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ABSTRACT  During the development of the nervous system, after a given number of divisions,

progenitors exit the cell cycle and differentiate as neurons or glial cells. Some cells however do

not obey this general rule and persist in a progenitor state. These cells, called stem cells, have the

ability to self-renew and to generate different lineages. Understanding the mechanisms that allow

stem cells to “resist” differentiating stimuli is currently one of the most fascinating research areas

for biologists. The amphibian and fish retinas, known to contain stem cell populations, have been

pioneering models for neural stem cell research. The Xenopus retina enabled the characterization

of the genetic processes that occur in the path from a pluripotent stem cell to a committed

progenitor to a differentiated neuron. More recently, the discovery that avian and mammalian

retinas also contain stem cell populations, has contributed to the definitive view of the adult

nervous system of upper vertebrates as a more dynamic and plastic structure than previously

thought. This has attracted the attention of clinicians who are attempting to employ stem cells

for transplantation into damaged tissue. Research in this area is promising and will represent a

key instrument in the fight against blindness and retinal dystrophies. In this review, we will focus

primarily on describing the main characteristics of various retinal stem cell populations, highlight-

ing their divergences during evolution, and their potential for retinal cell transplantation. We will

also give an overview of the signaling cascades that could modulate their potential and plasticity.
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Introduction

The vertebrate nervous system is probably one the most com-
plex structures known so far. It is composed of thousands of
different cellular populations very precisely positioned and capable
of finely regulated interactions. Such complexity derives from a
relatively small number of neuroectodermal progenitors that adopt
a neural fate during neurulation. These cells represent the origin of
the neural diversity and, through a sequence of differential gene
expression and regulation they undertake different lineages. In the
retina, differentiation begins soon after eye vesicle evagination and
proceeds during the embryonic development.

In fish and amphibians, neurogenesis does not cease after the
embryonic stage, but continues to take place throughout the
animal’s life. The retina continues to grow and new cells are added
continually in the stem cell containing zone, a region known as ora
serrata, ora terminalis, ciliary marginal zone (CMZ) or circumferen-
tial germinative zone (CGZ) (Johns, 1977; Straznicky and Gaze,
1971). The re-investigation of the proliferative state of retinal cells
in chick led to the discovery that a proliferative ora serrata also
exists in birds (Fischer and Reh, 2000; Kubota et al., 2002).
Moreover, the presence of a potential retinal stem cell population

within the ciliary epithelium of rodents has recently been reported
(Ahmad et al., 2000; Tropepe et al., 2000, reviewed in Perron and
Harris, 2000; Reh and Fischer, 2001). This has attracted the
interest of clinicians aiming to develop retinal stem cell transplan-
tation therapies for the treatment of retinopathies. It remains crucial
however to characterize these cells at a molecular level and define
their potential and plasticity in different cellular environments. In
this review, we will present an overview of the different sources of
retinal stem cells in different species and of the recent progress
made at the molecular level. In the second part of this article we will
focus on the therapeutic possibilities for stem cell transplantation
in the retina.

Ora serrata in fish and amphibians

Teleost fish and amphibians represent important models to
study post-embryonic neurogenesis, because they grow through-
out their lifespan. As a consequence, there is an increase in size
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in all body structures, including the retina (Johns, 1977). Therefore,
the analysis of an adult fish or amphibian retina reveals that the
majority of its cells are born after the embryonic period. The
principal site of post-embryonic neurogenesis is the ciliary margin,
a ring of cells situated in the periphery of the retina (Figs. 1, 2A,B).

The first and most typical characteristic of these cells is their
self-renewal ability. It has long been known that this zone is an
active site of proliferation. By using birth date indicators, such as 3H
thymidine, it has been shown that new rings of cells are constantly
added from this zone to the retina, cells situated more peripherally
being younger than central ones (Straznicky and Gaze, 1971;
Hollyfield, 1971). In the ciliary margin itself there is a spatial
gradient of differentiation: at the extreme edge of the CMZ lie the
most undifferentiated stem cells, while more centrally are situated
committed proliferative neuroblasts, followed by differentiating
precursors and finally postmitotic neurons. Strikingly, it has been
shown that this spatial order recapitulates the temporal events
occurring during embryonic neurogenesis in the central retina
(Dorsky et al., 1995; Perron et al., 1998; reviewed by Harris and
Perron, 1998). By analyzing gene expression, the Xenopus CMZ
has been divided into four principal zones. Gene expression in
these different zones recapitulates the sequential expression
occurring in retinoblasts during embryonic development (Dorsky et
al., 1995; Perron et al., 1998). Retinal stem cells reside in the first
zone, while committed retinoblasts and differentiating neurons are
found from the second zone onwards.

