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SUMMARY
During eye development, optic vesicles evaginate laterally
from the neural tube and develop into two bilayered eye
cups that are composed of an outer pigment epithelium
layer and an inner neural retina layer. Despite their similar
embryonic origin, the pigment epithelium and neural
retina differentiate into two very distinct tissues. Previous
studies have demonstrated that the developmental potential
of the pigmented epithelial cells is not completely
restricted; until embryonic day 4.5 in chick embryos, the
cells are able to switch their phenotype and differentiate
into neural retina when treated with fibroblast growth
factors (FGF) (Park, C. M., and Hollenberg, M. J. (1989).
Dev. Biol. 134, 201-205; Pittack, C., Jones, M., and Reh, T.
A. (1991). Development 113, 577-588; Guillemot, F. and
Cepko, C. L. (1992). Development 114, 743-754). These
studies motivated us to test whether FGF is necessary for
neural retina differentiation during the initial stages of eye
cup development. Optic vesicles from embryonic day 1.5
chick were cultured for 24 hours as explants in the presence

of FGF or neutralizing antibodies to FGF2. The cultured
optic vesicles formed eye cups that contained a lens vesicle,
neural retina and pigmented epithelium, based on morphology and expression of neural and pigmented epithelium-specific antigens. Addition of FGF to the optic
vesicles caused the presumptive pigmented epithelium to
undergo neuronal differentiation and, as a consequence, a
double retina was formed. By contrast, neutralizing antibodies to FGF2 blocked neural differentiation in the presumptive neural retina, without affecting pigmented
epithelial cell differentiation. These data, along with
evidence for expression of several FGF family members
and their receptors in the developing eye, indicate that
members of the FGF family may be required for establishing the distinction between the neural retina and pigmented
epithelium in the optic vesicle.

INTRODUCTION

epidermis and mesenchyme, differentiation is arrested at the
optic vesicle stage; “the naked eye primordium does not differentiate into tapetum (pigment epithelium), multilayered
retina, rods and cones, and it fails to fold inwards into an eye
cup” (Holtfreter, 1939). One of the first events in ocular development that requires interactions with the surrounding tissues,
is the differentiation of the simple neuroepithelium of the optic
vesicle, into the neural retina and pigmented epithelium. At the
time that the optic vesicles form, the anterior part of the optic
vesicle normally forms the neural retina, while the posterior
part of the optic vesicle gives rise to the pigment epithelium.
Although derived from the same region of the neural tube,
these two tissues are quite distinct; the neural retina is a multilayered structure containing the photoreceptors and neurons
necessary for vision, while the pigmented epithelium is a single
layer of non-neuronal, pigmented, cuboidal cells, necessary for
support of the retinal photoreceptors.
The commitment to form either neural retina or pigmented
epithelium is not immediately fixed, however, and there is a
period of development during which the fates of these two
tissues can be reversed. If the optic cup in an amphibian
embryo is transplanted in such a manner that the posterior cell

Experimental embryology has shown that many sequential
inductions between the neural tube and the surrounding tissues
of the embryo are necessary for the more detailed pattern of
the central nervous system (Holtfreter and Hamburger, 1955).
For example, the experiments of Holtfreter demonstrated that
the notochord, somites and ectoderm are all important for the
development of the dorsal ventral axis of the spinal cord (see
Holtfreter and Hamburger, 1955 for review). Some of the
molecules expressed in the tissues surrounding the neural tube
that control its development have recently been identified.
Sonic hedgehog, expressed in the notochord, and later the
floorplate, has a ventralizing activity (Johnson and Tabin, 1995;
Roelink et al., 1995), while both BMP4 and BMP7 expressed
in the ectoderm, activate dorsal genes in the neural tube (Liem
et al., 1995).
The development of the eye also appears to require several
different inductive interactions for the various tissues to form
properly. Although the cells of the optic vesicle are committed
to give rise to ocular phenotypes (see Reh, 1992 for review of
earlier literature), if this region of the neurula is stripped of its
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layer (presumptive pigment epithelium) is adjacent to the
ectoderm, a fully differentiated retina will form from this layer
(Detwiler and van Dyke, 1953; 1954). Conversely, under some
conditions of transplantation, the retina will fail to form and
both layers of the optic cup give rise to pigmented epithelial
cells (Holtfreter, 1939; Loposhov and Stroeva, 1964). For
chicks and mammals, the fate of these cells becomes restricted
to either the pigmented epithelial or neural retinal cell fate
shortly after the formation of the optic cup (Orts-Llorca and
Genis-Galvez, 1960; Lopashov and Stroeva, 1964; Coulombre
and Coulombre, 1965). However, in amphibians, even after the
cells of the pigment epithelial layer have their fully differentiated function, they retain the capacity to replace the neural
retinal cells after retinal damage (Stone, 1950a,b; 1960;
Lopashov and Sologub, 1972; Reyer, 1977; Okada, 1980; Reh
and Nagy, 1987; Reh et al., 1987). Thus, in addition to demonstrating that both the anterior and posterior walls of the optic
vesicle have the ability to generate either neural retina or
pigmented epithelium, these transplant studies demonstrated
that this developmental decision is controlled by factors in the
adjacent tissues.
One clue about a possible factor involved in the development
of the neural retina comes from experiments done several years
ago by Carol Park and Martin Hollenberg (1989). As noted
above, if the neural retina is surgically removed from chick
embryos shortly after optic cup formation, the cells of
pigmented epithelium have the capacity to regenerate neural
retina (see for e.g. Orts-Llorca and Genis-Galvez, 1960;
Coulombre and Coulombre, 1965; Tsuematsu and Coulombre,
1981). Park and Hollenberg (1989) found that this regeneration of neural retina from the pigmented epithelium was stimulated by fibroblast growth factor 2 (FGF2, also known as basic
FGF). After removing the retina from chick embryos, Park and
Hollenberg found that retinal regeneration was stimulated in
those eyes in which they implanted FGF2 containing slow
release gels. Since this initial study, a number of laboratories
have confirmed and extended these results (Pittack et al., 1991;
Reh et al., 1991; Guillemot and Cepko, 1992; Opas and Dziak,
1994). The effect appears to be specific to FGF, since other
growth factors, such as EGF, NGF, and TGFβ do not induce
the pigmented epithelium to form neural retina (Park and Hollenberg, 1989; Pittack et al., 1991; Guillemot and Cepko,
1992).
The distribution of FGFs and their receptors in the developing ocular tissues are also consistent with a role for these
molecules in neural retinal induction. In the rat, De Iongh and
McAvoy (1993) demonstrated strong immunoreactivity of
FGF1 (acidic FGF) in the lens ectoderm at the point of contact
with the optic vesicle. Furthermore, receptors for FGF, which
are members of the receptor tyrosine kinase family, have also
been localized to the developing nervous system. In particular,
FLG (CEK1), which binds both FGF1 and FGF2 (see Johnson
and Williams, 1993 for review), is expressed in the neural
retina and pigmented epithelium in the eye cups of rat and
chick embryos (Heuer et al., 1990; Wanaka et al., 1991; Tcheng
et al., 1994). Also consistent with the possibility that FGF may
be important in neural retina induction during the initial stages
of eye development, are a number of studies that have found
FGF family members are important during several inductive
interactions in the embryo, such as mesoderm induction in
Xenopus (Kimelman and Kirschner, 1987; Slack, 1987), limb

bud development (Cohn et al., 1995; Fallon et al., 1994) and
inner ear induction (Represa et al., 1991). In addition, there is
also recent evidence suggesting that FGF may be involved in
neural induction in Xenopus (Launay et al., 1996; Lamb and
Harland, 1995).
In light of this evidence, we hypothesized that FGF may be
involved in setting up the initial phenotypic distinction between
the pigmented epithelium and the neural retina in the optic
vesicle. To directly test this hypothesis, we determined the
effects of exogenous FGF, as well as neutralizing antibodies
raised against FGF, on the differentiation of the neural retina
and pigmented epithelium during eye cup formation in cultured
optic vesicles.

