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1 Introduction 

The mature vertebrate retina is a highly complicated array of several kinds of cells, 
capable of receiving light impulses, transforming them into neuronal membrane 
currents, and transmitting these in a meaningful way to central processing. Before it 
starts to develop, it is a small sheet of unconspicuous cells, which do not differ from 
other cells of the central nervous system. The chain of events which lead to the trans­
formation from this stage into that of highly specialized cells ready to fulfll a specific 
task, is usually called "differentiation." Originally, this word indicated firstly the proc­
ess of divergence from other cells which were previously alike, and secondly, the 
change from an earlier stage of the same cello lt has become widespread practice to 
imply by the word "differentiation" also the acquisition of specific properties and 
capacities which are characteristic of a mature, Le., specifically active, cello 

Every cell is active at any stage of development, but certain activities are shared 
by most cells (e.g., the activities of preparing and accomplishing proliferation, that of 
initiating development, that of maintaining a certain level of metabolism), while 
there are others which are shared by only a small number of - originally related -
cells. In most cases these latter activities are acquired by the fmal steps of cellular 
development, the terminal "differentiation." In the context of the present paper, the 
word "function" will refer to this latter type of specific activity. Together with final 
structures it characterizes a certain type of cells and discems them from all others. 

What has been said here ab out the cell applies to a tissue too. But is tissue diffe­
rentiation more than, or different from, the sum of the differentiation of its cells? 
Can all events in the ceRs, when summed up, explain the specific function and its 
acquisition in the tissue? This question will be studied in the vertebrate retina, where 
tissue function is different from the function of each of its cells. 

Some cells of the retina transform certain properties of certain electromagnetic 
waves into membrane currents; others transmit currents by me ans of specific transmitter 
substances which they are able to synthesize as weR. The retina as a whole is capable 
of transmitting a continuous representation of the light conditions ofthe surrounding 
space to the brain, and it does so by means of coordinated patterns of substances and 
membrane potentials, characteristic of the retina only, but not of any of its single 
cells. 

On the other hand, differentiation occurs in single cells. It is the aim of the pre­
sent review to show that the summation of single cell events leads to the specific 
functioning of the retina as a whole. 

By their nature and their results, the processes of retina development can be 
arranged in different phases, which also reflect the order by which developmental 
processes in the retina as well as in other neural tissues are observed. These phases 
are: 
1. Proliferation and migration 
2. Forming of final cell and tissue shape; "layering" 
3. General differentiation, Le., differentiation of structures and processes on the 
cellular and tissue level, which are not characteristic of specific retinic or neuronal 
activity but reflect the maturation of common cellular properties 



4. Differentiation of specific neuronal and photoreceptoral structures 
5. Differentiation of specific retinic or neuronal substances and chemical processes 
6. Differentiation of specific retinal or neuronal activities 

Though retina development has been studied in a number of animals (ca. 50 
species), it is only in a very restricted number that a substantial body ofinformation 
has been collected for all these phases, and therefore only in a restricted number of 
species does a comparative survey seem possible. Here the development of retinal 
cells is looked at in man and those five species which represent different c1asses of 
vertebrates and also on which the highest number of pertinent studies has been carried 
out: the rat (Rattus norvegicus), the mouse (Mus musculus), the chick (Gallus gallus 
domesticus), the clawed "toad" (Xenopus laevis), and the cichlid fish (Tilapia leuco­
sticta). 

Prom the mass of information obtained in these species, this review aims, by 
means of comparison, to trace temporal and ·other correlations, sequences, regula­
rities, and differences in the events which lead to one and the same result: the spe­
cifically active retina. 

In order to gain a more detailed picture of the way this result is attained, the 
events of phases 4, 5, and 6 will then be studied more comprehensively. Based on 
nearly the entire amount of available literature, the maturational processes of those 
structures and functions which are highly specific for the retina are traced back. 
Thus, items studied in more detail are: the receptor cell inner segment, the receptor 
cell outer segment, the receptor cell terminal and the inner plexiform layer (phase 4); 
retina neurochemistry (phase 5); and the phenomenon of retinomotoric behavior, 
certain aspects of ganglion cell physiology, and the electroretinogram (phase 6). 

The formation oftractus opticusjunctions in the optic centers and all the questions concerning 
retinotectal connections and specification will not be inc1uded. They have been competently re­
viewed several times (Jacobson 1976b; Edds et al. 1979; Rager 1979). Furthermore, questions 
of the ability to "see," of increasing acuity (see, e.g., Ordy et al. 1965; Easter et al. 1977; a sum­
marizing work concerning the human eye is that of Dobson and Teller (1978)J, and of correlation 
to biological topics (e.g., Baburina 1972) are not inc1uded. All these questions involve nonretinal 
factors, and therefore maturational steps cannot be judged adequately. Within the retina, mainly 
neurons and receptor cells have been taken into consideration. The glial Müller cells and the pig­
mented epithelium are only mentioned peripherally. 

2 Temporal Patterns and Correlations 

The mature retina, the result of particular differentiational events, is a unit, i.e., a 
spatial unit of clear-cut, determined connections, patterns, and relationships, as well 
as a functional unit. The spatial order, which is attained during the process of develop­
ment, has its meaning only in the function of the entire unit, a function which 
does not exist without the achievement of the spatial order. Structures differentiate 
to fulf:tl a task within a functional unit, which is not yet present at the time of their 
formation, and which necessarily relies on other structures to be formed at different 
sites within the unit. This implies that the function of the whole unit is present as soon 
as the last single structure has been formed, thus completing a spatial arrangement of 
particular functions. 
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This, together with the need of a coordination between the various structures 
arising at different locations in the retina, requires a temporal order as weil. This tem­
poral order - basic and prior to the spatial one - will be treated in the foilowing chap­
ters. 

2.1 Differentiation of the Retina in Tilapia leucosticta 

The cichlid Tilapia leucosticta is the teleostean species in which most research on cytological 
differentiation of the retina has been done. In the following, published as weil as unpublished 
results of the present author are summarized; therefore no references will be given. The differ­
entiation up to the attainment of visual function in the retina takes only few days and is highly 
dependent on temperature. Batches differ in time-stage relations, which renders aseparation into 
temporal units sm aller than days meaningless. 

In this and the foilowing chapters day or days will be abbreviated to d, days 
posthatch or after birth will be denoted by d .. pp, W = week(s), and M = month(s). 

2.1.1 Proliferation 

In the course of d4, the number of mitoses decreases abruptly. This reduction con­
tinues during the foilowing days, though at a lowered rate. Mitoses are found up to 
d9, but after d4 they are confined to the more peripheral regions. 

2.1.2 Cell and Tissue Shape; Layering 

The layering of ganglion ceils begins on d4 and is foilowed by an inner plexiform 
layer on d5. At the end of d5, the nuclei of amacrine and bipolar cells are different, 
and a short time later, horizontal ceils can be identified. 

2.1.3 General Differentiation 

On d4, the fusiform cells of the retina are in an "undifferentiated" state, as described 
for numerous other types of neuroblasts (see Fig. 1). They show numerous ribosomes 
and some mitochondria. One day later, the number of ribosomes in ganglion cells is 
reduced while endoplasmic reticulum and mitochondria increase and a Golgi appara­
tus appears. The amacrine ceils of that stage are very similar to ganglion cells, but ob­
viously they contain more ribosomes. Yet the ribosomes in the bipolar ceils are more 
abundant. In addition ER and mitochondria begin to appear in these two types of neu­
roblasts, and similar tendencies are found in receptor cells. By d7, the amount of ribo­
somes and mitochondria decreases in bipolar ceils. 

On the 5th and 6th days, several types of junctions, with or without eleft densi­
ties, are found to interconnect processes of the intermediate neurons and the ganglion 
ceils. Acid phosphatase can be detected in the inner plexiform layer on d8. (This 
enzyme is especially connected with the stages of fmal neuronal maturation, cf. Wen­
der 1972.) 

On daylater, alkaline phosphatase, an enzyme which may be regarded as the mark­
er of an enhanced neuronal metabolism (Tewari and Tyagi 1968) is present in the 
inner plexiform layer. 
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Fig. 1. Undifferentiated neuro retina of an 8-day-old chicken embryo. Cells are fusiform and con­
tain mainly ribosomes. n, nucleus. Bar = 5 !lm. (Meiler 1968) 
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2.1.4 Specific Structural Differentiation 

The first ganglion cell neurites grow out on d4. While the inner plexiform layer is 
found to be composed of short processes of ganglion and amacrine cells on d5, the 
bipolar cells form axonal growth cones with numerous ribosomes, neuromaments, 
and single ER membranes not earlier than at the end of this day. Neurotubuli are 
found in the inner plexiform layer on d6, and, more neurites and synaptic bands on 
d7. Mature conventional synapses are formed by the end ofthis day, connecting ama­
crine to amacrine cells. The axon terminals do not contain more than 20 synaptic 
vesicles per ultrathin section. 

On d8, increasing numbers of junctions aquire pre- and postsynaptic dense projec­
tions and a mature aspect. The first ribbon synapses are found. Amacrine cells now 
from junctions with ganglion and bipolar cells. The number of synaptic vesicles in 
amacrine cell terminals amounts to neady 50 per ultrathin section. 

In the second half of d6, horizontal as weIl as bipolar cells form dendrit es which 
penetrate the receptor terminal, thus forming triadic configurations. In the receptor 
terminal, precursors of the synaptic lamellae can be found for a very short period, and 
the first synaptic vesicles appear. One day later the synaptic lamellae in the receptor 
terminals have grown to attain a length of more than 1000 nm, and the number of 
synaptic vesicles has increased to that of adult level, while ribosomes are reduced. 
By d9, the distribution and arrangement of synaptic lamellae in receptor cell ter­
minals is adultlike. 

In the receptor cell inner segments, an accumulation of mitochondria is noted 
on days 5 and 6. Then, in the inner segments of the double cones, subsurface cisterns 
are formed by the fusion of vesicles. On d7, an ellipsoid has formed besides numerous 
ER membranes and Golgi vesicles. 

A ciliary stalk projects from the inner segment in the second half of d6, and - syn­
chronous to an enlargement of its scleral part -, the first disk precursors are seen to 
invaginate from its membrane. As soon as d7 the outer segments of both rods and 
cones comprise numerous disks, and phagosomes are already found by d8, when outer 
segments are still growing. 

2.1.5 Neurochemical Differentiation 

On d7, the presence of catecholamines in the vesicles of amacrine cell terminals can 
be demonstrated by ultracytochemical methods. For the first time, and from now on 
regularly, adenosine triphosphatase is localized cytochemically in synaptic vesicles 
and at the terminal membranes of the inner plexiform layer, as weIl as in mitochondria 
and at subsurface cisterns of the inner segments. One day later, visual pigment can be 
detected microspectrophotometrically. The distribution and the amount of ATPase 
in the inner plexiform layer, and in the inner and outer segments is adultlike. 

2.1.6 Differentiation of Specific Activity 

With the beginning of d9, pigment migration can be found. 
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2.2 Differentiation of the Retina in Xenopus laevis 

Although, according to Nieuwkoop and Faber (1967), the generally adopted system of staging for 
this anuran amphibian had not been designed to meet the needs of astaging of the retina develop­
ment, it will be applied here because it gives a widely known framework for the subdivision ofthis 
short developmental phase. 

2.2.1 Proliferation 

At stage 28 (d2) the retina consists of replicating ceIls, but 2 hiater, at st. 29, the DNA 
synthesis has ceased in the ganglion cells (Jacobson 1968b). Shortly before metamor­
phosis, at st. 54, mitotic activity decreases in the dorsal half of the retina and increases 
in the ventral half. This change is due to different reactivities to thyroxin (Beach and 
J acobson 1979a,b). 

2.2.2 Cell and Tissue Shape; Layering 

Up to st. 32 (d2) all cells of the retina resemble each other (Fisher and Jacobson 
1970). A distinct1y visible inner and an outer plexiform layer appear at st. 37 (d3). 
Both layers increase in thickness at least until st. 45 (d5) (Chung et a1. 1975; Fisher 
1976). With st. 48 (d8) the retina is adultlike in appearance (Fisher and Jacobson 
1970). Cones and rods are discemible in light microscopic preparations from st. 41 
(d4) on (Saxen 1954). 

2.2.3 General Differentiation 

Up to st. 32 (d2) retina cells are embryonic in aspect and show free ribosomes. There 
is no sign of differentiation (Dixon and Cronly-Dillon 1972; Chung et al. 1975), but 
the amount ofhelical polysomes, subsurface cistems, andjunctions has increased from 
st. 28 (d2) on (Grillo and Rosenbluth 1972), and the endoplasmic reticulum, Golgi 
apparatus, microtubuli, neuro fibrils, and Nissl bodies now make their appearance in 
the ganglion cells (Fisher and Jacobson 1970), as weIl as in the cells of the outer re­
tina (Kinney and Fisher 197 8b). 

The junctions observed in the retina after st. 26 (d2) are zonulae adhaerentes, 
macula adhaerentia, and gap junctions (Dixon and Cronly-Dillon 1972), the latter 
being present between the ventricular cells of the future pigmented epithelium. Up to 
st. 32 (d2) they are more frequent in the dorsal half of the retina, thereafter in the 
ventral half (Hayes 1976). They are also said to connect future receptor ceIls, while 
Kinney and Fisher (1978b) attribute this role to the zonulae adhaerentes. Stage 38 
(d3) is the last where gap junctions are found within the neuronal retina, but at stage 
41 (d4) they have reappeared to connect the inner segments of neighboring receptor 
cells (Hayes 1976). 

A specific 48 OOO-dalton protein is found in the retina at st. 28; at st. 29, 2 h later, 
it is confined to the ventral half of the eye cup and has disappeared by st. 32 (d2) 
(Cafferata et a1. 1979). As soon as st. 31 (d2), a general increase of retina protein 
begins, resulting in a 30-fold rise in the amount up to st. 63 (midway metamorphosis) 
(Ma and Grant 1978). Up to st. 47 (d6) this is paralleied by the incorporation of 
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3 H-glucosamine into the region of the future plexifonn layers, where it will serve as 
a component in the glycocalyx of the large number of cellular processes to come 
(Hollyfield et al. 1975). At st. 37 (d3) the lectin concanavalin A is suddenly bound 
intensely to the inner and the outer plexifonn layer and to ganglion cell neurites 
(lnshafer and Clavert 1979). 

2.2.4 Specifi,c Structural Differentiation 

Beginning with st. 28 (d2) the ganglion cells of the centralmost region produce neurites 
which contain neurofibrils and rnicrotubuli and are already fasciculated (Cima and 
Grant 1980). They grow up to the optic chiasma until st. 35 (Chung et al. 1975). 
At this stage (d2), 151-191 fibers have been counted; at st. 38 (d3) the tractus 
opticus is made up of less than 1000 fibers. They are 0.1 - 0.5 fJ.m thick and not yet 
myelinated, but already fasciculated. Diameters are found to differ even more at st. 
46 (d5), when there are 1500 - 2000 neurites in the tract (Wilson 1971). Myelination 
begins at st. 49 (d12) (Gaze and Peters 1961), but at st. 52 (d21) the number ofmyeli­
nated fibers still amounts to less than 100, while 10000 nonmyelinated fibers are 
found (Wilson 1971). The thickness of the tractus opticus increases even after meta­
morphosis (Chung et al. 1975), presurnably because of myelination. 

Between st. 35 and st. 40 (d3) the newly fonned neurites establish topographi­
ca1ly organized connections with the tectum opticum (Jacobson 1968a). The position 
of the ganglion cells with respect to the tectum, however, is specified as early as st. 
31 (d2) and before (Jacobson 1968a), or st. 32 (d2) (Dixon and Cronly-Dillon 1972; 
Grillo and Rosenbluth 1972), that is, before the first neurites extrude. Specification 
can even be shifted to st. 24/25 (d2), when the ionophore X 537 Ais adrninistered to 
the embryos (Jacobson 1976a). 

The first synapses in the inner plexifonn layer are found at st. 40 (d3), among 
those are also ribbon synapses of bipolar cells. A slow but constant increase of these 
starts now and lasts up to st. 47 (d6), when the first se ries seerns to be completed 
(Fisher 1976). Tucker and Hollyfield (l977), however, report no change in con­
ventional and ribbon synapse density after st. 43 (d4); serial synapse density increases 
to adult level at the end of metamorphosis. Initial contacts between the receptor ter­
minal and horizontal cells are found at st. 37/38 (d3), consisting mostly of one post­
synaptic process; synaptic vesicles are still sparse and fonn a cluster around the short 
synaptic ribbon. In st. 39, 4 hiater, horizontal cell dendrites grow to fonn long 
digitifonn processes, which invaginate the terminals and will be postsynaptic to single 
ribbons at st. 40. Then they enonnously increase in length, and arcifonn densities 
appear. The number of bipolar cell/receptor terminal contacts is very low during these 
stages, and even at st. 42 (d4) they are only superficial, forming "basal junctions" 
(Chen and Witkovsky 1978). 

In the inner segment, from st. 41 (d4) on, a myoid and an ellipsoid are well de­
veloped (Saxen 1954). Beginning with st. 37/38 all receptor cell inner segments con­
tain an oil droplet (Kinney and Fisher 1978b), and no sooner than st. 43 (d4) rod 
inner segments have lost it (Witkovsky et al. 1976). 

The first sign of an outer segment is found at st. 35/36 (d3), when a ciliary stalk 
begins to grow out of one centriole (Kinney and Fisher 1978b). At st. 37/38 (d3) 
first disks are reported to occur in some receptor cells, the number of which soon 
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increases (Witkovsky et al. 1976). For this stage Kinney and Fisher (1978b) describe 
outer segments as being a11 conical in shape. According to them, rod outer segments 
display discrete bands of label after injection of 3 H-Ieucine, while in the cones the 
label is diffuse. The tapering shape of the cone outer segment becomes evident at st. 
42 (d4) (Chen and Witkovsky 1978). The length of rod outer segments is 33 pm 
then, and the fraction of the retina occupied by outer segments is 6.6% (Witkovsky 
et al. 1976). The adult rod outer segments length (50 J1m) is attained at st. 54 (d26) 
(Kinney and Fisher 197 8b). 

The first phagosomes are seen within the pigmented epithelium at st. 46 (d5) 
(Kinney and Fisher 1978b; Hollyfield and Rayborn 1979). At st. 47 (26 hiater) 
disks are shed at a rate of 0.21 J1m/ d, and at st. 54, the rate of membrane addition is 
1.6, that of disk shedding and phagocytosis is 1.2 J1m/d (Kinney and Fisher 1978b). 

2.2.5 Neurochemical Differentiation 

Only a few hours after the appearance of the first disks, traces of visual pigment 
(0.02 pmol = 6 x 109 molecules per eye) could be extracted at st. 39 (d3). Up to st. 
58 (d44) there is a steady increase (2.4 x 1014 molecules/eye) which runs parallel to 
the number of newly formed outer segments (fraction of retina occupied by rods 
then: 40%), but also to the outer segment length (then: 48 J1m) (Witkovsky et al. 
1976; Bridges et al. 1977). While the latter authors found rhodopsin only at st. 39 and 
after st. 58, a visual pigment composition of 59% porphyropsin and 41 % rhodopsin 
was reported for st. 49 (dI2) by Crescitelli (1973). 

Synthesis of acetylcholine has been shown at st. 35/36 (d3) for the first time. 
Within the following 48 h (st. 45) it increases 30-fold, while the rate of protein syn­
thesis declines. After st. 52 (d21) up to metamorphosis, the acetylcholine conte nt 
keeps pace with the amount of protein ; from that fact an increase in ACh content can 
be deduced for stages 56-63 (Ma and Grant 1978). 

Gamma aminobutyric acid (GABA) is selectively taken up at st. 31 or 32 (d2). 
At st. 33/34, future horizontal cells and amacrine cells are labeled by 3 H-GABA. 
At st. 35/36 (d3) the amount is 19 pmol/mg protein (9 months postmetamorphic: 
127 pmol). GABA release can be elicited at st. 37/38 (d3) when aperiod of rapid 
GA BA increase starts, which stops at st. 42 (d4). At st. 49 (dI2) 200 pmol/mg protein 
are found, at st. 63, 110 pmol; this is followed by a rise, during the last metamorphic 
stages, of up to 180 pmol (Ma and Grant 1978; Hollyfield et al. 1979). 

At st. 38, the amount of 5-hydroxytryptophan decarboxylase and other enzymes 
of the serotonin metabolism is found to be high, and increases even more at st. 42 (d4) 
(Baker and Quay 1969), Le., at a time when rapid GABA increase stops. 

2. 2. 6 Differentiation of Specific Activity 

As a first component of the electroretinogram, PIII (or a-wave) is consistently found 
at st. 39 (d3), simultaneously with the appearance of the outer segments and visual 
pigment. Ten hours (one stage) later, a b-wave appears and increases rapidly to become 
a prominent component of the immature ERG at st. 41 (d3) (Witkovsky et al. 1976). 

At st. 43 and 44 (d4) the first visually evoked potentials are found in the tectum 
opticum and a rapid increase of sensitivity to visual stimuli begins, paralleled by the 
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development of event and dimming units as weIl as T-and H-type ganglion ceIls, and 
followed (st. 45, d5) by strong on and off responses to environmental illumination. 
While there is a reduction in the extent of the receptive fields in the retina's most 
central region (st. 47, d6), and no further increase in sensitivity to visual stimuli 
(st. 48, d8), a further type of response unit can be identified at st. 49 (dI2) which is 
similar to the adult dimming unit, but shows a response to graded lightness as weIl 
(Chung et a1. 1975). At this stage, the visually guided behavior, too, is found to begin 
(Gaze and Peters 1961). 

2.3 Differentiation of the Retina in the Chick, GaOus gallus domesticus 

Some of the studies on retina development in the chick apply to the staging by Hamburger and 
Hamilton (1951), but this is usually not the case. The latter way will be adopted here because a 
comparison is thus facilitated and the Hamburger-Hamilton stages are usually used for the earliest 
stages only. However, it must be said, by orientation to this staging system, most of the discre­
pancies in relating developmental events to a certain stage would definitely have been avoided, 
discrepancies which arise through different rearing conditions or through breeding of different 
strains. 

2.3.1 Proliferation 

Most ganglion cells enter the last cell cyde on d3 (Kahn 1974), and some ofthem com­
plete the last mitosis at this date, as most of them will do within the following 4 days 
(Kahn 1973; Fujisawa et al. 1976a). On d3 amacrine, horizontal, and re~eptor cells 
enter their last cell cycle as weIl, and some of them complete it by d5. The first bipolar 
ceHs do so no sooner than d6 (Kahn 1974). 

There are great non random variations in the developmental age of receptor ceIls, 
and the duration of their S-phases differs (Morris 1973, 1975). By d7 they have lost 
their ability to synthesize DNA (Mishlma and Fujita 1978). One day later, mitotic 
activity ceases, in amacrine as well as in horizontal cells (Fujita and Horii 1963; Fuji­
sawa et al. 1976a). Overall mitotic frequency decreases by d9 (Meller 1968). 

2.3.2 Cell and Tissue Shape; Layering 

For early morphogenetic events see Schook (1978). On d2 the cells of the optic cup 
are elongated, and the future retina is characterized by numerous intercellular lacunae 
(Hunt 1961). Degenerating cells which are in the course of being phagocyted are found 
on d3 (Garcia-Porrero and Ojeda 1979). On d4 the pigment cells are discernible by 
their cuboidal shape, differing from the retina eells (Meller 1968), whieh are arranged 
in fascicles and eolumns (MeIler and Tetzlaff 1976). 

