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Abstract

Immunological probes have begun to identify molecules that delineate cell layersand cell types during the
formation of the retina and other parts of the optic cup. Within the developing retina, cell-type-specific mono-
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clonal antibodies have been used to show that differentiation occurs before cells reach their final laminar
position. Cell surface molecules have been found expressed in position-dependent gradients across the retina.
These molecules may convey positional information to the retinal cells and their topographic connections. One
such molecule is a modified carbohydrate group on a ganglioside, suggesting that such groups may play a role
in neural development. A variety of molecules that are expressed by rod photoreceptors at defined stages of
their differentiation have been characterized. These molecules have been used to show the development of
subcellular compartments withinrods. In vitro studies have suggested that photoreceptor molecules expressed
atdifferent times are under different forms of regulation. Some of these cell-specific molecules have been shown
to be under transcriptional control and thus defined cell interactions seem to be linked to changes in gene
expression during retinal development.

Index Entries: Vertebrate retinal development; retinal development, in vertebrates; development, of the
vertebrate retina; embryonic retina; optic cup formation; optic stalk; retinal lamination; positional information
within the retina; axon outgrowth cues, retinal; cell adhesion molecules, retinal; photoreceptor development;

proto-oncogenes and growth factors, retinal.

Introduction

The establishment of pattern in developing
organisms remains one of the least understood
aspects of developmental biology. In the nerv-
ous system, some important aspects of pattern
formation manifest themselves as the tempo-
rally and spatially ordered generation of dis-
tinct neuronal cell classes that migrate so as to
take up characteristic positions and then ac-
quire characteristic morphologies. The link
between the events leading to specification of
cell types and the later processes of axonal elon-
gation and synapse formation is at present
unknown.

Many of the efforts to understand the forces
leading to the production of specific cell types
have used simple organisms, such as the nema-
tode Caenorhabditis elegans, or insects, such as
the grasshopper or Drosophila, in which stereo-
typic cell lineages, ease of observation of the
embryo, and small numbers of cells provide
many practical advantages (see Sulston, 1983;
Horvitz et al.,, 1983; Bastiani et al., 1985). In ad-
dition, the rapid life cycle of some of these or-
ganisms allows genetic approaches to the analy-
sis of neural development to be employed.
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In vertebrates, similar analyses are made
more difficult by the inaccessability of the em-
bryo, the number of cells within the nervous
system, and the existence of long-range inter-
actions that make it difficult to study any given
area of the CNS in isolation. The retina has long
been used as a model system to study neural
development because it has features that can
overcome some of these limitations. These fea-
tures include a limited number of cell types that
are arranged in a laminar structure, as shown in
Fig. 1. The retina has also been investigated
extensively, both anatomically and physiologi-
cally; it develops in the absence of any signifi-
cant neural input and has a relatively late gen-
eration (final mitosis) of many of the cell types,
which allows accessability of the developing
tissue in neonatal animals.

Development of the retina has historically
been described in terms of anatomical and phys-
iological parameters. Because these probably
involve many factors, we have taken a more
reductionist approach and have sought to de-
scribe retinal development in terms of the ex-
pression of individual molecules. To identify
useful molecular markers, we have produced a
panel of monoclonal antibodies against retinal
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Fig. 1. Diagrammatic representation of a human rctina showing the cell types, layered structure, and syn-
aptic connections. PE, pigment epithelium; OS, photoreceptor outer segments; ONL, outer nuclear layer; OPL,
outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell Iz ver; ON, optic

nerve fiber layer. Taken from Barnstable (1985).

antigens. In the adult tissue we now have im-
munological markers of each of the major reti-
nal cell types (reviewed in Barnstable, 1982,
1985). Many of these molecules are expressed at
discrete times during development, and for
some retinal cell types multiple developmental
events can be described in terms of antigen
appearance. In addition, the availability of
these cell-type markers has allowed us to study
retinal cells both in the intact tissue and in a
variety of culture environments (Barnstable et
al., 1983; Akagawa and Barnstable, 1986, 1987).

These initial studies in retina have shown that
functional classes of cells can be identified by
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the expression of particular molecular markers.
For example, a number of antigens have been
localized to rod photoreceptors that are not
found on any other neuronal cell (Barnstable,
1980). Some of these antigens are only on por-
tions of the cell, indicating the degree of subcel-
lular compartmentalization that can be detected
in neurons. All retinal amacrine cells express a
35-kdalton membrane protein defined by the
antibody HPC-1 (Barnstable et al., 1985). Sucha
grouping is clearly incomplete since it is known
that further subdivisions of amacrine cells can
be made on the basis of transmitter phenotype
ormorphology in theadult animal. Similarly, all
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retinal ganglion cells express the surface marker
Thy-1, but no good markers of known function-
al and morphological subclasses of ganglion
cells have yet been described (Barnstable and
Drager, 1984; Drager et al., 1984). Thus, itis still
an open question as to how precisely the func-
tional diversity of retinal cells can be mapped in
terms of their detectable molecular diversity.

A further conclusion that comes from studies
from a number of laboratories is that func-
tionally related cells of different cell types or
even in different regions can also express a
common antigen. For example, an antibody
raised against rat hippocampus seems to prefer-
entially react with cells that can be classified as
part of the limbic system (Levitt, 1984). A fur-
ther antibody raised against cat spinal cord
seems to react with cells in the visual system
which have the common property of being in-
volved in motion detection (Hockfield et al,
1983).

Given the range of available molecular mark-
ers that have already been described, it is clear
that many of the questions of neural develop-
ment can now be reformulated in terms of ques-
tions analyzing the mechanisms controlling the
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expression of individual molecules. In this ar-
ticle I would like to review some of the available
information on molecules expressed during ret-
inal development and describe some of the as-
pects of development of the mammalian retina
that have been of interest within my ownlabora-
tory over the last few years. In particular, [ want
to discuss our results in the context of the series
of genetic and epigenetic events that may be of
importance both in the specification of position
within the developing retinal epithelium and in
the formation of mature retinal cell types.

Embryonic Development of the
Optic Cup

Formation of the Optic Cup

The optic vesicle, from which the retina is
eventually derived, starts as a bulging out from
the ventrolateral aspect of each side of the fore-
brain. In rats the optic vesicles become visible at
11 d of gestation (E11). At this time the anterior
of the neural tube has not fully closed so that the
optic vesicles are forming before there is evenan

Fig. 2. (A)Scanning electronmicrograph of E11 anterior rat neural tube. The two early optical vesicles (OV)
haveabroad attachment to the forebrain. At this stage the midline of the neural groove has notcompleted closed
(arows). (B) Posterior view of the same specimen showing the delineation of the optic vesicle (OV) from the
narrower optic stalk (OS). Figure adapted from Morse and McCann (1984).
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Fig. 3. (A) Scanning electron micrograph of an E12 rat optic (OC) and ventral aspect of the optic stalk (OS).
The optic fissure is wide and shallow, and its border is formed by the lips of the cup (asterisks). (B) By E13 the
optic cup (OC} is deep and the optic fissure (OF) has narrowed such that its lips appear to be in contact at some

points. Figure adapted from Morse and McCann (1984).

isolated forebrain vesicle [Fig 2 (a)] (Morse and
McCann, 1984).

Over the next day (E12) the optic vesicle
grows out further, so that a definable optic stalk
is present and becomes more closely apposed to
the overlying ectoderm [Fig. 2 (b)]. As it grows,
the optic vesicle begins to invaginate to create
the optic cup [Fig 3. (a)]. A shallow furrow, the
optic fissure, forms on the ventral suface of the
optic cup, although this closes by E13 [Fig 3 (b)].

The molecular signals involved in these early
events have not been fully explored, although
there is evidence that both movements of cal-
cium and new extracellular matrix material are
important at some stages. Invagination of chick
optic vesicles in vitro was promoted by the cal-
cium ionophore A23187 in the presence of ex-
ternal calcium and was inhibited by the calcium
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antagonists verapamil and papaverine (Brady
and Hilfer, 1982). The process was also inhibited
by the drugs trifluoperazine and chlorpromaz-
ine, both of which interact with calmodulin.
Calmodulin can confer calcium sensitivity upon
nonmuscle actin, and the retinal cells contain
actin filaments that show changes in organiza-
tion during optic cup invagination (Hifler et al,,
1981). Thus, it is possible that a calcium—calm-
odulin-actomyosin mechanism is involved in
optic cup morphogenesis. It has not been ex-
cluded, however, that other calcium—calmod-
ulin-dependent molecules, such as protein ki-
nases, are also important links between calcium
influx and optic vesicle invagination.

Other correlates of optic vesicle invagination
have also been found. Anatomical studies have
suggested that the developing lens may play a
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rolein the invagination process. The extracellu-
lar matrices of the optic vesicle and the lens epi-
thelium are closely apposed, and the basal lam-
inae of the two layers may actually fuse
(Stroeva, 1960; Johnston et al., 1979). Both 6-
diazo-5-oxo-L-norleucine and tunicamycin,
which block the synthesis of N-linked carbohy-
drate chains, inhibited optic vesicle invagina-
tion and blocked the attachment of the retinal
disk and the lens epithelium (Wang and Hilfer,
1982). Although the results support the idea of
a role for components of the extracellular ma-
trix, such as glycosaminoglycans, the use of
such wide-spectrum inhibitors cannot exclude
the possibility that other glycoconjugates are of
importance. Immunofluorescence studies have
shown that the extracellular matrix glyco-
proteins fibronectin and laminin are both pres-
ent around the developing optic vesicle and cup
and between the optic cup and the lens (Kro-
toski et al., 1986). Fibronectin staining was much
weaker than that for laminin around parts of the
optic cup and often appeared as a patchy distri-
bution. Adjacent sections labeled with antibod-
ies against CSAT, a membrane glycoprotein that
binds to both fibronectin and laminin, showed
fluorescence both around the basal surface of
the developing optic cup and around individual
cells within the optic cup and the lens. No obvi-
ousdifferences in the distribution of any of these
molecules was observed at the time of optic ves-
icle invagination, but extracellular matrix com-
ponents may provide an important scaffolding
upon which other molecular changes can exert
their actions.

