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Abstract
Degeneration of the neural retina is the leading cause of untreatable blindness in the developed
world. Stem cell replacement therapy offers a novel strategy for retinal repair. Postmitotic
photoreceptor precursors derived from the early postnatal (P) retina are able to migrate and
integrate into the adult mouse retina following transplantation into the subretinal space, but it is
likely that a large number of these cells would be required to restore vision. The adult recipient
retina presents a very different environment to that from which photoreceptor precursor donor
cells isolated from the developing postnatal retina are derived. Here we considered the possibility
that modulation of the recipient environment by ectopic expression of developmentally regulated
growth factors, normally present during photoreceptor development, might enhance the migration
and integration of transplanted cells into the adult neural retina. Adeno-associated viral (AAV)
vectors were used to introduce three growth factors previously reported to play a role in
photoreceptor development, IGF1, FGF2, and CNTF, into the adult retina, prior to transplantation
of P4 cells derived from the Nrl.GFP+ve neural retina. At 3 weeks posttransplantation the number
of integrated, differentiated photoreceptor cells present in AAV-mediated neurotrophic factor-
treated eyes was assessed and compared to control treated contralateral eyes. We show, firstly, that
it is possible to manipulate the recipient retinal microenvironment via rAAV-mediated gene
transfer with respect to these developmentally relevant growth factors. Moreover, when combined
with cell transplantation, AAV-mediated expression of IGF1 led to significantly increased levels
of cell integration, while overexpression of FGF2 had no significant effect on integrated cell
number. Conversely, expression of CNTF led to a significant decrease in cell integration and an
exacerbated glial response that led to glial scarring. Together, these findings demonstrate the
importance of the extrinsic environment of the recipient retina for photoreceptor cell
transplantation and show for the first time that it is possible to manipulate this environment using
viral vectors to influence photoreceptor transplantation efficiency.
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INTRODUCTION
Photoreceptor death is an irreversible process and represents one of the largest causes of
untreatable blindness in the developed world. There are currently no effective treatments
available to restore lost photoreceptors. Replacement of the lost cells by transplantation of
healthy donor photoreceptor cells has been a long-standing goal. We have previously shown
that rod photoreceptor transplantation is possible, provided that the donor cells are at an
appropriate stage of development; they must be postmitotic rod precursor cells (45) and not
proliferating progenitor or stem cells. Subretinally transplanted rod precursor cells, as
identified by the expression of the rod-specific transcription factor, neural retina-specific
leucine zipper protein (Nrl) (47,66), are able to integrate specifically within the outer nuclear
layer (ONL) of the adult recipient retina and differentiate into functional and synaptically
connected rod photoreceptors. This suggests that there are sufficient environmental cues
present in the adult retina to permit photoreceptor precursor migration and the completion of
differentiation, albeit at lower levels than that found in the developing retina at the time of
rod photoreceptor genesis. However, the number of cells that integrate is markedly lower
than the number transplanted (<0.4% in our earlier studies) (45,53,74).

Previous reports have shown that the integration of neural progenitors (brain- and retinal-
derived cells) into the opossum (60–62) and rat (48) retina is significantly better when
transplanted into immature recipients compared with adult recipients. The early postnatal
opossum retina maintains an almost fetal-like environment, compared with the relatively
mature postnatal murine retina. The determination and differentiation of rod photoreceptors
is understood to result from the interaction of both intrinsic transcriptional complexes and
extrinsic environmental factor-related signaling mechanisms (13,25, 42,75,76). We therefore
considered the possibility that the integration of transplanted photoreceptors might be
improved by manipulating the extrinsic microenvironment of the host retina toward a more
developmental-like state.

The proliferation and differentiation of photoreceptors is profoundly affected by a number of
secreted factors (38). Here, we examined three factors known to be important for
photoreceptor development and neuroprotection: insulin-like growth factor 1 (IGF1),
fibroblast growth factor 2 (FGF2), and ciliary neurotrophic factor (CNTF). Systemically
present, IGF1 is mainly produced by the liver in response to pituitary growth hormone.
However, a number of other tissues can also produce IGF1 locally, including the CNS (6).
IGF1 and its receptor IGF1-R are widely expressed in the CNS (5,56). Consistent with a role
in mammalian retinal developmental, IGF1 expression is highest in the postnatal retina
compared with the adult retina (2,10). Studies involving transgenic mice lacking a
downstream component of the insulin and IGF1 signaling cascades, irs2, have highlighted
the importance of these pathways in postnatal retinal development, particularly in promoting
the maturation and survival of photoreceptors immediately after birth (78).

Like IGF1, FGF2, and CNTF are also present during retinal development and have been
shown to affect photoreceptor differentiation (21,27,34,35,82). FGF2 has been reported to
have different effects depending upon the developmental stage of the cells to which it is
applied. In embryonic cells isolated from E15–E18 rat retinae, FGF2 induced an increase in
proliferation that declined with age, although it had little effect on photoreceptor fate as
assessed by the number of rhodopsin-positive cells (38,41,82). Conversely, when applied to
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cultures derived from P0 retina, FGF2 led to an increase in the proportion of rhodopsin-
positive cells, an effect that again declined with maturation (27). It also reportedly promotes
photoreceptor survival in vitro (50). In the Xenopus retina, overexpression of FGF2 led to
increased numbers of rod photoreceptors at the expense of cone photoreceptors (52) and
appears to play a similar role in the macaque retina (16). FGF2 has also been reported to
induce the migration of oligodendrocyte precursor cells in optic nerve myelination (7). Thus,
FGF2 signaling appears to play a role in retinal cell proliferation, migration, and
photoreceptor fate specification.

We have previously shown that the efficiency of transplantation declines with maturation of
the donor cell population (45). CNTF plays a number of complex roles both in development
and in the degenerating retina. Recent studies have shown that CNTF acts transiently to
suppress photoreceptor differentiation and rhodopsin expression by the activation of the
Janus kinase/signal transducer and activator of transcription 3 (JAK/STAT3) signaling
pathways (26,57). Earlier studies showed that CNTF suppressed rod differentiation at the
expense of bipolar cell differentiation (21). CNTF is also upregulated in the degenerating
retina (72,79), the ultimate recipient retina for cell transplantation therapy, and has been
reported to have both neuroprotective (29,31) and inhibitory effects on photoreceptor
survival and function (58). Thus, it is important to assess its impact on transplanted
photoreceptor differentiation, integration, and survival and whether it enhances or impedes
photoreceptor transplantation.