The first ganglion eells are reeognized in histologie al seetions on d3, when a nerve 
fiber layer is produced (Hughes and LaVelle 1974, 1975). On d5, the retina is 100 jlm 

thiek, a proliferating tissue showing a pigmented epithelium, an outer lirniting mem­
brane, a proliferating layer, a layer of outer neuroblasts, ganglion eells, a nerve-fiber 
layer, and an inner limiting membrane (O'Rahilly and Meyer 1959; Cooper and Meyer 
1968). By d6, the number of ganglion eells rises sharply and they are spread over nearly 
the entire surfaee of the retina (Coulomb re 1955). Six types of ganglion eells are 
found on day 6 (Nishlmura 1980). 
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An inner plexiform layer appears on d6 (Shen et al. 1956) or d7 and is mainly 
composed of dendrites, joined by punctate junctions (Hughes and LaVelle 1974, 
1975). On d8, horizontal processes of ganglion and amacrine cells have appeared 
(Coulombre 1955). On d9, the outer plexiform layer arises (Rebollo 1963; Hughes 
and LaVelle 1974, 1975), and by dl0 all retinallayers are well identifiable (Leplat 
1914). From d14 on, two types of bipolar cells can be recognized by their difference 
in cytoplasrnic organelles and dendritic processes (Yew and Meyer 1975). 

Receptor cells are first reported for d6 (Fujita and Horii 1963). For the next 
day, a sensible phase for the formation of double cones can be inferred from the 
possibly artificial production of tripIe cones (Morris 1974), while receptor cell inner 
segments are not conspicuous before d9, when they surpass the outer lirniting mem­
brane (Hughes and LaVeIle 1974), and, under the scanning electron rnicroscope, are 
seen on the outer surface of the neural retina (Olson 1979). Rods and cones can be 
identified, light rnicroscopically, by dlO (Weysse and Burgess 1906; O'Rahilly and 
Meyer 1955). 

2.3.3 General Differentiation 

On d2, within the retina ceIls, rough endoplasmatic reticulum and ribosomes are 
found, the latter often arranged in rosettes (Hunt 1961), and on d5, they are still 
typical matrix cells with many ribosomes (Mishima and Fujita 1978; see Fig. 1). 
Ganglion cells contain much RNA on d4 (Rickenbacher 1952) and, 1 day later, show 
signs of intracellular differentiation, Le., enhanced appearance of ER and indentation 
of the nucleus (Mishima and Fujita 1978). On day 10, they display more RNA than 
the bipolar cells (Rickenbacher 1952), which then produce ER and rnitochondria 
(Yew and Meyer 1975) but still show an undifferentiated character and many free 
ribosomes on d13 (MeIler 1964). 

Future receptor cell inner segments are characterized by centrioles, forming 
diplosomes from d5 on (Olson 1973), but still on d8 they appear undifferentiated, 
with many free ribosomes and a few rnitochondria (Govardovsky and Kharkeevich 
1966) and are rich in RNA at least up to dlO (Rickenbacher 1952). In the Müller 
ceIls, which are interconnected by desmosomes, rnitochondria and rnicrovilli are pro­
duced in the apical parts on d9. On d15, they contain ribosomes, fIlaments, and 
vacuoles in their processes, which are wrapped round neuronal processes in the inner 
plexiform layer. They have reached the outer plexiform layer by d17, when they show 
a growing tendency to isolate receptor terminals and neuronal processes. On d19, this 
insulation seems to be completed; the large vesicles and fIlaments always mcrease in 
number (MeIler and Glees 1965). 

On d2, the basal parts of the retina cells are interconnected by terminal bars or 
desmosomes (Hunt 1961), for d3, all cells are reported to be provided with zonulae 
adhaerentes, while the cells of the pigmented epithelium are connected with the re­
tina by gap junctions. On d5, these are found at further locations within the retina 
(Fujisawa et al. 1976a) and interconnect future receptor cells as weIl (Hayes 1977). 
A maximum number of gap junctions is characteristic of d6; some of them are asso­
ciated to zonulae adhaerentes (Fujisawa et al. 1976a); the receptor cells, however, 
are reported to be joined by desmosomes (MeIler 1964), as will still be the case on d9 
(Meller and Breipohl 1965) and dl0, when they are also found between receptor and 
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pigment cells (Govardovsky and Kharkeevich 1965). The gap junctions on d7 also 
connect receptor and pigment cells (Hayes 1977), but with the beginning of d8, their 
number is reduced within the whole retina (MeIler 1968) and 1 day later, gap junctions 
are only found near to the outer limiting membrane (Fujisawa et al. 1976a; Hayes 
1977). For day 21 (= hatch) they are reported to connect double cones, while the 
receptor cells are connected with Müller cells by junctions of the zonula adhaerens 
type (Fujisawa et al. 1976b). In the inner plexiform layer, macula adhaerentia diminu­
ta of 0.1 #l1l1length and 15-20 nm width are observed on dlO (Sheffield and Fishman 
1970); 1 day later, in the outer plexiform layer, only punctate junctions are found 
(McLaughlin 1976a). 

The histochemical reaction to acid phosphatase is positive in all retinal cells from 
d3 on, but weakens up to the hatching. From d9 on, it is localized within three strata, 
parallel to the layering, but in ganglion cells acid phosphatase is demonstrated only by 
d21 (Stefanelli et al. 1961a). Up to d19, more acid than alkaline phosphatase will be 
found (Lindeman 1949). Alkaline phosphatase is found in ganglion cells on d 17; 1 day 
later it is also present in"amacrine ceIls, and on d19 in bipolar cells (Rebollo 1955). 

The activity of the pentose-phosphate shunt is highest on d7, but declines up to 
hatching and increases again thereafter (Masterson et al. 1978). Succinate dehydroge­
nase can be detected from d12 on (Kojima et al. 1957, cited after Coulombre 1961) 
and has attained its final distribution on d19, along with lipase and phosphatases 
(Macri and Rebollo 1965). 

In electrophoresis of retina pro teins, most anodic fractions disappear by d2, are 
found again 1 day later, and have disappeared again by d8 (Mikhailov and Gorgolyuk 
1976). Protein and glycoproteins are transported in the ganglion cell neurites to the 
teetum opticum at the rate of 60 mm/d on dl0, but the rate of rapid flow will in­
crease up to 95 mm/d on d13 and to 110 mm/d on d18 (Sjöstrand et al. 1973; Mar­
chisio et al. 1973). 

From the presence of RNA and Fast Green positivity, an enhanced protein syn­
thesis is deduced for receptor cell inner segments by dll (Yew 1976), and the first 
peak of protein content in the whole retina is reported for the next day, followed by 
peaks on d16 and d18 (Kataoka 1955). The peak on d16 is followed by an increase in 
protein concentration, which stops by d18 (Suzuki et al. 1977). With the beginning 
of d17, there is a decrease in free amino acid content, followed by an increase about 
the day of hatching (d20 to dlpp). At IMpp, the content offree amino acids is adult­
like (Pasantes-Morales et al. 1973). Between d7 and d13, qualitative and quantitative 
changes in glycoprotein content and composition are found (Mintz and Glaser 1978). 

An increase in retinal thickness and surface on d5 (see above) is paralleled by an 
increase in chondroitine-4-sulphate and, to a lesser degree, chondroitine-6-sulphate on 
cell surfaces, indicating the growth of the retina, which is due to a growth in cell num­
ber (Morris et al. 1977). 

The ability of the pigmented epithelium cells to differentiate into retina cells is 
lost with d3 (Orts-Llorca and Genis-Galvez 1960) or can be extended to d5. There­
after, a part of the retina must be present in order to induce the regeneration of the 
retina from the pigment epithelium (Coulomb re and Coulombre 1965). The ability 
of retina cells of transdifferentiating into pigment or lentoid cells is not restricted to 
the youngest retina (d4: Okada et al. 1979; d9: Clayton et al. 1977; d14: Peck 1964), 
but extends up to d17, when no more lentoid cells, and to d21, when no more pigment 
cells, are formed out of cultivated retina cells (de Pomerai and Clayton 1978). 
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As early as d2, a critical phase in the fIxation of retinal polarity is noted (Gold­
berg 1976). Treatment of the retina with 6-hydroxydopamine on d3 leads to damaged 
receptor inner and lacking outer segments on d19; it is concluded that the drug inter­
feres with trophic functions of the catecholamine system (Yew et al. 1974). 

2.3.4 Specific Structural Differentiation 

The fIrst fIbers of the tractus opticus (fIrst ganglion cell neurites) are reported for d3. 
Later on this day, they are fasciculated and reach the optic stalk (Goldberg and Cou­
lombre 1972). The ftrst neurites reach the diencephaIon by d4, and later on, at the 
stage of 48 somites, they reach the site of optic chiasma formation (Rogers 1957). The 
growth rate of the tractus opticus on d6 is 1 mm/d; the velo city ofaxonal transport 
has been measured 92 mm/d (Crossland et al. 1974). The number of neurites increases 
exponentially up to d8 (Rager and Rager 1978). The ftrst neurites are expected to 
reach the optic tectum (Hughes and LaVeIle 1975; Rager 1976) at its anteroventral 
part then, spreading over the tectal surface during the following 6 days (Goldberg 
1974). First synapses in the tectum appear on dll only (Rager 1976). On d7, most 
ganglion cell bodies and neurites, but no dendrites, may be stained by silver techniques 
(Shen et al. 1956). 

The total number of ganglion cell neurites has amounted to 4 million on dll and 
starts to decrease, a process which is fmished b"y d18 (Rager and Rager 1978). When 
the connection with the tectum is interrupted, the number of ganglion cells is reduced 
to about 42% on d12 (McLoon and Hughes 1978). On d14, thicker axons appear in 
the tractus (Rager 1976), and 1 day later, there are some myelinated ftbers of 0.6-
1.0 J.LlIl diameter in the tractus which have become more numerous by d 17 (Blozovski 
1971a,b). On d18, 3% of the tractus opticus ftbers are myelinated (Rager 1976) and 
the number of ganglion cell neurites has been reduced to 2.4 million (Rager and Rager 
1978). The greater part of these is 1.0-1.5 IJ.m thick (Blozovski 1971b). At 3Mpp, 
95% of the tractus opticus ftbers are myelinated and the diameter of the tractus has 
increased to 2.3 mm (on d8: 0.15 mm), mainly by the enhanced formation offIbers, 
but also by the appearance of thicker single ftbers (Rager 1976). 

On d8, horizontal processes of ganglion and amacrine cells constitute the inner 
plexiform layer which appears at that stage (Coulombre 1955). They form one, and 
later on, two synaptic bands (Shen et al. 1956). During the preceding 2 days certain 
retinal neurons are able to make synapses onto muscle ceIls, which allows one to con­
clude that synapse speciftcity is attained only after this phase (Ruffolo et al. 1978). 
On d9, ganglion cell dendrites branch within the inner plexiform layer and make 
synapses with bipolar cell terminals within a broad zone. Amacrine cell terminals 
branch on d 1 0, and contact ganglion cell dendrites, forming a further band of synaptic 
junctions (Coulombre 1955). Coated vesicles, interpreted to be precursors of synaptic 
vesicles, are found in the inner plexiform layer by d12 (ArmengoI et al. 1979). Con­
ventional synapses and synaptic vesicles are described for d13; 1 day later synapses 
with ribbons are found. The number of synaptic vesicles and ribbons increases then, 
and by d19, the inner plexiform layer is weIl developed (Sheffteld and Fishman 1970; 
Hughes and La VelIe 1974, 1975). 

The receptor cell terminals are reported to be invaginated by dendrites as soon as 
dl0, while only ribosomes are formed within them (Shiragami 1968). Two days later, 
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the first synapses between receptor terminals and bipolar cells (Meller and Tetzlaff 
1976) and, on d13, triads and E-PT A positive sites are formed (McLaughlin, 1976a), 
whereas dendritic projections from bipolar cells are reported to extend toward the 
outer plexiform layer no sooner than d14 (Yew and Meyer 1975). On this day, punc­
tate junctions, but no synaptic specializations, are present in the outer plexiform 
layer (Hughes and La Velle 1974, 1975). On dIS, an enhanced formation of vesicles 
and synaptic lamellae is observed (Shiragarni 1968). By the technique of freeze frac­
ture, irregularly dispersed particles, which are assumed to be synaptic vesieles, can 
be shown on the outer surface of the receptor terminals and of dendritic invaginations 
(Meiler and Tetzlaff 1977); by the E-PT A technique specific substances can now be 
revealed at p'ostsynaptic sites and in the synaptic eleft (McLaughlin, 1976a). On the 
following day, the particles found on dendritic invaginations after freeze-fracture 
preparation become more numerous and form aggregates (Meller and Tetzlaff 1977). 
Synaptic sites of the receptor cell terminals are judged to be mature by d18. The 
aspect of the terminals is adultlike (Meller 1968). 

As early as d4, future receptor cells are found to form apical protrusions contain­
ing a centriole and a cilium (Hanawa et al. 1976). On d8, when a single ciliary protru­
sion is observed (Mishima and Fujita 1978), cone inner segments (Ueno 1961) are iden­
tified, which later on produce oll droplets. On the following day, the inner segments 
are spherical in shape and produce microvilli (as the adjacent Müller cells do); within 
their cytoplasm, an apical accumulation of rnitochondria is observed as weil as ER, a 
Golgi zone, centrioles near to the apical cell membrane, and polyribosomes, which are 
aggregated to form rosettes; at the level of the junctional complexes, rnicrotubuli are 
oriented parallel to the longitudinal axis; desmosomes connect them to neighboring 
cells. On d12, rnicrovilli are mainly found at the lateral part of the inner segments. The 
arrangement of the organelles is sirni1ar to that ofthe mature receptor cells; an ellipsoid 
is formed and in the myoid, ribosomes as weil as rough and smooth ER are present. On 
d14, many vesieles of the sER near to the nueleus are regarded as precursors of the 
paraboloid. On the surface of the inner segments, besides elongated rnicrovilli an isolat­
ed cilium is formed on dIS. A network of vesieles and tubuli, which are ftlIed with 
electron-dense material, is a further step in paraboloid formation. On d16, the inner 
segments elongate and become ovoid in shape; there are less rnicrovilli now; the cen­
trioies lie elose to the pigmented epithelium, and protruding cilia are surrounded by 
rnicrovilli, which will become calycal processes (Meller and Breipohl 1965; Olson 1973, 
1979). Poly glucose and particulate glycogen as well as PAS-reactive glycogen (Yew 
1976) and a paraboloid (Yoneyama 1932, cited after Yew, 1976; Olson 1972) are pre­
sent in inner segments on d17 (Amerniya and Ueno 1977). It has a spheroid shape and 
is formed of sER vesieles, which are connected with rER; gIycogen is found in it only 
from now on (Meiler and Breipohl 1965). The paraboloid is distinct in cone cells by 
d18 (Rebollo 1955); in rods a body called "hyperboloid" appears at the same time 
(Yew 1976). 

The outer segment is represented by a ciliary process on d12 (Leplat 1914; Meller 
1968; Hanawa et al. 1976), and on d13, the first short disks are formed without being 
continuous (Govardovsky and Kharkeevich 1965; Meller 1964), but the developing 
outer segments are also characterized by vesicular and tubular structures (Hanawa et 
al. 1976). On d14, the cone outer segments have not surpassed the stage of a ciliary 
outgrowth and some membrane infoldings (Ueno 1961; Hanawa et al. 1976). Disks of 
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rod and cone outer segments are regularly produced from d15 on by infoldings of the 
plasma membrane (Govardovsky and Kharkeevich 1965). 

Small outer segments are discernible in scanning electron microscopy on d16 (MeI­
ler and Tetzlaff 1976). On this, as weIl as on the following day, the size of the outer 
segments and the number of disks increase (Hanawa et al. 1976). At first the disks are 
regularly oriented; after apical movement, this orientation is lost. The outer segment 
still increases rapidly in length on d18. Definitive structure is attained when disks lose 
the contact to the plasma membrane (Govardovsky and Kharkeevich 1965, 1966). In 
the scanning electron microscope, inner and outer segments have their mature shape 
by d20 (Olson 1979). 

2.3.5 Neurochemical Differentiation 

As a first representation of specific substances, acetylcholinesterase is found in the 
centralmost ganglion cells on d4. Two days later, all ganglion cells and the first re­
cognizable amacrine cells contain AChE, localized in the cytoplasm or on the cellular 
surface. Also in the inner plexiform layer, appearing at that time, a diffuse but high 
AChE activity is found (Shen et al. 1956). On this day, cholineacetyltransferase has 
also been found to be present, but at a low level (Crisanti-Combes et al. 1978). The ob­
servation that at this age binding sites for a-bungarotoxin are present in the retina (Vo­
gel and Nirenberg 1976) and a ligand for muscarinic acetylcholine receptors is found 
(Sugiyama et al. 1977) fits weIl to these reports. An increase in AChE begins on d7 
and lasts up to d18 or 21, the day ofhatching (Lindeman 1947; Ramirez 1977). Up to 
dll, it is paralleled by an increase in synthesis and storage of acetylcholine and an in­
crease in choline acetyltransferase activity, stated to be 1000-fold (Bader et al. 1978) 
or to run from 20-300 pmol/min/mg protein (Crisanti-Combes et al. 1978). On d8, 
histochemically revealed AChE in the inner plexiform layer is found to correspond to 
"synaptic bands" topographically (Shen et al. 1956). Accordingly, acetylcholine re­
ceptors on d9 are- found to be localized mainly in the inner plexiform layer, as visua­
lized by the binding of 125 J-a:-bungarotoxin (Vogel and Nirenberg 1976). From dll 
up to d21 (hatch), aphase of irregular synthesis and storage of ACh is noted, parallel­
ed by a distinct increase in a-bungarotoxin binding sites, and a sixfold increase in 
velocity of the high-affmity uptake of the transmitter. Contrary to what has been 
found up to dll, no or only a slight enhancement of cholineacetyltransferase activity 
of 300-350 pmol is found; therefore, an increase in the number of available sites must 
be assumed (Lindeman 1947; Wang and Schmidt 1976; Bader et al. 1978; Crisanti­
Combes et al. 1978). On d13, the concentration of a-bungarotoxin receptors has in­
creased tenfold since d9, but the main bulk, namely 80%, will be synthesized during 
the following days, mainly in the inner plexiform layer (Vogel and Nirenberg 1976). In 
this layer, two distinct bands of muscarinic ACh receptors can be localized on d13, 
and a ligand for these receptors is present in the concentration of320 fmol/mg retina 
tissue (Sugiyama et al. 1977). A further increase in cholineacetyltransferase activity of 
300-350 pmol/min/mg (Crisanti-Combes et al. 1978) is accompanied by the adult 
aspects of four bands of acetylcholinesterase and of synapses in the inner plexiform 
layer as weIl as by the appearance of AChE activity in receptor cell inner segments, 
where the myoid will be formed (Shen et al. 1956). On d17, a-bungarotoxin is bound 
to the inner plexiform layer in distinct bands, and for the first time it is also bound in 
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the outer plexiform layer (Vogel and Nirenberg 1976). For d19, a sudden increase in 
acetylcholine content of 7.8 to 12.5 'Y/g retina is noted. No further change in cholin­
esterase is found after d20 (Lindeman 1947). At that time this enzyme has attained its 
final distribution in the ganglion, bipolar and receptor ceils, as weil as in the plexiform 
layers (Macri and Reboilo 1965). At the time ofhatching, the increase in acetylcholine 
and acetylcholinesterase, as weil as the increase in the numbers of binding sites for 
a·bungarotoxin, have come to an end; the latter have attained maximum concentration 
and are reduced to 1.5 fmol up to d3pp, while the transmitter 5 h after hatching shows 
a sudden decrease of 12.5 'Y to 5'Y/g retina (Lindeman 1947; Vogel and Nirenberg 1976; 
Wang and Schmidt 1976; Ramirez 1977). The adult number of binding sites for a-bun­
garotoxin is attained on d7pp (Wang and Schmidt 1976). 

Biogenic amines seem to be represented before d12, when the monoarninoxidase 
is found to be faint and just begins to increase. On d18, this enzyme has attained its 
peak and aperiod of maximum activity foilows, which lasts up to d7pp. The adult 
level is attained by a decrease from d7 to d14pp (Suzuki et al. 1977). On d6, ornithin­
decarboxylase, a characteristic enzyme of GABA production, shows high activity, but 
decreases sharply until d12, whereas glutamic acid decarboxylase, which stands for 
another GABA pathway, is low (de Meilo et al. 1976). Perhaps in connection with this 
fact, GABA is accumulated in the retina by two systems of different kinetics on d9 
(Tunnicliff et al. 1975). Its concentration has reached half of its maximum on dll and 
further increases up to the stage of hatching, but at the beginning of d18, nearly all 
GABA is produced from glutamic acid (de Meilo et al. 1976). Between d17 and d20, 
GABA differs from most other free amino acids in that its concentration increases (Pa­
santes-Morales et al. 1973). From the two systems for the uptake of GABA, only the 
one with low affinity is present at 3Wpp (Tunnicliff et al. 1975). 

Glutamine is one of the amino acids which along with GABA increase after d17 
(Pasantes-Morales et al. 1973); the level of glutamotransferase activity corresponds to 
the adult one on dl pp (Rudnick 1959). Cysteine sulphinate decarboxylase, indicating 
taurine synthesis, increases threefold between d10 and d7pp; its main increase can be 
found between dll and d17 (Pasantes-Morales et al. 1976). On d15, hydroxyindole-O­
methyltransferase is demonstrated for the first time, an enzyme which is characteristic 
of indolearnine metabolism (melatonine synthesis) in the pineal organ. The increase is 
still continued on d21, but at a lowered rate, and even at 2Wpp, its activity has attain­
ed only half of its adult level after a 30-fold increase since d15 (Wainwright 1979). 

Cyclic AMP is detected in the retina on d6 in a concentration of 10 pmol/mg pro­
tein. An increase, which is normaily found between d16 and 18, can be elicited on d7, 
when doparnine is administered. At the hatch, an abrupt rise to 20 pmol is noted. The 
concentration of cGMP is 30-fold lower, but shows an increase of up to 4.5 pmol at 
hatch (de Mello 1978; Fletcher and Chader 1978). The cGMP-phosphodiesterase de­
creases specifically on d8, but rises from d14 up to hatch. This rise is paraileled by a 
decrease in the cGMP level (Chader et al. 1974; de Meilo 1978). 

While it may be supposed that early GMP levels are involved in events leading to 
ceil division, the increase of cGMP and cAMP at the onset of visual function suggests 
a role in neural processes. 

Adenosine triphosphatase (apyrase) reaches a first peak on d8 and a second peak 
on d15 (Coulombre 1955). In the outer segments, ATPase activity increases at the 
time of hatching (Yew et al. 1975). 
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On d8, the concentration of phospholipids, N-acetylneuramine acid, and of the 
ganglioside GDla increases, while GDlb and GD3 drop to adult level until dll, when 
the first phase of neuramine acid and ganglioside synthesis is fmished (Dreyfus et al. 
1975). Nevertheless, the activity of enzymes indicating ganglioside (Iactosylceramide) 
synthesis is highest on this day (Dreyfus et al. 1977). The second phase of increase, 
about d16, is characterized by neuraminic acid, phospholipids and the gangliosides 
GM3 and GM1 while GQ and GQ1 decrease. A thlrd phase does not begin before the 
3rd Wpp (Dreyfus et al. 1975). 