Determination of Cell Layers
Within the Optic Cup

In the rat, optic vesicle invagination begins at
E12, and the first postmitotic retinal neurons are
formed by E13. Thus, the processes of invagina-
tion and retinal differentiation show a consider-
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able temporal overlap. Whether the processes
are linked or not has not yet been studied. What-
ever the relationship, invagination leads to the
formation of two cell layers, one of which goes
on to form the pigment epithelium and the other
of which gives rise to the retina. If the initial
optic vesicle epithelium was equipotential, an
assumption that has yet to be verified, then the
different environments in which the cell layers
find themselves after invagination may lead to
their very different cellular and molecular dif-
ferentiation. In a series of experiments in which
E11.5-E12.5 rat optic vesicles were transplanted
to the anterior eye chamber, it was found that in
the absence of all mesenchymal tissue the entire
vesicle developed into retina. In the presence of
mesenchyme, usually iris, the cell layer that
would normally become pigment epithelium
carried out its normal development, but pre-
sumptive retina never become pigmented
(Stroeva, 1960.) These results suggest a hier-
archy of developmental potential whereby pre-
sumptive PE can become retina, but presump-
tive retina cannot become PE, and also stress the
potential role of interactions with mesenchymal
tissue in determining cell fates. These studies
used primarily anatomical criteria to define de-
velopment, and it was not possible to describe
the development of either cell layer in molecular
terms.

To try and analyze the cells’ fates and poten-
tials in more controlled conditions, we have
begun to analyze the differentiation of optic
cups explanted into tissue culture at various em-
bryonic stages. Explants taken from E13 em-
bryos were found to form all the major retinal
cell types in the correct laminar pattern (Spar-
row and Barnstable, 1986). In particular, photo-
receptors were detected with an opsin antibody
even though the tissue was put into culture
before any photoreceptors had become postmi-
totic. These experiments suggest that either the
dividing neuroblasts that give rise to photore-
ceptors (and the other cell types detected) are
already determined within the retinal epithe-

Volume 1, 1987



Molecular View of Vertebrate Retinal Development 15

lium or, more likely, that all the signals neces-
sary for specific differentiation events are pres-
ent in the groups of cells explanted.

The Optic Stalk

The cells connecting the retina and PE to the
forebrain comprise the optic stalk. These cells
eventually differentiate into the supporting
cells of the optic nerve, namely astrocytes and
oligodendrocytes. It has been suggested, how-
ever, that before retinal ganglion cell axons pass
through the stalk, the stalk cells are multipoten-
tial and can become neurons if placed in tissue
culture (Juurlink and Federoff, 1980). Although
it is tempting to suggest that contact with the
axons can alter the developmental potential of
these cells, there are complicating factors. In
Xenopus it has been shown that ventral retinal
cells migrate in through the optic stalk (Holt,
1980). There is some evidence that the same is
true for rats Morse and McCann, 1984). Thus,
stalk cells may not change their developmental
potential, but, rather, the constituent cell popu-
lations within the optic stalk may vary with
time.

Thymidine birthdating studies have been
used to try and establish the times at which the
glial cell types become postmitotic (Skoff et al.,
1976). This approach is less satisfactory for glia
than neurons since recognizable glial cell types
can still divide a number of times and thus cre-
ate a greater difference between the time of for-
mation and the time of last mitosis than is gen-
erally assumed to occur for neurons. The results
of these studies have suggested that the first
astrocytes became postmitotic in rat optic stalk
at E15.5. The number of postmitotic astrocytes
increased with time and peaked at PN5. The
first postmitotic oligodendrocytes were found
at PN5, and the peak formation was at about
PN10. No gradient of formation was found
along the length of the developing optic nerve.

At least two cell lineages arise from the optic
stalk (Fig. 4). These were initially defined after
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it was found that cultures of rat optic nerve
contained two types of GFAP* astrocytes (Raff et
al.,, 1983). One type (Type 1) exhibited a fibrob-
last-like morphology and did not bind tetanus
toxin or the antibody A2B5. The other type
(Type 2) had a process-bearing morphology and
bound both tetanus toxin and A2B5. Subse-
quent studies have suggested that Type 2 astro-
cytes derive from a precursor cell type that
could be identified in culture as an A2B5-posi-
tive cell that has the potential to form both Type
2 astrocytes and oligodendrocytes (Raff et al,,
1983; Abney et al.,, 1983). For this reason it has
been termed the O2A precursor cell type.

Type 1 astrocytes form the protoplasmic as-
trocytes, which are found primarily at the per-
iphery of the optic nerve and form the glial-
limiting membrane. These cells differentiate
first and probably account for the postmitotic
cells thymidine-labeled in the embryonic optic
nerve (Skoff et al, 1976; David et al., 1984).
Many of the Type 2 astrocytes differentiate at the
same time as the oligodendrocytes, suggesting
that the O2A precursor cells are differentiating
along the two pathways at the same time.

It has been suggested that contact with gang-
lion cell axons might trigger astrocytes to be-
come postmitotic and that axon size might be a
trigger for oligodendrocytes to stop dividing
and begin myelination (Skoff et al., 1976). This
idea is supported by studies that show a de-
crease in oligodendrocyte formation in optic
nerves transected neonatally (Fulcrand and
Privat, 1977). Neonatal transaction of the optic
nerve appears to lead to a decrease in the O2A
precursors and both the oligodendrocyte and
astrocyte progeny (David et al, 1984). The
mechanism of this has not been established, but
it is thought that the effect is upon cell survival
rather than proliferation or differentiation.

In culture the differentiation pathway chosen
by O2A progenitor cells can be influenced by
such factors as serum and contact with other
cells. Growth of single cells in serum-free
medium resulted in their differentiation into
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Fig. 4. A schematic representation of the development of optic stalk cells. The optic stalk stem cells giverise
to two lineages. One of these leads to the formation of the O2A precursor cell type, which is bipotential and can
form either oligodendrocytes or Type 2 astrocytes. In culture the pathway can be influenced by serum factors
or conditioned medium. The other lineages eventually give rise to type 1 astrocytes. The cell labeled ? repre-

sents possible intermedjiate stages along the type 1 astrocyte development pathway.

oligodendrocytes, whereas growth in medium
containing 20% fetal calf serum resulted in 62%
of the cells differentiating into Type 2 astrocytes
(Temple and Raff, 1985). Almost all (>90%) of
O2A precursor cells differentiated into Type 2
astrocytes in bulk cultures of optic nerve (Raff et
al., 1984). This effect could be mimicked by con-
ditioned medium from the bulk cultures, sug-
gesting that the cell-cell interactions might be
mediated by soluble factors. The source of such
factors and their relationship to the serum fac-
tors is not yet known. In addition, it is not yet
clear whether these factorsact ina permissive or
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an instructive way to influence different pat-
terns of gene expression in the O2A cells.

Specification of Positional
Information Within the Retina

Lamination Within the Reftina

As described in the previous section, the
embryological movements of the neuroepithel-
ial sheet of the optic vesicle lead to a distinct
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Fig. 5. A schematic representation of retinal cell position during the mitotic cycle. Undifferentiated neuro-
blasts span the thickness of the retina and have attachments at both the ventricular surface and the vitreal
surface. As the cells move through the mitotic cycle the attachment at the vitreal surface may be lost. Division
of the cells occurs exclusively at the ventricular surface. After division, the cells reestablish their connections,
and the nuclei migrate down toward the vitreal surface before returning for another round of cell division. As
the retinal layers differentiate, the extent of this interkinetic nuclear migration becomes less, such that undiffer-
entiated nuclei do not migrate through differentiated cell layers.

invaginated structure that subsequently gives
rise to all the cell types of the retina. This subse-
quent developmental phase involves extensive
cell division to give a structure that is many cells
thick. Initally, this proliferation results in the
close packing of elongated cells that still have
attachments at both edges of the retina. With
continued development, some of these attach-
ments disappear, and in the adult retina the only
cells to span the full thickness of the tissue are
the Miiller glial cells.

All mitoses of the neuronal precursors take
place at the ventricular surface of the tissue (Fig.
5). Between mitotic cycles the cell nuclei mi-
grate down into the retina, returning for a fur-
ther mitotic division (Denham, 1967; Fujita,
1962; Braekfelt and Hollenberg, 1970). After
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their final mitosis the cells migrate to their final
position. This migration is much shorter than
migrations of neurons in the developing cere-
bral cortex, and it is not clear whether the retinal
neurons need any cells homologous to the radial
glia found in many other areas of the CNS upon
which to migrate (Rakic, 1981). The formation of
laminae in the retina also differs from that of cer-
ebral cortex in another way. In general, cortical
layers are formed from the deeper layers to the
more superficial layers, that is, from the layers
closest to the ventricle to the layers furthest
away. The retinal laminae, on the other hand,
are formed from the layers furthest from the
ventricle to the layers closest, that is, from gan-
glion cell layer first to photoreceptor layer last.
Thus, retinal cells do not have to pass through
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Fig. 6. Immunofluorescent labeling (b) of E17-18 rat embryo retina by amacrine cell antibody HPC-1. Tis-
sue was dissected and fixed by imersion in 4% paraformaldehyde. Fifteen-micrometer sections were cutona
cryostat and labeled with monoclonal antibody followed by a fluorescent secondary antibody. Labeled cell
bodies and radial processes could be found extending up to the ventricular surface (arrows). The bright band
of label represents the forming IPL. Scale bar in (a) 50 pm. Taken from Barnstable et al. (1985).

layers of cells already formed, but only need to
migrate until other differentiated cells are en-
countered. It is not clear whether such a simple
mechanical model of retinal layer formation is
appropriate, however, since several cell layers
are forming simultaneously. To understand the
formation of retinal laminae more fully, it is nec-
essary to know whether the cell migrations
involve undifferentiated neuroblasts or the
homing of already differentiated cells. To distin-
guish these possibilities we examined the
formation of amacrine cells in embryonic rat
retina. The antigen HPC-1 is detectableat E17 in
the retina (Barnstable et al., 1985). At this stage
the ganglion cell and inner plexiform layers are
not fully formed. HPC-1-labeled cells were de-
tected not only in the forming amacrine cell
layer, but also at the ventricular surface and
positions in between (Fig. 6). This suggests that
the cells begin to differentiate before they mi-
grate and that layer formation involves the
homing of differentiated cells. The migrating
cells retain a radial process attached to the ven-
tricular surface as they migrate. It is possible
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that such processes could be used by the cells to
sense the depth to which they have migrated.
Different layers would be formed if different cell
types maintained radial attachments of differ-
ent lengths.