Here we assessed the effects of these three developmentally regulated neurotrophic factors
on rod photoreceptor precursor cell transplantation and integration. IGF1, FGF2, and CNTF
were overexpressed in recipient retinae by the use of adeno-associated viral vectors
(serotype 2; AAV2/2) delivered to the inner retina prior to cell transplantation. We found
that the overexpression of these growth factors influences the integration of transplanted
photoreceptor precursors. This demonstrates that the extrinsic environment of the host retina
is an important consideration for photoreceptor transplantation, as well as the intrinsic
developmental stage of the donor cell population. It also provides proof of principle that it is
possible to manipulate the recipient retinal environment via AAV-mediated gene transfer to
improve transplanted photoreceptor integration and/or survival.

MATERIALS AND METHODS
Animals

C57Bl/6J and Nrl.gfp+/+ mice were maintained in the animal facility at University College
London. All experiments have been conducted in accordance with the Policies on the Use of
Animals and Humans in Neuroscience Research. Adult mice were 6–15 weeks old and kept
on a standard 12-h light–dark cycle.

Viral Vector Production and Testing
The neurotrophic factor constructs all contained cytomegalovirus promoters (CMV) driving
the expression of the relevant murine neurotrophin transgenes. A secretion signal was added
to the CNTF transgene as previously described (44). The reporter construct used as the
control vector contained a chicken β-actin promoter (CBA) driving a red fluorescent protein
(RFP) coding domain. Constructs were subcloned by relevant restriction enzyme digestion
(Promega, Southampton, UK) and T4 DNA ligation (New England BioLabs, Wilbury, UK),
prior to competent cell transformation. A construct containing the cDNA coding region of
mouse fibroblast growth factor 2 (FGF2) was purchased from Genscript (New Jersey, USA)
and was used to subclone the FGF2 construct. Recombinant adeno-associated virus particles
were produced by transient transfection of baby hamster kidney (BHK) cells with the vector
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constructs described above and the replicating herpes simplex virus (HSV) amplicon
pHAV7.3, as previously described (4). Each batch of recombinant AAV (rAAV) produced
was titered by dot-blot assay to give the number of vector genome copies per milliliter of
virus. For transfection, 293T cells were incubated for 4 h with a mixture of peptide 6,
construct DNA, and Lipofectin reagent (all Invitrogen, Paisley, UK). For transduction,
cultured 293T cells were incubated with rAAV and wild-type adenovirus for 48 h. Only
wild-type adenovirus was added to control wells. The culture medium from AAV2/2
CMV.IGF1, AAV2/2 CMV.FGF2, and AAV2/2 CMV.CNTF transduced cells was collected
and tested for the presence of secreted IGF1, FGF2, or CNTF protein by sandwich ELISA,
respectively (Table 1). No IGF1, FGF2, or CNTF secretion was detected from AAV2/2
CBA.RFP transduced cells, untransduced cells, or the cell culture medium.

IGF1 and FGF2 concentrations were detected by Quantikine® kits following the
manufacturer’s instructions (R&D Systems, Abington, UK), and CNTF concentrations were
measured using R&D Systems’ recommended protocol and individual reagents: monoclonal
anti-rat CNTF capture antibody (clone 34726, MAB5571), biotinylated anti-rat CNTF
detection antibody (BAF557), and recombinant rat CNTF for standards (557-NT/CF, R&D
Systems, UK).

Administration of Viral Vectors and Functional Analysis
Injections were performed in 6–8-week-old C57Bl/6J mice, as previously described (44).
Mice were anesthetised with a single IP injection of 0.15 ml of a mixture of Dormitor (1 mg/
ml medetomidine hydrochloride, Pfizer Pharmaceuticals, Kent, UK), ketamine (100 mg/ml,
Fort Dodge Animal Health, Southampton, UK), and water in the ratio of 1:0.6:84. The
pupils were dilated using drops of tropicamide (1%) and eyes kept moist using Viscotears™
(both Rigcharm Pharmacy, London, UK). Surgery was performed under direct retinoscopy
through an operating microscope. An 8-mm, 34-gauge hypodermic needle (Hamilton,
Switzerland) was inserted through the sclera at the inferior pars plana and positioned
towards the superior retina in the vitreal cavity. Virus suspension (1 μl) was injected
intravitreally per eye. Intravitreal injections were used to administer the virus as they are
minimally invasive, can be targeted to the region of interest, and are known to permit
efficient transduction of the nearby neural retina. Electroretinographs (ERGs) from treated
mice were recorded in a standardized fashion 6–7 weeks post-rAAV injection. All animals
were dark adapted overnight (16 h) prior to recording and anesthetized, as above. Ganzfeld
ERGs were obtained as described previously (8,63). Briefly, single flash recordings from
both eyes were simultaneously obtained at light intensities increasing from 0.1 millicandelas
(mcds)/m2 to 3,000 mcds/m2. Ten responses per intensity level were averaged with an
interstimulus interval of 5 s (0.1, 1, 10, 100 mcds/m2) or 5 responses per intensity with a 17-
s interval (1,000 and 3,000 mcds/m2) to try and minimize the dark-adapted conditioning
flash effect. The b-wave (a-wave through to b-wave peak) amplitude at 100 mcds/m2 was
used for statistical analysis. The b-wave values of the treated (right) eye were paired with
the untreated contralateral (left) eye. This method controls for the interanimal and test–retest
variance that may be present in rodent ERGs.

Dissociation and Transplantation of Retinal Cells
Dissociated cells were prepared from postnatal day (P) 3–5 Nrl.gfp+/+ mice, in which green
fluorescent protein (GFP) expression is driven by the promoter of Nrl, a transcription factor
specific for postmitotic rod precursors that persists in adult rods (1,47), as described
previously (45). Briefly, neural retinae were dissociated using a papain-based kit
(Worthington Biochemical, Lorne Laboratories, UK) and single cells were resuspended at a
concentration of 400,000 cells/μl in sterile Earle’s balanced salt solution (EBSS) and DNase
(0.05%), immediately prior to injection. Animals were anesthetized and surgery was
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performed under direct ophthalmoscopy, as above. A hypodermic needle was loaded with
cells (1 μl) before inserting tangentially through the superior sclera into the subretinal space,
between the retinal pigment epithelium (RPE) and the neural retina. Cell suspensions were
injected slowly to produce a standard and reproducible retinal detachment in the superior
hemisphere. The needle was withdrawn, leading to a self-sealing of the wound tunnel.