MATERIALS AND METHODS
Optic vesicle, pigment epithelium and neural retina
cultures
Optic vesicles from E1.5 (Hamburger and Hamilton stages 9-10)
chicks were removed with fine tungsten needles. Care was taken to
dissect away the attached diencephalon and as much of the surrounding mesenchyme as possible, however, the overlying ectoderm (future
lens) was left attached. The optic vesicles were then cultured for 24
hours in DMEM/F12 medium (GIBCO) containing 1% fetal bovine
serum, 1 mM Hepes, 0.6% glucose and antibiotics (penicillin/streptomycin, 100 units/ml: 100 mcg/ml). For some experiments, the optic
vesicles were cultured for 36 hours and the media was supplemented
with B-27 (GIBCO). The cultures were maintained in 1 ml of media
in single wells of a 24-well plate at 5% CO2 in a 37°C humidified
incubator. To prevent the explants from adhering to the bottom of the
well, the plates were placed on a shaking device (Nutator). From each
embryo, one optic vesicle was treated with 30 ng/ml. FGF1 or FGF2
(R&D Systems) or with one of three different neutralizing antibodies
to FGF2. (1) A mouse monoclonal antibody to human recombinant
FGF2 (mAb 148.2.1.1, a gift from Dr C. Hart, Zymogenetics) that has
been previously shown to specifically cross-react with chicken FGF2
(Savage et al., 1993); (2) a mouse monoclonal antibody to recombinant Xenopus FGF2 (a gift from Dr M. Kirschner, Harvard University) or (3) a mouse monoclonal antibody to human FGF2 (F B8;
Sigma Immunochemicals). The FGF2 antibodies were used at a concentration of 10 µg/ml in the optic vesicle cultures. In these experiments, one optic vesicle from the embryo was treated with either FGF
or the antibodies to FGF2 and the other vesicle was left untreated and
served as the control. In order to study cell proliferation, BrdU
(Becton-Dickson) was added to some of the optic vesicles at the time
of culture at a final concentration of 40 nM. Immediately following
the culture period, the optic cups and pigmented epithelial cell strips
were fixed with Bouin’s fixative for 10 minutes, rinsed in 100%
ethanol and rehydrated through an ethanol gradient. The samples were
washed with phosphate-buffered saline solution (PBS), cryoprotected
with 20% sucrose, frozen at −70°C in OCT compound (Tissue Tech)
and sectioned at 12 µm to prepare them for immunocytochemical
analysis. In some cases, the samples were fixed with 4%
paraformaldehyde/4% sucrose for 30 minutes, washed in PBS and
cryoprotected as described above.
In order to more carefully examine the morphological changes that
the optic vesicles undergo, the explants were cultured as described
above, fixed in Bouin’s fixative, rinsed in 100% ethanol and prepared
for plastic embedding. The tissue was first infiltrated and then
embedded in Historesin (Reichert-Jung) following the manufactures
protocol. 1 µm sections were cut using a microtome and mounted onto
slides treated with 3-aminopropyltriethoxy-silane (SIGMA).
For the experiments designed to demonstrate the blocking effects
of the FGF antibodies, we used a retinal regeneration assay previously
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described (Pittack et al., 1991) Briefly, small strips of pigmented
epithelium were carefully removed from the neural retina and surrounding mesenchyme from E3.5 (stage 19-21) embryonic chicks.
The pigmented epithelial cell strips were maintained as explants in
24-well plates for up to 4 days on a Nutator in 1 ml of the same media
as described above. FGF2 (20 ng/ml) and/or the FGF2 antibodies (20
µg/ml, final concentration) mentioned above, were added to the
culture medium.
For the experiments designed to examine the effects of the FGF2
antibodies on neurofilament expression in cultured neural retina,
whole neural retinas from an E3.5 chick were dissected free from the
lens, pigment epithelium and surrounding extraocular tissue and
cultured as explants as described above for the optic vesicles. The
neural retina explants were maintained as explants for 36 hours on a
Nutator in 1 ml of the same media with the addition of 30 µg/ml of
one of the two recombinant human FGF2 antibodies. After the culture
period, the retinas were dissociated as follows. (1) The retinas were
transferred to a solution of Ca+2-Mg+2-free Hanks buffered salt
solution (HBSS) with the addition of trypsin to a final concentration
of 0.25% and incubated at 37°C for 10 minutes. (2) Following a gentle
titration, the trypsin was inhibited by the addition of 1% FBS and (3)
the cells were pelleted and resuspended in fresh F12/DMEM medium
containing 1% FBS. The cells were then plated onto poly-L-lysinecoated coverslips in 24-well plates and allowed to adhere for 2 hours,
after which the cultures were fixed in 4% paraformaldehyde for 15
minutes, washed in PBS and processed for immunohistochemistry.
Immunohistochemistry
To determine the differentiation of neuronal and pigmented epi-thelium
phenotypes, cryostat sections of the optic cups and pigmented epithelial cell explants or coverslips with the dissociated retinal cells, were
incubated with various neuron-specific and pigmented epithelial cellspecific antibodies. The following antibodies were used: (1) a mouse
monoclonal to the 160×103 Mr subunits of neurofilament protein, RMO270 (from Dr V. Lee, University of Pennsylvania), (2) TuJ1, a mouse
monoclonal to neuron-specific class III β-tubulin (Lee et al., 1990) (a
gift from Dr A. Frankfurter, University of Virginia), (3) 3C10, a mouse
monoclonal to an antigen expressed on pigmented epithelial cells (Chu
and Grunwald, 1990) and (4) a rabbit antisera to type II collagen (a gift
from Dr L. Sandell, University of Washington). A rat-specific anti-BrdU
IgG (from Accurate Chemicals) was used to identify mitotically active
cells in the optic vesicles. All antibodies were used at a concentration
of approximately 10 mg/ml and visualized via a biotin-streptavidin-fluorochrome complex (Cappell). Omission of the primary antibody eliminated the observed immunoreactivity. In order to count cell numbers
in the sections of optic vesicles or the coverslips containing the dissociated neural retinas, the cells were labeled with 4′,6-diamidino-2phenylindole (DAPI, Sigma) by incubation for 15 minutes (diluted
1:1000 in PBS) in order to examine cell viability.
To determine the expression of FGF2 in optic vesicles, similar
fixation, cryoprotection and sectioning methods as described above
were employed on optic vesicles from E1.5 chick embryos. Both
FGF2 antibodies were used at a concentration of approximately 10
µg/mL and visualized via a biotin-streptavidin-fluorochrome complex
as described above.
Analysis of apoptosis in vitro
We determined the number of apoptotic cells in the culture with the
TUNEL method using terminal transferase to incorporate digoxigenin-labelled nucleotides into the DNA of dying cells (Apoptag kit
from Oncor). The labelling was carried out according to the directions
of the manufacturer. The number of labelled cells for each experimental condition was determined in six randomly selected fields
within the neural retina or pigmented epithelium of the optic cups.
Optic vesicle and pigmented epithelium analysis
In order to determine the change in the number of differentiated
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neurons, RMO-270-immunoreactive neurons were counted in the
neural retina and pigmented epithelium of control and treated optic
cup sections. The optic cups were serially sectioned and the total
number of neurons was derived by counting the number of RMO-270immunoreactive cells in the neural retina or pigmented epithelium of
every section from the eye cup. The area of pigmented epithelium in
the optic cups was determined by measuring the area of 3C10immunoreactive staining in each section using an Image Analyzer
attached to an integrating CCD camera (MTI). The total area of 3C10
immunoreactivity from all the sections was calculated using the NIH
Image program. If more than 20% of the sections from either the
control or treated optic vesicle had been lost during the immunolabeling procedure, the sample was omitted from the data set.
Immunoblotting
FGF1 and FGF2, diluted in media containing 1% fetal bovine serum,
were diluted 1:1 with SDS sample buffer and run on a 15% SDSPAGE (500 ng per lane). Tissues from E4.0 chick embryos were
homogenized in lysis buffer and run on the same gel. The proteins
were transferred to nitrocellulose using a basic transfer buffer consisting of 25 mM ethanolamine, 25 mM glycine, 20% HPLC grade
methanol, pH 9.5. The filters were incubated with the FGF2 antibodies
(described above) and the immunoreactive proteins were visualized
with an alkaline phosphatase-conjugated goat anti-mouse secondary
antibody (Sigma).

