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The mammalian central nervous system (CNS) is notable in
terms of complexity and sophistication, but also for a very
limited regenerative ability in the face of injury and disease.
While it is not uncommon to find remarkable regenerative
capabilities in the CNS tissues of fish and amphibian species,
similar findings are much more limited in reptiles and quite
difficult to replicate in mammals. One method used to cir-
cumvent this inherent limitation has been the use of fetal
tissue transplantation which has resulted in evidence of graft
survival, integration and functional repair in a number of rat
[1, 2] and also mouse models. Nevertheless, the use of fetal
tissue grafts is generally impractical as a source of donor ma-
terial and of relatively limited utility in the adult human eye
[3]. Stem cell transplantation has more recently emerged as a
potential treatment modality that offers even greater poten-
tial for tissue integration, while also being more scalable for
widespread therapeutic use.

Much progress has been made in the development of
stem cell transplantation in rodent models of retinal disease
[4–6]; however, limitations to rodent-based research include
nonhuman features such as small eyes, rod-dominated vi-
sion, the absence of a macula or visual streak, and short life
span. As stem cell research moves toward clinical application
in ophthalmology, the value of modeling and refining tran-
splantation procedures in larger mammals becomes increas-
ingly evident.

This special issue includes 10 papers that focus on stem
and progenitor cells from the central nervous system (both
brain and retina) of nonrodent mammals, or cells modified

to resemble such cells (e.g., iPS cells), together with the devel-
opment of useful allogeneic donors and recipients. Although
any species is of potential interest, here there is a particular
emphasis on pig and cat following on from previous work
conducted in these species.

The reports included in this special issue represent an in-
teresting range of animals, including a nonhuman primate,
as well as experimental approaches, including genetic modif-
ication and tissue engineering. Collectively, they serve to ex-
tend both the scope and horizon of stem cell research in non-
rodent mammalian species. Despite the challenges of such
work, it can be hoped that further efforts will be made to har-
ness the potential of this area for translation of basic research
findings into the clinical domain, not only as preclinical
models for human treatment, but also as bone fide veterinary
applications.

Henry Klassen
Budd A. Tucker

Chee G. Liew
Morten La Cour

Heuy-Ching Wang
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Neural progenitor cells (NPCs) of feline origin (cNPCs) have demonstrated utility in transplantation experiments, yet are difficult
to grow in culture beyond the 1 month time frame. Here we use an enriched, serum-free base medium (Ultraculture) and report the
successful long-term propagation of these cells. Primary cultures were derived from fetal brain tissue and passaged in DMEM/F12-
based or Ultraculture-based proliferation media, both in the presence of EGF + bFGF. Cells in standard DMEM/F12-based medium
ceased to proliferate by 1-month, whereas the cells in the Ultraculture-based medium continued to grow for at least 5 months (end
of study) with no evidence of senescence. The Ultraculture-based cultures expressed lower levels of progenitor and lineage-associat-
ed markers under proliferation conditions but retained multipotency as evidenced by the ability to differentiate into neurons and
glia following growth factor removal in the presence of FBS. Importantly, later passage cNPCs did not develop chromosomal aber-
rations.

1. Introduction

The mammalian central nervous system (CNS) has a restrict-
ed capacity for self-repair and regeneration and, as a con-
sequence, the extent of clinical recovery from CNS injury or
disease is generally limited. Because of this unmet clinical
need, much work has been devoted to exploring potential
ways of enhancing clinical outcomes in the setting of debil-
itating neurological conditions. One particularly interesting
approach is the transplantation of allogeneic neural progeni-
tor cells (NPCs). These multipotent cells are derived from the
developing nervous system and, under defined serum-free
conditions, are capable of at least limited expansion in cul-
ture, followed by differentiation into mature neurons and
glia, either following cessation of mitogenic stimulation in
vitro or transplantation to the diseased CNS [1, 2].

There are a number of characteristics of NPCs that re-
commend them for application to neural repair strategies.
From a practical standpoint, the proliferative capability of
the cells mentioned above allows for the generation of cell

banks [3], thereby decreasing the need for continued deriva-
tion from donor tissue. From a biological standpoint, the
ability of NPCs to exhibit directed migration to areas of dis-
ease and integrate into the local cytoarchitecture represents a
major breakthrough compared to previous work, for exam-
ple, with fetal tissue transplantation [4, 5]. From a clinical
standpoint, the immune tolerance-afforded allogeneic NPCs
in animal studies [6–8] would appear to obviate the need
for mandatory immune suppression in many cases, hopefully
including allografts in humans. If this is the case, it would
substantially decrease the therapeutic risk to patients. In
addition, it would appear that progenitor cells of this type
convey a substantially decreased risk of tumor formation,
particularly when compared to analogous cells derived from
pluripotent cell types [9].

In addition to their potential role in cell replacement,
NPCs also represent an attractive method for gene delivery,
particularly with respect to neuroprotective cytokines. These
molecules are gene products that are rapidly degraded in vivo
by endogenous proteases and notably include trophic factors
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such as glial cell line-derived neurotrophic factor (GDNF). It
has been demonstrated that NPCs can be genetically modi-
fied to express these types of factors ex vivo, expanded in
number, and subsequently transplanted for study [10, 11].
Given that these cells are typically well tolerated immunolog-
ically, genetically modified NPCs could provide a method of
sustained drug delivery to local sites within the brain, retina,
and spinal cord. This option is of interest in species, where
NPCs can be successfully isolated, and where models of CNS
disease are available.

Progenitor or precursor cells have now been isolated and
grown from viable brain tissue in a broad range of mam-
malian species, including mouse, rat, cat, pig, sheep, dog,
monkey, and human [12]. The cat represents a model of
interest for neural repair strategies because of the potential
for detailed electrophysiological and behavioral studies. In
previous work, we and another group have reported the iso-
lation of feline neural progenitor-like cells, combined with
successful transplantation to the dystrophic retina [13] and
the normal brain [14] of allorecipients. Nevertheless, it has
proven difficult to grow these cells for extended periods in
culture using conventional protocols. This lack of in vitro
expansion hampers further research by restricting the num-
ber of studies that can be performed from a given isolation.
Here, we identify a modified culture method that allows for
sustained, abundant growth of feline neural progenitor cells
sufficient for banking. We provide additional characteriza-
tion of these cells, including examination of karyotype and
analysis of gene expression at multiple time points in culture.

2. Materials and Methods

2.1. Isolation and Culture of NPCs from the Cat (cNPCs). The
isolation of cNPCs followed a protocol similar to that des-
cribed previously [13], but in this case the donor was a 47-
day timed-pregnant domestic cat (E47). Fetuses were remov-
ed under terminal anesthesia at an academic veterinary faci-
lity and shipped on ice to the site of cell isolation and cul-
ture. Upon arrival, brains were removed by dissection and
the forebrain separated from the cerebellum and brainstem.
Forebrain tissue was relocated to a petridish containing cold
DMEM (Invitrogen, Carlsbad, CA, USA). The tissue was
minced using 2 scalpels and then enzymatically digested us-
ing 0.05% TrypLE Express (Invitrogen). The resulting cell
suspension was washed repeatedly and dissociated by repeat-
ed, gentle aspiration using a flame-polished glass pipette. The
resulting cells were then divided and seeded into 1 of 2
different complete culture media, namely, standard medium
(SM) or Ultraculture-based medium (UM). SM consisted of
Advanced DMEM/F12 (Invitrogen), 1% by volume N2
neural supplement (Invitrogen), 1% GlutaMax (Invitrogen),
50 U/mL penicillin-streptomycin (Invitrogen), 20 ng/mL
epidermal growth factor (recombinant human EGF, Invit-
rogen) and 20 ng/mL basic fibroblast growth factor (recom-
binant human bFGF; Invitrogen). To promote adherence,
5% FBS (Sigma) was also included at the time of initial
plating. The following day all medium in cultures was com-
pletely replaced with serum-free SM. The remaining half of

the primary cells were seeded in an alternate proliferation
medium, henceforth designated UltraCulture-based med-
ium (UM), containing Ultraculture (Lonza), 1% Gluta-
Max, 50 U/mL penicillin-streptomycin, 20 ng/mL epidermal
growth factor, and 20 ng/mL basic fibroblast growth factor.
The plating density was 0.5 × 106 cells/mL for both condi-
tions. Subsequently, cells were fed by medium exchange every
2 to 3 days and passaged at confluence using TrypLE Ex-
press and gentle trituration through a flame-polished glass
pipette. At each passage, cell number was counted using a
hemocytometer.

2.2. Cytogenetic Analysis (Chromosome Counting and Kary-
otyping). Confluent cNPCs generated in UM were harvested
at culture passages 8 and 14 and prepared for analysis, as
follows. Cells were plated onto a T-25 flask, and the media
were changed 24 hours before harvesting the culture to
stimulate cell division and maximize the mitotic index. The
cells were then mitotically arrested with colcemid (KaryoMax
Colcemid solution, Invitrogen) at a final working concen-
tration of 0.12 μg/mL at 37◦C for 20 minutes. Isolated cNPCs
were harvested for hypotonic treatment in 0.075 M KCl solu-
tion at room temperature for 25 minutes. The cells were pel-
leted by centrifugation at 1000 rpm for 8 minutes and fixed
in ice-cold fixative (3 : 1 methanol: glacial acetic acid) for
10 min. After a second wash in fixative, the cells were resus-
pended in 2 mL fixative. Slides were prepared by dropping
the cell suspension onto dry microscope slides prewashed
with fixative. G-banded karyotyping was performed by Cell
Line Genetics LLC (Madison, WI, USA).

2.3. RNA Isolation and cDNA Synthesis. Total RNA was ex-
tracted from passage 8 cNPCs using the RNeasy Mini Kit
(Qiagen, Valencia, CA, USA) according to the manufacturer’s
protocol. DNase I was used to digest and eliminate any con-
taminating genomic DNA. Two micrograms of total RNA in a
20 μL reaction were reverse-transcribed using an Omniscript
cDNA Synthesis Kit (Qiagen, Valencia, CA, USA).

2.4. Quantitative PCR (qPCR). qPCR was performed on an
Applied Biosystems 7500 Fast Real-Time PCR Detection Sys-
tem (Applied Biosystems, Foster, CA, USA) following pro-
tocols previously described [15]. Briefly, 20 μL total reaction
was made up of 10 μL 2x Power SYBR Green PCR Master Mix
(Applied Biosystems, Foster, CA, USA), 100 ng cDNA, and
gene specific primers (Table 1) at a concentration of 300 μM.
Samples were initially denatured at 95◦C for 10 min, followed
by 40 cycles of PCR amplification (15 seconds at 95◦C and
1 minute at 60◦C). To normalize template input, β-actin
(endogenous control) transcript level was measured for each
sample. Melting curves were determined to confirm amplifi-
cation of the expected fragment. Fold change and heat map
were generated using JMP 4.1 and DataAssist 2.0 software.

2.5. Induction of cNPC Differentiation. The cNPCs were cul-
tured in UM or UM-FBS that contained 10%FBS but no
added growth factors with the same cell density, 0.3 ×
106 cells/mL. Culture media was exchanged every 2 days.
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Table 1: Cat-specific primers for real-time PCR.

Genes Description Forward (5′–3′) Reverse (5′–3′)
Annealing

temperature
(◦C)

Product size
(base pairs)

Nestin
Intermediate
filament, Progenitor

CTGGAGCAGGAGAAGGAGAG GAAGCTGAGGGAAGCCTTG 60 180

Sox-2
Transcription factor,
progenitor

ACCAGCTCGCAGACCTACAT TGGAGTGGGAGGAAGAGGTA 60 154

Vimentin
Intermediate
filament, progenitor

ATCCAGGAGCTACAGGCTCA GGACCTGTCTCCGGTACTCA 60 247

Pax 6
Transcription factor,
progenitor

AGGAGGGGGAGAGAATACCA CTTTCTCGGGCAAACACATC 60 183

Notch1
Surface receptor,
progenitor

CAGTGTCTGCAGGGCTACAC CTCGCACAGAAACTCGTTGA 60 231

CD133 Progenitor AGGAAGTGCTTTGCGGTCT TGCCAGTTTCCGAGTCTTTT 60 120

Cyclin D2 Cell cycle protein CAAGATCACCAACACGGATG ATATCCCGCACGTCTGTAGG 60 162

Ki-67
Cell cycle protein,
proliferation

TCGTCTGAAGCCGGAGTTAT TCTTCTTTTCCCGATGGTTG 60 150

CD81 Tetraspaniin CCACAGACCACCAACCTTCT CAGGCACTGGGACTCCTG 60 156

EGFR
EGF receptor,
surface marker

AACTGTGAGGTGGTCCTTGG CGCAGTCCGGTTTTATTTGT 60 231

FABP7
fatty acid binding
protein

TGGAGGCTTTCTGTGCTACC TGCTTTGTGTCCTGATCACC 60 165

β3-tubulin
Microtubule protein,
neural precursor

CATTCTCGTGGACCTTGAGC GCAGTCGCAATTCTCACATT 60 199

Map2
Microtubule-
associated,
neuron

ACCTAAGCCATGTGACATCCA CTCCAGGTACATGGTGAGCA 60 152

GFAP
Intermediate
filament, glia

CGGTTTTTGAGGAAGATCCA TTGGACCGATACCACTCCTC 60 188

AQP4
water channel
protein

TACACTGGTGCCAGCATGA CACCAGCGAGGACAGCTC 60 118

SDF 1
stromal-cell-derived
factor-1

ACAGATGTCCTTGCCGATTC CCACTTCAATTTCGGGTCAA 60 152

CXCR4 fusin TCTGTGGCAGACCTCCTCTT TTTCAGCCAACAGCTTCCTT 60 220

Dcx
Doublecortin,
neuroblast marker

GGCTGACCTGACTCGATCTC GCTTTCATATTGGCGGATGT 60 222

Lhx2
Homeobox
transcription factor

GATCTGGCGGCCTACAAC AGGACCCGTTTGGTGAGG 60 224

NCAM
(CD56)

Adhesion molecule,
surface marker

AGAACAAGGCTGGAGAGCAG TTTCGGGTAGAAGTCCTCCA 60 172

NogoA
Reticulon 4, surface
protein

TTTGCAGTGTTGATGTGGGTA TAACAGGAACGCTGAAGAGTGA 60 100

nucleostemin Nucleolar protein CAGTGGTGTTCAGAGCCTCA CCGAATGGCTTTGCTGTAA 60 165

Pbx 1 Transcription factor CTCCGATTACAGAGCCAAGC GCTGACCATACGCTCGATCT 60 166

β-actin Housekeeping gene GCCGTCTTCCCTTCCATC CTTCTCCATGTCGTCCCAGT 60 168

The morphology of cells was monitored every day, and the
cells were photographed on days 1, 3, 5, and 7.

2.6. Immunocytochemistry. After 4 months in culture, cNPCs
were plated on four-well chamber slides in either UM or UM-
FBS medium and fed every two days. On day 5, cells were
fixed with freshly prepared 4% paraformaldehyde (Invitro-
gen) in 0.1 M phosphate-buffered saline (PBS) for 20 min-
utes at room temperature. Fixed cells were washed with PBS,

then they were incubated for 1 hour at room temperature in
antibody blocking buffer containing the following: PBS con-
taining 10% (v/v) normal donkey serum (Sigma), 0.3% Tri-
ton X-100, and 0.1% NaN3 (Sigma-Aldrich, Saint Louis,
MO, USA). Slides were then incubated in primary antibodies
(Table 2) at 4◦C overnight. After washing, slides were incu-
bated for 1 hour at room temperature in fluorescent-conju-
gated secondary antibody, 1 : 400 Alexa Fluor546 goat anti-
mouse, followed by washings. Cell nuclei were counterstain-
ed with 1.5 μg/mL 4′,6-diamidino-2-phenylindole (DAPI;
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Table 2: Primary antibodies for immunocytochemistry.

Antigen Host species and reactivity in retina Dilution Source

Nestin Mouse monoclonal; progenitors, reactive glia 1 : 200 BD, 611658

Vimentin Mouse monoclonal; progenitors, reactive glia 1 : 200 Sigma, V6630

βIII-tubulin Mouse monoclonal; immature neurons 1 : 200 Chemicon, MAB1637

Ki-67 Mouse monoclonal; proliferating cells 1 : 200 BD, 556003

GFAP Mouse monoclonal; Astrocyte, reactive glia 1 : 200 Chemicon, MAB3402

Day 0 1 week 2 weeks 4 weeks 4 months

SM

UM

Figure 1: Morphology of cNPCs in different proliferation media at serial time points. Upper panel shows cNPCs cultured in SM and the
lower panel cells of the same age in UM. Cultures are shown on day 0, after 1, 2, and 4 weeks as well as 4 months (UM only). In both media
the cells exhibited morphologic features consistent with primitive neural cells throughout the period examined. In both cases, the adherent
cells extended processes and expanded greatly during the initial week. The cells in SM ceased expanding during the first month and were not
evaluated beyond the 3-month time point, whereas those in UM continued to expand throughout the course of the study. Scale bar: 100 μm.

Invitrogen, Molecular Probes, Eugene, OR, USA) in Vec-
tashield Hard Set Mounting Medium (Vector Laboratories,
Burlingame, CA, USA) for 15 min at room temperature.
Negative controls for immunolabeling were performed in
parallel using the same protocol but with omission of the
primary antibody. Fluorescent labeling was judged as positive
only with reference to the negative controls. Immunoreactive
cells were visualized and images recorded using a Nikon fluo-
rescent microscope (Eclipse E600; Nikon, Melville, NY,
USA).

