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Abstract Stem cell transplantation is widely considered as a
promising therapeutic approach for photoreceptor degenera-
tion, one of the major causes of blindness. In this review, we
focus on the biology of retinal stem cells (RSCs) and pro-
genitor cells (RPCs) isolated from fetal, postnatal, and adult
animals, with emphasis on those from rodents and humans.
We discuss the origin of RSCs/RPCs, the markers expressed
by these cells and the conditions for the isolation, culture,
and differentiation of these cells in vitro or in vivo by
induction with exogenous stimulation.
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Introduction

Retinitis pigmentosa, diabetic retinopathy and age-related
macular degeneration (AMD) are the major clinical
subtypes of retinal degeneration in which photoreceptors
undergo a progressive cell death resulting in the loss of
vision. There is currently no effective treatment for either
subtype, except in the case of wet AMD (approximately
12% of all AMD cases) in which early neovascularization
can be hindered by anti-angiogenic factors.

Studies with fetal retinal transplants have shown prom-
ising results for the treatment of the diseased retina in

animal models of retinal degeneration (Silverman and
Hughes 1989; Sagdullaev et al. 2003; Arai et al. 2004;
Ghosh et al. 1998), although whether the graft participates
to maintain vision or simply protects the remaining photo-
receptors is not clear. Nonetheless, these encouraging
results are currently being followed by a Phase I clinical
trial (Radtke et al. 2004). One potential problem arises from
the fact that this approach requires a large amount of tissue.
Instead of retinal tissue, in-vitro-expanded multipotent stem
cells (SCs) could serve as a better source. SCs are defined
as cells with the capacity to self-renew and to generate
differentiated cells that compose an organ, including the
retina (discussed below). Extensive efforts expended on the
transplantation of neural and retinal stem cells (RSCs) and
progenitor cells (PCs) have shown that this method has
promise as a strategy for therapy of diseased retinas
(Canola et al. 2007; MacLaren et al. 2006; Young et al.
2000; Klassen et al. 2007; Coles et al. 2004).

Several studies have indicated the possibility of using
non-retinal SCs as a donor source. These investigations
include the use of cells such as embryonic stem (ES) cells
(Schraermeyer et al. 2001; Banin et al. 2006; Lamba et al.
2006), brain-derived precursor cells (Wojciechowski et al.
2004), and bone marrow-derived hematopoietic SCs (Otani
et al. 2004; Tomita et al. 2002, 2006). In this review, we
will focus only on the SCs and PCs derived from the retina
itself.

Niche, proliferation control, and isolation
of RSCs/RPCs

In general, two possible sources of retinal cells show the
characteristics of SCc/PCs in the mammalian system. One
is the adult retinal pigmented ciliary margin (PCM) located
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between the iris and the retina (Perron and Harris 2000;
Fig. 1), and the other is the developing neuroretinas of
embryos and pups during the first few postnatal days
(Fig. 1). In addition, Muller glia have shown a remarkable
capability to dedifferentiate into a number of different
retinal cell types following an injury, suggesting the
existence of another subset of PCs in the adult retina.

RSCs from retinal ciliary margin

In lower vertebrates, such as fish or frog, the most central
part of the retina is formed by RSCs during embryogenesis
and thus consists of the oldest cells (Perron et al. 1998;
Wetts et al. 1989). Clonal analysis by lineage tracing
methods have revealed the multipotentiality of these RSCs
during mouse and frog eye development (Turner et al.
1990; Wetts et al. 1989). The peripheral part is formed later,
coming from cells of the ciliary margin zone (CMZ) located
at the retina extremities (Fernald 1990; Otteson and
Hitchcock 2003; Perron and Harris 2000). In chicken, SCs
in this region possess the potential to give rise to a large
number of progeny, generating retinal neurons, glia, and
retinal pigmented epithelial cells, indicating multipotential-
ity. CMZ RSCs express proteins that are also present in
fetal retinal progenitor cells (RPCs), including CHX10 and
PAX6 (Fischer and Reh 2000). Following injury, fetal
chicken CMZ RSCs can regenerate the retina, starting as
early as the first day after retinectomy. Studies have shown
that fibroblast growth factor-2 (FGF-2) and Sonic hedgehog
(SHH) are interdependent with regard to inducing regener-
ation from the chicken CMZ after retinectomy (Spence
et al. 2007; a list of the genes, and hence factors, involved
in eye development and differentiation is given in Table 1).

