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Retinal disease is the major cause of irreversible blindness in developed countries. Transplantation of photore-
ceptor precursor cells (PPCs) derived from human embryonic stem cells (hESCs) is a promising and widely
applicable approach for the treatment of these blinding conditions. Previously, it has been shown that after
transplantation into the degenerating retina, the percentage of PPCs that undergo functional integration is low. The
factors that inhibit PPC engraftment remain largely unknown, in part, because so many adverse factors could be at
play during in vivo experiments. To advance our knowledge in overcoming potential adverse effects and optimize
PPC transplantation, we have developed a novel ex vivo system. Harvested neural retina was placed directly on top
of cultured retinal pigment epithelial (RPE) cells from a number of different sources. To mimic PPC transplan-
tation into the subretinal space, hESC-derived PPCs were inserted between the retinal explant and underlying RPE.
Explants cocultured with hESC-derived RPE maintained normal gross morphology and viability for up to 2 weeks,
whereas the explants cultured on ARPE19 and RPE-J failed by 7 days. Furthermore, the proportion of PPCs
expressing ribbon synapse-specific proteins BASSOON and RIBEYE was significantly higher when cocultured
with hESC-derived RPE (20% and 10%, respectively), than when cocultured with ARPE19 (only 6% and
2%, respectively). In the presence of the synaptogenic factor thrombospondin-1 (TSP-1), the proportion of
BASSOON-positive and RIBEYE-positive PPCs cocultured with hESC-derived RPE increased to *30% and
15%, respectively. These data demonstrate the utility of an ex vivo model system to define factors, such as TSP-1,
which could influence integration efficiency in future in vivo experiments in models of retinal degeneration.

Introduction

Retinal diseases such as age-related macular degen-
eration (AMD), diabetic retinopathy, and (to a lesser

extent) retinitis pigmentosa as a group are major causes of
blindness in the developed world, with over 14 million
people blind or severely visually impaired from AMD
alone.1 Since photoreceptors and retinal pigment epithelium
(RPE) have no regenerative capacity, the tissue damage in
these retinal diseases is irreversible. Although gene therapy
approaches have been initiated for a few specific retinal
diseases,2 for the vast majority this approach would not be
relevant. Cell transplantation to replace lost tissue, however,
offers the most promising approach in reversing blindness
attributable to these conditions.

Significant advances in cell transplantation have been
reported both in vitro and in vivo. Seminal work exposing
human embryonic stem cells (hESCs) to growth factors and
modulators of signaling pathways that mimic normal retinal

development has been extremely successful in directing
hESCs either toward RPE3,4 or neural retinal cell fate.5,6

Using these techniques, it has been shown that most types of
cells found in the neural retina can be generated, including
ganglion cells, amacrine cells, horizontal cells, bipolar cells,
and photoreceptor cells.4–6 Transplanting hESC-derived
cells7 or cells obtained from fetal retinal tissue,8 umbilical
cord tissue,9 human adult stem cells,10,11 or reprogrammed-
induced pluripotent stem cells12 into retinal disease models
has shown significant promise. Results, however, from some
studies suggest that although transplantation promotes
photoreceptor cell survival and migration, the transplanted
cells fail to express retinal-specific markers.13,14 One ex-
planation might be that specific developmental cues are
missing from the host transplant environment; alternatively,
perhaps, only certain types of photoreceptor precursor cells
(PPCs) can fully differentiate in vivo.

Numerous challenges still remain before these early pre-
clinical and clinical proof-of-concept studies can translate
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into larger clinical trials focused on quantifying functional
benefits. One particular aspect that has been recently high-
lighted is the low percentage of PPCs that survive and func-
tionally integrate after injection into the retina, with an
attrition rate reported to be as high as 22–40%.15–19 This may
be due to problems of immune rejection or that we are not
using the optimal type of PPC in transplantation work.16,17

Equally, anatomical factors and the complications and diffi-
culties of retinal surgery could also be contributing to this
high transplantation attrition rate. With so many potential
contributors identifying those at work and their relative im-
portance will be challenging in any in vivo model systems. On
the basis of the above evidence, we have therefore elected to
develop a novel ex vivo model system using the rodent and
human retina to study PPC integration with less confounding
variables at play.