The second important characteristic of cells situated in the most

peripheral zone of the ciliary margin is their multipotency. Indeed,
labeling the frog CMZ cells with a tracer and analyzing their
lineages showed that retinal stem cells generate large clones
containing all cell types including glial and pigmented cells. Label-
ing cells more centrally in the CMZ results in reduced clone sizes
(Wetts et al., 1989). Again, the similarities with embryonic
retinogenesis are remarkable: labeling early embryonic retinal
precursors by using the lipofection technique (Holt et al., 1990;
Ohnuma et al., 2002b) results in large clones containing all retinal
cell types, while lipofecting at later stages results in smaller clones
composed mainly of late born cells (Moore et al., 2002).

In amphibians, ciliary marginal cells participate in the regenera-
tion process after retinal injury (Keefe, 1973; Reh and Nagy, 1987).
The plasticity of ciliary marginal stem cells has been demonstrated
after injury of particular retinal cell types. For example, selectively
killing dopaminergic amacrine neurons by injecting a neurotoxin in
the eyes of Rana stimulates the production of this specific cell type
(Reh and Tully, 1986). Similarly, ablation of glutaminergic cells with
kainic acid results is an increased production of those cells from the
CMZ (Reh, 1987).

Potential stem cells in the teleost central retina

In contrast to the amphibian retina, in which retinal precursors
generate all retinal cell types, fish rod photoreceptors are gener-
ated during embryogenesis in a secondary wave of neurogenesis
by specialized rod precursors situated in the outer nuclear layer
(ONL). Similarly, in the post-embryonic fish, rods are not pro-
duced together with the other retinal cell types at the ciliary margin
(reviewed in Otteson and Hitchcock, 2003). Consequently, the
newly generated ONL, close to the ciliary margin, contains only
cone photoreceptors. More centrally, the photoreceptor layer
contains cones, rods and dividing rod precursors. It has been
shown that rod precursors derive from a mitotic population of
elongated cells in the underlying inner nuclear layer (INL) that
migrate to the ONL (Johns, 1982, Julian et al., 1998). These
fusiform progenitors have a restricted lineage as they only gener-
ate rods. They probably derive from a slow dividing population of
spherical cells that have been found in the inner part of the INL
(Fig. 2B; Otteson et al., 2001). These cells have some stem cell
characteristics, i.e. they self renew and divide asymmetrically.
Therefore, there would be two spatial differentiation gradients in
the fish retina: the first, a peripheral to central gradient, concern-
ing all lineages except rods, located in the margin, with stem cells
at the peripheral edge and committed precursors and differentiat-
ing neurons more centrally; the second, an internal to external
gradient, concerning exclusively the rod lineage, with stem cells
in the inner part of the INL, and rod precursors in the ONL.

Regeneration studies have demonstrated that the INL stem
cell population consists of multipotent cells. Indeed, removing
part of the retina by surgical lesion triggers a regenerative re-
sponse in the INL and the ONL with the formation of a regenera-
tive blastema made of radially elongated cells that surround the
lesioned area (Hitchcock et al., 1992). This blastema behaves like
a ciliary margin and fills the space generated by the lesion
(Hitchcock et al., 1992; reviewed in Otteson and Hitchcock, 2003).
This experiment demonstrated that INL stem cells that normally
generate only rod cells, could, following injury, give rise to other
retinal neurons.