In the mammalian system, retinogenesis follows the
general pattern of central to peripheral growth (for an
excellent review of the roles of intrinsic and extrinsic
factors controlling retinal expansion and differentiation, see
Yang 2004). The last mitosis is executed by PCs near the
retinal margin. After retinogenesis is completed, there is no
evidence of growth in the retinal PCM of adult mammals
(Perron and Harris 2000). Nestin (NES), a neural progenitor
marker, and PAX6, a transcription factor controlling retinal
growth, are expressed by some cells at the junction of the

Fig. 1 Representation of a mouse eye after birth. Retinal stem cells,
which are located in the neuroretina of the neonatal eye, are found in
the pigmented ciliary margin (PCM) of the adult eye (RPE retinal
pigment epithelium)

Table 1 List of genes that influence eye and retina development and
differentiation in vivo and/or in vitro. The first official symbol
represents those for mouse (Mus musculus) and rat (Rattus norvegicus),
and the second official symbol represent those for chicken (Gallus
gallus), human (Homo sapiens), or species other than mouse and rat.

Gene official
symbol

Gene name

Cdkn1b/CDKN1B Cyclin-dependent kinase inhibitor
1B (p27, Kip1)

Chx10/CHX10 Ceh-10 homeo domain containing
homolog (C. elegans)

Cntf/CNTF Ciliary neurotrophic factor
Crx/CRX Cone-rod homeobox
Egf/EGF Epidermal growth factor (beta-urogastrone)
Fgf-2/FGF-2 Fibroblast growth factor 2 (basic)
Gfap/GFAP Glial fibrillary acidic protein
Hes1/HES1 Hairy and enhancer of split 1 (Drosophila)
Hes5/HES5 Hairy and enhancer of split 5 (Drosophila)
Ifaprc2 Intermediate filament-associated protein RC2
Lif/LIF Leukemia inhibitory factor
Mitf/MITF Microphthalmia-associated transcription factor
Myt1/MYT1 Myelin transcription factor 1
Nes/NES Nestin
Neurod4/
NEUROD4

Neurogenic differentiation 4 (Math3)

Notch1/NOTCH1 Notch homolog 1, translocation-associated
(Drosophila)

Nrl/NRL Neural retina leucine zipper gene
Pax6/PAX6 Paired box gene 6
Prkca/PRKCA Protein kinase C, alpha
Ptch1/PTCH1 Patched homolog 1 (Drosophila)
Ptn/PTN Pleiotrophin/pleiotrophin (heparin binding

growth factor 8, neurite growth-promoting
factor 1)

Rax/RAX Retina and anterior neural fold homeobox
Rcvrn/RCVRN Recoverin
Rho/RHO Rhodopsin
Rom1/ROM1 Retinal outer segment membrane protein 1
Shh/SHH Sonic hedgehog homolog (Drosophila)
Tgfa/TGFA Transforming growth factor alpha
Wnt2b/WNT2B Wingless-type MMTV integration site family,

member 2B
Wnt3a/WNT3A Wingless-type MMTV integration site family,

member 3A

348 Cell Tissue Res (2008) 331:347–357



neural retina and the ciliary body, suggesting quiescent
RSC/RPC populations that remain in human and mouse
(Mayer et al. 2003; Xu et al. 2007). SHH inactivity may
play a role in the non-proliferative state of these cells. SHH
exerts most of its actions through PTCH1 (patched
homolog 1), a transmembrane protein that, in the absence
of SHH, represses the activity of another transmembrane
protein SMO (Smoothened). Binding of SHH to PTCH1
inhibits the repression of SMO, leading to the activation of
some genes and the de-repression of others through the
effects of the Smo and Gli family of transcription factors
(for a review, see Riobo and Manning 2007). When one
allele of Ptch1 is deleted in mouse eyes, incorporation of
BrdU, a synthetic thymidine analog commonly used to
mark DNA synthesis, shows that peripheral cells continue
to proliferate for a few more days after the normal end of
retinogenesis and express the markers of retinal progenitors,
such as CHX10, PAX6, and NES (Moshiri and Reh 2004;
for a review of the general role of Hedgehog in RSC
proliferation, see Agathocleous et al. 2007).

The PCM of mouse eye contains RSCs that have the
capacity to proliferate in vitro, with the potential to produce
all the cell types of the neural retina, including rod
photoreceptors, bipolar neurons, and Muller glia (Tropepe
et al. 2000; Ahmad et al. 2000). The RSCs in adult human
eyes are also found in the same region. The human eye is
estimated to bear a small population of RSCs (approxi-
mately 10,000 cells/eye). These cells can be found in
human eyes up to at least the seventh decade of life. Within
7 days of culture, single cells isolated from this region
generate spheres, some of which are pigmented (Coles et al.
2004). Importantly, only the pigmented spheres show SC
characteristics. The similar frequency of SCs between the
young postnatal age and over the next 6 decades suggests
that the RSC population is maintained from birth to old age.
The variability in the sphere-forming ability is highly
dependent on the postmortem delay and other factors that
are difficult to control when using human organ donation
(Coles et al. 2004). Interestingly, the frequency of the
sphere-forming cells is greater in the mouse retina at the
adult stage compared with embryonic day 14.5 (E14.5;
Tropepe et al. 2000), suggesting that the number of SCs
increases with developmental time.