Materials and Methods

RPE cell lines

All tissue culture reagents were from Life Technologies,
unless noted otherwise. The rat RPE cell line RPE-J was a
generous gift from Nabi et al.20 Briefly, cells were grown at a
temperature of 33�C in a medium containing high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 4% fetal bovine serum (FBS), 1% l-glutamine, 1% pen-
icillin/streptomycin solution, and 1% nonessential amino acids
(NEAA). To obtain a differentiated RPE phenotype, 3–
3.5 · 105 cells/cm2 were plated on a growth factor-reduced
Matrigel� (BD Biosciences)-coated 24 mm Transwell poly-
ester filter (Corning) and grown for 6–7 days at 33�C followed
by a 48-h growth at 40�C in growth media supplemented with
10 nM all-trans-retinoic acid (Sigma). The human RPE cell line
ARPE-1921 was maintained in high-glucose DMEM supple-
mented with 10% FBS, 1% l-glutamine, and 1% penicillin/
streptomycin at 37�C. To obtain a differentiated RPE pheno-
type,22 1–1.5 · 105 cell/cm2 were plated on Matrigel-coated
Transwell as above, except that FBS was reduced to 1%. Cells
were allowed to differentiate for 8–10 weeks.

Human RPE derived from hESCs (hESC-RPE) was gener-
ated using published protocols23,24 Briefly, the hESC line
WA09 (WiCell Research Institute)25 was allowed to sponta-
neously mature in standard hESC media (7–10 days). The
medium was then changed to differentiation media, which
consisted of knockout DMEM (koDMEM), 15% knockout
serum replacer (KOSR), 1% l-glutamine, 1% penicillin/
streptomycin solution, 1% NEAA, and 0.1 mM b-mercap-
toethanol (b-ME; Sigma). The medium was changed every 1–2
days and cells were not passaged further. After 6–8 weeks,
clusters of polygonal-shaped cells with brown pigment were
clearly visible. The pigmented colonies were manually scraped
and transferred to the Transwell filter coated with 0.1% gelatin
(Stem Cell Technologies) and expanded in the RPE medium
(koDMEM, 7% KOSR, 5% FBS, 1% l-glutamine, 1% peni-
cillin/streptomycin solution, 1% NEAA, and 0.1 mM b-ME).

Human and animal tissue

Human tissue was obtained with written informed consent
and complied with the Declaration of Helsinki. Human
donor eyes had no known ocular pathology and were used
under the guidelines and regulation of the Research Ethics

Board at the University of British Columbia. Donors were
54, 59, and 72 years of age (n = 3). The average time from
death to enucleation was 4, 2.5, and 4 h, respectively. The
time from death to retinal harvest was *11 h in each case.
Rodent retinal tissue from the S334ter model of retinal de-
generation26 was carried out with the approval of the Ani-
mal Care Committee at the University of British Columbia
and in accordance with the Association for Research in
Vision and Ophthalmology Statement for the Use of Ani-
mals in Ophthalmic and Vision Research.

Retinal explants harvesting and coculture with RPE

Human and rodent ocular tissue was processed in ice-cold
phosphate-buffered saline (PBS) supplemented with 1%
antibiotic–antimycotic solution (Life Technologies). The
cornea, lens, and vitreous were excised and the neurosen-
sory retina (minus the RPE) was teased off the globe after it
was detached from the optic nerve. Each retina was cut into
four equal parts and was transferred to the back of a wet
12-mm polytetrafluoroethylene (PTFE) Millicell tissue cul-
ture insert (Millipore) with the photoreceptor side up using a
pipette tip. The dissection medium was aspirated forcing the
explants to flatten and limit their movement. RPE cells growing
in a Transwell tissue culture insert were washed twice with the
Neurobasal-A medium and transferred to a new six-well plate
(Nunc) containing 1.35 mL/well of explant medium (Neuro-
basal-A medium, 2% B-27 supplement, 1% N-2 supplement,
0.4% l-glutamine, and 1% penicillin–streptomycin).27 All
Neurobasal-A media were aspirated from the Transwell before
the Millicell insert was carefully turned upside down and po-
sitioned on top of the RPE cells so that the photoreceptor side of
the retina was touching the RPE. Dropwise addition of 150mL
explant medium was distributed on exposed cells. Half of the
explant medium was changed the next day and every other day
afterward for the duration of the experiment (up to 2 weeks).

