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Abstract
During development of the central nervous system, stem and progenitor cell proliferation and
differentiation are controlled by complex inter- and intracellular interactions that orchestrate the
precise spatiotemporal production of particular cell types. Within the embryonic retina, progenitor
cells are located adjacent to the retinal pigment epithelium (RPE), which differentiates prior to the
neurosensory retina and has the capacity to secrete a multitude of growth factors. We found that
secreted proteinaceous factors in human prenatal RPE conditioned media (RPE CM) prolonged
and enhanced the growth of human prenatal retinal neurospheres. The growth-promoting activity
of RPE CM was mitogen-dependent and associated with an acute increase in transcription factor
phosphorylation. Expanded populations of RPE CM-treated retinal neurospheres expressed
numerous neurodevelopmental and eye specification genes and markers characteristic of neural
and retinal progenitor cells, but gradually lost the potential to generate neurons upon
differentiation. Misexpression of Mash1 restored the neurogenic potential of long term cultures,
yielding neurons with phenotypic characteristics of multiple inner retinal cell types. Thus, a novel
combination of extrinsic and intrinsic factors was required to promote both progenitor cell
proliferation and neuronal multipotency in human retinal neurosphere cultures. These results
support a pro-proliferative and anti-apoptotic role for RPE in human retinal development, reveal
potential limitations of human retinal progenitor culture systems, and suggest a means for
overcoming cell fate restriction in vitro.
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Introduction
Mammalian retinal histogenesis follows a well-conserved progression of events, beginning
with the differentiation of the retinal pigment epithelium (RPE) from the outer layer of the
bilayered optic cup [1–5]. Cells within the inner layer of the optic cup then undergo
proliferation to form a dense neuroblastic layer containing undifferentiated retinal progenitor
cells (RPCs). The apical surfaces of the RPE and RPC layers lie in direct apposition to one
another, separated only by a potential space that is contiguous with the early ventricular
system of the developing brain [3]. Differentiation of RPCs and formation of the normal
laminar structure of the retina occur in a precise spatiotemporal order, with long projection
neurons (ganglion cells) appearing early, followed by photoreceptors and retinal
interneurons and, ultimately, Müller glia cells [6–16]. Lineage tracing studies have shown
that these cells are all derived from a common progenitor [17,18] whose competency to
generate particular retinal cell types changes with time [6,9,10,19].

The importance of RPE in the development of the neurosensory retina has been established
by multiple studies [20–24]. A specific role for RPE-secreted proteins in rat retinal
development was investigated using medium conditioned by primary and transformed
cultures of rat RPE. In these studies, rat RPE conditioned medium (RPE CM) was shown to
promote RPC and Müller glia proliferation, retinal cell neurite extension, and photoreceptor
cell maturation and survival [5,25–29]. Similarly, re-aggregated embryonic chick retinal
cells exhibited sustained proliferation and enhanced laminar organization when cultured in
the presence of RPE [30–32]. The diffusible RPE factor(s) involved in these effects have not
been definitively identified, although an approximately 67-kDa protein has been implicated
[27]. It is known, however, that RPE has the capacity to secrete a multitude of proteins,
including numerous growth factors and neurotrophins, which could potentially affect
developing and mature retinal cells [1,5,33,34].

In addition to providing insight into the role of RPE during retinal histogenesis, information
from studies on rodent and chick RPE CM could be used to optimize strategies to propagate
RPCs in vitro. In particular, RPCs harvested from pre- and postnatal human neural retina
have proven difficult to maintain and expand for extended periods in standard neurosphere
culture [35–39]. Neurospheres are spherical aggregates of neural stem and progenitor cells
grown in suspension, typically using defined medium supplemented with FGF2 and/or EGF
[13,39–42]. Enhancement of human cortical neural progenitor cell (hNPCctx) proliferation
was observed when neurospheres were passaged using a mechanical chopping method,
which avoids exposure of cell surface proteins to proteolytic enzymes and maintains
potentially important intercellular contacts within the sphere structure [42]. However,
application of this technique to prenatal human RPC (hRPC) neurospheres only supported
growth for approximately one month [35]. Moreover, in both retinal and cortical
neurospheres, the competency of progenitor cells to produce neurons declined over time in
culture while the propensity to yield glia increased [35,43].

In an effort to improve the growth potential of hRPC neurospheres derived from human
embryonic retina, we utilized CM obtained from serum-free, monolayer cultures of human
embryonic RPE [33]. Compared to untreated retinal neurospheres, RPE CM-treated
neurospheres displayed a greatly enhanced growth period lasting up to one year in culture.
The RPE CM-mediated effect was mitogen-dependent and selective for retinal neurospheres.
Examination of the cell fate potential of differentiated, RPE CM-treated neurosphere
cultures confirmed a time-dependent decline in neurogenesis. However, following
transduction with a lentiviral vector expressing the basic helix-loop-helix (bHLH) protein
Mash1, the capacity of late-passage retinal neurosphere cultures to produce neurons was
restored.
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Methods
Retinal neurosphere culture

Human retina and RPE were isolated from post mortem fetal eye tissue with a mean
gestational age of 91 ± 14 days as described [33,35]. The method of collection conformed to
the NIH guidelines for the collection of such tissues, as well as the IRB requirements for the
University of Wisconsin. Briefly, after removal of the anterior portion of the eye cup and
vitreous, the retina was carefully detached without disturbing the underlying RPE. Wide
margins of anterior retina near the ora serrata and posterior retina surrounding the optic
nerve were excluded from the dissection. After sectioning the tissue into 200 µm cubes with
a McIlwain® tissue chopper, it was seeded into T75 flasks and cultured as neurospheres in
standard medium consisting of DMEM/HAMS F12 (3:1), 1% antibiotic-antimycotic, 2%
B27 (Invitrogen, Carlsbad, CA), 20 ng/ml EGF (Sigma-Aldrich, St. Louis, MO), 20 ng/ml
FGF2 (R&D Systems, Minneapolis, MN) and 5 µg/ml heparin (Sigma-Aldrich), or in
supplemented conditioned medium (CM) collected from monolayers of fetal human RPE
[33]. Neurospheres were passaged by chopping as described previously [35,42] and half the
medium was exchanged every 1 to 2 days.

