser, 1973; Kuwahara & ~.~eidman,1974) these cells 

were identified as MUller cells. Evidence derived from 

our studies with other enzymes suggest that these are the 

earliest of the retinal cells to differentiate. As the 

retina increases in size, the differentiating ~1Uller cells 

migrate outward and then occupies different levels of the 

neural retina including the ora. ~~ile increasing numbers 

of MUller cells differentiate, we found at 12 days, a very 

few cells close to the centre of the vitreal border that 

could be distinglliDShed by diaphorase activity and in our 

view represent the earliest batch of differentiating 

ganglion cells. VJi thin the next 24 hours, when more gang

lion cells have appeared at the vitreal side of the retina, 

IV1liller cells are seen, seemingly spread randomly through

out the depth of the retina. Although it has been reported 
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by Coulornbre {1955) that ganglion cells and Hliller cells 

differentiate concurrently, an earlier origin of ganglion 

cells has been indicated by autoradioqraphic studies in 

several species {Fujita & Horii, 1963; Jacobson, 1968; 

Hollyfield, 1972; Kahn, 1973, 1974) including mice {Sidman 

1961) . 

The difference in the time of appearance of the 

esterase and diaphorase positive cells, as well as their 

differential location in the retina at later stages 

of development, appear to provide clear evidence that 

differentiation of Mliller cells precedes in mice that of 

ganglion cells. This is in agreement with the sequence of 

differentiation demonstrated by electron microscopy in 

the retina of the rabbit {Uga & Smelser, 1973) and the 

rat (Kuwahara & Weidman, 1974). Moreover, the period 

during which in mice the ganglion cells become postmitotic 

(Sidman, 1961) coincides precisely with the period of 

ganglion cell differentiation as determined by diaphorase 

activity. Since autoradiographic studies could not deter

mine when the Mliller cells become postmitotic it has been 

speculated that they divide throughout life (Kahn, 1974). 

Attempts have been made in this laboratory (Sanyal & 

Battacharjee, unpublished) to label and locate Mliller 

cells by autoradiography after staining cryostat sections 

of embryonic retina from thyrnidine-H 3 injected mice for 

nonspecific esterase. When the animals were injected at 

day 10 or 11 of gestation, labelling was too slight to 

provide any clear answer. In contrast, if animals were 

injected at day 12 or 13 of gestation, all the esterase 

positive cells were clearly unlabelled, suggesting that 

the cells had stopped dividing. Moreover visual estimation 

of the number of esterase stained Mliller cells at day 15 

of gestation and comparison of this number with the 

number of carbonic anhydrase positive cells in the retina 

of adult mice suggested that the entire population of 

MUller cells is produced between 11-15 days of embryonic 

development. In case of the ganglinn cells the comparable 
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period seemed to span the period between days 12 and 16 

of gestation. 

The precise localization of the amacrine cells prior 

to the separation of the ganglion cell layer proved 

difficult since both ce,ll types show diaphorase activity 

at the initial stage of differentiation. Hov1ever, corrparison of 

the position of the ganglion cells and amacrine cells at 

day 16 of gestation with that of the mass of the diapho

rase positive cells seen at day 13, indicated that some 

of the amacrine cells had already appeared at day 13. 

Thus, it is reasonable to conclude that differentiation 

of amacrine cells closely follows the differentiation of 

the ganglion cells. This conclusion is in line with the 

autoradiographic findings in mice (Sidman, 1961) and chick 

(Fujita & Horii, 1963; Kahn, 1974). 

The first indication of the phororeceptor development 

appeared around day 4 after birth from the emergence of 

the rudiments of mitochondria-studded receptor inner seg

ments (de Robertis, 1956), when a high diaphorase activity 

was also observed in these structures. On the other hand 

the progressive accumulation of formazan granules around 

the outer limiting membrane, starting from day 13 of 

gestation is suggestive of an earlier differentiation of 

these cells. It appears that marshalling of mitochondria 

at the prospective site of receptor development is part 

of the process of differentiation of the visual cells. 

Since autoradiographic data indicatethat some of the 

photoreceptor cells become postmitotic relatively early, 

while others continue to divide (Sidman, 1961), it is 

reasonable to conclude that increasing diaphorase activity 

in the presumptive receptor site is the !esultof a graii11al 

increase in the number of cells starting to differentiate, 

as well as of mitochondri~ accumulation in individual 

cells. 