Retinol receptors are present in the retina and in the pigmented epithelium on 
dll, before outer segments are formed (Wiggert and Chader 1975), and for d14, meta­
rhodopsin is reported to be localized in the retina whereas no contact between the 
neural retina and the pigmented epitheliallayer seerns to occur; the rhodopsin content 
now starts with a hyperbolical increase. Metarhodopsin 11 is found 1 day later (Mason 
and Bighouse 1975). On d 19, rhodopsin is detected by spectrophotometry and may be 
extracted. Maximal value of its amount is attained on d4pp (Witkovsky 1963). 

In the receptor cell inner segment of d5, a golden-yellow pigment which is similar 
to that of the oil droplet in the double cone main element can be shown spectroscopic­
ally. There is an increase in oil droplet material on dll, but this is not yet visible (Coo­
per and Meyer 1968). For the first time colorless oil droplets can be seen light micro­
scopically on d13 (Coulomb re 1955). Two days later, the whole retina content ofred 
astaxanthin as indicative of single cone inner segments increases rapidly (Cooper and 
Meyer 1968), and is paralleied by an increase in the size of astaxanthln droplets as weIl 
as by a concomitant reduction in the number of these droplets. On d17, astaxanthln is 
found in inner segments all over the retina (Coulombre 1955). 

2.3.6 Differentiation of Specific Activity 

As early as d7 (Hanawa et al. 1976) or d8 (Geoto 1950) a small positive potential is 
found to be evoked by light stimulation. Since this happens long before the differen­
tiation of specific retinal structures, it is assumed that the pigmented epithelium is 
responsible for this reaction. By d16 the PlI wave can be discemed as the first com­
ponent of the electroretinogram (Goto 1950). One day later, not only a typical early 
receptor potential is found, which subsequently gains in size (Hanawa et al. 1976), but 
the first true ERG consisting of al -, az-, b-, and d-waves (Rager 1979). This author 
stresses the variation between individuals: similar reactions were found in other speci­
mens not earlier than d18. In addition a c-wave is found on d18 (Ookawa 1971a, b), 
when Hasama (1941) recorded an embryonic electroretinogram. By this day, on and 
off responses as weIl as individual responses to single light flashes also appear (Peters 
et al. 1958). On d19, when still the same components of the ERG are reported, the 
latency is twice as large as that of the adults, and the size is smaller (Goto 1950; BIo­
zovski 1971a; Witkovsky 1963). 

At that stage there are the first reactions to flicker light, similar to those of the 
hatchling (Peters et al. 1958). It should be mentioned here that the first behavioral re­
action to light stimulation was found between d18 and d20 (Kuo 1932). 

On d20, a postnatal ERG is being formed (Garcia-Austt and Patetta-Queirolo 
1961), and the b3 -component appears (Witkovsky 1963). There is a behavioral reac­
tion to 1 min of light (Oppenheim 1968). Up to d21, the ERG has constantly increas-
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ed in size, the b-wave showing a sudden threefold increase, while the c-wave does not 
change its size of 100 IlV (Goto 1950; Witkovsky 1963;00kawa 1971b;00kawaand 
Takahashi 1971). On and off responses to sustained stimuli and individual responses to 
single light flashes are recorded in the eye and in the tectum (Peters et al. 1958). A 
maximum in ERG response on d5pp is followed by a decrease (Goto 1950), while a 
growth phase of the c-wave begins, lasting from d6pp to dlOpp (Ookawa and Taka­
hashi 1971). On d7pp, the initiallatency of the ERG equaIs that of the adult retina 
(Blozovski 1971a). 

Amigration of the epithelial cell pigment can be observed as a result of an illumi­
nation by sunlight on d4pp. It attains its maximum at 2Mpp (Hasama 1941). 

2.4 Differentiation of the Retina in the Mouse, Mus musculus 

2.4.1 Proliferation and Migration 

Mitoses are regularly found on dl1 and earlier; at this time, ganglion and amacrine 
cells begin with their last cell cycle, which will be completed on d17 (Sidman 1961a) 
and the production of cone receptor cells seems to have started (Carter-Dawson and 
LaVail 1979). The first ganglion cells fmish their migration on d12 (Hinds and Hinds 
1974). On d13, many horizontal cells leave the mitotic cycle (Sidman 1961a) and the 
first rod cells are generated. Cone cell production reaches a peak on d14, followed by 
a sharp decline. From d17 onward, there is no further production of cone cells. Rod 
cell generation has its peak on the day of birth and comes to an end on d5pp (Carter­
Dawson and LaVail 1979). Müller cells and bipolar cells complete their last cell cycle 
on d4pp, at least those of the most central region (Blanks and Bok 1977). There are 
no further mitoses after d6pp (Sidman 1961a; Caley et al. 1972). 

2.4.2 Tissue and Cell Shape; Layering 

On dll, the retina is still in its optic cup stage (Sidman 1961 a) and a nerve-fiber layer 
will be identified from d12 on (Hinds and Hinds 1974). With d14, a decrease in inner 
neuroblast layer thickness begins, which will last up to d41pp and is probably due to 
cell degeneration (Blanks and Bok 1977). One day later, only ganglion cells and their 
neurites are layered. In the region ofthe inner neuroblasts, precursor cells of ganglion, 
amacrine, and horizontal cells are found. Among horizontal and receptor cells, others 
have been discovered which lack long vitreal processes and will presumably be inter­
plexiform cells (Hinds and Hinds 1976, 1978). On d16, the inner plexiform layer 
appears (Bhattacharjee and Sanyal 1975), which on the following day is seen as a dis­
tinct region, made up of mainly tangentially orientated processes (Hinds and Hinds 
1978). 

At the time of the birth, the retina consists of 16-20 rows of cells, the ganglion 
cell layer comprising two rows (Sorsby et al. 1959). Now the amacrine cells, too, are 
layered (Olney 1968a) and receptor cell inner segments surpass the outer limiting 
membrane (Caley et al. 1972). An outer plexiform layer is recognized in electron 
microscopic preparations by d4pp (Olney 1968a), under the light microscope on d6pp 
(Orr et al. 1976), and 1 day later it is found to consist of neurites and dendrites. At 
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this time some receptor cells are considered to be degenerating (Caley et al. 1972). 
From d5pp onward, the inner nuclear layer decreases by 50% up to dl5pp, while the 
inner plexiform layer increases (Fisher 1979). In C3H mice, degeneration in the retina 
is found on dll pp; on d15pp a remarkable loss of nuclei in the receptor ceIllayer is 
observed, which has been reduced to a single row by d17pp (Zinunermann and East­
ham 1959). 

2.4.3 General Differentiation 

Along the vitreal as weIl as along the scleral border of the optic cup, the enzyme dia­
phorase, taken to indicate enhanced differentiation, can be demonstrated for the first 
time on d12. On the following day, its activity rises in the whole retina, especially in 
theganglion cells. On d16 it is found within these, mainly vitreal to the nuclei, on the 
day of birth also scleral to them, and increases at least up to d4pp (Bhattacharjee 1977). 

The region where the plexiform layer will arise is characterized by the occurrence 
of carboxylesterase (Bhattacharjee and Sanyal 1975) on d13. Desmosomes can be ob­
served in this layer on dlpp. In the horizontal cells diaphorase is ofmedium intensity 
on the day of birth and increases thereafter (Bhattacharjee 1977). In the future re­
ceptor ceIls, the radiosensivity (LDso up to d13: 3800 rad) will be reduced from this 
day on (Lucas 1961). Diaphorase activity is localized at the apical border of receptor 
cells on dl4pp, in the inner segments not eadier than d7pp, when it is also found in bi­
polar cells (Bhattacharjee 1977). 

A faint PAS and alcian blue reaction can be obtained in receptor cells on d9pp, in­
dicating the production of polysaccharides. Five days later, outer segments become in­
creasingly PAS-positive and are surrounded by an alcian blue-positive coat. This in­
crease lasts at least until d30pp (Zimmermann and Eastham 1959). The cells of the 
pigmented epithelium display PAS-positive material on d5pp (Kadi 1961). By d30pp 
the amount of the latter is reduced (Zimmermann and Eastham 1959). 

On d5pp, retina cells are no longer sensitive to cyclophospharnide, as it was the 
case before (Foerster and Lierse 1975). 

2.4.4 Specific Structural Differentiation 

On d12, the first ganglion cells start a visible differentiation by the production ofaxo­
nal sprouts, becoming unipolar (Hinds and Hinds 1974). On the following day, den­
drite-like processes are formed (Hinds and Hinds 1978). The first amacrine cell proc­
esses are found on the day of birth, when they already form immature synapses. True 
synaptic junctions in the inner plexiform layer are reported for d3pp, when ganglion 
and amacrine cells also form subsurface cistems (Olney 1968a, b). The synaptic junc­
tions are of the conventional type and show the first rate of increase (004/1000 f..Lm3 /h) 
up to dlOpp (Fisher 1979). On dlOpp conventional synapses have attained a density 
of 85/1000 f..Lm3 , which equals 49 synapses per amacrine or interplexiform cell, and 
mature at an enhanced rate in the inner plexiform layer; now the first se rial synapses 
and bipolar cell terminals as characterized by synaptic lamellae appear too (Olney 
1968a, b; Fisher 1979). Between dl pp and d15pp, the rate of conventional synapse 
increase rises to 1.2/1000 f..Lm3 /h, that ofthe bipolar cell synapses to 004/1000 f..Lm3 jh, 
with their small ovoid ribbons becominglonger(Olney 1968b;Fisher 1979). On dl5pp, 
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the density of conventional synapses has reached the level of 223/1090 J.J.In3; this 
equals 252 synapses per amacrine or interplexiform cell, while only 45 ribbons per 
1000 J.J.In3 or 49 per bipolar cell have been counted; they will, however, increase to 
113/1000 J.J.In3 after d16pp (Fisher 1979). Conventional synapses ofthe inner plexi­
form layer are added at a reduced rate on dl8pp. Then bipolar cell terminals are no 
longer discemible from adult ones and are no longer formed after d20pp (Olney 
1968a). 

The ftrst synapses between horizontal and bipolar cells in the outer plexiform lay­
er are reported for dlOpp. As soon as d2pp, however, the ftrst primitive receptor ter­
minals are characterized by synaptic vesicles and synaptic lamellae and 2 days l~ter 
they show a synaptic spindie (Olney 1968a, b). On d5pp, in addition to what has been 
found before, the receptor cell terminals acquire synaptic densities, asymmetrie mem­
brane thickenings, synaptic cleft material, and postsynaptic dense projections; that 
means that they possess everything to provide for mature synaptic sites. All invaginat­
ing dendrites stern from horizontal cells. Dyads as well as multiple synaptic lamellae 
are found on d6pp (Blanks et al. 1974a; Olney 1968a). On d7pp, the terminals show 
the typical adult triadic conftguration (Olney 1968a) and even in rd mice with geneti­
cally programmed cell degeneration dyads are formed up to this date. But du ring the 
following days, no triadic conftgurations will appear in rd mice (Blanks et al. 1974a). 
(In view of the fact that dyads have been formed in an otherwise normal receptor 
terminal, one might ask whether it is really the receptor cell which causes the de­
generation. It is the bipolar cell process which lacks in triad conftguration. The sub­
se quent degeneration of the receptor cell might be due to the lack of an induction nor­
mally exerted by the process.) By dlOpp, the majority ofreceptor cell terminals show 
triads and synaptic spindles; they are fully developed by d12pp (Olney 1968a, b) or 
d14pp (Blanks et al. 1974a). 

By d12pp the receptor cell inner segment is characterized by Golgi elements and 
ER as well as by an ellipsoid, which, however, is far from being adultlike (de Robertis 
1956). 

As a ftrst indication of the outer segment, a ciliary stalk is noted to protrude from 
the inner segments on dlpp; and on d3pp, its apical part becomes balloon shaped. The 
ftrst disks appear on d6pp (Olney 1968a). They only displaya few intramembraneous 
particles, which are supposed to represent visual pigment (Olive and Recouvreur 1977). 
On the following day, the outer segments enclose 20 disks (Caley et al. 1972). 

Parallel to an increase in the number of disks, an increase in the density of intra­
membraneous particles (= visual pigment?) can be found (Olive and Recouvreur 1977). 
On dll pp, the rate of outer segment disk production is higher than in the adult retina, 
while the rate of disk shedding is about 15% that of the adult; this results in a net length 
increase of the outer segments. A rise in the disk production rate to 1.6 times of the 
adult retina results in aperiod of a particular sharp rise in the outer segment length, 
which lasts up to d17pp (LaVail 1973). On dl4pp, the length of the outer segment 
equals that of the inner segment (Sorsby et al. 1959), disks are regularlyand densely 
packed, and the density of the intramembraneous particles has increased (Olive and 
Recouvreur 1977). The phase of enhanced outer segment growth comes to an end on 
dl7pp, but the adult relation between outer segment disk production and disk shed­
ding is not attained before the 4th Wpp (La V ail 1973). 
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2.4.5 Neurochemical Differentiation 

As a first neurochemie al agent, acetylcholinesterase is histochemically localized in 
ganglion cells at the date ofbirth. On dlOpp, it is demonstrated in the inner plexiform 
layer (Bhattachorjee and SanyalI975). 

On dlpp, an increase in GABA and glutamine as weIl as a sharp rise in glyeine con­
tent is observed; the latter will last up to d8pp, when a rise of taurine begins. The gly­
eine decrease comes to an end by dl5pp, and a phase of glutamine decrease begins 
(Orr et al. 1976). 

The activity of adenylcyclase amounts to 25 pmol/mg protein/min at dl pp and 
rises to 50 pmol on dlOpp, which is about adult level. But it is only from d5pp on that 
it can be stimulated by dopamine. After an initial increase the content of cAMP shows 
no further change from d13 on (Lolley et al. 1974). The overall amount of ATPase 
is found to be 3 rnM/g dry weight (cf., in the adult retina it is 8-10 rnM/g). By d20pp 
C3H mice show a decrease in the amount of retinic ATPase (Lolley and Racz 1972). 

2.4.6 Differentiation of Specific Activity 

As the first indication of an electroretinogram, a small b-wave is recorded on dl2pp; 
when high intensity stimulation is applied, a small a-wave is visible as weIl. Two days 
later, distinct a· and b-waves are recorded (NoeIl1958). The first study on ERG devel­
opment ever done revealed the first potential differences in the 14d-old neonatal mouse 
(Keeler et al. 1928). According to this study, the ERG has attained adult shape in 
4 Wpp; the size, however, is stilliower. 

2.5 Differentiation of the Retina in the Rat, Rßttus norvegicus 

2.5.1 Proliferation and Migration 

Mitoses can be found in the scleral zone of the retina at the central and peripheral re­
gions between d13 and d7pp (Detwiler 1932; Zavarzin and Stroeva 1964; Braekevelt 
and Hollenberg 1970; Kuwabara and Weidman 1974). The duration of the cell cycle in 
the neonatal rat is 28 h (Denham 1967). On d3pp, a decline in mitotic activity begins, 
and on d7pp there are no mitoses at all (Detwiler 1932; Weidman and Kuwabara 1969; 
Braekevelt and Hollenberg 1970) or only at the ora serrata (Berkow and Patz 1964). 

2.5.2 Tissue and Cell Shape; Layering 

On dl1, the formation of the optic cup is in progress (Braekevelt and Hollenberg 1970), 
but at the same time the onset of morphogenetic cell death has been reported (Silver 
1976). One day later, the formation of the optic cup is completed (Kuwabara and 
Weidman 1974), the fissura optica is formed, and the rate of necrotic cells decreases 
(Silver 1976). The whole retina then is an undifferentiated epithelium with an indica­
tion of a nerve-fiber layer (Berkow and Patz 1964). On d15, this layer is composed of 
numerous neurites (Kuwabara and Weidman 1974; Raedler and Sievers 1975). The 
innermost two or three rows of the neuroblastic layer have round nuclei, and by d16 
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or 17, layering starts in ganglion cells (Braekevelt and Hollenberg 1970; Kuwabara and 
Weidman 1974). The beginning of an inner plexiform layer is reported for d17 (Raed­
ler and Sievers 1975) or dI8/19, by inward migration of ganglion cells (Braekevelt and 
Hollenberg 1970). At this time it is composed of only short and thick cytoplasmic pro­
trusions, but shortly before birth, more and more different processes appear (Raedler 
and Sievers 1975). On dlpp, the ganglion celllayer is still made up ofseveral rows of 
cells (Schmidt 1973), and on d2pp, they are the only cells to be layered, but amacrine 
cells show signs ofbeginning differentiation (Denham 1967). 

A receptor cell inner segment is visible in Golgi preparations on dlpp (Morest 
1970). At d4pp, when bipolar and amacrine cells may be distinguished from each 
other, an outer plexiform layer appears (Detwiler 1932; Schmidt 1973; Raedler and 
Sievers 1975). It is distinct on d5pp (Braekevelt and Hollenberg 1970) and at light 
microseopie level on d6pp (Detwiler 1932). Up to d9pp, both plexiform layers have 
increased in thickness and are now represented even in peripheral regions (BraekeveIt 
and Hollenberg 1970). 

The Müller cells, which on dIS begin to extend horizontal processes and on d3pp 
separate receptor cells, fill all intercellular spaces in the inner plexiform layer on 
dl0pp, which therefore appears more compact (Weidman and Kuwabara 1968; Kuwa­
bara and Weidman 1974). Though bipolar cells are said to lag behind (Raedler and 
Sievers 1975), the light microscopic aspect ofthe retina is now adultlike (Berkow and 
Patz 1964). On d21 pp, the retina displays regional differences in the pattern of 3 H­
uridine labe1ing between the anterior and the posterior pole (Yew 1979). 

2.5.3 General Differentiation 

On d14, all retinal cells contain a lot of polysomes and single free ribosomes. In the 
ganglion cells, the volume of which increases, cisterns of the endoplasmic reticulum de­
velop, as well as lots of mitochondria and conical protrusions directed to the vitreous. 
Müller cells show sER, a Golgi zone, and lipid inc1usions; they are supposed to be phago­
cytotically active (Kuwabara and Weidman 1974). As early as d13, ventricular cells are 
characterized by the accumulation of mitochondria, by microtubuli, and by centro­
somes. A number of growth cones is found to sprout from the bipolar-shaped cells 
(Raedler and Sievers 1975). On d16, all neuroblasts contain polysomes and a Golgi 
apparatus (Spira 1974). By d20, a polarization ofthe ganglion cells is expressed by the 
fact that mitochondria, Golgi apparatus dense bodies, rER, and neuroftlaments appear 
concentrated in the dendritic part of the cells. 

From the cells of the inner nuc1ear layer axon hillocks sprout. They contain mito­
chondria, Golgi lamellae, and rER; mitochondria and ER are also found in the now re­
cognizable horizontal cells. In future inner segments, ribosomes, mitochondria, and 
centrosomes are present on d18 and still on the day of birth; microtubuli are located 
vitreal to the nuc1eus (Weidman and Kuwabara 1969; Raedler and Sievers 1975; Gal­
bavy and Olson 1978). One day later, there is a microvillous contact to the pigment 
cells (Morest 1970). 

Cellular tight junctions connect developing receptor cells on d13 as well as at birth 
(Weidman and Kuwabara 1969; Kuwabara and Weidman 1974; Raedler and Sievers 
1975). On d5pp, the junctions in the inner plexiform layer may be nonsynaptic as weH 
as synaptic precursors (Weidman and Kuwabara 1969). 
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While alkaline phosphatase is not found at all, acid phosphatase can be localized in 
ganglion cells on dl pp. Three days later, this enzyme is also demonstrated in amacrine 
cells, and in bipolar and cone receptor cells on d7pp. While it also appears in rods on 
dll pp, it is still in its phase of increase in bipolar and amacrine cells (Schmidt 1973). 

On d13, the inner and the outer nuclear layer are bordered by histochemically de­
tected enzymes, which, in the following, are taken as indicative of a general metabolic 
activity and enzymatic differentiation (Hellström 1956, cited after Coulombre, 1961; 
Berkow and Patz 1964; Utermann 1964; Wolff 1969). On d17, three layers ofoxida­
tive enzymes (succinic dehydrogenase, lactic dehydrogenase, TPN and DPN diaphorase) 
are found in the retina and the pigmented epithelium. In ganglion cells, NADH-dia­
phorase is concentrated in a cap at the nerve-fiber site; in the nerve-fiber layer cyto­
chemical reactions are weak. The receptor cells showareaction which is sirnilar to that 
of the ganglion cells. 

On the day of birth, there is a strongly LDH- and diaphorase-positive cap in the 
ganglion cells, which is orientated toward the inner plexiform layer; now bipolar cells, 
too, are LDH-positive in a cap which is directed toward the vitreal part ofthe retina. 
In the inner plexiform layer, a moderate activity of succinic dehydrogenase and glu­
cose-6-phosphate dehydrogenase is found; the former is now stronger in the receptor 
cells. One day later, SDH appears in inner segments and is stilliocalized there on d4pp 
when horizontal cells show LDH. On d7pp, the oxidative enzymes show high activity 
in the rods and the pigmented epithelium, but less activity in the plexiform layers, and 
weak activity in the nuclear layers. 

On d9pp, the outer plexiform layer is characterized by a high activity of diapho­
rase, LDH, SDH, and glucose-6-phosphate-dehydrogenase. Additionally, SDH is found 
in the inner plexiform layer and in the ellipsoid. On dlOpp, the oxidative enzymes 
show high activity in the pigmented epithelium, the outer and inner segments, the 
ganglion cells, and all neurite layers. Synchronously, the activity of malate dehydro­
genase and glycerinaldehyd-3-phosphate dehydrogenase begins to rise. Two days later, 
G-6-PDH has become distinct in the inner plexiform layer, showing a stratification 
similar to unspecific esterases. On d14pp, LDH, MDH, and DPN are highly active in 
the pigmented epithelium, the ellipsoid, the plexiform layers, and the ganglion cells. 
SDH is moderately active in the outer segments as the TPN is in the pigmented epithe­
lium, the outer plexiform layer, and in ganglion cells and their neurites. On dIS, the 
LDH is sirnllar to that of the adult retina. The activity of 5-nucleotidase can be de­
monstrated histochemically after d18; on d4pp, it is present in receptor cells and on 
d8pp in the zone of the outer plexiform layer. Unspecific esterases are found in the 
ganglion cells not earlier than d9pp; and by d2lpp their amount and distribution in 
these cells is adultlike. 

From d3pp to dlOpp, the rate of anaerobic glycolysis remains constant. It is fol­
lowed by an increase between dlOpp and d14pp; there is no further change. From 
d5pp to d8pp, a constant rate of aerobic glycolysis is found. It is followed by an in­
crease between d12pp and d3Opp; then there is no further change (Graymore 1959). 
It becomes clear that metabolie activity is lower in young than in adult retinae (see 
also Cohen and Noell 1960). The respiratory capacity of the retina is doubled within 
the 2 weeks following d7pp, but an increase will be found until d30pp (Graymore 
1960; Utermann 1964). 

