
Introduction

The retina has long been used as a model
system for neural development. As an out-
growth of the forebrain vesicle, it is closely
related to many of the most intensively studied
areas of the CNS. It is accessible, and its rela-
tively simple laminated structure with few

long-range connections has allowed clear defi-
nition of cell position and cell differentiation.
As a primary sensory structure the retina does
not receive neural input that might influence
development, and this may help account for
the success of many studies of retinal develop-
ment in vitro.

Since the last time this topic was reviewed in
this journal (1) there has been an explosion of
information about molecules expressed in
retina and the ways in which they function dur-
ing retinal development. Although this wealth
of new information has refined our under-

Molecular Neurobiology 137 Volume 26, 2002

Molecular Neurobiology
Copyright © 2002 Humana Press Inc.
All rights of any nature whatsoever reserved.
ISSN0893-7648/02/26(2–3): 137–152/$20.00

Molecular Aspects of Vertebrate Retinal Development

Samuel Shao-Min Zhang,1 Xin-Yuan Fu,1 and Colin J. Barnstable*,2,3

1Departments of Pathology, 2Ophthalmology and Visual Science, and 3Neurobiology, 
Yale University School of Medicine, 330 Cedar Street, New Haven, CT 06520

Abstract

The formation of retina from neural plate has been mapped extensively by anatomical and mol-
ecular methods. The major cascades of transcription factor expression have been identified, and
deficits resulting from transcription factor knockouts are well characterized. There is extensive
cross-regulation, both positive and negative, at the transcriptional level between transcription fac-
tors and this is vital in the formation of neural compartments. Many transcription factors are
important at both early stages of optic cup formation and later stages of terminal differentiation of
retinal cell types. The transcription factor cascades can be regulated by extrinsic factors, and some
of the intracellular signaling pathways whereby this is achieved have been identified. Defining the
quantitative interactions between regulatory molecules will be the next step in understanding this
excellent model of vertebrate central nervous system (CNS) development.

Index Entries: Transcription factor; optic vesicle; optic cup; photoreceptor; neurogenesis.

* Author to whom all correspondence and reprint
requests should be addressed. E-mail: colin.barnstable@
yale.edu



standing of retinal development, most of the
hypotheses and models derived from earlier
anatomical and experimental embryological
studies remain valid. Perhaps the most striking
finding in recent years has been the molecular
conservation of aspects of retinal development
across phyla. Molecules used by humans carry
out very similar functions in files to such an
extent that the human molecules can some-
times complement genetic deficiencies in flies.

Although much of the rapid progress in
understanding retinal structure and develop-
ment has come from studies of DNA and RNA
molecules, retinal proteins and particularly
antibodies against those proteins have played
an important role. Antibodies provided a
series of cell type specific markers that have
allowed the identification and purification of
retinal cell types and the assay of numerous
factors that affect retinal development (1).

In the first issue of Molecular Neurobiology, it
was stated that with the tools now available,
the next few years would almost certainly
bring about a revolution in our understanding,
not only of individual cell types, but also of the
mechanisms governing patterning in the ner-
vous system, and perhaps biology in general
(1). From the discussion that follows it is clear
that this revolution has occurred.

Anatomical Landmarks 
of Retinal Development

The following description, and most of this
review, is specifically aimed at describing
the retinal development of mammals—though
many aspects are common to other species,
including fish and birds. The first detectable
anatomical structures that will give rise to the
retina are the optic pits, depressions in the
anterior neural plate. As the neural plate folds
up, these pits form bulges from the ventrolat-
eral aspect of each side of the forebrain at the
border between the future diencephalon and
telencephalon (2). This is a very early event,
occuring even before the neural tube has closed

at its anterior aspect (Fig. 1A). This outgrowth
defines the optic vesicle stage and it continues
to expand so that it becomes closely apposed
to the surface ectoderm, and is separated from
the forebrain by a distinct optic stalk. In con-
cert with changes in the ectoderm that lead to
formation of the lens, the neuroepithelium sur-
rounding the optic vesicle expands ventrally
and invaginates to form an optic cup (Figs.
1B–D). Within the outer layer of the optic cup
cell determination events give rise to all the
cell types of the mature retina, except the astro-
cytes of the optic nerve layer and the vascular
cells that all migrate in through the optic stalk.
The timing of these events varies between
species. In the rat, optic vesicle outgrowth can
be clearly seen by embryonic d 11 (E11) and the
invagination to form the optic cup begins at
E12. By E13 the optic cup is deep and the
ventral lips are in contact across the optic fis-
sure (2).