Fig. 1. The ciliary marginal zone in Xenopus tadpole retina. A transver-
sal cryostat section showing BrdU uptake in the ciliary marginal zone (CMZ)
of stage 41 tadpole Xenopus embryo. GCL, ganglion cell layer; INL, inner
nuclear layer, ONL, outer nuclear layer, RPE, retinal pigment epithelium.
Scale bar, 25 µm.
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Re-examination of the ora serrata in birds and mammals

In chicks, by the end of the embryogenesis at the time of
hatching, the retina is fully functional and chicks are able to see. As
in amphibians and fish, after the embryonic period, the eyes of birds
follow the overall growth of the body and increase in size. This
expansion is mainly due to growth of the sclera and to passive
stretching of the retina and it was thought that no new neurons were
added at the retinal periphery. A few cells could however be labeled
with 3H thymidine in the most peripheral region of the post-hatch
chick retina (Morris et al., 1976). Fischer and Reh have more
recently re-examined this proliferating marginal zone in postnatal
chicks and found that these cells produce neurons (Fig. 2C;
Fischer and Reh, 2000). Post-hatched quails also exhibit a prolif-
erative ciliary margin (Kubota et al., 2002). However there are
some differences between bird and lower vertebrate ciliary mar-
ginal cells. First of all, chick CMZ cells appear to have a more
restricted potential, as they normally generate only bipolar and
amacrine interneurons but not ganglion cells or photoreceptors
(Fischer and Reh, 2000). Second, unlike in fish and amphibians,
the post-natal chick CMZ does not participate in the regeneration
process observed following injury (Fischer and Reh, 2000).

In placental mammals a proliferating ciliary margin does not
exist (Kubota et al., 2002). However, a rudimentary CMZ has been
found in newborn opossums showing that these marsupials share
some similarities with birds and reptiles (Kubota et al., 2002).

Potential stem cells in the ciliary body

Adjacent to the ciliary margin, between the retina and the iris,
there is a structure derived from the optic cup called the ciliary body
(Fig. 2 C,D). Its epithelium is composed of two cell layers, a

pigmented epithelium, which is the prolongation of the retinal
pigment epithelium and a cuboidal non-pigmented epithelium that
secretes the aqueous humor and glycoproteins of the vitreous
body. In chick, the ciliary body can be subdivided in two zones: the
pars plana in close proximity to the ciliary margin and the pars
plicata, situated between the pars plana and the iris (Fig. 2C). It has
recently been shown that the non-pigmented epithelium of the
ciliary body of the chick retina contains quiescent stem cells
(Fischer and Reh, 2003a). These cells do not normally proliferate
but when stimulated with growth factors, they undergo proliferation
and are able to produce neurons. Strikingly, these cells can
generate ganglion cells while ciliary marginal cells, as described
above, generate only amacrine and bipolar interneurons. In chick,
ganglion cells are the first cell type to differentiate while bipolar
cells, together with rod photoreceptors and Müller glial cells, are
the last retinal cell types to be born. This difference in neural types
obtained from the ciliary body and from the ciliary margin tends to
suggest that a gradient of multipotency could exist in peripheral
chick retina with most primitive and non-restricted cell in the ciliary
body capable of generating early cell types, and more restricted
precursors in the ciliary margin competent to generate only later
cell types (Fischer and Reh, 2003a).

In adult placental mammals, it is assumed that there is no
proliferation in the neural retina (Ahmad et al., 2000; Kubota et al.,
2002). Nonetheless, even if a proliferating ciliary margin is absent,
some cells continue to proliferate in vivo  in the pigment epithelium
of the ciliary body in few-week-old rats and mice (Ahmad et al.,
2000; Kubota et al., 2002). In adult rodents, it has been shown that
cells dissected out from this part of the eye and cultured in vitro, are
able to clonally expand and to proliferate either with or without the
addition of growth factors (Tropepe et al., 2000; Ahmad et al.,
2000). When mouse pigmented ciliary body cells are cultured in

Fig. 2. Localisation of retinal stem

cells in various vertebrates.

Schema illustrating the position of
stem cells in Xenopus tadpole (A),
fish (B), post-hatched chick (C) and
adult mouse (D) retinas. Multipotent
retinal stem cells are found in the
most peripheral zone of the ciliary
marginal zone of Xenopus, zebrafish
and chick retinas. Stem cells
specialized in rod production may be
present in the inner nuclear layer of
fish retina. Another source of retinal
stem cells in the chick retina, under
special conditions (see text for
details) are found in the non-
pigmented region of the pars plana
and pars plicata. In the adult mouse
retina, cells with stem cell properties
when cultured in vitro are found in
the pigmented ciliary epithelium.
CMZ, ciliary marginal zone; GCL,
ganglion cell layer; INL, inner nuclear
layer, IPL, inner plexiform layer; ONL,
outer nuclear layer, OPL, outer
plexiform layer; PCM, pigmented
ciliary margin; RPE, retinal pigment
epithelium.