There is some evidence that other factors can
influence lamination in the retina. In reaggre-
gate cultures consisting of all retinal cell types
except ganglion cells, the outermost layer of
cells formed consists of amacrine cells (Barn-
stable et al., 1983; Akagawa and Barnstable,
1987). In addition, these cells direct their proc-
esses in toward other retinal cell types, thatis, in
the opposite orientation to most nomal amac-
rine cells. One interpretation of this observation
is that in the normal retina the developing den-
drites of the ganglion cells play an important
role in organizing the amacrine cell layer and
the inner plexiform layer. If this is the case, it
will be interesting to determine the nature of the
interactions between these cell types in the em-
bryo since synaptic interactions are not thought
to be present in the inner plexiform layer until
several days after birth.
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One other cell type that may play an organiz-
ing rolein retinal lamination is the axonless class
of horizontal cells. Although the general order
of formation of the retinal layers is as described
above, namely ganglion cells to photoreceptors,
thymidine birthdating studies have shown one
exception to this (Sidman, 1961; Hinds and
Hinds, 1978; Young, 1985). In the mouse, the
peak of horizontal cell birth occurred at E13-
13.5, before the peak of amacrine cell birth and
many days before the peak of photoreceptor
and bipolar cell birth. Histological examination
of late embryonic retinas has shown that well-
differentiated horizontal cells can be found in
the middle of a broad neuroblastic cell layer
(Barnstable and Constantine-Paton, 1984). This
raises the question of what cues are used by
these cells to form such a layer and whether the
placement of these cells is critical to the forma-
tion of the outer plexiform layer, the division be-
tween photoreceptors, and the inner nuclear
layer. The early-appearing horizontal cells at
least include the axonless class of horizontal
cells because we have been able to label these
cells in embryonic rats with antibodies against
neurofilament subunits. In the adult retina,
neurofilaments are found only in axonless hori-
zontal cells and ganglion cells (Drager et al,
1984). As was the case for the amacrine cells
mentioned above, the horizontal cells maintain-
ed a radial connection until they completed
their movement and began to extend horizontal
processes. Once again the information provid-
ed by such a scaffolding for subsequent retinal
development is unclear, as are the molecular
mechanisms by which such information can be
transferred.

Even though the detailed mechanisms of ret-
inal lamination are not yet understood, one
point to be emphasised is that there appear to be
many instances of cell interactions that are im-
portant for correct cell positioning. As men-
tioned above, this cellular communication
would seem to be separate from synaptic inter-
actions that occur only after the cells are in their
correct laminae.
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Gradients Along the Dorsoventral
Refinal Axis

In addition to the laminar development of ret-
inal cell types, each cell forms a characteristic
network of processes and connections. The dis-
tribution of some of these cells and their proc-
esses is not uniform across the retina, but rather
varies with position. Some of this variation is
manifested as differences in the dendritic
spread of otherwise similar cell types or in the
packing density of many of the retinal cell types
(Wissle and Rieman, 1978; Tauchi and Masland,
1984). These differences suggest that there is a
mechanism for encoding position within the
retinal sheet. As discussed in several sections
below, there is also good evidence that retinal
ganglion cells use positional cues for the direc-
tion of their initial axon outgrowth, and that
such cues may be important in some aspects of
setting up the topography of the retinal project-
ion to other parts of the visual system.

It is a reasonable hypothesis that some correl-
ates of the specification of position can be found
in the differential expression of molecules by
cells at different retinal coordinates. The search
for such correlates has been going on for many
years. Early studies measured the ability of
retinal cells from dorsal or ventral positions to
adhere to each other or to tectal cells from areas
corresponding to the target sites of the retinal
populations. Such experiments found that cells
from dorsal retina adhered preferentially to
ventral tectum and cells from ventral retina
adhered preferentially to dorsal tectum (Bar-
bara et al., 1973). This adhesive selectivity mim-
icked the normal pattern of innervation of the
tectum by the retina. The adhesive assays meas-
ured the behavior of cell bodies rather than the
ganglion cell axon tips, as occurs in vivo, thus
suggesting that the molecules governing adhe-
sive specificity might be more generally distrib-
uted within the retina. More detailed biochemi-
cal investigations of the molecules responsible
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for this adhesive specificity suggested that two
complementary gradients existed. One gradi-
ent within the retina was of a molecule that
required a terminal B -N-acetylgalactosamine
residue and appeared to be more concentrated
in dorsal retina (Marchase, 1977). A comple-
mentary gradient, which is of a higher concen-
tration in the ventral retina, of a molecule that
was sensitive to trypsin digestion and could
bind p-N-acetylgalactosamine was also pro-
posed. Similar gradients within the tectum
could then account for the binding specificity
observed. Complete identification of these
molecules was not possible. One candidate for
the dorsal-enriched molecule was the ganglio-
side GM,, but no difference in concentration of
this molecule could be observed between dorsal
and ventral portions of the retina. One enzyme,
UDP-galactose GM, galactosyltransferase, was
found to be 30% more concentrated in ventral
retina than dorsal retina (Marchase, 1977).
With the introduction of monoclonal anti-
body methods it has become easier to search for
molecules that are distributed in a graded man-
ner across the retina. Using such methods there
have been two molecular gradients described in
the vertebrate retina. One is a gradient of a
protein in the chick retina (Trisler et al., 1981a)
and the other is a gradient of a modified gangli-
osideinratretina (Constatine-Paton et al., 1986).
In the former study, monoclonal antibodies
were raised against chick retina by immunizing
mice with dissociated cells from whole retina
and then boosting them with cells from either
dorsoposterior or ventral retina. After fusion,
hybridoma colonies were screened for the pro-
duction of antibodies that bound preferentially
to either dorsoposterior or ventral retina. One
antibody, named TOP, showed 11-fold more
binding to dorsal retina than ventral retina at
E14, a ratio that declined to 2.85 in the adult
(Trisler et al., 1981a,b). In more detailed studies
in the embryonic retina, the gradient was found
to be aligned with the dorsoposterior-to-ventro-
anterior axis of the eye, which is the axis defined
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by the optic fissure. Atits extremes the gradient
showed 35-fold more binding in dorsoposterior
segments over ventroanterior segments (Trisler
etal, 1981a). The gradient was first detected in
the E4 embryo, although the antigen could be
detected at E2. The results suggest that the grad-
ient is maintained during the whole period of
neuroblast proliferation and retinal histogene-
sis.

Biochemical studies of the molecule recog-
nized by the TOP antibody have provided pre-
liminary evidence that it is a protein. Tryp-
sinization of retinal cells led to a loss of TOP
antibody binding, as did heating to 100°C for 30
min. Incubation of retinal cells with wheat germ
agglutinin lowered the binding of TOP anti-
body, whereas the lectins Concanavalin A and
Ulex europaeus agglutinin I had no effect or
enhanced binding.

One important feature of the TOP gradient is
that it appears to be a variation in the amount of
the molecule expressed by each cell within the
retina. This conclusion was based upon im-
munofluorescence studies carried out on disso-
ciated cells from different retinal regions grown
as monolayer cultures. Cells from dorsal retina
gave brighter fluorescence than those from
middle or ventral retina, as judged visually
(Trisler et al., 1981a). The experiment also sug-
gests that the maintenance of the gradient is not
under continuous regulation. Once dorsal cells
have been programmed to express higher levels
of TOP they can maintain this even in the iso-
lated tissue culture environment.

To try and elucidate the function of the mol-
ecule recognized by TOP, the antibody was ap-
plied to the developing chick eye (Trisler et al.,
1986). To maintain a constant supply of anti-
body over a period of several days, hybridoma
cells secreting TOP antibody were injected into
the vitreous. The gradient of TOP antigen was
maintained in the presence of antibody. Injec-
tion of antibody altered the rate of synaptogen-
sis in the retina. In control eyes, injected with
other antibodies, the density of synapses rose to
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Fig. 7. Immunocytochemical distribution of JONES antibody labeling in the rat retina. (A) Labeling of cen-
tral retina in the E13 eye. (B) Labeling of the E17 eye. The dorsoventral gradient can be easily seen. In the dorsal
retina [upper in (B)] label is absent from the region close to the ciliary margin that contains only immature
proliferating cells. In the cellular regions of the ventral retina little labeling can be detected. Labeling is seen
in these regions along the forming ON. (C) Adult retina showing label confined to the OPL. Both the photore-
ceptor layer (upper) and the whole of the inner retina (lower) show no labeling above background. In (A) and
(B) labeling was carried out using a silver-intensified gold labeling that was viewed and photographed with
dark-field illumination. In(C) a fluorescent secondary antibody was used. (A) and (B) taken from Constatine-

Paton et al. (1986).

aplateau valueatE18. Ineyesinjected with TOP
antibody, the rate of synapse formation was
much slower, such that the density at E18 was
only 50% of controls. By E19, however, the den-
sity of synapses was approximately the same in
the two samples, suggesting that the TOP-
treated retinas were capable of forming a nor-
mal number of synapses. There was also a strik-
ing difference in the density of growth cones
during this period. In the TOP-treated animals
there was a higher density of growth cones
maintained for a longer period. One interpreta-
tion of the results was that the major effect of the
TOP antibody was that growing neurites could
not detect the TOP gradient and, hence, grew far
longer before eventually making synapses. If
this interpretation is correct, then it is possible
that the dendritic fields of processes are in-
creased and that the effects of TOP antibody
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injection may be detectable by changes in the
physiological responses of cells, such as in-
creases in receptive field size.