As the optic cup forms, the first retinal neu-
rons—retinal ganglion cells—become postmi-
totic and migrate to the inner edge of the retina.
The remainder of the retinal cell types are
formed in a characteristic sequence, although
there is extensive overlap between the various
cell types. During the embryonic period cone
photoreceptors, horizontal cells, and amacrine
cells are formed and move to their correct lay-
ers. The amacrine and ganglion cells extend
processes into the developing inner plexiform
layer so that at birth—in rats and mice—the
retina consists of a large outer neuroblast layer
and an inner region of more mature cells.
Within the outer neuroblast layer, however, are
embedded cones and horizontal cells. In the
first few postnatal days the rod photoreceptors,
bipolar cells, and Müller glial cells are formed.
By the end of the first postnatal week, the outer
retina has clearly divided into the outer nuclear
layer of photoreceptors and an inner nuclear
layer of bipolar, horizontal, amacrine, and
Müller cells. During the second postnatal week,
most of the final retinal maturation occurs. The
most obvious signs of this are synaptogenesis in
the plexiform layers and outer-segment forma-
tion by the photoreceptors.
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Fig. 1. Scanning electron micrographs of the developing rat optic cup. Adapted from ref. (2) (A) E 11 embryo
showing two early optic vesicles (OV) with a broad attachment to the forebrain vesicle. The midline neural groove
has not fully closed at this stage (arrows). Diameter of the optic vesicle is approx 100 m. (B) The optic cup (OC)
and optic stalk (OS) at E12. The optic fissure is present on the ventral portion of the cup. (C) Lateral view of an E12
optic cup. Mesoectodermal cells remain attached at the outermost rim of the cup (arrows). (D) E13 optic cup (OC)
showing that the optic fissure (OF) does not extend into the optic stalk (OS) but ends at the clear demarcation
between the optic cup and the stalk (C). In (B–D) the diameter of the optic cup is approx 200 m.



Although many of the developmental events
leading to formation of retinal cell types are
regulated entirely within the neuroepithelial
sheet, retinal development is influenced by the
surface ectoderm and developing lens, the
mesenchyme surrounding the optic cup, and
the neural crest cells that migrate in to form
pigment in the back of the eye, parts of the iris,
and the corneal endothelium. The interplay
between these extrinsic tissues and the retinal
epithelium is similar to that seen in many other
parts of the developing CNS.

Fate Determination of Optic Cup
from Neural Plate

Before any morphological signs of an optic
vesicle can be observed, several molecular
events have specified the eye field—that
patch of neuroepithelium destined to give rise
to the optic cup and its derivatives. In addi-
tion, pattern formation along major body
axes, both the dorsal-ventral axis and the
anterior-posterior axis, are incorporated into
the folding and regional specification of the
neuroepithelial sheet.

The formation of eye fields occurs as part of
anterior neural plate development. A variety of
transcription factors that serve essential roles
in this event have been well documented, such
as Pax6, Rx, Six3, Optx, and Otx2. Of these,
Pax6 and Rx are the earliest genes specifying
eye development detected, so far while the
others are expressed in response to this initial
specification.