A B

C D



996         M.A. Amato et al.

vitro, they initially form small spherical colonies containing pig-
mented cells. If these colonies are dissociated and the cells
cultured again, they are able to self-renew, forming secondary
colonies, at least for six generations (Tropepe et al., 2000). By
immuno-labelling with specific markers of retinal cell types it has
been shown that colony forming cells are multipotent as they can
give rise to different retinal cell types, including rod photoreceptors,
bipolar neurons, and Müller glia. Altogether these data demon-
strate the presence in the pigmented ciliary epithelium of a few cells
with retinal stem cell characteristics.

Other potential sources of neurogenesis in the adult
retina

Besides stem cells situated in the CMZ or in the ciliary body (see
above), there are other sources of potential retinal stem cells. The
existence of these cells has been unveiled by regeneration studies.
It has been shown that retinal injury triggers a proliferative re-
sponse in all vertebrates. This proliferation wave is followed by the
generation of new neurons in fish,amphibians and birds, even if
these processes occur with different characteristics (reviewed in
Reh and Fischer, 2001). In amphibians, we saw above that the
CMZ contributes to part of the regeneration process but the RPE
represents the most important source of regeneration. Indeed,
following retinal damage, RPE cells lose their pigmentation, dedi-
fferentiate and eventually generate neurons through a process
called transdifferentiation or metaplasia.

The RPE however does not have such a regeneration potential in
fish (reviewed in Raymond and Hitchcock, 2000). The potential of
Müller glia cells has been investigated since recent studies revealed
a neural progenitor capacity of glia in the central nervous system
(reviewed in Goldman, 2003). During development, for example,
radial glial cells give rise to both neurons and astrocytes (Malatesta
et al., 2000; Noctor et al., 2001; reviewed by Gotz et al., 2002). In
addition, in the adult mouse subventricular zone, there are stem cell
populations made by astrocyte like cells (Doetsch et al., 1999). In the
fish retina, some studies suggest that indeed Müller glial cells could
also take part in the regenerative process, even though there is no
direct evidence that they give rise to neurons (Braisted et al., 1994;
Raymond and Hitchcock, 1997; Wu et al., 2001). However, this has
recently been demonstrated in the chick retina (Fischer and Reh,
2003b). After injecting postnatal chick eyes with neurotoxins, Müller
cells re-enter the cell cycle and migrate to the ONL where, after a few
days, they lose glial specific markers and begin to express retinal
progenitor markers (Fischer and Reh, 2001). Some of these cells
differentiate as new neurons or glial cells but the majority retain
undifferentiated characteristics. It has been shown that the types of
neurons that are generated are influenced by the kind of neurons that
have been destroyed (Fischer and Reh, 2001). Interestingly, the
ability of Müller cells to respond to toxic damages seems to decrease
after the initial period of postnatal life in cells situated in the central
retina, while it is conserved in the peripheral regions (Fischer and
Reh, 2001). Chick Müller cells can be induced to proliferate and
differentiate into neurons in response to growth factors (see below).
In mammals, after retinal injury, Müller cells undergo abnormal
proliferation known as reactive gliosis (Humphrey et al., 1993;
MacLaren, 1996; Dyer and Cepko, 2000). Altogether, these data
indicate that glial cells in the retina, as in other regions of the
vertebrate CNS retain a high degree of plasticity.

A recent study showed that adult rat iris tissue, which is
embryonically related to the neural retina, can generate cells
expressing neuronal markers when cultured in the presence of a
growth factor (Haruta et al., 2001). Iris-derived cells can also be
forced to differentiate into rod photoreceptor if the Crx photorecep-
tor specific homeobox gene is expressed, which was not observed
in the adult hippocampus-derived neural stem cells (Haruta et al.,
2001). This highlights the specific potential of iris cells to become
retinal neurons.