We have also been using an immunological
approach to identify molecules that show uneg-
ual distribution in the developing rat retina.
One of these, JONES, was first detected in the
central portions of E12-13 retinas [Fig. 7(A)]. By
E17-18, binding was observed along regions of
the vitreal surface next to where an optic fiber
layer had formed [Fig. 7(B)]. In cellular regions
of the retina the antigen was clearly distributed
in a gradient. JONES binding was invariably
high in the dorsal retina, decreasing gradually
in more ventral retina regions. The dorsal-to-
ventral gradient was still detectable histologi-
cally at PO and present though less pronounced
at P3. In the adult, JONES binding was present
only on the Outer Plexiform Layer [Fig. 7(C)].
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These histological results probably underesti-
mate the developmental period over which the
gradient is present. To measure the gradient
more accurately we fluorescently labeled dis-
sociated cells from dorsal and ventral portions
of retinas or whole retinas of various ages with
JONES antibody and passed the cells through a
Fluorescence Activated Cell Sorter (FACS). The
results of these experiments allowed three con-
clusions to be drawn (Blum and Barnstable,
1986). The first was that, in agreement with the
histological analysis, the percentage of JONES-
labeled cells declined with time from a maxi-
mum of almost 40% at PN 2 to less than 5% in the
adult. The second conclusion was that the ob-
served gradient was at least in part related to
differences in the percentage of cells labeled
rather than to the amount of antigen expressed
per cell since dorsal retina consistently gave a
higher percentage of labeled cells than ventral
retina. The third conclusion was that from E17
to about PN 5 the ratio of dorsal-to-ventral la-
beled cells remained constant at approximately
1.5. After this time the percentage of labeled
cells was so low that any estimates of the gradi-
ent became unreliable.

Binding of JONES antibody to aldehyde-
fixed sections of late fetal and early postnatal
retinas was removed by pretreatment of the
fixed tissue with organic solvents and deter-
gents, and no binding could be found to immun-
oblots of retinal proteins separated by SDS poly-
acrylamide electrophoresis. These results sug-
gested that the JONES antibody might be react-
ing with a lipid. Immunoreactivity was found
in Folch extracts of retinal tissue, and when this
was partitioned into aqueous and organic
phases, all the immunoreactivity was found in
the aqueous phase [Fig. 8(A)]. This indicated
that the JONES epitope was carried on a polar
lipid or ganglioside. Upon TLC analysis of the
lipid extracts of retina, the JONES immunoreac-
tivity migrated as a single major band. By com-
paring the migration with that of known mark-
ers, the major JONES band was found to migrate
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slightly below the ganglioside GM,. The im-
munoreactive band was eliminated by treat-
ment of the retinal extracts with neuraminidase
[Fig. 8(B)]. It was also eliminated by treatment
with base, such as 0.1M sodium carbonate, am-
monia vapor, or methanolic sodium hydroxide.

These results suggested that the JONES epi-
tope was carried on a ganglioside that was mod-
ified by the addition of a base-labile group. To
determine the nature of the parent ganglioside,
retinal lipid extracts were separated by TLC,
blotted onto nitrocellulose, and treated with
ammonia vapor. As shown in Fig. 9, this treat-
ment removed the JONES reactivity, but re-
vealed a new band that could be labeled by
antibody R24, which is specific for the gangli-
oside GD, One possible modification of GD;,
was examined by chemically acetylating the
sialic acids of GD,using the acetyl donor N-acet-
ylimidazole. This was sufficient to create the
JONES epitope, as judged by both binding as-
says and TLC/immunoblots (Blum and Barn-
stable, 1986). A minor, faster-migrating band
was also observed in this experiment. This
probably corresponded to the diacetylated form
of GD,. Since this was not seen in tissue extracts,
the JONES epitope was primarily carried on a
monoacetylated form of GD,. The JONES epi-
tope was insensitive to treatment with sodium
periodate under conditions in which the reac-
tivity of antibody R24 to GD, was totally obli-
terated. This strongly suggests that the acetyla-
tion occurs upon the 9-position of the sialic acid,
since this is the only stable substitution that can
protect the residue from periodate oxidation.

The probable structure of the major retinal
form of the JONES molecule is shown in Fig. 10.
The nature of the minor, slower-migrating band
has yet to be elucidated. There are differencesin
the developmental profile of GD, and JONES in
a number of CNS regions, suggesting that the
acetylation that creates the unique JONES epi-
tope is separable from the biosynthetic control
of GD,. The nature of this acetylating activity is
at present unclear.
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Fig. 8. Biochemical characterization of the JONES antigen. (a) The JONES antigen partitions into the aque-
ous phase of a Folch extractand is detected as a single band on immunoblots of lipids resolved by TLC. Theband
migrates to a position between that of GM, and GM, standards run at the same time: (1) whole lipid extract,
(2) organic phase, (3) aqueous phase, (4) GD,, (5) GM,, (6) GM, . (b) The epitope recognized by the JONES
antibody contains sialic acid since immunoreactivity is removed by treatment with neuraminidase (+) but not

buffer (-). Taken from Constantine-Paton et al. (1986).

The possibilities for synthesizing the JONES
molecule are severalfold, and include the ace-
tylation of GD,, the addition of acetylated sialic
acid to GM,, or even removal of a terminal sugar
from acetylated GD,. Thereis tentative evidence
for the existence of enzymes that can carry out
the first two of these. In melanoma cell lines,
which also express an acetylated GD, it has been
suggested that there exists an enzymatic activity
that can directly convert GD, into acetylated GD,
(Chereshet al., 1984). Other work has identified
an acetylating activity in bovine submaxillary
glands that can acetylate free sialic acid
(Schauer, 1971). Determination of the pathway
of biosynthesis of JONES, and particularly the
rate-limiting step, will be of great importance
for understanding the mechanism by which this
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cell surface molecule is expressed in a dorso-
ventral gradient.

The JONES determinant is one of a growing
number of examples of carbohydrate antigens
that shows a highly restricted localization. Such
specificity suggests that they may play a far
more significant role in patterning and cell inter-
actions within the nervous system (and possibly
other tissues) than had previously been real-
ized. If mechanisms, such as acetylation, can
impose even more detailed patterns of carbohy-
drate distribution, then sufficient diversity can
be produced to account for a wide range of cell
interactions and cell-patterning phenomena.
Within the peripheral nervous system, the car-
bohydrate groups of the lacto- and globo-series
of cerebrosides show discrete localizations that
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Fig. 9. The JONES antigen is a modified form of a GD, ganglioside. Retinal gangliosides were analyzed on
a TLC immunoblot using either JONES antibody (1) or an anti-GD, antibody R24 (2). Each antibody shows a
single band in nonoverlapping positions. Nitrocellulose blots of the same preparation were exposed to
ammonia vaporand thenreacted with the same antibodies. The immunoreactivity with JONES hasdisappeared
(3). R24 now reacts with both the GD, band and a new band in the position of the former JONES band, showing
that JONES is a modified form of GD, (4).
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Fig. 10. A schematic diagram of the JONES molecule. The four sugar residues of GD, are shown attached to
the cerebroside moiety. JONES is formed by the addition of an acetyl group to the 9-position of GD,. This is
shown on the terminal sialic acid, although modification of the inner sialic acid cannot be totally excluded. The
nature of the fatty acid residues in JONES has not yet been determined.
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appear to correlate with transmitter phenotype
in rat dorsal-root ganglion cells (DRG) (Dodd et
al., 1984; Jessell and Dodd, 1985). The different
populations of DRG neurons terminate in dif-
ferent laminae of the spinal-cord dorsal homn,
and the surface carbohydrate groups may act as
molecular markers for the correct positioning of
the synaptic terminals of these cells. Two endo-
genous, lactose-binding lectins have also been
described in DRG neurons and the dorsal hormn
of the developing spinal cord (Regan et al.,
1986). Thus, one role for cell-surface carbohy-
drates may be as part of a recognition system
involving lectins that might be responsible for
the organization of projections of an area to its
target.

The carbohydrate determinants need not be
part of a recognition system thenselves. Some,
particularly charged carbohydrates such as
gangliosides, may function by modifying other
cell-surface molecules. There is evidence that
gangliosides may play a role in cell adhesion by
modifying the efficacy of adhesion molecules,
such as fibronectin (Thomson et al., 1986). Dis-
ialogangliosides, including GD,, have been
shown to be preferentialy localized to the adhe-
sive contacts of human melanoma cells (Cher-
esh et al., 1986). Thus, the combination of a
uniformly distributed adhesion molecule with a
graded concentration of a modifier, such as a
ganglioside, could set up an adhesive hierarchy
that might be of importance in determining
positional information.