Coculture of PPCs with retinal explant and RPE

PPCs were labeled with 20 mM CellTrace� Far Red
DDAO-SE (Life Technologies) according to the manufac-
turer’s protocol. PPCs were then harvested with Accutase
(Stem Cell Technologies), incubated with trypan blue (Stem
Cell Technologies) to count live cells, and then suspended to
2.5–3 · 105 live cells in 10 mL explant medium per explant.
In experiments that included thrombospondin-1 (TSP-1;
Sigma), cells were prepared in the explant medium that
contained 5 mg/mL TSP-1.28 For each explant, labeled PPCs
were placed on top of the RPE cells before the Millicell
insert was positioned on top.

Preparation of cocultures for cryosectioning

Tissues were washed twice with ice-cold PBS and then
fixed with cold 4% paraformaldehyde for 4 h at 4�C. This was
removed by two, 5-min PBS washes before infiltration with
30% sucrose for 18–24 h at 4�C. Sucrose was replaced with
cryoprotectant (Polyfreeze; PolySciences, Inc.) and incu-
bated at - 80�C for 18–24 h. On a layer of dry ice, tissue was
excised directly into a 15 · 15-mm cryo mold (Tissue-Tek)
containing liquid Polyfreeze using a disposable scalpel.
The mold was immediately refrozen at - 80�C for at least
several hours. Cryostat sections of 14–16mm thickness were
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transferred to Superfrost Plus microscope slides (Fisher Sci-
entific). The slides were processed immediately for immuno-
histochemistry or stored at - 80�C for future use.

Immunohistochemistry and detection of apoptosis

Slides were washed in PBS thrice to remove Polyfreeze.
The following antibodies were used: the rabbit monoclonal
anti-BASSOON antibody (1:200; Cell Signaling Technol-
ogy); mouse monoclonal anti-RIBEYE antibody (1:250; BD
Transduction Laboratories); mouse monoclonal anti-rhodopsin
antibody (1:500; Abcam); and the goat anti-rabbit Alexa 488
and goat anti-mouse Alexa 488 secondary antibodies (1:500;
Life Technologies). Briefly, slides were incubated for 1 h in
the blocking solution (BASSOON: 5% normal goat serum,
0.3% Triton-X-100 in PBS; RIBEYE: 2% normal goat serum,
1% bovine serum albumin (BSA), 0.1% Triton-X-100 in PBS;
rhodopsin, 2% normal goat serum, 0.2% Triton-X-100 in
PBS) followed by overnight incubation at 4�C with a primary
antibody in an antibody dilution buffer (1% BSA, 0.3% Triton
X-100 in PBS for BASSOON, and blocking solution for RI-
BEYE and rhodopsin). After rinsing 3 · 5 min with PBS,
sections were incubated with the appropriate fluorescently
conjugated secondary antibody in an antibody dilution buffer
for 2 h at room temperature, rinsed, and counterstained for
5 min with 10mg/mL Hoechst 33342 (Sigma). All slides were
rinsed twice with PBS and mounted in Fluoromount-G
(SouthernBiotech). Confocal images were acquired using a
Zeiss LSM 510 META confocal laser scanning system. To
detect levels of apoptotic cell death, the ApopTag� Peroxidase
In Situ Apoptosis Detection Kit (Millipore) was used ac-
cording to the manufacturer’s instructions.

Fluorescence-activated cell sorting

To separate the coculture components, the exposed sur-
face between the inserts was washed once with PBS, which
was then replaced with 0.5 mL of 0.05% trypsin-EDTA

(Life Technologies). The coculture was incubated at 37�C
for 7 min. To wash residual cells from the Millicell filter and
to assist with tissue dissociation, the insert was removed, the
trypsin fluid passed two to three times over the bottom of the
filter, and then pipetted up and down. This was followed by
inactivation of the trypsin by the addition of 25 mL of FBS.
The cell suspension was centrifuged at 300 · g for 7 min and
the pellet resuspended in 0.5 mL FACSmax cell dissociation
solution (AMS Biotechnology). The centrifugation and re-
suspension were repeated once more and the suspension was
filtered through a 40-mm cell strainer (Fisher Scientific).
Fluorescently labeled PPCs were captured with a flow cyt-
ometer (BD Biosciences Influx Sorter; BD Biosciences) into
a cold RLT disruption buffer (Qiagen) for RNA extraction.