Actual stem cells versus potential stem cells

During this review we often employ the term ‘retinal stem cells’
to designate cells that are a source of postnatal or adult retinogenesis
(Table 1). However, if we consider the strict definition of stem cells,
i.e. self renewal, asymmetric cell division, ability to regenerate
adult tissues, multipotency and slow division time, the term ‘retinal
stem cells’ should only be employed concerning cells in the ciliary
margin of fish and amphibians. In chick, given that proliferation
carries on for at least a few months after birth in the ciliary margin,
and that at least two types of interneurons are added to the retina,
it is likely that a stem cell population also exists in the chick CMZ.
On the other hand, the slowly dividing cell population found in the
INL of fish, does not satisfy the multipotency criteria as it has been
suggested that it produces only rod precursors. Nevertheless,
these cells retain this potential since they become multipotent after
retinal injury. In the ciliary body of chicks and rodents, there are cell
populations that are normally non-mitotic and fully differentiated.
Therefore, these cells do not match any stem cell characteristics.
However, we saw above that under certain conditions (addition of
growth factor or in vitro experiment), these cells have the capacity
to dedifferentiate and display stem cell characteristics. As these
cells have conserved only the potential to behave as stem cells, we
have referred to these cells as “potential stem cells”.

TABLE1

SOURCES OF ADULT NEUROGENESIS IN VERTEBRATE RETINAS

localization model proliferation self-renewal multipotentialy
capacity ability

CMZ amphibians ++ ++ ++
fish ++ ++ ++
birds + at least a few weeks +

in posthatched chicks

slow dividing fish + ++ following retinal
INL cells injury

ciliary body birds (NPE) when stimulated ? when stimulated
with growth factors with growth factors

mammals in vitro in vitro in vitro
(PCM)

Müller cells fish following retinal injury ? ?

chick following retinal ? following retinal
injury or when injury or when
stimulated stimulated
with growth factors with growth factors

mammals following retinal injury ? following retinal
injury

NPE: non pigmented epithelium; PCM: pigmented ciliary margin
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various classes of retinal stem cells analysed
above, they all seem to posses a common intrinsic
characteristic given by the expression of the
homeobox genes, Pax6 and Chx10, as well as by
the absence of markers of differentiated neurons.
It is likely that Pax6 and Chx10 contribute to
determine the retinal identity of these cells. Rx1
and XOptx2 are also expressed in the most pe-
ripheral region of the Xenopus CMZ where stem
cells reside (Perron et al., 1998). These homeobox
genes, considered to form part of the eye master
regulator genes group, are the first to be ex-
pressed in the presumptive eye territory at the
gastrula stage and their overexpression can drive
the formation of ectopic eyes (for recent studies
see Zuber et al., 2003). Rx1 and XOptx2 are
transcription factors that control the proliferation
of retinal precursors (Casarosa et al., 2003; Zuber
et al., 1999). It is important to note that these
homeobox genes (Pax6, Chx10, Rx1 and XOptx2)
are not expressed exclusively in the stem cell
containing region but extend also to progenitors
as well as some differentiated retinal neurons
(Perron et al., 1998; Mathers et al., 1997; Zuber et
al., 1999; M. Andreazzoli and F. Cremisi, personal
communication).

There is increasing interest in the role played
by RNA-binding proteins during neurogenesis.
Drosophila Musashi is one of the neural RNA-
binding proteins essential for neural development

and is required for asymmetric cell divisions in adult sensory organ
development (Okabe et al., 2001). In mammals, two members of
this family, Musashi1 (Msi1) and Musashi2 (Msi2), are strongly
coexpressed in neural precursor cells, including CNS stem cells
(Sakakibara et al., 1996; Sakakibara et al., 2001). It has been
suggested that Msi1 andMsi2 are cooperatively involved in the
proliferation and maintenance of CNS stem cell populations
(Sakakibara et al., 2002). Interestingly, we have found that homo-
logues of the Musashi family of RNA-binding proteins in Xenopus,
nrp-1 and xrp1, are expressed in retinal stem cell in Xenopus CMZ
(M.A.A. and M.P., unpublished data). It now remains to investigate
their role in these cells.