RSCs from fetal and postnatal retinas

Mouse RSCs isolated from the neuroretina and RPCs from
E17 and postnatal day 1 (PN1) rat and mouse embryos
grown as neurospheres express NES (Klassen et al. 2004;
Qiu et al. 2005). Moreover, single cells isolated from
dissociated retinas of postnatal mouse pups might generate
population of cells with self-renewal ability and multi-
potentiality. These neonatal RSCs isolated from PN1 mouse

retinas seem to originate from radial glia as indicated by
RC2, Pax6, and Ascl1Mash1 expression (Angenieux et al.
2006), which are also expressed by radial glia in the brain
(Heins et al. 2002). NES and BMI1 are also expressed by
these RSCs in vitro (Angenieux et al. 2006). Human fetal
RPCs (6th–13th week of gestation) have been isolated from
the neural retina. These RPCs show high proliferation in
culture medium supplemented with growth factor (epidermal
growth factor [EGF] or FGF-2), and the expression of NES
in vitro has been observed (Kelley et al. 1995; Yang et al.
2002).

Mitf and Chx10 control the RPC population in vivo.
Deletion of one of these genes results in smaller eyes and a
significantly lower number of RPCs. Interestingly, this loss
of RPCs is paralleled by a higher number of RSCs,
indicating a response of mammalian RSC population to
signals from RPCs. An RSC appears to undergo an
asymmetrical division to produce an SC and retinal
neuronal progenitor, or an SC and retinal pigment epithelial
(RPE) progenitor. Coles et al. (2006) have suggested that
the loss of retinal neuron progenitors or RPE progenitors
because of Chx10 and Mitf mutations would induce a signal
from the RPC populations to the RSCs to undergo more
symmetrical divisions, thus resulting in more RSCs.

CMZ/PMC SCs are distinct from the PCs in the central
part of the developing retina, although both produce all
retinal neurons and glia, and both can be identified by the
co-expression of PAX6 and CHX10 (Abdouh and Bernier
2006; Fischer and Reh 2000; Belecky-Adams et al. 1997).
Chicken CMZ RPCs at E5 produce a larger number of
progeny and might proliferate for a longer period when
compared with the central RPCs (Kubo et al. 2003). In
addition, Das and colleagues (2005) have reported distinct
properties of rat adult PMC RSCs and rat fetal RPCs; they
have observed that, under the same differentiating con-
ditions, PMC RSCs show a preference to generate larger
number of early born neurons (e.g., retinal ganglion cells;
RGCs) than fetal RPCs.

Muller glia

When their environment is disturbed, such as when an
injury occurs in the retina, Muller glia from chicken and
rat retinas have the potential to dedifferentiate into
retinal neurons (e.g., bipolar and rod photoreceptor) under
appropriate stimuli (Das et al. 2006a; Fischer et al. 2002;
Ooto et al. 2004). The quiescent state of Muller glia is
maintained by Cdkn1bp27kip1, the expression of which
inhibits cell cycle entry. Cdkn1bp27kip1 expression is
down-regulated within 24 h after retinal injury in mouse
(Dyer and Cepko 2001). A number of studies suggest roles
of Wnt and Notch pathways on the activation of Muller glia,
as Notch expression is maintained in these cells (Furukawa
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et al. 2000; Dorsky et al. 1995), and interestingly, Wnt and
Notch activities suppress Cdkn1bp27kip1 (Das et al. 2006a;
Castelo-Branco et al. 2003; Sarmento et al. 2005) suggest-
ing that Muller glia are in equlibrium between differ-
entation and proliferation. Furthermore, in response to
injury, the administration of WNT2B into PN21 rat eyes
leads to a three-fold increase in Muller cell number,
whereas inhibition of NOTCH activity by DAPT (a gamma
secretase inhibitor) causes a reduction in the number of
these cells (Das et al. 2006a). These findings reveal that
Muller glia might be recruited to generate endogenously
new neurons when induced by the appropriate stimuli.

In vitro propagation of RSCs

The ability to generate a large number of cells in vitro with
defined characteristics is a necessity for well-controlled
transplantation. Thus, the attainment of the optimal culture
and priming conditions of RSCs remains a major goal. The
optimal culture conditions would be those offering the
possibility to maintain the self-renewal, multipotentiality,
and genetic stability of these cells.

Studies have shown the importance of growth factor
supplements to maintain the self-renewal of RSCs in vitro.
The mitogenic effect of EGF, FGF-2, and transforming
growth factor-alpha (TGFA) in retinal cultures have been
studied extensively by several laboratories. These growth
factors have been shown to promote the proliferation of
RPCs and the survival of rod photoreceptors (Anchan et al.
1991; Hicks and Courtois 1992; Lillien and Cepko 1992).
In the absence of growth factors, isolated human RSCs can
form spheres. However, the addition of growth factors
increases the number of spheres formed significantly (Coles
et al. 2004). Current culture methods mostly use EGF and/
or FGF-2 in the growth media at a concentration of 10–20 ng/
ml (Angenieux et al. 2006; Coles et al. 2004; Klassen et al.
2004; Merhi-Soussi et al. 2006; Tropepe et al. 2000).