The location of horizontal cells along the inner 

margin of the outer plexiform layer (Polyak, 1941; Walls, 

1942; Prince, 1956; Dowling, 1970) provides an essential 
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guideline for their identification. In the mouse retina, 

where the earliest rudiment of the outer plexiform layer 

is only visible from day 4 after birth, these cells could 

be located by their diaphorase activity as early as day 

16 of embryonic life, i.e. after the differentiation of 

the photoreceptor cells. 

Most of the bipolar cells seem to differentiate in 

mice postnatally (Sidman, 1961), and probably are the 

last of the retinal cells to differentiate in the chick 

(Kahn, 1974). This has been suggested by autoradiographic 

data. In the present study, these cells could first be 

identified by their diaphorase activity at day 7 after 

birth, when the inner and outer nuclear layers were 

already separated completely.However it can not be exlu

ded that these cells start differentiating earlier but that 

this does not invlolve the enzymes demonstrated in this 

study. 

Summing up the data mentioned so far the time scale 

of differentiation of the various retinal cells in mice 

can be presented by the following tentative diagram. 

Prenatal period 

Days after mating 

Postnatal period 

Days after birth 

10 12 14 16 18 0 4 6 8 

?----

?------------

~!liller cell 

Ganglion cell 

Amacrine cell 

Photoreceptor cell 

Horizontal cell 

?~--------------- Bipolar cell 
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Possible interrelations in retinal histogenesis 

The development in the retina of a complex 

cytoarchitectural pattern out of a thin layer of 

undifferentiated cells necessarily involves co~plex 

cellular interactions, t·hat for a long time have defied 

analysis. The early identification in the course of 

retinal histogenesis of different cell-types by localizing 

differential activity of enzymes enabled us to study the 

spatia-temporal changes of the cells leading to the 

characteristic adult organization. 

The earliest sign of a structural differentiation 

of the~·retina is evident from day 13 of gestation at the 

centre of the vitreal border of the optic cup, where a 

layer of nerve fibres starts developing due to the growth 

of the axons of the ganglion cells from day 13 of gesta
tion. The gradual displacement in opposite directions of 

the ganglion and amacrine cell perikarya, starting from 

around day 16 of gestation, marks the beginning of the 

formation of the inner plexiform layer and the consequent 

separation of the ganglion cell layer. What causes these 

cells to move apart is not known, but the localization 

of diaphorase activity at the vitreal tip of the amacrine 

cells, which appears at the same time, .. suggests that 

it is at this time that the processes of these cells start 

developing and that this might be related to the first 

development of the inner plexiform layer. 

The separation of the photoreceptor cell perikarya 

in the outer nuclear layer and the bipolar cell perikarya 

in the inner nuclear layer is effected by the emergence 

of the outer plexiform layer with which the horizontal 

cells are intimately associated. The horizontal cells, 

which have their perikarya located in the outermost level 

of the inner nuclear layer and which send their horizontal 

processes in the outer plexiform layer, make synaptic 

contacts in this layer with both the photoreceptor and 

bipolar terminals (Yamada & Ishikawa, 1965; Dowling, et. 
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al. 1 1966; Dowling & Werblin, 1969; SjOstrand, 1969; 

Fisher & Boycott, 1974). In the mouse, such synapses are 

first detectable at day 7 after birth {Olney, 1968); but 

the horizontal cells have already appeared at day 16 of 

gestation and at the time of birth they are aligned in 

a row that clearly determines the initial position of the 

outer plexiform layer, which gradually moves inwards along 

with the perikarya of the horizontal cells to their defi

nitive position observed at 7 days. Therefore, it appears 

likely that the horizontal cells play an important role 

in the histogenesis of the outer retinal layers. 