Conditioned media production
Monolayer cultures were established from human fetal RPE and lens after plating onto 10
µg/ml laminin-coated flasks containing standard medium as described [33]. Conditioned
medium was collected daily, sterile-filtered through a 0.2 µm membrane, and supplemented
with 20 ng/ml EGF, 20 ng/ml FGF2 and 5 µg/ml heparin before use. Conditioned medium
from human prenatal cortical neurosphere cultures [42] was collected and processed in an
identical fashion.

Growth studies
Increases in neurosphere volume were used as an index of growth as previously described
for neural [42] and retinal [35] progenitor cultures. For growth assays examining the effects
of EGF receptor (EGFR) and FGF2 receptor (FGFR1) blocking agents, a subset of retinal
neurospheres (culture passage 12 and 13) were placed in RPE CM with 20 ng/ml EGF, 20
ng/ml FGF2, 5 µg/ml heparin, 10 µM EGFR inhibitor AG1517 and 10 µM FGFR1 inhibitor
SU5402 (Calbiochem, La Jolla, CA) for the duration of the experiment. For 5-bromo-2’-
deoxyuridine (BrdU) incorporation assays, neurospheres cultured in RPE CM (≥ 25
passages) were pulsed with 0.2 µM BrdU (Sigma-Aldrich) for 14 hours before dissociation
and plating onto coverslips coated with 0.01% poly-L-lysine and 10 µg/ml laminin for 1
hour. Additional neurospheres from parallel cultures were grown in standard medium for 48
hours prior to being pulsed with BrdU. Following fixation, cells were stained with 1:300
anti-BrdU (Roche, Indianapolis, IN) according to manufacturer’s instructions. Data were
expressed as mean ± SEM and were analyzed using one-way ANOVA with Newman-Keuls
post-hoc test.

Immunocytochemistry
Proliferating retinal neurospheres were dissociated into single cell suspensions with
Accutase® for 10 min at 37°C and 30,000–50,000 cells were plated on coated glass
coverslips in standard medium for 4 hours or allowed to differentiate for 7 days. Cells were
fixed with 4% paraformaldehyde and processed for immunocytochemistry with primary
antibodies (Supplemental Table 1). After rinsing with PBS, cells were incubated for 30 min
with secondary antibodies conjugated to Alexa 488 or Alexa 546 (Molecular Probes,
Carlsbad, CA). Hoechst 33258 (1:10,000 in PBS) was added for 5 min to visualize nuclei.
For TUNEL assays, 50,000 cells from dissociated neurosphere cultures (≥19 passages) were
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plated per laminin- and poly-L-lysine-coated coverslip in RPE CM for 24 hr, washed 3 times
with standard medium and placed in 500 µl standard medium or RPE CM for 48 hrs before
being fixed and assessed for percentage of TUNEL positive cells as directed by the
manufacturer (Promega, Madison WI).

Cell counts
Cell counts were performed using a Nikon fluorescence microscope (40X objective) and
Metamorph Imaging software (Universal Imaging Corporation, Downington, PA).
Quantification of cells was based on counting the number of Hoechst-stained nuclei and the
specified immuno-markers in at least 5 independent fields containing at least 60 cells per
field (total area > 25 mm2) from a minimum of 3 coverslips.

PhosphoCREB assay
Retinal neurospheres were maintained for ≥ 5 passages in either standard medium (naïve
group) or mitogen-supplemented RPE CM (RPE CM group). After Accutase® dissociation,
single cell suspensions were diluted to 1000 cells/µl, and 50,000 cells were plated onto
coated glass coverslips and starved of EGF and FGF2 by placing them in either 2% B27
only (naïve group) or RPE CM supplemented with 2% B27 (RPE CM group). After 24
hours, all media was removed and the cultures were challenged for 7 minutes by the addition
of 500 µl of either: 1) vehicle (DMEM/F12 with 2% B27 only), 2) standard medium
(DMEM/F12 with 2% B27, 20 ng/ml EGF, 20 ng/ml FGF2 and 5µg/ml heparin), 3) RPE
CM (RPE CM with 2% B27) or 4) mitogen-supplemented RPE CM (RPE CM with 2% B27,
20 ng/ml EGF, 20 ng/ml FGF2 and 5µg/ml heparin). Following fixation in 4%
paraformaldehyde, the cells were immunostained for phosphorylated CREB (pCREB), and
the percentage of labeled cells was determined.