RESULTS
Expression of FGF2 in optic vesicles
Based on the effects of FGF on retinal regeneration from the
pigmented epithelium (see above), we hypothesized that FGF

Fig. 1. Localization of FGF2 in an optic vesicle. (A) FGF2
immunoreactivity is most intense in the head ectoderm (E) overlying
the optic vesicle. Scale bar in A = 35 mm. (B) Western blot of FGF2
and day 5 embryonic chick tissues showing the specificity the
polyclonal FGF2 antibody (see Methods). Lane 1, FGF2; lane 2,
pigmented epithelium; lane 3, brain; lane 4, neural retina, lane 5,
scleral tissue. The antiserum against FGF2 recognizes a band of
approximately 18×103 Mr in all samples, although there are higher
molecular weight bands, particularly in brain, that are also
recognized by the antibody.
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may be important in setting up the original distinction between
of eye development. Optic vesicles from E1.5 chick embryos,
the neural retina and pigmented epithelium in the optic vesicle.
along with their attached ectoderm, were dissected from the
Although FGF has been reported to be expressed in the lens
diencephalon and cultured as explants. After a period of one
ectoderm adjacent to the developing rat optic vesicle (De Iongh
to two days in culture, the optic vesicles formed three-layered
and McAvoy, 1993), it is not known if the chick embryo has a
eye cups with a neural retina, a pigmented epithelium and a
similar distribution. Therefore, we examined the distribution of
lens vesicle. Fig. 2 shows comparable micrographs of normal
FGF during early chick eye development with immunohistoin vivo eye development (Fig. 2A-D) and an optic cup that
chemistry.
We incubated sections of embryonic
chicks during optic vesicle and optic cup
stages with either of two different monoclonal antibodies directed specifically
against FGF2 (Savage et al., 1993). Fig.
1A shows that the FGF2 immunoreactivity (with mAb 148.2.1.1) is present at a
low level throughout the neuroepithelium
of the optic vesicle, including the presumptive pigmented epithelium; however,
there is much stronger immunoreactivity
in the head ectoderm at the point where
the most anterior region of the optic
vesicle, the presumptive neural retina, is
in close contact with during its outgrowth.
As a control, the antibodies were
incubated with an excess of FGF2 protein
and immunoprecipitated prior to incubation with the section and this abolished the
immunoreactivity (data not shown). The
FGF2 immunoreactivity in the ectoderm
of the chick at this stage of development
is consistent with previous reports using
anti-FGF2 antibodies in chick embryos
(Savage et al., 1993) and FGF2 mRNA in
situ hybridization and northern analysis
(Savage and Fallon, 1995; Zuniga et al.,
1993).
The specificity of the antibodies used
for immunostaining was further established by incubating western blots of
purified FGF and chick embryo tissues
with the anti-FGF2 antibodies (Fig. 1B;
see also Savage et al., 1993 for mAb
148.2.1.1). Although some tissues also
showed some higher molecular weight
bands (see for example, Brigstock et al.,
1990), an 18×103 Mr band was present in
the tissue extracts (Fig. 1B). The FGF2
antibodies that we used throughout our
experiments, appear to be specific to
FGF2 and do not recognize FGF1 (Fig.
Fig. 2. Comparison of an E2.5 eye cup and an optic cup that developed from an optic
1B, and see also Savage et al., 1993),
vesicle cultured for 24 hours in vitro. An E2.5 control eye cup (A-D) and an eye cup that
FGF4 or FGF5 (see Savage et al., 1993).
Optic vesicles cultured for 24
hours develop into optic cups
similar to those in vivo
To examine the effects of FGF on neural
retina and pigmented epithelium differentiation prior to the formation of an optic
cup, we developed an in vitro culture
method that recapitulates the early stages

developed from a cultured optic vesicle (E-H). (A,E) Phase micrographs showing that the
eye cup that developed in vitro is morphologically similar to the E2.5 control eye cup. The
lens vesicle, neural retina and pigmented epithelium are labeled in both for comparison.
(B,F) Control and cultured eye cups, respectively, immunolabeled with RMO-270 (arrows)
(neurofilament, middle subunit). (C,G) 3C10 immunolabeling (arrows) in the pigmented
epithelium of normal eye and cultured optic vesicle, respectively. (D,H) Type II collagen
immunolabeling in a normal eye and cultured optic vesicle, respectively. Type II collagen
labels the basement membrane surrounding the entire eye cup but is concentrated between
the lens and neural retina (arrows) in the control and cultured eyes. pe, pigmented
epithelium; l, lens; nr, neural retina. Scale bar = 55 µm in A-D, and 60 µm in E-H.

FGF is necessary for neural retinal differentiation
developed in vitro from an optic vesicle that was cultured for
24 hours (Fig. 2E-H). Although considerably smaller, eye cups
that develop in vitro are morphologically similar to normal
eyes at a similar stage of development (Fig. 2A); they form (1)
a pseudostratified neuroepithelium, characteristic of the neural
retina (nr), (2) a more flattened epithelium, resembling a
pigmented epithelium (pe), and (3) a lens placode (1).
In order to determine the extent of neural retina differentiation in the cultured eye cups, we used RMO-270, a monoclonal antibody directed against the middle subunit (160×103
Mr) of neurofilament (NF-M) (Lee et al., 1987). Fig. 2B shows
an E2.5 eye cup labeled with NF-M. The arrows point to
several NF-M-immunoreactive cells in the central neural
retina, the majority of which are presumably migrating through
the neuroepithelium from the ventricular zone to the future
ganglion cell layer. These NF-M-immunoreactive cells are
likely to be differentiating ganglion cells based on their morphology, position in the developing retina and the timing of
their differentiation (Kahn, 1973; Bennet and DiLullo, 1985;
Spence and Robson, 1989). In the chick retina, ganglion cells
are the only cells that express neurofilament proteins and,
during development, the cells begin to express ganglion cellspecific antigens immediately following their terminal
division, prior to migration from the ventricular zone (Waid
and McLoon, 1995). For comparison, Fig. 2F shows NF-M
immunoreactivity in an eye cup that developed in vitro from a
cultured optic vesicle. Many NF-M-immunoreactive cells are
also present in the neuroepithelium of the cultured eye cup in
the central neural retina (arrows).
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In addition to the formation of a neural retina, a pigmented
epithelium developed in the cultured eye cups. Fig. 2C shows
an E2.5 eye cup immunolabeled with 3C10, a monoclonal
antibody directed against an uncharacterized protein in
pigmented epithelial cells (Chu and Grunwald, 1990). The
epithelium adjacent to the neural retina is immunoreactive for
3C10; the cells in this layer have thus begun to differentiate as
pigmented epithelial cells, even though at this stage in development, pigmented epithelial cells have not yet begun to
express melanin granules (Stroeva and Mitashov, 1983). The
3C10 immunoreactivity stops at the anterior margin of the eye
cup, where the pigmented epithelium and the neural retina join
(arrows, Fig.2C). The presumptive pigmented epithelium of the
cultured optic vesicle cells also begin to express 3C10
immunoreactivity within the culture period. Fig. 2G shows a
cultured eye cup immunolabeled with 3C10. Like the in vivo
eye cup at this stage, the cells in the epithelium surrounding
the neural retina were 3C10 immunoreactive, indicating that
they have begun to differentiate as pigmented epithelial cells.
We also labeled sections of the control and cultured eye cups
with a polyclonal antibody directed against type II collagen
(Wood et al., 1991). Fig. 2D shows that in an E2.5 eye cup,
type II collagen is localized to the basement membrane surrounding the eye cup and, in particular, it is concentrated
between the neural retina and lens (arrows). Fig. 2H shows that,
in a cultured optic vesicle, the type II collagen staining is also
concentrated between the lens and neural retina after 24 hours
in vitro (arrows). This antibody was useful for verifying the
position of the neural retina in the cultured optic vesicles.