Histology and Immunohistochemistry
Mice were sacrificed ~3 weeks after transplantation and the eyes fixed in 4%
paraformaldehyde (with the exception of those used for CNTF staining, which required a
protocol involving no fixation) before cryoprotecting in 20% sucrose and embedding in
OCT (RA Lamb, Eastbourne, UK). Cryosections were cut (18 μm thick) and all sections
were collected for analysis. For immunohistochemistry, sections were air dried and rinsed
with Tris-buffered saline (TBS) before being pre-blocked in TBS containing normal goat
serum (5%) and bovine serum albumin (1%) at room temperature (RT), and incubated with
primary antibody overnight at 4°C. After washing, sections were incubated with secondary
antibody for 2 h at RT, washed, and counterstained with Hoechst 33342 (Sigma-Aldrich,
Gillingham, UK). Negative controls omitted the primary antibody. Primary antibodies used
are all highly cited and tested and included rabbit anti-IGF1 (1:500), sheep anti-CNTF
(1:500), rabbit anti-active caspase 3 (1:20), rat anti-F4/80 (1:250) (all Abcam, Cambridge,
UK), rabbit anti-glial fibrillary acidic protein (GFAP; 1:200) (Dako, Ely, UK), and mouse
anti-FGF2 (1:100) (Upstate Biotech, Milton Keynes, UK). Secondary antibodies included
anti-mouse Alexa 546, anti-mouse Alexa 633, anti-rabbit Alexa 546, anti-rabbit Alexa 594,
anti-rabbit Alexa 633, and anti-sheep Alexa 546 (all 1:500; Molecular Probes Inc.), as
appropriate. Finally, the nuclear dye Hoechst 33342 (10 μM; Sigma-Aldrich) was applied
for 10 min at room temperature, followed by three washes with PBS prior to mounting with
citifluor AF-1 (Electron Microscopy Science) and cover-slipping.

Retinal sections were viewed on a confocal microscope (Zeiss LSM510 or Leica SPE).
GFP-positive cells were located using epifluorescence illumination before taking a series of
x–y optical sections, approximately 0.5 μm apart, throughout the depth of the section.
Individual x–y scans were built into a stack to give an x–y projection image. LSM image
browser software was used to compile and export the captured images.

Cell Counts
The average number of integrated cells per eye was determined as described previously
(53,74). Briefly, cells were considered to be integrated if the whole cell body was correctly
located within the ONL and at least one of the following was visible: spherule synapse,
inner/outer processes, and/or inner/outer segments. The average number of integrated cells
per eye was determined by counting all the integrated Nrl.GFP+ve cells in alternate serial
sections through each eye. This was doubled to give an estimate of the mean number of
integrated cells per eye. To account for variability resulting from interanimal variation, the
ratio of the number of cells in the treated eye compared with the contralateral control eye
was also calculated for each individual mouse. This revealed the average fold difference in
the number of integrated transplanted photoreceptors for each animal as a result of the
relevant treatment. Cell counts for individual eyes were excluded from the analysis if there
were cells in the vitreous, indicative of accidental intravitreal transplantation of the cells, or
there was no cell mass present in the subretinal space and surgical notes indicated excessive
reflux of the cells transplanted into that eye. For caspase 3 cell counts entire coronal retinal
sections were quantified for the presence of caspase 3-positive cells in the neural retina. Six
or more alternate sections encompassing the superior retina were quantified per eye (IGF
treated and control) for each animal.
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Statistical Analysis
All means are presented ±SEM, unless otherwise stated; N, number of animals, unless
otherwise stated; n, number of eyes or sections examined, where appropriate. The statistical
test used to compare cell counts in contralateral eyes was a two-tailed paired t-test with a
significance threshold of p < 0.05. The statistical program used for the analysis of all data
was GraphPad Instat 3 (GraphPad Software, Inc, La Jolla, USA), with the majority of graphs
prepared in Microsoft Excel. *p < 0.05, **p < 0.01, ***p < 0.001.

RESULTS
Neurotrophic Factors Present in the Developing Postnatal Retina

We first sought to establish the presence and localization in the early postnatal retina of
three neurotrophic factors previously reported to play a role in photoreceptor development
and maturation, IGF1, FGF2, and CNTF (Fig. 1). We assessed this in the Nrl.gfp mouse, to
provide a comparison with rod photoreceptor development over the same period. Nrl is a
transcription factor essential for the acquisition and maintenance of rod photoreceptor fate
(47,66) and in the Nrl.gfp mouse, GFP labels all postmitotic rod photoreceptors (1). At P4,
the first few Nrl.gfp+ve (green) postmitotic rod precursors could be seen accumulating at the
outer edge of the retina (Fig. 1a,i, e,i, j,i). At this time, expression of IGF1 and FGF2 was
observed at the inner edge of the retina (Fig. 1a, e; white arrowheads; red) while CNTF was
present in a few cells at the center of the neuroblastic layer which extended processes, as
well as the inner retina (Fig. 1j; white arrowheads; red). By P6, the presumptive ONL was
seen, with greater numbers of Nrl.gfp+ve rod precursors (green) present at the outer edge
(Fig. 1b,i, f,i, k,i). Inner segment formation (Fig. 1b,i; lower white arrowhead) was observed
and IGF1 expression was present both in this region (Fig. 1b,ii; lower white arrowhead; red)
and in the developing hyaloid vessels in the vitreous (Fig. 1b; asterisk), as well as being
maintained at the inner edge of the retina (Fig. 1b; upper white arrowhead; red). FGF2
expression was also still present at the inner edge of the retina and in the neuroblastic layer
(Fig. 1f; white arrowheads; red). CNTF was present throughout the inner retina adjacent to
the presumptive ONL (Fig. 1k; white arrowheads; red). By P10, the ONL is distinct and
densely populated (Figure 1c.i, g.i, l.i; green). IGF1 expression was much reduced in the
inner retina, although still present in the outer plexiform layer (Fig. 1c,ii; upper white
arrowhead; red) and the developing inner segments (Fig. 1c,ii; lower white arrowhead; red).
Little or no FGF2 expression was seen in the retina by this stage (Fig. 1g; red) and CNTF
expression was restricted to the innermost edge of the retina only (Fig. 1l; white arrowheads;
red). Finally, the adult eye shows no expression of any of the three factors examined (Fig.
1d, h, m; red). These results demonstrate the presence of IGF1, FGF2, and CNTF in the
developing postnatal mouse retina at the stage of rod photoreceptor precursor birth,
migration, maturation, and synaptogenesis but not in the adult retina.