3. Results

3.1. Comparison of cNPCs Grown in Different Proliferation
Media. Proliferative cultures were obtained from forebrain-
derived feline NPCs seeded and maintained in both types of
media (SM and UM); however, only those seeded in UM con-
tinued to expand throughout the duration of the study (5
months). The cells in both types of media exhibited mor-
phologic features consistent with primitive neuroectodermal
cells throughout their growth period (Figure 1). In both cul-
tures, the majority of cells were adherent to the surface of the
flask and continued to proliferate, forming a pattern of ran-
dom networks and nodal clusters as is typical of mammalian
neural progenitors when not grown as suspended neuro-
spheres.

The morphology of cNPCs cultured in the two different
growth media was also examined. In both conditions, the ini-
tially dissociated cells divided and formed small clusters over

the first week in culture. During this period, cellular pro-
cesses had started to form by day 3 and were greatly elaborat-
ed by the end of the first week. Cells cultured in SM showed
little evidence of proliferation beyond week 3, but continued
to survive up to 3 months. In contrast, cells cultured in UM
established stably expanding populations. The cNPCs con-
tinued to expand vigorously, while maintaining progenitor
morphology, although a tendency of the cells to enlarge and
flatten was observed (Figure 1).

3.2. Long-Term Expansion of cNPC Cells Is Possible in UM.
The growth characteristics of cNPCs are plotted in Figure 2.
Initial growth of cells was observed in either medium, but
sustained expansion was only achieved using UM. The
number of cells in SM medium increased initially and peaked
shortly after day 20. After that, the total cell count began to
drop, and no further passaging or counting was performed
although the cells continued to survive up to at least 3
months. In contrast, the cNPCs in UM continued to increase
steadily, without indications of senescence, throughout the
5-month duration of this study.

3.3. Cytogenetics of cNPCs during Extended Culture. Because
increased rates of cellular proliferation can be the result of
chromosomal abnormalities arising during extended periods
of cell culture, the karyotypic stability of cNPCs cultures in
UM was evaluated by chromosome counting and G-banded
karyotyping. Cytogenetic analysis was performed on twenty
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Figure 2: Expansion capacity of cNPC cells in long-term culture. Cells were cultured in 1 of 2 proliferation media of differing composition
and counted at each passage using a hemocytometer. The number of cells in SM medium (red) increased initially, then began to drop shortly
after day 20, with no measurable proliferation beyond 1 month. In contrast, cultures grown in UM (blue) exhibited sustained growth
throughout the course of the study (143 days), with no evidence of senescence. The rate of expansion did not diminish with passage number.
Numbers on x-axis represent days in culture at each passage, the y-axis shows cell number as total estimated yield.

G-banded metaphase cells from passage 8 (day 50) and from
passage 14 (day 87) time points that roughly corresponded to
possible upward inflections in the growth curve. The results
showed that the cells from both time points possessed nor-
mal feline 38XX karyotypes (Figure 3), indicating that the
increased proliferation rate seen was not the result of a cul-
ture-induced chromosomal abnormality.

3.4. Quantitative Evaluation of the Effect of Different Culture
Media on cNPC Gene Expression. Having determined that
UM effectively sustains the proliferation of NPCs of feline
origin, whereas the conventional media formation did not, it
was of interest to compare the phenotype of the cells grown
using these methods. In order to look for differences related
to the alternate proliferation conditions used, we compared
gene expression profiles for cNPCs grown in SM versus
UM at the 1 month time point using quantitative RT-PCR
(Figures 4(a) and 4(b)).

Both sampled populations expressed the neural progeni-
tor-associated genes nestin, sox-2, vimentin, and notch1
as well as the proliferation markers cyclinD2 and Ki-67
(Figure 4(a)). Expression of the markers CD81 and FABP7,
which are also known to be expressed by NPCs [16–18],
was detected as well. Low expression of the early neuronal
marker β-III tubulin was seen, as reported previously [13].
The mature neuronal and astroglial markers Map2 and
GFAP were detectable, the latter more prominently than the
former. Overall, these results were consistent with the main-
tenance of markers associated with neural progenitor popu-
lations by cNPCs when grown in UM, including the modest

but detectable tendency for ongoing, spontaneous differen-
tiation along the neuronal lineage, as previously reported in
analogous cells from various mammalian species.

Looked at more closely, there were similarities and dif-
ferences in the level of expression for particular markers
(Figure 4(b)). Less than 2 fold variance between conditions
was observed for expression of the majority of markers
including AQP4, β3-tubulin, CD9, CD81, CyclinD2, EGFR,
GFAP, Lhx2, NCAM, nestin, nogoA, notch1, Pax6, Sox2, and
vimentin. Growth in UM was associated with greater than 2
fold increased expression in the neuroblast marker DCX, the
neuronal marker Map2, the transcription factor Pbx1, and
the migration-associated marker SDF1. Markers that were
greater than 2 fold lower in UM were CXCR4, FABP7 and
Ki-67. Of note, the most upregulated marker (SDF1) is a
receptor for the migration factor CXCR4, which was down-
regulated.

3.5. Sequential Analysis of cNPC Gene Profile with Time in
Culture. To examine the phenotypic stability of cRPCs dur-
ing extended culture in UM, we employed qPCR, in this case
to compare the expression profile obtained at 2 weeks to that
present at 1, 2, 3, and 5 months (Figure 5). A preponderance
of the markers examined showed a tendency to decrease
with time in culture. This trend included progenitor-
associated and neurodevelopmental markers as well as some
markers associated with further lineage restriction. Both
heat map and cluster analysis indicated an overall drop in
marker expression between the 1- and 2-month time points
(Figure 5(a)). Interestingly, this is the same time frame in
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Figure 3: G-banded karyotyping of cNPCs at early and later passage. Cytogenetic G-banded karyotyping results based on analysis of 20
metaphase cNPCs. (a) passage 8 (day 50); (b) passage 14 (day 87). The cells from both time points exhibited a normal 38XX feline karyotype.
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Figure 4: Comparison by qPCR of gene expression profile for cNPCs in different culture media. The cNPCs were cultured in either SM or
UM for 1 month prior to testing. (a) heat map display showing relative expression levels of 23 genes expressed by NPCs or related progeny
of neural lineage. The scale to the right shows that moderate expression level (as determined by CT value) is shown as black, while lower
expression appears increasingly green, and higher expression increasingly red. Viewed in this way, the general similarity of the 2 conditions is
evident in that the color of a particular gene tends to be conserved across conditions, even if the intensity often varies. (b) fold change, with
SM used as calibrator. Note that expression is represented on a log2 scale, such that 1.00 corresponds to a 2 fold change. Viewed in this way,
differences in expression are highlighted. The majority of genes showed less than 2 fold change (between 1.00 to −1.00, on log2 scale), again
confirming the general similarity between conditions; however, a number of individual genes fell outside this range. The error bars-show
standard deviation.
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Figure 5: Comparison of gene expression from cNPCs at different time points in UM via qPCR. A 22-gene profile was assayed at each time
point. The initial time point for comparison was 2 weeks (calibrator), followed by 1, 2, 3 and 5 months. (a) viewed as a heat map, there was
an apparent overall drop in marker expression (shift from red towards green end of spectrum), and this was most evident between the 1- and
2-month time points, both visually and by cluster analysis (dendrogram at top). (b) data viewed as RQ (fold change) confirms the prevalent
downward trend with time as well as highlighting the quantitative differences in fold change between markers. Error bars show standard
deviation.

which the cells in UM diverged in growth characteristics
from those in SM, as seen above in Figure 2. Viewed as a his-
togram, the qPCR data showed a sequential downward trend,
although expression levels appeared to be leveling off at the
latter time points (Figure 5(b)). Again, this is concomitant
to the robust proliferation seen beyond 1 month in the UM
condition.

3.6. Differentiation. Having determined that cNPCs can be
grown beyond the 1-month time point using UM, it was im-
portant to confirm whether cNPCS grown in this medium
retain the potential to differentiate into both neuronal and
glial cell types. As a first step, cNPCs (4 months, P26) were
dissociated into single cells and induced to differentiate by
culture in UM without growth factors, but containing 10%
serum (UM-FBS), for 7 days. The cells cultured in UM-FBS
appeared similar but exhibited a more flattened morphology
than undifferentiated controls (Figure 6). Interestingly, the
cultures in UM-FBS reached confluence more rapidly than
those in UM. The next step was to examine the expression of
relevant markers.

3.7. Effect of UM-FBS on Marker Expression of cNPCs, Evalu-
ated by Immunocytochemistry. Immunocytochemical analy-
sis (Figure 7) at the same time point (4 months, P26) con-
firmed that feline cells cultured in UM expressed a numbers
of markers associated with neural precursor cells. These in-
cluded strong expression of the intermediate filaments nestin
and vimentin as well as the proliferation marker Ki-67. There
was also trace labeling for the lineage markers β3-tubulin and

GFAP, both of which are cytoskeletal proteins. β3-tubulin is a
marker of neurons, and GFAP is strongly expressed by astro-
cytes. These data are suggestive of a small but detectable level
of spontaneous differentiation in the cultures under pro-
liferation conditions, as is expected with cells of this type.

At 5 days after induction of differentiation in UM-FBS,
very few cells remained nestin positive, the signal for vimen-
tin persisted at a diminished level, and expression of Ki-67
had decreased notably. In contrast, many more cells were
positive for β3-tubulin and a subset of cells GFAP was strong-
ly positive for GFAP, consistent with differentiation along
neuronal as well as glial lineages (Table 3).

4. Discussion

Since their initial isolation, neural progenitor cells have been
viewed as a powerful research tool for experimental investi-
gation of novel approaches to cell replacement throughout
the central nervous system (CNS). The recognized potential
of NPC transplantation-based regenerative therapy for CNS
diseases has generated considerable enthusiasm among many
investigators and resulted in rapid growth of the field. The
scientific understanding of NPCs has increased accordingly,
although transplantation of these cells has yet to achieve
accepted clinical use. One challenge has been growing suf-
ficient quantities of the cells, and this is, therefore, a fun-
damental area deserving of additional attention. Refinement
and the optimization of culture conditions is an obvious ini-
tial approach to further sustaining the proliferation of NPCs
in vitro. It is also important to consider that the culture
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Table 3: Estimated percentage and intensity of labeling of cultured cNPCs for specific markers after 5-day exposure to differentiation condi-
tions (UM-FBS). +: weak expression; ++: moderate expression; +++: strong expression.

Nestin Vimentin β3-tubulin Ki-67 GFAP

UM 100/++ 100/+++ 60/+ 85/++ 5/+

UM-FBS 2/+ 100/++ 85/++ 60/+ 35/+++

Day 1 Day 3 Day 5 Day 7

U
M

U
M

-F
B

S

Figure 6: Morphology of cNPCs grown under proliferation versus differentiation conditions. Cultured cNPCs grown under proliferation
conditions (UM), beginning at P26 (4 months), maintained the appearance of neural progenitors, while those grown under differentiation
conditions (UM-FBS) appeared similar but exhibited a more flattened morphology. Dotted vertical lines represent passaging/reseeding,
thereby accounting for the decreased cell density in images to the right of those points. Cells in the UM-FBS condition reached confluence
more quickly.

requirements of progenitor cells may differ between species.
Research has shown that extended culture of neural progeni-
tors is often associated with loss of multipotency, particularly
a reduced potential to generate neurons, together with loss
of self-renewal, as reflected in a marked propensity towards
early senescence [19, 20]. A pertinent issue is the extent to
which changes in culture conditions might enhance the ex-
pansion of functionally multipotent NPCs.

Feline NPCs can be difficult to propagate using conven-
tional serum-free conditions. Here, we directly compared
two variations on serum-free proliferation media, SM and
UM, which differed in base medium but contained the same
growth factors. Both formulations were used to examine
their ability to sustain the proliferation and development of
cNPCs derived from E47 brain tissue. In the more conven-
tional SM medium, cNPCs stopped dividing and began to
senesce by 1-month in culture. In UM, the cells continued to
exhibit vigorous growth for up to 5 months, the latest time
point examined, thereby allowing the banking of consider-
able numbers of mitotically active cNPCs. Although cNPCs
grown in SM and UM appear similar in terms of certain
key genes expressed, quantitative analysis of expression level
did reveal differences between the conditions at the 1 month
point. Interestingly, the expression level of the majority of
genes, including progenitor and lineage markers, was down-
regulated in UM versus SM. Furthermore, this tendency
toward downregulation in UM was even more pronounced
beyond the 1-month time point, although the possible trend
toward a new, lower set point in expression was noted. The
reason for this is not clear, but might relate to a state of con-
tinuous, rapid cell division. What is clear is that UM is

strongly permissive of feline NPCs survival and proliferation
in vitro, whereas use of conventional SM medium rapidly
leads to a failure to propagate.

One possible explanation for the facile growth exhibited
by cNPCs in UM could be spontaneous immortalization.
The cells in UM displayed repeated upward inflections in
growth rate with time in culture that might reflect dysregula-
tion of the cell cycle. It is known that immortalization of
NPCs can occur with extended time in culture, and that such
events are frequently associated with abnormalities in kary-
otype. To examine this, we evaluated whether karyotypic
alterations were present in our cells, and the results showed
that despite 14 passages in UM, the karyotype remained sta-
ble. Therefore, the improved growth seen in UM cannot be
attributed to changes in karyotype.

Because altered gene expression might be associated with
a loss of multipotency, it was important to confirm whether
NPCs grown in UM maintain their ability to differentiate
into cells of neural lineage. Comparing various progenitor
markers and differentiation markers in UM versus UM-FBS
conditions, we found that expression levels of progenitor
markers decreased while neuronal and glial markers increas-
ed. These data indicate that cNPCs cultured in UM retain
multipotency and the capacity to differentiate.

The source of the improvement in growth of cBPCs seen
in UM thus appears to reside in the beneficial effects of the
media constituents rather than aberrations of cellular pro-
liferation. There is no question that Ultraculture is a much
richer base medium, containing approximately 6 fold greater
total protein than SM. While it is tempting to speculate that
certain serum proteins or peptides may be critical to
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Figure 7: Effect of differentiation conditions on expression of
markers by immunocytochemistry. To examine the lineage potential
of cNPCs, P26 (4 month) cultures were grown in UM or UM-FBS
for 5 days and immunolabeled with antibodies (red) against nestin,
vimentin, β3-tubulin, Ki-67, and GFAP. Cell nuclei were labeled
with DAPI (blue). Scale bars represent 50 μm.

the growth of feline progenitors, further work is needed to
define which particular components are responsible for the
dramatic improvements seen in the current study.

In summary, we have shown that the use of a highly en-
riched, serum-free medium allows the long-term propaga-
tion of feline neural progenitor cells, something that standard
serum-free conditions does poorly, if at all. The resulting cells
retain multipotency and the ability to differentiate, as well as
a normal karyotype. This does not rule out the possibility

that the cells may have taken a significant, but less obvious,
step towards spontaneous immortalization, and that the
growth-promoting influence of UM might be causative. For-
tunately, the resulting ability to generate and bank large
numbers of cNPCs should greatly facilitate additional exam-
ination of these cells, including both safety concerns and the
potential for therapeutic benefits following transplantation.
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Purpose. Transplantation of stem, progenitor, or precursor cells has resulted in photoreceptor replacement and evidence of
functional efficacy in rodent models of retinal degeneration. Ongoing work has been directed toward the replication of these
results in a large animal model, namely, the pig. Methods. Retinal progenitor cells were derived from the neural retina of GFP-
transgenic pigs and transplanted to the subretinal space of rhodopsin Pro347Leu-transgenic allorecipients, in the early stage of the
degeneration and the absence of immune suppression. Results. Results confirm the survival of allogeneic porcine RPCs without
immune suppression in the setting of photoreceptor dystrophy. The expression of multiple photoreceptor markers by grafted cells
included the rod outer segment-specific marker ROM-1. Further evidence of photoreceptor differentiation included the presence
of numerous photoreceptor rosettes within GFP-positive grafts, indicative of the development of cellular polarity and self-assembly
into rudiments of outer retinal tissue. Conclusion. Together, these data support the tolerance of RPCs as allografts and demonstrate
the high level of rod photoreceptor development that can be obtained from cultured RPCs following transplantation. Strategies
for further progress in this area, together with possible functional implications, are discussed.

1. Introduction

As a group, degenerative diseases of the retina constitute a
significant source of visual disability, particularly in the de-
veloped world, and yet current therapeutic options are quite
limited. For instance, the loss of photoreceptor cells, as seen
in the later stages of retinitis pigmentosa and macular degen-
eration, results in permanent visual deficits for which no re-
storative treatment is available. Nevertheless, the notion that
photoreceptor cells might be replaceable in the therapeutic
setting has been given recent support by experimental work
in animal models.

Work in the rat first showed that transplanted neural pro-
genitor cells could migrate into the host retina, take up resi-
dence within the cellular laminae of this tissue, and exhi-
bit morphological signs of integration into the local cyto-
architecture [1–3]. Subsequent studies reported that similar
cells could be derived from the developing neural retina of
both rats [4] and mice [5, 6] and that these retinal progenitor
cells (RPCs) could express photoreceptor markers, including
recoverin and rhodopsin, and rescue light sensitivity follow-
ing engraftment in the host retina.