Fig. 3. Effects of FGF on neural retina and pigmented epithelium formation in optic vesicles cultured as explants for 24 hours.
(A,B) Corresponding control (A) and FGF2-treated (B) optic vesicles sectioned and processed for immunochemistry with antibodies to NF-M.
The arrows in (A) point to several NF-M immunoreactive cells in the neural retina of the control. The NF-M-immunoreactive cells directly
adjacent to the pigmented epithelium are neurons in the attached diencephalon. (B) The optic vesicle treated with FGF2 has an increased
number of NF-M-positive cells in the pigmented epithelium. (C) Optic vesicles treated with FGF2 also have TuJ1 (class III β-tubulin)immunoreactive cells in the presumptive pigmented epithelium. (D,E) Corresponding control and FGF2-treated optic vesicles processed for
immunochemistry with the pigmented epithelial cell marker, 3C10. In the control (D), the entire pigmented epithelium of the optic cup is
immunoreactive for 3C10, while in the FGF2-treated optic vesicle (E), the 3C10 immunoreactivity is completely absent from the pigmented
epithelium. The arrows in E point to the nonpigmented columnar epithelium that is devoid of 3C10 immunoreactivity. (F) A plastic section
through an optic vesicle culture treated with FGF2, to show that the cellular morphology of both retinal layers is virtually identical. le, lens; pe,
pigmented epithelium; nr, neural retina; di, diencephalon. Scale bar = 30 µm in A-C and 20 µm in D,E.
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The optic vesicle cultures can be maintained for at least two
days, and development proceeds, albeit at a slower rate than
that observed in vivo. We have not observed obvious lamination of the retina in these cultures, and the photoreceptorspecific antigens that we have tested (visnin, PNA and rodspecific opsin) do not appear to be expressed after 2 days.
Nevertheless, these cultures are useful for examining the
effects of factors on the early development of the eye and the
lens.
Fibroblast growth factor promotes neural
differentiation in the presumptive pigmented
epithelium of the optic cup
To determine whether FGF promotes neural retinal formation,
we cultured optic vesicles in the presence of exogenous FGF
(either FGF1 or FGF2). In all of our experiments, one optic
vesicle from each embryo was treated with FGF while the other
vesicle from the same embryo was not treated with FGF and
thereby served as a negative control. When the optic vesicles
were cultured in FGF, there were several significant changes in
both the pigmented epithelium and neural retina.
Addition of FGF to the optic vesicles causes NF-M-positive
cells to appear in the presumptive pigment epithelial layer. An
example of this is shown by comparing a control eye cup (Fig.
3A) with an FGF2-treated eye cup (Fig. 3B,C). In the untreated
eye cups, there are no NF-M-immunoreactive cells in the presumptive pigment epithelial layer, although the neural retina
has several NF-M-immunoreactive cells in the neuroepithelium
(arrows) in the central neural retina. By comparison, examples
of FGF2-treated optic vesicles are shown in Fig. 3B,C; in the
FGF-treated vesicles, the presumptive pigmented epithelium
did not form its characteristic flattened epithelium, but instead
formed a columnar epithelium (Fig. 3F) with extensive NF-M
and TuJ1 (neuron-specific β-tubulin) immunolabeling (Fig. 3B
and C, respectively). The NF-M and neuron-specific tubulinimmunoreactive cells in the pigmented epithelium had characteristics similar to those found in the neural retina; the cells
have extended processes and appear to be migrating across the
neuroepithelium. The pigmented epithelium looks so similar to
the neural retina that the eye cups appeared as a double retina.
Concurrent with the expression of NF-M and neuron-specific
tubulin in the pigmented epithelium, these cells have also lost
their 3C10 labeling (Fig. 3E, arrows) as compared to untreated
cultured vesicles (Fig. 3D). In some cases, addition of FGF2
to the optic vesicles caused a complete loss of 3C10 staining.
However, in most cases, there were still a few 3C10immunoreactive cells in the central regions of the presumptive
pigmented epithelium. We obtained similar results with either
FGF1 or FGF2, although we did not carry out extensive doseresponse experiments necessary to rule out a quantitative difference between the factors.
To quantify the effects of FGF (FGF1 and FGF2) on ocular
development, we serially sectioned the optic cups, labelled
every section with the NF-M (RMO-270) or 3C10 antibodies
and either (1) counted the number of NF-M-immunoreactive
cells in the neural retina and presumptive pigmented epithelium, or (2) measured the area of the 3C10 staining as
described in the Methods. Fig. 4A is a graph of the number
of NF-M-immunoreactive cells in the control and FGFtreated optic cups. There is a significant increase in the
number of NF-M-immunoreactive cells in both layers of the

Fig. 4. Effects of FGF on the development of the neural retina and
pigmented epithelium in cultured optic vesicles. (A) Addition of
FGF2 to optic vesicles from an E1.5 chick embryo cultured for 24
hours as explants results in a significant increase in the number of
cells that are immunoreactive for NF-M in the neural retina and
presumptive pigmented epithelium as compared to the control. Error
bars = + s.e.m. of 8 separate experiments. (B) Concurrent with the
increase in NF-M, the FGF2-treated optic vesicles also exhibit a
significant decrease in the area of pigmented epithelium as measured
by the total area of 3C10 immunolabelling (see methods). Error bars
= + s.e.m. of 16 separate experiments.

optic cups of FGF-treated vesicles (n=16, P=0.012 using the
Student’s t-test) and a significant decrease in the amount of
3C10 immunoreactivity (shown in Fig. 4B) (n=32,P=0.014,
student’s t-test). In nearly half of the optic vesicles pairs
(7/16), there was a complete loss of 3C10 staining. Thus, FGF
prevents the normal differentiation of the presumptive
pigmented epithelium and causes this layer to develop a
neural retinal phenotype.
Antibodies to FGF2 block FGF-induced regeneration
of neural retina from pigmented epithelium explants
The above results indicate that exogenous FGF is capable of
promoting neuronal differentiation in both layers of the developing optic cup. In order to determine whether FGF is
necessary for the formation of neural retina and plays a role in
the induction of neural retina, we attempted to block the
formation of neural retina by culturing the optic vesicles in the
presence of antibodies that neutralize FGF2.
Previous experiments from several laboratories have shown
that FGF can induce newly differentiated pigmented epithelial
cells to regenerate a neural retina (Park and Hollenberg, 1989;
Pittack et al., 1991; Guillemot and Cepko, 1992). We used this
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Fig. 5. Antibodies to FGF2 block FGFinduced transdifferentiation of pigmented
epithelium explants. (A,B) Corresponding
phase and fluorescent micrographs,
respectively, of sections from a pigmented
epithelial explant treated with FGF2 and
processed for immunochemistry with
antibodies to NF-M. The treated pigment
explant shows extensive NF-M
immunoreactivity throughout the epithelium
in response to FGF2. (C,D) Corresponding
phase and fluorescent micrographs,
respectively, of sections through a pigmented
epithelial cell explant treated simultaneously
with FGF2 and antibodies to FGF2 and
processed for immunochemistry with NF-M.
The FGF2 antibodies block the response to
FGF2 and there are no NF-Mimmunoreactive cells in the pigmented
epithelium which remain pigmented and
cuboidal. Some cells within the scleral tissue
express neurofilament protein, and these are
not affected by the anti-FGF. Scale bar =
40 µm in A,B and 43 µm in C,D.

assay to determine whether the antibodies to FGF2 were
capable of blocking a biological response to this factor.
Pigmented epithelium explants from E3.5 chick embryos
cultured in the presence of FGF2, regenerated neural retina
after 4 days (Fig. 5A,B). However, this response was blocked
by the antibodies to FGF2. Fig. 5C shows a pigmented epithelium explant after 4 days in vitro incubated with both FGF2
and an antibody against recombinant Xenopus FGF2. The other
two antibodies to FGF2 also blocked neural retina regeneration
from pigmented epithelium (data not shown). These explants
remained pigmented and did not show evidence of neural retina
formation (Fig. 5D). Thus, these antibodies could be used to
test for a function of FGF in neural retinal development in optic
vesicles.
FGF antibodies inhibit neural retinal development in
optic vesicles
To determine whether FGF is required for neuronal development, the optic vesicles from E1.5 embryos were cultured in
separate wells and the FGF2 neutralizing antibodies described
above were added to one optic vesicle, while the other vesicle
served as a paired control. After 24 hours in culture, both the
control vesicles (Fig. 6A,C,E) and those treated with FGF2
antibodies (Fig. 6B,D,F) appeared morphologically similar,
and we were still able to identify a lens vesicle and the two
layers of the optic cup in both explants (Fig. 6A,B). However,
when the vesicles were labeled with antibodies to ganglion
cells or pigmented epithelium (NF-M and 3C10, respectively),
we found that the presence of antibodies to FGF2 effectively
blocked the initial differentiation of neural retinal. Fig. 6C,D
shows an example of an optic vesicle treated with an FGF2
antibody after 24 hours in vitro. When labelled with neurofilament antibody, the anti-FGF2-treated vesicle (Fig. 6D) had no
NF-M-immunoreactive cells (see Fig. 2F for comparison). In
5/14 cases, treatment with FGF2 antibodies resulted in the
complete absence of NF-M-immunoreactive cells in the neural