Pax6 expression is restricted both antero-
posteriorly and dorso-ventrally in the dien-
cephalon of the mouse embryo. The disrupted
normal development and regionalization of
this region seen in small eye (Pax6Sey-1Neu)
homozygous mice confirms its essential role
(3). Mutations at various points in the pax6
gene give phenotypes of varying severity and
heterozygous mutant animals show milder
phenotypes, indicating that they are true hypo-
morphs. Gehring and his colleagues showed

that expression of Pax6 in Drosophila imaginal
discs changed the fate of cells such that ectopic
eyes were formed on legs and antennae (4)

In vertebrates too, ectopic expression of Pax6
can lead to formation of eye tissue (5). The situa-
tion is clearly more complex however, since
other cells in the neural plate express Pax6 and
do not form eyes. It is likely that Pax6 can spec-
ify eye formation in the unique environment of a
Drosophila imaginal disc but that in the more
complex developing neural tissue of the verte-
brate it is one of a series of molecules that are all
essential for eye formation. It is interesting to
note that the phenotype of Pax6 mutants varies
across phyla. In Drosophila Pax6 mutants are
eyeless. In mice they have rudimentary eyes
whereas in humans eye formation is much more
substantive and the defect is primarily in iris for-
mation (aniridia). The reasons for these differ-
ences are not known but are probably relate to
increased redundancy or interactions between
regulatory factors in higher vertebrates that can
partially compensate for the lack of Pax6.

Rx/rax is essential for normal eye develop-
ment, and its misexpression has profound
effects on eye morphology. In xenopus embryos,
injected with synthetic Rx RNA develops
ectopic retinal tissue and display hyperpro-
liferation in the neuroretina (6). Mouse embryos
carrying a null allele of this gene do not form
optic cups and so do not develop eyes (7). In
zebrafish, overexpression of either Rx1 or Rx2
results in the loss of forebrain tissue and the
ectopic formation of retinal tissue (8). Both
Pax6 and Rx/rax proteins are present in pro-
liferating cells that give rise to both the
neural retina and pigment epithelium (6).
Whether these two proteins represent parallel
developmental pathways is not yet known.

Six3 and Optx proteins are expressed early
and their ectopic expression can induce forma-
tion of eye structures (9–11). They belong to a
group of genes whose expression is controlled
by Pax6 and have thus been defined as a sec-
ond wave of gene expression necessary for
retinal development.

Otx2 and Otx1, two of a family of transcrip-
tion factors related to the Drosophila gene ortho-
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denticle, also have roles in the establishment of
different eye territories (12). Mice with different
numbers of functional copies of Otx1 and Otx2
show graded defects indicating that Otx pro-
teins are required in a dose-dependent manner
for normal eye development. During embryonic
development, Otx mutants showed severely
altered optic vesicle folding and the expression
of pigment epithelium-specific genes was lost.

Compartment Formation in 
the Developing Optic Cup

At the optic vesicle stage in mammals, the
neuroepithelial sheet can be thought of as three
domains (Fig. 2). One domain at the distal tip
of the optic vesicle will give rise to the neural
retina, another at its proximal base will give
rise to the pigmented epithelium, and the
third, consisting of cells connecting the optic
vesicle to the rest of the brain, forms the optic
stalk that will later give rise to the glia of the

optic nerve. The optic stalk can be differenti-
ated into separate dorsal and ventral portions,
though the functional significance of these is
not entirely clear. These domains are initially
bipotential, capable of giving rise to either
neural retina or pigmented epithelium but
then become restricted in their developmental
fate. There is increasing evidence that forma-
tion of these domains involves an interplay
between groups of transcription factors and
extrinsic soluble factors.

In the optic vesicle Pax6 and the basic-helix-
loop-helix transcription factor Mitf are initially
expressed in the whole neuroepithelial sheet.
With maturation of the optic cup this distribu-
tion changes such that Pax6 is restricted to the
front (retinal) layer of the optic cup and Mitf
restricted to the back (RPE) layer. Rx/rax and
Otx2 also show an initial broad distribution
and then preferential expression in the neural
retina and pigmented epithelium domains
respectively. One model for this transition sug-
gests that Pax6 and Mitf can inhibit each other
at the transcriptional level. In support of this is
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Fig. 2. Transcription factors delineating compartments in the developing optic cup. The neuroepithelium in the
developing optic cup becomes divided into distinct compartments each expressing a unique array of transcription
factors. DOS, dorsal optic stalk; RPE, retinal pigment epithelium; NR, neural retina; VOS, ventral optic stalk.