Reverse transcription quantitative polymerase
chain reaction

Total RNA from fluorescence-activated cell sorting
(FACS)-isolated cells was extracted using the RNeasy Mi-
cro Kit (Qiagen) according to the manufacturer’s instruc-
tions. Starting with 1 mg of total RNA, reverse transcription
was achieved with the iScript� cDNA Synthesis Kit (Bio-
Rad). RT-qPCR used TaqMan� primer/probe sets for
BASSOON (target gene) and GAPDH (reference gene) with
the TaqMan Fast Advanced Master Mix (Applied Biosys-
tems). To determine the fold change in BASSOON expres-
sion, compared with PPCs before coculture, we used the
TaqMan primer/probe system and the ViiA� 7 Real Time
PCR system (Applied Biosystems) as described.25 Data
were analyzed by the comparative CT method.29

Statistical analysis

Cells expressing BASSOON or RIBEYE were counted
from three independent experiments and the percentages of
positive cells were compared between groups using a paired
Student’s t-test.

FIG. 1. Representation of the ex
vivo coculture system (not to scale).
Top: retinal pigment epithelium (RPE)
is grown on the Transwell insert
(polyester membrane) and above it is a
Millicell insert (PFTE membrane) that
has neural retina attached to it, with
the photoreceptor surface facing the
apical surface of the RPE. For testing
integration of photoreceptor precursor
cells (PPCs), they were pipetted onto
the RPE surface before the retinal
explant was added into the culture.
Bottom: representative low-magnifi-
cation image of PPCs (red) between a
retinal explant and hESC-RPE. Color
images available online at www
.liebertpub.com/tea
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Results

Development of the neural retina-RPE ex vivo
coculture system

The ex vivo explant system was based initially using previ-
ously established media conditions.27 Early experiments, how-
ever, established that culture at 37�C was optimal to culture at
34�C as previously reported.27 In addition, in our hands, previ-
ous culture protocols proved inadequate because of neurosen-
sory retinal explant movement relative to the culture plate,
especially at times of media replenishment. This would prove
inadequate when studying PPC integration into the neurosensory
retina since it would damage functional connections that form

between PPCs and neurosensory retina. We therefore adapted
the technique using an alternative tissue culture apparatus,30

where we found that polyester and PTFE membranes were
preferable to mixed cellulose ester membranes in the culture
apparatus (Fig. 1). We found that when the cellulose ester
membranes were wet, they were too opaque to clearly visualize
the RPE cells when viewing through an inverted microscope.
Therefore, we used polyester membranes in the Transwell insert
supporting the RPE monolayer. Furthermore, the neural retina
adhered to the PFTE membranes more securely than with mixed
cellulose ester membranes, especially when the Millicell insert
was inverted. With this combination of membranes and inserts,
reproducible cultures were obtained.

FIG. 2. Survival of explanted hu-
man and rat neural retina. Sections
through neural retina cocultured with
different sources of RPE (no RPE,
RPE-J, ARPE19, or human ESC-RPE)
at 1 week (A; n = 2) and 2 weeks (B;
n = 2). Blue fluorescent signal high-
lights the different nuclear layers of
the retina in comparison to a fresh
tissue section (reference); GCL, gan-
glion cell layer; INL, inner nuclear
layer; ONL, photoreceptor outer nu-
clear layer. Scale bar = 40mm. The
grayscale sections below each immu-
nofluorescent image are high-resolu-
tion TUNEL images of the ONL of the
coculture above it. Scale bar = 50 mm.
All cocultures are with rat neural tis-
sue except for the panels labeled as
human sections. Color images avail-
able online at www.liebertpub.com/tea
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Whole-tissue survival of explanted, S334ter rat or normal
human neurosensory retina in the ex vivo explant system
was assessed by comparing the gross architecture of ex-
planted tissue with fresh tissue. Significant improvement in
tissue survival was obtained if the mutant rat neurosensory
retina was cocultured with a monolayer of cells acting as a
substitute RPE (Fig. 2). Without this monolayer, the neu-
rosensory retina deteriorated within just 3–4 days with sig-
nificant disorganization of retinal architecture by 7 days
(Fig. 2A). Although some preservation of the retinal struc-
ture was seen with RPE substitutes RPE-J and ARPE19
(Fig. 2A), it was only with pigment epithelial cells derived
from hESCs that preservation of tissue was seen at 7 days
(Fig. 2A). Interestingly, the best preservation of retinal ar-
chitecture (with clear preservation of all three nuclear lay-
ers) appeared to be when human rather than rodent retinal
explants were cocultured with the hESC-RPE. To determine