Cues for Refinal Ganglion Cell
Axon Outgrowth

As mentioned above, positional specification
within the retina is probably important for the
ordered growth of ganglion cell axons. That
such an ordered growth does occur has been
shown by studies of the early chick retina. These
studies have shown that even the initial gan-
glion cell axon outgrowth is oriented toward the
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optic fissure or optic nerve head (Halfter et al.,
1985). This has led to the suggestion that there
are positional cues in the substrate over which
these initial axons grow. The substrate is formed
by the endfeet of retinal epithelial cells and the
extracellular matrix secreted by them, which
makes up the inner limiting membrane. The na-
ture of such cues is not known, but it may well
be related to the types of molecules dicussed in
the previous section. Thereis another precedent
for the existence of directional cues in axon out-
growth. In the developing insect nervous sys-
tem, initial axon outgrowth of pioneer fibers is
always in the correct direction (Bentley and
Caudy, 1983a; Bastiani et al., 1985). This has
been interpreted on the basis of the existence of
directional cues present in the surface ectoderm
or, more likely, in the extracellular matrix cover-
ing the cells (Bentley and Caudy, 1983b).

The patterning of ganglion cell axon growth
may also be influenced by the selective interac-
tion of axons from different regions of the retina.
Axons from explants of either temporal or nasal
regions of chick retina were allowed to make a
choice and grow along either temporal or nasal
axons (Bonhoeffer and Huf, 1985). The results of
these experiments were that axons from nasal
retina were able to grow along both the tempor-
al and nasal axon substrates. The temporal ax-
ons, however, were unable to grow on nasal ax-
ons and grew exclusively along the temporal
axons. The observed growth of temporal axons
only on temporal axons is in agreement with in
vivo observations in the frog, which indicate
that temporal axons tend to fasciculate with
each other. The data suggest a positive attrac-
tion that is graded across the nasotemporal axis
of the retina, with the highest levels in the tem-
poral region. An alternative explanation for the
results has been offered following the finding of
negative interactions between central and per-
ipheral axons (Kampfhammer et al., 1986). In-
stead of a positive adhesive interaction between
temporal axons, it has been suggested that nasal
axons express molecules that prevent interac-
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tion with temporal axons (Raper and Kapfham-
mer, 1986). Axon growth experiments that com-
pared the behavior of dorsal and ventral por-
tions of retina found no differences in growth
selectivity (Bonhoeffer and Huf, 1985).

Thus, the early experiments measuring cell
binding of retinal to tectum suggested dorso-
ventral gradient, whereas the axon growth ex-
periments have suggested nasotemporal differ-
ences, but no dorsoventral differences. So far
we have molecular candidates for the dorsoven-
tral differences, but not for the nasotemporal
differences.

Cell Adhesion and Retinal
Development

Cell Adhesion Molecules

Adhesion of retinal cells has been shown to
consist of at least two mechanisms, a calcium-
independent and a calcium-dependent mech-
anism (Steinberg and Granger, 1966; Edwards et
al., 1975; Takeichi, 1977; Takeichi et al., 1979;
Magnani et al., 1981; Rutishauser, 1983; Edel-
man et al., 1983). These mechanisms can be
distinguished because the molecules involved
show differential sensitivity to proteolytic
cleavage from the cell surface in the presence or
absence of calcium. Cells trypsinized in the
presence of EDTA lose both adhesion mecha-
nisms. Cells trypsinized in the presence of cal-
cium lose their calcium-independent adhesion
mechanism, but not their calcium-dependent
adhesion mechanism. The two adhesion mech-
anisms also differ in that only the calcium-de-
pendent mechanism is temperature sensitive.

There are three molecules that are candidates
for components of the calcium-independent
mechanism of retinal cell adhesion. The reag-
gregation of dissociated chick retina cells was
used as an assay for the purification of Neural
Cell Adhesion Molecule (N-CAM), the best
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characterized of these. Fab fragments of an anti-
serum against chick retinal cells were shown to
block the reaggregation of dissociated retinal
cells, and this blocking activity could be re-
moved by preincubation with a specific mem-
brane protein (Brackenbury et al., 1977). N-
CAM has been characterized extensively
(Rutishauser, 1983; Edelman et al., 1983), and
much of its amino acid sequence determined
from its cDNA sequence (Murray et al., 1984;
Goridis et al., 1985). N-CAM exists in the adult
nervous system primarily as glycoproteins of
apparent mol wt 180,000, 140,000, and 120,000.
The two larger forms are both transmembrane
proteins, but differ in the amount of polypep-
tide chain in the cytoplasmic portion of the
molecule. This difference is related to different-
ial splicing of the N-CAM mRNA that involves
one exon (Murray et at., 1986). Although the
functional consequences of changes in the ratio
of the two forms are not yet understood, there is
some evidence that the 180,000 form of N-CAM
can interact with the cytoskeleton (Pollerberg et
al.,, 1986). The 120,000 form of N-CAM is also
formed by differential splicing of the mRNA,
but it has no transmembrane region and no
cytoplasmic domains. Instead, it has a novel C-
terminal amino acid sequence and is linked to
the plasma membrane through a phosphatidyl-
inositol linkage (He et al., 1986).

In embryonic neural tissues a higher mol wt
form of N-CAM is the predominant species and
has an apparent mol wt of 220,000. The higher
mol wt is related to a larger amount of polysialic
acid attached to the polypeptide chain. The
differences in amount of sialic acid have been
shown to influence the affinity of N-CAM adhe-
sion of artificial lipid vesicles (Hoffman and
Edelman, 1983). The conversion of the high-
sialic-acid, embryonic form of N-CAM to the
lower sialic acid, adult form of the molecule
occurs at different times and different rates in
different parts of the nervous system. In most
areas it occurs after histogenesis is complete
and, thus, is probably not of major importance
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during development. The retina is unusual in
that it always expresses the adult, lower-sialic-
acid form of N-CAM (Schlossauer et al., 1984).
Along the optic nerve, however, the embryonic,
higher-sialic-acid form can be found at the optic
chiasm. This has been interpreted as represent-
ing a mechanism for decreasing axon adhesion
at a point in the optic pathway at which it is
known that fibers undergo a large amount of
spatial rearrangement. What has yet to be ex-
plained is whether the modification is carried
out by compartmentalization of molecules syn-
thesized at different times in ganglion cell de-
velopment or whether it can occur by extracell-
ular neuraminidase activity, possibly secreted
by other cell types.

The second identified component of the calci-
um-independent adhesion mechanism is the
molecule called L1 or NILE in rodents or Ng-
CAM in the chick (Schachner et al., 1983; Salton
et al., 1983; Grumet et al., 1984). Ng-CAM ap-
pears as a single sharp band on gel electrophor-
esis and has an apparent mol wt of 135,000 (Gru-
met etal., 1984). Unlike N-CAM, which appears
to mediate homophilic binding, Ng-CAM does
not bind to itself, although its receptor has yet to
be identified. In the developing retina, Ng-
CAM is confined to the optic nerve fiber layer,
although it later also appears in the inner plexi-
form layer (Daniloff et al., 1986). At no time in
development was Ng-CAM observed on cell
bodies or in the outer plexiform layer.

The third identified adhesion molecule, cog-
nin, is a 50-kdalton integral membrane protein
that was defined using an assay of chick retina
membrane vesicle aggregation (Troccoli and
Housman, 1985). It differs from the molecules
described above in several ways. Cognin has
not been detected in other neural or nonneural
areas, making it one of the first region-specific
cell adhesion molecules (Ben-Shaul et al., 1979).
It also shows age-related decreases in the level
of its expression and is not found at all on thelast
maturing photoreceptors and their outer seg-
ments (Ben-Shaul et al., 1980; Ophir et al., 1983).
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There has only been one molecule described
that appears to mediate calcium-dependent ad-
hesion. A molecule of approximately 130 kdal-
ton has been identified biochemically on the
basis of proteolytic sensitivity and immunologi-
cally by antibody-mediated inhibition of cell
aggreation (Grunewald et al., 1982; Hatta et al,,
1985). Monoclonal antibodies produced against
this molecule blocked aggregation of dissoci-
ated retinal cells under appropriate conditions
(Hatta and Takeichi, 1986). The appearance of
this adhesion molecule shows striking correla-
tions with major morphogenetic events, such as
gastrulation and neurulation, as well as events
such as optic vesicle invagination and the ac-
companying lens formation.

The molecules described above are all
thought to act by either self association or inter-
action with other membrane molecules. The
alternative model, in which membrane mole-
cules are linked by soluble bridging molecules,
has also been described. Into this category
would come those molecules that can bind to
extracellular matrix molecules since the extra-
cellular matrix can be thought of as an extended
bridging molecule. In addition, other molecules
and types of bridge may play a role. One candi-
date is the membrane molecule ligatin. Thisisa
10-kdalton plasma membrane protein that can
bind peripheral proteins containing a terminal
glucose-1-phosphate (Marchase et al., 1981,
1982). This protein has been found in many tis-
sues and many species, including several mam-
mals, chick, and even sea urchin. The reason for
including the molecule in this section on cell
adhesion is that the addition of ligatin was suf-
ficient to block retinal cell aggregation, possibly
by blocking the formation of appropriate brid-
ges (Marchase et al., 1981).

The Role of Cell Adhesion
Molecules in Retinal Development

It seems unlikey that all of the different mol-
ecules described above exist simply to hold reti-
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nal cells together. Thus, to understand their
function more completely it is necessary to con-
sider the ways in which patterns of different
adhesivity could be set up or the effects upon
other cellular functions transferred into the
cytoplasm by some of these molecules when
they interact with their appropriate partners.