More recent work has shown that many of the results
obtained using progenitor cell transplantation in rodents
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also apply to other mammalian species, including the Brazi-
lian opossum [7], the pig [8–10], and the cat [9, 10]. In
some of this work, particularly following the use of brain-
derived progenitors as donor cells, the evidence for retinal
integration was substantial and yet the evidence of photore-
ceptor differentiation was limited [7, 9–13].

Prior work in the pig has shown profuse expression of
photoreceptor markers by grafted retinal progenitor cells, yet
the full extent of donor cell differentiation was difficult to de-
termine, in part due to limited visualization of donor cell
morphology [9, 10]. In addition, previous work in the pig
made use of retinal injury models, whereas a model of pho-
toreceptor degeneration has also been generated in the pig
[14–16]. Here we investigate the fate of RPCs derived from
GFP-transgenic pigs following transplantation to the subreti-
nal space of transgenic rhodopsin Pro347Leu allorecipients.

2. Methods
2.1. Donor Animals and Cells. Two timed-pregnant NT5
GFP-transgenic sows [17] were sacrificed at 45 days gesta-
tion, on separate occasions, to provide fetal tissue as the start-
ing point for the derivation of GFP-transgenic porcine retinal
progenitor cells (gpRPCs). Details of the tissue harvest and
cell derivation procedures were otherwise similar to those
previously described [9, 10]. Briefly, the immature neural
retina was dissected free from each fetal eye (excluding the
optic nerve head and ciliary margin), the retinal tissue was
pooled and subjected to repeated cycles of enzymatic diges-
tion followed by seeding into tissue culture flasks in neuro-
basal media supplemented with B-27 and 20 ng/mL EGF and
bFGF. FBS (10%) was included overnight, but then removed
with all subsequent feedings being serum-free. These cells of
retinal origin were then expanded under serum-free culture
conditions thereby selectively enriching for proliferating
progenitors.

The resulting cultures were defined as RPCs and these
cells have been further characterized, as previously reported
[9, 10, 18]. Like brain-derived porcine neural progenitors
[19], these cells are nestin-, sox2-, and Ki-67-positive, and
small subpopulations express neuronal markers and the glial
marker GFAP. Unlike brain-derived neural progenitors, pro-
liferating RPC cultures contain subpopulations of recoverin-
positive profiles [5, 6], whereas rhodopsin expression is rare
and ROM-1 undetectable. Differentiating RPCs give rise to
rod photoreceptor cells but not oligodendrocytes.

Cells were passaged for approximately 4–6 weeks prior to
transplantation. The cells were grown as monolayers and dis-
sociated with each passage, but prior to transplantation were
allowed to form nascent spherical aggregates, and the smaller
aggregates were preferentially collected for use as donor
material. The reason for adopting this last approach is that
fully dissociated RPCs exhibit poor survival rates following
transplantation, whereas large spherical aggregates can be
associated with glial differentiation within the sphere core
[19].

2.2. Recipient Animals. Recipient animals used in the present
experiments were 15 transgenic rhodopsin Pro347Leu trans-
genic swine (from 2 litters: age 6 and 9 weeks) with a known

retinal dystrophic phenotype [15] as well as 1 nontransgenic
littermate (age: 6 weeks), which served as a normal control.

2.3. Transplant Surgery. The transplantation technique was
similar to that previously described in pigs [8–10, 18]. Briefly,
recipient animals underwent preanesthesia, endotracheal in-
tubation, and general anesthesia. The left pupil was dilated.
A standard three port pars plana vitrectomy was performed.
The posterior hyaloids were detached and the central vitre-
ous removed in all cases. A retinal bleb was elevated in the
area centralis by the subretinal injection of 0.25–0.5 mL BSS
through a 41-gauge cannula (ref. 1270; DORC International
BV, Zuidland, the Netherlands). A small retinotomy was
made by gentle endodiathermy of the detached retina. GFP+
cells (approximately 5–10 × 106 cells) were injected either as
spheres or as single cell suspension through the retinotomy
and into the retinal bleb using a 27-gauge silicon-tipped
needle. Immediate reflux of some cells into the vitreous cavi-
ty was observed in some animals. A small air bubble was
placed in the subretinal bleb under the retinotomy to prevent
further reflux of cells after withdrawal of the needle. Sclero-
tomies and conjunctiva were sutured with 7–0 vicryl. Lateral
canthal incisions were sutured with 6–0 vicryl. The pigs were
examined by ophthalmoscopy 1-2 days after surgery.

The research protocol used was previously reviewed and
approved by the Danish Animal Experiment Inspectorate,
the North Carolina State University IACUC, and completed
in accordance with the ARVO statement for the Use of
Animals in Ophthalmic and Vision Research.

2.4. Tissue Processing. Eyes were enucleated following eu-
thanasia by overdose of intravenous pentobarbital at the
termination of the experiment. The survival time for the first
litter (6 dystrophic animals, 1 normal control) was 5 weeks
posttransplantation (age 11 weeks), while that of the second
litter (9 animals) was 9 weeks (age 18 weeks). Globes were
placed in 4% paraformaldehyde (PFA) for 10–20 minutes.
The anterior segment and the lens were then removed and
the posterior segment was postfixed for 2 hours in 4% PFA,
with subsequent rinsing in rising concentrations of sucrose
containing Sörensen’s phosphate buffer. A horizontal cut was
made which extended from the temporal retinal margin to
2-3 mm nasal to the optic disc, thus comprising the temporal
ciliary margin, the area centralis, and the optic disc. The
tissues were embedded in a gelatin medium and serially sec-
tioned at 12 µm on a cryostat. During the sectioning process,
every fifteenth section was examined by epifluorescence mi-
croscopy for GFP+ cells, and every tenth slide was stained
with Hematoxylin-Eosin (Htx-Eosin).

2.5. Immunohistochemistry. The retinal sections were ex-
posed to primary anti-sera (see Table 1) in a moist chamber
for 16–18 hours, 4◦C, followed by rinsing in 0.1 M phos-
phate-buffered saline (PBS) with 0.25% Triton-X-100. Sec-
tions were then incubated with secondary Alexa 409 (recov-
erin; 1 : 400, Invitrogen, La Jolla, CA) or Texas Red-con-
jugated antibodies (ROM-1 and rhodopsin, 1 : 200, Jackson
Immunoresearch, West Grove, PA) for 1-2 hrs at room
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Table 1: Primary antibodies used for immunohistochemistry.

Name Host Dilution Detects Supplier

Recoverin Rabbit 1 : 10.000 Rods, cones, some bipolar cells Kind gift of Dr. A Dizhoor, Detroit, MI

Rho4D2 Mouse 1 : 100 Rods Kind gift of Dr. RS Molday, Vancouver, Canada

ROM-1 Mouse 1 : 10 Rod outer segments Kind gift of Dr. RS Molday, Vancouver, Canada

GFP Chicken 1 : 5000 Green fluorescent protein Chemicon, Temecula, CA

Figure 1: Donor porcine retinal progenitor cells (RPCs). RPCs
isolated from GFP-transgenic donors at 45d gestational age and
expanded in culture in the presence of EGF and bFGF. The cells
grew as a monolayer and strongly expressed the GFP reporter gene.
No tendency toward rosette formation is seen.

temperature in the dark. Normal eyes, processed in parallel,
were used as controls. In addition, negative controls with
omission of the primary anti-sera were performed. The spec-
imens were examined with an epifluorescence microscope.
Colocalization of Texas Red-labeled primary antibodies and
GFP+ cells was assessed by superimposition of separate digi-
tal images of each fluorochrome.

Sections were frequently stained with chicken anti-GFP
(with FITC secondary antibody, 1 : 200, Jackson Immunore-
search, West Grove, PA), either in order to examine the qual-
ity of the GFP expression or to reveal possible downregulated
grafted cells. The endogenous GFP expression was always
high and enhancing with anti-GFP resulted in blurring of the
cell boundaries. The GFP staining did not appear to reveal
more surviving cells.

3. Results

Progenitor cells from the fetal porcine retina proliferated
rapidly in culture, as previously described [9, 10, 18]. Cul-
tured GFP-transgenic pRPCs maintained extensive reporter
gene-associated fluorescence and did not show evidence of
rosette formation under proliferation conditions (Figure 1).

Following transplantation to nonimmunosuppressed ju-
venile rhodopsin Pro347Leu transgenic pigs, GFP+ donor
cells could be readily identified at the site of transplantation
(Figure 2). Strong nuclear staining and classical rosettes were
apparent within the cellular aggregate of the graft. There
were also a few pigmented profiles present within the sub-
retinal graft and host outer nuclear layer (ONL; Figure 2(a)).

(a)

(b)

Figure 2: Engraftment of RPCs in rhodopsin Pro347Leu recipient.
Recipient was 6 weeks of age at time of transplantation. (a) H&E
stained section through the graft site 5 weeks after transplantation
shows a cellular mass in the subretinal space of presumptive donor
origin. Artifactual detachment of the retina reveals the cellular mass
to be adherent to the outer surface of the retina, in preference to
the adjacent RPE layer. A number of photoreceptor rosettes are
present within the cellular mass (arrows), as well as some focal
pigment profiles, some of which are also found within the adjacent
host neural retina. (b) Fluorescence imaging shows intense GFP-
associated immunoreactivity in the subretinal space, corresponding
to the cellular mass noted with H&E, above, thereby confirming the
identity and location of the graft. A presumptive rosette is visible
within the center of the graft, in a location similar to that seen in the
H&E section. The majority of GFP+ cells remain in the subretinal
mass; however, a number of donor cells are visible within the host
retina and these have processes that exhibit a high degree of radial
orientation.

Despite a few limited indications of prior surgical interven-
tion, there was no clinical or histological evidence of in-
flammatory or immune responses in recipient eyes.

Donor cells were predominantly located in the subretinal
space directly adjacent to the RPE layer, while a subset of
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(a)

(b)

(c)

Figure 3: Arborization of grafted cells in dystrophic recipient
retina. Recipient was 9 weeks of age at time of transplantation and
experiment terminated 9 weeks later. Photomicrograph of a retinal
wholemount viewed en face using fluorescence microscopy. Image
reveals GFP+ profiles within the retina of rhodopsin Pro347Leu
recipient. Inspection of regions near the edge of the graft allows
visualization of individual donor-derived cells and reveals extension
of elaborate processes in the plane of focus.

GFP+ profiles migrated or extended processes into the host
ONL. Cells in the subretinal space frequently extended proc-
esses perpendicular to the retina or with random orienta-
tions, whereas GFP+ processes within the host ONL exhib-
ited predominantly radial orientations (Figure 2(b)). Donor
profiles within the neural retina at a distance from the graft
site showed extensive horizontal branching, as visualized in
retinal wholemounts (Figure 3). In one case, a cluster of
donor cells was identified on the vitreal surface of the optic
nerve head, presumably as a result of reflux through the re-
tinotomy at the time of subretinal injection (Figure 4). These
cells had formed a rudiment of retinal tissue that appeared to
be fused to the optic nerve tissue, as seen in work with em-
bryonic retinal tissue grafts [20].

Vitreous

(a)

Optic disc

Vitreous

(b)

Figure 4: Grafted cells form rosettes and express photoreceptor
markers. Recipient was 6 weeks of age at time of transplantation
and experiment terminated 5 weeks later. The H&E section (a)
shows a cluster of grafted cells adhering to vitreal surface of the
host optic nerve head, likely a result of reflux around the time of
surgery. This cluster contains multiple rosettes of the type formed
by photoreceptor cells, with darkly staining nuclei densely packed
in a peripheral rim and lighter staining material in the rosette’s
core. Fluorescence imaging (b) confirms the cluster to be GFP+ and
therefore of donor origin. Immunolabeling for rhodopsin (red) and
recoverin (blue) demonstrates photoreceptor marker expression by
a subset of grafted cells. Cells expressing photoreceptor markers are
predominantly found within rosettes.

There was evidence of widespread differentiation of do-
nor RPCs along the photoreceptor lineage following trans-
plantation to the eye of dystrophic allorecipients. This data
included both morphological considerations and marker ex-
pression. In H&E stained sections, cells within the graft pre-
dominantly exhibited small, densely packed nuclei which
closely resembled adjacent photoreceptors of the host ONL
(Figure 2(a)). In addition, there were numerous rosettes con-
sisting of a dense ring of nuclei surrounding a pale central
core. These were of the type known to be formed by photore-
ceptor cells under a variety of circumstances following dis-
ruption and spontaneous reorganization of the ONL [20]. In
addition, the cells could be identified as being of donor origin
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(a)

(b) (c)

(d) (e)

Figure 5: Photoreceptor marker expression within a rosette of donor origin. Recipient was 6 weeks of age at time of transplantation and
experiment terminated 5 weeks later. (a) Immunohistochemical labeling of the same RPC graft was shown in previous figure. Endogenous
GFP fluorescence (green) was present in many cells of the graft, but less so within the rosettes. The largest, most well formed of the rosettes
was selected for more detailed evaluation of individual marker expression patterns. (b) GFP labeling was most notable around the periphery
of the rosette; however, GFP+ profiles were also integrated into this structure, with small peripheral soma and straight process oriented
towards the core of the rosette (arrow 1). An adjacent region (arrow 2) shows a similar cell with a less clearly defined process. A third cell
(arrow 3), does not express GFP. (c) Rhodopsin labeling (red) is strongest in the central core of the rosette. In addition, multiple profiles
exhibiting rod photoreceptor morphology can be seen to contribute to the rim of the rosette, and these have cell bodies located around the
periphery and processes directed inward where they merge with the central core. The arrows point to the same profiles as before, in this case
showing strong rhodopsin labeling (arrow 1), no rhodopsin (arrow 2), and moderate rhodopsin (arrow 3). (d) Recoverin (blue) labeling was
dense in areas populated by rhodopsin-positive cells and revealed a dense ring of recoverin-positive cells central to the rhodopsin-positive
somata, although this labeling did not extend into the core of the rosette despite some marginal overlap at the interface. (e) The merged
image reveals that much of the rhodopsin colabels recoverin-positive cells, whereas many recoverin-positive cells do not appear to colabel
with rhodopsin. The core is exclusively positive for rhodopsin, as previously noted.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 6: Expression of ROM-1 within rosettes of the graft. Recipient was 6 weeks of age at time of transplantation and experiment
terminated 5 weeks later. Immunohistochemical labeling for rod outer segment marker-1. Panels in the left column of Figures (a, d, g) show
endogenous GFP transgene expression (green) of donor cells, panels in the central column (b, e, h) show ROM-1 expression (red), and panels
in the right column (c, f, i) show the merged images comprised of the 2 preceding panels of the same row. (a) The widespread GFP expression
within the graft is periodically interrupted by rounded lacunae (arrows), where (b) ROM-1 labeling can be found. Merged image (c) shows
that regions of ROM-1 labeling are encircled by inwardly directed straight processes, thereby indicating that ROM-1 corresponds to the core
region of the rosettes, which is the predicted location for rod outer segments in this type of structure. These findings are corroborated by
examination of another rosette (d) in which there is a greater number of GFP+ cells with photoreceptor morphology, the processes of which
are directed inward toward a small central core. (e) ROM-1 labeling (arrows) predominantly localizes to the core region of the rosette. (g–i)
Examination of the same rosette at higher power allows visualization of the limit of GFP expression (arrows) within some of the processes
of donor-derived photoreceptor-like cells, in juxtaposition to the adjacent localization of ROM-1 labeling.

based on graft location (subretinal space, vitreous cavity) and
comparison to GFP expression patterns (Figures 2(b) and 4).

Further support for photoreceptor differentiation was
obtained by analysis of marker expression. Grafted cells
showed immunohistochemical evidence for expression of
multiple photoreceptor-associated markers. Cells of the gra-
fts, including cells within rosettes, showed expression of re-
coverin and rhodopsin, with a notable degree of double-lab-
eling for these markers (Figures 4 and 5). These markers
were expressed by donor cells within grafts, regardless of
location within either the subretinal space or vitreal surface

of the optic nerve. The rod photoreceptor outer segment-
specific marker ROM-1 was also expressed by rosette-form-
ing grafted cells (Figure 6).

In terms of marker expression patterns, GFP was evident
in many grafted cells but was somewhat less expressed within
rosettes and was excluded from the central core of these
structures (Figures 4 and 5), as might be expected based on
differential protein trafficking. Conversely, rhodopsin ex-
pression was more predominant within rosettes and was
notable for being highly concentrated in the central core.
Recoverin was also more highly expressed within the rosettes,
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albeit with a different pattern than rhodopsin. Recoverin ap-
peared to be excluded from all but the periphery of the
rosette central core (Figure 5). ROM-1, a marker specifically
associated with rod outer segment disc membranes, was
exclusively expressed in the rosette central core (Figure 6).

4. Discussion

A major challenge faced during the development of ther-
apeutic applications for stem cells is the requirement for
reliable tissue-specific differentiation of grafted cells. This
is particularly true in the setting of the retina, owing both
to the need for molecular transduction of photic stimuli as
well as the requirement for a highly organized and optically
transparent tissue. Here we show that cultured RPCs are
capable of attaining a high level of photoreceptor devel-
opment following transplantation to the retina of a large
mammal. In this model, grafted RPCs differentiated into
photoreceptor-like profiles in sufficient quantities and with
sufficient structural polarity and cytological affinity to self-
organize into rosettes. Marker expression closely followed
normal patterns, supporting the conclusion that these donor
cells had differentiated into morphological photoreceptors.