the finding that in mice homozygous for a non-
functional Mitf mutant, the pigment epithelial
layer formed, remained poorly differentiated
and portions of it transformed into retina
(13,14). Extensive evidence suggests that Mitf
expression is regulated by members of the FGF
gene family. For example, implantation of
fibroblast growth factor-coated beads close to
the base of the optic vesicle leads to a rapid
down-regulation of Mitf and the development
of an epithelium that, by morphology, gene
expression, and lack of pigmentation, resem-
bles the future neural retina (15). Similarly,
removal of the surface ectoderm results in the
maintenance of Mitf in the distal optic epithe-
lium. This is accompanied by lack of expres-
sion of the neuroretina-specific transcription
factor Chx10, whose transcript is expressed
throughout the anterior optic vesicle and all
neuroblasts of the optic cup (16), and conver-
sion of this epithelium into a pigmented mono-
layer (15). In the chick, Fgf8 transcripts are first
detected in the distal optic vesicle when it con-
tacts the head ectoderm (17). Eventually Fgf8
expression increases and becomes localized to
the central area of the presumptive neural
retine. Treatment with exogenous FGFs leads
to conversion of presumptive retinal pigment
epithelium into neural retina (17,18). Ectopic
expression of Fgf9 in the proximal region of the
optic vesicle extends neural differentiation into
the presumptive retinal pigment epithelium,
resulting in a duplicate neural retina in trans-
genic mice (19). What is not clear from many of
these studies is whether FGFs themselves are
the active agents or whether they work indi-
rectly. It has been suggested that FGFs can
upregulate Pax6 expression and that it is Pax6
that inhibits expression of Mitf, suggesting that
FGFs might determine optic cup cell layer fate
directly. On the other hand, it has been shown
that FGFs can act by influencing the expression
of BMP proteins and that these might influence
the transition of presumptive RPE into retina
(20). There is still an extensive amount of work
needed to fully elucidate these pathways.

Two transcription factors, Vax1 and Pax2
delineate the optic stalk compartment. The

absence of Vax1 or Pax2 results in a proximal
expansion of the activity of Pax6 and Rx. This,
and other data, suggests that Vax1 and pax2
may interfere negatively with the expression of
Pax6 and Rx in Xenopus (21). Pax2 expression
was increased by the secreted factor sonic
hedgehog (Shh), or a closely related signaling
molecule, emanating from ventral midline
tissue and, following Shh overexpression,
embryos developed hypertrophied optic stalk-
like structures (22). Thus, this combination of
negative interactions between genes and posi-
tive actions of exogenous factors from proxi-
mal or distal poles is probably sufficient to
allow formation of various compartments in
the optic vesicle.

Other transcription factors, such as Lhx2,
Msx1, Msx2 and Vax2, have been documented
as essential factors for further eye develop-
ment. In mouse, Lhx2 mutant embryos are
anophthalmic, have malformations of the cere-
bral cortex, and die in utero due to severe ane-
mia. In Lhx2–/– embryos specification of the
optic vesicle occurs; however, development of
the eye arrests prior to formation of an optic
cup (23). Antisense attenuation of Msx-1, a
homeobox-containing transcription factor, dur-
ing early stages of neurulation produced
hypoplasia of the maxillary, mandibular, and
frontonasal prominences, eye anomalies, and
somite and neural tube abnormalities. Eye
defects consisted of enlarged optic vesicles,
which may ultimately result in microph-
thalmia similar to that observed in Small eye
mice homozygous for mutations in the Pax6
gene (24). In the mouse embryo, Msx2, a tran-
scription factor structurally related to Msx-1, is
expressed in cells of the optic vesicle that will
form the neural retina, whilst the developing
retinal pigment epithelium does not express
this gene. Compared with cultures transfected
with a control construct, Msx2-transfected cul-
tures contained fewer cells expressing the RPE
marker, Mitf, and more cells expressing class
III beta-tubulin, a neuronal marker, suggesting
that Msx2 can suppress the differentiated state
of RPE cells and promote their differentiation
into neural cell types (25).
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Proper dorsal—ventral pattern formation of
the optic cup is essential for vertebrate eye
morphogenesis and topographic mapping of
retinal projections. A number of exogenous fac-
tors have been implicated in this process and
the ways in which these factors influence gene
expression in the target cells is under active
study (26,27). One of the key factors in dorsal
ventral patterning is Shh. Both misexpressing
Shh by virus and blocking Shh activity by anti-
bodies resulted in disruption of ventral ocular
tissues in chick (28). Decreasing endogenous
Shh signals unexpectedly revealed a sharp
morphological boundary subdividing dorsal
and ventral portions of the optic cup. Shh sig-
nals differentially also influenced expression
patterns of genes involved in ocular tissue
specification and dorsal—ventral patterning
within the ventral but not dorsal optic cup.
This effect of Shh may be indirect and be medi-
ated through BMP4 (28).