Neurotrophic Factor Overexpression In Vivo by AAV Viral Vectors
We next sought to determine whether or not it is possible to manipulate the recipient adult
retinal environment to overexpress these neurotrophic factors (Fig. 2). AAV2/2 viral vectors
(2 × 1011 particles/ml) encoding either the control RFP or the neurotrophic factor IGF1,
FGF2, or CNTF transgenes were administered by intravitreal injection. By targeting the
superior retina with the intravitreal injection of rAAV it was possible to transduce the
prospective site of cell transplantation, the superior retina, to greater levels than the rest of
the retina. This can be seen in the control AAV2/2 CBA.RFP virus-treated eyes, by the
expression of rfp in transduced ganglion and inner retinal cells of the superior retina (Fig.
2a,i; red). The cell mass can be seen in the subretinal space of the superior retina, with
Nrl.gfp+ve cells present (Fig. 2a,i; green). The cell types transduced by intravitreal
administration of AAV2/2 viral particles are shown in the magnified inset (Figure 2a,i; red),
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and include ganglion cells (white arrowheads), inner retinal cells, and occasionally
photoreceptors (white arrows). By targeting the administration of AAV2/2 viral vectors in
this way it is possible to efficiently transduce the prospective area of cell transplantation,
and therefore ensure maximum transgene expression at this site.

To establish that administration of AAV2/2 viral vectors to the adult retina resulted in
increased expression of the relevant neurotrophic factors, immunohistochemistry was
performed on retinal sections. As seen in uninjected adult wild-type retinae (Fig. 1d, h), little
or no IGF1 or FGF2 staining was observed in any of the AAV2/2 CBA.RFP-treated retinae
examined (N = 4) (Fig. 2b,ii, c,ii). In contrast, at 9–10 weeks postinjection increased IGF1
staining was consistently observed in AAV2/2 CMV.IGF1-treated retinae, with the majority
of expression seen in and around the ganglion cells of the superior retina (Fig. 2b,i; white
arrowheads). The pattern of IGF1 expression seen in AAV2/2 CMV.IGF1-treated retinae
was comparable with that seen in P4–6 developing retinae (Fig. 2b.i, Fig. 1a, b; red), the
time at which Nrl.gfp+ve precursor cells migrate to their mature locations in the developing
retina and the developmental stage from which the donor precursor cells are isolated for
transplantation. Staining for FGF2 demonstrated expression in the GCL of AAV2/2
CMV.FGF2-treated retinae (Fig. 2c,i; white arrowheads). Some FGF2 expression was also
observed in Müller cell bodies of the inner nuclear layer (INL) in both AAV2/2 CMV.FGF2
and control AAV2/2 CBA.RFP-treated retinae. It was not possible to stain for CNTF.
However, the presence of significantly increased levels of CNTF is known to suppress the
scotopic electroretinogram (ERG) response (8,46,63). We therefore examined the scotopic
ERG response of AAV2/2 CMV.CNTF-treated eyes, compared with CBA.RFP-treated
contralateral control eyes to ascertain the secretion of CNTF (Fig. 2d). Significantly reduced
b-wave amplitudes were observed in the CMV.CNTF-treated eyes, compared with
CBA.RFP-treated contralateral controls (p < 0.001, paired t-test, N = 6) (Fig. 2d,i,ii), an
effect characteristic of high levels of secreted CNTF in adult eyes (8,46) and suggests that
increased secretion of CNTF is present in CMV. CNTF-treated eyes only. By contrast,
overexpression of IGF1 or FGF2 had no discernible effects on the scotopic ERG response
(data not shown).

The Effects of IGF1 Overexpression on Transplanted Photoreceptor Precursors
We next examined what impact increased IGF1 expression in the adult recipient retina had
on the number of photoreceptor precursor cells integrating following subretinal
transplantation (Fig. 3). AAV2/2 CMV. IGF1 was administered by intravitreal injection
targeted towards the superior retina. At 6–7 weeks post-rAAV injection, dissociated retinal
cells from P3–5 Nrl.gfp+/+ mice were transplanted to the superior subretinal space. Mice
were sacrificed 3–4 weeks posttransplantation and the number of integrated photoreceptor
precursor cells quantified. A significant increase in photoreceptor precursor cell integration
was observed in the AAV2/2 CMV.IGF1-treated eyes, compared to the contralateral,
AAV2/2 CBA.RFP-treated control eyes (Fig. 3a). Integrated photoreceptor number in the
IGF-1-treated eyes was double that seen in the control eyes (1,614 ± 446 vs. 833 ± 226 cells,
respectively; p < 0.05, paired t-test, N = 7) (Fig. 3a). To reduce interanimal variation, the
ratio of integrated cell counts was calculated for each pair and averaged, giving a mean fold
change of 2.6 ± 0.8. Normal photoreceptor morphology was observed in all eyes, with the
usual pattern of clustered integration around the transplantation site (Fig. 3b,i, ii), as
previously seen (53,74). The levels of integration seen in control AAV2/2 CBA.RFP-treated
retinae were very similar to those we and others have previously reported for transplantation
into naive adult wild-type recipients (45,53,73,74). This demonstrates that transduction of
the host retina with AAV2/2 by intravitreal injection has no detrimental effect on cell
integration and also confirms that the enhancement of precursor cell integration in AAV2/2
CMV.IGF1-treated retinae was not due to AAV2/2 transduction but instead was related to
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the increased levels of IGF1 in the adult retina. It is worth noting that the increase in the
levels of IGF1 noted here following AAV2/2 CMV.IGF1 administration are relatively
modest. It will be of interest to determine whether or not higher levels of expression
increase, or indeed potentially decrease, the improvement seen further.