Previous work with stem [21], progenitor [5, 6], and
precursor [22] cell transplantation has shown that various
degrees of morphological photoreceptor development can
be achieved by way of this approach in rodents. Moreover,
these same studies have provided evidence of functional
improvements in host vision, relative to controls. Although
rodent recipients are frequently used, these types of cells
have been derived from human sources [5, 6, 21, 23–26].
The question, therefore, arises as to whether allogeneic RPC
transplantation represents a viable method for treatment
of human retinal conditions. One way to approach this
question prior to human trials is the use of large animal
models for replication of the rodent data under conditions
more equivalent to those faced clinically. One such model
that is gaining in popularity is the pig. In terms of retinal
degeneration, the pig model is enhanced by the availability of
swine transgenic for the reporter gene GFP for use as donors
[17, 18] and retinal degenerative swine for use as recipients
[14–16]. We have previously shown that progenitor cells can
be isolated from the porcine brain [19] and retina [9, 10],
including from GFP-transgenic donors [18], and that por-
cine RPCs are capable of expressing photoreceptor markers,
both in vitro and after transplantation to the subretinal space
[9, 10]. Here we provide additional evidence that grafted
RPCs undergo a high level of photoreceptor differentiation
after transplantation to the dystrophic pig eye.

We found that porcine RPCs expressed photoreceptor
markers after transplantation to the subretinal space, yet
photoreceptor differentiation was also observed in a grafted
cluster of cells that adhered ectopically to the optic nerve
head. The unintended location of this cluster is likely a con-
sequence of the misdirection of grafted neurospheres, at or
near the time of surgery, presumably due to reflux from the
subretinal space through the retinotomy, as is known to oc-
cur. In this instance, the potential for confusion with host

cells was eliminated by endogenous GFP reporter gene ex-
pression. Interestingly, this data supports the concept that
RPCs are capable of spontaneously differentiating into pho-
toreceptors at relatively high yield without the need for mi-
croenvironmental cues such as might be obtained from en-
graftment in the host retina. In addition, the photoreceptor
cells generated within the graft exhibited sufficient polarity to
self-organize into rosettes. This particular cluster contained
multiple rosettes of the type typical of those formed by
photoreceptor cells after various perturbations of the retina,
wherein the nuclei are densely packed around the periphery
and the inner and outer segments are oriented inward to
form the rosette’s core. These types of highly organized ros-
ettes can be viewed as focal tissue rudiments, each attempting
to recapitulate the structure of the outer nuclear layer (ONL),
albeit in a manner lacking global continuity. Rosettes of this
type are to be distinguished from the more primitive Flex-
ner Wintersteiner rosettes seen in a number of neoplastic
conditions.

The functional capabilities of the grafted cells were not
assessed; however, prior work with embryonic retinal trans-
plants in rodents has demonstrated that rosettes of similar
morphology are capable of detecting light and providing
limited light-mediated behaviors, even in the absence of an
RPE layer [20, 27–29]. That said, the abnormal topography of
a rosette obviously limits the potential for spatial vision. The
point to be made is that although rosette formation poses a
limit to spatial vision, it does not rule out the potential for
functionality at the level of the graft-derived photoreceptors.
Photoreceptors in the cluster attached to the optic nerve
would not be expected to integrate with the host visual
pathways; however, cells transplanted to the subretinal
space may have done so although this possibility was not
demonstrated in the current study. It could be that such
integration did not occur, or it may have occurred but been
obscured by the tendency of donor cells to downregulate GFP
expression as they differentiated into rhodopsin- and reco-
verin-expressing photoreceptors. This latter tendency is
attributable to the CMV promoter used to drive GFP
expression in the transgenic donor pigs. Use of an alternate
promoter could provide a solution to this problem [30].

Appropriately localized expression of the rod-specific
marker ROM-1 seen in the current study provides additional
evidence of the high level of photoreceptor differentiation
obtainable from cultured RPCs. The presence of ROM-1
in the core of rosettes is consistent with the development
of rod outer segments (ROS) by the donor-derived photore-
ceptors. The survival of the grafted cells seen in the current
study, in the absence of immune suppression, provides ad-
ditional confirmation for the high level of tolerance shown to
allogeneic RPCs following introduction to both the vitreous
cavity and subretinal space of a retinal dystrophic large mam-
mal. Less certain is the contribution of the transgenic rhodo-
psin Pro347Leu background to the integration of donor cells.
RPCs, like many other types of neural progenitor and pre-
cursor cells, are known to display an evident tropism for
areas of degeneration, trauma, or disease. It was anticipated
that the use of dystrophic hosts would result in enhanced in-
traretinal integration by grafted RPCs. GFP+ profiles did
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exhibit radially oriented integration into the host ONL and
extension of elaborater processes in the orthogonal plane;
however, the identity of the integrated cells remains to be de-
termined, as does the question of graft-host connectivity.

The pig has emerged a preferred species for modeling
of surgical procedures, including ocular applications. The in-
creasing availability of transgenic swine and recent sequenc-
ing of the porcine genome provide additional advantages to
the use of this model. The current study illustrates the value
of the porcine model in the translational development of re-
generative strategies and, in particular, intraocular stem cell
transplantation.
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Embryonic and induced pluripotent stem cells (IPSCs) derived from mammalian species are valuable tools for modeling human
disease, including retinal degenerative eye diseases that result in visual loss. Restoration of vision has focused on transplantation of
neural progenitor cells (NPCs) and retinal pigmented epithelium (RPE) to the retina. Here we used transgenic common marmoset
(Callithrix jacchus) and human pluripotent stem cells carrying the enhanced green fluorescent protein (eGFP) reporter as a model
system for retinal differentiation. Using suspension and subsequent adherent differentiation cultures, we observed spontaneous
in vitro differentiation that included NPCs and cells with pigment granules characteristic of differentiated RPE. Retinal cells
derived from human and common marmoset pluripotent stem cells provide potentially unlimited cell sources for testing safety
and immune compatibility following autologous or allogeneic transplantation using nonhuman primates in early translational
applications.

1. Introduction

Novel applications of stem-cell-based therapies have revo-
lutionized how degenerative diseases are approached. Given
the propensity of stem cells to differentiate to neuronal path-
ways, diseases affecting the nervous system and associated
tissues, such as the retina, are of great value. Retinal diseases,
such as age-related macular degeneration (AMD), retinitis
pigmentosa, and Stargardt disease, that render individuals
functionally blind are commonly the result of impaired or
complete loss of function of the photoreceptor cells or sup-
porting retinal pigmented epithelium (RPE) [1–3]. To sup-
port in vivo transplantation, a readily available and effici-
ent protocol for obtaining donor neural retinal and RPE cells
is required.

Previous studies have demonstrated the capacity of
human embryonic stem cells (HESCs) and human-induced

pluripotent stem cells (HIPSCs) to differentiate into cells
with RPE morphology, function, and molecular phenotypes
[4, 5]. Thus far, HESC-, HIPSC- and fetal-derived RPE have
been used to study the extent to which transplantation can
correct retinal degenerative diseases [2, 5]. Preclinical studies
in dystrophic rats have reported the ability of HESC-derived
RPE cells to rescue visual function [1].

Before HESC or HIPSC derivatives can be used in clinical
settings, safety and reproducibility of these cells must be
vigorously tested in animal models. Although the use of
transgenic mice has been of great value in early studies, cross-
species differences often hamper efficacy and risk assess-
ment in preclinical studies and are generally inadequate for
evaluation of immunological responses. On the other hand,
nonhuman primates provide valuable, and infrequently
exploited, tools for extension of rodent results in models pot-
entially more relevant to regenerative medicine. Due to
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their homology and highly similar physiology with humans,
several species of monkeys have been used as preclinical non-
human primate models. Recently, the common marmoset
monkey (Callithrix jacchus) has been identified to be a cost-
efficient and easily maintained nonhuman primate model of
interest in biomedical research [6].

Derivation of Callithrix embryonic stem cells (CESCs)
has opened up opportunities to study various aspects of early
embryonic development pertinent to humans, as well as use
of these cells to derive functional cell types for in vitro and in
vivo studies [7, 8]. However there is a passage limit on long-
term cultivation of CESC lines that have been created. It is
therefore essential to utilize the lines that have been success-
fully derived in order to characterize their lineage-specific
differentiation and explore their full potential.

Transgenic pluripotent stem cell lines carrying a marker
gene are valuable for the study of differentiation potential
and migration in host tissue. To test the function of trans-
genes in genetically modified ESCs, it is important to achieve
stable gene expression during different stages of cell differen-
tiation [9]. Here, we demonstrate the derivation of retina,
including neural progenitor cells (NPCs) and retinal pig-
mented epithelium (RPE), from stable transfectants of both
human and marmoset pluripotent stem cells carrying the en-
hanced green fluorescent protein (eGFP) reporter.

2. Materials and Methods

2.1. Derivation of Human Induced Pluripotent Stem Cells
(HIPSCs). Foreskin fibroblast cells (ATCC) were propagated
in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 1 mM Gluta-
max-I, and 1 mM nonessential amino acid (NEAA). 293FT
cells were used as a packaging, cell line for generating retro-
viruses. 293FT were transfected with FuGENE HD with
pMXS-OCT4, -SOX2 or -KLF4 plasmid, pHIT60 packaging
and pVSV-G envelope construct. Medium-containing retro-
viruses were collected two days after-transfection. Foreskin
fibroblast cells were infected with retroviruses and main-
tained in a 5% O2 incubator. Two days later, cells were
replated on feeder layers and medium was changed to
HIPSC medium (KnockOut DMEM/F12 supplemented with
KnockOut Serum Replacement, 1 mM Glutamax-I, 1 mM
NEAA, 55 mM 2-mercaptoethanol and 10 ng/mL FGF2).
HIPSC colonies were picked using 200 μL pipette tips four
weeks after-transduction and maintained on matrigel as
feeder-free cultures in StemPro (Invitrogen) or mTESR
medium (Stem Cell Technologies). For subcultivation, HIP-
SCs were treated with accutase (Invitrogen) for 1 min,
harvested by centrifugation, and replated onto new matrigel-
coated dishes in StemPro medium. All cell lines were main-
tained in 37◦C and 5% CO2.

2.2. Culture of Human Embryonic and Induced Pluripotent
Stem Cells. Riv9 HIPSCs [10] were cultured in mTESR
media (Stem Cell Technologies) on Geltrex-coated tissue-
culture-treated dishes in 5% CO2 and 37◦C. Cells were sub-
cultivated every 5–7 days upon reaching 80–90% confluency

by gently dislodging colonies using accutase and 15 mm glass
beads. mTESR media were replenished daily.

2.3. Culture of Callithrix Embryonic Stem Cells (CESCs).
Cjes001 Callithrix embryonic stem cells (CESCs) [8] were
maintained on irradiated mouse embryonic fibroblast (MEF)
feeders in growth medium: knockout high glucose DMEM
supplemented with 15% KOSR, 1% nonessential amino
acids, 2 mM of Glutamax-I, 0.1 mM b-mercaptoethanol, and
10 ng/mL bFGF. The cells were routinely passaged with
0.25% trypsin/EDTA at a ratio of 1 : 5–1 : 8 every 5–7 days.

2.4. Differentiation of HESCs, HIPSCs, and CESCs. HESC
and HIPSC cultures previously maintained in mTeSR were
treated with rock inhibitor (RI) for 1 hour prior to dissoci-
ation into single cells with 0.25% trypsin/EDTA. Cells were
resuspended in STEMPRO media lacking bFGF and replated
onto non-tissue-culture-treated Petri dishes. Cjes001 cells
were trypsinized, pelleted, and differentiated in CESC media
lacking bFGF on non-tissue-culture-treated Petri dishes.
The differentiating cells formed aggregates termed embryoid
bodies (EBs), consisting of cells representative of three differ-
entiated germ layers.

2.5. Nucleofection of HESC and HIPSCs. Trypsinized single-
cell suspension was resuspended in 100 μL of prewarmed
human stem cell nucleofector solution 1 (Lonza). The cells
in human stem cell Nucleofector solution 1 were then trans-
ferred to a cuvette and 4 μg of plasmid DNA was added.
The cuvette was gently swirled, tapped twice on the bench,
inserted into the cuvette holder of the Lonza Amaxa Nucleo-
fector II Device, and nucleofected using B-16 program. The
nucleofected cells were recovered in prewarmed media and
incubated at 37◦C for 10 minutes prior to replating on feeder
cells.

2.6. Flow Cytometry Analysis. Nucleofected cells were disso-
ciated with 0.25% trypsin/EDTA. Cell pellets were then resu-
spended in 250 μL of wash buffer and subjected to flow cyto-
metry on a SC Quanta flow cytometer (Beckman Coulter).

2.7. Reverse Transcription-Polymerase Chain Reaction (RT-
PCR). Total RNA was isolated using the ZR RNA MicroPrep
kit (Zymo Research). RNA concentration was measured
using a NanoDrop spectrophotometer (Thermo Scientific).
First-strand cDNA synthesis was performed using iScript
cDNA Synthesis kit (Bio-Rad). Following cDNA synthesis
semiquantitative RT-PCR was performed. Each RT-PCR
reaction consisted of PCR master mix, 0.3 pM forward
primer, and 0.3 pM reverse primer, and cDNA, RT-PCR
amplifications were initiated at 95◦C for 5 mins followed
annealing and extension. The forward/reverse primers and
annealing temp used for primate genes were ACTB 5′-ATC
TGGCACCACACCTTCTACAATGAGCTGCG-3′z and
3′-CGTCATACTCCTGCTTGCTGATCCACATCTGC-5′,
58◦C; LRAT 5′-CTCATCCTGGGCGTTATTGT-3′ and 3′-
CCAGCCAT CCAT AGGA AGAA-5′, 49◦C; NEUROD1 5′-
AAGCCATGAACGCAGAGGAGGACT-3′ and 3′-AGCTGT-
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Figure 1: Cjes001 common marmoset embryonic stem cells (CESCs) closely resemble the morphology of human pluripotent stem cells.
(a′) Colonies of CESCs grown on irradiated feeder cells (4x magnification, left) and morphology of individual CESCs at 20x magnification
(right). (a′′) Morphology of Riv9 HIPSC colony (4x mag, left) and individual cells within the colony (20x, right). (b) Immunocytochemical
analysis of CESCs showing nuclear localization of OCT4 (red), SOX2 (green), and stage-specific embryonic antigen-3 (SSEA3, green). Cell
nuclei were counterstained with DAPI. Scale bars, 50 μm.

CCATGGTACCGTAA-5′, 55◦C. Following RT-PCR amplifi-
cation products were observed by gel electrophoresis on a
flash gel (Lonza).

2.8. Real-Time Quantitative Polymerase Chain Reaction (Q-
PCR) Analysis. Q-PCR was performed using the Assay-on-
Demand technology (Applied Biosystems). Each reaction
consisted of 2.5 μL of 2x TaqMan master mix, 0.25 μL of
TaqMan probes, 1.25 μL of water, and 1 μL of cDNAs (100 ng,
standardized based on housekeeping gene controls). PCR
amplifications were initiated at 95◦C for 10 mins followed by
42 cycles of 95◦C for 15 seconds and 60◦C for 60 seconds.
PCR reactions for each sample were performed using 384-
well real-time CFX384 thermocycler (BioRad). The Q-PCR
data were analyzed using the comparative CT method. Q-
PCR was performed in duplicates from three different cDNA
samples.

2.9. Immunocytochemistry. Cells were washed twice with PBS
w/o Mg2+ and Ca2+ and fixed with 4% paraformaldehyde
for 10 minutes. The fixed cells were then washed again with
PBS w/o Mg2+ and Ca2+. Next, fixed cells were blocked for
30 minutes with PBS w/o Mg2+- and Ca2+-based wash buffer
containing 1% donkey serum and 0.1% Triton-X. Fixed cells

were then incubated overnight at 4◦C in primary antibodies:
Vimentin, MAP2 (Cell Signaling), OCT4, GFAP (Santa
Cruz), SOX2 (R&D Systems), SSEA3 (Millipore), and TUJ1
(Covance). After overnight incubation at 4◦C, primary anti-
body solution was removed. Cells were subsequently washed
twice with wash buffer. Secondary antibodies were then
added to the stained cells in wash buffer and incubated in the
dark at 25◦C for 1 hour. Following secondary antibody incu-
bation the cells were washed twice with wash buffer with a
5 min incubation step during each wash. Cells were mounted
in DAPI mounting solution (Vectashield) and imaged using
the Nikon Ti Eclipse and NIS-elements imaging software.