In contrast to precursors that are a fast-dividing cell population,
retinal stem cells divide at a much slower rate. An extreme case is
represented by INL stem cells in fish that are revealed only after
several days of BrdU exposure (Julian et al., 1998, Otteson et al.,
2001). As a consequence, stem cells and precursors express cell
cycle machinery genes differently. This has been highlighted in the
Xenopus retina where cyclins and cyclin dependent kinases are
weakly expressed in the most peripheral region of the ciliary margin
compared to the more central region (Ohnuma et al., 2002a).

Recently, we have shown that some downstream components
of the hedgehog (Hh) cascade, Gli2 and Gli3 transcription factors
as well as smoothened (Smo), a transmembrane protein, are
strongly expressed in the stem cell region of the ciliary margin
(Perron et al., 2003). In contrast to the transcription factors de-
scribed above, these genes are specifically expressed in this
region and not in the more central CMZ or differentiated neurons.
Gli2, Gli3 and Smo thereby represent specific retinal stem cell

Fig. 3. Molecular aspects of retinal stem cells. Schema displaying the genes known to be
expressed in retinal stem cells and the signalling molecules that may be involved in
maintaining the pool of these cells. Transcription factors Pax6 and Chx10 have been found
in retinal stem cells of various species. Xoptx2 and Xrx1 are expressed in retinal stem cells
in the Xenopus CMZ. Post-transcription factors of the musashi family are also expressed in
Xenopus retinal stem cells. Cell cycle genes (cdc2, cdk2, cyclin D1, cyclin A2, cyclin E1) are
expressed at a very low level in the most peripheral zone of the Xenopus CMZ. Components
of the Hedgehog (Smo, Gli2 and Gli3) and Wnt (LEF1) signalling pathways have been found
in the CMZ in Xenopus and chick retina, respectively. These two cascades may be involved
in promoting the proliferation of these retinal stem cells (see text for details).

Molecular aspects of retinal stem cell maintenance and
plasticity (Fig. 3)

The existence of stem cell niches inside a differentiated tissue
requires these cells to respond differently to environmental cues
compared to their neighbors. The ability to respond to different
cues is an intrinsic property of the cells and depends on the genes
they express. In the frog CMZ, although many genes are known to
be expressed in retinal progenitors, relatively very few are known
to be expressed in retinal stem cells (Perron et al., 1998). It is likely
that retinal identity of retinal stem cells is given by the expression
of eye-specific homeobox transcription factors. The homeobox
gene Pax6 for example is expressed in retinal stem cells of the
CMZ in Xenopus (Perron et al., 1998), fish (Hitchcock et al., 1996)
and chick (Fischer and Reh, 2000). Interestingly Pax6 is also found
in the fish stem cells of the INL (Otteson et al., 2001). Altogether
these data suggest that retinal stem cells constantly express the
homeobox gene Pax6. It has recently been shown that Pax6
controls the multipotent state of retinal precursors. Indeed, a
conditional mutation of Pax6 in the eye restricts the lineage of
retinal progenitors that generate only amacrine cells (Marquardt et
al., 2001). Another marker that has been found recurrently ex-
pressed in retinal stem cells is Chx10 (in chick: Fischer and Reh,
2000, in fish: Levine et al., 1997; in mouse: Tropepe et al., 2000,
Ahmad et al., 2000, in Xenopus: M. Andreazzoli and F. Cremisi,
personal communication). Mutations in this gene have been asso-
ciated with human and murine microphtalmia (Ferda Percin et al.,
2000, Burmeister et al., 1996) and with impaired retinal prolifera-
tion (Burmeister et al., 1996). Despite the differences among the
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markers. Previous in vitro experiments showed that Sonic hedgehoh
(Shh) increases the proliferation of mouse retinal embryonic pre-
cursor cells (Jensen and Wallace 1997). In accordance with this
data, we found that blocking the Hh cascade in vivo with cyclopamine
results in a dramatic reduction of the proliferating cells in the CMZ
in Xenopus (M.A.A and M.P., unpublished results). Therefore, a
long range Hh signal, from the ganglion cells and/or from the
central RPE (Perron et al., 2003) may instruct stem cells and
precursors to maintain a proliferative state. A hint in this direction
is given by recent data, which demonstrated that Shh regulates
adult neural proliferation (Lai et al., 2003) and is required to
maintain stem cell niches in the adult brain (Machold et al., 2003).