Free amino acids by d30pp have not yet attained adult level and are still subject 
to fluctuation (Macaione et al. 1974). 
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On dlpp, ganglion cells and the inner plexifonn layer are seriously damaged by 
irradiation with 500 R, but receptor cells become pycnotic then and degenerate 
(Schmidt 1973). While for d3pp, the retina as a whole is said to have become more 
sensitive to 200 R than it was before (Mock et al. 1975), for d4pp no effect of 500 R 
on ganglion, amacrine, and receptor cells is reported; only the bipolar cells become 
pycnotic (Schmidt 1973). On d7pp, irradiation with 500 R is entirely without damag­
ing effect (Schmidt 1973), but receptor cells are still sensitive to a laser beam (Yew 
and Chang 1977). 

After dlpp, the effect of cyclophosphamide (the production of rosettes of de­
generating receptor cells) will be reduced, and from d5pp on, it is completely abolish­
ed (Foerster and Lierse 1975). 

2.5.4 Specific Structural DifferentÜItion 

The fIrst ganglion cells are.found on dIS (Raedler and Sievers 1975). By d17, the gang­
lion cells develop conical protrusions with ER, which will develop into dendrites (Ku­
wabara and Weidman 1974). Amacrine cell processes follow after d18; and on d3pp, 
ganglion cell dendrites ramify in the inner plexifonn layer (Raedler and Sievers 1975), 
where perhaps synaptic precursors are found 1 day later. A true differentiation of this 
layer, however, is not reported before d8pp, when synaptic vesicles and synaptic rib­
bons appear (Weidman and Kuwabara 1969). By dlOpp or dllpp, there are synaptic 
junctions, the number of which increases (Spira 1974; Raedler and Sievers 1975). 

On d4pp, increasing numbers of Müller cells are found to contain glutamine syn­
thetase, and on d7pp, their processes are detected in alllayers of the retina (Riepe and 
Norenberg 1978). 

Processes grow out of the horizontal cells and a receptor cell terminal develops, 
characterized by synaptic sites, vesicles, and ribbons on d6pp (Weidman and Kuwabara 
1969). But as soon as the day of birth, mitochondria migrate into the receptor ceil 
inner segment. By d6pp, mitochondria, polysomes, ER, and Golgi lameilae can be de­
tected (Bok 1968). Two days later, the inner segmet has elongated, and an ellipsoid 
is weil developed (Galbavy and Olson 1978). 

On d5pp or d6pp, the fIrst disks are fonned by evagination of flat saccules. The 
number of those increases then (Bok 1968; Weidman and Kuwabara 1969). In the 
scanning electron microscope, the outer segment can be seen as a bulbous expansion 
by d8pp (Galbavy and Olson 1978). On dll pp a phase of enhanced growth begins, and 
on d12pp the fIrst phagosomes are produced (one to three per 200 IJ.ID of outer seg­
ment length) (Detwiler 1932; Tamai and Chader 1979). On dl4pp, after having com­
pleted the phase of rapid growth the rods have nearly reached adult size (Berkow and 
Patz 1964) and are adultlike as far as ultrastructural aspects are concemed (Raedler 
and Sievers 1975; Bonting et al. 1961). One day later, they show a length of 11-13 IJ.ID 
(Dowling and Sidman 1962); a circular rhythm of phagosome production begins (Ta­
mai and Chader 1979). The adult length is fmally reached on d21pp (Berkow and Patz 
1964; Weidman and Kuwabara 1969), but phagosome production attains its fmallevel 
of 30-40/200 IJ.ID not earlier than d30pp (Tamai and Chader 1979). 
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2.5.5 Neurochemical Differentiation 

Acetylcholinesterase is found in the inner plexifonn layer on d7pp (Spira 1974) or 
d8pp, and will be localized in bands (Wolff 1969). On d21 pp, it is still found in this 
region, but not in the outer plexifonn layer (Spira 1974). 

Even at birth, there is a rising level of GABA concentration, which is followed by 
a sharp increase on diSpp; the fmal state is reached on d30pp (Macaione et al. 1970). 

Beginning on the date of birth, glutamate increases threefold up to d30pp and 
glutamine synthetase 20-fold (Macaione and Cacioppo 1971). The latter enzyme is said 
to occur only in Müller cells (Riepe and Norenberg 1978). It increases between d9pp 
and dl7pp, when it attains a 25-fold level; after this day there is no further change 
(Chader 1971; LaVail and Reif-Lehrer 1971). While there is a graded decrease in the 
concentration of glutamine after d7pp, a rise in glutamate dehydrogenase begins, 
which will result in an II-fold increase up to d60pp (Macaione and Cacioppo 1971). 
On dIS, two enzymes involved in the glutamate metabolism have reached maximum 
activity (Macaione et al. 1973). 

Between d6pp and dlOpp, the uptake of 14 C-glycine from the surrounding me­
dium increases by 50%; then it remains constant, while the incorporation into retina 
protein decreases at this time and after d12pp (Reading 1965). 

The first neurochemical substance to appear is hydroxy-indole-O-methyltrans­
ferase, an enzyme of the melatonin metabolism, which had previously been found in 
the pineal organ only; it can be demonstrated on d17. By d30pp, its activity has reach­
ed a plateau (15.9 and 12.1 pmol/melatonin/h in the male and the female respectively) 
(Cardinali and Rosner 1971). 

Cysteine sulphinate decarboxylase, which is active in the synthesis of taurine, in­
creases between d13pp and d30pp, especially up to d20pp (Pasantes-Morales et al. 
1976). 

At birth, the activity of adenylate cyclase begins to increase, and after d25pp it re­
mains at adult levels; it is mainly localized in the inner nuclear layer (Farber and Lol­
ley 1977). On d7pp, the amount of phosphate in the retina is 6.2 p.g/h/mg wet weight. 
Of this, 3.2 p.g are attributable to Na+-, K+-activated ATPase, which is less than halfthe 
adult value (Towlson 1964). 

Rhodopsin is first detected on d6pp, and is soon characterized by an increase. On 
dl2pp, it can be extracted in significant amounts. Two or three days later, the amount 
of visual pigment is halfthe maximum. By d21pp, the rhodopsin content in the whole 
retina reaches a plateau, but the adult level of 8 x 10-4 p.mol per eye is attained only 
in the 6th Wpp (Bonting et al. 1961 ; Dowling and Sidman 1962). 

2.5.6 Differentiation of Specific Activity (Fig. 2) 

An a-wave with a size of only 50 p.V appears as a first sign of an electroretinogram on 
d9pp. On dlOpp, the threshold is 10000 times that ofthe adult. The fast initial wave 
is then followed by a slow cornea-negative wave; the amplitude is 75 p.V. Two days 
later, the rise ofthe ERG has increased, and in addition to the a-wave a positive b-wave 
appears, but is still rather insensitive. The ERG is completed by a prominent b-wave on 
diSpp, and its threshold is reduced to 1000-fold that of the adult. On dl8pp, the ERG 
is alm ost adult in size (1000 p.V) and the threshold is only tenfold adult. On d22pp, a­
and b-wave level off and by d3Opp, the a-wave reaches a plateau; the b-wave attains its 
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Fig. 2. a Correlation of electroretinogram amplitude development (a-wave, b-wave) in the postnatal 
rat with the amount of rhodopsin per mg of whole eye (Rh.Img) and rhodopsin content per eye 
(Rh.leye)' b Correlation of the length of whole rods and outer segments in central and peripheral 
areas in the postnatal rat. (Bonting et al. 1961) 

final level during 6Wpp, when the ERG increases from 1200 to 1500 p.V (Bonting et 
al. 1961; Dowling and Sidman 1962; Hellner and Utermann 1965). 

Before the first ERG can be demonstrated, an avoidance behavior is noted as the 
first reaction to light on d8pp (Detwiler 1932). 

2.6 Differentiation of the Retina in Man, Homo sapiens 

The development of the human embryo or fetus is differently staged, by days, weeks, months, 0·: 

crown-rump-length. Discrepancies between authors are thereby increased. Another source of dis-
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crepancy is the difference between development processes in foveal and extrafoveal regions, the 
former showing partly an acceleration, partly a delay, in its development; not a1l authors explain 
from which part of the retina their data derive. 

2.6.1 Proliferation and Migration 

Mitotically active cells are found from d24 (2.5 mm) on (Seefelder 1910; Barber 
1955; Duke-EIder and Cook 1963; Mann 1964; O'Rahilly 1975). At a length of 
100-120 mm there are still some mitoses (Rhodes 1979), but after this stage, there 
will not be any more (Hollenberg and Spira 1973). 

2.6.2 Tissue and Cell Shape; Layering 

By d24 (2.5 mm) an optic vesicle has been formed; the future retina ceIls are a mere 
epithelium of elongated cells (Seefelder 1910; Duke-EIder and Cook 1963; O'Rahilly 
1975). At 4W (4-4.5 mm) the retina consists of eight to nine rows of cells and is 
0.09 mm thick (Mann 1964). At 8W (20-23 mm) adult thickness is attained and from 
now on the retina only grows by extension of its surface (Duke-EIder and Cook 1963). 
At 12W (60 mm), the macula and fovea, which, up to this time, were in advance of the 
rest of the retina, slow down and will lag behind the more peripheral regions (Duke­
EIder and Cook 1963; Barber 1955). Layering is distinct at 26W (Horsten and Winkel­
mann 1962). At birth, the more peripheral regions of the macula and the nonmacular 
retina are well developed (Duke-EIder and Cook 1963). 

A nerve-fiber layer is formed at 5W (5-7 mm) (Seefelder 1910). In the 9th W 
(30-31 mm) the optic chiasma formation is completed but in the central region of the 
macula a nerve-fiber layer is still lacking at birth (Duke-Elder and Cook 1963). At 
300 mrn, the ganglion cell layer comprises one row of cells only (Seefelder 1910). In 
the fovea, ganglion cells have nearly vanished by 4Mpp (Duke-EIder and Cook 1963). 

Amacrine cells are distinguishable from ganglion cells by 10W (Mann 1964), and 
at 7M, there are numerous pycnotic nuclei among them (Kolmer 1936). 

Before an inner plexiform layer is formed, the layer of Chievitz appears, which, in 
the 7th W separates an outer and an inner neuroblast layer (Mann 1964; Spira and 
Hollenberg 1973). Even at 8W, it also contains perikarya (Rhodes 1979, Fig. 3a). In 
the 9th W the Iayer of Chievitz disappears and a true inner plexiform Iayer (Fig. 3b) 
is being formed (Spira and Hollenberg 1973). The Chievitz Iayer persists in the macula 
and has its greatest extension in the 8th M, but at birth it is reported to have disappear­
ed there (Duke-EIder and Cook 1963). 

An outer plexiform Iayer appears at 10W (Spira and Hollenberg 1973) and is dis­
tinct under the light microscope in the 100-120 mm fetus (Barber 1955; Mann 1964). 

Bipolar cells begin their layering extrafoveally at 12W (Seefelder 1910) and are 
weIl identified alöng with horizontal cells at 23W (Rhodes 1979). At 4 Mpp, they have 
nearly vanished in the fovea (Duke-EIder and Cook 1963). 

Müller cells are the first ones to be recognized; they are found at 4W, along with 
the outer limiting membrane (Seefelder 1910). By 8W they are present in aIl existing 
layers (Rhodes 1979). 
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Fig. 3. a Formation of the layer of Chievitz (eh) in the 41-mm human fetus. Ganglion cells (G) are 
still found in the outer neuroblastic layer. b 61-mm human fetus. By clearing of cellular nuclei the 
layer of Chievitz is transformed into an inner plexiform layer (IPL). The arrow indicates horizontal 
and vertical cellular processes. (Rhodes 1979) X 320 
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2.6.3 General Differentiation 

At 5W, the cytoplasm of the ganglion cells is already argyrophilic (Rhodes 1979). In 
these cells, pyronine positivity, as indicative of Nissl substance, shows a marked in­
crease at 4M (83 mm) (Nakayama 1957). In extrafoveal ganglion cells, the ftrst Nissl 
bodies are seen in the 8th M (Seefelder 1910). In the cone inner segments, RNA is de­
tected at SM (150 mm)(Nakayama 1957). 

At 6W the fusiform cells of the undifferentiated retina are interconnected by zoo 
nulae adhaerentes (Hollenberg and Spira 1973). In the 9th W, gap junctions, macula 
adhaerentia, and zonulae adhaerentes and occludentes are found in the retina and the 
pigmented epithelium (Fisher and Linberg 1975), but there are also junctions connect­
ing retina and pigment layer (Hollenberg and Spira 1973). At lOW, terminal bars (Ya­
mada and Ishikawa 1965) and desmosomes are reported for receptor cells; the latter 
are present up to a length of 100mm; at 150mm they have disappeared (Lerche 1963). 

The ftrst pigment granules appear in the pigmented epitheliuin as early as 5W (See­
felder 1910). 

2.6.4 Speci[ic Structural Differentiation 

A scarce formation of ganglion cell neurites is found in the 7th W (Seefelder 1910); 
from now on they begin to invade the optic stalk. In the following week they reach 
the proximal part of the optic stalk, and some of them are near the neural tube; and 
at 8W, the formation of the optic chiasma begins. After its onset in the telencephalon, 
the myelination of the optic tract has advanced up to the optic chiasma at 7M, and at 
birth has reached the lamina cribrosa (Duke-EIder and Cook 1963). 

The ftrst ganglion cell dendrites are produced in the 9th W (Seefelder 1910). In 
the inner plexiform layer, synapses are reported to appear at 12W (Spira and Hollen­
berg 1973), whlIe S.K. Fisher (1973, Development of the human retina, Abstract 
ARVO spring meeting, personal communication) did not fmd differentiated contacts 
even at 16W. According to both authors, conventional and ribbon synapses have de­
veloped at SM. In the outer plexiform layer, synapses are found at 4M (Hollenberg and 
Spira 1973). 

In cone terminals which have not extended yet, invaginations, synaptic junctions, 
synaptic vesicles, and synaptic lamellae are found; the latter appear either in connec­
tion with synaptic sites or float freely (Linberg and Fisher 1978). At 4M (83 mm), the 
cone cell terminals are characterized by synaptic vesicles and synaptic lamellae (Hol­
lenberg and Spira 1973). At 100 mm, synaptic ribbons and synaptic vesicles are widely 
distributed. Synapses in rod terminals are found at SM (Hollenberg and Spira 1973J. 
Nearly at the same time, horizontal cell and bipolar cell invaginations form a triadic 
arrangement (Fisher 1973). In the 23W /200-mm fetus the cone terminals are spheroid 
and contain few mitochondria, few synaptic vesicles, and few dendritic invaginations; 
furthermore, ribosomes and tubuli are found. At 7M, the terminal has enlarged and 
comprises more dendritic invaginations and more synaptic vesicles (Yamada and Ishi­
kawa 1965). 

By 10W, receptor cell inner segments are recognized by an accumulation of mito­
chondria, polysomic ribosomes, ER, a Golgi system, and two centrioles. Cilia grow out 
of the latter (Yamada and Ishikawa 1965; Hollenberg and Spira 1973). Subsurface 
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cistems are formed in adjacent cones at 12W (Linberg and Fisher 1978). Ciliary root­
lets are seen at 100 mm (Hollenberg and Spira 1973). At 23W, mitochondria, ER, and 
ribosomes are localized in their deftnite positions. An ellipsoid is present at 7M, and in 
the 8th M inner segments are no longer different from adult cells (Yamada and Ishi­
kawa 1965). 

A primitive outer segment consisting mainly of ciliary tubules does not appear be­
fore 23W (Yamada and Ishikawa 1965), or 26W (Fisher 1973). At 7M, it is composed 
ofirregularly orientated tubular structures (Yamada and Ishikawa 1965). 

2.6.5 Differentiation of Specific Activity 

It is in the 8th M that the ftrst, incomplete electroretinogram can be recorded; it con­
sists of an a- and a b-wave. Up to the 3rd Mpp, a continuous increase can be noted 
(SamSon-Dollfus 1968). At birth, an electroretinogram is regularly found and has de­
veloped a- and b-components; the amplitude is lower than in the adult (Horsten and 
Winkelmann 1962; Samson-Dollfus 1968). Fourteen hours after birth, a positive off 
effect can be elicited (Fisher and Linberg 1975). 

2.7 The Phases of Differentiation (Fig. 4) 

In all the species considered here, processes of general and speciftc differentiation start 
when proliferation is still in progress. This is not unexpected, because the degree of 
maturity - as it has been known for a long time - is different in different zones of the 
retina. The most central part in the fundus of the eye (= posterior pole) is the most ad­
vanced, and the most peripheral part, near the ora serrata, lags behind most of all. New 
cells are added from the periphery (cf., e.g., Weysse and Burgess 1906; Müller 1952; 
Baburina 1956; Straznicky and Gaze 1971; Hollyfteld 1972; Wagner 1972; Kunz and 
Wise 1974; Baburina et al. 1977; Carter-Dawson and LaVailI979). Functional maturity, 
however, as demonstrated by the presence of ERG-like potentials, is normally attained 
only after the end of all mitotic processes in the retina. Only for Xenopus are mitoses 
reported for a very late stage, long after the structural and functional maturation have 
been achieved. 

General differentiation begins as soon as the optic cup is formed and proliferation 
has come to an end in the centrally located cells. The onset of general differentiation is 
immediately followed by an onset of speciftc structural differentiation; in Gallus it is 
even preceded by this phase. Only in Xenopus does there seem to be a time lapse be­
tween general and speciftc differentiation, lasting, however, for some hours only. 

Without exception, the ftrst sign of speciftc differentiation is the outgrowth of 
ganglion cell neurites. In Tilapia and the mouse, other speciftc events follow consider­
ably later. The further sequence of speciftc development will be treated in detail be­
low. 

The speciftc chemie al differentiation begins in Xenopus earlier than the structural 
differentiation. In all other cases it starts later. Its most important part, however, is al­
ways paralleled by that of general and speciftc differentiation. In the chick, the cholin­
ergic system is the ftrst neurochemical system to appear. In Xenopus, the rat, and the 
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mouse, GABA is the fIrst component. But tbis may well be a question of the investiga­
tions having been or not having been done in tbis area. 

The appearance of speciftc physiologie al functions is the last phase to begin. In 
man, it starts very late, when an other phases have long before been completed. Per­
haps tbis is a consequence of the difftcult accessibility of living human embryos before 
the 8th month; the fIrst ERG rnight be present earlier. 

Neither the switch from embryological to larval stages in Tilapia and Xenopus, nor 
the process of metamorphosis in the latter, nor the date of birth in the marnmals and 
in man seem to have any bearing on the development of the retina or the retinal func­
tion. In the retina of the precocial bird Gallus, however, an developmental processes 
wbich occur within the egg shell seem to be adjusted in such a way as to guarantee the 
ability to see assoon as the cbick leaves the egg. Tbis seems to be even more emphasiz­
ed in the duck and the quall (Heaton 1973; Heaton and Munson 1978). In the rat and 
the mouse, essential parts of the retina development are extrauterine, thus differing 
from the guinea pig (cf. Bornschein 1959; Spira 1975, 1976). In the sheep the fIrst 
visual pigment is found on day 85 of gestation, while the term is after 145 days (Hög­
lung, Nilsson and Schwemer, personal communication). In man, structural differentia­
tion starts very early, whereas retinal activity is found rather late, but both processes 
are intrauterine. As these differences found in mammalian species are not restricted to 
retina development, but represent a more profound diversity, they will not be further 
speculated on here. Apparently, among the species treated in this article, only Gallus 
and Homo are capable of receiving light impulses (seeing?) at hatch or birth, respec­
tively. Xenopus cannot see when the larva hatches (about st. 38), and Tilapia also de­
velops its ability to see only at the larval stage. 

2.8 Temporal Sequences 

From the appearance of early nineteenth century works till now, a developmental 
sequence of retina differentiation proceeding from vitreal to scleral zones has been the 
accepted scherne. It was mainly based on the light rnicroscopic impression of layering 
and overt cellular differentiation or on the sequence of the last rnitotic cycles witbin 
the retina (e.g., Babuchin 1863; Weysse and Burgess 1906; Mann 1928; Barber 1955; 
HollyfIeld 1972; Hughes and LaVeIle 1974; Kunz and Wise 1974). More recently, how­
ever, it was pointed out by electron rnicroscopic or other studies (OIney 1968b; Mo­
rest 1970; Kahn 1973a) that this sequence is not always strictly vitreo-sclerad. 

The set of data presented here offers an opportunity to test the concept of a 
vitreofugal sequence on a species as weIl as on a comparative level. 

There can be no doubt about a vitreofugal gradient oflayering (Fig. 5). The gang­
lion cells are invariably the fIrst to begin with the layering, followed by the inner plexi­
form layer and the amacrine ceIls, and the bipolar cells are regularly among the last 
ones. In most cases, however, the outer part of the retina, the receptor ceIls, and the 
outer plexiform layer begin their layering before bipolar cells do so. The vitreo-sclerad 
sequence extends merely to the bipolar ceIls, not further. There are difftculties in de­
terrnining the onset oflayering and, subsequently, differences among the authors occur. 
Therefore the notion of vitreo-sclerad development was tested by applying other types 
of data. 
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Fig. S. Time of layering as indicative of light microscopically recognizable onset of düferentiation 
in the six species in question. Blaek dots show fIrst reported onset of layer formation of each of 
the layers shown at the left border (re, receptor cells; opl, outer plexüorm layer; he, horizontal 
cells; be, bipolar cells). A sequence is apparent between ganglion cells and bipolar cells, while outer 
plexüorm layer and receptor cells mostly do not continue this sequence. A vitreo-sclerad temporal 
gradient extends only up to the bipolar cells 

These items, which have been selected according to the functional pathway within 
the retina, but also according to the availability of pertinent data, are: 
Ganglion cell: 

1. Neurites 
2. Dendrites or inner plexiform layer 

Inner plexiform layer: 
3. Synapses, conventional or ribbon 
4. Synaptic vesicles 
5. Components of transmitter systems as localized in the inner plexiform layer or 

other parts of the retina 
Receptor terminal: 

6. Dendritic invaginations (mostly horizontal cell) 
7. Synaptic junctions 
8. Synaptic ribbons 
9. Synaptic vesicles 

Receptor cell inner segment: 
10. Ellipsoid, or general aspect 

Outer segment: 
11. Disks 
12. Visual pigment 

Adult functions: 
13. Electroretinogram 
14. Behavioral or other light responses different from 13. 
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Fig. 6. Time of first appearance of selected retinal structures, substances, and events in the six 'spe­
eies as well as averaged for all of them. The various items 1 through 14 as listed on p. 32 are re­
presented by dots andarranged (encircled) as follows: 1,2 ganglion cell; 3-5 inner plexiform layer; 
6-9 receptor cell terminal; 10 inner segment; 11,12 outer segment; 13,14 visual function. For dis­
cussion see text 
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In Fig. 6, the fIrst reliable statement of any of these items is indicated, without re­
gard to the discrepancies between the authors as well as to temporal shifts between dif­
ferent zones of the retina. Again, only the most central zone has been considered. 

As stated above, in all cases the ganglion cell neurites (1) are the fIrst structures to 
appear. (Xenopus offers an exception insofar as GABA is present even at an earlier 
stage, but no precise localization is given, and it certainly does not function as a trans­
mitter at this stage.) Ganglion cell dendrites (2) follow soon, and it may be said that 
differentiation of the retina in fact starts with the ganglion cells. 