Postnatal mouse RSCs/RPCs have been shown to
propagate as non-adherent spheres or as a monolayer
culture in the presence of growth factor(s) (Klassen et al.
2004; Tropepe et al. 2000; Angenieux et al. 2006). RPCs
have been cultured in the presence of 20 ng/ml EGF as non-
adherent spheres and are capable of expansion through
more than 60 passages (Klassen et al. 2004). These cells
seem to be more related to neuroepithelial cells, as
previously described for brain neural SCs grown as spheres
(Gregg and Weiss 2003). Results from our group have
shown that mouse RSCs isolated from the radial glia
population in PN1 mouse retinas can be cultured as a
monolayer. Single cells of neonatal RSCs first grow as
small colonies of radial glial cells that give rise to a
monolayer within 1 month and can be maintained in culture

medium supplemented with FGF-2 and EGF. All cells
(100%) express the radial glia marker RC2 and the Pax6
and Ascl1Mash1 genes, which are expressed in the radial glia
of other areas of the central nervous system (Gotz et al.
1998; Conti et al. 2005). Moreover, the cells display the
typical morphology of radial glia: bipolar, elongated, small
ramifications at the extremities (see the review of radial glia
and neural SCs by Malatesta et al. in this edition of Cell
and Tissue Research). In our hands, these cells are able to
proliferate to at least passage 34 (>1046 cells). These cells
remain homogeneous in an undifferentiated state, even after
extensive passaging, as shown by the expression of the
progenitor markers NES, BMI1, Ascl1Mash1, and Pax6 and
by the lack of differentiated cell markers, such as glial
fibrillary acidic protein (GFAP) or beta-tubulin 3 (Angenieux
et al. 2006). These cells have a vigorous capacity to
maintain their potential to generate neurons, even after
extensive passaging (Merhi-Soussi et al. 2006). Impor-
tantly, neural SCs isolated from brain radial glia have
similar characteristics of expansion and robust differentia-
tion (Conti et al. 2005).

Adult rat PMC RSCs exhibit GFAP expression, which in
most cells co-localizes with BrdU, indicating that GFAP is
expressed by these cells in a proliferating condition. GFAP
also co-localizes with NES and NOTCH1, further confirm-
ing the neural progenitor nature of these cells in vitro (Das
et al. 2006b). Human RSCs have been successfully cultured
as spheres to at least passage 13. However, the number of
new spheres generated drops significantly after passage 3,
and SCs have been maintained in culture, but not expanded.
A monolayer culture in EGF + fetal bovine serum (FBS) or
in FGF-2 + FBS from a single sphere originating from a
single cell can generate 1011 cells in about 2 months
(approximately 37 population-doublings) and then senesces.
During proliferation, these cells express NES (Coles
et al. 2004).

The lack of serum dependency during cell expansion is
favorable, as animal-derived serum might contain uniden-
tified factors. Moreover, animal proteins are immunogenic
and might contain microorganisms, making it less safe for
clinical application. Serum-free media have been success-
fully used to culture fetal and postnatal RSCs/RPCs in an
undifferentiated state (Akagi et al. 2003; Angenieux et al.
2006; Qiu et al. 2004; Klassen et al. 2004). Thus far, human
PCM RSCs need the presence of 10% FBS during
proliferation. Interestingly, when FBS is removed from
monolayer culture, a few cells from the monolayer are able
to proliferate as retinal spheres, indicating the presence of
RSCs (Coles et al. 2004). Porcine RPCs expanded in vitro
require a short exposure to FBS to adhere to the substrate.
After withdrawal of FBS, these cells remain in the
monolayer condition (Klassen et al. 2007). Recent studies
have shown that the addition of 20% porcine aqueous
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humor to culture medium containing EGF (20 ng/ml)
enhances the proliferation of rat RPCs by as much as
317% compared with controls, and the spheres are also
larger when aqueous humor is supplemented. This en-
hanced proliferation is partially attributable to the presence
of ascorbic acid in the humor (Yang et al. 2006). The
different composition between primate aqueous humor and
serum has been previously reported (Gaasterland et al.
1979). The addition of ascorbic acid may help to propagate
human RSCs that show limited expansion ability.