3. Results

3.1. Derivation of eGFP-Expressing Callithrix and Human Plu-
ripotent Stem Cell Lines. Cjes001 Callithrix embryonic stem
cells (CESCs) displayed similar morphology to Riv9 human
induced pluripotent stem cells (HIPSCs; Figure 1(a′)). The
undifferentiated cjes001 also expressed OCT4 and SOX2
transcription factors and stage-specific embryonic antigen-
3 (SSEA3; Figure 1(b)). In these characteristics, marmoset
ESCs closely resemble HIPSCs and HESCs [11]. In a pilot
study, we compared the efficacy of the CMV and CAG
promoters in deriving stable transfectants in cjes001 CESCs
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Figure 2: Transfection of cjes001 common marmoset CESCs and Riv9 HIPSCs. Micrographs (a) and FACS histograms (b) enumerating
the percentage of eGFP-positive (eGFP +ve) cjes001 CESCs 24 hours after-transfection. (c) Numbers of drug-resistant and eGFP-expressing
colonies formed after two weeks were scored for the stable transfection assay. (d) eGFP expression was lost in all pCMV-transfected clones.
In contrast, all puromycin-resistant colonies were also eGFP +ve. Cjes001 (e′) and Riv9 clone (e′′) retained ubiquitous and constitutive eGFP
expression while continuously express undifferentiated stem cell marker SSEA3 (red). Scale bars, 50 μm.
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Figure 3: Differentiation of cell progenitors associated with the central nervous system (CNS) and the neural retina. (a) Experimental
overview for in vitro differentiation of CESCs. (b) Constitutive eGFP expression in differentiated aggregates of cjes001 EBs. (c) Q-PCR
analysis of OCT4 and SOX2 pluripotency markers in undifferentiated cjes001 (0-day ESCs) and 7-day EBs. (d) Changes in morphology
during in vitro differentiation. Arrowheads indicate EB outgrowth observed 1 week after replating. Neurites resembling neural progenitors
(NPs) were formed 10–14 days after replating. Scale bars, 50 μm.

and Riv9 HIPSCs. These two promoters were previously
described as strong promoters in human embryonic stem
cells (HESCs) and HIPSCs [10, 12], but their activities in
CESCs were not known. Single-cell suspensions were nucleo-
fected, replated on feeders, and examined for transient trans-
fection efficiency the next day (Figure 2(a)). Flow cytometry
analysis demonstrated that 39.1 ± 5.4% and 31.7 ± 3.1%
cjes100 cells transfected with pCMV-eGFP and pCAG-eGFP
expressed eGFP marker gene, respectively (Figure 2(b)).
Thus our data suggests that marmoset ESCs yielded higher
transient transfection efficiency compared to HIPSCs [10].

Stable transfectants that survived in the presence of
antibiotic selection appeared within two weeks after-
nucleofection. The frequency with which stably transfected
clones could be recovered during the drug selection process
varied among HIPSCs and CESCs. Optimal doses for drug
selection were constructed from kill curves with Geneticin
(G418) and puromycin. 500 μg/μL of G418 and 1.5 μg/μL
puromycin were sufficient to select for transfectants in
cjes001, while 200 μg/μL of G418 and 1 μg/μL of puromycin
specifically selected for stable integrants in Riv9 with
minimal background of nonresistant cells. We observed
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Figure 4: Expression of neural lineage-related cytoskeletal proteins in cjes001 CESCs (a), Riv9 HIPSCs (b). Immunocytochemistry using
antibodies specific for neural markers are shown in red. Green fluorescence indicates eGFP expression in pCAG-transfected differentiated
derivatives. Scale bars, 50 μm.

the presence of distinct eGFP-expressing colonies in pCAG-
transfected Riv9 and cjes001 (Figures 2(c) and 2(d)). In con-
trast, none of the cells were eGFP positive in clones carrying
the CMV promoter, confirming previous reports that CMV
promoter is highly silenced in pluripotent stem cells [12].
These transgenic eGFP-expressing pCAG-transfected clones
continued to express SSEA3 a month after cultivation
(Figure 2(e)). Thus we demonstrated that transgenic HIPSCs
and CESCs maintained their pluripotent potential.

3.2. Differentiation of Retinal Cell Precursors. We next sought
to characterize the potential of these eGFP-expressing trans-
genic human and nonhuman primate ESCs to differentiate
into cells related to retinal lineage. Cjes001 and Riv9
cells were detached, transferred to non-tissue-culture-treated
dishes, and differentiated in media lacking bFGF to facili-
tate spontaneous differentiation of cells (Figure 3(a)). Sus-
pension cultures prompted the formation of free-floating
aggregates termed embryoid bodies (EBs). eGFP expression
was retained in these cells during in vitro differentiation,
indicating stable transgene integration (Figure 3(b)). Q-PCR
analysis revealed downregulation of pluripotency markers
OCT4 and SOX2 in EBs (Figure 3(c)).

To investigate the effect of transgene expression on
central nervous system (CNS) and retinal differentiation, we
replated EBs on matrigel for further differentiation in mono-
layer cultures. Cells spread out, expanded to monolayer as
EB outgrowth, and readily underwent further differentiation
(Figure 3(d)). Stably transfected eGFP-expressing cjes001
CESCs differentiated to neural progenitor cells (NPCs)
following in vitro differentiation. Notably, cellular morpho-
logies of cells were similar to those observed in primary or

HESC-derived neural progenitor cultures [13, 14]. Immuno-
cytochemistry analysis revealed the expression of markers
representative of different stages of neural lineage commit-
ment in EB outgrowth, including the immature neural cell
marker Vimentin (Figure 4(a)). Cells from EB outgrowth
also showed immunoreactivity for gial fibrillary acidic pro-
tein (GFAP), an intermediate filament specific for astrocytes
in CNS and Muller cells in retina. Cells immunoreactive for
cytoplasmic microtubule-associated protein 2 (MAP2) and β
III-tubulin (TUJ1), two markers of committed neural cells,
were first observed two weeks after replating.

We compared the propensity of neural and retinal lineage
differentiation in marmoset cjes001 CESCs to Riv9 HIPSCs.
Reminiscent of spontaneous differentiation in marmoset
cells, human pluripotent stem cells gave rise to cells with
neuron-like morphologies. Nevertheless, we observed an in-
crease in Vimentin, MAP2, TUJ1, and GFAP protein expres-
sion in Riv9 EB outgrowth (Figure 4(b)). Neural clusters
possessed long processes and intense filamentous staining
for TUJ1, indistinguishable from those of HESCs [15, 16].
In addition, as they emerged, GFAP-expressing cells were
self-organized into filamentous aggregates, suggesting a
more mature differentiation stage of HIPSC-derived neural
cells. Taken together, these results indicate that HESCs and
HIPSCs were predisposed to differentiate towards a neural
lineage compared to marmoset ESCs.

3.3. Isolation of Retinal Pigment Epithelium. We consistently
observed the appearance of pigmented cell colonies during
the cell outgrowth from the EB clusters in cjes001 and
Riv9. This phenomenon was strikingly similar to previous
observation of retinal pigmented epithelium (RPE) present
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Figure 5: Differentiation of retinal pigmented epithelium (RPE) from Callithrix ESCs. (a) Stereoscopic image of cell outgrowth following
EB replating. The white arrows indicate the visible pigmented area derived from an area of EB outgrowth. Black arrows indicate the colonies
that did not develop to RPE structures. (b) Phase contrast and green fluorescence of the pigmented epithelium in RPE patch-like structures.
The white arrowheads indicate the presence of putative RPE cells with typical pigmented cobblestone-like morphology. Scale bars, 200 μm.
(c) Semiquantitative PCR analysis of manually picked clusters of pigmented epithelium (PE1 and PE2), nonpigmented cells (nPE), and
undifferentiated ESCs. Water (H2O) only was included as negative control. (d) Relative expression levels of OCT4, PAX6, OTX2s and RPE65
mRNA in PE, nPE, embryoid bodies (EB), and undifferentiated ES cells (ES). Mean normalized expression of each target gene is relative to
ACTB and GAPDH housekeeping genes. Error bars represent standard deviation. Asterisk shows significant difference of PAX6, OTX2, and
RPE65 expression in PE clusters, P < 0.05.
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in confluent cultures derived from various HESCs and
HIPSC lines [17, 18]. In our case, the most densely
pigmented cells were located in the periphery of the EB
clusters (Figure 5(a)). On average, less than 20% of cjes001
EB colonies differentiated to RPE structures. These CESC-
derived pigmented cells exhibited cobblestone morphology,
confirming the existence of RPE progenitors (Figure 5(b)).

To further examine the identity of these pigmented cells,
we hand-picked and isolated the pigmented epithelium (PE)
foci using pipette tips and examined the gene expression
patterns. Although LRAT mRNA was observed in undiffer-
entiated ESC sample, similar to previous report in HESCs
[18], its expression was enriched in manually picked PE in
comparison to nonpigmented area (nPE; Figure 5(c)). We
also detected the expression of bHLH transcription factor
NEUROD1, suggesting the presence of terminally differ-
entiated neurons and thus the formation of an retina niche
in the isolated PE cell layers. As revealed by quantita-
tive PCR analysis, isolated RPE acquired expression for
transcription factors associated with general neural retina
induction (PAX6), eye field specification (OTX2), and retinal
pigment epithelium (RPE65; Figure 5(d)). Notably, there
was a complete loss of OCT4 mRNA expression in RPE,
indicating the absence of residual undifferentiated stem cells.

4. Discussion

A key challenge in early translational research using human
stem cells is the availability of a reliable host model to evalua-
te long-term benefits in clinical applications. Nonhuman pri-
mates are good candidates for testing the safety and feasibility
of experimental protocols prior to cell replacement therapies
in humans. Previous reports, as well as more recent studies,
are beginning to reveal that stem cells can ameliorate the con-
sequences of various degenerative diseases in nonhuman pri-
mates [19]. While the evidence for human pluripotent stem
cell-derived retinal neural and RPE cells is burgeoning, the
equivalent differentiation propensity in marmoset ESCs has
not been previously explored.

The ability to genetically manipulate nonhuman primate
embryonic stem cells is central in our efforts to harness
their enormous potential for use in regenerative medicine.
Whereas transgenic marmoset offspring have been generated
using self-inactivating lentivirus [6], to our knowledge this
study is the first to report derivation of transgenic Callithrix
embryonic stem cell lines. Although lentiviral infection has
proven efficient in generating stable integrants, its applica-
tion can be hampered by several challenges such as size limi-
tations on inserted DNA and the time-consuming produc-
tion of vectors. Here we report that the use of a plasmid har-
boring the CAG promoter resulted in ubiquitous and highly
stable eGFP expression in marmoset and human pluripotent
stem cells. Our finding also underscores the importance of
the choice of promoter in engineering stable cell lines, as the
activity of the CMV promoter was completely silenced after
several cell divisions.

The present study demonstrates the derivation of retinal
neural cells and pigmented epithelium from stable eGFP-ex-

pressing transfectants. Our success with deriving transgenic
Callithrix embryonic stem cell clones allows the use of these
reporter cell lines to follow and track transplanted cells in
preclinical studies. Furthermore, targeted gene knockdown
could be developed using overexpression or short hairpin
RNA interference (shRNAi) vectors [20] to study human dis-
eases involving the loss of function of specific genes in non-
human primates, including Huntington’s disease [21], spinal
cord injury [22], and Parkinson’s disease [23].

Commitment toward retinal lineage occurs as a stepwise
process. RPE, despite its nonneural phenotype, is anatom-
ically and developmentally close to the neural retina [24].
Our results suggest that different types of neural cells in the
retina, as well as RPE structures in vitro, result from a nor-
mal developmental pathway which can be replicated using
marmoset and human pluripotent stem cells in suspension
cultures. Consistent with Osakada’s finding [25], we did not
detect any RPE-like pigmented foci in cells directly differen-
tiated from monolayer cultures. Our finding is a necessary
prerequisite for therapeutic strategies based on cell enrich-
ment from human and nonhuman primate ESCs as a source
of donor retinal cell types.

In order to achieve the long-term goal of utilizing plu-
ripotent stem cells from nonhuman primates, methods
for optimizing NPCs and RPE formation from CESCs are
required. We found that Riv9 HIPSCs showed a higher inci-
dence of differentiation towards neural lineage, further sup-
porting the notion that human pluripotent stem cells assume
a default neural default pathway in the absence of extrinsic
factors during in vitro differentiation [26]. Another possible
explanation of lower neural commitment of cjes001 CESC
line includes their readily enhanced differentiation potential
into germ cells as previously reported [7]. Hence, early neu-
tralization may increase the yield of neural precursors from
cjes001 CESCs.

As ES cell lines are derived from a genetically heteroge-
neous population, there may be biological variations, hetero-
geneity, genetic, and epigenetic differences between different
ESC lines. Our findings thus underscore the necessity of esta-
blishing and screening novel nonhuman primate stem cell
lines for lineage-specific differentiation. Moreover, the avail-
ability of marmoset IPSCs [27] would accelerate the advance
of preclinical studies in regenerative medicine, allowing the
assessment of safety and efficacy of allogenic and xenogenic
transplantation for various retinal degenerative diseases.
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Sustained transgene expression is required for the success of cell transplant-based gene therapy. Most widely used are lentiviral-
based vectors which integrate into the host genome and thereby maintain sustained transgene expression. This requires integration
into the nuclear genome, and potential risks include activation of oncogenes and inactivation of tumor suppressor genes. Plasmids
have been used; however lack of sustained expression presents an additional challenge. Here we used the pCAG-PyF101-eGFP
plasmid to deliver the human GDNF gene to cat neural progenitor cells (cNPCs). This vector consists of a CAGG composite
promoter linked to the polyoma virus mutant enhancer PyF101. Expression of an episomal eGFP reporter and GDNF transgene
were stably maintained by the cells, even following induction of differentiation. These genetically modified cells appear suitable
for use in allogeneic models of cell-based delivery of GDNF in the cat and may find veterinary applications should such strategies
prove clinically beneficial.

1. Introduction

Transplantation of neural stem or progenitor cells for
treatment of neurodegenerative diseases is an approach that
has shown considerable promise in a variety of animal
models (as reviewed by [1–4]). One region of the central
nervous system (CNS) where particular progress has been
notable is the retina, where cells of this type have been
shown to integrate into immature neonatal [5], as well as
mature degenerative [6] host rats, and exhibit morphological
profiles suggestive of resident local neurons. Studies of this
type have also been extended to nonrodent species, including
the immature Brazilian opossum [7] and the dystrophic
Abyssinian cat [8]. Throughout this work, transplantation
of neural progenitor cells (NPCs) to the retina has been
shown to be well tolerated in allogeneic models [9] and

even some xenogeneic situations [7]. Survival of NPCs as
grafts does not therefore routinely require systemic immune
suppression, although exceptions certainly exist, as has been
clearly documented [10, 11].

The results of the above work with NPC transplantation
to the eye, together with a substantial volume of related stud-
ies, have helped to nurture enthusiasm for the translational
development of this technology. The goal of these efforts is
the treatment of a range of conditions affecting the retina,
for which current clinical outcomes frequently leave room for
improvement and many of which remain incurable, despite
impressive recent pharmacological advances. The abilities of
NPCs to be expanded in culture, integrate into retinal tissue,
survive without immune suppression, and differentiate in
presumptive retinal cell types all represent favorable char-
acteristics for a donor cell type to possess. However, the
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apparent inability of NPCs to generate photoreceptor cells
[6], at least in sizeable numbers [7], does restrict their use as a
means of cell replacement in the retina. This constraint does
not mitigate their potential effectiveness in an alternate role,
namely, as delivery vehicles for neuroprotective cytokines.

Neurotrophic factors contribute greatly to promoting
cell survival of specific neurons in the CNS. Among the
most potent for this purpose are glial cell line-derived
neurotrophic factor (GDNF), brain-derived neurotrophic
factor (BDNF), and ciliary neurotrophic factor (CNTF).
Among these, GDNF is known to be antiapoptotic [12]
in the brain [13, 14], spinal cord [15], and retina [16–
19]. Receptors for GDNF are known to be expressed by
cells of the mature retina [16, 19, 20]. Several types of
stem and progenitor cells have been genetically modified
to overexpress neurotrophic factors, resulting in enhanced
levels of growth factor secretion and an enhanced ability to
rescue retinal neurons and preserve visual function following
transplantation to animal models of retinal injury and
disease [21]. Neural progenitor cells derived from the human
cerebral cortex that had been genetically modified to over-
express GDNF showed considerable efficiency in delaying
neural degeneration [22], and the same strategy has been
investigated in the retina [23].

Viral vectors have been widely used for transgene delivery
[24] and are currently regarded as the most efficient method.
However their use is limited due to safety issues, DNA
loading capacity, and difficulties in scale-up for production.
An alternate approach that does not require integration
of the gene into the genome and therefore avoids the
risk of insertional mutagenesis is the use of autonomously
replicating plasmids or episomes (as reviewed by [25]). In
episomally replicating plasmids, sequences of incorporated
DNA (generally viral) enable the plasmid to replicate
extrachromosomally. This poses several advantages over
integrating systems: (1) the transgene cannot be interrupted
or subjected to regulatory constraints that often occur with
integration into cellular DNA; (2) higher transfection effi-
ciency can be obtained than with chromosome-integrating
plasmids; (3) episomes display a low mutation rate and tend
not to rearrange [26]; (4) episomally replicating systems have
the ability to transfer larger amounts of DNA [27].

In the present study, we explore the efficiency of non-
viral plasmid vector pCAG-PyF101-eGFP mediated gene
delivery in NPCs of feline origin. This plasmid consists of
the CAGG composite promoter derived from the fusion of
the human cytomegalovirus major immediate early enhancer
(HCMV-MIE), chicken β-actin promoter, and rabbit globin
intron sequence [28] that drives the expression of a transgene
linked to a downstream internal ribosomal entry site (IRES)
and a drug selection cassette. This plasmid has previously
been shown to resist gene silencing in murine and human
embryonic stem cells [29, 30]. Importantly, the inclusion of
a virus mutant polyoma enhancer sequence, PyF101, ensures
continuous transgene expression in the absence of drug
selection [29]. To assess whether an efficient transgene deliv-
ery and persistence transgene expression can be achieved
in neural progenitor cells, we first overexpressed the eGFP
reporter gene in cNPCs as a proof of principle. Here we show

that eGFP can be efficiently delivered to cNPCs using regular
transfection methods. These cells continued to express eGFP
for more than 60 days without significant loss of the eGFP
expression. We then overexpressed GDNF in cNPCs and
showed that transgenic cNPCs produced elevated levels of
GDNF in the culture media and retained their identity of
neural progenitors.