It has recently been reported that Wnt2b, a member of the Wnt
signaling molecule family could also control the proliferation of
retinal stem cells (Kubo et al., 2003). Retinal progenitor cell
proliferation was promoted in vitro in the presence of Wnt2b while
blocking the Wnt pathway in vivo using a dominant negative form
of LEF1, a downstream Wnt signaling component expressed in the
CMZ, inhibited the proliferation of the cells (Kubo et al., 2003).
These results suggest that Wnt2b plays a role in the maintenance
of retinal stem cells. The similarities between Hh and Wnt actions
on retinal stem cells suggest some possible crosstalk between
these two pathways. This possibility is supported by the fact that,
in Xenopus, Wnt signals are targets and mediators of Gli proteins
(Mullor et al., 2001). For example, the injection of Gli2 in early frog
embryo induces ectopic Wnt8 expression in animal caps (Mullor et
al., 2001). Wnt and Hh signaling cascades could therefore act in
concert for the maintenance of retinal stem cells. It has been
suggested that the bone morphogenetic proteins (BMPs) are
implicated in the formation of the ciliary body (Zhao et al., 2002).
Bmp4 and Bmp7 are indeed expressed in the developing ciliary
epithelium in mouse (Zhao et al., 2002). Transgenic mice express-
ing Noggin, a BMP antagonist, in the lens, fail to develop the ciliary
body and this defect is rescued by co-expression of BMP7 (Zhao
et al., 2002). The specific role of this signaling molecule on the
ciliary body potential stem cells is not known however. In the chick
ciliary body, it seems that BMPs are not involved in the proliferation
of the potential stem cell population since intraocular injections of
Noggin does not have any effect on the proliferation of these cells
(Fischer and Reh, 2003a).

Extrinsic signals as growth factors can influence retinal cells in
various ways. Studies in different vertebrates have shown that
retinal progenitors strongly increase their proliferation in response
to insulin/IGF (reviewed by Otteson and Hitchcock, 2003). Studies
in fish have shown that IGF1 and IGF2 also stimulate the prolifera-
tion of cells situated at the ciliary margin (Boucher and Hitchcock,
1998) and in rod precursors (Mack and Fernald, 1993). IGF1 also
increases cell division in the chick CMZ (Fisher and Reh 2000). It
is interesting to note that some other growth factors, such as
transforming growth factor-alpha (TGF-α), do not act as mitogens
on CMZ cells (Reh and Nagy, 1989; Boucher and Hitchcock, 1998).
Regional differences in the responsiveness to insulin and FGF2
have been found in the chick stem cells of the ciliary body. Indeed,
it has been demonstrated that insulin increases the proliferation in
the pars plana, the region adjacent to the ciliary margin, while FGF2
exerts the same effect on the pars plicata, adjacent to the iris. The
combination of these two factors increases proliferation in both the
pars plana and plicata and in the ciliary margin (Fischer and Reh,
2003a). The combined action of these factors is more than a simple
proliferative signal but has wider and more unexpected effects. It

has been shown indeed that the combination of insulin and FGF2
promotes the generation of neurons in the non pigmented epithe-
lium of the ciliary body and influences the types of neurons that are
generated in the ciliary margin (Fischer and Reh, 2003a). More-
over, the combination of these two factors induces Müller glial cells
to proliferate and produce new neurons even in absence of retinal
damage (Fischer et al., 2002). FGF2 is also required for the in vitro
proliferation of rat ciliary body pigmented cells (Ahmad et al., 2000)
and facilitates the formation of neurospheres in mouse (Tropepe et
al., 2000). These data highlight the potential of exogenous growth
factors to stimulate stem cells and Müller glia proliferation and to
regenerate neurons.