Early experiments on differential adhesivity
focused upon the ability of cells from one tissue
to sort out from those of another tissue, for ex-
ample liver and heart (Steinberg, 1964). More
recent investigations of the reaggregation of a
tissue of mixed cell types, such as the retina, has
shown that retinal cell types can sort out into
histiotypic layers (Moscona and Housman,
1977; Barnstable et al., 1983; Vollmer and Layer,
1986; Akagawa and Barnstable, 1987). There is
also some evidence that this is related to active
sorting out of cells after the reaggregates have
formed rather than temporally separated addi-
tion of cell types to the reaggregates (Akagawa
and Barnstable, 1987). By analyzing the distri-
bution of GABA-ergic amacrine cells over sev-
eral days in culture we have found sorting from
an initial random array to a final external posi-
tion (Fig. 11).
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Addition of Fab fragments of antibodies
against N-CAM to retinal reaggregates led to
less complete histiotypic sorting, although the
crtieria used did not measure the positions of
identified cell types (Buskirk et al., 1980; Hoff-
man et al., 1986). In addition, the published
experiments have not described the rates of cell
division or cell death in antibody-treated ex-
plants. The comparision of treated and control
retinas at the same time points may also hide
information. As was found in the experiments
described in Gradients Along the Dorsoventral
Retinal Axis, where TOP antibody was injected
into the chick eye, it is possible to slow develop-
mental processes even though the same end-
pointis eventually reached. Itisunclear at pres-
ent whether the effects of anti-N-CAM are on
the rate of development. Interestingly, Fab frag-
ments of antisera against Ng-CAM did not af-
fect retinal histogenesis (Hoffman et al., 1986).
This, combined with the preferential localiza-
tion of this molecule to the optic nerve fiber
layer suggests that Ng-CAM functions in optic
nerve formation rather than in retinal histo-
genesis (Daniloff et al., 1986).

Fig. 11. Redistribution of GABA-ergic amacrine cells in retinal cultures. Cells were detected by uptake of
radioactive GABA and subsequent autoradiography. At 20 h of culture (A) the labeled cells are scattered
throughout the tissue. At72h(B) the cellsarestill broadly distributed, butare now excluded froma central zone
of the culture. At7d (C) the GABA ergic cells are now confined to the outer layer of the aggregates. Taken form
Akagawa and Barnstable (1987).
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Thus, it would appear that generalized cell
adhesion is a necessary prerequisite for retinal
histogenesis. Itisunclear, however, whether the
observed lamination is mediated by these mole-
cules, controlled in an appropriate spatial or
temporal pattern, or by some differential mech-
anisms set up by an as yet unidentified set of
cell-type-specific molecules. In addition, since
sorting out in retinal reaggregates seems to
involve active motility, it will be of interest to
determine whether perturbation of sorting in-
volves simply loss of adhesive strength or more
complex transmembrane effects on the cyto-
skeleton or other components of cell motility.

Development of Photoreceptors

Molecules Expressed During
Photoreceptor Development

Photoreceptors are among the last cells of the
retina to be generated and to differentiate. Inthe

rat, most photoreceptor differentiation occurs
postnatally. One of the first detectable photore-
ceptor-specific molecules is the visual pigment
protein opsin (Barnstable, 1981). In the neonatal
rat retina, antibodies against N-terminal re-
gions of the opsin molecule label a number of
immature neuroblastic cells (Fig. 12a). These
extend long radial processes across the tissue
and have processes that reach the ventricular
surface or outer limiting membrane. Labeling
of dissociated living cells has confirmed that the
labeling seen within the tissue is related to opsin
inserted into the plasma membrane rather than
to a cytoplasmic pool waiting to be inserted into
the outer segment (Hicks and Barnstable, un-
published obervations). Over the first postnatal
week the number of labeled cells in the outer
part of the neuroblastic layer increases until
essentially all appear to be labeled (Fig. 12b). As
the developing photoreceptors form outer seg-
ments they take on a more mature morphology
of closely packed spherical cell bodies connec-

Fig. 12. Changing expression of photoreceptor antigen RET-P1, a determinant on the N-terminal portion
opsin. (A) AtPN2 a few immature cells are labcled at the ventricular surface of the tissue. (B) By PN8 most
of the cells in the forming ONL are labeled, although they still have an immature morphology, and the outer
segments have only just begun to extend. (C) In the adult the whole rod photoreceptor is labeled. Taken from
Barnstable (1980,1981,1982).
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ted to the inner and outer segments and the syn-
aptic terminals by thin processes (Fig. 12¢).

The developmental increase in the expression
of opsin seems to be under transcriptional con-
trol. Using a dot-binding assay to total retinal
RNA and an opsin cDNA probe, opsin mRNA
was first detectable at PN3 and increased in
amount until approximately PN28, at which
stage adult levels were reached (Treisman et al.,
1987). Given the very low number of cells la-
beled by opsin antibodies in the neonatal retina,
it is perhaps not suprising that the amount of
opsin mRNA was below the level of detection at
these early times. Both methods give an early
time of appearance for opsin than previous esti-
mates. These other estimates have relied upon
a spectrophotometric measurement of the loss
of absorption of 498 nm upon bleaching. These
estimates require not only the opsin polypep-
tide but also the retinal chromophore in the 11-
cis configuration, such that it can respond to
light by isomerization to the all-trans form.
Using such measurements. the first detectable
opsin was found at about PN7 (Dowling, 1964;
Gonzalez-Fernandez et al.,, 1984a). The retinal
chromophore is thought to be transported to the
photoreceptors from the pigment epithelium as
a complex with a soluble, interstitial retinol-
binding protein (IRBP), which is thought to be
secreted by photoreceptors (Gonzalez-Fernan-
dez et al., 1984b). The developmental appear-
ance of IRBP has been followed in the rat retina
by measuring the amount of antibody bound to
immunoblots of interphotoreceptor matrix
from animals of different ages. Using this assay,
the first detectable IRBP was found at PN5, and
the amounts increased until adult levels were
reached at about 4 wk of age (Gonzalez-Ferna-
dez et al., 1984a). The curve of appearance of
IRBP was almost identical to that for rhodopsin,
using the spectroscopic assay, and so may also
have missed the early expression by immature
photoreceptors.

To gain information about both the onset of
retinal transfer from the PE and the light sens-
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itivity of photoreceptors during retinal devel-
opment, we have carried out experiments using
antibodies sensitive to light-dependent confor-
mational changes in rhodopsin (Hicks and
Barnstable, 1987). Such an analysis was possible
because a number of antibodies have been stud-
ied with respect to the position of the epitopes
on the opsin polypeptide. A summary of this
information is given in Fig. 13.
AtPN5anumber of opsin antibodies label the
immature photoreceptors, and the labeling is
not affected by bleaching the retina by exposure
to bright light for 1 min prior to fixation. AtPNS,
on the other hand, two separate, light-depend-
ent effects were found. The antibody RHO-C7
recognizes an epitope that includes an N-termi-
nal region (Fig. 13), but also seems to require the
native, three-dimensional structure of the mole-
cule since it reacts poorly with opsin solubilized
in many detergents and does not react well on
immunoblots of retinal membranes or purified
opsin. RHO-C7 labeling was decreased in the
bleached PN8 retinas, whereas that of other N-
terminal antibodies that are not obviously sensi-
tive to conformation was unchanged. One con-
sequence of light activation of rhodopsin is that
it becomes susceptible to phosphorylation in the
C-terminal region. This is thought to function
physiologically as part of the mechanism that
shuts off the phototransduction cascade. An
antibody, 1C5, has been described that binds
less well to phosphorylated rhodopsin (Molday
and MacKenzie, 1983). In the PNS8 retina, 1C5
reacts much less strongly to bleached tissue than
to retinas fixed in the dark. Both of these find-
ings suggest that the retinal chromophore is
present in thodopsin at PN8 and that the photo-
receptors are capable of initiating a response to
light. In phototransduction, the reception of
photons by rhodopsin leads to the activation of
a cGMP phosphodiesterase through a G-pro-
tein-coupling mechanism (Stryer, 1985). Thus,
whether light can change the membrane poten-
tial of the immature photoreceptors will depend
upon the presence of the light-dependent mem-
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Fig. 13. Schematic representation of the opsin polypeptide. Onto this model have been drawn the known
binding sites for a range of monoclonal antibodies, which were produced in several laboratories. The binding
of some antibodies such as 1C5 to the C-terminal portion of the molecule is influenced by phosphorylation that
accurs in this region after light-dependent conformational changes. Taken from Hicks and Barnstable (1987).
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brane conductances and on the enzymatic ma-
chinery for the regulation of cGMP levels. Any
effects upon other retinal cells will also depend
upon the presence of synaptic machinery in the
developing photoreceptor cells.

To examine the development of synapses by
photoreceptors and other retinal cells, we have
examined the expression of synaptic vesicle
proteins. Photoreceptors are unusual in that
they do not express synapsin I, a phosphopro-
tein thought to play a role in mobilizing synap-
tic vesicles for release (De Camilli et al., 1979).
We have produced an antibody to a 38-kdalton
vesicle membrane glycoprotein whose appear-
ance does show a strong correlation with synap-
togenesis throughout the nervous system
(Devoto and Barnstable, 1987). This protein is
detectable in a few vitreally directed processes
of cells corresponding to differentiating photo-
receptors in the PN 2 retina. Over the next 3—4
d the number of labeled cells in this layer in-
creased and, on PN 5, labeling of both processes
and presumptive synaptic terminals could be
seen. Labeling in the inner plexiform layer
lagged behind the outer plexiform layer by
several days. In the electron microscope, at PN
5, accumulations of vesicles could be found at
the sites of forming photoreceptor synapses,
although these did not have the invaginated
structure seen in the adult. In addition, synaptic
ribbons were not observed until PN 6. Early
studies indicated that an ERG, representing the
existence of fully formed synaptic circuitry,
could not be detected until the time of eye open-
ing, at about PN 13 in the rat (Weidman and
Kuwabara, 1968). The results mentioned above
suggest that photoreceptors are capable of
many light-dependent functions long before
eye opening, and, thus, in our models of retina
development it may be necessary to consider
light input as a factor in the formation of retinal
synaptic circuits.