The emx-like transcription factor Vax2
shows considerable sequence homology to the
related protein Vax1, particularly in their home-
odmains. Vax2, however, is only expressed in
the ventral retina. The overexpression of either
the frog Xvax2 or the human Vax2 in xenopus
embryos leads to an aberrant eye phenotype
and, in particular, has a ventralizing effect on
the developing eye (29). Vax2 overexpression
also induces a striking expansion of the optic
stalk, a structure deriving from the ventral
most region of the eye vesicle, although it is
possible that this represents cross reactive
binding to targets of Vax1. Homozygous Vax2
mutant mice display incomplete closure of the
optic fissure that leads to eye coloboma (29). At
present we do not know whether there is any
direct link between the ventralizing effect of
exogenous factors like Shh and the expression
of ventralizing genes like Vax2.

The other major groups of molecules respon-
sible for retinal axial patterning and topo-
graphic projections are the ephrins and their
receptors (30,31). Recent studies have sug-
gested that graded expression of some of these
molecules in the retina is regulated by Vax2
(30). Although the regulation of expression of

Vax2 is not fully worked out, we are close to
understanding how the cascade of transcrip-
tion factors results in expression of molecules
used to regulate axon growth and topographic
patterns of synaptic connections.

Intrinsic Regulation of Rod
Photoreceptor Development

Members of the Helix-Loop-Helix (bHLH)
gene family play essential roles in many steps
of retina development, and are particularly
important in the formation of photoreceptors
(32,33). The bHLH transcription factor NeuroD
is important for the formation of several retinal
cell types and is essential for the survival of a
subset of rod photoreceptors in mice (34). Mis-
expression of neuroD in retinal neuroepithe-
lium through retroviruses in chick produced a
retina with three, instead of two, layers of pho-
toreceptor cells (35). Expression of NeuroD, in
turn, is regulated directly or indirectly by sev-
eral other bHLH gene products. For example,
the bHLH protein Hes1 seems to be a negative
regulator of NeuroD and in Hes1 deficient
mice differentiation was accelerated, such that
rod and horizontal cells appeared prematurely
and formed abnormal rosette-like structures
(36). Recently, it was shown that misexpression
of another bHLH gene, Hes6, in developing
retina promoted rod photoreceptor differentia-
tion, through suppression of Hes1 function
(37). Retinal explants from mice deficient in
another bHLH gene, Mash1 (38), showed that
differentiation of rod, horizontal, and bipolar
cells was delayed, though the site of action of
this gene is not known. Thus, this diverse fam-
ily of transcription factors has members that
exert positive or negative effects on retinal dif-
ferentiation, often by altering the expression of
other members of the bHLH family.