Maintenance of proliferation and undifferentiated state
of RSCs/RPCs

NOTCH activity is necessary in RPCs to maintain their
undifferentiated states (Jadhav et al. 2006; Silva et al. 2003;
Nelson et al. 2006; Yaron et al. 2006). Primary spheres
isolated from retinas with a constitutive overexpression of
Notch1 show an extended proliferation with 9%–10% of
the cells forming secondary and tertiary spheres. Sphere
formation has been observed even at P60. Overexpression
of Notch1 does not seem to affect proliferation rates
(Jadhav et al. 2006). Canonical NOTCH signaling in
mammals requires presenilin/gamma-secretase-mediated re-
lease of the intercellular domain of the notch homologs
(Saxena et al. 2001). Inhibition of NOTCH by DAPT, a
gamma-secretase inhibitor, causes a reduction of the
NOTCH downstream targets HES5 and HES1 and in an
increase of NOTCH-antagonist MYT1, all of which are
known to promote neural differentiation (Nelson et al.
2007). These results show that NOTCH is involved in the
control of retinal stemness.

Pax6, a gene encoding a transcription factor required to
maintain the multipotentiality of RPCs (Marquardt et al.
2001), is found to be expressed by cells in the PCM.
Interestingly, the cells on the inner side of the layer show
weaker PAX6 staining than those on the outer side of the
layer. The difference in PAX6 staining intensity might
indicate that the cells on the outer side are SCs, and that
those on the inner side are progenitors. The expression level
of Pax6 clearly dictates the self-renewal ability of RSCs,
since deletion of one allele results in a lower number of
secondary spheres and smaller eyes (Xu et al. 2007).

Neonatal RSCs/RPCs, both in monolayer and in spheres,
show positive immunostaining of NES, a characteristic of
PCs (Lendahl et al. 1990). Neonatal RSCs also display
BMI1 (Angenieux et al. 2006), a protein required for neural
stem proliferation (Molofsky et al. 2003; Zencak et al.
2005). In addition, mouse RPCs from dissociated neonatal
retinas manifest SOX2 (Klassen et al. 2004), which is
needed to maintain the proliferative state of RPCs in
developing retina and, in a dose-dependent manner, plays
a key role in the correct differentiation and placement of

retinal cells, mostly by its regulation on the Notch signaling
pathway. Its expression has also been detected in Muller
glia (Taranova et al. 2006).

In chicken retina, the Wnt pathway has been demon-
strated to promote the proliferation of PCs. Overexpression
of Wnt2b in ovo inhibits neural differentiation and induces
the expression of PC markers. The data indicate that
WNT2B maintains the undifferentiated state of the PCs in
the CMZ and thus serves as a putative SC factor in the
retina (Kubo et al. 2003). A recent study has shown that
WNT3A administration can increase the proliferation of
Muller glia in rat retinal explants following an injury and
can promote the dedifferentiation of these cells into retinal
progenitor-like cells that express markers such as PAX6 and
CHX10 (Osakada et al. 2007).

Accumulating evidence suggests that RSCs/RPCs are
relatively easy to expand and can be maintained through
extensive passages without differentiation or loss of their
multipotentiality. However, several concerns must be
raised. First, no standard culture conditions exist, as each
laboratory works with its own subset of cells, which require
different growth media and factors and specific culture
conditions. This makes it difficult to compare results or to
reproduce results obtained by other laboratories. Nonethe-
less, the finding that several different locations bear SCs/
PCs or precursor cells in the retina might be helpful in
discovering the best type of cells that are mobile and can
regenerate the retina, thus improving therapeutic efficacy in
patients. Second, extensive culturing might increase the
genomic instability of the cells, making them unsafe for
transplantation. Tumor formation has been observed after
the transplantation of ES-cell-derived neural precursor cells
into the mouse subretinal space (Arnhold et al. 2004); this
might have been promoted by the unlimited self-renewal of
ES cells, although a number of studies have reported the
spontaneous transformation of adult SCs in vitro (Rubio
et al. 2005; Shiras et al. 2007). The optimization of culture
conditions involving the lowering of cellular stress levels,
e.g., exposure to chemicals, oxidation, toxins, and thus the
enhancement of genomic stability in culture might ensure a
safer batch of cells for transplantation.

Differentiation of retinal cells in vitro

Retinal cells are generated in a stereotyped sequence
(Cepko et al. 1996; Young 1985; Rapaport et al. 2004).
The vertebrate neural retina comprises seven neural cell
types, which are derived from one population of multi-
potent progenitors (Wetts and Fraser 1988; Turner et al.
1990). Upon exiting the cell cycle, retinal progenitors
differentiate into six defined neuronal cell types and one
glial type in a precise temporal and spatial manner (Cepko
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et al. 1996). RGCs are generated first, followed by
overlapping phases of development for horizontal cells,
cones, amacrine cells, rods, and bipolar cells. In vitro,
retinal progenitors at different stages differ in their
competence to produce distinct cell types, suggesting that
the determination of cell fate is regulated by both cell-
intrinsic and cell-extrinsic factors (Reh and Kljavin 1989;
Watanabe and Raff 1990; Belliveau and Cepko 1999;
Rapaport et al. 2001). However, the environment has been
reported to change the possible final fate of late RPCs
isolated from E18 rat retinas, as these cells can develop into
RGCs that are normally produced early during development;
this finding suggests that the fate of these late RPCs is
reversible and might be inducible by extrinsic factor(s)
(James et al. 2003; for more on intrinsic and extrinsic signals
that determine retinal lineages, see Cayouette et al. 2006).