2. Material and Methods

2.1. Culture of Cat Neural Progenitor Cells (NPCs). Primary
cNPCs were derived from the brains of 47-day cat fetuses
as previously described [8]. For the present work, a frozen
sample of cNPCs at passage 9 (P9) was thawed and
cultured in Ultraculture medium (Lonza, Walkersville, MD),
supplemented with 2 mM L-glutamine, 20 ng/mL epider-
mal growth factor (human recombinant EGF; Invitrogen,
Carlsbad, CA), and 20 ng/mL basic fibroblast growth factor
(human recombinant bFGF; Invitrogen). The complete
Ultraculture-based medium is designated UM. Cells were
passaged every 3-4 days.

2.2. Transfection of cNPCs with pCAG-PyF101-eGFP. The
pCAG-PyF101-eGFP plasmid was purified using a QIAprep
spin maxiprep kit (QIAGEN, Valencia, CA). Plasmid trans-
fection was performed using Lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA) following the manufacturers’
instructions. Briefly, 2 million cNPCs were seeded into a T25
culture flask and allowed to grow overnight. Separately, 8 mg
of plasmid DNA and 20 uL of Lipofectamine 2000 reagent
were each individually diluted in 0.5 mL of Ultraculture-
based proliferation medium (UM, as described above),
mixed, and allowed to stand for 5 min. The diluted DNA
and Lipofectamine 2000 were then combined, mixed, and
allowed to stand for another 20 min. Meanwhile, the T25
flask containing cNPCs was washed once with fresh UM,
which was replaced entirely with another 2 mL of fresh UM.
The transfection mixture was added dropwise and mixed.
The flask was kept in a cell culture incubator under standard
conditions (37◦C, 5% CO2) for 48 h. Cells were subsequently
reseeded into two T25 flasks, and selection was performed via
the addition of 1.0 ug/mL puromycin to the culture medium
for a duration of at least two weeks. The expression of
eGFP by transfected cNPCs was monitored by fluorescence
microscopy and photographed daily.

2.3. pCAG-PyF101-GDNF Plasmid Construction and Trans-
fection of cNPCs. To construct pCAG-PyF10-GDNF, the
original plasmid pCAG-PyF101-eGFP was digested with
NotI/XhoI. The digested eGFP fragments were excised and
replaced with human GDNF BstbI/NotI fragment from
pEX-Z0010-Lv31 (GeneCopoeia, Germantown, Maryland)
by blunt ends ligation. pCAG-PyF101-GDNF transfection of
cNPCs was performed in the same manner used for pCAG-
PyF101-eGFP, as described above.

2.4. Cell Growth Assessment Using IncuCyte Live Cell Monitor-
ing System. The growth properties of pCAG-PyF101-GDNF
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Table 1: Primary antibodies used for immunocytochemistry on cNPCs.

Target Antibody type Reactivity in retina Source Dilutions

Nestin Mouse monoclonal Progenitors, reactive glia BD 1 : 200

Vimentin Mouse monoclonal Progenitors, reactive glia Sigma 1 : 200

Ki-67 Mouse monoclonal Proliferating cells BD 1 : 200

GFAP Mouse monoclonal Astrocytes, reactive glia Chemicon 1 : 200

β3-tubulin Mouse monoclonal Immature neurons Chemicon 1 : 200

GDNF Rabbit polyclonal Growth factor SCBT 1 : 200

transfected and nontransfected cNPCs were assessed by
culturing cells under proliferation conditions in ultraculture-
based medium (UM). Cells of identical passage number
(P17) were seeded in a 24-well plate at a density of
40,000 cells/well. Cells were photographed and counted at
24 h intervals, based on 2 distinct measures, namely, nuclear
counts and percentage confluency. Both parameters were
measured using an IncuCyte (Essen Instruments, Ann Arbor,
Michigan) live cell monitoring system installed within the
incubator. For nuclear counts, triplet wells were labeled
using the nuclear-specific fluorescent dye Vybrant DyeCycle
Green Stain (Molecular Probes, Invitrogen), which binds to
double-stranded DNA in viable cells. The dye was added
to cultures 30 min prior to assessment and nuclear profiles
counted using the proprietary IncuCyte program at 24, 48,
72, and 96 h after seeding of cells. Cells were also measured by
percentage confluency at the same time points, again using
the proprietary IncuCyte program.

2.5. Differentiation of cNPCs In Vitro. To differentiate
cNPCs, the cells were cultured in ultraculture-based medium
containing 10% FBS but not recombinant growth factors
(UM-FBS) for a period of 5–15 days, prior to further analysis
via FACS, ICC, or ELISA.

2.6. Fluorescence-Activated Cell Sorting (FACS) Analysis.
For FACS analysis, puromycin-selected pCAG-PyF101-eGFP
transfected and nontransfected cNPCs were seeded in T25
flasks (0.25 million cells/flask) and cultured for 7 days in
either UM or UM-FBS. Cells were then harvested and
filtered through cell strainer caps (35-μm mesh) to obtain
a single-cell suspension (approximately 106 cells/mL). Cells
were analyzed in an automated manner using a FACSAria
(BD Biosciences, San Diego, CA) and FACSDiva software
(BD Biosciences), without need for cell labeling or nuclear
dyes. The GFP fluorochrome was excited by this instrument’s
standard 488 nm laser, while fluorescence was detected using
a 510/20 filter.

2.7. ELISA Analysis. Plasmid pCAG-PyF101-GDNF trans-
fected cNPCs were cultured in UM or UM-FBS, and
the effects of differentiation on transgene expression were
assessed by ELISA. In the case of undifferentiated cNPC
controls, cells were seeded in T25 culture flasks in UM and
allowed to grow for one or three days. At the end of days 1
and 3, culture media were replaced with 4 mL of fresh UM.

Twenty four hours later, conditioned media were collected,
and cultured cells were counted and collected at days 2 and
4 for ELISA analysis. For differentiated cNPCs, cells were
seeded in T75 culture flask and cultured in UM-FBS for
7 days. Fresh UM-FBS medium was exchanged at day 6,
and, 24 h later, conditioned medium was collected for ELISA
analysis. Cells were also counted and collected for ELISA.

ELISA analysis was performed using a human GDNF
DuoSet ELISA kit and protocol from R and D systems
(Minneapolis, MN). Wells of microtiter plates were coated
(overnight, room temperature) with 2 μg/mL of GDNF cap-
ture antibody in 100 μL of coating buffer (0.05 M Na2CO3,
0.05 M NaHCO3, pH 9.6). Blocking was performed with
1% BSA in PBS for 1 h at room temperature. Samples
(100 μL) were loaded in triplicates and incubated for 2 h
at room temperature, followed by the addition of 100 μL
antibody detection antibody (0.1 μg/mL) for additional 2 h
at room temperature. HRP-conjugated streptavidin (1 : 200)
in blocking buffer was added (20 min, room temperature),
and the reaction was visualized by the addition of 100 μL of
substrate solution and incubation for 20 min. The reaction
was stopped with 50 μL H2SO4, and absorbance at 450 nm
was measured with reduction at 540 nm using an ELISA plate
reader. Plates were washed five times with washing buffer
(PBS, pH 7.4, containing 0.1% (v/v) Tween 20) after each
step. As a reference for quantification, a standard curve was
established by a serial dilution of recombinant GDNF protein
(31.25 pg/mL–2.0 ng/mL).

2.8. Immunocytochemistry. Transfected and nontransfected
cNPCs were seeded on 4-well chamber slides (Nalge Nunc
International, Rochester, NY) and allowed to grow for
3–5 days. Cells were fixed with freshly prepared 4%
paraformaldehyde (Invitrogen, Carlsbad, CA) in 0.1 M
phosphate-buffered saline (PBS) for 20 min at room temper-
ature and washed with PBS. Cells on slides were incubated in
antibody blocking buffer (PBS containing 10% (v/v) normal
goat serum (NGS) (BioSource, Camarillo, CA), 0.3% Triton
X-100, 0.1% NaN3 (Sigma-Aldrich, Saint Louis, MI)) for
1 h at room temperature. Slides were then incubated with
primary antibodies at proper dilutions (Table 1) overnight
at 4◦C. The next morning, after washing, slides were incu-
bated in fluorescent-conjugated secondary antibody (Alexa
Fluor546-goat anti-mouse/rabbit, 1 : 800 in PBS, BD) for
1 h at room temperature. After an additional wash, slides
were mounted using DAPI-containing Vectashield Hard Set
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Figure 1: GFP expression in cNPCs transfected with pCAG-PyF101-eGFP plasmid. Transfected cNPC (passage 21) were maintained under
proliferation conditions (UM) or switched to growth factor-free differentiation conditions (UM + 10% FBS) to evaluate potential loss of
transgene expression. Cultures were photographed at 6, 7, 10, and 15 days. Sustained expression of green fluorescence protein (GFP) was
observed for both conditions at all time points. Paired images are shown for each time point and include phase contrast (a, c, e, g, i, k, m, o)
and fluorescence (b, d, f, h, j, l, n, p) micrographs of the same areas in culture.
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Figure 2: FACS analysis of GFP expression in nontransfected and transfected cNPCs. FACS analysis was performed on nontransfected and
transfected cNPCs to show the expression of the GFP reporter gene. The vertical axis shows cell count, and the horizontal axis shows relative
fluorescence. (a) Nontransfected cNPCp25 cultured in UM; (b) transfected cNPCp25 cultured in UM; (c) transfected cNPCp25 cultured in
UM containing 10% FBS for 7 days (a) and 15 days (b).
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Figure 3: Growth of nontransfected and pCAG-PyF101-eGDNF plasmid transfected cNPCs. The fluorescence stained nuclei of (a)
transfected and (b) nontransfected cNPCs. cNPCs were cultured in 24-well plate in UM for 4 days. Cells were labeled with a marker for
nuclear DNA, and an IncuCyte live cell monitoring system was used to assess the growth rate of cells on each day. (a) GDNF-transfected
cNPCs; A1–4: Day1–4. (b) Nontransfected cNPCs; B1–4: Day1–4. (c, d) Growth curves of GDNF-transfected and nontransfected cNPCs
(labeled GDNF and Ctl, resp.) imaged and analyzed using an IncuCyte live cell monitoring system. Cells were stained with Vybrant Dycycle
fluorescence nuclear-specific dye daily for 4 consecutive days (c). At the same time, cells in duplicate sets of wells without nuclear stain were
measured for percentage cell confluency (d). The tight grouping of control data in (d) makes it difficult to discern Ctl1, which is present in
the upper group and reaches confluence rapidly along with the other nontransfected cNPCs. IncuCyte programs were used for both analyses
(c, d).

Mounting Medium (Vector laboratories, Burlingame, CA)
for 20 min at room temperature. Negative controls for
immunolabeling were performed in parallel using the same
protocol but without primary antibody. Fluorescent labeling
was judged as positive only with reference to the negative
controls. Immunoreactive cells were visualized and imaged
using a Nikon fluorescent microscope (Nikon, Eclipse E600,
Melville, NY).

3. Results

3.1. Ubiquitous and Constitutive Reporter Gene Expression
in eGFP-Transfected cNPCs. Expression of eGFP in pCAG-
PyF101-eGFP transfected cNPCs was monitored by fluo-
rescence microscopy to assess the transfection efficiency
of the plasmid vector. Transfected cells began to exhibit
eGFP-related fluorescence at 18 h following-transfection.
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Figure 4: The amount of GDNF produced by nontransfected
and transfected cNPCs measured by ELISA. Nontransfected and
transfected cNPCs were seeded in UM. Culture media were
refreshed 24 hours prior to collection of conditioned media for
ELISA. Samples of culture media conditioned by transfected or
control cells were analyzed to determine the level of GDNF present.
Error bars = SEM.

The percentage of cells expressing eGFP reached approxi-
mately 40% by day 3. At the end of day 3, cells were reseeded,
and puromycin (1 ug/mL) was added to the culture medium
in order to select for stable transfectants. After 2 weeks
of drug selection, a preponderance of the surviving cells
expressed eGFP (as demonstrated by FACS analysis below).
Continued propagation of these cells in UM for more than 60
days showed that eGFP expression was ubiquitously retained
in the cells.

3.2. Sustained eGFP Transgene Expression under Differen-
tiation Conditions. To evaluate the influence of cellular
differentiation on transgene expression, transfected cNPCs
(at P21) were cultured in UM containing 10% FBS for at least
two weeks. Fluorescence microscopy detected eGFP expres-
sion in almost every cell, indicating that the transfection
procedure was efficient and that the pCAG-PyF101-eGFP
plasmids were stably maintained and actively transcribed
without significant attenuation due to cell division or growth
under in vitro differentiation conditions (Figure 1).

Flow cytometric analysis was performed to further
confirm eGFP expression in transfected cNPCs. Almost
all transfected cNPCs cultured in either UM or UM
containing 10% FBS (differentiation medium) expressed
eGFP (Figure 2). Interestingly, eGFP fluorescence intensity
increased in transfected cells cultured in UM containing 10%
FBS. We also detected two subpopulations of transfected cells
that expressed eGFP at different levels (“high” and “medium
high”). This observation may relate to the heterogenous
morphology and size distribution of differentiating cells,
some of which are larger in size which might serve to dilute
the eGFP concentration within the cell.

3.3. Overexpression of GDNF in cNPCs. To further demon-
strate the application of the pCAG vector for efficient

transgene delivery beyond an eGFP reporter, we next overex-
pressed human GDNF in cNPCs. The effect of transduction
on cellular proliferation was evaluated using an IncuCyte live
cell monitoring system, allowing sequential observation of
cell number in undisturbed cultures (Figures 3(a) and 3(b)).
Both transfected and nontransfected cNPCs were seeded in
24-well plates in UM. Cell numbers were evaluated in terms
of nuclear count and assessment of relative confluence (per-
centage). The resulting data showed that transfected cNPCs
continued to proliferate, albeit at a slower rate than that of
nontransfected cNPCs (Figures 3(c) and 3(d)). Interestingly,
the monolayer cultures of the GDNF-transfected cNPCs
appeared to be healthier, with fewer floating cells, less cell
clumps, and minimal evidence of cell death.

3.4. Confirmation of Increased GDNF Protein Production by
Transfected cNPCs. The levels of GDNF produced by GDNF-
transfected cNPCs were measured by ELISA. Cells were
cultured in UM or UM containing 10% FBS, and fresh media
were added 24 hours prior to collection of conditioned media
for ELISA analysis. The data showed that GDNF-expressing
cNPCs produced large amount of GDNF, even 60 days after
initial transfection. In addition, cells cultured in UM as well
as those cultured in UM containing 10% FBS produced
similar amounts of GDNF (Figure 4), indicating that GDNF
expression was maintained under in vitro differentiation
conditions. We also determined the level of GDNF present
within transfected cells. ELISA indicated that intracellular
GDNF level was low (<10 ng/106 cells/day, data not shown)
compared to the amount of GDNF present in culture media
(227–258 ng/106 cells/day). Therefore the majority of GDNF
produced was secreted into the culture media.

3.5. Immunocytochemistry Confirms GDNF and Absence of
Treatment-Related Changes in cNPCs. Immunocytochemical
analysis was performed to confirm elevated GDNF pro-
tein expression within treated cNPCs and to evaluate the
potential effects of pCAG transduction and GDNF over-
expression on the ontogenetic status and lineage potential
of the cells. First, an anti-GDNF antibody was used to
detect GDNF protein in transfected cNPCs (Figure 5). This
showed that GDNF expression was modest in nontransfected
cNPCs (Figure 5(a)), but was strongly expressed in the
transfected cells (Figure 5(b)). Although GDNF protein was
also prominent in FBS-treated cNPCs, the fluorescence level
was weaker, implying a more dilute distribution of GDNF,
perhaps reflecting the larger size of the differentiating cells
(Figure 5(c)).

Immunocytochemical analysis of a range of neural pro-
genitor markers showed that GDNF overexpression did not
significantly affect the expression of neural progenitor and
proliferation markers (Figure 6). Thus, GDNF-expressing
cNPCs retained their identity as neural progenitors.

4. Discussion

Here we report the use of a nonintegrating, plasmid-
based vector to effectively transfect neural progenitor cells
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Figure 5: GDNF expression profiles in nontransfected and transfected cNPCp19. GDNF expression profiles were evaluated by
immunocytochemistry (ICC) on cNPCs using an anti-human rabbit poly clone antibody. (a) Nontransfected cNPCs in UM; (b) pCAG-
PyF101-GDNF plasmid transfected cNPCs in UM; (c) pCAG-PyF101-GDNF plasmid transfected cNPCs in UM containing 10% FBS for 5
days.

Nontransfected cNPC Transfected cNPC

UM UM + 10% FBS UM UM + 10% FBS

Nestin

Ki-67

GFAP

β3-tubulin

Vimentin

Figure 6: Expression profiles of marker genes in transfected cNPCs by ICC. Gene expression profiles of several neural progenitor, cell
proliferation, and differentiation markers were evaluated by immunocytochemistry (ICC). Transfected cNPCs were cultured in UM, or UM
containing 10% FBS, for 5 days and then immunolabeled with different epitope-specific antibodies to detect the markers shown.
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with an exogenous gene encoding a neuroprotective growth
factor. Specifically, this plasmid vector, also containing the
CAGG hybrid promoter and polyoma virus mutant enhancer
PyF101a, was used to deliver the human GDNF gene to
progenitor cells cultured from the fetal cat brain (cNPCs).
This is one of the few studies investigating the genetic
modification of NPCs derived from nonrodent, nonprimate
mammalian species [24] and the first study to demonstrate
the applicability of plasmid-based vector technology to feline
NPCs.