RT-PCR
RNA isolation and cDNA synthesis was performed as previously described [33]. The cDNA
templates were diluted 1:40 and added to PCR reactions containing Master Mix™
(Promega, Madison, WI) and 10 µM each of the appropriate forward and reverse primers
(Supplemental Table 2). Samples were initially denatured at 95°C for 5 minutes followed by
30 cycles of PCR amplification (95°C for 15 sec, 60°C for 30 sec, 72°C for 1 min) and a
final extension at 72°C for 10 min. PCR products were visualized on a 1.5% agarose gel
containing 0.1% ethidium bromide. PCR reactions were repeated using at least three
different retinal neurosphere cultures to ensure reproducibility. Quantitative RT-PCR (40
cycles) was also performed as described [33] using primer pairs that span at least one intron
(Supplemental Table 3), SYBR Green® 2X PCR Master Mix (Applied Biosystems) and the
Opticon 2 DNA Engine and Opticon Monitor 2.02 software (MJ Research).

Lentiviral infection
A self-inactivating lentiviral construct containing a mouse phosphoglycerate kinase-1
internal promoter [44] driving the human gene encoding Mash1 (Supplemental Methods)
was used to generate constitutive Mash1-expressing retinal progenitor cells. Transducing
units (TU)/ml were determined by infecting HeLa cells and analyzing proviral insertion
number by quantitative PCR. Retinal neurospheres were dissociated and resuspended in
RPE CM at 1000 cells/µl and mixed with virus (3 TU/106 cells). 50,000 cells per coverslip
were plated onto coated glass coverslips for 24 hours in supplemented RPE CM. Thereafter,
RPE CM was withdrawn and cells were allowed to differentiate in the absence of mitogens
for an additional 5 days prior to fixation.
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Results
Secreted Proteins from RPE CM Selectively Prolong and Enhance the Growth of Human
Retinal Neurospheres

In an earlier study, we observed that human prenatal retinal neurospheres cultured in
defined, serum-free medium supplemented with B27, EGF, FGF2 and heparin (standard
medium) stopped growing after approximately one month in vitro (equivalent to
approximately 2 passages) [35]. In an effort to improve the growth potential of human
retinal neurospheres, we examined the effects of Neurobasal® medium and leukemia
inhibitory factor, each of which has been shown to promote long term growth of cortical
neurospheres [41,43]. In addition, primary prenatal retinal cells were grown as dissociated,
monolayer cultures on laminin-coated flasks in standard medium. However, these
interventions failed to support significant culture expansion beyond one month (data not
shown).

We then investigated the effect of mitogen-supplemented conditioned medium (CM) from
different cell sources on retinal neurosphere growth. We chose to examine CM from human
prenatal RPE [33] and lens [45], as these tissues are well positioned to influence retinal
progenitor cells (RPCs) during development [34,46–48]. In addition, we tested the effect of
CM from neurosphere cultures of human cortical neural progenitor cells (hNPCctx) [42],
which are known to secrete factors important for their own expansion. In all independent
cultures tested (n=13, passage 4–42), retinal neurosphere growth assays revealed a dramatic
growth-promoting effect of RPE CM (Figure 1A). Lens CM and hNPCctx CM also improved
growth of retinal neurosphere cultures (n=3) to a lesser extent, but standard medium did not
support neurosphere growth after one month in culture. The addition of 5 or 10% fetal calf
serum to mitogen-supplemented standard medium likewise failed to promote human retinal
neurosphere growth (data not shown). The RPE CM-mediated enhancement of retinal
neurosphere growth continued for up to 52 weeks (42 passages), but in all cases culture
expansion rates eventually declined and growth ceased (Figure 1B). Morphologically,
human retinal neurospheres cultured in standard medium would reduce in size, extrude cells
and become vacuolated after one month in vitro, while those propagated long term in
supplemented RPE CM maintained a uniform golden color and spherical structure with
small, pilocytic surface processes similar to human hNPCctx neurosphere cultures (Figure
1C) [42]. When RPE CM was replaced with standard medium, retinal neurospheres abruptly
began to decrease in size (Figure 1D and E), a process that could be completely reversed by
the re-introduction of RPE CM (n=4 independent cultures, passage 10–30) (Figure 1D).
Furthermore, the growth-promoting effect of RPE CM was relatively specific for embryonic
retinal neurospheres, since human embryonic cortical neurosphere cultures (n=3) underwent
a significant growth reduction in response to supplemented RPE CM, and growth of human
embryonic spinal cord neurosphere cultures (n=3) was largely unaffected by its presence
(Figure 1F). Retinal neurospheres obtained from postnatal human eyes did not demonstrate
growth with or without RPE CM (data not shown).

We next sought to determine if the improved growth of RPE CM-treated retinal
neurospheres resulted from an increase in cellular proliferation and/or a reduction in cell
death. In these experiments (n≥ 3, passage 19–26), retinal neurospheres exposed to
supplemented RPE CM exhibited greater cell proliferation capacity than parallel cultures
maintained in standard medium without CM, as determined by BrdU incorporation (49.3 ±
8.1% vs. 11.1 ± 9.0%, p<0.0003) and Ki67 expression (38.0 ± 6.1% vs. 2.0 ± 2.5%,
p<0.005) (Figure 1G). In addition, apoptotic cell death was reduced in the presence of RPE
CM from 12.2 ± 3.2% in untreated cultures to 3.0 ± 0.4% in RPE CM-treated cultures
(p<0.008), as determined by TUNEL staining (Figure 1G). Together, these results
demonstrate that diffusible factor(s) secreted by RPE selectively prolong and enhance

Gamm et al. Page 5

Stem Cells. Author manuscript; available in PMC 2011 June 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



human embryonic retinal neurosphere growth through a combination of pro-proliferative
and anti-apoptotic mechanisms.