Our results from clonal analysis have shown that mouse
neonatal RSCs harbor the potential to differentiate toward a
glial or neural fate (Angenieux et al. 2006). Interestingly,
we have observed a number of neurons expressing RGC
markers confirming that late RSCs can generate early
neurons. A more extensive analysis with the neonatal RSCs
derived from the radial glia population has demonstrated
their potential to differentiate into the photoreceptor lineage
(Merhi-Soussi et al. 2006). However, whether a single
neonatal RSC is able to generate all retinal cell types in
vitro remains to be determined.

Differentiation to photoreceptors in vitro is density-
dependent (Watanabe and Raff 1990; Altshuler and Cepko
1992), suggesting that environmental factors control fate
acquisition. Induction of retinal neurons, including photo-
receptors, is mostly performed by the administration of
retinoids. Retinoids and their receptors are expressed during
the stages of retinogenesis when decisions regarding cell
fate appear to be made (Kelley et al. 1999). Retinoic acid
regulates the expression of Nrl (neural retina leucine
zipper), a basic motif-leucine zipper (bZIP) transcription
factor, which activates the expression of rod-specific genes
(Khanna et al. 2006). In vitro, the addition of retinoic acid
to dissociated retina culture from fetal and neonatal rats
causes a dose-dependent specific increase in the number of
photoreceptors. In the same cultures, retinoic acid also leads
to a decrease of amacrine cell development. The total
number of cells induced to differentiate into photoreceptors
by retinoic acid treatment is much lower in E15 cultures
than in cultures established on E18 or P0. Thus, retinoic
acid might only have an effect on those PCs that have
become restricted to differentiate as later retinal pheno-
types, such as amacrine cells or rod photoreceptors (Kelley
et al. 1994). With mouse neonatal RSCs derived from the
radial glia, a high yield of photoreceptors (25%–35% of
total cell number) has been achieved by applying a priming
step involving FGF-2 and heparan sulfate for 5 days

continued by the addition of a B27 supplement containing
retinoic acid. FGF-2 priming induces neuronal commitment
and the B27 supplement directs subpopulations of these
neurons toward a photoreceptor, amacrine, or Muller cell
fate. Direct plating of mitogen-expanded RSCs onto
laminin-coated cover-slips and incubation with B27, with-
out FGF-2 priming, generates a large number of glial cells
and few neurons, showing that the FGF-2 priming
procedure is necessary to generate numerous neurons
(Merhi-Soussi et al. 2006; Wu et al. 2002). Administration
of all-trans retinoic acid to human fetal RPCs leads to a
higher total cell number and an increase of approximately
four-fold in recoverin-positive cells compared with controls
(Kelley et al. 1995). Upon differentiation, human fetal
RPCs express the early neuronal marker class III beta-
tubulin, the more mature neuronal markers NSE, and glial
marker GFAP, indicating their potential to develop into
neurons and glia in vitro (Yang et al. 2002).

Several growth factors and chemical agents have been
shown to have effects on rod photoreceptor formation.
FGF-2 at 10 ng/ml has been demonstrated to increase the
number of opsin-positive cells to as many as six-fold more
than in controls (Hicks and Courtois 1992). Taurine
(amino-ethyl-sulphonic acid) has been found to enhance
the formation of rod photoreceptors. Rod development in
retinal explants is competitively inhibited by treatment with
a taurine antagonist. However, the effect of taurine is cell-
density-dependent, indicating that taurine does not act alone
in promoting rod photoreceptor formation (Altshuler et al.
1993). Moreover, S-laminin, an extracellular matrix com-
ponent present in the neural retina, has an expression that
parallels the differentiation of rod photoreceptors. S-laminin
interacts with photoreceptors in vitro, and antibodies to
s-laminin profoundly reduce the appearance of cells that
express rhodopsin (Hunter et al. 1992).