retina while, in the remaining cases, the number of NF-Mimmunoreactive cells was substantially reduced as compared
with the control vesicle from the same embryo. We quantified
this effect by counting the number of NF-M-immunoreactive
cells in the treated and control vesicles in serial sections
through the cultures. The results of these cell counts are summarized for all cases in Fig. 7 (n=24, P=0.007, Student’s t-test),
and show that neutralizing antibodies to FGF2 significantly
inhibit neural retina differentiation in the developing optic
vesicle.
By contrast to the effect on neural retinal formation, the
differentiation of the pigmented epithelium proceeds normally
in the presence of the FGF2 antibodies. Fig. 6E and F show an
FGF2 antibody-treated vesicle after 24 hours, sectioned and
labeled with 3C10 antibody to detect pigmented epithelium.
The 3C10 labeling is similar in the treated (Fig. 6F) as in the
control vesicles (see Fig. 2G for comparison). Thus, the antibodies to FGF2 do not affect the initial differentiation of the
pigmented epithelium in the optic vesicle cultures.
We have shown that antibodies to FGF2 causes a decrease
in the number of NF-M-immunoreactive cells in the neural
retina without affecting the differentiation of the pigmented
epithelium. It is possible that this result was due to a general
effect of culturing the optic vesicles in the antibodies rather
than a specific effect of the FGF2 antibodies. In order to
address this question, we performed the same experiment as
described above, but using a non-specific antibody, mouse
IgG. Following the 24 hour culture period, the control,
untreated and IgG-treated vesicles were sectioned and
processed for immunoreactivity with antibodies to NF-M.
The number of NF-M-immunoreactive cells in the neural
retina of the resultant eye cups were counted as previously
described. We found there to be no significant difference in
the number of NF-M-immunoreactive cells in the IgG-treated
(8±1 cell/section) and control (5±0.5 cells/section) vesicle
(see Table 1).
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Table 1. Effects of FGF2 neutralizing antibodies on NF-M
expression, apoptosis, cell proliferation and cell number in
cultured optic vesicles, and NF-M expression in E3.5
neural retina
Control

FGF2 antibody

P

n

Optic vesicle
NF-M+
Apotag
BrdU
DAPI

4±0.7
18±2
87±14
27±2

0.6±0.1
15±2
84±15
31±2

0.001
0.248
0.911
0.564

14
18
5
16

E3.5 NR
NF-M+

25±3

29±2

0.386

48

Control

Mouse IgG

P

n

8±1

0.097

27

Optic vesicle
NF-M+

Fig. 6. FGF2 antibodies block neural retina formation.
(A,C,E) Control untreated optic vesicle and (B,D,F) FGF antibodytreated optic vesicles after 24 hours in vitro. (A,B) Stained with the
nuclear marker DAPI in order to show the overall morphology of the
optic cups. Optic vesicles treated with FGF2 antibodies develop into
an optic cup that forms a neural retina, pigmented epithelium and
lens vesicle comparable to untreated control optic vesicles.
(C,D) Corresponding phase and fluorescent micrographs,
respectively, of an FGF2 antibody-treated optic vesicle processed for
immunochemistry with NF-M. In this case, NF-M-immunoreactive
cells were completely absent. The immunoreactivity in the basement
membrane surrounding the optic cup is due to the secondary
antibody binding to the FGF2 antibody, also a mouse monoclonal.
(E,F) Corresponding phase and fluorescent micrographs of an optic
vesicle cultured with antibodies to FGF2 and processed for
immunochemistry with the pigmented epithelial cell marker, 3C10.
The arrows point to the 3C10-immunoreactive pigmented epithelium.
le, lens; nr, neural retina; pe, pigmented epithelium. Scale bar = 50
µm in A,B; 20 µm in C,D; 25 µm in E,F.

Antibodies to FGF2 do not affect cell proliferation or
cell death
The normal development of the pigmented epithelium in the
treated vesicles indicates that the FGF2 neutralizing antibodies
do not have any non-specific toxic effects on the cultures;
however, it is possible that the absence of NF-M-immunoreactive cells in the vesicles was due to the death of cells in the
prospective neural retina, rather than blocking neural differentiation. To control for this possibility, we labeled the optic
vesicle sections with a nuclear marker, DAPI, in order to count
the number of cells in the cultured optic cups and to look for
pychnotic cells. We counted the number of DAPI-positive cells
in randomly selected fields in the neural retina or pigment
epithelium and found there was no significant difference in the
number of DAPI-positive cells between the control and
antibody treated (see Table 1). In addition, we found few
pychnotic nuclei in either the control (see Fig. 6A) or FGF2

5±0.5

Addition of FGF2 antibodies to optic vesicles cultured for 24 hours in vitro
inhibits the formation of the neural retina, as shown by the decrease in the
number of NF-M-immunoreactive cells in the eye cups. The FGF2 antibody
does not increase apoptosis or affect cell proliferation or cell number in the
optic vesicles. In addition, the FGF2 antibodies do not alter the expression of
NF-M in cultured E3.5 neural retina explants. Culturing the optic vesicles in
mouse IgG, does not affect the formation of the neural retina in the cultured
optic vesicles. Optic vesicles were dissected from an E1.5 embryo and
cultured in FGF2 neutralizing antibodies or IgG antibodies for 24 hours prior
to immunohistological analysis. The results of the optic vesicle experiments
are expressed as cells/section except in the case of DAPI where the results are
expressed as cells/360 µm2. The results of the neural retina experiments
(E3.5) are expressed as cells/360 µm2. Control optic vesicles and neural retina
were untreated.

Fig. 7. Addition of FGF2 antibodies inhibits the development of the
neural retina in cultured optic vesicles. Addition of antibodies raised
against FGF2 to optic vesicles cultured for 24 hours as explants
results in a significant decrease in the number of NF-M-positive cells
in the neural retina of the eye cups. Error bars = + s.e.m.of 14
separate experiments.

antibody-treated (see Fig. 6B) vesicles after 24 hours and no
differences between the two conditions.
We also controlled for cell death in the antibody-treated
optic vesicles by comparing the number of apoptotic cells in
the antibody and untreated optic vesicles. As in our previous
experiments, antibodies to FGF 2 were added to one vesicle of
each pair and the other was left untreated and served as a
control. After 24 hours in culture, the vesicles were sectioned
and examined for apoptotic cells using the TUNEL method as
described in the Methods. We found few apoptotic cells in the
neuroepithelium of either the antibody-treated (Fig. 8A,B) or
control (Fig. 8C,D) optic vesicles after 24 hours and no visable
difference between the two conditions. We counted the number
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not find expression of other neural markers in the anti-FGFtreated vesicles, the NF-M expression was the most reliable
indicator of neural retinal differentiation at these early stages
of retinal development; therefore, to directly test the possibility that NF-M expression in differentiated retinal ganglion cells
requires FGF, we cultured neural retina explants from an E3.5
chick embryo in either of the two antibodies to FGF2 for 36
hours, dissociated, replated, fixed and labeled with the NF-M
antibody. Similar to the optic vesicle experiments, one neural
retina from an embryo was treated with the antibody and the
other from the same embryo was untreated and served as a
control. The number of NF-M-immunoreactive cells in six
randomly selected fields from the cultures were counted for the
control and antibody-treated neural retina. We found there to
be no change in the number of cells expressing NF-M in either
the control (25±3 cells/field) or antibody-treated (29±2
cells/field) neural retina (see Table 1). Therefore, these experiments demonstrate that the addition of FGF antibodies to
neural retina does not simply inhibit the expression of NF-M
in the differentiating ganglion cells.
Fig. 8. FGF2 antibodies do not cause an increase in the number of
apoptotic cells. Apoptotic cells were labelled with the TUNEL
method. (A,B) Corresponding phase and light micrographs of
TUNEL-labelled cells in an anti-FGF-treated culture, while C and D
show corresponding phase and light micrographs of an untreated
control explant. The apoptotic cells in the neuroepithelium of both
the control and the antibody-treated vesicles appear similar (arrows),
and there is no significant difference in the number of apoptotic cells
in treated and control explants (see Results). ne, neuroepithelium.
Scale bar = 12 µm in A-D.