To ascertain whether the growth-promoting effect of RPE CM on human retinal
neurospheres was mediated by secreted proteins, CM was incubated with trypsin, followed
by inactivation with soybean trypsin inhibitor and supplementation with B27 and mitogens.
This treatment abolished the majority of its activity in all cultures tested (n=6, passage 13–
16) (Supplemental Figure S1A), indicating that secreted proteins are largely responsible for
the retinal neurosphere growth enhancement observed with RPE CM. We then subjected
RPE CM to protein fractionation to examine whether its growth-promoting activity would
segregate into a particular molecular weight (MW) class. Protein fractions of CM were
generated using size-exclusion filtration devices with 100-, 50-, 30- and 3-kDa MW cutoffs
and compared with unfractionated CM in retinal neurosphere growth assays. In all retinal
neurosphere cultures examined (n=5, passage 9–38), fractions that excluded higher MW
proteins (100-kDa cutoff fraction) retained full growth-promoting activity, while all other
fractions (50-kDa cutoff and below) exhibited significantly reduced activity (Supplemental
Figure S1B). Coomassie-stained SDS-PAGE revealed a number of major and minor bands
in unfractionated, concentrated CM (without B27), but also showed that the 50-kDa MW
cutoff fraction eliminated most proteins greater than or equal to 15-kDa (Supplemental
Figure S1C). This result was confirmed with silver stained gels (data not shown). Thus, the
majority of the RPE CM growth-promoting effect can be assigned to one or more soluble
proteins or protein complexes of mid-range MW. However, by virtue of the residual growth
effect still present in the 3-kDa cutoff fraction, very small molecular weight protein(s) and/
or non-proteinaceous factor(s) likely possess lesser abilities to enhance human retinal
neurosphere growth.

The Growth-Promoting Activity of RPE CM is Mitogen-Dependent
A commonly observed feature of undifferentiated neural stem and progenitor cells is their
dependency on EGF and/or FGF2 for continued expansion [41,42,49,50]. To determine if
RPE CM-treated human retinal neurospheres are similarly dependent on exogenous EGF
and FGF2, retinal neurosphere growth assays were performed on 6 independent cultures
(passage 9–13) in the presence and absence of these mitogens. Exogenous EGF or FGF2
was required to observe substantial RPE CM-mediated retinal neurosphere growth, and a
synergistic effect was seen in the presence of both growth factors (Figure 2A). To confirm
that the growth effect of RPE CM was dependent on mitogen receptor activation, EGF
receptor (EGFR) and FGF2 receptor (FGFR1) autophosphorylation was suppressed with the
specific tyrosine kinase inhibitors AG1517 and SU5402, respectively. Addition of these two
compounds to medium containing RPE CM, EGF and FGF2 prohibited growth and led to
retinal neurosphere volume loss (Supplemental Figure S2). Therefore, RPE CM acted to
restore and enhance the mitogen-responsiveness of retinal neurospheres. Potential
mechanisms for this effect could involve EGF and FGF2 receptor expression and/or
signaling pathways linked to cell proliferation. To investigate the first possibility, we
performed real-time PCR to quantify FGFR1 and EGFR gene expression in RPE CM-
treated and untreated retinal neurosphere cultures. In these experiments (n=3, passage 11–
21), there was no clear effect (<1 standard deviation difference) on FGFR1 gene expression
four days after removal of RPE CM (Figure 2B). Interestingly, EGFR gene expression was
upregulated (>2 standard deviations) in the absence of RPE CM over the same time period.
This finding suggests that the growth-promoting effect of RPE CM was not due to enhanced
mitogen receptor expression.

To investigate whether RPE CM had an effect on intracellular EGF or FGF2 signaling, we
examined phosphorylation of cAMP response element binding protein (CREB) after
mitogen challenge in the presence and absence of RPE CM (n=3 individual cultures). CREB
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is a transcription factor involved in cell proliferation that is activated in response to both
EGF and FGF2 stimulation [51]. In cells dissociated from neurosphere cultures (≥ 5
passages) that had not been previously exposed to RPE CM (naïve group), re-addition of
EGF and FGF2 resulted in a significant increase in the percentage of cells immunopositive
for phosphorylated CREB (pCREB) compared to controls treated with vehicle alone (11.9 ±
3.9% vs. 0.3 ± 0.3%, p<0.03) (Figure 2C). The effect of RPE CM alone was greater than
that of EGF and FGF2 (42.8 ± 5.1% vs. 11.9 ± 3.9%, p<0.003); however, the combined
addition of RPE CM, EGF and FGF2 yielded the highest percentage of pCREB-positive
cells (76.0 ± 3.3%, p<0.0015). In parallel cultures grown in RPE CM (RPE CM group), re-
addition of either EGF and FGF2 or RPE CM alone did not significantly increase the
percentage of pCREB-positive cells over vehicle-treated controls (7.8 ± 2.4% (EGF and
FGF2) and 9.5 ± 2.4% (RPE CM) vs. 5.5 ± 1.9% (vehicle), p=0.48 and 0.23, respectively)
(Figure 2C). By contrast, simultaneous re-addition of RPE CM, EGF and FGF2 to this group
produced a significant increase in CREB phosphorylation compared to vehicle alone (27.4 ±
1.1%, p<0.0001). These results demonstrated that the effect of RPE CM on retinal
neurosphere growth was mediated at least in part through mitogen-dependent signal
transduction pathways.