We do not fully understand the sequence of
events occurring at the time of rod photorecep-
tor generation that result in the most common
measure of differentiation, the expression of
the visual pigment protein opsin (39,40). The
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action of NeuroD on rod photoreceptor devel-
opment is not directly on opsin expression but
is more likely on factors used to control opsin
transcription. A detailed mapping of the opsin
promoter has identified a series of regulatory
sites in the 150 bp upstream of the transcrip-
tion start site, as well as other sites further
upstream (41). As well as the transcription
complex binding to the TATAA box there are
three clear regulatory sites in the proximal
promoter. A homeodomain protein Crx, a
member of the Otx gene family, can transacti-
vate rhodopsin promoter-reporter constructs
in vitro (42). Crx is expressed from E12.5
(mouse) to adult stages and is most prominent
in the photoreceptor layer. Crx can also bind to
and transactivate the genes for several other
photoreceptor cell-specific proteins (interpho-
toreceptor retinoid-binding protein, rod phos-
phodiesterase beta subunit, and arrestin).
Further studies demonstrated that in presump-
tive photoreceptor cells expressing a domi-
nant-negative form of Crx, photoreceptor outer
segments and terminals did not develop nor-
mally (43). Mutations in Crx are associated
with an autosomal dominant form of cone-rod
dystrophy (adCRD) at the CORD2 locus on
chromosome 19q13 (44), further suggesting
that Crx plays essential roles in both differenti-
ation and maturation of photoreceptor cells.

A leucine zipper transcription factor, Vrl, acts
synergistically with Crx to regulate rhodopsin
transcription (45). Deletion of Vrl in mice
results in the complete loss of rod function and
super-normal cone function, mediated by S
cones (45). Rod photoreceptors appeared to be
functionally transformed into S cones in the
Vrl–/– retina, though since these cell types are
thought to come from different progenitor
pools, a simple fate switch is unlikely. Muta-
tions in human NR2E3, a photoreceptor nuclear
receptor transcription factor, also lead to pro-
duction of excess S cones at the expense of
other photoreceptor subtypes in the enhanced
S-cone syndrome (46,47). It has been proposed
that Vrl acts as a ‘molecular switch’ during rod-
cell development by directly modulating rod-
specific genes while simultaneously inhibiting

the S-cone pathway through the activation of
Nr2e3 (45).

The third important regulator of opsin
expression appears has the binding properties
of a member of the Emx family of home-
odomain transcription factors. Such proteins
can interact with the Ret1 element in elec-
trophoretic mobility shift assays and stimulate
transcription from test constructs containing a
Ret1/PCEI site (48). Since several of these pro-
teins have been identified in developing retina,
the identity of the protein essential for opsin
expression is still unclear.

Extrinsic Regulation of Rod
Photoreceptor Development

In addition to the transcription factor cas-
cades outlined above, the formation of rod
photoreceptors is also regulated by extrinsic
factors. Comparison of birth dates and time of
opsin expression has shown a variable interval
and mixed reaggregate cultures of different
ages can influence the timing of opsin expres-
sion (49,50). These factors are likely to be pro-
duced within the retina itself since explant
cultures of pure retina develop normally (51).
The nature of positive factors stimulating rod
development is still unknown. Factors such as
FGF and taurine can increase opsin expression
but probably increase cell survival or general
health rather than serve in any instructive
capacity. Retinoic acid can also enhance the
production of rod photoreceptors (52,53). Since
computer analysis of most mammalian opsin
promoters reveals no clear sites for retinoid
receptor binding, any effect of retinoic acid is
likely to be indirect, perhaps on an earlier stage
of rod photoreceptor development. Retinoic
acid has a strong influence on the dorse-ven-
tral axis during early retinal development, as
well as having many other effects in the devel-
oping visual system, so its actions on opsin
expression and rod development may be due
to actions on precursor populations (54).

Other factors may act at earlier stages and
regulate proliferating cell pools. For example,
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activin A, a TGF beta-like protein, caused the
progenitor cells in E18 rat retinal cultures to
exit the cell cycle and differentiate into rod
photoreceptors (55). Conversely, mice with
homozygous deletion of the activin beta A gene
showed a specific decrease in the number of
rod photoreceptors compared to wild-type or
heterozygous littermates. Proteins of the
hedgehog family may have similar effects since
recombinant Shh protein caused a transient
increase in the number of retinal progenitor
cells, and a 2- to 10-fold increase in the number
of photoreceptors in retina culture (56). Injec-
tion of a cocktail of antisense oligonucleotides
reduced expression of Shh and tiggy-winkle
hedgehog (twhh) genes in the RPE and slowed
or arrested the progression of rod and cone
photoreceptor differentiation in Zebrafish (57).