of apoptotic cells in randomly selected fields of the optic cup
and found no difference in the number of apoptotic cells in the
control (18±2 cells/section) and antibody treated (15±2
cells/section) in optic vesicle pairs (Table 1).
It is possible that FGF2 antibodies inhibit cell proliferation
in the developing optic vesicle and, consequently, blocks generation of retinal neurons. Although this explanation is not
likely since previous studies have shown appropriate neuronal
differentiation even in the presence of mitotic inhibitors
(Harris and Hartenstein, 1991), we directly tested for inhibition of cell proliferation in the FGF2 antibody-treated
cultures. BrdU was added to two separate pairs of optic
vesicles, one vesicle of each pair was treated with FGF2 antibodies and the other vesicle was left untreated and served as
a control. After 24 hours in culture, the vesicles were
sectioned and labeled with BrdU antibodies. The number of
proliferating cells were measured by counting the total
number of BrdU-labeled cells in three randomly selected
fields of each optic cup. Using this method, we found the
number of proliferating cells in pairs of FGF2 antibodytreated and control optic vesicles to be similar: 87±14
(control) and 84±15 (antibody treated; Table 1).
FGF antibodies do not suppress NF-M expression in
the differentiated ganglion cells
One possible interpretation of our results is that the addition of
FGF2 antibodies to the cultured optic vesicle is inhibiting the
expression of NF-M in the differentiated ganglion cells rather
than inhibiting neural retinal development. Although we did

DISCUSSION
The present study investigated whether members of the FGF
family are necessary for neural retina and/or pigmented epithelium development during eye cup formation using cultures
of isolated optic vesicles. Three lines of evidence indicate that
FGF is important in the induction of neural retina. (1) We have
found FGF2 immunoreactivity in the head ectoderm of the
chick embryo at the stages of optic cup formation. (2) Addition
of FGF (FGF1 or FGF2) to the optic vesicles during the culture
period causes the presumptive pigmented epithelium to differentiate as neural retina. (3) Addition of FGF2 neutralizing antibodies to the optic vesicles inhibited neural retina development, but did not interfere with normal development of the
pigment epithelium.
Extraocular factors control cell fates in the
developing eye
Many years ago, the results of embryological experiments
demonstrated that the specific microenvironments surrounding
the pigmented epithelium and neural retina are important for
the development of these two tissues (see Lopashov and
Stroeva, 1964 for review). If the optic vesicle is flattened and
surrounded entirely with mesenchyme, only pigmented epithelium will develop (Lopashov and Stroeva, 1964). Alternatively, when the optic vesicle is rotated 180°C such that the presumptive pigmented epithelium now lies next to the head
ectoderm, a secondary retina is induced from the pigmented
epithelium (Dragomirov, 1937). In addition, grafting the optic
vesicle to other regions in the embryo, in particular the otic
vesicle, will also induce the presumptive pigmented epithelium
to differentiate into a neural retina (Detwiler and van Dyke,
1953; Lopashov and Stroeva, 1964). These studies suggest that
the differentiation of neural retina and pigmented epithelium is
not due strictly to intrinsic differences between these two
tissues, but rather that specific inducing substances are
produced by the tissues surrounding the optic vesicle to pattern
the differentiation of the eye. The extraocular mesenchyme
appears to be important for pigmented epithelium differen-
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tiation while the ectoderm appears to be important for neural
retina differentiation.
FGF and its receptors are expressed in the
developing ocular tissues
The results that we have obtained are consistent with the
hypothesis that FGF may be an important inducer of neural
retina during development. Several members of the FGF
receptor family of tyrosine kinases, along with their ligands,
have been shown to be expressed in the developing rat, mouse
and chicken eye cups (Heuer et al., 1991; Wanaka et al., 1991;
Tcheng et al., 1994; Kalcheim and Neufeld, 1990; De Iongh
and McAvoy, 1993; Consigli et al., 1993; this study). Both the
present study and De Iongh and McAvoy (1993) have shown
FGF immunoreactivity in the lens ectoderm overlying the optic
vesicle, consistent with its role in lens development and as an
inducer of neural retina. However, while De Iongh and
McAvoy (1993) found FGF1 expression in the ectoderm of the
rat embryo, Savage and Fallon (1995), as well as our own
studies, have shown FGF2 expression in the ectoderm in the
chick embryo. It is possible that FGF1 plays an inductive role
for the retina in the rat, similar to what we have found for FGF2
in the chick embryo. However, it is also possible that variations
in the epitopes recognized by the antibodies, differences in sensitivity in the detection methods, different immunocytochemical techniques used and species differences may all contribute
to the observed differences.
Our results showing that FGF2 is expressed in the ectoderm
are consistent with the hypothesis that FGF may act as an
inducer of neural retina since transplant studies have shown
that the signal for neural retinal formation in widely distributed in the embryonic ectoderm. It is also interesting in this
regard that int-2, another member of the FGF family of factors,
is expressed in the developing rhombencephalon (Wilkinson et
al., 1989; Represa et al., 1991), another region of the embryo
with neural retinal inducing activity (Detwiler and van Dyke,
1953).
FGF is necessary for normal retinal formation
Exogenous FGF2 acts on the undifferentiated cells of the
optic vesicle to induce the presumptive pigmented epithelium
to form neural retina. In our control experiments, we showed
that optic vesicles with the attached head ectoderm and surrounding mesenchyme, cultured for 24 hours, develop into
eye cups that are morphologically similar to eye cups that
developed in vivo, containing a neural retina, pigmented
epithelium, and a lens vesicle. Addition of FGF (FGF1 or
FGF2) to these optic vesicles during the culture period caused
the presumptive pigmented epithelium to form a NF-M
(RMO-270) and class III β-tubulin (TuJ1)-immunoreactive
columnar neuroepithelium. The pigment epithelium in the
FGF-treated eye cups lost the characteristic flattened epithelial morphology, and, in some cases, the NF-M immunoreactivity was so extensive in the presumptive pigment
epithelium that the eye cups looked like a double-layered
retina. Concurrent with the expression of NF-M, the presumptive pigment epithelium in the FGF-treated eye cups
showed a significant decrease in 3C10 expression and in some
cases, there was a complete loss of 3C10.
These results extend those obtained by other investigators
that show that FGF is important in regulating cell phenotype