the relative extent of cell death in the explants, we used
TUNEL staining on histological sections through the retina.
In explants with no RPE, or coculturing with either RPE-J or
ARPE19 cells, almost all imaged cell nuclei were TUNEL
positive. However, in comparison, we saw very few retinal
TUNEL-positive cells when the hESC-RPE was cocultured
with neural retina from either rat or human (Fig. 2A), mir-
roring the better preservation of retinal lamination previously
observed. Since the best retinal explant survival at 7 days was
correlated with the use of hESC-RPE, we further extended
the coculture period to 2 weeks using this type of RPE sup-
port (Fig. 2B). Again, we found that all three layers of the
retinal architecture were still preserved in both human and rat
explants and that there were very few TUNEL-positive
photoreceptor nuclei present. These results suggest that hu-
man and rodent neurosensory retinal survival ex vivo is en-
hanced through coculture with hESC-RPE.

FIG. 3. Confocal images of PPCs
showing rhodopsin expression
(green fluorescence). PPCs co-
cultured with rodent neurosensory
retina (A–F) or human retina (i–vi)
for 1 week and identified by red
CellTrace dye (nuclei detected with
Hoechst 33342). To confirm that
rhodopsin expression was within
and not on-top of or behind PPCs,
confocal images were processed so
as to show individual groups of
PPCs rotated through 360� (images
A–F and i–vi). The arrow points to
a specific rhodopsin signal. Scale
bar = 7 mm. Color images available
online at www.liebertpub.com/tea
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Coculturing the ex vivo system with PPCs

We previously developed a protocol for rapidly differenti-
ating PPCs from hESCs.25 To investigate the maturation of
these PPCs, they were prelabeled with a fluorescent tag and
then placed between the hESC-RPE and neural retina of the
coculture system, mimicking subretinal injection of PPCs in
the in vivo environment. At the end of the culture period, we
sectioned the cocultures and subjected sections to immunohis-
tochemical analysis or collected and assessed the PPCs using
FACS analysis. As seen in previous studies, the PPCs did not
show structural signs of maturation (e.g., the formation of outer

segments or a cilium). Immunocytochemistry, however,
showed that the rhodopsin photopigment was detectable within
some PPCs by 1 week (Fig. 3), whereas there was negligible
rhodopsin expression in PPCs cultured in standard differenti-
ation media.25 This suggested that there was an accelerated
maturation of PPCs within the coculture system.

Testing PPC integration into the neural retina using
the ex vivo model system

It has been suggested that functional integration of stem
cell-derived photoreceptor precursors is mostly achieved
within 7 days of transplantation.31 We therefore used an
endpoint of 7 days to study functional integration of PPCs in
our coculture system (neurosensory retina on top of hESC-
derived pigment epithelial cells). We chose as our functional
endpoint and sign of PPC-retinal integration the expression
of proteins important in the development of ribbon synapses.
This is known to be an early event in the formation of func-
tional synapses between developing photoreceptors and sec-
ond-order neurons in the neurosensory retina.32 The two key
proteins in photoreceptor ribbon synapse formation are
BASSOON and RIBEYE.33 Immunohistochemical localiza-
tion of BASSOON and RIBEYE proteins demonstrated
noteworthy expression in transplanted PPCs after just 4 days
(Fig. 4). This expression was quantified at day 7 when either
the rat or human neurosensory retina was used in the coculture
system (Table 1). Only 2% of PPCs were found to be BAS-
SOON positive in PPCs kept in standard differentiation media.