The next phase of differentiation that we have
defined in these cells takes place as outer seg-
ment formation begins, when a number of new
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molecules appear. Among them are RET-P2, a
38-kilodalton membrane protein that is restrict-
ed to the outer segments, and RET-B1, a mole-
cule that is expressed by both photoreceptor
inner segments and bipolar cells (Barnstable,
1980; Fekete and Barnstable, 1983; Akagawa
and Barnstable, 1986). As discussed in the next
sections, these two molecules are localized to
different compartments of the cell and seem to
be under different forms of developmental con-
trol.

A later phase of photoreceptor maturation
has also been defined by the expression of the
photoreceptor cell body marker RET-P3 (Barn-
stable, 1980). This can only be detected in fixed
retinal sections at about PN10-12. How the
expression of molecules such as this is con-
trolled and how it changes the cell responses
have yet to be determined.

Cellular Compartments Within
Photoreceptors

When opsin is first expressed it is found on
the plasma membrane throughout the cell, sug-
gesting that at these early stages the plasma
membrane is homogeneous (Barnstable, 1981).
In adult photoreceptors, on the other hand,
many molecules are localized to distinct com-
partments of the cell. This finding has led us to
investigate when such compartments are
formed and to speculate how molecules end up
in the right compartment (Hicks and Barn-
stable, 1986). Changes in the distribution of
opsin can be used to show the formation of one
of the compartments. As the inner and outer
segments form, the expression of opsin on the
cell bodies and inner segments declines and that
on the outer segments is greatly enhanced [Fig.
14 (top)]. In some species it has been suggested
that opsin is transported from the Golgi appara-
tus to a specialized region close to the base of the
outer segment in specialized vesicles (Paper-
master et al., 1985). If the onset of the utilization
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Fig. 14. (Top) The changing distribution of opsin on photoreceptors with development. At PN1 (top left) a
rat retina incubated in antibody RET-P1 followed by a gam-Au,-Dex complex shows very few gold particles on
the cell membranes. By PN4 (top right) a retina incubated in a similar way shows some heavily labeled inner
segments. As the cilia emerged the amount of label on the inner segment was sometimes found to decrease
(arrow). (Bottom) Wheat germ agglutinin labels the surface of a PN1 ratretina uniformly (bottom left). At PN4
the proximal areas of cilia show a band of higher density of gold particles (arrow) than either the more distal
ciliumor theinner segment from whichit arises (bottomright). Inner segments withoutcilia tend to show higher
levels of labeling than those with cilia (arrowhead). Figure taken from Hicks and Barnstable (1986).

of these vesicles coincided with outer segment
formation, then this might be sufficient to ex-
plain the change in opsin distribution. If other
outer segment molecules also use these vesicles,
it would also explain why molecules, such as
RET-P2, are found only in outer segments. Such
amechanism also requires that once in the outer
segment, molecules are prevented from diffus-
ing back into the rest of the cell. We and others
have noticed [Fig. 14 (bottom)] a ring of material
at the base of the cilium connecting the rod out-
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er segment to the rest of the cell, which can be
detected by lectin labeling (Besharse et al., 1985;
Hicks and Barnstable, 1986). This could act as a
physical barrier to diffusion of membrane com-
ponents, although such a function has not been
formally demonstrated.

Within the membranes of the outer segment
further compartmentalization seems to occur
since it appears that the membrane components
of the outer segment plasma membrane do not
have the same composition as those of the free-
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Fig. 16. In situlocalization of opsin mRNA. Single-stranded, *S-UTP-labeled RN A probes were prepared by
transcription from a PT3/T7-18 plasmid containing a Smal—-Pstl fragment of opsin cDNA that spans the whole
coding region. Probes were hybridized to crystat sections of adult rat retina and exposed to emulsion for 6-10
d. (Left) Toluidine-stained section showing the retinallayers. (Right) Dark-field illumination of the same section
to show the silver grains. A band of grains is seen over the inner segments (IS), and some label is found over
the photoreceptor cell bodies. The other retinal layers show no labeling above background. Hybridization to
sense RNA gave no specific signal. Retinal layers are labeled as in Fig. 1.

floating disks. In our early studies of the RET-P2
antigen we suggested that it might be a compo-
nent specifically localized to the outer segment
plasma membrane (Fekete and Barnstable,
1983). Since then we have shown that other
molecules detectable by binding of RCA Il lectin
are found only, or are greatly enriched, in the
plasma membrane (Fig. 15). The disksare deriv-
ed from the plasma membrane by evagination
and pinching off (Steinberg et al., 1980). Thus, if
molecules are to be excluded from the disks they
must not enter this evaginating sheet of mem-
brane. There is a concentration of cytoskeletal
proteins in this region of the rod photoreceptor
so that interactions between transmembrane
proteins and these may lead to the separation of
membrane domains (Drenckhahn and Wagner,
1985; Vaughan and Fisher, 1985).
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The photoreceptor inner segment also seems
to represent an isolated plasma membrane do-
main. The molecule RET-B1 is a cell-surface
molecule that, in the adult, is found only, or is at
least highly concentrated, in the inner segment
(Akagawa and Barnstable, 1986). When it first
appears, however, the molecule is found dis-
tributed throughout the photoreceptor (unpub-
lished observations). Thus, like opsin, the dis-
tribution of this molecule changes as the photo-
receptor matures. Whether this is by trapping of
the molecule by interaction with other mem-
brane or cytoskeletal components, or is by selec-
tive insertion in a domain that does not allow
free diffusion is not yet clear.

Other cellular compartments in rod photo-
receptors are found in the cell bodies and at the
synaptic terminals. We have studied the cell-

Volume 1, 1987



36

body-specific marker defined by antibody RET-
P3 less than other photoreceptor-specific mol-
ecules because we have not yet obtained a bio-
chemical characterization of the molecule.
When it is first expressed in the retina, outer and
inner segments are forming. RET-P3 immuno-
reactivity seems to be confined to the immature
cell body layer, which would be consistent with
the results mentioned above, which indicate
that the outer-segment compartment has been
isolated by this time.

The synaptic vesicle protein SVP38 is con-
fined to the synaptic terminals in the adult
photoreceptor and is found only on the vitreal-
ly directed side of the cells, even when it is first
detected. It is likely that, as in other neurons,
synaptic vesicles are specifically transported
down to the synaptic terminals. Once there, the
mechanisms of exocytosis and membrane recy-
cling are presumably efficient enough that these
membrane components do not diffuse through-
out the cell to any measurable extent.

One possibility for selective distribution of
newly synthesized molecules within the photo-
receptor is that they are produced in separate
locations. It is known that the rod inner seg-
ments contain abundant rough endoplasmic
reticulum. We have used in situ hybridization of
¥5-labeled, single-stranded RNA probes for
opsin mRINA to show that the inner segment is
the major site of opsin biosynthesis (Fig. 16).
Using a biotinylated cDNA probe, the site of
synthesis of the secreted protein IRBP has been
localized to the rod photoreceptor cell bodies in
the outer nuclear layer (Van Veen et al., 1986).
No concentration of mRNA was reported over
the inner segments. Thus, it would appear that
thereis adifference in the localization of mRNA,
and, presumably, of the whole protein synthetic
apparatus, according to the cellular compart-
ment for which the productis destined. It will be
of great interest to determine the site of synthes-
is of molecules that are localized to other parts of
the photoreceptor cell.
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Mosaic and Inductive Events in
Photoreceptor Development

In the rat retina, rod photoreceptors become
postmitotic in the late embryonic and early
postnatal period. The photoreceptor antigens
described above appear at different times over
the first 10 d after birth. Two very different
mechanisms can be proposed to account for the
control of gene expression over such a long per-
iod in these nondividing cells. One mechanism
would be for the cells to contain an internal
clock, such that, once determined to be rod pho-
toreceptors the cellswould express appropriate
gene products at the correct times in the differ-
entiation pathway. The other mechanism
would be that there is no single event of commit-
ment and that at each stage particular genes are
in duced by instructive environmental signals.
These two mechanisms represent the extremes
of mosaic and inductive mechanisms and are
experimentally separable. The mosaic model
predicts that an isolated photoreceptor, once
committed, will be able to carry out its differen-
tiation program in the absence of any cell inter-
actions or specific factors. The inductive model
predicts that such interactions or factors will be
necessary at each developmental stage. We
have been studying the differentiation of photo-
receptors in culture to begin to distinguish these
mechanisms. We have taken cells from PN 2 ani-
mals such that some of the photoreceptors can
already be recognized by the expression of
opsin. We have then placed these cells in vari-
ous culture environments and measured the
appearance of various photoreceptor molecules
using specific antibodies. When maintained in
low-density monolayer cultures the cells did
not form outer segments or express outer-seg-
ment-specific molecules, even though the cells
remained viable and healthy for many weeks
(Akagawa and Barnstable, 1986). When the dis-
sociated retinal cells were allowed to reassociate
in reaggregate cultures, outer segments could
be found both by immunocytochemical labeling

Volume 1, 1987



Fig. 17. Electron microscope view through the photoreceptor region of a rat retinal reaggregate culture. (A)
The cell bodies contain irregular nuclei with clumped heterochromatin [N]. Mitochondria [M} collected lum-
inally to the nuclei and the cell bodies were joined by desmosome-like junctions [arrow]. (B) Higher magnifi-
cation of the inner segment region showing the same junctions {arrow]. Cellular protrusions into the rosette
lumen often contained mitochondria, vesicles, and centrioles {C]. These structures often ended in a longitudi-
nally oriented cilium. Between the photoreceptors, microvilli like those of Miiller cells were observed (open
arrowhead). (C and D) Within the lumen many photoreceptors ended in membranous expansions that con-
tained small stacks of disks (arrow). (E) Insome areasirregularaccumulations of membranes could also be seen.
Scale bar in (A) and (B) =1 pm, in (C), (D), and (E) = 0.5 um.
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with outer-segment-specific antibodies and by
morphological analysis in the electron micro-
scope (Barnstable et al., 1983, and manuscript
submitted). The photoreceptors in the reaggre-
gates had also formed specific junctions with
Miiller glial cells analogous to those found at the
outer limiting membrane of the intact retina
(Fig. 17). Other photoreceptors in the reaggre-
gates that had not formed these junctions did
not make outer segments. This suggests that the
specialized interactions between the Miiller
cells and the photoreceptors were necessary for
the expression of the expression of outer-seg-
ment-specific gene products. Thus, at least one
aspect of photoreceptor differentiation seems to
require some inductive interaction. Morpho-
logical examination of the Miiller cells in the re-
aggregate cultures showed that they had taken
on a much more mature morphology than
usually found in monolayer cultures, suggest-
ing that the interaction between them and
photoreceptors was reciprocal.