The Mi.iller cells 1 the vertical processes of which 

traverse the entire depth of the retina seem to play a 

key role in the histomorphological differentiation of the 

retina. The early phase of development of these cells, 

when radial peocesses are formed, is marked by vitreo

scleral migration of their perikarya. This movement 

immediately precedes the emergence of the early differen

tiation of the neurons. The role of these retinal glial 

elements at this stage may be one of providing guidance 

for migrating neurons in the way Bergman's glia of the 

cerebellar cortex aids in the migration of the granule 

cell nuerons {Rakic 1 1971, 1972; Rakic & Sidman, 1973 a 1 b; 

Sotelo & Changeux, 1974). The second phase of the develop

ment of the Mi.iller cells appears to be initiated after 

the settlement of their perikarya in the inner nuclear 

layer. The lateral processes of the Hliller cells which 

occupy neuronal interspaces both in the nuclear layers 

(Polyak 1 1941; Inomata 1 1965; Hogan et al, 1971) and 

in the plexiform layers (Villegas, 1960, 1961; Meller & 

Glees, 1965; SjOstrand, 1969; Leure-Dupree, 1974), are 

formed 1 as suqgested b~ the localization of carbonic 

anhydrase 1 after the separation of the nuclear layers and 

at the time of synaptic development. 
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The enzymatic differentiation of the retina 

The chronology of appearance and distribution of the 

various enzymes observed in the developing retinal cells 

in the present study, is summarized in Table 1. 

The earliest enzymatic differentiation of the retina 

begins simultaneously in the pigment epithelium and in the 

neural retina at day 11 of gestation. The pigment epitheliwn 

then shows activity of carbonic anhydrase, an enzyme 

considered to regulate the transport of ions (Giacobini, 

1962; Hansson, 1968; Carter, 1972; Rosen & Friedley, 1973; 

LOnnerholm, 1974). In the neural retina it is the earliest 

batch of MUller cells which becomes demonstrable first; 

it is marked by non specific esterase to which a function 

in growth and development has been atributed (Hendel et. 

al., 1953; Smith & Wagenknecht, 1959). As the pigment 

epithelial cells continue to grow, the activity of carbo

nic anhydrase increas.es, while B-esterase and diaphorase 

activity also appear and rise progressively, reaching the 

adult pattern between 7-14 days of postnatal development. 

~he period of increased enzyme activity coincides with that 

of rapid growth in the basal infoldings and apical villi 

(Moyer, 19 6 9) , and with an increased metabolic activity 

following the initiation of visual function around day 

14 after birth (Noell, 1965). 

In the Mliller cells, the initial stage of differen

tiation is characterized by a transient B-esterase 

activity. This is followed by the appearance of carbonic 

anhydrase which steadily increases and reaches the adult 

level after day 14 after birth when the diaphorase 

activity also appears. B-esterase reappears at day 7 

after birth. 

The discrete localization of diaphorase activity 

first at the axon hillock of the ganglion cells during 

the time of formation of the layer of nerve fibres but 

later shifting towards the dendritic base has been 

interpreted by us as an indication of increased energy 
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requirement at the respective sites of the cells. By day 

7 after birth, the ganglion cells reach their maximum 

activity for all the enzymes which have been found in 

perikarya of these cells. The levels of acetylcholinesterase 

and B-esterase decline in the ensuing period. The loss of 

acetylcholinesterase is presumably associated with the 

transport of the enzymes tO the dendritic terminals 

(Dale, 1955; Koelle & Steiner, 1956; Nichols & Koelle, 

1968; ), as evident from the appearance of acetylcholineste

rase containing bands in the inner plexiform layer. The 

gradual increase in the number of acetylcholinesterase 

positive bands from the initial two bands at day 10 to 

five bands at day 26 suggests that the synaptic connections 

between the ganglion, bipolar and amacrine cells continue 

to form after initiation of function at 12-14 days. 

Although the early development of horizontal cells 

is marked by the activities of diaphorase, nonspecific 

esterase and acetylcholinesterase, which appear in this 

order, the highest activity of these th£ee enzymes is not 

evident until about 7 days after birth when growth of 

their perikarya is visible and growth of their processes 

probably occurs as well. However, the activity of these 

enzymes., diaphorases excepted, dissappears in the course 

of development. The appearance of acetylcholinesterase 

in the outer plexiform layer around the time of weaning, 

possibly indicates an activity in the horizontal cell 

processes as observed in other species (Dickson, 1971) 

and is suggestive of their role in spatial summation and 

lateral interaction (Witkovsky & Dowling, 1969, Hibbard, 

1971; Baylor, Fuortes & 0 1 bryan, 1971; Baylor, 1974). 