later in development during retinal regeneration. Studies by
Park and Hollenberg (1989), Pittack et al. (1991), Guillemot
and Cepko (1992) and Opas and Dziak (1994) have shown that
members of the FGF family, in particular FGF1 and FGF2,
cause pigmented epithelium to regenerate neural retina up to
E4.5. Several other growth factors that are present in the developing eye were tested for their ability to induce pigmented
epithelial cells to form neural retina in vivo and in vitro,
however, only FGF has this effect (Park and Hollenberg, 1991;
Pittack et al., 1991).
We have also provided evidence that FGF is necessary for
normal neural retina formation. Addition of FGF2 neutralizing antibodies to the optic vesicles inhibited neural retina
development. By comparison with controls, optic vesicles
cultured with FGF2 antibodies had significantly fewer NF-Mimmunoreactive cells in the retina; in some cases, no NF-Mimmunoreactive cells were present in the vesicles treated with
FGF2 antibodies. The loss of differentiated neurons in the
presumptive neural retinal layer was likely due to the inhibition of neural retinal differentiation and not due to suppression of NF-M expression in ganglion cells, since we found
no effect of these antibodies on the number of NF-Mimmunoreactive cells in later staged retinas (see Results). By
contrast, FGF2 antibody treatment did not appear to affect the
development of the pigment epithelium in the eye cups and
3C10 immunoreactivity was expressed by the cells in this
layer.
Although difficult to quantify in the optic vesicle cultures,
it appeared that FGF treatment also caused an increase in the
number of neurofilament-immunoreactive ganglion cells in
the preumptive neural retina by specifically promoting their
differentiation. This is consistent with the earlier report of
Guillemot and Cepko, (1992), in which addition of FGF to
pigmented epithelium not only causes the pigmented epithelial cells to regenerate neural retina, but a higher percentage
of the cells in the neural retina differentiate into retinal
ganglion cells (Guillemot and Cepko, 1992). However, it is
also possible that the increase in neurofilament-immunoreactive cells is secondary to a mitogenic effect of FGF on the
cultures. Nevertheless, these results suggest that the induction
of the neural retina and specifically retinal ganglion cells may
occur through the same factor, an hypothesis consistent with
previous reports in mammals that ganglion cells are the
“default” phenotype of the early retina (Reh and Kljavin,
1989; Reh, 1992).
Specification of the different regions of the optic
vesicle by extrinsic factors
During the development of the eye, the optic vesicle gives rise
to the neural retina, the pigmented epithelium and the optic
stalk. Previous reports have demonstrated a critical role for
Sonic hedgehog, expressed first in the prechordal plate, and
then later in the ventral diencephalon, in the development of
the optic stalk (Ekker et al., 1995; MacDonald et al., 1995;
Chiang et al., 1996). In this report, we have demonstrated that
FGF2, expressed in the lens ectoderm, is necessary for the
development of the neural retina.
Our results can be interpreted in the following model, shown
in Fig. 9. As the optic vesicles grow out laterally from the
neural tube, the leading edge (future neural retina) is in close
contact with the overlying ectoderm. A localized source of
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Fig. 9. Model showing role of FGF2 in the induction of the neural
retina. As the optic vesicles evaginate laterally from the neural tube,
the leading edge (future neural retina) is in close contact with the
overlying ectoderm. A localized source of FGF from the ectoderm
(stippled) promotes neural retinal development in this region. The
medial surface of the optic vesicle does not recieve this signal, but
instead is surrounded by extraocular mesenchyme, which might
release signals that induce the pigmented epithelium.

FGF from the ectoderm (stippled) promotes neural retinal
development in this region. The medial surface of the optic
vesicle does not recieve this signal, but instead is surrounded
by extraocular mesenchyme which might release signals that
promote the development of the pigmented epithelium.
When the optic vesicle is isolated from surrounding extraocular tissue, the pigmented epithelium also fails to develop. At
present, the factors in the extraocular tissue necessary for the
development of the pigmented epithelium are still largely
unknown. One possibility is activin, a member of the transforming growth factor family, which acts along with FGF in
the process of mesoderm induction (Thomsen et al., 1990,
Cornell and Kimelman, 1994). Activin has been shown to be
expressed in the pigmented epithelium and, more importantly,
the surrounding mesenchyme in mouse embryos (Feijen et al.,
1994). Concurrent with the expression of activin at this stage
in development, is the expression of the activin receptor type
II in the pigment epithelium in mouse embryos (Feijen et al.,
1994). Consistent with a role for activin in the process of
pigmented epithelial cell differentiation, we found that activin
can block FGF-induced retinal regeneration from E3.5
pigmented epithelium (Pittack, 1995). Thus, while our results
provide support that FGF is an inducer of the neural retina, it
is likely that additional factors in the local microenvironment
of the optic vesicle are necessary for appropriate cell fate
decisions during ocular development.
The authors would like to thank Roger Williams and Mark Morris
for their outstanding technical assistance. Also, we would like to thank
Drs M. Kelley, D. Kimelman, E. Levine, Andy Davis and J.
Schmiesing for their critical reading of the manuscript. C. P. was
supported by PHS National Research SA 2T32 GM07270, NIGMS. G.
B. G. is supported by a grant from the National Eye Institute of the
National Institute of Health, EY06658. This work was supported by
grant IBN-9309502 from the National Science Foundation to T. A. R.

REFERENCES
Bennett, G. and DiLullo, C. (1985). Transient expression of a neurofilament

815

protein by replicating neuroepithlial cells of the embryonic chick brain. Dev.
Biol. 107, 107-127.
Brigstock, D. R., Klagsbrun, M., Sasse, J., Farber, P. A., Iberg, N. (1990)
Species-specific high molecular weight forms of basic fibroblast growth
factor. Growth Factors 4, 45-52
Chu, P. and Grunwald, G. B. (1990). Generation and characterization of
monoclonal antibodies specific for the retinal pigment epithelium. Inv.
Ophth. Vis. Sci. 31, 856-862.
Cohn, M. J., Izpis-Belmonte, J. C., Abud, H., Heath, J. K., and Tickle, C.
(1995). Fibroblast growth factors induce additional limbs from the flank of
chick embryo’s. Cell 30, 739-746.
Consigli, S. A., Lyser, K. M. and Joseph-Silverstein, J. (1993). The temporal
and spatial expression of basic fibroblast growth factor during ocular
development in the chicken. Invest Ophthalmol. Vision Sci. 34, 559-566.
Cornell, R. A., and Kimelman, D. (1994). Activin-mediated mesoderm
induction requires FGF. Development 120, 453-462.
Coulombre, J. L., and Coulombre, A. J. (1965). Regeneration of the neural
retina from the pigmented epithelium in the chick embryo. Dev. Biol. 12, 7992.
De Iongh, R. and McAvoy, J. W. (1993). Spatio-temporal distribution of acidic
and basic FGF indicates a role for FGF in rat lens morphogenesis. Dev.
Dynamics 198, 190-202.
Detwiler, S. R., and van Dyke, R. H. (1953). The induction of the neural retina
from the pigment epithelial layer of the eye. J. Exp. Zool. 128, 367-383.
Detwiler, S. R., and van Dyke, R. H. (1954). Further experimental
observations on retinal induction. J. Exp. Zool. 126, 135-155.
Dragomirov, N. I. (1937). The influence of neighboring ectoderm on the
organization of eye rudament. Doklady AN SSSR 15, 61-64.
Ekker, S. C., Ungar, A. R., Greenstein, P., von-Kessler, D. P., Porter, J. A.,
Moon, R. T. and Beachy, P. A. (1995) Patterning activities of vertebrate
hedgehog proteins in the developing eye and brain. Curr. Biol. 5(8). 944-55.
Fallon, J. F., L’opez, A., Ros, M. A., Savage, M. P., Olwin, B. B. and
Simandl, B. K. (1994). FGF-2: apical ectodermal ridge growth signal for
chick limb development. Science 264, 104-107.
Feijen, A., Goumans, M. J. and van den Eijnden-van Raaij, A. J. M. (1994).
Expression of activin subunits, activin receptors and follistatin in
postimplantation mouse embryos suggests specific developmental functions
for different activins. Development 120, 3621-3637.
Guillemot, F. and Cepko, C. L. (1992). Retinal fate and ganglion cell
differentiation are potentiated by acidic FGF in an in vitro assay of early
retinal development. Development 114, 743-754.
Harris, W. A. and Hartenstein, V. (1991). Neuronal determination without
cell division in Xenopus embryos. Neuron 6, 499-515.
Heuer, J. G., von Bartheld, C. S., Kinoshita, Y., Evers, P. and Bothwell, M.
(1990). Alternating phases of FGF receptor and NGF receptor expression in
the developing chicken nervous system. Neuron 5, 283-296.
Holfreter, J. and Hamburger, V. (1955). Embryogenesis: Progressive
Determination: Amphibians. In Analysis of Development. (ed. B. H. Willier,
P. A. Weiss and V. Hamburger), pp 230-298. W. B. Saunders, Co,
Philadelphia.
Holtfreter, J. (1939). Gewebeaffinitat, ein Mittel der embryonalen
Formbildung. Arch. exp. Zellforsch. 23, 169-209.
Johnson, D. E. and Williams, L. T. (1993). Structural and functional diversity
in the FGF receptor multigene family. Adv. Cancer Res. 60, 1-41.
Johnson, R. L. and Tabin, C. (1995). The long and short of hedgehog
signalling. Cell 81, 313-316.
Kahn, A. J. (1973). Ganglion cell formation in the chick neural retina. Brain
Res. 63, 285-290.
Kalcheim, C. and Neufeld, G. (1990). Expression of basic fibroblast growth
factor in the nervous system of early avian embryos. Development 109, 203215.
Kimelman, D. and Kirschner, M. (1987). Synergistic induction of mesoderm
by FGF and TGF-beta and the identification of an mRNA coding for FGF in
the early Xenopus embryo. Cell 51, 869-877.
Lamb, T. M. and Harland, R. M. (1995). Fibroblast growth factor is a direct
neural inducer, which combined with noggin, generates anterior-poeterior
neural pattern. Development 121, 3627-3636.
Launay, C., Fromentoux, V., Shi, D-L. and Boucaut, J-C. (1996). A
truncated FGF receptor blocks neural induction by endogenous Xenopus
inducers. Development 122, 869-880.
Lee, V. M-Y., Carden, M. J., Schlaephfer, W. W. and Trojanowski, J. Q.
(1987). Monoclonal antibodies distinquish several differentially
phosphorylated states of the two largest rat neurofilament subunits (NF-H