Concerning cytokines, administration of ciliary neutrophic
factor (CNTF) appears to have contradictory effects in different
species. In dissociated chicken retina, the addition of CNTF
increases the number of rod photoreceptors approximately
four-fold compared with the control (Fuhrmann et al. 1995).
This effect of CNTF is restricted to a transient phase of
CNTF receptor-α expression, between the final mitosis and
differentiation. CNTF-differentiated rods depend on addition-
al protective factors for survival. In the absence of antioxidant
agents such as retinol, CNTF-stimulated differentiation is
followed by a phase of photoreceptor-specific apoptotic cell
death (Fuhrmann et al. 1998). Contrary to its effects on
chicken retinas, in mouse and rat, both CNTF and leukemia
inhibitory factor (LIF) strongly inhibit rod photoreceptor
differentiation (Ezzeddine et al. 1997; Kirsch et al. 1998;
Neophytou et al. 1997; Schulz-Key et al. 2002) and redirect
their phenotype toward the bipolar cell lineage and glia
(Roger et al. 2006; Zahir et al. 2005). Differentiation into
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bipolar and glia is marked by the down-regulation of Hes1,
Nestin, and Pax6 and an increase in the expression of protein
kinase C (PKC) alfa and GFAP (Zahir et al. 2005). CNTF
and LIF upregulate Pleiotrophin, the overexpression of which
prevents photoreceptor differentiation and induces bipolar cell
formation (Roger et al. 2006). In vivo, the CNTF/LIF
pathway regulates the expression of neuronal and endothelial
nitric oxide synthase genes, thus modulating the cell death of
postmitotic rod precursor cells (Elliott et al. 2006).

In addition to its role in RPC maintenance, studies have
indicated that Notch regulates the neuronal versus glial fate
choice (Jadhav et al. 2006; Nelson et al. 2006). In postnatal
retinas, the generation of Muller glia has been found to be
promoted by RAX, HES1, and NOTCH1 (Furukawa et al.
2000). Moreover, sorbitol, in the absence of glucose, has
been shown to direct the late RPCs to a Muller glial fate
(Zahir et al. 2006).

Using a retroviral expression system on rat retinal
explants, Ooto and colleagues (2004) have observed that, in
activated Muller glia, co-misexpression of NeuroD and
Pax6 promotes amacrine cell differentiation (∼25% of
infected cells), co-misexpression of Math3 and Pax6
promotes amacrine (∼19%) and horizontal cell genesis
(∼3%), whereas co-misexpression of Crx and NeuroD
increases the number of rhodopsin-positive cells (∼18% of
infected cells). Furthermore, rat and macaque Muller glia
can be redirected toward a neuronal lineage in vitro
following treatment with platelet-derived growth factor
and valproic acid. Interestingly, expression of the immature
neuronal marker beta-tubulin is only observed in Muller
glia cultured as aggregates, but not in those cultured as a
monolayer (Kubota et al. 2006). In vivo, the injection of
insulin and FGF-2 leads a fraction of Muller glia in chicken
retina to differentiate into neurons (Fischer et al. 2002).
Despite the increasing number of studies, the dedifferenti-
ation conditions required for Muller glia to change into
retinal neurons in vitro remains to be further explored.

Transplantation of RSCs

To date, the aim of transplantation in the retina is the
survival, migration, engraftment, and differentiation of the
transplanted cells in the right place under unidentified
environmental stimuli, thereby revealing the potential of the
progenitor/SC studied. Such an approach can then be
applied to replace the dead or diseased host cells with
functional donor cells. The type and degree of retinal
degeneration probably influence the type of transplantation
that is the most effective. Fetal retinal sheet transplant
engrafts by forming an extra layer to the host retina (Ghosh
et al. 1998; Sagdullaev et al. 2003), making it an attractive
candidate for the therapy of late-stage degenerated retinas.

In retinas still undergoing degeneration, cell transplantation
might offer better integration into the host retina (Canola
et al. 2007; MacLaren et al. 2006; Guo et al. 2003; Nishida
et al. 2000; Young et al. 2000). Moreover, the transplanted
cells (e.g., retinal neurons) should be able to make the
proper connections to the brain in order to become
functional. In addition to these considerations, the ability
to generate an adequate number of cells that can be directed
into the correct type of cell for transplantation remains a
major problem.

In comparison with adult SCs derived from organs other
than the eye, such as marrow stromal cells, the transplan-
tation of RPC or retinal precursor cells has been reported to
give a better result to date (Tomita et al. 2006). Transplan-
tation of fresh dissociated retinal cells from newborn mouse
retinas (PN1-7) into littermate wild-type mice has shown
that large numbers of cells migrate and engraft into the
photoreceptor layer. These engrafted cells have excellent
cone and rod photoreceptor morphology and express
markers of photoreceptor such as rhodopsin. Interestingly,
the best result is obtained with cells at PN3-5, which
corresponds to 2–3 days after the peak of rod photoreceptor
formation in mouse eyes. Cell cycle analysis has revealed
that these precursors are postmitotic. This might indicate a
time-specific advantage in transplantation for photoreceptor
generation and integration. Calcium imaging and electro-
physiology of the transplanted cells have demonstrated their
functionality. In addition, the cells engrafted in retinas of
mouse models of inherited retinal degeneration have been
reported to be functional, since a better pupil light-reflex
response is obtained from the treated mouse eyes compared
with the control eyes (MacLaren et al. 2006). Using in vitro
propagated neonatal RSCs, our group has observed that,
after transplantation, these cells have the tendency to
differentiate into RGCs, and only a few exhibit other retinal
neuron phenotypes or express specific markers of the
retinal neuron (e.g., photoreceptors; Canola et al. 2007).
Furthermore, transplantation of the same subset of cells
after in vitro induction to the photoreceptor fate has
revealed that these cells do not survive the host environ-
ment, even though the cells can integrate within the retina
and express photoreceptor markers. Surviving grafted cells
express glial marker (GFAP) and become incorporated
within the ganglion cell layer and the inner plexiform layer
(Canola and Arsenijevic 2007). Interestingly, the transplan-
tation of expanded RPCs into mice with degenerating
retinas has resulted in the preservation of some visual
functions, despite the small number of engrafted cells,
suggesting a neuroprotective effect conferred by the trans-
planted cells (Klassen et al. 2004).