No clearly graded development can, however, be found for the functional sites of 
the inner plexiform layer and the receptor cells (3-12). Apart from differences in de­
tails, which cannot be discussed here, these functional sites appear more or less syn­
chronously, leading to the sudden appearance of the physiological maturation of the 
retina (13,14). 

While the receptor cells mostly differentiate within a short temporal range (6-12), 
the time span for the inner plexiform layer is broader, due to the relatively earlyap­
pearance of transmitter substances. But in general there is no great temporal shift be­
tween the inner plexiform layer and the receptor cells; in some cases it is even a syn­
chronous development of both. However, the ERG and other responses often evolve 
after a certain delay, which is probably due to the fact that their appearance - or their 
registration - needs a larger amount of mature cells. 

There are tendencies to a sclerally directed sequence. Ganglion cell and bipolar 
cell dendrites invariably appear after their axons, and bipolar cell ribbon synapses ap­
pear later than amacrine cell conventional synapses. But the concept of a scleropetal 
advancement of retina differentiation, based on light microscopic observation, has to 
be replaced for the development of functionally important sites by a three-step model: 
1. Differentiation begins in the ganglion cells 
2. Simultaneous development in interneuronal and receptor cells 
3. Appearance and development oflight responses as indicative of a mature retina 

From this result it must be concluded that layering and functional differentiation 
are two processes which are not bound to be interconnected in a direct way. 

In the following, the possibility will be tested that not the beginning of differen­
tiation, but the end, the attainment of functionability, reveals a scleropetal gradient. 

In order to compare the ages when the fIrst cells achieve functional maturity, a 
scale is introduced, on which the completion of the eye cup represents zero and the 
onset of an ERG or a light response is 100. Thus the relative distances of any matura­
tional event can be measured. This has been done in Fig. 7. Apparently, there are clear 
species differences ~ the sequence of the maturation of different cell types. (This will 
b~come still more pronounced when horizontal cells are included. In all known cases, 
they attain maturity before bipolar cells do so.) While only Gallus and Homo fIt the 
old idea of an outwardly directed progress, in Tilapia, Mus, and Rattus the bipolar cells 
are the last ones to attain maturity. In Xenopus, both types ofintermediate neurones 
are the latest to mature. Again, the only feature common to all species is the fact that 
the ganglion cell is the fIrst one to attain maturity, as it was the fIrst one to start differ­
entiation, and the fIrst one in layering. 

In spite of the differences, these data were averaged, and, for a generalized verte­
brate scheme, a temporal gradient between the inner and the outer half of the retina 
results, but again, the receptor cells are more advanced than the bipolar cells. 
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Fig. 7. Relative time of maturation in the ganglion eells (ge), amacrine eells (ac), bipolar eells (be), 
and reeeptor eells (re) in eaeh of the six speeies and as averaged (f!J). On the ordinate scale, 0 is the 
point of eye eup formation and 100 represents fIrst appearanee of an ERG or light response. Again 
there is a sequential gradient between ganglion eells and bipolar eells, the reeeptor eells being most­
ly more advanced than the latter 

To summarize, by regar<ling the attainment of function, we also come to the con­
clusion that the concept of an outwardly directed differentiation must be abandoned 
in favor of a development in clusters, ganglion cells - intermediate neurones - re­
ceptor cells. Physiological maturity is achieved neither gradually, in a unidirectional 
sequence, nor synchronously. This result leads to the suspicion that the development 
of function in the tissue "retina" is not so much a matter of coordination and regula­
tion, but is rather brought about by a program inherent to the single cells. 

3 Specific Differentiation 

3.1 Receptor Cell Inner Segment Formation 

The reeeptor eell inner segment is essential for the metabolie and energetie requirements of the 
specifIc part of the receptor cell (Rodieck 1973). Furthermore, there are specifIe components - an 
"oll droplet," subsurface eisterns, and others - which suggest a specifIc participation in the proc­
esses of reception. 

In the following, the development of the inner segment will be summarized for 
the teleostsHaplochromis (Rohrschneider 1975), Ti/apia (Grün 1975, and unpublished 
results), and Poecilia reticu/ata (the guppy; Berger 1964; Wise and Kunz 1977); for 
Ambystoma (Detwiler and Laurens 1921) and other amphibians (Carasso 1958); the 
chick (Meller and Breipohl 1965; Meller 1968; 01son 1972, 1973, 1979; Meller and 
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Tetzlaff 1976; Mishima and Fujita 1978); the mouse (De Robertis 1956; Feeney 1973); 
the rat (Bok 1968; Feeney 1973; Galbavy and Olson 1978); the dog (Hebel 1971); the 
rhesus (Smelser et al. 1974); and Homo (Yamada and Ishikawa 1965; Hollenberg and 
Spira 1973). 

At first the inner segments appear as spherical apical extrusions of the future re­
ceptor cells, characterized by ribosomes, polysomes, microtubuli, and some mitochon­
dria (Fig. 8). Some cisternae of the endoplasmic reticulum, usually of the granular 
type, are present, and a Golgi apparatus is formed, scleral to the nucieus. Over a cer­
tain period of time, the amount of ER and ribosomes increases, but most conspicuous 
is the increase in the number of mitochondria. They are orientated, more or less paral­
lel to the long axis of the receptor cell, and accumulate in the apical region. In the gup­
py, thereby a sclero-vitreally directed gradient in size and complexity arises. In the 
fmal stage, a true ellipsoid has been formed, consisting of densely packed mitochondria. 

With the beginning of inner segment formation, two centrioles are found in its 
apical part, arranged at right angles. Later, one of them, which is to form the outer seg­
ment, produces cil:iary rootlets. At this time, microvilli have appeared and increase in 
length and number, surrounding the apical part of the inner segment. Later on, some 
of them become the calycal processes. 

In the chick, the paraboloid takes its origin from vesicles and cisternae of the endo­
plasmic reticulum, which then form a network of increasing extent and complication. 
Only in the latest stages do glycogen granules appear in and between the vesicles. Ac-

Fig. 8. Developing cones in a 76-day gestation retina of Macaca mulatta. Ribosomes and ER are 
characteristic of cells of this stage. The cytoplasm apical to the large nucleus (n) is progressively 
filled with mitochondria (m), while the basal cytoplasm protrudes between processes of the outer 
plexiform layer (arrows). Bar = 10 /.Im. (Smelser et al. 1974) 
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cording to Carasso (1960), in the urodelan Pleurodeles, the ER profIles disappear when 
glycogen particles accumulate. 

Fig. 9. Formation of subsurface cisterns in double cone inner segments (dis) of Tilapia leucosticta 
by fusion of flattening ER vesicles. Bar = 0.5 ILm 
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The development of the so-called oll droplet of cone or double cone inner seg­
ments has been studied in the chick and amphibia. Coulombre (1955) described the 
fusion of many sm aller fatty or lipid droplets - the origin of which is not known - as 
one big oll droplet in the chick. This explains the observation by Cooper and Meyer 
(1968) that inner segment pigment material may spectroscopically be detected long 
before being visible. A yeilow carotenoid, galloxanthin, and the red astaxanthin, which 
are characteristic of the double cone accessory element, the main element, and the 
single cones, respectively, appear in this sequence on different days. Oll droplets are 
usually confmed to cones, but in the frog, Rana, they occur in some future rods, 
which are therefore assumed to pass a cone-like stage (Yoshida and Ninomiya 1967). 
Cone-like stages in rods have also been suggested for Ambystoma (Detwiler and Lau­
rens 1921), Xenopus (Kinney and Fisher 1978b), and the rat (Brockhoff 1957). Sub­
surface cistems, which are typical of teleostean double cones, but are also found in ad­
jacent cones of the human eye (Linberg and Fisher 1978), are formed by a synchron­
ous fusion and flattening ofvesicles. This process offusion occurs very early, coexten­
sive to the region where the two elements of a double or a twin cone touch very inti­
rnately (Fig. 9) (Berger 1967; Ahlbert 1973; Grün 1977a; Linberg and Fisher 1978). 

3.2 Receptor Cell Outer Segment Formation 

In the fIrst electron microscopic study of outer segment formation De Robertis (1956) 
described the outer segment of the mouse retina as taking its origin from tubuli and 
vesicles which he regarded as the "morphogenetic material" for disks. This material 
was said to derive from the cilium growing out of the inner segment and by flattening 
and elongation to lead to the formation of disks. Later (De Robertis and Lasansky 
1961) he stated that the "subsurface membrane actively participates in the formation 
of primitive rod sacs." The formation of outer segment disks from tubules and vesicles 
was subsequently reported for the chick (Meiler 1964, 1968), the rat (Weidman and 
Kuwabara 1968, 1969), the dog (Hebel 1971), the cow (Mason et al. 1973), and per­
haps the rhesus (Keefe et al. 1966), as weil as for the regeneration of disks after outer 
segment loss (Dowling and Gib bons 1961). 

As early as 1959, however, Lanzavecchia described the disk formation in Xenopus 
as being the result ofunidirectional invagination ofthe plasma membrane. Working on 
several amphibian species, Carasso (1958, 1959) described membrane infoldings, but 
stated that disks are formed out ofvesicles. 

According to the careful study of Nllsson (1964) in the leopard frog, Rana pipiens, 
the fIrst indication of disk formation is a funnel-shaped invagination of the plasma 
membrane around the ciliary connecting piece. While being sclerally displaced, this in­
vagination enlarges and gives rise to a flattened saccule, a disko Vitreal to it, new invagi­
nations and new saccules are formed. No signs of vesicles were found. Sirnilar ways of 
disk formation were later described for man (Yamada and Ishikawa 1965), the rat 
(Bok 1968; in vitro: LaVall and Hlld 1971), the mouse (Olney 1968a), the guinea pig 
(Spira 1975), the rabbit (McArdle et al. 1977), the cat (Vogel 1978a, b), several other 
mammals (Anderson et al. 1978), the chick (Govardovsky and Kharkeevich 1965, 
1966). Xenopus (Kinney and Fisher 1978b), the teleosts Tilapia (Grün 1974, Fig. 6), 
and Poecilia reticulata (Wise and Kunz 1977), the ammocoetes larva of an unknown 
cyclostome species (Vinnikov 1969), and even for the larval eye of the ascidian Ama-
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Fig. 10. Schematic illustration of the process of outer segment formation in the tadpole retina 
(Rana pipiens). A centriole approaches the inner segment plasma membrane (A) and a ciliary stalk 
is produced (B). The expanding ciliary stalk is invaginated (C) and shifted sclerally, thereby en­
larging to form a disko This process is repeated (D-F). (Nilsson 1964) 
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roucium constellatum (Bames 1974). Furthennore it was found in the stirnorgan of 
the tree frog Hyla regilla (Eakin and Westfall 1961), and in fact, tbis paper was the 
first to show disk fonnation by membrane invagination. 

As apparently species differences cannot be made responsible for the existence of 
two models of disk fonnation, this process is either subject to variation within the spe­
eies, or a choice has to be made. At present all indications are in favor of disk fonna­
tion by membrane invagination. Apart from the discrepancy as to the origin of the 
disks, the process of outer segment fonnation is quite weIl agreed upon, and the follow­
ing summary can be given (Fig. 10): On two sites of the apical cell membrane ofthe 
inner segment, infoldings are produced, which are directed to the nearest one of the 
centrioles, wbich nonnally forms a right angle to the apical cell surface. The infoldings 
stop before reaching the centriole. Simultaneously, the centriole grows out and pro­
duces a ciliary stalk, wbich is a true ciliurn, but, in contrast to the centriole, lacks the 
two central tubuli. 

In certain tele osts, but also in man, a so-called accessory outer segment is found 
(Munk and Anderson 1962), the ultrastructure (Yacob et al. 1977) and development 
(Grün, unpublished work) of which are similar to that of a nonnal outer segment up to 
the moment when disk production begins. It may be said that the accessory outer seg­
ment differs only in that disks fall to develop. 

The apical part of the cilium enlarges and assumes a balloon shape. Then - by in­
vagination or vesicle fusion - saccules are produced, which, in the case of rods, detach 
from the plasma membrane and give rise to the disks. In the cones they remain con­
tinuous with the plasma membrane. Though these membranes derive from the inner 
segment, a change in membrane composition seerns to occur, as is suggested by a study 
of Bridges and Fong (1979), who showed by the application oflectins that membranes 
from the base of the outer segment differ from those of the inner segment. The disks 
increase in size by fusion or re arrangement of membrane material among infoldings 
wbich are not yet detached. Synchronously, the disks are shifted sclerally and another 
series is produced. According to Ditto (1975) disks in the cone outer segments of Am­
bystoma are produced simultaneously, not successively, and the same may be the case 
in adult and larval Xenopus (Kinney and Fisher 1978a, b, c). Questions of this kind as 
weIl as the closely related problem of disk regeneration and shedding in the adult outer 
segment have been extensively reviewed by Young (1976) and shall not be dealt with 
here. In the double cones of the teleost Tilapia leucosticta, disks were found to be de­
tached in vertical groups ofthree or four, wbich remain together as a unit (Grün 1974). 
Disk production is always directed excentrically to one side of the cilium (see also Gal­
bavy and Olson 1978). Often a transition occurs from vertical to horizontal orienta­
tion. 

A few differences other than those already mentioned are observed between rods 
and cones in the earliest stages. 

The rapid increase in length following the fIrst appearance of disks is accompanied 
by an increase in volume, wbich, in Xenopus, has been calculated to occur at a constant 
rate for at least 2 weeks (Kinney and Fisher 1978b). Finallength and veJocity of growth, 
however, are regulated by a varying relation in the rates of production and shedding 
(LaVallI973). 

Parallel to tbis increase in length and volume an increase in visual pigment content 
is noted. For Xenopus Witkovsky et al. (1976) was able to show an increase in the 
total rod outer segment volume and in the amount ofvisual pigment molecules in the 
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whole eye between s1. 39 and st. 58. Nevertheless the visual pigment concentration re­
mained constant. The number of molecules/Jlm3 outer segment amounted to 2.28 x 
106 at st. 39 and 2.29 x 106 at s1. 58, thus clearly showing a parallelism between 
membrane addition and visual pigment incorporation. Retinol has its highest concentra­
tion in the pigmented epithelium and occurs as free alcohol. According to Wiggert and 
Chader (1975) it binds to a limited number of binding sites on receptor molecules, 
which are present long before outer segments appear. On the other hand the opsin has 
been reported to be of inner segmentalorigin in the frog by Papermaster et al. (1975). 
It is a membrane-bound molecule which is transported to the apical part of the cell 
and incorporated into the plasma membrane. Here retinol is apparently bound to a 
lysine residue of the opsin (Bownds 1967). Bok et al. (1977) describe the rhodopsin 
biosynthesis as beginning at inner segment ribosomes where opsin starts to migrate to 
the outer segment. During this migration it is glycosylated. At the base of the outer 
segment it is conjugated with retinol and incorporated into newly forming disk mem­
branes. 

By application of the freeze-fracture technique in the mouse, Olive and Recouv­
reur (1977) showed that dlusters of particles, thought to represent visual pigment, are 
incorporated into already existing disks (Fig. 11). In adult IOds, however, these parti­
des were found in definite number and distribution in newly formed disks, too. That 
disks might exist without visual pigment as an essential component is also suggested 
by an observation of Witkovsky et al. (1976). Vitamin A (retinol) deficiency during 
larval stages of tadpoles of vitamin A deficient mothers led to a visual pigment re duc­
tion by 75% while the structural integrity of the outer segment was unaffected. This 
might be explained in the way that opsin may be incorporated into the disk mem­
brane, but due to the lack of retinol no functioning visual pigment is formed. There 
are, however, reports showing the importance of retinol for the existence of disks: In 
the mouse (Dowling and Gibbons 1961) and the lizardSceloporus (Eakin 1964), lack 
of vitamin A causes degeneration of the disks, at least partially, having no other ef­
fects. This may be comparable to the observation that in the absence of a pigmented 
epithelium only a few, abortive disks are produced (Hollyfield and Witkovsky 1974). 
Silverstein et al. (1971) even state that most cases of retinal dysplasia occur due to 
the absence of the normal contact to the adjacent normal pigment epithelium. A cor­
relation between retinal dysplasia and abnormal retina-pigment epithelium relations is 
reported for man by Fulton et al. (1978). 

An interesting ecological and phylogenetical circumstance is presented by the fact 
that in some fishes and amphibians, larvae show the same preponderance of porphyr­
opsins as freshwater teleosts do, while in postmetamorphie animals only rhodopsin is 
found, as it is the case in terrestrial vertebrates. In the bullfrog (Rana catesbeiana), this 
change is attained by the mere fact of metamorphosis, as could be shown by stimula­
tion of premature metamorphosis (Wilt 1959). A summarizing review on these and re­
lated phenomena is given by Bridges (1972). 

The influence of light is not necessary for the complete receptor differentiation in 
Hyla regilla (Eakin 1965) and Tilapia leucosticta (Grün 1979) and can also be denied 
for phagosome pToduction in fetal guinea pigs (Spira and Huang 1978). Hollyfield and 
Raybom (1979), however, presentedevidence that in Xenopus, outer segment develop­
ment occurs faster in continuous light than in a light-dark cycle, and here faster than 
in continuous darkness. 
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Fig. 11. Freeze fracture preparation of mouse outer segment, d8pp. Alternating fracture faces (EF, 
Pp) are exposed. Intramembraneous particles thought to represent visual pigment are aheady 
found at one fracture face (PP), but their number is low as compared to later stages. Bar = 0.1 ~m. 
(Olive and Recouvreur 1977) 
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3.3 Receptor CeU Terminal Fonnation 

At the onset of its general development, the receptor cell terminal is a small cytoplas· 
mic stripe, vitreal to the nucleus. It mainly contains ribosomes, either free or arranged 
as polysomes. Someprofllesorvesieles oftheER may occur, as well as dendritic growth 
cones. Microtubuli are mentioned by some authors only. With the proceeding develop­
ment, the number of ribosomes increases, but later it is distinctly reduced. These ge­
neral observations apply to the cichlid Tilapia (Grün 1975), Xenopus (Grün, unpublish­
ed work), the chick (Meller 1968; McLaughlin 1976a), the mouse (Olney 1968a, b), 
the rhesus monkey (Smelser et al. 1974), and man (Yamada and Ishikawa 1965; Hol­
lenberg and Spira 1973; Spira and Hollenberg 1973). In the course of the further de­
velopment, the terminal region steadily increases in volume. 

In some cases (chick: Meller 1964; rat: Weidman and Kuwabara 1969;cat: Vogel 
1978a; rhesus: Smelser et al. 1974) this process seerns to be preceded by an outgrowth 
of cytoplasmic processes from the basal ceU surface. The number and branching of 
these processes increase while they penetrate, more or less deeply, the now originating 
outer plexiform layer where they intermingle with processes from the intermediate 
neurones. 

The latter ones contact the processes or the broad terminal surface. In either case, 
subsequent depressions of, and invaginations into, the receptor terminal occur. It seerns 
to be a general rule that the fIrst two horizontal processes form a dyadic arrangement, 
postsynaptic to a terminal synapse. It is only later that abipolar cell dendritic process 
enters as a central element, thus yielding a triadic configuration (Tilapia: Grün 1980; 
Xenopus: Chen and Witkovsky 1978; Rana catesbeiana: Nilsson and Crescitelli 1969; 
chick: Meller 1964; McLaughlin 1976a; mouse: Blanks et al. 1974a; rabbit: McArdle 
et al. 1977; cat: Vogel 1978a; rhesus: Smelser et al. 1974; man: Linberg and Fisher 
1978). For Xenopus (Chen and Witkovsky 1978), the rabbit (McArdle et al. 1977), 
and the human retina (Hollenberg and Spira 1973; Spira and Hollenberg 1973) the 
existence of a single postsynaptic process during early stages has been reported. In 
Xenopus, changing relationships between the number of dendritic invaginations and 
synaptic ribbons were found. 

As a consequence of invagination, synaptic sites are produced along the more and 
more extending basal receptor cell surface. In the chick (McLaughlin 1976a,b), pre­
and postsynaptic membranes are situated in a parallel order, and the fonner is thicken­
ed. The characteristic arciform density appears at those points where the two or three 
postsynaptic processes touch the presynaptic membrane. Synaptic eleft densities and 
postsynaptic dense projections, as shown by the ethanolic-phosphotungstic acid tech­
nique, arise in the following. Later on the stainability is enhanced. In the course of re­
ceptor terminal development, the lectin concanavalin A (McLaughlin and Wood 1977) 
as well as the wheat germ agglutinin and ricinus agglutinin (McLaughlin et al. 1980) 
bind to synaptic membranes, but also to the undifferentiated receptor ceU membrane. 
After hatching, when adult structure of the receptor terminals can be assumed, only 
nonsynaptic membranes bind the lectins. Thus differentiation of synaptic sites is sup­
posed to lead to a masking of corresponding binding sites. Martinozzi and Moscona 
(1975), however, describing similar phenomena in dissociated cells ofthe chick retina, 
suggested a decrease of the lateral mobility of lectin receptors. The occurrence of bind­
ing sites at nondifferentiated membranes only might be correlated to a role in the 
process of differentiation or in the process of specific recognition. 

43 



In the same species, Meiler and Tetzlaff (1977) stated by the use of the freeze­
fracture technique that presynaptic membranes show increasing amounts of synapto­
pores which may represent synaptic vesicles. On dendritic outer membrane surfaces 
aggregations of particles were found which form a lattice structure after some time. 
These particles may be interpreted as transmitter receptors. 

In nearly all of the hitherto mentioned species, synaptic vesicles, when formed for 
the first time, are low in number and occur either freely distributed or as a vesicle halo 
around a synaptic ribbon. 

Origin and development of the synaptic lameilae or synaptic ribbons, which prob­
ably serve as a kind of guiding structure for synaptic vesicles, are most controversial. 
The first synaptic lameilae are either found in paranuclear regions (Meiler 1964, 1968; 
Olney 1968a; Smelser et al. 1974), or floating freely in the cytoplasm (Vogel 1978a), 
or at synaptic sites (McLaughlin 1976b; Grün 1980). This has given rise to the assump­
tion that they may take origin near to the nucleus, far from their future sites, to which 
they migrate singly or in clusters later on. In the guinea pig, Spira found the first syn­
aptic ribbons either in a paranuclear region, or in numbers ofup to four at future syn­
aptic sites; in the rabbit, McArdle et al. (1977) observed synaptic lameilae in paranu­
clear regions, or floating freely in the cytoplasm, or rarely in contact with one or more 
postsynaptic processes; in man, Linberg and Fisher (1978) localized them at synaptic 
sites or free in the cytoplasm. These latter observations shed doubt on any theory of 
synaptic lamellae origin, unless one assurnes the existence of different modes of forma-

Fig. 12. Six-day-old Tilapia leucosticta . Receptor cell terminal with synaptic vesicles (sv) and two 
examples of synaptic ribbons at the very beginning of their formation (sr). When these ribbons ap­
pear, triadic configuration of the dendritic invagination is already present. hc, horizontal; bc, bipo­
lar cell dendrite. Bar = 1 /.Im 
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tion in different reeeptors. In Tilapia, Grün (1980) found the very fIrst lamellae - in­
variably the sma11est ones - already and exclusively in their defInite positions (Fig. 12); 
only during later stages were they oeeasiona11y found to be loealized a11 over the ter­
minal up to paranuelear regions. He also doeumented a growth ofthese ribbons, thus 
eonfirming other authors (e.g., Chen and Witkovsky 1978). 