816

C. Pittack, G. B. Grunwald and T. A. Reh

and NF-M) and demonstrate their existence in the normal nervous system of
adult rats. J. Neurosci. 7, 3474-3488.
Liem, K. F. Jr., Tremml, G., Roelink, H., and Jessell, T. (1995). Dorsal
differentiation of neural plate cells induced by BMP-mediated signals from
epidermal ectoderm. Cell 82, 969-979.
Lopashov, G. V. and Sologub, A. A. (1972). Artificial metaplasia of pigmented
epithelium into retina in tadpoles and adult frogs. J. Embryol. Exp. Morph.
28, 521-546.
Lopashov, G. V. and Stroeva, O. G. (1964). Development of the Eye.
Experimental studies. Israel Program for Scientific Translations, Jerusalem.
Macdonald, R., Barth, K.A., Xu, Q., Holder, N., Mikkola, I. and Wilson,
S.W. (1995) Midline signalling is required for Pax gene regulation and
patterning of the eyes. Development 121, 3267-78.
Okada, T. S. (1980) Cellular metaplasia or transdifferentiation as a model for
retinal cell differentiation. In Current topics in Developmental Biology (eds.
S. Denis-Donini and G. Augustitocco) pp. 349-380. New York: Academic
Press.
Opas, M. and Dziak, E. (1994). bFGF-induced transdifferentiation of RPE to
neuronal progenitors is regulated by the mechanical properties of the
substratum. Dev. Biol. 161, 440-454.
Orts-Llorca, F. and Genis-Galvez, J. M. (1960). Experimental production of
retinal septa in the chick embryo. Differentiation of pigment epithelium into
neural retina. Acta Anat. 42, 31-70.
Park, C. M. and Hollenberg, M. J. (1989). Basic fibroblast growth factor
induces retinal regeneration in vivo. Dev. Biol. 134, 201-205.
Park, C. M. and Hollenberg, M. J. (1991). Induction of retinal regeneration in
vivo by growth factors. Dev. Biol. 148, 322-333.
Pittack, C. (1995). The Role of Peptide Growth Factors in the Formation of
Neural Retina and Pigmented Epithelium. Ph.D. Thesis. Univ. of
Washington.
Pittack, C., Jones, M. and Reh, T. A. (1991). Basic fibroblast growth factor
induces retinal pigment epithelium to generate neural retina in vitro.
Development 113, 577-588.
Reh, T. A. (1992). Generation of neuronal diversity in the vertebrate retina. In
Determinants of Neuronal Identity (ed. M. Shankland and E. Macagno), pp.
433-467. New York: Academic Press.
Reh, T. A. and Kljavin, I. J. (1989). Age of differentiation determines rat
retinal germinal cell phenotype: Induction of differentiation by dissociation.
J. Neurosci. 9, 4179-4189.
Reh, T. A. and Nagy, T. (1987). A possible role for the vascular membrane in
retinal regeneration in Rana Catesbiena tadpoles. Dev. Biol. 122, 471-482.
Reh, T. A., Jones, M. and Pittack, C. (1991). Common mechanisms of retinal
regeneration in the larval frog and embryonic chick. In Regeneration of
Vertebrate Sensory Receptor Cells. (ed. G.R. Bock and J. Whelan), CIBA
Foundation Symposium 160. 192-204.
Reh, T. A., Nagy, T. and Gretton, H. (1987). Retinal pigment epithelial cells
induced to transdifferentiate to neurons by laminin. Nature 330, 68-71.
Represa, J., Le’on, Y., Miner, C. and Giraldez, F. (1991). The int-2 protooncogene is responsible for induction of the inner ear. Nature. 353, 561-563.
Reyer, R. W. (1977). The visual system in vertebrates. In The Amphibian Eye:
Development and Regeneration. (ed. F. Crescitelli), pp. 309-390. Berlin:
Springer-Verlag.

Roelink, H., Porter, J. A., Chiang, C., Tanabe, Y., Chang, D. T., Beachy, P.
A. and Jessell, T. M. (1995). Floor plate and motor neuron induction by
different concentrations of the amino-terminal cleavage product of sonic
hedgehog autoproteolysis. Cell 81, 445-455.
Savage, M. P. and Fallon, J. F. (1995). FGF-2 mRNA and its antisense
message are expressed in a developmentally specific manner in the chick
limb bud and mesonephros. Dev. Dyn. 202, 343-353.
Savage, M. P., Hart, C. E., Riley, B. B., Sasse, J., Olwin, B. B. and Fallon, J.
P. (1993). Distribution of FGF-2 suggests it has a role in chick limb bud
growth. Dev. Dyn.amics 198, 159-170.
Slack, J. M., Darlington, B. G., Heath, J. K. and Godsave, S. F. (1987).
Mesoderm induction in early Xenopus embryos by heparin-binding growth
factors. Nature 326, 197-200.
Spence, S. G. and Robson, J. A. (1989). An autoradiographic analysis of
neurogenesis in the chick retina in vitro and in vivo. Neurosci. 32, 801-812.
Stone, L. S. (1950a). The role of retinal pigment cells in regenerating neural
retinae of adult salamander eyes. J. Exp. Zool. 113, 9-31.
Stone, L. S. (1950b). Neural retina regeneration following degeneration by
surviving retinal pigment cells in grafted adult salamander eye. Anat. Rec.
106, 89-109.
Stone, L. S. (1960). Regeneration of the lens, iris, and neural retina in vertebrate
eye. Yale J. Biol. Med. 32, 464-473.
Stroeva, O. G. and Mitashov, V. I. (1983). Retinal pigment epithelium:
Proliferation and differentiation during development and regeneration. Int.
Rev. Cytol. 83, 221-291.
Tcheng, M., Fuhrmann, G., Hartmann, M-P., Courtois, Y. and Jeanny, J-C.
(1994). Spacial and temporal expression patterns of FGF receptor genes type
1 and type 2 in the developing chick retina. Exp. Eye Res. 58, 351-358.
Thomsen, G., Woolf, T., Whitman, M., Sokol, S., Vaughan, J., Vale, W. and
Melton, D.A. (1990). Activins are expressed early in xenopus
embryogenesis and can induce axial mesoderm and anterior structures. Cell
63, 485-493.
Tsunematsu, Y. and Coulombre, A. J. (1981). Demonstration of
transdifferentiation of neural retina from pigmented retina in culture. Dev.
Growth and Diff. 23, 297-311.
Waid, D. K. McLoon, S. C. (1995) Immediate differentiation of ganglion cells
following mitosis in the developing retina. Neuron 14, 117-124.
Wanaka, A., Milbrandt, J., and Johnson, E. M. (1991). Expression of FGF
receptor gene in rat development. Development 11, 455-468.
Wilkinson, D. G., Bhatt, S., and McMahon, A. P. (1989) Expression pattern
of the FGF-related proto-oncogene int-2 suggests multiple roles in fetal
development. Development 105, 131-136.
Wood, A., Ashhurst, D. E., Corbett, A., and Thorogood, P. (1991). The
transient expression of type II collagen at tissue interfaces during mammalian
craniofacial development. Development 111, 955-968.
Zuniga, A., Borga, M., Meijers, C., and Zeller, R. (1993) Expression of
alternatively spliced bFGF first coding exons and antisense mRNAs during
chicken embryogenesis. Dev. Biol. 157, 110-118.

(Accepted 7 November 1996)