As IGF1 signaling is known to inhibit caspase 3 activation and subsequent neuronal
apoptosis (3,28), we considered the possibility that the increased integrated cell number may
be due to a reduction in apoptosis of these cells following transplantation. The number of
caspase 3-positive apoptotic cells present in the ONL was quantified per section (n > 6) for
IGF1-treated and control-treated eyes. In each case, apoptotic cells were observed only
around the site of cell transplantation (Fig. 3c,i, ii, white arrowheads). However, apoptotic
cells were present in significantly higher numbers in the control-treated retinae, compared to
IGF1-treated retinae, the latter only rarely containing apoptotic cells (3 ± 1 vs. 1 ± 1 cells/
section; p < 0.01, paired t-test; N = 7) (Fig. 3d). Thus, the levels of IGF1 resulting from
AAV2/2 CMV.IGF1 administration appear to be sufficient to reduce photoreceptor cell
death in the recipient ONL retina and may also increase the survival of the integrated
transplanted photoreceptor precursors.

The Effects of FGF2 Overexpression on Transplanted Photoreceptor Precursors
We examined the effect that increased FGF2 expression had on photoreceptor precursor cell
integration into the adult retina (Fig. 4). The total number of integrated rod photoreceptors in
FGF2-treated retinae was slightly reduced, compared with the control treated (Fig. 4a),
although not significantly so (621 ± 247 vs. 1,024 ± 358 cells/eye, respectively; p > 0.05,
paired t-test, N = 4). To reduce interanimal variation the ratio of integrated cell counts was
calculated for each pair and averaged to give a mean relative ratio of 0.6 ± 0.3, showing
little difference between control and treated eyes. Normal photoreceptor morphology was
observed in both groups (Fig. 4b,i, ii; green).

Retinal detachment, degeneration, and injury are all known to upregulate the expression of
FGF2 in the mouse retina (11). Therefore, to establish the difference in FGF2 expression in
both AAV2/2-treated groups in comparison with untreated retinal cell transplants, FGF2
immunohistochemistry was performed. As shown previously (Fig. 1h), no FGF2 staining
was observed throughout the retina in nonprocedured wild-type mice, the only staining seen
being nonspecific secondary staining of the blood vessels (Fig. 4c,i; asterisks). The inferior
retina of a transplanted eye without ectopic FGF2 expression showed FGF2 staining of
Müller cell bodies in the inner nuclear layer only (Fig. 4c,ii; red; white arrowheads). In
contrast, the superior retina, the site of cell transplantation, exhibited very strong FGF2
expression (Fig. 4c,iii, red). Expression was seen throughout the INL, including Müller cell
bodies, and the ONL (Fig. 4c,iii; red; white arrowheads and white arrows, respectively).
Integrated rod photoreceptors could also be seen in the superior ONL (Fig. 4c,iii; green).
Similar FGF2 staining was also observed in both AAV2/2.CMV.FGF2-treated and AAV2/2
CBA.RFP-treated control eyes and in eyes receiving sham subretinal detachments of PBS
alone (data not shown).

By examining the whole eyecup, we found that the FGF2 expression in the ONL was
confined to the area of retinal detachment (Fig. 4d; red). However, FGF2 expression in
Müller cell bodies, present in the INL, was observed in the entire coronal retinal section.
The increased endogenous FGF2 staining seen around the site of surgery in the superior
retina was significant, in keeping with previous observations in retinal injury models
(10,80). Indeed, using this method of detection, the endogenous levels of FGF2 appeared to
be far greater than the transgenic FGF2 expressed in the inner retina following rAAV
transduction (compare FGF2 staining in Fig. 2c,i and 4c,iii). This may explain the lack of
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any effect observed in the AAV2/2 CMV.FGF2-treated eyes, in terms of integrated
photoreceptor precursor cell numbers.

The Effects of CNTF Overexpression on Transplanted Photoreceptor Precursor Integration
Finally, we investigated the effects of CNTF on photoreceptor precursor cell integration in
the adult retina (Fig. 5). Transplanted photoreceptor precursor integration was severely
reduced in the AAV2/2 CMV.CNTF-treated eyes, compared with AAV2/2 CBA.RFP
contralateral control eyes (69 ± 35 vs. 655 ± 154 cells/eye, respectively; p < 0.001, paired t-
test, N = 9) (Fig. 5a). The mean ratio of integrated cell counts in CNTF-treated versus
control treated eyes was 0.1 ± 0.03, showing a substantial loss of integrated cells in the
AAV2/2 CMV-.CNTF-treated eyes.

To ensure that the reduction in photoreceptor cell integration was not due to any CNTF-
induced loss of donor cells, the percentage of Nrl.gfp+ve cells present in the subretinal space
was assessed in both control and treated eyes. Nrl.gfp+ve cells were observed in the
subretinal space of all examined from both cohorts (Fig. 5b,i, ii; green). We observed a
small but nonsignificant reduction in the percentage of Nrl.gfp+ve cells in the cell masses of
CNTF-treated eyes (p > 0.05, paired t-test, N = 6).

We have previously demonstrated that increased macrophage presence is negatively
correlated with integrated photoreceptor number (73). As CNTF has been shown to be a
chemoattractant to macrophages in vitro (12), it is possible that an increase in macrophage
infiltration could have impaired photoreceptor cell integration. To investigate this, retinal
sections were stained with the macrophage marker F4/80 and the extent of macrophage
infiltration was examined. While some macrophage infiltration was present in CNTF-treated
eyes (Fig. 5d; red; white arrowhead), it was not notably increased compared with
untransduced and AAV2/2 CBA.RFP-treated retinae.

The potentially detrimental effect of gliosis on photoreceptor precursor cell integration was
indicated previously in the 12-week-old Crb1rd8/rd8 mouse (53). As CNTF has been shown
to cause an upregulation in the expression of GFAP in the retina (39), the extent of gliosis
was examined by immunohistochemistry in CNTF-and control-treated retinae (Fig. 5e,i, ii).
We observed a few GFAP+ve Müller glial processes in control AAV2/2 CBA.RFP-treated
retina, a pattern of staining also typical of untransduced recipient eyes around the site of
transplantation (Fig. 5e,i, i′; pink). However, GFAP expression was significantly increased
in AAV2/2 CMV.CNTF-treated retinae (Fig. 5e,ii, ii′; pink). Furthermore, glial
hypertrophy, seen as GFAP+ve processes extending along the outer edge of the retina
between the ONL and the inner segments, was frequently observed (Fig. 5e,ii′; pink; white
arrowheads). These features are typical of glial scaring (39,40) and are likely to be a major
factor in the reduction of precursor cell integration seen in CNTF-treated retinae.