In the same set of experiments a very differ-
ent result was found for the inner segment
marker RET-B1. This molecule was expressed in
low-density monolayer cultures about 5 d after
plating, a time consistent with its time of exprss-
sion in the intact tissue. Since the onset of ex-
pression did not seem to be affected by in-
creased cell density, the result suggests that on-
set of expression was controlled by a mecha-
nism intrinsic to the photoreceptors.

Thus, our results to date provide preliminary
evidence for both mosaic and inductive mech-
anisms in photoreceptor differentiation. It is
also important to emphasise that the different
mechanisms can be operating at the same time,
such as the period of outer segment formation.
Among the things we do not yet know are
whether any of the inductive events are depend-
ent upon prior steps of differentiation; that is,
would it be possible to express outer segments
in cells that have not gone through the stage of
opsin expression? The other major challenge is
now to translate these results into an analysis of

Molecular Neurobiology

Barnstable

the events occurring at the level of the gene.
Inductive events could act by either initiating
transcription at uncommitted genes or by trig-
gering transcription at genes that have already
become activated by some prior stage of
committment. Given that we have been able to
describe photoreceptor differentiation in mo-
lecular terms, it is now possible to detect the
genes for some of these molecules and to exam-
ine when their transcription is initiated and
whether before this stage the genes are "acti-
vated,” such as by the detection of 5-DNAse-
hypersensitive sites. Such studies will provide
a solid molecular background with which to
integrate results from studies examining the
nature of the cell interactions or factors leading
to the differentiation events.

Oncogenes and Growth Factors
in Retinal Development

Much of this review has dealt with cell-sur-
face molecules and changing patterns of gene
expression during retinal development. The
mechanisms by which signals generated by
interactions at the cell surface are transduced
into changes in gene expression are unknown.
Much of the current interest in the normal cellu-
lar homologs of oncogenes lies in the fact that
some of them are related to growth factors or
growth factor receptors and are strong candi-
dates for carrying out this transduction.

So far only one proto-oncogene has been
studied intensively in the retina. C-src is ex-
pressed in most if not all cells, but its expression
in the nervous system has two interesting fea-
tures. The first is that the specific activity of c-src
is higher in neural tissue than most other tissues
(Cotton and Brugge, 1983). The second is that
neural ¢-src has a different molecular weight on
SDS gels than c-src from other tissues (Brugge et
al., 1985). This difference is localized to the N-
terminal portion of the molecule and is found in
neurons, but not glia. Immunocytochemical la-
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beling of chick retina has shown that c-src can be
found in both plexiform layers and cell bodies of
at least amacrine and ganglion cells (Sorge et al.,
1984). The levels of c-src mRNA and protein
have been measured during chick retinal devel-
opment (Sorge et al, 1984; Vardimon et al.,
1986). Both show increases to a peak at d 11-13,
after which the levels declined to a low level,
which persisted after hatching. The declining
phase observed by both groups was interpreted
very differently. Measurements of declining
protein were interpreted as relatively constant
levels per retina, with increas es in structural
proteins of the tissue giving an apparent de-
crease in c-src (Sorge et al., 1984). The decrease
in mRNA, however, was interpreted as a true
decrease because of previous studies that have
suggested that total protein does not increase in
the retina after E12 (Vardimon et al., 1986). C-src
is similarly expressed in rat retina (unpublished
observations). The availability of good antigen-
ic markers for the differentiation state of various
cell types will allow a closer correlation between
changes in c-src and retinal cell differentiation.

The product of the c-src gene is a 60-kdalton
phosphoprotein that contains a tyrosine kinase
activity. The neuronal substrates for this en-
zyme have not yet been identified. It is interest-
ing that the activity of c-src seems to have a dif-
ferent function to that of the viral form of src. C-
src increases as neurons become postmitotic
and, thus, appears to have a function in the mat-
uration of these cells. V-src, on the other hand,
is effective in blocking the expression of differ-
entiated features in neuroectoderm cells, that is,
it appears to prevent cells from differentiating
(Keane et al., 1984).

Another tyrosine kinase with significant
amino acid homology with src has been isolated
as the transforming activity from the virus Y73
(Yoshida et al., 1980). The cellular homolog of
this protein c-yes has also been detected in rat
retina (Treisman et al., manuscript in prepara-
tion). It will be of interest to determine whether
the developmental profiles of c-src and c-yes are
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similar. Since the two genes are thought to have
diverged from a common precursor, it is, per-
haps, more likely that they now carry out differ-
ent functions that may be expressed at different
times in development.

Both c-src and c-yes are attached to the cyto-
plasmic face of the plasma membrane and are
thought to function by acting as a bridge be-
tween transmembrane receptors and cytoplas-
mic effector molecules. Although the identity of
such transmembrane receptors has not been
established, there have been a number of studies
seeking factors responsible for retinal cell sur-
vival and differentiation.

Two soluble factors have been described that
have an effect on the survival of retinal ganglion
cells and outgrowth of their processes. One
such factor has been purified from mammalian
brain and has been called Brain-Derived Neuro-
trophic Factor or BDNF. This is a 12-kdalton
protein that has an isoelectric point of about 10
and has been shown to support the survival of a
variety of primary sensory neurons (Barde etal,,
1982; Lindsay et al., 1985). This factor enhanced
the survival of retinal ganglion cells in mono-
layer cultures (Johnson et al,, 1986). Because
ganglion cells do not normally survive well in
monolayer cultures, it was possible to observe
the effect of the factor. Since good markers for
other retinal cell populations were not used in
these experiments, no firm conclusions could be
drawn about the effects of the factor upon other
retinal populations.

A second class of factors has been isolated
from the eye and has been shown to have effects
upon the survival and process outgrowth of a
number of neuronal cell types. It now seems
clear that most of these factors are related to the
class of acidic and basic fibroblast growth fac-
tors (FGFs) that have been isolated using a
number of assays (Baird et al., 1985; Wagner and
D'Amore, 1986). Although these factors seem to
be mitogenic for many cell types, they have the
property of enhancing process outgrowth by a
number of neuronal cell types from retina, cere-
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bral cortex, and the peripheral nervous system
(Walicke et al., 1986; Morrisson et al., 1986; Wag-
ner and D'Amore, 1986). Both basic FGF and
acidic FGF can bind tightly to heparin. It has
been suggested that such interactions could
mediate both the adhesion of neurites to extra-
cellular matrix and possibly even their growth
(Wagner and D’Amore, 1986).

Thus far the growth factors studied have been
assayed for their effects upon ganglion cell sur-
vival and axon elongation. Which of the two
processes is the primary site of action has yet to
be determined, as do the effects upon other reti-
nal cells. In addition, it is unclear at present
whether there are a further set of factors to be
found that can influence the differentiation
pathway of any retinal cell type.

Conclusions

The retina has been a useful model for many
studies of signal transduction, neurochemistry,
neurophysiology, and general developmental
biology. It is becoming clear that it is also useful
for analyzing the molecular basis of many fea-
tures of neural development. One of the prin-
ciple advantages is that there now exist a wide
range of molecular markers for many retinal cell
types. The markers mentioned in this article are
primarily those that have been generated in my
own laboratory. Many other neurochemical and
immunological markers have also been describ-
ed by a number of other laboratories.

One of the other features that makes the retina
such an attractive model system is that it now
seems to be possible to get most if not all aspects
of differentiation from a dividing neuroepithe-
lium to occur in a culture dish. Thus, more
precise experimental control can now be exerted
over the differentiation process. Asdiscussed in
Development of Photoreceptors, we have been
able to affect the differentiation of rod photore-
ceptors by altering the culture conditions to
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change the types of cell interactions observed. It
is now possible to explore the molecular basis of
these interactions and to learn how they can
effect both cell morphology and the expression
of new retinal molecules.

One aspect of neural differentiation that has
been mentioned several times throughout this
article is that many important events of pattern-
ing and cell interactions take place before the
major times of synapse formation and are
probably mediated by separate molecular sys-
tems. Thus, studies of activity-dependent pat-
terning of synaptic contacts are frequently look-
ing at later modulations or fine tuning of a pat-
tern imposed by other mechanisms. In the ret-
ina, many of the events of cell differentiation
and lamination have already occurred by the
time of synapse formation.

Pattern, in the form of gradients across the
retina, has been studied for many years. New
approaches to this problem have yielded two
molecules that show such a graded distribution
(see Specification of Positional Information
Within the Retina), both of which appear before
synaptogenesis and are present during the
major periods of retinal development. It is inter-
esting to note that these two retinal gradients are
the only two to have been described so far in
vertebrate systems.

Even with the progress that has been made
toward identifying molecules in the vertebrate
retina, there is still a long way to go before we
can understand how the initial sheet of neu-
roepithelium develops into the mature struc-
ture. We have reached the stage of formulation
of specific hypotheses for aspects of retinal
development and, more importantly, can pro-
pose ways in which these hypothese can be
tested experimentally. With the tools now avail-
able, the next few years will -almost certainly
bring about a revolution in our understanding
not only of individual cell types, but also of the
mechanisms governing patterning in the nerv-
ous system and perhaps biology in general.
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