Qiu and colleagues (2005) have transplanted RPCs
isolated from E17 rat retinas into the subretinal space of
PN17 rat models of retina degeneration and have observed
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the organization of a sheet composed of several layers of
cells at the transplantation area. Most of these cells (∼80%)
express photoreceptor markers. The observation that no
cells are integrated in the retina suggests that the stage of
cells transplanted is not fully appropriate, or/and that
environment is not favorable for integration (Qiu et al.
2005). With respect to Muller cells, rat Muller glia trans-
planted into the subretinal space exhibit the expression of a
photoreceptor-specific opsin marker (RET-P1; Kubota et al.
2006), showing the possibility for inducing photoreceptor
genes in Muller cells. In large mammals, the transplantation
of porcine RPCs into the subretinal space of pig eyes has
demonstrated the integration of grafted cells, which survive
for a period of at least 5 weeks, with most cells expressing
photoreceptor markers and a subset of cells expressing glial
markers (Klassen et al. 2007). Interestingly, with the same
culture and transplantation procedures, more encouraging
results have been obtained in pig experiments than in
mouse. The delivery of cells into the pig retina might be
less damaging to the retina, as it is facilitated by the eye
size. This observation clearly engenders more enthusiasm
for human applications.

Human PCM RSCs transplanted into the eyes of chicken
embryos and of immunodeficient NOD/SCID mice (severe
combined immunodeficiency mutation on a non-obese
diabetic background) at PN1 integrate into the various
neuronal layers at the appropriate developmental time (i.e.,
ganglion cells during early development and photoreceptors
later). In addition, the integrated cells display photoreceptor
morphology and expressed ROM1, a rod photoreceptor
protein (Coles et al. 2004).

The use of a biodegradable polymer such as the
combination of poly(lactic-co-glycocylic acid) and poly
(L-lactic acid) shows a promising improvement with regard
to enhancing the success rate of transplantation. Scaffolds
are fully covered by RPCs in 3 days. The attachment of
RPCs to the polymer scaffold is associated with the down-
regulation of immature markers and the up-regulation of
markers of differentiation. This suggests that the scaffold
may promote the differentiation of RPCs (Lavik et al.
2005). Furthermore, RPCs grafted on these polymers result
in a near 10-fold increase in the number of surviving
transplanted cells after 4 weeks. These cells also express
mature retinal cell markers such as GFAP, protein kinase
C-alpha, recoverin, and rhodopsin (Tomita et al. 2005).

Despite extensive work on various species and the
promising results obtained, the transplantation of RSCs/
RPCs remains a challenge. One problem is the choosing of
the “right cells”, with the options being, for example,
mitotic or postmitotic, primed or not primed, freshly
isolated or cultured, and dissociated cells or sheet of cells.
In addition, the possibility of using non-retinal SCs/PCs as
other potential cell sources to treat retinal diseases (Banin

et al. 2006; Lamba et al. 2006; Otani et al. 2004;
Schraermeyer et al. 2001; Tomita et al. 2002, 2006;
Wojciechowski et al. 2004) might also benefit this field of
research. Another problem concerns the “right methods”,
such as where and when to inject. So far the best results of
transplantation have been achieved when the injection is
carried out at an early age or when the degeneration of the
retina in animal models with the disease is at an early stage.
For clinical applications, the determination of the specific
therapeutic windows for transplantation would be advanta-
geous, as it might provide a better result for patients with
different degrees of retinal degeneration.

Concluding remarks

Studies have shown that adult RSCs/RPCs from retinal CPM
or fetal/neonatal retinas have the ability to self-renew and
differentiate into different retinal cell lineages both in vitro
and in vivo. However, whether the integrated transplanted
cells by themselves can integrate within the retina network,
become fully functional, and establish new connections
remains unclear. Several experiments have hinted that pin-
pointing the best “age” of RSCs/RPCs and the best time-
window for transplantation continues to be a major
challenge, as revealed by a study of the transplantation of
primary postmitotic newborn retinal cells (MacLaren et al.
2006). Furthermore, interdisciplinary studies such as a
combination of regular tissue culture with tissue engineering
might further enhance the proliferation, differentiation,
survival, and engraftment of transplanted RSCs/RPCs.
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