The amacrine and bipolar cells show positive reactions 

for diaphorases only. Whereas the arnacrines show enzyme 

activity from around day 16 of gestation to day 11 after 

birth , the activity of the bipolars becomes first detec

table at day 7 after birth and persists throughout 

life. 
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By coraparing the differences in time of 

appearance and the concentrations of various enzymes {See 

Table 1), a significant correspondence between enzyme 

activities and structural and functional differentiation 

of the retina emerges. Three stages in retinal development 

seem to be marked by enhanced enzyme activities. The 

retina at day 16 of gestation is marked by the appearance 

of diaphorases in the amacrine and·horizontal cells, B

esterase in ganglion cells and carbonic anhydrase activity 

in the MUller cells. At day 7 after birth, at least from 

the enzyme histochemical point of view, all retinal cells 

are differentiated and their spatial separation also is 

complete. The horizontal and ganglion cells then show 

maximum activities for acetylcholinesterase, B-esterase 

and diaphorase whereas the appearance of diaphorase in 

bipolar cells and reappearance of B-esterase in Hliller 

cells further characterize this stage. At the last stage 

of retinal differentiation, starting at around 14 days 

after birth, a significant increase in the activity of 

several enzymes can be recorded. This phase thus coincides 

with the time of eye opening and the beginning of visual 

function as indicated by the appearance of the electro

retinogram response {Noell, 1965) . 

Finally, the present findings, clearly indicate that 

the enzymatic differentiation of most of the retinal cells 

precedes their morphological differentiation, as detect

able with routine histological or neurohistological methods 

Whereas, with routine histological methods the early 

differentiation of ganglion and horizontal cells is 

detectable respectively at day 16 of gestation and day 7 

after birth, i.e. after the formation of the inner and 

outer plexiform layers their identification is possible 

histochemically as early as day 12 of gestation in case 

of the. ganglion cells and day 16 of gestation in case of 

the horizontals. Sirnilary, in contrast to the general 

assumption that r.1liller cells differentiate late in 
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development, very early differentiation of these cells 

could be observed histochemically. Hence, the enzyme 

histochemical methods seem useful in studying the 

development and cytodifferentiation of the retina and 

have also been of help in elucidation of the cellular 

interrelations involved in retinal histogenensis, the 

final goal of this investigation. 
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SUMMARY 

The purpose of this investigation was to study the 

sequence of cell differentiation in the developing retina 

of the mouse using histochemically detectable enzymatic 

differences as parameters of differentiation. In addition, 

the interrelation of the differentiating cells during 

histogenesis was studied. 

Changes in the histochemical localization of different 

esterases, carbonic anhydrase, DPN and TPN diaphorases 

have been followed from the optic cup stage up to the time 

of weaning. 

At day 10 of gestation, when the development of the 

optic cup 'i:s just completed, no localized reaction was 

obtained for any of the enzymes. 

At day 11, MUller cells identifiable due to a high 

non-specific esterase activity, were first seen, localised 

along the vitreal border of the central. retina. Between 

day 11 and day 15 the perikarya of the ~1liller cells 

migrated outward1 became scattered throughout the depth of 

the retina and started to lose their esterase activity. 

At day 16, the perikarya of the MUller cells showed 

carbonic anhydrase activity which increased gradually 

as they shifted to their definitive position in the inner 

nuclear layer during the period up to 7 days after birth. 

Ganglion cells appeared between 12 and 16 days of· 

gestation at the innermost level of the retina and were 

marked by DPN and TPN diaphorase activity localized at 

the axon hillocks of the cells. The emergence of the 

inner plexiform layer, starting from day 16, separated the 

layer of the ganglion cells from deeper layers. 

Simultaneously, diaphorase activity moved to the dendritic 

side of the cells. A further differentiation of the ganglion 

cells is the appearance of a non specific esterase at day 

16 of gestation and of acetylcholinesterase (AChE) at the 

time of birth. The activities of all these enzymes 
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increased along with the growth of the perikarya and 

ga~glion cells of different sizes could be recognized. 

The cells located scleral to the ganglion cells, 

differentiated into amacrine cells. They are positioned 

on the outer side of the inner plexiform layer and showed 

a transient diaphorase activity at the initial stage of 

development. 

Progressively increasing diaphorase activity along 

the outer limiting membrane from day 13 of gestation 

onward characterized the initiation of photoreceptor 

differentiation. The staining was later localized in the 

rod inner segments. 