Differentiation Potential of RPE CM-Treated Retinal Neurospheres
We previously reported that early-passage human prenatal retinal neurospheres lost their
neurogenic potential after two months in culture under standard, serum-free conditions [35].
To determine the fate potential of retinal neurospheres grown in RPE CM, we quantified the
expression of βIII tubulin (an early neuronal marker), recoverin (a marker for photoreceptors
and rare cone bipolar cells) and glial fibrillary acidic protein (GFAP, a glial marker) in cells
prompted to differentiate at various times in vitro (n≥ 3 individual cultures). At time points
up to 6 weeks (3–5 passages), no significant difference was seen in the percentage of cells
expressing βIII tubulin or recoverin when compared to primary cultures (Figure 3A and B).
Broad, flat cells expressing GFAP were rarely observed in differentiated retinal neurosphere
cultures until 6 weeks in vitro, but thereafter the percentage steadily increased. Under
differentiating conditions, these GFAP-expressing cells were immunonegative for mature
markers of Müller glia such as cellular retinaldehyde binding protein (CRALBP) and
glutamine synthetase (data not shown). Over a similar time period, the percentage of βIII
tubulin-positive and recoverin-positive cells declined to undetectable levels. No RPE CM-
treated cultures tested (n=9) retained the capacity to produce neurons or photoreceptors
beyond 3 months (≥ 9 passages) in culture. Thus, although RPE CM has the ability to
maintain robust growth of human retinal neurospheres long term, it does not prevent the loss
of neurogenic potential.

Undifferentiated, RPE CM-Treated Retinal Neurospheres Express Markers and Genes
Characteristic of Retinal and Neural Progenitor Cells

We next examined the gene and protein expression profile of undifferentiated human retinal
neurosphere cultures maintained long term (> 3 months or ≥ 9 passages) in RPE CM, to
determine whether they retained characteristics of progenitors despite their loss of
neurogenic potential. In prior reports, undifferentiated neurospheres derived from
mammalian embryonic and adult retina were shown to express nestin, a marker of neural
precursor cells, along with various neurodevelopmental and eye specification genes
indicative of retinal progenitor cells [1,13,37–39,46,52–54]. In all cultures tested (n=9), PCR
detected the expression of Sox1, Sox2, Dlx1 and Dlx2, genes involved in neural and retinal
development (Figure 4A) [39,54–58]. Furthermore, multiple homeodomain transcription
factor genes expressed during neural and retinal development were present, including Pax6,
Six6 and Rx [10,11,39,53–55,59–64]. In contrast to the range of homeodomain gene
transcripts present in these cultures, the only basic helix-loop-helix (bHLH) transcription
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factor gene consistently detected was Hes1, which is involved in the maintenance of retinal
progenitor proliferation and the production of Müller glia [11]. Basic HLH genes indicative
of neurogenic retinal progenitors, such as Math5, NeuroD and Mash1, were not expressed at
detectable levels in long term cultures (data not shown).

Expression of selected proteins in undifferentiated retinal neurosphere cultures (n≥ 3) was
quantified by immunocytochemistry. A large majority of cells were positive for the retinal
progenitor cell marker Rx (88.9 ± 4.7%) and the neural and retinal progenitor markers nestin
(91.5 ± 4.1%), Sox2 (92.9 ± 2.5%) and vimentin (94.6 ± 3.7%) (Figure 4B and C). These
proteins have also been associated with the development of Müller glia and/or the
maintenance of stem cell characteristics of human Müller glia cell lines [11,14,65].
However, mature Müller glia markers (CRALBP and glutamine synthetase) were not
detected by immunocytochemistry (data not shown). GFAP expression, which is a feature of
neural (but not retinal) progenitors [35,43], was only present in a small percentage of cells in
undifferentiated neurosphere cultures (7.4 ± 2.7%) (Figure 4B and C). These GFAP-positive
cells did not coexpress markers of undifferentiated retinal progenitor cells (data not shown),
however, suggesting that they had undergone spontaneous differentiation. Together with
their observed lack of neurogenic potential, these results suggest that human retinal
neurospheres cultured for extended periods in RPE CM are composed of glial-restricted
retinal progenitors.

Restoration of the Neurogenic Potential of Retinal Neurosphere Cultures by Misexpression
of Mash1

In an attempt to re-establish the potential of long term retinal neurosphere cultures to
produce neurons, we first tried varying the differentiation conditions. However, changing
the cell plating density [66,67] or exposing differentiating cells to selected factors (e.g.,
FGF2 or NT4) [50,68–70] did not alter the fate potential (data not shown). Since
manipulation of the cell environment was unsuccessful, we next sought to modify the
intrinsic gene expression profile by misexpressing Mash1, a proneural bHLH transcription
factor known to play an important role in the differentiation of multiple neuronal cell types
within the brain and retina, including bipolar cells and photoreceptors [11,71–76].

Misexpression of Mash1 in long term RPE CM-treated retinal neurosphere cultures (≥ 3
months, 8–26 passages) was achieved with high efficiency (82.5 ± 3.1%) using lentiviral
vector delivery (Figure 5A) (n≥ 4) [44]. Following transduction, 25.9 ± 2.9% of cells
expressed βIII tubulin (Figure 5A) and assumed the morphology of neurons with phase-
bright cell bodies and long, thin processes (Figure 5B). Indeed, transduced cultures
maintained for an extended period (12 days) in RPE CM contained occasional neurons with
processes extending over 300 µm (Supplemental Figure S3). Mock-infected cultures (n≥ 4)
failed to express βIII tubulin or display neuronal morphology (Figure 5A and B).