There is much clearer evidence for negative
factors that can suppress rod photoreceptor for-
mation. Exogenous CNTF reduced the forma-
tion of rods in rat retinal cultures by 82–99%
(58). Similar results have been obtained with
chick retina (59,60) and mouse retina (61). The
related cytokine LIF has been shown to have a
similar effect (62). The mechanism of action of
these cytokines is not completely understood
but involves a Stat3 intracellular messenger and
is accompanied by changes in expression of
transcription factors including Hes1 and Otx2
that are important for rod generation from mul-
tipotential progenitors (Zhang et al., submitted).

If the mechanisms governing rod photore-
ceptor formation are similar to those of com-
partment formation discussed earlier, we
might expect to find progenitor cells express-
ing molecules characteristic of several daugh-
ter cell types and the stabilization of one or
more of these to be influenced by exogenous
cytokines or other factors.

Conclusions

We now have an extensive, though far from
complete, molecular catalog that can describe
retinal development from the initial formation
of an eye field to final retinal maturation. Por-

tions of this catalog mentioned in this article
are listed in Table 1. Many examples of de
novo expression of specific molecules corre-
late with previously defined morphological
changes, though in some cases these are pre-
ceded by molecular changes.

Only a few stages of retinal development
were discussed in the previous sections. A large
amount of information about other stages and
other aspects of development has also been
derived in recent years. For example, the expres-
sion of a number of genes responsible for regu-
lation of the cell cycle and cell proliferation
have been studied and various hypotheses for
the controlled generation of progenitor cell
pools have been put forward. From even the
limited data discussed in this article, however,
a number of general conclusions can be drawn.

First, many molecules are used repetitively
during development. Otx2 is an excellent
example of this (63). Otx2 is expressed in the
neuroepithelium during early eye field and
optic vesicle formation. Its expression then
becomes restricted to the proximal portion of
the developing optic cup and is one of the first
clear markers of the RPE. Otx2 is then also
expressed transiently in developing ganglion
cells and some other inner retinal neurons.
Finally, it is expressed in the outer retina where
it shows a maintained expression in bipolar
cells. Another transcription factor, Pax6, is vital
in very early development and continues to be
expressed in mature ganglion cells.

This re-use of molecules during develop-
ment is not confined to transcription factors.
The intracellular signaling molecule Stat3
shows a pattern of expression during develop-
ment consistent with a role in generation of
neuronal cell types (64). In the adult it is pri-
marily expressed in Müller glial cells where it
is involved in stress responses (66). The signal-
ing molecule Shh appears to regulate eye
development from the earliest steps of com-
partment formation to terminal differentiation
of retinal cell types. Within the necleus it is
probable that the arrangement and availability
of the cis-acting regulatory elements of the tar-
get genes controls the specificity of response to
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Table 1
Signal Pathways in Retina Development

Genetic
modification

Stages Genes Description in mice References

Anterior neural plate to optic vesicle Pax6 TF y (66)
Otx2 TF y (12)
Rx TF y (6, 7, 8)
Six3 TF y (9, 10, 11)
Six6 (Optx2) TF – (67)
Hesx1 TF y (68)
TGIF TF – (69)
FGF8 GF – (17)

Formation of optic cup Pax2 TF y (70)
Vax1 TF y (21)
Otx1 TF y (12)
Otx2 TF y (12)
Pax6 TF y (3, 4)
Lhx2 TF y (23)
BF-1 TF y (71)
Msx1 TF y (24)
Msx2 TF y (25)
Tlx TF y (72)
Shh SP y (22, 28)
Fgf1 GF y (18)
Fgf8 GF – (17)
Fgf9 GF y (19)