DISCUSSION
Repair of the central nervous system by cell transplantation has been a long-standing goal
for a number of degenerative disorders. This strategy requires the transplanted cell
population to migrate and integrate efficiently within the target tissue. The extrinsic
environment is well known to play an important role in determining the success or otherwise
of this integration (43,64). Here, we have examined the potential for manipulating the
recipient retinal environment by gene transfer in order to improve transplanted
photoreceptor precursor cell integration and survival. Ectopic overexpression of IGF1, but
not FGF2, in the adult wild-type recipient retina led to significantly improved numbers of
Nrl.gfp+ve precursor cells integrating following transplantation into the subretinal space.
Conversely, the upregulation of CNTF significantly impaired integration, potentially due to
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the induction of increased reactive gliosis. Therefore, modifying extrinsic signaling within
the recipient retina can both positively and negatively modulate photoreceptor precursor cell
integration into the adult retina, and the extrinsic recipient retinal microenvironment
represents an important consideration for photoreceptor transplantation strategies.

We have previously shown that postmitotic photoreceptor precursor cells derived from the
early postnatal retina are optimal donors for transplantation (45). IGF1 is expressed at higher
levels in the developing postnatal retina compared with the adult (5,10) and the IGF1/insulin
receptor pathway is important for both retinal cell survival and photoreceptor maturation
(14,68,78). Although IGF1 levels are reduced in the adult, retinal neurons appear to retain
the ability to respond to IGF1/insulin receptor signaling. Studies in the rds mouse have
shown increased photoreceptor survival in the presence of increased proinsulin production
(17), while retinal ganglion cell survival is improved in models of optic nerve transection
when combined with intravitreal administration of IGF1 (17,32). The increased number of
integrated rod photoreceptors observed in the AAV2/2 CMV.IGF1-treated eyes described
here could be due either to IGF1 acting to increase the survival of donor cells (either before
or after integration) or by augmenting the frequency of precursor cell integration itself. We
consider the former more likely because barriers such as the OLM still remain in the host
retina, which have previously been shown to limit the number of photoreceptor precursor
cells that are able to integrate into the host ONL (53,74). IGF1 acts via the activation of the
antiapoptotic phosphatidylinositol 3-kinase (PI3-K)/Akt pathway and inhibition of caspase 3
in the maintenance of retinal ganglion cells following optic nerve transection (32). Sustained
PI3-K activation in transgenic mice has been reported to increase the survival of
differentiated photoreceptors in the postnatal retina (55). It is possible that the enhanced
survival of migrating and integrating transplanted photoreceptor cells occurs by a similar
mechanism. Consistent with this, we found a reduction in active caspase 3+ve, apoptotic
cells in the ONL of AAV2/2 IGF1-treated retinae compared with untreated retinae. In
keeping with this idea, recent work in the retina has shown that XIAP (X-linked inhibitor of
apoptosis protein), which inhibits apoptosis via the inhibition of caspases, including caspase
3, can reduce transplanted photoreceptor cell death in the rd9 model of retinal degeneration
(77).

Another potential consequence of IGF1 upregulation might be the improved or strengthened
synaptic connectivity of the transplanted cells. Newly born neurons, including
photoreceptors, are vulnerable to pruning and apoptosis if appropriate synaptic connections
with downstream targets are not formed or maintained (65,67). We observed IGF1
expression in the outer plexiform layer around the time of photoreceptor synaptogenesis in
the postnatal retina. Overexpression of IGF1 has previously been shown to promote
synaptogenesis in the hippocampus during postnatal development (51). IGF1 has also be
associated with the upregulation of brain-derived neurotrophic factor (BDNF), an important
modulator of synaptic plasticity in the adult brain, after mechanical injury and with exercise-
induced cognitive function (15,19,30). A recent study investigating the molecular pathways
involved in the increased development of visual acuity responses induced by environmental
enrichment demonstrated that intraocular injection of IGF1 increased BDNF expression in
the retina (36). Moreover, both IGF1 and BDNF were required to mediate the increased
maturation of visual acuity observed in rats reared in enriched environments. Although
beyond the scope of this study, it is possible that the increased expression of IGF1 in the
current study could mediate the subsequent upregulation of BDNF in the adult retina, and
that a combination of these factors might improve transplanted photoreceptor synaptic
connectivity and, subsequently, survival.

FGF2 has been implicated in retinal neurogenesis (23,59), migration (7), and photoreceptor
survival (29, 50). Mice with a targeted disruption of FGF receptors 1 and 2 (FGFR1 & 2)
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undergo a progressive loss of photoreceptors (9), suggesting that FGF2 may act as a survival
factor for photoreceptors. Therefore, we considered FGF2 to be of interest in terms of the
migration, integration, and survival of transplanted photoreceptor precursor cells. However,
we observed no improvement in cell integration following the over expression of FGF2 in
the recipient retina, compared with control transduced or untransduced retinae. Our
assessment of FGF2 expression indicates that the cell transplantation procedure itself, which
involves a substantial if temporary retinal detachment, leads to significant upregulation of
FGF2, probably greater than that achieved by AAV transduction. In the adult mouse retina,
mechanical injury results in the upregulation of FGF2 expression, which is maximal at 2–4
days posttrauma. Both injury- and light stress-related upregulation of FGF2 have been
shown to protect photoreceptor cells from further light-induced degeneration in the adult
mouse (49). Similarly, AAV-mediated upregulation of FGF2 has been shown to reduce
photoreceptor degeneration in a transgenic rat model of retinitis pigmentosa (37). Further
work blocking FGF signaling will be required to determine the role FGF2 plays in the
integration and survival of photoreceptors transplanted into the normal, untransduced retina.