The horizontal cells differentiated between day 16 

of gestation and the time of birthi they were characterized 

by diaphorase, non specific esterase and AChE which 

appeared in this order. At day 4 after birth these cells 

were sparsely distributed in a single row at an outer 

level of the retina, where the outer plexiform layer is 

being formend and horizontal processes start emerging. 

Afterwar,ds the outer plexiform layer along with the 

horizontal cells seemed to shift inwards as the outer 

nuclear layer increased in thickness. The horizontal cells 

seem to play an important role in determining the site of 

the outer plexiform layer where the photoreceptor and 

bipolar cells synapse. 

The bipolar cells were the last of the retinal cells 

to differentiate. These cells are characterized by an 

increasing diaphorase activity starting at day 7 after 

birth when the nuclear layers are already completely 

separated. 

During the development of the synapse in the outer 

plexiform layer, starting from day 7 after birth, increa

sing activit.±es of diaphorases, carbonic anhydrase and 

finally of AChE were observed in this zone, whereas the 

activities of AChE and non specific esterase completely 

disappeared from the horizontal cell perikarya. 
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A rapid increase of AChE, carbonic anhydrase and 

diaphorases was seen in the inner plexiform layer starting 

from days 10-11 after birth and coincided with the time of 

synaptic development in this zone. During the same time the 

AChE activity in the ganglion cell perikarya become very 

much reduced. 

The increased carbonic anhydrase activity in both 

plexiform layers seemed to be due to growth of the lateral 

processes of the MUller cells of which the perikarya and 

the radial processes also showed increased activity. 

Enzymatic differentiation of the pigment epithelial 

cells was indicated by the appearance of carbonic anhydrase 

at day 11, of diaphorases at day 13 and of non specific 

esterase at day 16 of gestation. The activities of all the 

enzymes increased progressively and reached adult level 

during 7-14 days after birth. 

With the enzyme histochemical methods applied, 

different retinal cells in mice coulC. be identified much 

earlier than has been possible with routine histological 

and neurohistological methods. Therefore, development of 

these cells could be traced to earlier stages of retinal 

histogenesis. This will aid in elucidation of the causative 

factors involved in retinal histogenesis. 
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SAMENVATTING 

Het doel van dit onderzoek was bestudering van de 

volgorde van differentiatie van de verschillende eel types 

tijdens de ontwikkeling van de retina van de muis, Als 

parameter van differentiatie werd gebruikt het voorkomen 

van histochemisch aantoonbare veranderingen in enzym 

patroon. Tevens werd de onderlinge afhankelijkheid van de 

zich d~fferentierende cellen tijdens de histogenese 

bestudeerd. 

Veranderingen in. de histochemische localisatie van 

verschillende esterases, van carbo-anhydrase en van DPN 

en TPN diaphorases werden gevolgd van het stadium van de 

oogbeker tot het moment van spenen. 

Op dag 10 van de zwangerschap, wanneer de vorming 

van de oogbeker juist voltooid is, kan nog geen gelocali

seerde reactie voor een van de enzyrnen-_ verkregen worden. 

Op dag 11 werden de MUller cellen, welke geidentifi

ceerd konden worden dankzij een hoge niet-specifieke 

esterase activiteit het eerst waargenornen: zij kwarnen voor 

aan de inwendige zijde van het centrale deel van de retina. 

Op dag 15 waren zij in het periphere deel van de retina 

verschenen. Gedurende de periode van 11-15 dagen migreer

den de MUller cellen naar de sclerale zijde van de retina, 

raakten verspreid over de gehele diepte van de retina 

terwij.l hun esterase activi tei t daalde. Op dag 16 vertoon

den de perikarya van de Mliller cellen carbo-anhydrase 

activiteit, welke geleidelijk toenarn, terwijl de cellen 

zich verplaatsten naar hun definitieve ligging in de 

inwendige korrellaag; dit gedurende de periode tot 7 

dagen na de geboorte. 