Immunostaining of transduced cultures also revealed that all βIII tubulin-positive cells were
Mash1-positive and Ki67-negative, the latter indicating that these cells had exited the cell
cycle (Figure 5C–H). Furthermore, the re-appearance of βIII tubulin-positive neurons was
associated with a proportionate decrease in the percentage of cells expressing nestin and
vimentin when compared to mock-infected cells (nestin: 69.6 ± 7.4% vs. 95.5 ± 3.2%;
vimentin: 64.0 ± 5.1% vs. 99.1 ± 1.2%, respectively, p<0.0001) (Figure 5A). Consistent
with this finding, no βIII tubulin-positive cells were found to coexpress nestin or vimentin
(data not shown). Thus, Mash1 succeeded in re-directing a substantial portion of glial-
restricted retinal progenitor cells from long term, RPE CM-treated retinal neurosphere
cultures toward a neuronal fate.
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Mash1-Infected Retinal Neurosphere Cultures Express Markers of Multiple Inner Retinal
Cell Types

The retina consists of 6 major classes of neurons and one indigenous class of glia, all of
which are derived from a common progenitor [6,19]. To better define the neurons being
produced in our cultures following Mash1 misexpression, we performed
immunocytochemistry using a panel of retinal cell type-selective antibodies. Subpopulations
of βIII tubulin-positive neurons expressed MAP2ab (57.8 ± 4.1%), doublecortin (7.0 ±
1.2%) or HuC/D (56.8 ± 4.1%), markers known to be expressed in many types of neurons,
including retinal ganglion and/or amacrine cells (Figure 6A–I and Table 1) [65,73,77–82];
however, staining for another ganglion cell marker, Brn3a [83], was not definitive in these
cultures. An antibody directed against protein kinase Cα (PKCα), which labels bipolar cells
in the retina [38,84–86], was found in a small percentage of differentiated neurons (6.0 ±
3.5%) (Figure 6J–L and Table 1). None of these markers was present in αIII tubulin-
negative cells. Two additional markers of amacrine cells in the retina, parvalbumin and
calretinin [38,84,87], were found in 1.6 ± 0.4% and 1.0 ± 0.1% of total cells, respectively,
although these cells did not coexpress αIII tubulin (Figure 6M–R and Table 1). None of the
preceding markers of retinal neurons was present in mock-infected or uninfected control
cultures. Antibodies used to identify horizontal cells (anti-calbindin), photoreceptors (anti-
recoverin) or glia (anti-GFAP) did not demonstrate immunoreactivity in lenti-Mash1
infected cells. These results suggest that misexpression of Mash1 in long term human retinal
neurosphere cultures results in the generation of cells with characteristics of distinct classes
of inner retinal neurons.

Discussion
In this study, we sought to overcome the growth limitations of human prenatal retinal
neurosphere cultures by modifying a method originally developed to expand human prenatal
cortical neurospheres [35,42]. Previously described techniques for culturing human prenatal
retinal cells maintained them as dissociated monolayers for at least seven [88] or eight [38]
passages, but growth declined at later passages depending on culture conditions. Using our
standard medium, which included EGF and FGF2, both dissociated and neurosphere cultures
of human prenatal retinal cells failed to demonstrate significant expansion.

Given the importance of RPE during early neuroretinal development [5,20–24] and its pro-
proliferative effects on rodent and chick RPC cultures [5,27,30,31], we hypothesized that
RPE CM would improve prenatal human retinal neurosphere growth as well. However, the
degree to which RPE CM could selectively halt retinal neurosphere volume loss and restore
a robust growth pattern was surprising. This effect may be mediated by multiple soluble
factors, some of which are likely not exclusive to RPE, as shown by the lesser growth-
promoting abilities of cortical neurosphere and lens CM. It is also important to note that
RPE CM could not improve growth of neurospheres derived from other human embryonic
CNS tissues, and in fact had a detrimental effect on cortical neurosphere growth. These
regional differences in response to RPE CM are being further investigated.

A recent examination of the growth factors and other proteinaceous components secreted by
RPE cultures revealed a number of molecules with pro-proliferative activity in the
developing brain and retina, including vascular endothelial growth factor and cystatin C
[33]. In addition, RPE CM contains high levels of pigment epithelium-derived factor [33], a
molecule that promotes cell survival in the retina [89,90] and neural stem cell self-renewal
in the subventricular zone of the brain [91]. Inorganic compounds present in RPE CM may
also play a role in the expansion of retinal neurosphere cultures, since CM protein fractions
restricted to elements less than 3-kDa independently sustained modest neurosphere growth.
One such candidate compound is ATP, which has recently been shown to support mouse
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RPC growth [20]. Efforts are ongoing to identify the RPE CM factors involved in the
observed retinal neurosphere growth enhancement.

While the secreted RPE factor(s) responsible for retinal neurosphere growth remain to be
delineated, present evidence does suggest a mechanism for the effect. Our results show that
RPE CM confers mitogen responsiveness to retinal neurospheres, a property that
neurospheres from other CNS regions innately possess [41,42,50]. The rapid
phosphorylation of CREB following CM challenge suggests that RPE CM likely acts in part
by potentiating existing cellular EGF and FGF2 signaling pathways and/or relieving
potential inhibitory influence(s) present in self-conditioned retinal neurosphere medium.