Gene transfer represents a powerful tool for enhancing
the desired characteristics of a therapeutic cell type. Early
work exploiting transgenic reporter genes and disease models
has been followed by more ambitious strategies, including
cytokine delivery, immune modulation, and, more recently,
cellular reprogramming [31, 32]. Nevertheless, the enthu-
siasm surrounding these advances has been tempered by
the realization that integration of exogenous transgenes into
the recipient genome can result in significant complications,
including malignant transformation of cells and death of
treated patients. For this reason, the use of a nonintegrating
plasmid-based vector is of interest in that it might avoid the
potential adverse perturbations of host cell gene regulation
associated with uncontrolled alteration of the chromosomal
DNA-coding sequence.

One challenge connected with the use of nonintegrating
vectors is the transcriptional silencing of nonchromosomal
DNA sequences by host cells. Use of the highly transcribed
chicken β-actin [33] and its derivative composite promoter
CAGG has recently gained popularity as a strategy for
countering this phenomenon, providing a robust tool for
deriving long-term constitutive transfectants [29, 30, 33,
34]. The findings of the current study demonstrate that, in
combination, the plasmid-based vector system and CAGG
promoter can effectively transfect feline NPCs. These results
suggest that this method could find applicability in the
delivery of various other genes of interest to feline NPCs,
as well as possibly other feline cells, and immature and
differentiated cells from additional mammalian species.

One interesting observation is that the GDNF-
transfected cells exhibited a slower growth curve than
untransfected controls. The reason for this was not
delineated in the current study, but could relate to a
number of considerations. One of these is that the cells
were genetically manipulated and this could be deleterious
in a number of ways. Another is that the cells overexpress
the signaling molecule GDNF, which could in turn exert
physiological influences on apoptosis or rate of proliferation.
In another study with murine retinal progenitor cells [35],
we showed that exogenous GDNF was antiapoptotic and did
not impede proliferation, suggesting that the slower growth
seen in the current study likely results from the genetic
modification process or resultant protein overexpression,
rather than from subsequent GDNF-induced signaling.

The cells generated and banked during this study provide
a uniquely modified cell type with potential scalability. As
such, these genetically modified feline NPCs could be of
translational interest in the setting of veterinary applications.
Further studies involving transplantation will be necessary to

explore the safety and therapeutic potential of these cells. In
terms of feline retinal degeneration, a suitable recipient exists
in the form of the retinal dystrophic Abyssinian cat [8].
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Biodegradable scaffolds play an important adjunct role in transplantation of retinal progenitor cells (RPCs) to the subretinal space.
Poly(ε-Caprolactone) (PCL) scaffolds with different modifications were subretinally implanted in 28 porcine eyes and evaluated by
multifocal electroretinography (mfERG) and histology after 6 weeks of observation. PCL Short Nanowire, PCL Electrospun, and
PCL Smooth scaffolds were well tolerated in the subretinal space in pigs and caused no inflammation and limited tissue disruption.
PCL Short Nanowire had an average rate of preserved overlying outer retina 17% higher than PCL Electrospun and 25% higher
than PCL Smooth. Furthermore, PCL Short Nanowire was found to have the most suitable degree of stiffness for surgical delivery
to the subretinal space. The membrane-induced photoreceptor damage could be shown on mfERG, but the reductions in P1
amplitude were only significant for the PCL Smooth. We conclude that of the tested scaffolds, PCL Short Nanowire is the best
candidate for subretinal implantation.

1. Introduction

Subretinally transplanted retinal progenitor cells (RPCs)
have in a number of animal models shown the ability to
migrate to the outer retina, differentiate to mature photore-
ceptors, and generate synapses with existing cells [1]. As the
mammalian retina does not regenerate [2], this provides a
great restorative potential for retinal degenerative diseases.
When transplanting cells to the subretinal space, the use
of scaffolds has been shown to increase the number of
delivered and surviving cells, to enable a more precise and
localized delivery [3], and to promote differentiation and

organization of grafted RPCs [3–5]. Furthermore, scaffolds
can be loaded with regulatory and modulating drugs to
further assist differentiation, function, and survival [6–8].

Several materials have been tested as scaffolds for RPC
transplantation and found to support adhesion, survival,
and migration [3, 9]. One of the more promising scaffold
materials is poly(ε-caprolactone) (PCL) as it is mechanically
compliant, nontoxic, degrades by slow surface erosion and
can be fabricated as very thin membranes [9–11]. Scaffolds
of PCL can be fabricated by different methods to produce
specific structural and mechanical properties [9, 10, 12, 13].
Such types of PCL membranes are the electrospun (PCL-E),
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the Short Nanowire (PCL-SNW), and the Smooth (PCL-S).
All three have previously been tested and for the PCL-E and
PCL-SNW shown promising abilities for supporting growth,
differentiation and migration of RPCs in vitro and in the case
of PCL-SNW also in an in vivo study on mice [9, 13]

In this study, we transplanted naked PCL membranes
to the subretinal space of pigs to obtain a baseline for
the histological and electrophysiological effect of subretinal
transplantation as well as long time presence of PCL-E,
PCL-SNW, and PCL-S membranes in the eye. The size of
the porcine eye enabled the use of surgical techniques and
equipment used in the clinic, and thereby this study also
evaluates the mechanical properties of the tested membranes
in relation to the procedure of subretinal transplantation
in humans. Voss Kyhn et al. [14] have shown the surgical
steps of gaining access to the subretinal space to have
no detectable effect on the multifocal electroretinogram
(mfERG) in pigs 6 weeks post-surgically, and we assume
that the electrophysiological effects seen arise only from the
transplanted membranes. Also the immediate histological
shortening of photoreceptor outer segments following bleb
formation has been shown to normalized 6 weeks post-
surgically [14]. We thereby intended this study to serve as
histological and electrophysiological baseline for future RPC-
PCL composite studies.

2. Material and Method

All experiments were performed in compliance with the
ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research. The Danish Animal Experiments In-
spectorate granted permission for the use of the animals
(permission 2007/561-768). Trained veterinary nurses and
technicians carried out all handling of the animals.

A total of 28 female domestic pigs of Danish Lan-
drace/Duroc/Hampshire/Yorkshire breed were used for these
experiments (age 3-4 months; weight 23–30 kg). Only
left eyes underwent membrane implantation. The animals
were premedicated with Tiletamine 1.19 mg/kg, Zolazepam
1.19 mg/kg (Zoletil 50 Vet Virbac SA, Carros, France),
Methadone 0.24 mg/kg (Nycomed, Roskilde, Denmark),
Ketamine 1.43 mg/kg (Intervet, Skovlunde, Denmark), and
Xylazine 1.24 mg/kg (Intervet, Skovlunde, Denmark). There-
after, anesthesia was maintained with continuous intra-
venous infusion (i.v.) of propofol 15 mg/kg/h (Fresenius
Kabi, Bad Homburg, Germany). The animals were endo-
tracheally intubated and artificially ventilated on 34% O2.
During anesthesia the animals were placed resting on their
elbows to minimize the impact on the cardiovascular system
[15]. In order to avoid hypothermia, the animals were
wrapped in a blanket during anesthesia

2.1. Membrane Fabrication. The PCL-E membrane was fab-
ricated by transferring a solution of 10 weight percent (wt%)
PCL in CHCl3 to a 5 mL syringe attached to a blunt tipped
18 gauge (G) stainless steel needle. Electrospinning was
then carried out through the application of a 15 kV positive
voltage to the polymer solution. The solution was fed via a

syringe pump at a constant mass flow rate of 1 mL/hr. Finally
fibers were collected on a stainless steel grounded rotating
drum until a nonwoven mat was formed.

The PCL-SNW membrane was fabricated by first prepar-
ing a polymer casting solution by dissolving PCL in di-
chloromethane (4 wt%) (Sigma-Aldrich). The PCL solution
was then cast onto a nanoporous anodized aluminum oxide
template using a spin coater (Specialty Coating Systems,
Indianapolis, IN, USA). The solvent was allowed to evaporate
at room temperature. Polymer melts were formed at 130◦C
while in contact with the nanoporous template. Nanowire
length was tuned as a function of melt time. A melt time
of 5 min was used to form the short nanowires of 2.5 μm
in length. Finally the thin-film scaffold of vertically aligned
nanowires was released by etching the template in a dilute
sodium hydroxide solution and allowed to air dry at room
temperature.

The PCL-s membrane was fabricated on an electro-
chemically polished silicon wafer using a spin-cast/solvent
evaporation method.

2.2. Surgical Procedure. Eyes were anesthetized, dilated,
disinfected, and a standard three-port core vitrectomy was
performed as previously described [16]. In brief, the infusion
line was secured inferiorly (Ringer Lactate; SAD, Copen-
hagen, Denmark), and the vitreous was removed during
endoillumination using a 20 G vitrector (Karl Storz GmbH,
Tuttlingen, Germany). The posterior hyaloid was meticulous
removed in the visual streak and optic disc area. A subretinal
bleb in the visual streak area was raised by injection of
Ringer Lactate (SAD, Copenhagen, Denmark) through a
41 G cannula (ref. 1270; DORC International BV, Zuidland,
the Netherlands). To gain access to the subretinal space, a
retinotomy was performed in the temporal aspect of the
bleb using endodiathermy (Storz Premiere, Bausch & Lomb;
energy set 15%, output range 7.5 Watts nominal at 100
ohms) and automated scissors (Storz Premiere, automatic
scissors).

This allowed a large piece of membrane (approx.
12 mm2) to be inserted in the visual streak area. DORC’s
combined spatula/peeling forceps was used for this (Ref.
1297, DORC, Netherlands). In order to secure the mem-
brane, a partial fluid-air-exchange with drainage at the
retinotomy site was performed after the membrane was
placed subretinally. Sclera and conjunctiva were sutured
with 7-0 coated vicryl (Ethicon, Norderstedt, Germany).
After the procedure, intraocular pressure was evaluated
with bimanual palpation, and indirect ophthalmoscopy was
performed to ensure correct placement of the membrane and
absence of bleeding and retinal detachment. Finally, topical
application of chloramphenicol ointment was given, and the
eye was patched (Kloramfenikol “DAK”; Nycomed, Roskilde,
Denmark). In order to ensure reliable histology and mfERG
recordings, animals with any surgical complication, such
as bleeding, surgical lens damage, or retinal detachment as
well as animals with significant opacities in the media were
excluded from the study.
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2.3. Follow-Up Procedure. Six weeks past surgery, animals
were reanesthetized as previously described [15] with addi-
tion of a neuromuscular blocker to avoid eye movement:
2 mg/h i.v. Pancurium Bromide (Oss, Organon, Holland).

Infrared (IR) fundus imaging, mfERG (VERIS Science
5.0.1), and color fundus photos (Zeiss FF450 plus-IR) were
obtained just prior to euthanasia. All color fundus photos
were taken with an angle of 50 degrees. Animals were eutha-
nized by a lethal injection of 20 mL pentobarbital 200 mg/mL
(Royal Veterinary and Agricultural University, Copenhagen,
Denmark) and the left membrane-transplanted eye was
then enucleated. After an initial fixation for 15 min in
formaldehyde 4%, the enucleated eye was divided into two
parts by incision posterior to the ora serrata. Subsequently,
the formaldehyde fixation was prolonged for 24 hr.

2.4. Histology. The optic nerve and the visual streak were
isolated from the formaldehyde fixed eyecup. The obtained
specimens were paraffin embedded and sections of 4.5 μm
were then stained with haematoxylin and eosin (HE)
and evaluated by light microscopy. The proportion of
morphologically undisturbed retinal layer overlaying the
transplanted membrane was measured on a micrograph.
For each retinal layer, a fraction of morphologically undis-
turbed retina could then be calculated. This semiquantitative
scoring of the histological effects on the retina enabled
comparison of membranes independently of the placement
of the membrane within the eye.

2.5. Multifocal Electroretinogram. Multifocal ERG was re-
corded on both eyes as previously described [17]. In brief,
eyes were dilated and a Burian Allen (VERIS Infrared
Illuminating Electrode, EDI, Inc., Red Wood, CA) bipolar
contact lens was placed on the cornea. Recordings were
conducted using VERIS Science 5.0.1 with visual stimulus
displayed on a 1.5-inch cathode ray tube monitor integrated
in the stimulus camera. The left membrane-implanted eye
was recorded first and always recorded within the first two
hours of anesthesia. The two eyes were recorded within a
timeframe of 30 min. A stimulus pattern of 241 unscaled
white and black hexagons with a frame rate of 75 Hz and
16 samples per frames was used. The m-sequence exponent
was 15 and the durations of recordings were 7.17 minutes.
Signals were band-passes filtered outside 10–300 Hz. No
spatial averaging and only first-order kernels were used.

Multifocal electroretinogram scoring of the membranes
was done as previously described [17]. In brief, IR fundus
photo of the left eye with the stimulus grid from the VERIS
system and the corresponding Zeiss color fundus photo was
aligned to identify hexagons covering membrane-supported
retina. The corresponding area in the right (control) eye
was identified, and the averages of the P1-amplitudes of
the mfERGs derived from hexagons of the two areas were
calculated and a ratio was found. ANOVA-test was used to
test for equality of means between the different membrane
types (SigmaPlot 11.0 for Windows, Systat Software Inc., San
Jose, California, USA).

∗
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Figure 1: Micrograph of hematoxylin and eosin stained porcine
retina after subretinally implanted poly(ε-caprolactone) mem-
branes (marked with arrows). Top: Poly(ε-caprolactone) Electro-
spun PCL-E) membrane. The left edge of the membrane has
penetrated up through the outer retina. Mild choroidal neovascu-
larization is seen under the membrane and a few RPE-cells have
transformed to a macrophage morphology on the outer face of the
membrane. Very little of the retina from the inner nuclear layer, and
outward, is preserved and no photoreceptors are preserved. Middle:
Poly(ε-caprolactone) Short Nanowire (PCL-SNW) membrane. A
retinal fold is seen over the right end of the membrane taking up
approximately 30% of the length of the membrane. All retinal layers
left of the fold from neurofiber to outer nuclear layer are well-
preserved giving approximately 70% well-preserved retina. Half
the photoreceptor outer segments are flattened but still present.
Bottom: Poly(ε-caprolactone) Smooth (PCL-S) membrane. Both
membrane edges are perforated up through the outer retina. The
inner membrane-supported retinal layers are well preserved. From
the inner nuclear layer, the outer retina is more disrupted with
preserved morphology in only approximately half the length of the
membrane. The part of fattened but still present photoreceptor
outer segments is even less than the rest of the outer retina. No sign
of inflammation is seen in either of the micrographs. (∗ marks the
vitreous body).

2.6. Brightness Analysis. Color fundus photos were used
to evaluate the brightness of the subretinally transplanted
membranes. Area of interest was marked and measured in
Photoshop on a scale ranging from 0 (black point) to 255
(white point) as described by Hubbard et al. [18]. The ratio
between the membrane area and the optic disc brightness
was used to even out differences in the fundus photo flash
intensity. The brightness ratios for the three membranes were
plotted using SigmaPlot.
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Figure 2: Fundus photos 6 weeks after membrane implantation (a) and corresponding 3D-presentation of amplitudes for the 241
hexagons recorded by multifocal electroretinography (b). Black circle on the fundus photo marks position of the 241-unscaled multifocal
electroretinogram-grit. Color scale on the 3D-presentation ranges from 0 to 14 nV/deg2. Top: Poly(ε-caprolactone) Electrospun PCL-
E) membrane. Middle: Poly(ε-caprolactone) Short Nanowire (PCL-SNW) membrane. Bottom: Poly(ε-caprolactone) Smooth (PCL-S)
membrane.

3. Results

A total of 28 pigs underwent PCL-membrane implantation
surgery, whereof 12 had PCL-S, 10 had PCL-E, and 6 had
PCL-SNW membranes implanted.

The implanted membrane could not be found in 7 cases
at followup and in 1 pig the membrane was found in the
vitreous cavity. Two pigs developed intraocular bleeding that
did not resolve, and in 2 pigs the retina did not reattach.
One PCL-SNW had mfERG responses, but the retina was
lost during histological preparation; in 4 eyes (one PCL-E,
one PCL-SNW, and two PCL-S), the membrane moved so far
peripherally that detection of the mfERG was not possible,
and in one PCL-E the membrane had migrated intraretinally.

This gives a total of 10 pigs that were included for both
histological scoring and mfERG recordings (Table 1).

The different fabrication methods of PCL membranes
irrefutably resulted in different degrees of flexibility. This
proved to influence the ease of implantation to the eye. PCL-
SNW was the easiest to maneuver to and insert in the sub-
retinal space. The relatively stiff PCL-E gave an impression of
distorting the surrounding tissue when inserted subretinally,
whereas the high flexibility of the Smooth membrane made
it bend and curl up during the implantation.

Histological examination showed all the membranes to
be rather well tolerated in the subretinal space with no
inflammation in either retina or choroid (Figure 1). In a
few cases, RPE cells on the outer face of the membranes
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Table 1: Number of implanted, included, and excluded polymer scaffolds, by type.