When PPCs were cocultured with neurosensory retina and
ARPE19 cells, there was a negligible increase (to 6% of
PPCs). A much more noticeable 10-fold increase in BAS-
SOON-positive PPCs (*20% of PPCs) was, however, seen
in cocultures of neurosensory retina and hESC-RPE. This
enhanced BASSOON expression was confirmed with qRT-
PCR where there was only a 2.4 – 0.16-fold increase in
BASSOON expression when PPCs were exposed to an ex-
tended (7 day) period in differentiation media, but a
4.9 – 0.39-fold increase was seen when PPCs were cocultured
with rodent neurosensory retina and hESC-RPE. Similar re-
sults were obtained when assessing RIBEYE expression. We
found no evidence of RIBEYE expression in PPCs exposed to
an extended period in differentiation media. In coculture with
neurosensory retina and hESC-RPE, however, *10–13% of
PPCs were RIBEYE positive. Interestingly, when PPC co-
culture with neurosensory retina and hESC-RPE was extended
from 4 to 7 days, the distribution of RIBEYE remained un-
changed (random spots within cells). The expression of
BASSOON, however, seemed to change from a random dis-
tribution to more focal ring-like formations (Fig. 5).

To determine whether trophic factors could augment the ex-
pression of ribbon synapse proteins, TSP-1 was added to culture
media. This is a secreted glycoprotein in the extracellular matrix
that mediates synapse formation in the developing central ner-
vous system.28 In the presence of TSP-1, the number of PPCs
expressing BASSOON and RIBEYE proteins was increased
(Table 1 and Fig. 5); however, this effect was most significant
for BASSOON-positive cells (30–36% positive cells; p < 0.05).

Discussion

Successful photoreceptor cell replacement therapy is de-
pendent on numerous factors, including limiting damage

FIG. 4. PPCs showing BASSOON and RIBEYE expres-
sion after 4 days of coculture. In rodent and human retinal
explant coculture, confocal images of PPCs labeled with
CellTrace� Far Red, and BASSOON (BAS) and RIBEYE
(RIB) localization are shown in green (arrows). When PPCs
are incubated in standard tissue culture conditions, they do
not express either BASSOON or RIBEYE. To stimulate
synapse formation, cocultures were treated with thrombos-
pondin-1 (TSP-1). Scale bar = 10 mm. Color images avail-
able online at www.liebertpub.com/tea
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caused by the transplantation surgery, effective migration,
and integration of the donor cells into the host retinal tissue,
differentiation and maturation of the transplanted cells into
the appropriate cell type, synapse connection with second-
order neurons, restoration of visual function, and long-term
survival of the replacement cells. Although the common
denominator in different retinal degenerations is photore-
ceptor cell death, other changes in the degenerative retinal
environment will additionally contribute to the success or
failure of the cell replacement therapy.34 Isolating each of
these problems for further study is difficult in the context
of an in vivo model.

A significant challenge that still remains is the need to
increase the number of PPCs that undergo functional inte-
gration into the degenerate retina. Therefore, we set out to
develop an ex vivo culture system that could be used to test a
variety of factors that might improve the functional inte-
gration of transplanted PPCs, by reducing the number of
external confounding factors (e.g., immune rejection, sur-
gical damage to the host environment, and damage to cells
through injection process). We have designed a robust
system that gave reproducible cultures. Our results suggest
that using this novel coculture system, mutant rodent and
particularly human neurosensory retina can maintain its
gross laminar architecture and show minimal signs of cell
death for at least 14 days.

This appeared to be comparable with previously reported
studies,27 but with the added advantage that fixed immobile
explants could be maintained to better study functional in-
tegration.

The key elements found that led to success in neurosen-
sory explant survival included culture conditions at 37�C
(rather than 34�C, Johnson et al.27), using different tissue
culture insert membranes and most importantly, coculture
with the pigmented epithelium. The best results were ob-
tained with hESC-RPE. That these cells might be the most
competent functionally is not entirely unexpected since
others have already commented on the limitations of RPE-J
and ARPE19 cell lines as true surrogates for RPE. For ex-
ample, the RPE-J line does not express CRALBP suggesting
there would be defective visual cycle processing between
the photoreceptors and RPE.35 The ARPE-19 line has
compromised barrier and polarization defects21 and does not
express bestrophin, Rpe65, and transducin, all key RPE-
specific functional proteins.23 Our results suggest that RPE-J
and ARPE-19 cell lines likely fail to secrete the necessary