Although RPE CM is effective in promoting the long term expansion of retinal neurosphere
cultures, it does not prevent the progressive cell fate restriction observed in its absence [35].
Specifically, in both RPE CM-treated and untreated cultures, retinal neurospheres invariably
lost their neurogenic potential after 2–3 months in vitro and became increasingly gliogenic.
This pattern of cell fate determination is reminiscent of normal mammalian cortical and
retinal development, during which progenitor cells initially give rise to long projection
neurons, followed by interneurons and/or photoreceptors, and finally glia [6,10–
13,19,38,43,80,92]. In the developing retina, Müller cells are the sole type of glia derived
from RPCs [6,10] and have been shown to retain progenitor characteristics after
differentiation [65,82,93,94]. However, the absence of mature markers suggests that our
long term cultures do not consist of fully differentiated Müller glia. Other GFAP-positive
glia found in the retina originate from the optic nerve, but these astrocytes are unlikely to be
present in our cultures given the gestational ages used [38,95,96], the method of dissection
[35], and the gene and protein expression profile of the cells [10,35,38,56,68,95,96].

An examination of the transcription factor profile of undifferentiated, long term cultures of
retinal neurospheres revealed a potential cause for their loss of neurogenic potential. Pro-
neural, bHLH transcription factors such as Mash1 and NeuroD were absent by PCR,
whereas transcription factors favoring Müller glia production (Hes1 and Rx) were present
[6,11,19,72,97], along with a host of genes and proteins expressed by neural and retinal
progenitors. The expression of Hes1 in all of our cultures was particularly intriguing, since it
also plays a prominent role in the maintenance of a proliferating pool of retinal progenitors
[6,11,59,62,98,99].

Taken together, our findings suggest that the fate potential of long term retinal neurosphere
cultures is governed in large part by intrinsic limitations rather than extrinsic influences.
Consistent with this hypothesis, culture modifications that enhanced neurogenesis in rodent
RPCs failed to alter cell fate potential in late passage human retinal neurospheres [66,68,69].
Therefore, we misexpressed the pro-neural bHLH transcription factor Mash1 in an attempt
to overcome Hes signaling and push the hRPCs toward a neuronal fate. Mash1 was chosen
because of its demonstrated efficacy in rat [71] and human (unpublished observations)
embryonic cortical neurosphere cultures and its role in neuron and photoreceptor production
in the retina [11,72,75,76,100]. Although lenti-Mash1 infected hRPCs were
immunonegative for photoreceptor-specific proteins, they did express a number of markers
indicative of inner retinal neurons, including ganglion cells, amacrine cells and bipolar cells.
However, the majority of lenti-Mash1 infected cells remained nestin-positive and failed to
demonstrate characteristics of either neurons or glia. A possible explanation is that low
levels of Mash1 are sufficient to halt proliferation and thwart default gliogenesis in our
hRPC population, but higher levels are needed to restore neurogenesis [71]. Further
manipulation of the transgene expression levels may improve the yield of neurons from
these cultures.
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Conclusion
We have shown that extrinsic factors secreted by human RPE can profoundly influence
proliferation of hRPCs, but that the profile of intrinsic factors expressed within these hRPCs
restricts their competency to produce neuronal cell types. Future efforts will examine the
effect of misexpression of combinations of pro-neural and retina-specific transcription
factors on the cell fate potential of these cultures. Using this approach, it may be possible to
produce significant populations of individual human retinal cell types for in vitro and in vivo
study. This in turn could lead to further insight into the molecular events underlying human
retinogenesis and the development of cell replacement therapies for retinal degenerative
diseases.
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Abbreviations