CNTF has previously been shown to inhibit rod photoreceptor differentiation in the
developing retina (20,81) and here we found photoreceptor precursor cell integration to be
markedly reduced in AAV2/2 CMV. CNTF-treated eyes compared with controls. CNTF/LIF
signaling has been shown to block the expression of the rod photoreceptor transcription
factors Nrl and Crx (22), but the reduction in integrated cells did not appear to be due to a
downregulation of Nrl, as the percentage of Nrl.gfp+ve cells in the transplanted cell mass
was not significantly reduced compared with that of controls. We cannot rule out the
possibility that the GFP protein remains in the absence of sustained Nrl expression, although
this is unlikely.

Expression of the α-subunit of the CNTF receptor, CNTFRα, by photoreceptors is thought
to be minimal, although the literature is complicated, possibly due to the fact that CNTFRα
can act as a soluble mediator for CNTF signaling (18,24,35,70). Interestingly, a recent study
has shown that CNTFRα is expressed in immature cells of the ONL, but is downregulated
with the onset of rhodopsin expression (26). This may explain how CNTF signaling might
affect immature photoreceptor precursor cells and not directly affect adult photoreceptors of
the mammalian retina.

CNTF has been shown to be act as a chemoattractant for blood-derived macrophages (12).
We have previously found that high macrophage presence is associated with poor
integration (73). However, the extent of macrophage infiltration observed in CNTF-treated
retinae was very similar to that seen in control eyes, suggesting that it was not a major factor
in terms of precursor cell integration.

The most likely cause of reduced cell integration in the CNTF-treated retinae is glial
scarring. In the adult retina, CNTF has been shown to exert its stress-related neuroprotective
effects indirectly via the activation of Müller gial cells (54,69). Others have demonstrated
the upregulation of GFAP, a marker of glial cell activation, in Müller glial cells following
injection of recombinant CNTF, an effect mediated by the JAK/STAT signaling pathway
(54,71). The ability of cytokines to induce GFAP expression varies, and CNTF has been
shown to be the most potent compared with FGF2 and LIF (71). We observed very marked
increases in GFAP expression; little GFAP was observed in control AAV2/2 CBA.RFP-
treated retinae, demonstrating that neither the mechanical trauma of the intravitreal viral
injection nor that of the subretinal cell transplantation were sufficient to elicit significant
sustained glial cell activation in wild-type eyes. Chen and colleagues demonstrated that
transplanted cell integration was significantly higher in mice in which GFAP and vimentin
was knocked out (33). In keeping with this, we have observed an inverse correlation
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between the degree of glial scarring and the number of integrated photoreceptors (A. Barber
and R. Pearson, unpublished observations), indicating that the glial scar presents a restrictive
barrier that inhibits photoreceptor precursor cells from migrating into the ONL.

Here, we show that it is possible to manipulate the recipient retinal environment via rAAV-
mediated gene transfer with respect to developmentally regulated neurotrophic factors.
When combined with cell transplantation, IGF1 led to significantly increased levels of cell
integration, while CNTF resulted in unwanted effects in both host and donor cells. It may be
that different levels, both higher and lower, of these factors may have different effects and it
will be of interest to establish a dose response, particularly for IGF1. Taken together, these
findings demonstrate the importance of the extrinsic environment of the host retina for
successful photoreceptor cell transplantation.