In the mouse (Olney 1968a), the rabbit (MeArdle et al. 1977), and man (Hollen­
berg and Spira 1973), the very first ribbons are already surrounded by a halo of synap­
tie vesieles as it is eharaeteristic of adult stages. Weidman and Kuwabara (1968, 1969) 
deseribed eleetron-dense granules in the rat retina, whieh arise among synaptic vesieles 
and aggregate into synaptie ribbons. Similar illustrations ean be found in Shiragami's 
study (1968) on the ehiek retina. Even amorphous formations or dense bodies made 
up of granulations and surrounded by a Golgi vesiele membrane have been regarded as 
ribbon preeursors (Smelser et al.1974). These struetures, however, bear no resemblanee 
to a synaptie ribbon into whieh they have to be suddenly transformed .. 

At present, no unifying idea on synaptie ribbon formation ean be offered, the less 
as Spadaro et al. (1978) mention a further mode through whieh synaptie lamellae may 
be formed by infolding and detaehment of the reeeptor eell terminal membrane. It is 
assumed here that the pieture is further obseured by the fact that not in every ease 
have the very earliest ribbons or ribbon precursors been deseribed. 

As far as the temporal sequenee by whieh the funetional elements of the reeeptor 
cell terminal appear is eoneemed, there seem to be no regularities. In most eases differ­
enees, however, are due to ineomplete data. The most eomprehensive set of data is 
available for the ehiek. Summarizing a11 data and negleeting minor differenees, one ean 
establish the following sequenee: Contaets formed between the reeeptor terminal 
membrane and processes of the intermediate neurons are followed by the invagination 
of the latter into the terminal. At fIrst, horizontal eell invaginations form a dyad onto 
a synaptie region; later, abipolar eell proeess penetrates, eentral to these, and a triad is 
formed. At the sites of eontaet, membrane thiekenings now mark the position of syn­
apses whieh, in the following, are further eharaeterized by eleft densities and postsyn­
aptic densities. The last struetures to appear are synaptie vesieles and synaptie lamellae. 
This sequenee strietly follows a path from outside the terminal to intracellular events, 
suggesting not only a temporal but also a eausal sequenee. 

Another type of sequence is found in rodents (Mus, Rattus, Cavia), primates 
(Homo, Macaca) and, with eertain deviations, also in the frog (Rana pip. andR. cat.) 
and in the fIsh Tilapia. Again, invaginations are the fIrst features more or less immedi­
ately followed by the appearanee of synaptic lamellae and synaptic vesieles. It is only 
then that membrane thickenings and eleft densities are found. The arrangement of in­
vaginations in dyadie and then triadie form has oeeasiona11y been reported to oeeur as 
the last event. In Tilapia it is fmished before synaptie ribbons are produeed. 

The rabbit, the cat, but also Xenopus lOevis do not start the reeeptor terminal 
differentiation with an invagination of neuronal processes. Here, the ribbons seem to 
be the fIrst struetures. In Xenopus, basal eontaets preeede ribbon formation, but it is 
not eertain whether these are part of the differentiational proeess or only represent a 
consequenee of elose topographie al relationship. Ribbon formation in Xenopus is 
aeeompanied by a halo of synaptic vesieles. Invaginations are formed later on, and the 
maturation of the synaptie membranes is the last step. In the 'rabbit and the eat, syn­
aptic sites appear after or simultaneous to ribbons. Dyadie invagination may also be 
formed at that stage. Triads are preeeded by synaptic vesieles. 
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No doubt, the data are incomplete and do not yet allow final conclusions. The 
"first" appearance of, say, synaptic vesicles is easily overlooked. Perhaps further ob­
servations will establish a clear temporal and causal correlation. At present it can be 
said that the structural components of the synaptic junctions (membrane thickening, 
etc.) mature in elose temporal correlation and that, with exception of the frog and 
two mammalian species, synaptic ribbons and synaptic vesieles always appear simul­
taneously. 

3.4 Formation of Functional Sites in the Inner Plexiform Layer 

The outgrowing neuronal processes separate the hitherto adjacent amacrine from the 
ganglion cells; (there is no study on the conditions of specification and specific con­
nectivity in a neuronal network, which is brought about not by search and encounter 
of formerly separated cell processes, but by aseparation of formerly adjacent ones.) 
Initially, they are loosely packed and give rise to a zone with numerous intercellular 
spaces. These disappear by and by, when more neuronal, but also many Müller cell 
processes invade, producing a very tight package of the rising layer. This has been ob­
served in a teleostean (Grün 1977b) and several mammalian retinae (Weidman and Ku­
wabara 1968; Vogel 1978b; Smelser et a1. 1973, 1974). An enhanced increase of neu­
ronal processes in the Xenopus retina is visualized by a very strong incorporation in 
the inner plexiform layer du ring developmental stages of 3 H-glucosamine, which is 
supposed to be a cell membrane precursor (Hollyfield et al. 1975). While this process 
is taking place, there is a sudden binding of the lectin concanavalin A to the inner plexi­
form layer (Ulshafer and Clavert 1979), suggesting a change in the configuration and 
composition of neuronal membranes. 

Early outgrowths stern from amacrine or ganglion cells, as had been shown for the 
chick retina (Shen et a1. 1956); bipolar cell processes can be discerned by their specific 
terminals only later on (Olney 1968b; Grün 1977b). 

In the primate retina, the layer of Chievitz is formed, which may be regarded as a 
precursor of the inner plexiform layer. Smelser et al. (1973) found in it typical neuro­
nal processes containing neurotubuli, neurofIlaments, ribosomes, and vesieles. The 
appearance of junctional and glial processes marks the transition to the final inner 
plexiform layer, whose processes are supposed to be formed anew. For the human 
retina it was suggested (Rhodes 1979) that this transition is not a resuIt of intracellular 
changes, but is merely a consequence ofthe emigration of ganglion cells from the Chie­
vitz layer. Ganglion cell dendrites and amacrine cell processes meet at various levels of 
the inner plexiform layer. Even under the light microscope, these levels are recognized 
as bands, running through the layer, paralleled to the retina inner and outer surfaces. 
The bands are constituted of synaptic junctions. Other bands are found, made up of 
cytochemically localized acetylcholinesterase (Shen et a1. 1956). Later, synaptic bands 
of bipolar cell junctions are found. 

The formation of synaptic junctions (see Fig. 13) is indicated by the appearance 
of an asymmetrical thickening, eleft densities, and fmally of 40- to 50-nm vesieles elose 
to the junction. This picture has been found to be characteristic of the developing inner 
plexiform layer in the E-PTA treated retina (Grün 1977b). Often, a transition from 
desmosomic to synaptic junctions has been assumed (Spira 1975; Smelser et al. 1974; 
Spira and Hollenberg 1973), but has never been proved. In the rat (Weidman and Ku-
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Fig. 13. Inner plexiform layer of a 76-day-gestation rhesus monkey. Abipolar cell terminal with 
developing synaptic ribbons (arrows) and an immature synaptic junction (si) are seen. Bar = 0.5 Ilm. 
(Smelser et al. 1974) 

wabara 1969; Spira 1974), the guinea pig (Spira 1975), the rhesus monkey (Smelser 
et al. 1974), and man (Spira and Hollenberg 1973) synaptic junctions are formed long 
before synaptic vesic1es appear in adjacent terminals; in Tilapia (Grün 1977b), the 
mouse (Olney 1968a), and the rabbit (McArdle et al. 1977) both structures are sirnul­
taneously formed. 

Whether a maturing junction will be a conventional or a ribbon junction seems to 
be determined by whether it is formed by an amacrine or by abipolar cell (Dowling 
and Boycott 1967). Consequently, ribbon synapses appear after conventional synapses 
have been formed (Spira and Hollenberg 1973; Spira 1974; Cragg 1975; Fisher 1979; 
McArdle et al. 1977; Vogel 1978a). In the mature retina, a ribbon is presynaptic to 
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two or more postsynaptic processes, which may be of amacrine or ganglion cell origin. 
In the developing retina of the rabbit (McArdle et al. 1977) and of man (Spira and 
Hollenberg 1973) stages have been observed where only one postsynaptic process is 
present. In the rabbit it has been observed that, when the second process penetrates 
up to the synaptic site, the membrane thickening spreads from the first to the additio­
nal contact region. When a synaptic site is present - either dyadic or monadic - a 
synaptic ribbon appears, and it is only then that vesicles aggregate at the junction (e.g., 
Weidman and Kuwabara 1968; McArdle et al. 1977; Grün 1977b). It can therefore be 
assumed tilat ribbon synapses are in fact functional only when ribbons are present, but 
not before. 

The development of the number of synapses has been studied in detail by Fisher 
in the frog, Xenopus, and the mouse (1972,1976,1979). Over the whole period of 
retina development in the frog, conventional and ribbon synapses are constantly add­
ed, whlle the number of serial synapses rises suddenly with the onset of metamorpho­
sis. This sudden rise can be prematurely elicited by administration of thyroxine. In 
Xenopus, there is no such increase, but the number of serial synapses remains at a low 
level throughout metamorphosis. The number of conventional synapses increases -
again differing from the results in Rana - in two phases. In the first, which ends with 
stage 47, a rapid accumulation of synapses is found (27 synapses/amacrine cell/h), 
whlle in the second phase only slow addition occurs (3.6/am. cell/h). Ribbon synapses 
have a monophasic increase of 13.7/bipolar cell/h. Whlle they confirm the results for 
the serial synapses, Tucker and Hollyfield (1977), studying synaptic development un­
der different light conditions, found a slight decrease in conventional and a striking de­
crease in ribbon synapses, both occurring late in tadpoles reared in a light-dark cycle. 
In the mouse, Fisher found an initial phase of rapidly increasing synapse numbers, 
which was followed by a plateau phase. The increase of conventional synapses occurs 
at a rate of 0.4-1.2/1000 tLm3 /h, while the rate ofribbon synapse increase is marked­
ly lower. A differentiating amacrine, interplexiform, or bipolar cell forms one new 
synapse every 2.5 h, in later phases every 45 min. The density of se rial synapses re­
mains low. 

An influence of light or darkness on the number of synapses in the early stages of 
the inner plexiform layer development was shown for Tilapia (Grün 1979). 

In the rabbit (McArdle et al. 1977) the number of conventional synapses at first 
shows a slow increase followed by a rapid phase and a final plateau. The number of 
ribbon synapses paralleIs the rapid phase and the finalleveling off. The rapid phase is 
found between day 9 after birth, when according to Raviola and Raviola (1962) the 
rabbit receptor cells have developed all elements, and day 18, when the aspect of the 
retina is adultlike. 

In the retina of the adult goldfish, the number of synapses in the central part still 
increases at a constant rate (Fisher and Easter 1979), thus presumably contributing to 
enhancement of acuity. 

The striking species differences in developmental rates of different types of syn­
apses suggest an underlying functional significance. On different developmental stages 
different ratios of conventional to ribbon synapses are observed. Though the conse­
quences of these different ratios for visual abilities are not fully understood, some in­
ferences may be given here. A high share of conventional (= amacrine cell) synapses 
indicates a reduced degree of direct receptor cell-ganglion cell information transfer 
and more intraretinal processing before the information is conducted to the optic 
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centers. A high share of ribbon synapses indicates a low degree of processing in the 
("primitive" or secondarily simplified?) retina and a stressed importance of optic 
centers in the brain. If this is of any importance to visual characteristics, there should 
be developmental differences in visual abilities, raised by different ratios of synapse 
types. 

In tissue cultures of the chick embryonic retina, Ruffolo et al. (1978) observed 
that certain cells are capable of making synapses onto muscle cells over a short period. 
At the time when this ability no longer exists the already differentiated synapses dis· 
appear. Apparently, synapses are produced in an exceeding amount before specifica· 
tion takes place. Those synapses which are not used at the time of specification (e.g., 
those onto muscle cells in combined tissue cultures) disappear then. The development 
of the retina inner plexiform layer thus provides an illustration of the "specification 
by selection," postulated by Changeux and Danchin (1976). 

3.5 Neurochemical Differentiation 

Neurochemical research in the adult retina is far from being complete, and the increasing amount 
of literat ure on this subject, worth a review of its own, is more likely to complicate the picture 
rather than c1arify it. For detailed reviews see Stell (1972), Rodieck (1973), and Graham (1974). 
A thorough discussion is also provided by Lam (1976). 

3.5.1 The Cholinergic System 

A way of demonstrating the occurrence of the cholinergic system is the cytochemical 
localization of acetylcholinesterase (AChE). This method, however, does not always 
result in a specific proof, but may include other cholinesterases as weIl. In the develop. 
mental stages of the frog (Boell et al. 1955) and the chick (Shen et al. 1956), the 
ganglion, amacrine, bipolar, and horizontal cells were reported to display AChE activi· 
ty. This was confirmed by Spira (1974, 1976) for the rat and the guinea pig, where 
activity was mainly found in the endoplasmic reticulum and in the Golgi system. In 
the outer plexiform layer of the guinea pig it is scarcely found, but increases with the 
thickening of the layer. It is not always found at synaptic sites. Lee et al. (1967) local· 
ized the first AChE activity in the ganglion cells, and then in the inner plexiform and 
nuclear layers. The highest activity was always found in ganglion cells. In the inner 
plexiform layer of the chick, the frog (1. c) as weIl as in the rabbit (Raviola and Raviola 
1962) several bands of AChE were recognized which seemed to be identical with syn­
aptic bands. 

Arecent parallel to this was the localization of muscarinic acetylcholine receptors 
in two bands in the differentiating, and three bands in the adult chicken's inner plexi­
form layer (Sugiyama et al. 1977). For nicotinic ACh receptors, which were observed 
also in the outer plexiform layer, this was shown to be the case by Vogel and Niren· 
berg (1976). 

Apart from cytochemical studies, nearly all data on developmental changes of the 
cholinergic system and its constituents have been obtained from the chicken retina. 

They show an increase of acetylcholine, which occurs in two steps and is parallel­
ed by an increase of muscarinic ACh receptors and of a-bungarotoxin binding sites. 
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For details see p. 14. In the Xenopus retina, the first appearance of ACh is followed 
by a 30-fold increase within 48 h (Ma and Grant 1978). 

The constituents of the cholinergic system show a gradual increase parallel to the 
retina development with a peak, not at the "moment" when functional maturity is 
attained, but at the date ofhatching, Le., when visual function is needed. The decrease 
in ACh and perhaps the concentration of toxin binding sites subsequently found may 
then be regulated by the use of the retina cells. A sequence by which the constituents 
of the cholinergic system appear is not easily established. The synthesis of the ACh re­
ceptors is bound to postsynaptic membranes of ganglion, amacrine, and perhaps bipolar 
cells; the transmitter and the associated enzymes are produced at presynaptic sites. 
The combined system may be synthesized in the chicken retina for the first time on 
day 7. If, on the other hand, the presence of one component is indicative of the whole 
system, one has to assume that as early as day 6 some cells are mature as far as their 
transmitter system is concemed. In fact, nicotinic ACh receptors have been found to 
be synthesized before synapses appear (Vogel and Nirenberg 1976). Subsequently, 
there may be an interdependency of synaptic and cholinergic development. 

3.5.2 Aminergic Systems 

Catecholarnines can be localized cytochernically in synaptic vesicles of the inner plexi­
form layer in Tilapia when the first vesicles appear, Le., at the very onset of specific 
retinal differentiation (Grün 1977b). In the chick, the activity ofthe monoarninoxidase, 
an enzyme which catalyzes several reactions by which monoarninergic transmitters are 
degraded, shows an increase between day 12 and day 18, remains at its highest level 
until 7 days after hatching, and then begins its decrease to an adult level (Suzuki et al. 
1977). Thus it shows an interesting parallel to the cholinergic system. 

In the rat retina the activity of hydroxyindole-O-methyltransferase (HIOMT), a 
characteristic enzyme of the indolearnine system, increases sevenfold between day 17 
and day 30pp (Cardinali and Rosner 1971); in the chick retina its activity rises 30-fold 
from day 15 to day lOpp (Wainwright 1979). At the time of hatching a lowering of 
the increase rate was noted. The role of this enzyme within the retina is unknown. In 
the retina of the Xenopus larva, Baker and Quay (1969) found the 5-hydroxytrypto­
phan-decarboxylase to bepresent, an enzyme which cataIyzes the synthesis of 5-hydroxy­
tryptarnine (serotonin). The activity of this enzyme increases at the time oflarval hatch­
ing, followed by a sudden rise, when the larva begins to swim. At this time, the activity 
of monoarninoxidase is also very high. 

3.5.3 GABA and Other Amino Acids with Transmitter Functions 

In the developing retina of aß species studied so far, an increase of GABA is noted over 
a very long period of time. In the mouse (Orr et al. 1976) it lasts from day 2 after 
birth until day 27, thus differing from glycine (see below). In Xenopus (Ma and Grant 
1978; Hollyfield et al. 1979) GABA was found to be present prior to acetylcholine 
and to increase up to metamorphosis, Le., the increase reaches far into aperiod after 
visual function has begun. In the prehatching chick, Pasantes-Morales et al. (1973) 
found an increase of GABA, paraßeled by glutamate and glycine, but contrasting all 
other free amino acids. 
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An autoradiographie study by Tunnicliff et al. (1975) shows two transport mech­
anisms, a low affmity one and a high affinity one, in the chicken retina on day 9. In the 
3-week-old chick the high affmity system has disappeared. This suggests a rapid differ­
entiation of GABAergic sites in early phases of retina development, thus differing from 
what had been found in the rat (Macaione et al. 1970, 1974), where after a steady in­
crease a sharp rise in GABA concentration is reported for later stages. The two trans­
port mechanisms in the chick retina are paralleled by two synthetic pathways, one 
based on putrescine, and the other starting with glutamic acid; by day 18, only the 
latter will have remained (De Mello et al. 1976). 

Glutamate is not a transmitter of its own but is important as aprecursor of other 
arnino acids, particularly GABA. 

In the chick (Pasantes-Momles et al. 1973), the mouse (Orr et al. 1976), and the 
mt (Macaione and Cacioppo 1971; Macaione et al. 1974) glutamate content increases 
during essential parts of retina differentiation, always paralleling the development of 
GABA. In the rat, similar behavior was observed for glutamine and glutamosynthetase 
(Macaione and Cacioppo 1971). According to Riepe and Norenberg (1978; rat) and 
Norenberg et al. (1980; chick), however, this enzyme occurs exc1usively in Müller cells. 
The glutamate increase in the mouse was found to coincide with the phase of receptor 
cell synapse development; since, however, no loss of glutamate occurred in dystrophie 
animals, any causal correlation remains open to question. 

Glycine shows an increase in the developing retina of the chick (Pasantes-Morales 
et al. 1973), the rat (Macaione et al. 1974), and the mouse (Orr et al. 1976), but 
taurine only in the two rodents. The developmental profIles of thes two arnino acids 
are essentially similar to those of GABA and glutamate. But in the mouse, after an 
initial rise from day 22pp to day 10 pp, glycine clearly decreases, while taurine begins 
to increase on day 6pp only. 

3.5.4 Gangliosides 

The development of gangliosides and phospholipids was studied in the chick retina by 
Dreyfus et al. (1975). They found three phases of N-acetylneurarnine acid (sialic acid) 
formation, one at the onset of retinal cell differentiation, a second du ring receptor cell 
and synapse matumtion, and a third beginning only on day 18 posthateh. While the 
pattern of cellular phospholipids undergoes no changes, stage specific differences in 
gangliosides are detected. 

3.5.5 Cyclic Nucleotide Systems 

Even if the eyelie nucleotides should turn out as having a metabolie rather than a specifie retinie 
role in reeeptor eells, there can be no doubt that a specifie funetion must be assumed for the neural 
part of the retina, as weil as for other parts of the nervous tissue, whieh justifies a consideration of 
this metabolie system in this plaee. 

The developmental profile of the cAMP, level in the chick retina shows a decrease 
after day 10, followed by a rise after day 16. The content in cGMP is 30-fold less 
(Fleteher and Chader 1978; De Mello 1978). In the rat, Farber and Lolley (1977) ob­
served that at the time of synapse formation and functional matumtion the cAMP 
metabolism has come to astate of stability. 
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The activity of mouse retina adenylate cyclase steadily increases up to day IOpp, 
when adult level is attained (Lolley et al. 1974). The activity could be stimulated by 
NaF and dopamine. In the rat, Farber and Lolley (1977) found a fivefold increase of 
adenylate cyclase up to day 25pp. The main activity of adenylate cyclase is localized 
in neuronallayers as could be shown in rats where receptor cells had degenerated. 

The activity of the ATP-kinase rises in the chick retina between day 18 and hatch­
ing, while GTP-kinase starts its increase on day 13 only (Fletcher and Chader 1978). 
Both enzymes thus parallel the retina differentiation. 

3.5.6 Adenosine Triphosphatases 

Adenosine triphosphatases in nervous tissues have a transport function (Bonting et al. 1962) as weH 
as a role in neurochemical transmission (Vizi 1978). Apart from this, there is ample evidence for 
the presence of Na+-, K:-, Mg~-, and Ca~-dependeilt ATPases in photoreceptor ceH outer segments 
(Berman et al. 1977; Sack and Harris 1977) where an involvement in specific outer segment activity 
is assumed (Robinson et al. 1975). 

In the chick, three peaks of A TPase were found during retina differentiation (Cou­
lombre 1955): the first when the inner plexifonn layer appears, the second when the 
outer plexifonn layer is fonned, and the third at the time of receptor outer segment 
formation. A further increase in ATPase activity was observed by Yew et al. (1975) at 
the time ofhatching, Le., at the time ofbeginning function. 

In dystrophic C3H mice, the amount of ATPase decreases, parallel to the degene­
ration of receptor cells after day 20pp (Lolley and Racz 1972). 

An ultracytochemical study in Tilapia (Grün 1977a) shows ATPase to appear in 
the inner plexiform layer, synchronously with immature synapses. The enzyme is also 
found in synaptic vesicles as soon as these appear, and in inner and outer segments 
with the onset of their specific differentiation. In all cases mentioned here, it remains 
to be clarified whether a peak or an increase in ATPase causes, is caused by, or is mere­
ly synchronous with the maturation of the specific functional sites. 

3.6 Development of Retinomotor Response 

Retinomotor response is the characteristic stretching reaction to light, which makes 
the rods attain a position of their outer segments where these are separated from neigh­
boring outer segments by processes of the pigmented cells. With decreasing light inten­
sity or the beginning of darkness, the inner and outer segments are withdrawn. 

Occasionally under this heading, the migration of pigment granules within the 
pigment cell processes is also covered. In the chick (Hasama 1941), pigment migration 
begins shortly after hatching and increases in intensity up to 2 months of age. It could 
be elicited by sunlight, ultraviolet, and infrared light, but not by X- or radium (1) rays. 
In the cichlid Tilapia leucosticta pigment migration was found 1 day after all receptor 
types are present and seem to be functional (G. Grün, unpublished work). 