bHLH basic helix-loop-helix transcription factor

CM conditioned medium

CREB cAMP response element binding protein

EGF epidermal growth factor

EGFR EGF receptor

FGF2 fibroblast growth factor 2

FGFR1 FGF2 receptor

GFAP glial fibrillary acidic protein

hNPCctx human cortical neural progenitor cell

hNPCsc human spinal cord progenitor cell

PEDF pigment epithelium-derived factor

PKC protein kinase C

RPE retinal pigment epithelium

RPC retinal progenitor cell

VEGF vascular endothelial growth factor
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Figure 1.
RPE CM selectively enhances growth of retinal neurospheres. (A) Representative
photomicrographs of cell sources used for conditioned medium collection (upper panels).
Comparison of neurosphere growth curves measuring increases in individual sphere volume
over 15 days for retinal neurospheres supplemented with CM from human prenatal RPE,
lens monolayer cultures or cortical neural progenitor (hNPCctx) neurosphere cultures (lower
panel); scale bars = 20 µm (RPE and lens) or 200 µm (hNPCctx). (B) Growth of retinal
neurospheres in RPE CM at 6, 16, 31 and 52 weeks in culture (4, 12, 24 and 42 passages,
respectively). (C) Sphere morphology from a retinal neurosphere culture grown for two
months (6 passages) in standard medium supplemented with RPE CM (left panel) compared
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to those in standard medium only (right panels); scale bars = 200 µm. (D) Sphere growth
assay comparing retinal neurospheres maintained continuously in RPE CM versus those
switched to standard medium only at day 0 with subsequent re-addition of RPE CM at day
15. (E) Fifteen day time course showing changes in the size of representative retinal
neurospheres maintained either in RPE CM (upper panels) or standard medium following
withdrawal of RPE CM (lower panel); scale bar = 200 µm. (F) Growth assays comparing
the effect of RPE CM on neurospheres derived from human fetal cortex (hNPCctx) (upper
panel) or spinal cord (hNPCsc) (lower panel). (G) Quantification of cellular proliferation by
BrdU incorporation and Ki67 immunodetection (left panel) or apoptotic cell death by
TUNEL staining (right panel) in retinal neurospheres grown in RPE CM or standard
medium following withdrawal of RPE CM. Values are expressed as percentage ± SEM (n≥
3). ** p<0.01, *** p<0.001.
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Figure 2.
Mitogens are required for RPE CM-dependent retinal neurosphere growth. (A) Retinal
neurophere growth assay comparing the effects of standard medium, RPE CM without
mitogens, or RPE CM with 20 ng/ml EGF and/or 20 ng/ml FGF2. (B) Changes in EGFR and
FGFR1 gene expression in retinal neurosphere cultures after withdrawal of RPE CM for 4
days, as determined by quantitative RT-PCR. Values are expressed as fold change in gene
expression relative to retinal neurospheres maintained continuously in RPE CM. *>2
standard deviation difference. (C) Quantification of phosphoCREB immunolabeled cells
following 7 minute challenge with either vehicle alone, vehicle + 20 ng/ml EGF and 20 ng/
ml FGF2, RPE CM without mitogens, or RPE CM + 20 ng/ml EGF and 20 ng/ml FGF2.
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Cultures were maintained in either standard medium (naïve group) or RPE CM (RPE CM
group) prior to challenge. Values are expressed as percentage ± SEM (n=3). *p<0.03, **
p<0.003.
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Figure 3.
Retinal neurospheres cultured in RPE CM lose neurogenic potential over time. (A) Retinal
neurosphere cultures were expanded in RPE CM for 2 weeks (top panels), 2 months (middle
panels) or 3 months (lower panels), dissociated, plated as monolayers and differentiated in
the absence of mitogens and RPE CM for 7 days. Representative photomicrograph images
are shown following immunolabeling with anti-βIII tubulin (green, left panels), anti-
recoverin (red, middle panels) and anti-GFAP (red, right panels). Nuclei were visualized
with Hoechst dye. (B) Quantification of anti-βIII tubulin, anti-recoverin and anti-GFAP
immunolabeled cells from primary cultures or cultures grown for 2–5 wks (1–2 passages), 6
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wks (3–4 passages), 8 wks (5–6 passages) and ≥12 wks (≥ 8 passages) prior to
differentiation. Values are expressed as percentage ± SEM (n≥ 3). ND: not detectable.
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Figure 4.
Retinal neurospheres grown long term in RPE CM display characteristics of retinal and
neural progenitors. (A) Representative RT-PCR analysis of retinal- and neural-specific gene
expression in a retinal neurosphere culture maintained in RPE CM for 10 months (37
passages). (B) Photomicrograph images of a retinal neurosphere culture grown long term (25
passages) in RPE CM and immunolabeled with antibodies directed against the retinal
progenitor cell marker Rx, the neural stem and progenitor cell markers nestin, Sox2 and
vimentin, and the glial marker GFAP. (C) Quantification of immunocytochemistry results
across ≥ 3 individual cultures. Values are expressed as percentage ± SEM. Scale bar = 50
µm.
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Figure 5.
Misexpression of Mash1 restores neurogenic potential to retinal neurosphere cultures grown
long term (≥ 26 passages) in RPE CM. (A) Quantification of Mash1, βIII tubulin, nestin and
vimentin immunolabeled cells in mock- and lenti-Mash1 infected cells after differentiation
for 5 days. Values are expressed as percentage ± SEM; ***p<0.0001. ND: not detected. (B)
Phase photomicrograph images of mock- (left panel) and lenti-Mash1 infected (right panel)
cells after differentiation for 5 days; scale bars = 50 µm. (C–H) Photomicrographs of
differentiated lenti-Mash1 infected cells after immunostaining with either anti-Mash1
counterstained with anti-βIII tubulin (C–E) or anti-Ki67 counterstained with anti-βIII tubulin
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(F–H). Nuclei were visualized with Hoechst dye; scale bars = 50 µm (C–H) or 20 µm
(inset).
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Figure 6.
Numerous inner retinal markers are expressed in lenti-Mash1 infected retinal neurosphere
cultures. Photomicrographs of differentiated, lenti-Mash1 infected cells immunolabeled for
anti-βIII-tubulin and either anti-MAP2ab (A–C) or anti-doublecortin (D–F) (to identify
maturing and early migrating neurons, respectively), anti-HuC/D (G–I), anti-PKCα, (J–L),
anti-parvalbumin (M–O) or anti-calretinin (P–R). Nuclei were visualized with Hoechst dye.
White arrows designate representative labeled cells. Scale bars = 20 µm.
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Table 1

Quantification of cell-selective immunomarkers in human retinal progenitors following Mash1
missexpression.

Antibody % Total cells % βIII tubulin-labeled
cells

βIII tubulin 25.8 ± 2.9 (100)

MAP2ab 14.2 ± 1.9 57.8 ± 4.1

Doublecortin 1.3 ± 0.2 7.0 ± 1.2

HuC/D 9.2 ± 1.4 56.8 ± 4.1

PKCα 0.7 ± 0.3 6.0 ± 3.5

Parvalbumin 1.6 ± 0.4 ND

Calretinin 1.0 ± 0.1 ND

Human retinal progenitor cells were infected with lenti-Mash1, differentiated for 5 days, and immunostained to identify neuronal cell subtypes.
Immunopositive cells were quantified either as the percentage of total cells or, if co-labeled with βIII tubulin, as the percentage of βIII tubulin-
positive cells. Values are expressed as mean percentage ± SEM. ND: not detected.
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