De ganglion cellen verschenen tussen de 12e en 16e 

zwangerschapsdag in het binnenste gebied van de retina en 

werden gekenrnerkt door DPN en TPN diaphorase activiteit 

in het gebied van de axon-heuvel. Het verschijnen van de 

inwendige vezellaag, vanaf dag 16, scheidde de ganglion 
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eel laag van de diepere lagen. Gelijktijdig verplaatste 

de diaphorase activiteit zich naar de dendrieten-zijde 

van de eel. Op een verdere differentiatie van de ganglion 

cellen wees verschijnen op dag 16 van niet-specifieke 

esterase en van acetyl-cholinesterase {AChE) ten tijde 

van de geboorte. De activiteit van al deze enzymen nam toe 

parallel met de groei van de perikarya. Verder konden 

ganglioncellen van verschillende grootte onderscheiden 

worden. 

De cellen,gelegen aan de sclerale zijde van de 

ganglion cellen differentieerden zich tot amacrine cellen. 

Deze zijn gelegen bij de buitenzijde van de inwendige 

vezellaag en vertoonden in de eerste phase van hun ont

wikkeling voorbijgaand diaphorase activiteit. 

Een geleidelijk, vanaf de l3e zwangerschapsdag toe

nemende diaphorase activiteit bij de membrana limitans 

externa was karakteristiek voor het begin van de differen

tiatie van de photoreceptoren. Deze activiteit bleek zich 

later in de binnenste segmenten van de kegeltjes te be

vinden. 

De horizontale cellen differentieerden zich tussen 

de 16e zwangerschapsdag en de geboorte en vertoonden 

diaphorase, niet-specifieke esterase en AChE, welke in 

deze volgorde verschenen. Op dag 4 na de geboorte waren 

deze cellen spaarzaam verdeeld in een enkele rij in een 

periphere zone van de retina, waar de uitwendige vezellaag 

gevormd wordt en de horizontale uitlopers verschijnen. 

In een latere phase verplaatsen de uitwendige vezellaag en 

de horizontale cellen zich tesamen naar een meer centraal 

gelegen gebied van de retina; dit in samenhang met een 

toenemende dikte van de uitwendige korrellaag. De horizon

tale cellen lijken een belangrijke rol te spelen bij het 

tot stand komen van de plaats van de uitwendige vezellaag, 

waar de photoreceptoren en de bipolaire cellen synapteren. 

De bipolaire cellen bleken de retina cellen te zijn, 

welke zich het laatst differentieren. Zij kenrnerken zich 
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door toenernende diaphorase activiteit, welke verscheen 

op dag 7 na de geboorte, wanneer de korrellagen reeds 

volledig gescheiden zijn. 

In de uitwendige vezellaag werd, tijdens de ontwikke

ling van de synapsen vanaf dag 7 na de geboorte een toene_

rnende activiteit gevonden van diaphorases, carbo-anhydrase 

en tenslotte van AChE, gelijktijdig met een volledige ver

dwijnen van de activiteiten van AChE en niet~specifieke 

esterase uit de perikarya van de horizontale cellen. 

Een snelle toename van AChE, carbo-anhydrase en 

diaphorase werd vanaf dag ll-12 na de geboorte ih de in

wendige vezellaag gelijktijdig met de vorrning van synapsen 

in deze zone. In dezelfde periode trad een sterke daling 

op van de AChE activiteit in de perikarya van de ganglion 

eel len. 

De toenemende carbo-anhydrase activiteit in beide 

vezellagen leek een gevolg te zijn van het uitgroeien van 

laterale uitlopers van de HUller cellen, waarvan de 

perikarya en radiale uitlopers eveneeens een toegenomen 

activiteit lieten zien. 

De enzyrnatische differentiatie van de pigment epitheel 

cellen werd gekenmerkt door het verschijnen van carbo

anhydrase activiteit op dag 11, diaphorase op dag 13 en 

niet-specifieke esterase op dag 15 van de zwangerschap. 

De activiteit van al deze enzyrnen narn geleidelijk toe en 

bereikte een volwassen niveau in de periode van de 7e tot 

de 14e dag na de geboorte. 

Met de gebruikte histochemische methodes konden de 

verschillende celsoorten van de muizenretina aanzienlijk 

vroeger geidentificeerd worden dan met de standaard 

histologische en neurohistologische technieken. Dientenge

volge kon de ontwikkeling van deze cellen tot vroegere ont

wikkelingsstadia terugvervolgd worden. Dit zal een bijdrage 

kunnen leveren bij het onderzoek naar de causale factoren, 

welke ten grondslag liggen aan de histogenese van de retina. 
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