All studies concerned with the development of receptor cell stretching or contrac­
tion have been perfonned in fish species. Retinomotor responses appear after receptor 
cells (single cones and rods) have differentiated. In Gobius (Eramisheva 1956) there is 
a delay of 1 month between the cone development and the appearance of retinomotor 
reaction. In the pacific salmon, Oncorhynchus, Ali (1959) found cones already in the 
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embryo, but it was only in the alevin that myoid contraction was noted, and only in 
the fry that an immediate and distinct light reaction was apparent. In the cichlidNan­
nacara anomala, Wagner (1974) noted the first retinomotor responses on day 16, while 
on day 5 cones are differentiated and the stage of free swimming has been attained. 
Rods, however, are not found before day 16. Finally, Blaxter and Iones (1967) and 
Blaxter and Staines (1970) noted a temporal correlation of the appearance of retino­
motor reaction and outer segment development in rods in the herring and ten further 
species. This is mostly simultaneous to metamorphosis. It is assumed that also in the 
species mentioned above where retinomotor appearance has been correlated to cone 
development, its late appearance may be caused by the late development of rods. 

Armstrong (1964), in his study on the bullhead (Ictalurus nebulosus) retina de­
velopment, came to the conclusion that the mechanism of retinomotor response is 
already present before, and awaits, receptor cell function. It is then triggered by this 
function. In fact, tubuli formation in receptor myoids is often noted rather early in 
development, thus giving an example of "function at rest," awaiting its releasing in­
fluence. 

3.7 Functional Development of the Ganglion Cells 

Crucial to the understanding of the ganglion cell functioning as a unit is the concept of 
receptive fields. Morphologically, this area seems to be the extent of all dendritic end­
ings of this single cello Physiologically it is characterized not only by its extent and size, 
but also by its organization and by the type of stimulating light spot upon which a re­
action is found. For further details see Levick (1972) and Rodieck (1973). The de­
velopment of these physiological properties and their correlation to dendrite morpho­
logy (see Levick 1975) will be discussed in the following. 

In a certain type of ganglion cells of the frog Rana temporaria - class 2 cells, 
which are thought to be sensitive to moving stimuli - Reuter (1969) found a change 
of dendritic morphology during metamorphosis, Le., rather late in comparison to other 
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developmental events. Accordingto Pomeranz and Chung (1970) and Pomeranz (1972; 
see Fig. 14), in the tadpole retina dass 1 ganglion cells (morphological: constricted 
tree; physiologically: edge detector) are lacking; c1ass 2 ganglion cells (E-tree; convex­
edge detector) are not found in peripheral zones; only c1ass 3 (H-tree; moving contrast) 
and dass 4 ganglion cells (broad tree; dimness detector) are present an over the retina. 
In the adult frog retina, all four types can be localized. Chung et al. (1975) revealed 
similar relationships in the Xenopus larva. After stage 43 the majority of ganglion cells 
show "on" responses; in other ceIls, "off' responses can be elicited. After stage 47 an 
additional response to dimming light is found. Up to metamorphosis, 35% of the gang­
lion cells are found to be event units, reacting either to "light on" or to "light off," 
37% are dimming units, and other ganglion cells are of a mixed type. To the develop­
ment of the two main functional types, two developing morphologically types may be 
paralleled, T -cells and H-cells. Shortly before metamorphosis, bushy ganglion cells are 
formed, synchronous with the appearance of sustained responses. 

The same authors report a stepwise decrease of receptive field size, while concom­
itantly the branching pattern of the dendrites becomes more and more complicated. 
Rusoff and Dubin (1977) observed a differential development of receptive field size 
in the retina of the cat. Between 3 and 4 weeks pp the size of the centers is reduced to 
the adult value of 3° , corresponding to a dendritic field size of 300 #lm. The size of 
the surrounds, however, is larger than that of the adults at least as far as 7 weeks pp. 
Wlille thus the whole receptive field is larger than in the adult, the dendritic extent at 
3 weeks is already of adult size (Rusoff and Dubin 1978). It is assumed that larger re­
ceptive fields are formed by specific synaptic connections which disappear later. This 
seems to be of importance for eyes which grow all through life, as is the case in tele­
osts. In the adult goldfish (Easter et al. 1977) the size of receptive fields is unchanged, 
regardless of the animal's and the eye's changing sizes. 

In the 9-day-old rabbit, Bowe-Anders et al. (1975) found no ganglion cell receptive 
fields with a center surround organization. By day 21 pp antagonistic surrounds were 
localized in all on-off cells. From day 11 pp on, they found cells which were sensitive 
to moving stimuli. In the same species, Masland (1977) localized concentrically organ­
ized and directional selective receptive fields on day 10pp, which, however, revealed 
c1ear differences to adult retinae. The cells were ofthe on-, off-, or on-off type. Adult 
organization developed between day 10pp and day 20pp. 

All the events looked at so far havein common that they occur relatively late 
when compared to other topics of retina development. All structures necessary for re­
tina function have been formed before and the retinae must be assumed to be func­
tionally mature. Stages of a fme adjustment are postponed to the development of 
specific activity. Thus the retina appears to be functioning imperfectly or at a lower 
level of organization before this fmal adjustment takes place. This does not necessari­
ly express astate of lesser adaptation in larvae or other early stages, but probably re­
flects an adaptedness to lesser needs. When only after the attainment of a certain de­
velopmental age a certain receptive field organization or the sensitivity to moving or 
other specific stimuli appears, this means that up to this stage the animal could weIl 
do without these properties. In the framework of their simpler behavioral patterns 
they had no need for these properties, adapted, as they were, to life under the mother's 
care or the largely constricted conditions of a tadpole. 

A correlation of myelination of the optic tract and developmental events of phy­
siological importance have scarcely been reported. Tilney and Casamajor (1924) found 
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myelination to occur synchronously with eye-opening in 6-day-old kittens. In Xenopus 
both the beginning of myelination and the onset of visually guided behavior occur at 
stage 49 (Ganze and Peters 1961; Wilson 1971). In the chick, myelination begins with 
day 15 (Rager 1976), thus paralleling the maturation of receptor cells and the retina's 
primitive function. A direct interdependency between myelination and other events 
cannot be made out at present, and it may well result that the correlations shown here 
reflect an unknown common cause, or are mere chance. 

Evoked potentials - as aroused by electrical, not visual stimulation of the tractus 
opticus - have been found in the optic centers of the chick (Blozovsky 1971 a, b; Ra­
ger 1976) and the rabbit (Hunt and Goldring 1951) before light evoked potentials 
could be recorded (Raviola and Raviola 1962, in the rabbit) and even before retinal 
functional sites have matured. This observation leaves no doubt that ganglion cells, or 
at least their axons, are ready to function before being active, and that it is not the 
optic tract where the fmal steps in retina maturation have to be looked for. 

3.8 Development of the Electroretinogram 

The electroretinogram (ERG) displays several peaks or waves. These are mainly the 
fast cornea-negative a·wave (= PIII) and the fast cornea-positive b-wave (PlI). In addi­
tion, a slow cornea-positive c-wave (PI) is often found, and in some cases, a positive 
d-wave. For further details see Rodieck (1973) and Tomita (1978). 

An ontogenetic aspect of the ERG is found in the appearance of its components, 
its size, and its threshold. 

The question which of the components or waves appears ftrst must be answered 
differently for different species. A cornea-negative deflection, mostly designated as 
a-wave, as a ftrst sign of an ERG has been found in the frog, Xenopus, the dog, the 
rabbit, and the rat, and is probable for the chick. 

For the rat, slightly differing results can be presented, see p. 24. In the rabbit, its 
appearance has been recorded at day 6pp to day 8pp. A positive potential is found by 
dlOpp, or earlier when an intense illumination is applied. It seems to consist of two 
components which later form the adult b-wave (NoellI958; Masland 1977). The ob­
servation of Bonaventure et al. (1967) that at day IOpp a biphasic ERG appears ftts 
well to these data. With proceeding development, the relative share of the negative 
potential decreases. For day 18pp the existence of an a-, b-, and a c-wave is reported 
(Demirchoglian and Mirzoian 1953). 

In the dog, Horsten and Winkelmann (1960) report a negative wave for dlOpp, 
followed by a rapidly increasing b-wave on dl5pp. 

For three species of the frog (Rana) the sequence has been found to be the same: 
in R. temporaria (Müller-Limmroth and Andree 1954) a negative potential is found at 
fust, and 1 week later a-, b-, and c-waves are recorded. In R. pipiens (Nilsson and 
Crescitelli 1970) and in R. catesbeiana (Nilsson and Crescitelli 1969), the cornea­
negative potential is very slow, but some days later, rapid waves appear. Finally po­
sitive waves are found, which more and more become the dominating ones. For R. pi­
piens, this result was conftrned by Lam (1977). In Xenopus laevis, a negative wave 
(PIII) can consistently be demonstrated from stage 39 on (Witkovsky et al. 1976). 
From stage 40 on, Le., 10 hiater, the b-wave is seen; it increases rapidly and is soon 
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the predominant one. A positive deflection thought to be a c-wave is found at intense 
illumination from st. 58 on. 

In the chick, more studies have been done than in any other species. Summarizing 
the data given on p. 16, we fmd a purely negative ERG, on days 16-18, and an onset 
with a biphasic ERG on days 17, 18, or 19. As far as the data for fIrst recording are 
concemed, differences may be due to heterogeneities of rearing methods, races, or in­
dividuals, and the chick may weIl be classifIed among those animals beginning with a 
negative wave. 

An electroretinogram beginning with a positive potential has been reported for 
one mammal and one urodelan species only. In the 6- to 10-day-old cat, Zetterström 
(1956) found an ERG which consisted of a positive deflection only. No a-wave was re­
corded. In one case, however - a kitten which was too deeply anesthetized and sub­
sequently died - only a negative response was found. It can be assumed that this nega­
tive wave is normally present but is covered by the positive one. In accordance with 
this fmding, Tucker et al. (1979) observed the late receptor potential (= the ERG com-· 
ponent giving rise to the recorded a-wave) to appear on day 9. 

In the premetamorphic stages of Salamandra salamandra, no a- and no d-waves 
were recorded (Himstedt 1970). First appearance of a cornea-positive wave or abi­
phasic ERG was also noted in the regenerating eye of an adult newt (Lam 1977). The 
third type of ERG differentiation, where, at fIrst recording, the electroretinogram is 
found to be biphasic and composed of a positive and a negative deflection, has been 
found in rodents and primates. (See, however, the chick, p. 16). In the very fIrst 
study on ERG development, Keeler et al. (1928) showed that by most intense illumi­
nation a negative reaction was found in the 13-day-old mouse, while a positive one was 
only indicated. Both waves had a low and stretched shape. Noell (1958) made the 
same observation for day 12pp. On day 14pp, a distinct b-wave is accompanied by a 
clear a-wave; but as late as day 18pp the latter could not easily be found at low stimu­
lus intensities. 

Sirnilarly, in the guinea pig Bornschein (1959) found a positive deflection at birth; 
a negative one was found only when intense illumination was applied. 

In the rh~sus monkey, Macaca mulatta, an "a+b-complex" is found on the 2nd 
day after birth (Ordy et al. 1962). Also the human retina must be mentioned in this 
group. Horsten and Winkelman (1962) could separate an a- and a b-wave in the new­
born infant. This biphasic ERG was already recorded in the 7.5-month-old fetus by 
Samson-Dollfus (1968). 

There is a reason for the suspicion that the electroretinograms recorded at birth 
do not represent the very fIrst ones. In the guinea pig, the ERG at birth is said to be a 
rather advanced one, and fetal stages, which have not been studied, may reveal an im­
mature ERG. The same is assumed for the rhesus monkey. In the mouse, however, the 
retina does not appear to be so differentiated before day 12pp as to allow an ERG to 
be produced. At present, we are left with the assumption that from the three modes of 
ERG development displayed here two may have to be abandoned in favor of the one 
according to which the ERG starts its appearance with a negative deflection. But the 
results may vary with the kinds of stimuli, light intensities and techniques applied, and 
one cannot draw conclusions from one or two observations. 

Besides composition and shape, there are other properties of the electroretino­
gram which are subject to developmental change. A most general observation is that of 
an increase in "size", or amplitude. It has been reported for all species mentioned so 
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far as weil as for the duck (Paulson 1965). Since this increase occurs gradually and 
parallel to retina development (e.g., in the rat: Dowling and Sidman 1962; see p. 24), 
it may be assumed that it is due to the peripheral proceeding of retina maturation 
which involves increasing numbers of ceils. 

A long latency is characteristic of the ERG of the mouse (Noeil 1958) and the 
chick (Garcia-Austt and Patetta-Queirolo 1961), where it is reduced from 40 ms on 
day 18 to 8 ms on day 20, and to 5.5 ms on day 6pp (Blozovsky and Blozovsky 1968). 
For the rabbit, however, a shorter latency is reported for the earlier stages, which in­
creases later (Bonaventure et al. 1967). Furthermore, an increase in sensitivity or a 
lowering of the threshold is generally noted. This also may be seen in connection with 
the maturation of increasing numbers of cells. 

The appearance of the ERG components gives an indication of the deve10pmental 
events in the retina, based on the topographical origin ofthe components (see Tomita 
1978; Rodieck 1973). Horsten and Winkelman (1962) found no correlation between 
the appearance or nonappearance of an electroretinogram and any histological events 
in the dog. Clinical cases of human retinae were found by the same authors to be 
structuraily normal. In other cases (rabbit: Noeil 1958; Raviola and Raviola 1962; rat: 
Bonting et al. 1961) as weil as by application of the electron microscope (rat: Dowling 
and Sidman 1962; X enopus: Witkovsky et a1. 1976) correlations are distinct1y visible 
between the appearance of an ERG, the maturation of receptor ceil inner segments, 
and the formation of receptor ceil outer segments, as weil as between an increase in 
ERG size and growth of outer segment length. 

A more detailed study has been done in Rana catesbeiana (Nilsson and Crescitelli 
1969) and R. pipiens (Nilsson and Cresciteili 1970). In both species, the appearance of 
a first negative wave was found to be synchronous with the formation of outer seg­
ment disks. This confirmed an observation in the rabbit (Noeil 1958). A second, fast 
negative response was recorded when a receptor terminal appeared, with still immature 
synapses, however. When a considerable number of mature synapses was present in the 
terminals, a first positive wave was noted. Sirnilar correlations were found for the deo 
velopment of the X enopus ERG by Witkovsky et a1. (1976). 

The negative waves are thus correlated to receptor cell development, while the po­
sitive wave is not primarily bound to the mature terminal synapse, but to the forma­
tion of contacts with cells of the inner neuronallayer (Müller cells) where the b-wave is 
said to take its origin. Correspondingly, Blanks et a1. (1974b) found the b-wave even 
after degeneration of the receptor ceils and their terminal in rd mice. Rager (1979) 
provided evidence that the appearance of the b-wave is correlated to structural matura­
tion of the glial Müller ceils. 

There have been few attempts to obtain information on the influence of extrinsic 
factors on ERG development. According to Bornschein (1959), the presence of light is 
not necessary, because the guinea pig at birth has a rather far developed ERG; it must 
have been developing in darkness. The same can be assumed for the rhesus monkey 
and man. But, even if not necessary, the presence or absence of light may have a modi­
fying effect on ERG formation. In the cat, where essential parts of retina development 
take place after birth, a delay is observed when the kittens are born and bred in abso­
lute darkness (Zetterström 1956). Reuter (1976) could not confirm this for the rabbit. 
Considerable delay of ERG appearance and maturation in Xenopus is caused by arti­
ficially induced vitamin A deficiency of the mother and the tadpoles (Witkovsky et al. 
1976). 
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4 Development of the Retina by Differentiation of Single Cells 

When it is possible that adult function of the whole retina is mainly achieved by the 
realization of a program which is inherent to single cells or cell types, without a major 
form of extracellular regulation or coordination, then this should be expected to occur 
in isolated cells too. Two ways of isolating cells shall be considered in this respect, the 
development in vitro, and a "theoretical isolation" of cells. 

4.1 In Vitro Development of the Retina 

The purpose of this section is to obtain an impression of the extent to which the retina 
cells are capable of differentiating when separated from their normal environment. 
Since only this aspect of in vitro differentiation is considered, this survey is not com­
plete. Above all, it must be mentioned that the studies by Moscona and colleagues, 
which are based on quite different intentions, are omitted here. Arecent review on 
this aspect has been presented by Moscona (1976). The initial intention was to show 
the inherent capabilities of self-differentiation in single cells. However, no single cell 
cuIturing has been done in the retina so far, and one has to rely on tissue culture studies 
or cultures of dissociated cells. These of course have a cellular surrounding and a quasi 
normal environment, and it has repeatedly been shown (e.g., Monard et al. 1973) that 
structural differentiation may be induced by glial cells. But, as Hild and Callas (1967) 
noted, "the explanted retina does not behave as an organized entity ... developmental 
differentiation was observed only at the cellular level." 

The development of retinae in vitro has been observed mainly in the chick. Some 
results obtained in this species and in the rat will be combined to give a picture of de­
velopmental potentials within the retina cells. 

Explanted retina cells, after havingbeen separated from the pigmented epithelium, 
first form aggregates and rosettes (Stefanelli et al. 1961c; Hild and Callas 1967; Shef­
field 1970; Sheffield and Moscona 1970; Crisanti-Combes et al. 1977), which had al­
ready been observed in the rat by Tansley (1933). This formation of rosettes may be 
mediated by a cell-adhesion molecule which is involved in the normal development of 
histological layers in the chick retina (Buskirk et al. 1980). In monolayer cultures, 
Müller cells form a substratum upon which neuroblasts differentiate further (Cristanti­
Combes et al. 1977). Apparently all types of retina cells can differentiate under culture 
conditions (Hild and Callas 1967; LaVail and Hild 1971; Fujisawa et al. 1974). Gang­
lion cell neurites grow out (Meyer 1936; Crisanti-Combes et al. 1977; Ulshafer and Cla­
vert 1980), and it was by in vitro observation that the factors for guidance and orienta­
tion of the optic tract were found to be confined to the ganglion cell area (Goldberg 
1977). The outgrowing fibers of the goldfish retina are said to have a tendency toward 
clockwise directionality, which suggests an inherent helicity (Heacock and Agranoff 
1977). In explanted retina pieces their growth and direction, at least in initial phases, 
is independent of external stimuli (Johns et al. 1978). McLoon and Hughes (1978), 
however, found an increasing degeneration of explanted optic fibers and ganglion cells 
at the time when normally central connections are formed. Presumably the absence of 
the target led to the degenerative development. 

58 



Neuropil with axonal and dendritic processes is regularly found and usually regard­
ed as forming part of the inner plexifonn layer (Stefanelli et al. 1961b, 1967b; Hild 
and Callas 1967; Fujisawa et al. 1974). It is fonned within rosettes (Stefanelli et al. 
1961 b; Sheffield and Moscona 1970). Besides several types of junctions (Sheffield 
1970; Sheffield and Moscona 1970) mature synaptic contacts are found (Stefanelli et 
al. 1966b; Fig. ISa), some ofthem with synaptic ribbons (Crisanti-Combes et al. 1977; 
LaVail and Hild 1971). Vogel et al. (1976) recognized at least three types ofsynapses, 
similar to those of the in-ovo-retina in an amount of 108 /mg protein. Furthennore, 
nicotinic acetylcholine receptors were found to differentiate in the dissociated embry­
onic retina. Similar to what has been found in vivo, these receptors develop independ­
ently of neuron differentiation (Vogel and Nirenberg 1976; Vogel et al. 1976). 

Another component of the cholinergic system, the choline acetyltransferase activi­
ty, was found to behave in vitro similar to that in ovo (Crisanti-Combes et al. 1978). 
Ramirez (1977), who found far-reaching structural differentiation of the retina in 
vitro, and a high degree of complexity, stated that from a cholinergic point of view the 
retina is rather self-sufficient (in contrast to later stages of the tectum opticum). Hori­
zontal cells and complete receptor terminals, as characterized by the occurrence of 
synaptic ribbons, have been found (Stefanelli et al. 1966a, 1967a; LaVail and Hild 
1971; Crisanti-Combes et al. 1978). This was not the case in cultures grown on the 
chorioallantois (Fujisawa et al. 1974). 

The fonnation of green,yellow, and red oll droplets in cultured retina (Yata 1961, 
cited after Cooper and Meyer 1968; Govardovsky and Kharkeevich 1965) not only 
marks the appearance of receptor cell inner segments but also shows that the cells dif­
ferentiate into several types of cones, i.e., accessory and main element of double cones 
and single cones. In the rat and the mouse, further inner segment characteristics are 
numerous free ribosomes, mitochondria, ER, a Golgi apparatus, tenninal bars, centrio­
les, and a connecting cilium (Hild and Callas 1967; Tamai et al. 1978), and in the 
chick, a cluster of vesicles and lamellae, forming what might be called a paraboloid 
(Stefanelli et al. 1966a). 

Receptor cell outer segments have not been observed to develop in vitro (Fujisawa 
et al. 1974; Crisanti-Combes et al. 1977), or were only indicated by the fonnation of 
a lamellar system or a few disks (Stefanelli et al. 1966b, 1967b; Hild and Callas 1967; 
Barr-Nea and Barishak 1970; LaVail and Hild 1971; Fig. 15b). This is not surprising, 
since it is known that pigment epithelium cells are necessary for the orderly develop­
ment of outer segments (Silverstein et al. 1971; Hollyfield and Witkovsky 1974), be­
cause the pigmented cells provide for vitamin A, the lack of which leads to incomplete 
outer segment fonnation or to degenerated outer segments (Eakin 1964). Sidman 
(1961 band cited after Lucas 1965) found a stimulation of rod differentiation in vitro 
when ll-cis-retinol was added, but not when all-trans-retinol was adrninistered; this 
c1early proves the importance of the pigmented epithelium, where the biochernical 
transfonnation takes place. Tamai et al. (1978) confinned this by demonstrating that 
in combined cultures of previous separated retina and pigmented epithelia a moderate 
amount of lamellar membranes was produced which were arrayed parallel to the long 
axis of the cilium. 

The retina appears as a tissue with a far-reaching potential of self-differentiation. 
Apart from outer segments and, to a certain degree, optic fibers, a1l structures which 
are important for specific functions develop to a very high degree and apparently at­
tain maturity. A high intrinsic ability of differentiation along with an "organizing po-

59 





tential" (Ramirez 1977) can be assumed, which allows an intercellular differentiation 
and the formation of a complicated network. This result is taken as an indication that 
tissue organization is achieved by way of intracellular development. 

4.2 Intracellular Differentiation 

A way of isolating cells theoretically will be tried in the following. From the data of 
the six species, all those are combined which can be regarded as occurring within single 
cells. This is to say that such processes as layering, an overall increase of any neuro­
chemical component, the appearance of electrical activity, etc. - processes which only 
can be conceived and observed over a greater fraction of the retina - are not included. 
This is not to say that the causal relationships also are strictly intracellular, but the in­
tention is that the resulting differentiational steps are performed by single cells, form­
ing nonetheless - this is the concept - a functioning retina. 

The data selected for this purpose will be arranged according to cell types (gang­
lion cells, amacrine cells, etc.) and are pooled for all species in question. This requires 
of course a common time scale. In Table 1 a time scale is proposed where the days and 
weeks of the various developmental periods are converted into developmental units, 
DU. These were determined by considering the beginning, the end, and severalland­
marks of retinal development, as well as the number of hours, days, or weeks which 
arbitrarily subdivide the flow of development. 