Position specification Vax2 TF y (29, 31)
Pax2 TF y (22)
Tbx5 TF y (73)
Mitf TF y (14)
EphA3 MP – (30)
Ephrin-A5 MP – (31)
Ventroptin SP – (74)

Neural retina and RPE Chx10 TF y (16)
Mitf TF y (13, 14, 15)
Foxc1 TF y (75)
Foxc2 TF y (75)
Numb TF – (76)
BMP2 SP y (20)
BMP4 SP – (20, 26)

Retinal neurogenesis Math5 TF y (77)
Mash1 TF y (38)
Math3 TF – (78)
Chx10 TF y (16)
Otx2 TF y (63)
NeuroD TF y (34, 35, 78)
Hes1 TF y (36)
Hes5 TF y (79)
Hes6 TF – (37)

(continues)



these molecules. Binding sites can vary in their
availability during development. More impor-
tantly, it is clear that many genes require multi-
ple transcription factors to initiate efficient
expression. Thus, while individual factors can
be used at different stages of development,
combinations of factors many show a much
more unique distribution.

Second, we are beginning to understand the
networks of interactions that regulate expres-
sion of transcription factors. There are an
increasing number of cases where cells express
two transcription factors that can mutually
repress each other (such as Pax2 and Pax6 or
Mitf and Pax6 as discussed earlier). In a field of
such cells it would be expected that one or
other factor would become predominant and a
mosaic pattern of expression would ensue.
What actually happens is that more homoge-
neous compartments of expression of each fac-
tor are produced. In part this occurs because
the expression of one or other transcription

factor is enhanced by the actions of exogenous
factors, and these factors act on only one por-
tion or edge of the cell sheet. The actions of
FGFs on Pax6 and Shh on Vax1 and Pax2 were
described earlier. Similar interactions between
sets of transcription factors and exogenous fac-
tors may also act to determine cell fate deci-
sions by multipotential precursors. At present
we do not know all the exogenous factors that
regulate retinal development, nor their intra-
cellular transduction pathways.

Third, there are a growing number of mole-
cules for which expression and activation are
regulated separately. This has been appreciated
for a long time for molecules such as receptors
and signal transduction molecules but more
recently has also been found for transcription
factors. For example, Otx2 can be found in the
cytoplasm or the nucleus at different stages of
development. Movement into the nucleus
seems to be a regulated process and probably
denotes active transcriptional regulation.
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Table 1 (Continued)

Genetic
modification

Stages Genes Description in mice References

Retinal neurogenesis Hesr2 TF – (80)
TRbeta2 TF y (81)
Pou4f2 (Brn3b) TF y (82)
Pou4f (Brn3) TF y (83)
CNTF Cytokine y (58–61)
LIF Cytokine y (62)
Notch MP y (84)
Shh SP y (56, 57)

Formation of photoreceptor Rax TF y (85)
Crx TF y (42–44)
Nrl TF y (45–47)
NeuroD TF y (34,35)
Erx TF – (48)
NR2E3 NR y (46, 47)
CNTF Cytokine y (58–61)
LIF Cytokine y (62)
Activin betaA SP y (55)

TF: Transcription Factor, GF: Growth Factor, SP: Secreted Protein, MP: Membrane Protein.
NR: Nuclear Receptor.



Finally, many studies of the retina have used
it as a general model for the brain. Many of the
molecules used during early retinal develop-
ment are also used in other regions of the
developing neuroepithelium. It appears that
the basic mechanisms of compartment forma-
tion and neurogenesis are common. Determin-
ing when retina-specific molecules, or
combinations of molecules, begin to play a role
in retinal development will be an important
next step in our overall understanding of the
development of this important organ.

We are beginning to move beyond cata-
loging the array of retinal molecules expressed
during development. The next stage requires
us to explain how they work. For any given
molecule we need to know what other mole-
cules interact with it, in what other ways its
activity is regulated and the quantitative
description of its effects on downstream tar-
gets. The tools for such analysis are available
and so we can expect another revolution in our
understanding. The large increase in the num-
ber of groups using retina as a model system
suggests that this revolution will occur at an
accelerating pace.
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