Cell-replacement therapy

Retinal degeneration and dystrophies are major causes of
blindness and are often characterized by apoptotic death of the
photoreceptor cell layer of the retina, such as in retinitis pigmentosa
and age-related macular degeneration (Gavrieli et al., 1992; Lolley
et al.,1994). Attempts to repopulate the retina with grafted neurons
have been quite unsuccessful because of limited integration of
donor cells into the host retina (Aramant and Seiler, 1995; Silverman
et al., 1992; Berson and Jakobiec, 1999, Kwan et al., 1999). Due
to the high plasticity of stem cells, stem cell therapies may hold
enormous potential for replacement of degenerated photorecep-
tors (reviewed in Ahmad, 2001). It has been shown that retinal stem
cells isolated from the embryonic retina express photoreceptor
specific markers following transplantation into the subretinal space
of rats (Chacko et al., 2000). The discovery of potential retinal stem
cells in the pigmented ciliary margin (Tropepe et al., 2000, Ahmad
et al., 2000, see above) offered new perspectives for a substrate
for retinal regeneration. These stem cells, isolated from the ciliary
epithelium of adult rats and transplanted into eyes with retinal
injury, also integrated into the host retina and some expressed
photoreceptor markers (Chacko et al., 2003).

However, extraction of retinal stem cells from the pigment ciliary
margin involves complicated microsurgical procedures, and the
limited availability of retinal stem cells means that this approach
may not be an option for stem cell therapy (Kicic et al., 2003). The
possibility of using other sources of stem cells for transplantation
into the retina for retinal regeneration has therefore been investi-
gated. Concerning adult stem cell transplantation, it has been
shown that adult rat hippocampus-derived neural stem cells can be
successfully transplanted into neonatal retinas, where they differ-
entiate into neurons and glia, but they cannot integrate into adult
retinas (Takahashi et al., 1998). The age of the host retina seems
to play a key role in the efficiency of stem cell integration (Van
Hoffelen et al., 2003). It was however reported that the incorpora-
tion and subsequent differentiation of the grafted hippocampus-
derived neural stem cells into neuronal and glial lineage, including
the formation of synapse-like structures, can be achieved in the
adult rat retina after mechanical injury or in mature dystrophic rats
(Nishida et al., 2000; Young et al., 2000). These results show that
the integration and neuronal differentiation is enhanced by ongoing
degeneration in the host eye. More recently, it has been demon-
strated that the transplantation of adult bone marrow stem cells into
the adult rat eye, with (Tomita et al., 2002) or without (Kicic et al.,
2003) mechanical injury, leads to the differentiation of these cells
into photoreceptors in the host retina. These results raise the
possibility that some stem cells have the ability to differentiate into
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retinal neural cells and could help repair damaged retinas. A new
perspective is also offered by the iris tissue, which, as we described
above, retains the potential to give rise to retinal neurons (Haruta
et al., 2001). In addition, this tissue can be feasibly obtained
surgically thereby providing a source of autologous transplant.

Conclusions

The development of new techniques this last decade has given
rise to an explosion of new data that reveal the presence of neural
stem cells in different regions of the adult CNS (reviewed in Galli
et al., 2003; Arlotta et al., 2003). Also, unexpected is the recent
finding of stem cells in the adult retina of species other than fish and
amphibians. Although much progress has been made lately, the
rapid pace of retinal stem cell discoveries these last few years
implies that we still know very little about their molecular character-
istics. It will however be crucial to comprehend how signalling
pathways act on stem cells to maintain their proliferative state, their
differentiation potential, and their plasticity. This knowledge may
help to design future stem cell-based retinal transplantation. In the
forthcoming years, a systematic approach, taking advantage for
example, of the microarrays technique, will be compelling to
analyse the complete panel of genes expressed in retinal stem
cells. This will certainly constitute a fertile ground to trigger a new
impetus of research in this field.

Note added in proof: While this paper was under review, new relevant
papers on the subject were published. In particular, it has been shown that
in mammals, Müller glial cells also have the capacity to produce neurons
when stimulated to proliferate following retinal injury (Ooto et al., 2004).
Moreover, by performing a genomic analysis in mouse, Cepko and coll.
showed that gene expression profiles of retinal Müller glia and mitotic
progenitor cells are highly similar (Blackshaw et al., 2004). Also, Moshiri
and Reh (Moshiri and Reh, 2004) have shown that mice heterozygous for
the Hedgehog receptor Patched display persistent progenitors at the retinal
margin for up to 3 months of age, resembling the ciliary marginal zone of
lower vertebrates.
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