Table 1. Conversion of the various ealendarian units into developmental units (DU). The obvious 
ineongruencies found in this table reflect the existing differenees coneerning the sequence and the 
temporal distanees of various events. Therefore this table is only a first approach. P - Partus. 
a larval hateh. b hatch from mother's mouth 

DU Tilapia Xenopus Gallus Mus Rattus Homo 
d d st. d d d w 

4 2 28-34 2- 5 11-17 14-16 4- 8 
2 5a 3 35-37 5-10 17-P 16-P 6-11 
3 6 3a 37-38 8-11 P-5pp P-3pp 8-11 
4 7 3 39-40 10-16 1- 7pp 3- 8pp 12 
5 8 4 41-43 16 7-lOpp 8-12pp 12 
6 9 4/5 44-46 16- 10-13pp 12-15pp to 
7 10-11 5/6 46-47 hateh 13- 32 
8 11-12 47 to 
9 13b meta- 0- 2pp 16-24pp 15-21pp 32-

10 13 morpho- 2pp to 30pp 21pp -P 
sis 

Fig. 15. a Chick embryo retina after 25 days in vitro. Reaggregated cells have produeed a plexiform 
layer containing synapses. Bars = 0.5 /.Lm. (Stefanelli et al. 1966a). b Chiek embryo retina after 
28 days in culture. Centrioles and ciliary stalk of an outer segment. The tubules in the stalk show 
a great degree of disorder. Bar = 0.5 /.Lm. (Stefanelli et al. 1967a) 
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4.3 Ganglion CeU 

In DU 1 the last mitosis is accomplished and the ganglion cell migrates to the vitreal 
border, becoming spheroidal. By the settling at a defmite site, its topographical re­
lationship with the tectum opticum has become specified. The cell now increases in 
volume, producing more mitochondria, rER, RNA, and acid phosphatase. The cell be­
comes unipolar, indicated by the increasing activity of diaphora se in its vitreal part and 
the outgrowth. of aneurite. 

In DU 2, this outgrowth has developed neurotubuli, neurofIlaments, and mito­
chondria. Axonal transport is directed from the soma to the terminal. At the end of 
this DU, the neurite has reached the optic center. At the scleral part of the ganglion 
cell a conical protrusion announces the formation of a dendrite. A Golgi system ap­
pears within the cytoplasm and ER profIles become more numerous. Carboxylesterase 
is produced in detectable amounts. Somewhat later, in DU 3, when dendrites have 
grown and begin to produce horizontally oriented arborizations, diaphorase is found 
in the scleral part too, and acetylcholinesterase can be demonstrated in the cytoplasm 
or on the cell membrane. The neurite, which suddenly acquires the ability to bind the 
lectin concanavalin A, is now also capab1e of evoking areaction in the optic center 
upon e1ectrical stimulation, but is not yet myelinated. Obviously it can conduct im­
pulses and has formed synapses. 

Subsurface cisterns are produced in DU 4. A certain state of stability has.been 
achieved, because at the end of DU 4, the cell can no longer be destroyed by an irra­
diation with 500 R. Furthermore, in DU 4, Golgi impregnation is successfully applied. 

In DU 5, a number of oxidative enzymes are demonstrably present, and the cell 
passes another developmental step, after which, in DU 6, it can be classified morpho­
logically and physiologically. It is only after this date, in DU 7, that the myelination 
of the neurite begins, proceeding from the optic center to the perikaryon. Simultane­
ously, mucopolysaccharides appear, and Nissl substances and alkaline phosphatase are 
found later. The latter might be taken as an indication of a terminated development. 
In DU 8, the completion of differentiation is shown by the final pattern of certain 
enzymes. After DU 8, the size of the receptive field decreases. 

4.4 Inner Plexiform Layer 

In view of the difficulties in attributing components ofthe synaptic layers to a certain 
type of cells, the neuropil-forming parts of ganglion, amacrine, and bipolar cells are 
treated here as if they were aseparate cello All data in this section represent intra­
cellular events. 

In DU 2, tangentially oriented processes appear, and one DU later, their mem­
branes bind concanavalln A, and specialized membrane sites are formed, near to which 
synaptic vesicles may be found. Neurotubules are a common feature now. In DU 4, the 
membrane sites have differentiated into true synaptic junctions. In the core of the few 
synaptic vesicles and along the membranes of the axon terminals, adenosine triphos­
phatase can be localized now. Beginning with DU 5, the number of synapses increases, 
mostly by passing discrete phases. The amount and the localization of A TPase is now 
adultlike. Part of the synaptic vesic1es show positive reaction to cytochemical staining 
of catecholamines. Both acid and alkaline phosphatase are present. In DU 7, the ratio 
of mature synapses to immature synapses increases exponentially. 
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4.5 Amacrine Cell 

Similar to the ganglion cell, the amacrine cell accomplishes its last cell cycle in DU 1. 
It passes a bipolar phase and migrates into the ganglion cell layer. Leaving this layer, it 
looses the axon and settles in its fmal region. Only then are defmite processes formed. 
Many ribosomes are in the cytoplasm, and ER and mitochondria mark the onset of 
differentiational events. Golgi systems join them in DU 2. In the course of this DU, 
and consequently synchronous with ganglion cell dendrite formation, the amacrine 
cell sends out one or more axonal processes. But only in DU 3 and 4 do these branch 
horizontally and form an axon terminal, synaptic vesicles, and synaptic junctions. 

Subsurface cisterns are found in the perikaryon by DU 4, when the amacrine cell 
is no longer harmed by 500 R, and consequently is assumed to have achieved a stabi­
lized developmental state. 

Up to DU 5, the amacrine cell has to establish fmal contact to abipolar cell or 
another amacrine cello The localization of A TPase within the terminals is now adult­
like. It is only in DU 8 that the amacrine cell produces Nissl substance. 

4.6 Bipolar Cell 

Unlike the hitherto mentioned cells, the bipolar cell completes its last cell cyc1e during 
DU 2 only. Ouring this and the following DU, there are very many ribosomes in the 
cytoplasm; mitochondria, ER profiles, and fmally single Golgi zones appear. Aneurite 
grows out of a vitreal axon hillock, where ribosomes and neuro filaments are localized. 
DU 4 is characterized by a decrease of ribosomes and mitochondria. The axon has 
penetrated deep into the inner plexiform layer and forms a terminal and typical ribbon 
synapses. Synchronously, a dendrite grows out of the sc1eral part of the cell, invaginates 
a receptor terminal and presumably forms a synapse. 

From this DU on, the cell can be recognized in Golgi impregnations. The above­
mentioned decrease in ribosome number leads to a lowering in RNA concentration 
which is finally lower than that of the ganglion and the amacrine cello 

Irradiation with 500 R renders the bipolar cell pycnotic. This effect is lost in DU 5, 
when acid phosphatase and diaphorase can be demonstrated. There is no further change 
up to DU 7, when mucopolysaccharides appear, and DU 8, when Nissl bodies and alka­
line phosphatase indicate an end of differentiation, as does the fmal distribution of 
certain enzymes. 

4.7 Horizontal Cell 

Unlike the bipolar cell, but similar to the amacrine and ganglion cell, the horizontal 
cell completes its last cell cycle in DU 1. Up to DU 3, it has produced processes and 
made contacts to bipolar cell processes. Diaphorase and acetylcholinesterase appear; 
the latter, however, disappears up to DU 5. In DU 4 or 5, but usually prior to the bi­
polar cells, the horizontal cell dendrites invaginate a receptor cell terminal. Only in 
DU 6 are the junctions between the horizontal cell and the bipolar cell mature. In 
DU 7, the horizontal cell can be called mature. 
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4.8 Receptor CeU 

The receptor ceU, too, fmishes its last ceU cycle in DU 1. It contains many ribosomes 
and mitochondria in increasing numbers. In the apical part of the receptor cell, two 
centrioles face each other at right angles, and here microvilli are formed as weIl as 
junctions with the pigmented epithelium. Gap junctions with neighboring cells are 
produced in DU 2. 

Now the cell contains large amounts of RNA. Golgi systems are found, and scleral 
to the nucleus, mitochondria begin to accumulate. The determination of the receptor 
cell becomes visible: A chief element of a double cone now begins to synthesize the 
material for its oll droplet. If it becomes the accessory element, another substance, 
galloxanthine, will be stored beginning with the following DU. In both cases, how­
ever, no oll droplet will be visible yet. In DU 3, the inner segment surpasses the outer 
limiting membrane and begins to form a clliary outgrowth. At the other pole of the 
cell, a receptor terminal is formed by stretching of the distal cell part. 

In DU 4, a horizontal cell process superficiaIly penetrates into this terminal, and 
some synaptic vesicles as weIl as precursors of synaptic lamellae appear. If the cell is a 
member of a double cone, subsurface eisterns are produced in the inner segment by 
fusion of flattened vesicles. The inner segment has now been fIlIed with mitochondria, 
and Golgi vesicles and ER profIles are more numerous. The scleral part of the ciliary 
outgrowth is strangely blown up. Toward the end of DU 4, the synaptic ribbons have 
elongated up to 1000 nm or more, and a synaptic spindle is formed. Although the dif­
ferentiation seems rather advanced, irradiation of the cell by means of SOO-R X-rays 
leads to pycnosis and degeneration. It is only at the end of this DU that the receptor 
cell is not subject to any effect of 500 R. 

This is also the time when the fonnation of outer segments begins. The number of 
disks increases, and when a certain number has been produced in DU 5, it is possible to 
detect visual pigment. Now, almost synchronously, in a rod receptor ceIl, phagosomes 
begin to be shed and triadic configuration in the terminals as weIl as mature synapses 
are present. All this suggests a beginning of the cell 's function. 

The synaptic vesicles have achieved their final distribution and number. ATPase is 
present in outer segment disks, diaphorase in the inner segments, as weIl as weak PAS 
and mucopolysaccharide specific staining. Now the oll droplet can be seen vitreal to 
the mitochondria. A paraboloid is developing in the inner segment. 

DU 6 and 7 are characterized by enhanced growth of the outer segment. If the cell 
is a single cone, smaIl astaxanthine droplets will now fuse to form a single oll droplet. 
In the apical part of the ceIl, junctions with Müller cells are fonned. At the end of this 
DU, the cone paraboloid has completed its development and stores glycogen. The stain­
ing of PAS-positive substances shows no further changes. Ifthe cell is a rod, the latter 
process will occur in DU 8, when the outer segment attains adult length. 

This compllation of cell autonomous processes comprises essential features and 
can serve as part of a design of a generalized scheme of vertebrate retina development. 
It becomes evident that, by realizing its inherent programme, each cell achieves astate 
of adult activities. This does not mean that the cell develops independently of its en­
vironment. 

On the contrary, it has long been known that, e.g., the presence of pigmented 
epithelium is required for a receptor cell to differentiate (see above) and even seems to 
provide positional information to ganglion cells (Levine 1979). Similar conditions may 
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exist for other cells. The intention is to show that the organized tissue "retina" matures 
by mere realization of cellular programmes without superimposed coordination. 

This state of primitive maturity, however, does not represent true retina function. 
Final maturity is only brought about by additional developmental processes which are 
not observed at cellular, but only at tissue level. This other part of a generalized scheme 
of retina development will be presented in the following. 

5 Differentiation at Tissue Level 

5.1 Proliferation 

Amacrine and ganglion cells fmish their last cell cyde in DU 1, but at the scleral bor­
der of the retina, there are still mitoses to be found. This does not change up to DU 4, 
when the number of mitoses decreases. In DU 5, there are no further mitoses. 

5.2 Layering and General Differentiation 

Prior to DU 1 the optic cup and the optic fissure are fonned; the future retina consists 
of an undifferentiated epithelium, where cells are interconnected by zonulae adhaerent­
es, macula adhaerentia, and gap junctions. At the vitreal and the sderal border, oxida­
tive enzymes are localized. 

DU 1 is characterized by the layering of the ganglion cells. The retina is now con­
nected to the differentiating pigmented epithelium by gap junctions. The main bulk of 
cells in the retina is now arranged in vitreo-scleraily oriented columns; this is probably 
due to the appearance of Müller cell processes. In the region where the plexifonn lay­
ers are to appear, H 3-glucosarnine is incorporated. From DU 2 on, the surface area and 
the thickness of the retina increase. Gap junctions are still frequent, but their center of 
frequency is shifted from the dorsal to the ventral part of the retina. The maximum in 
the number of gap junctions is attained at the end of DU 2. Diaphorase is most intense 
in the innermost zone. In DU 3, a thin inner plexifonn layer appears, where desmo­
somes and punctate junctions are found. A layering of the amacrine cells is indicated, 
and later in this DU the outer plexifonn layer appears. Gap junctions are only preserv­
ed between the retina and the pigmented epithelium, not within the retina. But within 
this DU, they disappear here, too. 

In DU 4, rod and cone nuclei can be discerned. All layers of the adult retina can 
be recognized at the end of this stage. DU 5 is mainly characterized by the appearance 
of many pycnotic nuclei within the nuclear layer. Enhanced cell death leads to a re­
duction of thickness of this layer up to DU 7. Puncta adhaerentia appear also in the 
outer nudear layer. In DU 6, diaphorase shows an overall increase, and protein has a 
peak and is subsequently reduced. The thickness of the inner plexifonn layer increases 
very much, and the outer plexifonn layer attains its maximal radial extension. 
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5.3 Specific Differentiation 

DU 1 is characterized by the occurrence of neurites in the optic tract, and in DU 2 
these are bundled. Up to DU 3, they have established topographically organized con­
nections to the optic center. After the production of a first rate, the number of syn­
apses increases only slowly in DU 4, but in DU 5, synapses in the inner plexiform lay­
er are formed at an enhanced rate, as applies to the synaptic vesicles in the axon ter­
minals. 

In DU 6, a greater amount of thick neurites contributes to the optic tract, and in 
DU 7 first myelinated fibers and first phagosomes appear. In DU 8, a maximum of 
o:-bungarotoxin binding sites is attained, which is lowered thereafter. 

5.4 NeurochemicaI Differentiation 

GABA is the first transmitter to occur in the retina; it is found as early as DU 1. In 
DU 3 it increases along with glutamine and glycine. Acetylcholine is synthesized in 
detectable amounts, and 5-0H-tryptophan-decarboxylase has a specially high level of 
activity. Neuramine acid, phospholipids, and several gangliosids appear in DU 4. The 
level of GABA rises rapidly, and there are two systems that take up GABA, a high and 
a low affmity one. An increase in 5-HT, monoaminoxidase, and several specific en­
zymes is noted. 

In DU 5, the phase of rapid GABA synthesis comes to an end. Acetylcholinesterase 
is found in the outer plexiform layer. The amount ofvisual pigment begins to rise. In 
DU 6, it rises hyperbolically, and AChE is also found in the inner plexiform layer. The 
ACh content is subject to changes in DU 7. Visual pigment content has attained half 
its maximum. The gangliosides and phospholipids have another peak. In DU 8, when 
MAO has aphase of highest activity GABA rises rapidly again. In DU 10, visual pig­
ment attains a level which will not be changed. There is no further change in GABA 
concentration, but there is only one system taking up GABA. The activity of MAO is 
lowered to adult level. Gangliosides and phospholipids have a third peak. 

s.s Differentiation of Specific Activity 

As soon as DU 3, a small positive potential is found after illumination, but this cannot 
represent receptor functioning. In DU 4, electrical stimulation of the tractus opticus 
evokes a potential in the optic center, which is later subject to certain changes. 

The first visually evoked potentials in the optic center are found in DU 5, and the 
sensitivity to visual stimuli will increase now. With the onset ofDU 6, the first detect­
able, immature ERG is found. 

The a- and mainly the b-wave increase in size in DU 7. In DU 8, al- and a2-waves 
can be discemed. At the end of DU 8, the ERG is adultlike in its form. A response to 
light flashes and to synchronous flicker light can be elicited. The amplitude of the 
ERG increases all the time. Sustained stimulation evokes on and off responses in the 
retina and the optic center. After DU 10, the ERG, especially the c-components in­
crease to adult size and further units appear. 
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5.6 Miscellaneous 

Prior to DU 1, the polarity of the retina is flXed and as early as this, morphogenetic 
cell death begins. DU 1 marks the point after which a transdifferentiation from pig­
ment cells into retina cells is no longer possible. The retinotectal specification is attain­
ed in DU 2. In contrast to what had been found in DU 1, cultivated retina cells are 
transmutable into pigment cells in DU 3. 

6 Summary 

In the first part of this survey the development of the retina is treated, comparing the 
events studied in the fish Tilapia, in the amphibian Xenopus, in the chick, in the mouse 
and the rat, and in man. The temporal flow of the development can be subdivided into 
the phases of: (a) proliferation, characterized by a high rate of mitoses which later de­
clines or ceases; (b) forming cell shapes and arising cellular and cell free layers; this 
phase begins very early and always proceeds in a vitreo-sclerad direction; (c) general 
cell differentiation, starting in neuroblasts which are interconnected by different types 
of junctions; this phase includes aß kinds of changes which are not directly connected 
to specific retinal activity, as weil as cell death; (d) specific differentiation, including 
the production of neurites and dendrites, of specific connections to the optic brain 
centers, and aß those events mentioned in the second part. 

These phases overlap each other and are more defmed by their contents than by 
temporal boundaries. But proliferation is always the beginning of retina development; 
its end is always the appearance of specific physiological activity. The concept of a 
vitreo-sclerad sequence of differentiation is based upon light microscopic data, but on 
closer inspection, bipolar ceIls, not receptor ceIls, prove to be the last ones to differen­
tiate. If those structures are looked at which are irnportant for specific activity, one 
fmds a vitreo-sclerad tendency, but after the onset in ganglion cells interneurons and 
receptor cells differentiate synchronously. 

In the second part, the differentiation of those structures which are irnportant for 
specific retina activity is reviewed. 

The receptor cell inner segment enlarges and by formation of mitochondria, rER, 
and glycogen becomes characterized as a metabolic center; subsurface cistems in double 
cones and oll droplets appear as specific structures. 

Receptor cell outer segments consist of membrane disks formed by invagination 
of the plasma membrane of the outgrowing centriole. The growth of the outer segment 
is brought about by controlled stacking up of these disks. The visual pigment, combin­
ed of opsin from the inner segment and retinol from the pigmented epithelium, is in­
corporated into newly formed as weil as already existing disks. 

The receptor cell terminal synapses are formed before or after invagination of 
dendrites; usuaßy, two horizontal cell dendrites and one central bipolar cell process, 
appearing somewhat later form a triadic structure. Receptor terminal synapses are 
ribbon synapses; the ribbon is ofuncertain origin and shows an increase in length after 
its first appearance at the synaptic site. 

The inner plexiform layer is the synaptic layer which takes its origin from out­
growing ganglion cell dendrites and amacrine and bipolar cell neurites, the latter again 
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appearing as the last ones. Synaptic junctions are fonned at certain contact regions 
throughout the layer, known as synaptic bands. Maturation of synaptic junctions is 
visualized by membrane asymmetry, pre- and postsynaptic densities, eleft densities, 
and synaptic vesieles. It is held as a rule that amacrine cells fonn conventional syn­
apses, while bipolar cells fonn ribbon synapses opposite to a dyad of amacrine or 
ganglion cell dendrites, or both. Bipolar cell synapses are only functional when ribbons 
are seen; this is later than the maturation of conventional synapses. The development 
of synapse numbers consists of a rapid phase followed by a slow phase, or vice versa. 
Both synapse types develop at different rates, which probably has consequences in 
varying qualities of visual perception. 

Among the transmitter systems, the cholinergic one is the best studied. In the 
chick there is a gradual increase of its single components as well as of acetylcholine re­
ceptors with a peak at about hatching. In the complex "synaptic junctions - transmit­
ter components" both presynaptic and postsynaptic sites are involved and require 
some kind of coordination. The increases found in components ofthe cholinergic, the 
aminergic, and the GABAergic system are due to an increase in maturing cells of the 
whole retina. The appearance of response characteristics on the level of ganglion cells 
is temporally correlated to the achievement of definite receptive field size and dendritic 
morphology. The electroretinogram as representative of the activity of the retina re­
veals a differential appearance of components and changes in amplitude and sensitivity. 
Mostly, an a-component is the first one, to appear, followed by a positive b-wave; this 
is rarely different. The a-wave is correlated to receptor cell development, the b-wave to 
Müller cells. A gradual increase in amplitude and a lowering ofthe sensitivity can also 
be attributed to an increase in number of mature cells. 

CuItured embryonic retina tissue shows a high degree of self-differentiation; syn­
apses, transmitter systems, and other typical elements are produced, with the excep­
tion of the outer segments. 

Retina differentiation essentially occurs on two levels. Synapses, transmitter sys­
tems, outer segments and other elements which are needed for specific retina function 
mature within single cells. Retina maturity, however, as expressed, e.g., in the charac­
teristics of the ERG, is acquired only by the muItiplication of these single structures. 
Cell differentiation and muItiplication - both are essential steps in tissue development. 

Generally physiological maturity of the retina is achieved, when 60% of the time 
span between the onset and the end of overt differentiation have passed. [In extension 
of the data these conclusions are based upon, it is noted that All (1959) for the pacific 
salmon, and Annstrong (1964) for Ictalurus, reported light sensitivity and photic res­
ponse in not fully developed retinae. Vogel (1978b) comes to the conelusion that in 
the cat retina fmal maturity is attained long after the onset of functioning.] The re­
maining 40% of the time span sees the fonnation of structures and components which 
are of secondary importance;mainly then, however, the multiplication of already exist­
ing structures occurs. 

Synchronously, the more peripheral parts ofthe retina acquire maturity. There is, 
however, no study on the temporal relationship between central and peripheral parts 
of the retina, and of the question whether the peripherally directed differentiation 
proceeds steadily or stepwise. An interesting investigation by Dickson and Collard 
(1979) has shown that in the ammocoetes larva of a cyelostome, there is an abrupt 
separation of a well-differentiated central one-third and a totally undifferentiated peri­
pheral zone. 
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The development of the retina is embedded into the general ontogenetic develop­
ment, which in itself is of varying length in the different species. Computed into DUs, 
the onset of embryonic development in Tilapia takes place in DU -2. Its end, of 
course, is not easily fIxed and for all species it is assumed to occur in DU 10. Thus in 
Tilapia, the total length of development is 12 DUs. Retina differentiation lasts from 
DU 1 to DU 8, covering 66% of the ontogenetic period. For Xenopus, the data are 
alike. In Gallus and Homo, the onset is at DU -1, and the retinal differentiation covers 
73% of the altogether 11 DUs. The longest development is found in the rat, where it 
begins at DU -5. The retinal fraction is 53%. In the mouse it begins at DU -3, and 
61% of the 13 DUs see the retinal development. Thus, the average retinal development 
period covers 65% or two-thirds of the embryonic development, beginning when be­
tween 9% and 33% of the latter have passed. 

Apart from the obvious dose relationship ofthe two rodents and certain similari­
ties between Tilapia and Xenopus, attempts to reveal phylogenetic interrelations have 
remained without result. Apparently, the development of a retina has evolved in rather 
early ancestors and is a common heritage to an c1asses of vertebrates. The lack of great­
er phylogenetic discrepancies in adult retinal structure and the similarity of the cydo­
stome retina confIrm this assumption and show that with the retina a very successful 
functional entity has evolved very early. 
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