We have previously shown that a number of manipulations can improve the numbers of
transplanted photoreceptor precursors that go on to integrate following transplantation,
including transient disruption of the outer limiting membrane (OLM) (53,74). Here, we
tested the impact of manipulating the levels of IGF1, CNTF, and FGF2 in isolation in
normal wild-type mice to permit assessment of a single variable. It is likely that a
combination of factors will be required to adequately modify the retinal environment to
promote optimal cell integration. These may include manipulation of the OLM, endogenous
growth factor levels, and potentially even changes to the donor cell population itself. It is
also important to consider that the degenerating retinal environment will present a very
different and potentially hostile environment to donor cells compared with that of the wild-
type retina. Thus, it will be important to determine the impact of degeneration upon cell
integration but also whether manipulations of this environment such as those described here
could be used to enhance transplanted photoreceptor precursor cell integration.
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Figure 1.
Localization of neurotrophic factors expressed in the developing and adult retina. Single
confocal images of retinal sections from postnatal day 4 (a, e, j), 6 (b, f, k), 10 (c, g, l), or
adult (d, h, m) neural retina-specific leucine zipper protein-green fluorescent protein
(Nrl.gfp) mice. Sequential staining for insulin-like growth factor (IGF1) (a, b, c, d; red),
fibroblast growth factor 2 (FGF2) (e, f, g, h; red), and ciliary neurotrophic factor (CNTF) (j,
k, l, m; red) to examine the presence and localization of these neurotrophins (i, ii; red; white
arrowheads) at the time of rod photoreceptor (i; Nrl.gfp, green) differentiation and
integration. Nuclei were counterstained with Hoechst 33342 (blue). GCL, ganglion cell
layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bars: 50 μm.
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Figure 2.
In vivo investigation of neurotrophic factor expression by AAV2/2 viral vectors. Montage of
confocal images (a) and a projection confocal image (a,i), from a coronal section of an
adeno-associated virus vector serotype 2 chicken β-actin promoter red fluorescent protein
(AAV2/2 Cba.rfp)-treated wild-type retina. (a) The control AAV2/2 CBA.RFP virus was
intravitreally injected via a needle inserted through the sclera, at the inferior pars plana, and
directed towards the superior retina. This resulted in the targeted transduction of inner
retinal cells of the superior retina (a; red cells), at the site of cell transplantation (a,i,;
Nrl.gfp; green cell mass). (a,i) The highlighted region is magnified to show the cell types
transduced by the intravitreal injection of AAV2/2 viral vectors (inset i; red cells). Ganglion
cells (i; white arrowheads), inner retinal neurons, and occasionally photoreceptors (i; white
arrows) are transduced by the intravitreal administration of AAV2/2 viral vectors. Scale bar:
200 μm, inset 100 μm. (b) Projection confocal images of retinal sections from eyes that had
been transduced with either AAV2/2 CMV.IGF1 (CMV = cytomegalovirus) (b,i) or the
control AAV2/2 CBA.RFP (b,ii) viral vectors, were stained for IGF1. Increased IGF1
protein was only seen in the AAV2/2 CMV.IGF1-treated retina, at the ganglion cell layer
(b,i; pink; white arrowheads). Scale bar: 20 μm. (c) Projection confocal images of retinal
sections from eyes that had been transduced with either AAV2/2 CMV.FGF2 (c,i) or
AAV2/2 CBA.RFP (c,ii) viral vectors were stained for FGF2. Increased FGF2 protein was
observed in the GCL (c,i; pink; white arrowheads) of the AAV2/2 CMV.FGF2-treated retina
only. However, nonspecific staining of the blood vessels (c,i,ii; pink; asterisks) was present
in both. Scale bar: 20 μm. Nuclei were counterstained with Hoechst 33342 (blue). GCL,
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment
epithelium. (d,i) Electroretinograph traces showing a representative scotopic intensity series
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for both AAV2/2-treated eyes. (d,ii) Histogram demonstrating significant differences in b-
wave amplitudes at both 100 and 1,000 mcds/m2 in AAV2/2 CMV.CNTF-treated eyes
(mean amplitudes ± SEM; ***p < 0.001, paired t-test; N = 6).
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Figure 3.
The effects of IGF1 overexpression on transplanted photoreceptor precursors and the
recipient retina. (a) Histogram showing the total cell counts for AAV2/2-treated eyes.
Significant enhancement of cell integration was observed for the AAV2/2 CMV.IGF1-
treated eyes (mean ± SEM; *p < 0.05, paired t-test; N = 7). (b) Projection confocal images
of retinal sections from eyes that have been transduced with either AAV2/2 CBA.RFP (b,i)
or AAV2/2 CMV.IGF1 (b,ii), and received a subretinal cell transplantation. Integrated cells
are present in both retinas (b,i,ii; Nrl.gfp; green). Scale bar: 10 μm. (c) Projection confocal
images of retinal sections from eyes that have been transduced with either AAV2/2
CBA.RFP (c,i) or AAV2/2 CMV.IGF1 (c,ii), and stained for the apoptotic cell marker
caspase 3 (red). Greater numbers of apoptotic cells (red; white arrowheads) were present in
the control treated retina (c,i) compared to the IGF-treated retina (c,ii). Nuclei were
counterstained with Hoechst 33342 (blue). GCL, ganglion cell layer; INL, inner nuclear
layer; ONL, outer nuclear layer. Scale bar: 20 μm. (d) Histogram demonstrating a
significant difference in the average number of caspase 3-positive cells per retinal section in
the AAV2/2-treated eyes (cells/section ± SEM; **p < 0.01, paired t-test; N = 7).
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Figure 4.
The effects of FGF2 overexpression following retinal cell transplantation. (a) Histogram
showing the total cell counts for AAV2/2-treated eyes. No significant difference in cell
integration was observed for the AAV2/2 CMV.FGF2-treated eyes (mean ± SEM; *p >
0.05, paired t-test, N = 4). (b) Projection confocal images of retinal sections from eyes that
have been transduced with either AAV2/2 CBA.RFP (b,i) or AAV2/2 CMV.FGF2 (b,ii), and
received a subretinal cell transplantation. Integrated cells are present in both retinas (b,i, ii;
Nrl.gfp; green). Scale bar: 20 μm. (c) Projection confocal images of retinal sections from a
wild-type eye and transplanted eyes, respectively. No detectable FGF2 was present in the
untreated wild-type retina (c,i; red); asterisks denote nonspecific blood vessel staining.
Increased FGF2 was observed in Müller cell bodies in the inferior and superior hemispheres
of a normal transplanted eye (c,ii, iii; white arrowheads). Integrated cells were present in the
superior retina (c,iii; Nrl.gfp; green), the site of cell transplantation, as well as increased
levels of FGF2 in the ONL (c,iii; red; white arrows). Scale bar: 50 μm. (d) Montage of
single confocal images showing the increased levels of FGF2 (red) at the site of cell
transplantation, the superior hemisphere. Nuclei were counterstained with Hoechst 33342
(blue). GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale
bar: 200 μm.
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Figure 5.
The effects of secreted CNTF on transplanted photoreceptor precursors and the recipient
neural retina. (a) Histogram showing the total cell counts for AAV2/2-treated eyes. A
significant decrease in cell integration was observed for the AAV2/2 CMV.CNTF-treated
eyes, compared to the AAV2/2 CBA.RFP-treated controls (mean ± SEM; ***p < 0.001
paired t-test; N = 9). (b,i, ii) Projection confocal images of transplanted cell masses (Nrl.gfp;
green) in AAV2/2-treated eyes. (c) Histogram demonstrating the percentage of Nrl.gfp-
positive cells (green) in the transplanted cell masses of AAV2/2-treated eyes (mean ± SEM;
p > 0.05, paired t-test; N = 6). (d) Confocal image showing the infiltration of macrophages
(F4/80, red; white arrowhead) in an AAV2/2 CMV.CNTF-treated retina. (e) Projection
confocal images of retinal sections from eyes that have been transduced with AAV2/2
CBA.RFP (e,i) or AAV2/2 CMV.CNTF (e,ii), and received a subretinal cell transplantation
(i′, ii′ show a single confocal image of the highlighted region). Integrated cells are present
in the AAV2/2 CBA.RFP-treated retina only (ei, i′; Nrl.gfp; green). Increased GFAP was
observed in the AAV2/2 CMV.CNTF-treated retina (e,ii, ii′; pink), compared to the control
treated (e,i, i′). Increased staining of the glial processes at the OLM (e,ii′, white
arrowheads) was present in the CNTF-treated and not the control-treated retina. Nuclei were
counterstained with Hoechst 33342 (blue). GCL, ganglion cell layer; INL, inner nuclear
layer; ONL, outer nuclear layer. Scale bars: 50 μm.
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Table 1

In vitro Testing of Neurotrophic Factor Viral Vectors

IGF1 FGF2 CNTF

pg/ml 1.31 ± 0.05 44.5 ± 2.5 101.8 ± 0.5

N 4 4 4

Levels of secreted insulin-like growth factor (IGF1), fibroblast growth factor (FGF2), and ciliary neurotrophic factor (CNTF) protein in the culture
media from adeno-associated virus vector serotype 2 cytomegalovirus.IGF1 (AAV2/2 CMV.IGF1), AAV2/2 CMV.FGF2, and AAV2/2
CMV.CNTF transduced cells, as assessed by sandwich ELISA. Mean ± SEM. N = number of independent wells.
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