FIG. 5. PPCs cocultured with human retina for 1 week,
confocal images comparing BASSOON (BAS) and RI-
BEYE (RIB) at 4 days (A, B) with cells after coculture for 1
week (C, D) and also after 1 week with added thrombos-
pondin (E, F). Changes in the expression pattern of BAS-
SOON at 4 days (random) and 1 week (sphere-like) suggest
intracellular trafficking of ribbon synapse proteins. Arrows
indicate the localization of BASSOON and RIBEYE. Scale
bar = 5mm. Color images available online at www.liebertpub
.com/tea

Table 1. Quantitative Immunohistochemical Expression of Ribbon Synapse Proteins BASSOON

and RIBEYE in Human Photoreceptor Precursor Cells (n = 3)

BASSOON RIBEYE

Conditions TSP-1–ve (%) TSP-1 + ve (%) TSP-1–ve (%) TSP-1 + ve (%)

A—Media only 2 — 0 —
B—Rodent retina ARPE19 6 — 2 —
C—Rodent retina, Hrpe 20 28 10 15
D—Human retina, hRPE 21 36 13 18

Percentage of cells expressing protein after 1-week exposure to A—culture media only; B—rodent retina and ARPE19 cells; C—
rodent retina and human-RPE; D—human retina and human-RPE. Results were compared with and without exposure to
thrombospondin-1. Results suggest that most BASSOON/RIBEYE was expressed after PPC exposure to human retinal explant,
human RPE, and TSP-1.

PPC, photoreceptor precursor cells; RPE, retinal pigment epithelial; TSP-1, thrombospondin-1.
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cues or provide the necessary architectural support required
for photoreceptor survival and in that sense could therefore be
considered as compromised pigment epithelium similar to the
pigment epithelium deficits seen as either primary or sec-
ondary phenomena in many retinal dystrophies.36,37

This finding that viable pigment epithelium enhances
effective integration of PPCs into neurosensory retina could
have implications for future in vivo studies. Our results
suggest that the compromised RPE in retinal dystrophy
patients may, in part, explain the limited PPC integration
seen in some in vivo studies.15 It could therefore be con-
cluded that in future studies, pigment epithelial integrity
should also be addressed concurrently during photoreceptor
cell replacement.

The development of ribbon synapse is the first event in
the formation of synaptic connections in the retina.32 In the
rodent, this is initiated at about P6 and is completed when
the eyes open at P14.38 The assembly of photoreceptor
ribbon synapses involves the formation and trafficking of
sphere-like protein aggregates of the ribbon matrix proteins
BASSOON, RIBEYE, Piccolo, and RIM1.38 In animal
models lacking RIBEYE, the ribbon synapse fails to develop
properly and the optokinetic response driven from photo-
receptor connectivity to second-order neurons is lost,39

highlighting the critical role of ribbon synapse formation in
visual function. We used BASSOON and RIBEYE as
markers in further assessing functional integration of PPCs
into neurosensory retina. The spherical collections of
BASSOON within maturing PPCs seen in our study may
reflect the intracellular trafficking of ribbon synapse pro-
teins, which further suggests that PPCs are attempting to
form functional ribbon synapses. We also further saw that
this could be enhanced by thrombospondin suggesting that
this extracellular signaling molecule may have a role in
future in vivo studies.

Previous studies have suggested that lengthy incubation
in culture media is required before signs of significant PPC
maturation, such as rhodopsin photopigment expression, are
seen.40 It was therefore interesting to see in our system that
significant rhodopsin expression could be detected in PPCs
with exposure to ex vivo neurosensory retina and a sup-
porting pigment epithelium layer. This suggests that sup-
plementary cues for PPC maturation are being provided
either by the explanted neurosensory retina and/or the
hESC-derived pigment epithelium. It is currently not known
which stage of PPC development is the best to use in
transplantation work. This accelerated maturation phenom-
ena might therefore be taken advantage of in future work to
manufacture PPCs for transplantation at a more advanced
stage of development.

In conclusion, our novel ex vivo system cannot be used to
assess the roles of all confounding variables in PPC trans-
plantation. For example, it cannot fully assess the role of
immune rejection. It does, however, give us an opportunity to
isolate other adverse conditions (such as the influence of host
tissue on PPC maturation) giving results that can provide a
more rational approach to innovation in future in vivo work.
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