No. of eyes
(total)

No. of eyes
(histology)

No. of eyes
(mfERG)

No. of eyes
(mfERG and histology)

Exclusions

PCL Electrospun 10 6 5 4∗

1 bleeding;
2 retinal detachments;
1 membrane not
found at follow up

PCL Short Nanowire 6 4 4 3
1 membrane not
found at follow up

PCL Smooth 12 5 3 3

1 bleeding;
1 membrane
dislocated to corpus
vitreum; 5
membranes not
found at follow up

∗
One membrane migrated intraretinally and was not scored histologically.
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Figure 3: Mean fractions of morphologically intact membrane
supported retinal layers for the three membrane types (squares).
The lowest and highest scored fractions for each layer are given by
the thin bars. Number of pigs included for histological scoring are
given as n values in the figure.

transformed to a histiocytic morphology creating giant cells
(Figure 1(top)). Choroidal neovascularization (CNV) was
seen in 67% cases with PCL-E, 75% of cases transplanted
with PCL-S, and in 50% of cases with PCL-SNW mem-
branes.

It was possible to score the morphologically intact
fraction of all overlying retinal layers of all included eyes.
Mean values for each layer and membrane type including
lowest and highest fraction are given in Figure 3. The PCL-
SNW had the highest average percentage of morphologically
well-preserved overlying retina for all evaluated outer retinal
layers. The photoreceptor outer segment layer was disrupted
over all the membranes, varying from flattened to completely
gone. This layer, as the only one, is, therefore, included
as preserved if present (Figure 3). All other layers varied

120

100

80

60

40

20

0

n = 5 n = 4 n = 3

PCL electrospun PCL short
 nanowire

PCL smooth

P
1 

am
pl

it
u

de
 in

 %
 o

f 
co

n
tr

ol

Figure 4: Mean P1 amplitude ratios for the three membrane-
types. Ratios are given as the percentage of P1 amplitude for the
membrane supported area of retina in the left eye compared to that
of the corresponding area in the right untouched eye. Confidence
intervals are given by the thin bars. Number of included animals
for each membrane are written on the broad bars. No significant
differences are seen. Only the P1 amplitude ratio of PCL Smooth is
significantly different from 1 (P = 0.028).

from undisturbed to disturbed beyond recognition and only
the morphologically undisturbed part of these layer were
included as preserved. The inner retina was left almost intact
by all membranes but one case of PCL-S (Figure 3). The
one PCL-SNW that scored low on outer retinal layers did so
because of a retinal fold that was scored as morphologically
disturbed (Figure 1). Common for all membranes was a
tendency for the edges to penetrate up through the retinal
layers and in one case the membrane was found to be located
completely intraretinally.

It was possible to obtain good mfERGs with acceptable
signal-to-noise ratios in both the left and right eye on all
included pigs. The 3D presentations of amplitudes show
a general depression over the membranes when compared
to adjacent retina (Figure 2). This tendency is also found
for the P1-amplitude ratios (Figure 4). The depression in
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Figure 5: Mean brightness ratios for the three membrane types.
Ratios are calculated as brightness of the membrane compared
to that of the optic disc. Confidence intervals (thin bars) reveal
a significant difference between the poly(ε-caprolactone) (PCL)
Electrospun and the PCL Short Nanowire membranes. Numbers of
included animals for each membrane type are written on the broad
bars.

P1-amplitude ratio is, however, only significantly different
from 1 for the PCL-S. Between the three membrane types,
no significant difference in mean P1-amplitude ratios was
found (Figure 4). The 3D presentation of amplitudes for
the membrane adjacent retina of the three membrane types
shows the interindividual difference generally seen between
the pigs (Figure 2).

Fundus photos of the membranes reveal a difference in
brightness of the membranes (Figure 2). This difference in
brightness is significant between the PCL-SNW and the PCL-
E membranes (Figure 5).

4. Discussion

We demonstrate, in this study, that three different modi-
fications of poly(ε-caprolactone) membranes, Electrospun,
Short Nanowire, and Smooth, are well tolerated in the
subretinal space in pigs. None of the tested membrane
variants caused an inflammatory response, but differences
in the retinal damage seen could be related to the physical
properties of the different membrane types.

The thickness and biocompatibility of scaffolds has
previously been addressed as essential properties of tissue
scaffolds for subretinal stem cell transplantation [13, 19, 20].
Firstly, the scaffold must be thin and permeable to nutrients
to allow outer retinal survival. The PCL-SNW scaffolds
especially fulfill this requirement, as it is one of the thinnest
polymer substrates used for subretinal RPC transplantation
[13]. Secondly, scaffold material must not be toxic to the
surrounding tissue. PCL as a material for scaffold complies
well with these requirements, as it is both highly permeable
[12] and degrades in a slow manner and is less prone to
leave an acidic microenvironment than polymers of higher
molecular weight as the PLGA [21, 22]. Finally, to allow
surgical delivery to the subretinal space, the scaffold needs to

be stiff, but still flexible enough to prevent distortion of the
subretinal space. The PCL-E has a very high Young’s modulus
(stiffness) [9], which prevented the membrane from adapting
to the curvature of the eyeball, and likely caused the observed
migration up into retina. In contrast, the PCL-S proved too
flexible, as it tended to curl up during implantation, and
therefore caused a larger surgical trauma. Over all, we find
the PCL-SNW to have the best degree of flexibility and the
PCL-S to have the worst.

Our histological results also point towards the PCL-
SNW as the best scaffold candidate of the three tested as
the overlying outer retina (from inner nuclear layer and
out) of the PCL-SNW had approximately 17% more pre-
served morphology than the PCL-E, and 25% more than
the PCL-S (Figure 3). Histology showed that the inner
retina was mainly left intact in all specimens, except for
one smooth membrane. In one specimen with PCL-E we
found intact photoreceptor layer, but the overall finding
was that photoreceptors were shortened and nowhere was a
completely morphologically intact layer observed. Flattening
of the outer segments has previously been observed in the
porcine retina after detachment but here the morphology of
outer segments was restored 6 weeks after detachment and
the subsequent reattachment [14]. We, therefore, regard the
loss and morphological change of the outer segments to be
expected and not specific to these membrane types. Besides
the effect of mechanical differences between the membranes,
an explanation for the different degrees of preservation could
be the ability of membranes to support growing cells [13].

We believe that the tendency to curl up after implantation
combined with the smooth surface is the explanation for the
high number of PCL-S membranes not found subretinally at
followup (Table 1). As the PLC degrades very slowly and is
found so well preserved in the other eyes, we do not believe
that the membranes not found after 6 weeks had dissolved.
They either migrated subretinally so far anteriorly, that they
were not visible on neither fundus photo nor histology or,
more likely, they were displaced through the retinotomy, as
the one seen at the posterior lens capsule, and were, therefore,
not seen during the preparation process.

Choroidal neovasculariztion often occurs with damage to
Bruch’s membrane [23] and was in this study found in more
than half the included eyes. We do not expect the presence if
the electrically inactive CNV to influence the mfERG directly.
Indirectly, however, CNV could influence the mfERG via
scatter. Again we do not expect this to affect the mfERG of
the membrane supported retina as the CNV is located under
the implanted membranes.

The intentional use of mfERG as an in vivo measurement
of cell survival is compromised in this study. If mfERG is
to be used for assessment of survival of transplanted cells,
a significant depression in mfERG amplitude ratio in the
control situation (the naked membrane) is mandatory. On
the 3D presentation of the mfERG, there was a tendency for
depression of the mfERG signals over the membranes, but
when compared to the control eye only PCL smooth showed
a significant decrease in P1 amplitude. Although histology
revealed marked differences in the destruction of outer
retinal layers covering the different membrane types, we
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could not show any significant differences in P1 amplitude
ratios. This was further complicated by the observation of
significantly higher brightness ratio for PCL-SNW compared
to PCL-E and so a correlation between brightness ratio and
mfERG P1 amplitude ratios could not be demonstrated, as
was previously shown for PLGA membranes [17]. We explain
this dissimilarity by the presence of residual functional
photoreceptors overlaying the bright membrane, resulting
in mfERG amplitudes composed of both signals from
functional local retina and from light scatter in various
degrees.

5. Conclusion

In conclusion, PCL derivatives are well tolerated in the
subretinal space in pigs. Among the three PCL scaffolds
tested, PCL short nanowire seems to be the best candidate
for future use as a scaffold in RPC transplantation.
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Purpose. To investigate the effect of transplanted amniotic membrane (AM) on subretinal wound healing. Methods. Nine Danish
Landrace pigs had surgical removal of retinal pigment epithelium (RPE) and mechanical damage of Bruch’s membrane (BM) and
served as a control group. 15 pigs additionally had AM transplanted to the subretinal space. Results. AM significantly reduces
choroidal neovascularisation when complete coverage of the induced defect is obtained (7 pigs) (P < 0.05). In cases where AM did
not cover the rupture in BM choroidal tissue covered the transplanted membrane (8 pigs). AM is well tolerated in the subretinal
space, causes only limited inflammation, and is covered with a monolayer of pigmented cells when in contact with the host RPE.
Conclusions. AM modifies choroidal neovascularisation after BM damage and may serve as a basement membrane substitute for
the RPE.

1. Introduction

During the last decade there has been an immense progress
within the field of study of retinal progenitor cells and today
several clinical transplantation studies are ongoing (http://
clinicaltrials.gov/). While the basic clinical studies often seek
to prevent damage in either healthy animal injury models [1]
or in models of retinal degeneration [2], the clinical situation
often represents the end-stage situation with loss of cells and
fibrotic scar formation. In this situation, survival of trans-
planted cells may be impaired.

A recent study, where retinal pigment epithelial (RPE)
was transplanted into the subretinal space after CNV mem-
branectomy, showed that the transplanted RPE was severely
impaired by the still underlying active age-related macular
degeneration (AMD) [3]. CNV membranes in exudative
AMD eyes do not differ histologically from CNV membranes
found in eyes with other underlying diseases, indicating that
CNV membranes are a nonspecific wound repair to breaks
in Bruch’s membrane (BM) [4–6]. This may suggest that the
entire milieu needs to be altered before transplanted cells can
rescue retinal function [7]. Several synthetic materials have

been tested as scaffolds for retinal progenitor cell transplan-
tation and have been found to support adhesion, survival,
and migration [8, 9].

We have previously shown that amniotic membrane
transplanted into the subretinal space in young pigs stimu-
lates the host RPE to cover this basement membrane sub-
stitute [10, 11]. The amniotic membrane (AM) is a basement
membrane with antiangiogenic and anti-inflammatory pro-
perties well known in anterior segment reconstructive sur-
gery. We have previously described a model of CNV in the
pig [12, 13]. We wanted to investigate if the AM transplanted
to the subretinal space in this model could facilitate regrowth
of RPE cells and prevent the formation of a CNV membrane.

2. Material and Methods

Domestic pigs (Danish Landrace), 4 months old and weigh-
ing approximately 30 kg, were used as experimental animals.
Their treatment followed the ARVO resolution for the use
of animals in ophthalmic and vision research, and was
supervised by a veterinarian nurse. The Danish Animal
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Experiments Inspectorate granted permission for the use of
pigs in this study.

2.1. Amnion Membrane Isolation. Porcine amniotic mem-
branes from placenta from full borne pigs (114 days) and
from 104-day-old foetuses were used. Placentas from full
borne specific pathogen-free (SPF) pigs were obtained from
the local supplier of SPF pigs. Placentas from foetuses were
obtained by planned Caesarean section on SPF pigs. The
amnionchorion-endometrium was identified and isolated.
Using microscope and forceps it was possible to separate the
AM from the chorion. Epithelial cells were removed from the
AM by mechanically scraping with a silicone-coated tip after
15–20 min incubation in 0,1 M NH4OH followed by repeated
freezing and thawing until histopathology confirmed com-
plete removal of epithelial cells.

2.2. Anaesthesia. All animals were preanaesthetised with
intramuscular injections of 15 mg midazolam (Dormicum,
Roche, Hvidovre, Denmark) and 250 mg ketamine (Ketalar,
Parke-Davis, ballerup, Denmark) followed by intravenous
administration of 250 mg mebumal (Mebumal, SAD, Copen-
hagen, Denmark). The pigs were endotracheally intubated,
artificially ventilated, and anaesthetised with halothane 1%
in combination with 66% NO2 in oxygen.

2.3. Induction of CNV. Mechanical induction of a CNV has
previously been described [13]. In short, a three-port locali-
zed vitrectomy was used. Access to the subretinal space was
obtained with a retinal perforator (Synergetics Inc, st Char-
les, MO, USA). Retina was then carefully lifted off by inject-
ing isotonic NaCl through a 30G needle (BSS injection nee-
dle, straight 1270, DORC international B.V., NL). An auto-
matic scissor (STORZ, Bausch & Lomb Surgical, Inc., San
Dimas, CA, USA) was used to enlarge the retinotomy before
the RPE was gently removed using a retinal scraper (1294,
DORC international B.V., NL). The subretinal space was then
washed with isotonic NaCl through a 21G needle (number
5021, Visitec, FL, USA) to ensure total removal of damaged
RPE, and finally rupture to BM was made with the retinal
perforator.

2.4. Transplantation Technique. AM was transplanted to the
SRS in 15 pigs in addition to the CNV induction. DORC’s
Combined Spatula/Peeling Forceps (1297, DORC interna-
tional B.V., NL) was used to deliver the AM to the SRS. The
DORC hockeystick Microforceps (1286 LFT, DORC interna-
tional B.V., NL) was then used to flatten the AM over the RPE
lesion in the SRS (Figures 1(a) and 1(b)).

2.5. Followup. The observation period varied between 14 and
42 days. Prior to enucleation the pigs were examined by
ophthalmoscopy and fundus photography. All pigs were
hereafter euthanized by a lethal injection of 4 g pentobarbital
with 400 mg of lidocaine hydrochloride (Veterinærapoteket
Københavns Universitet, Copenhagen, Denmark).

2.6. Histopathology. Enucleated eyes were immediately fixed
in 4% buffered formaldehyde (Lilly’s fluid, Bie & Berntsen,

Rødovre, Denmark) overnight at room temperature and
paraffin embedded according to routine procedures. Sections
of 4 µm were cut and stained with haematoxylin and eosin.
Haematoxylin/phloxine/saffron staining was used to identify
transplanted amnion membrane. Induced inflammation in
the adjacent retina and choroid was scored semiquantitative-
ly based on the number of lymphocytes per visual field (×10
magnification) (0 = 0–10; 1 = 10–100; 2 = 100–1000; 3
>1000). In the analysis of the data the groups could be reduc-
ed further to 0: no increase and 1: inflammation (>100/field
view).

2.7. Measurement of CNV. All sections were examined with
a light microscope, Axioplan 2 (Carl Zeiss, Jena, Germany);
digital images were obtained with an Axiocam HRC (Carl
Zeiss). Areas of interest were demarcated on digital images
and their sizes were computed with the software package
Axiovision 3.1 (Carl Zeiss). Average CNV thickness was pre-
ferred as a size measurement because it has proved to be the
most reproducible size measurement at our disposal in this
model [12]. Kruskal-Wallis one-way analysis of variance on
ranks was performed. Statistics and graphs were made in
SigmaStat/SigmaPlot (Systat Software Inc., San Jose, CA).

3. Results

In this study, a total number of 24 pigs were induced with
CNV. 15 pigs were transplanted with AM after mechanical re-
moval of RPE and rupture of BM. 9 pigs served as a control
group. The control group has been described histologically
in a previous study [13].

The lesion in BM and the induced CNV could be identi-
fied in all 24 eyes. In 7 eyes, AM was found to completely
cover the BM lesion. In 8 eyes, AM did not cover the entire
lesion, and in 3 of these cases AM was not in contact with
the induced defect in BM. The measurements of the CNV
are given as mean +/− SD in Figure 2.

3.1. Surgery. The lens protrudes far back into the vitreous
body of pigs making the lens vulnerable to peroperative dam-
age. However, surgical complications after transplantation of
amniotic membranes were limited. Four pigs had localised
cataracts close to upper nasal sclerotomy most likely induced
by the retinal perforator. No pigs were excluded due to sur-
gical complications.

3.2. Inflammatory Response. The induction of CNV in the
pig induces a huge inflammatory response in the main chor-
oid but also the retina. This inflammation in the choroid is
seen in 100% of the control group. The transplanted AM re-
duced the number of inflammatory cells in the tissue close
to the transplanted membrane material (data not shown). In
the cases with successful placed AM and minimal CNV no
increase in number of inflammatory cells was observed. This
difference was significant (P < 0.005, Fischer’s exact test).
Inflammation in the neuroretina was, however, comparable
between the two groups (control: 70%, AM: 34%, P = 0.28).

3.3. RPE Response. The transplanted amniotic membranes
were completely or partly covered with RPE cells. The RPE
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Figure 1: (a) Peroperative photo of the bleb with the retinotomy. Arrow points at the lesion in the retinal pigment epithelium trough
the retinotomy. (b) Peroperative photo from the same operation as (a). The arrow points now at transplanted amniotic membrane (AM)
covering the induced lesion. (c) Micrograph of the subretinal space (SRS) in a pig after transplantation of AM. The AM is in close contact
with the RPE and covers the lesion completely. AM is totally covered with RPE cells similar to the normal host RPE and no CNV is observed.
(d) Micrograph of the SRS in a pig after transplantation of AM. AM covers in this case only partly the induced lesion. Formation of a choro-
idal neovascularisation (CNV) is seen. AM is in contact with the RPE at one side and the RPE has covered the retina near side of the AM. We
have not observed CNV penetrate the AM, but the CNV rather tends to “crawl under” the membrane out into the SRS. (e) Micrograph of
a control eye that received mechanical damage to RPE/Bruch’s membrane, but did not receive any AM. A large CNV is seen in the SRS. The
peripheral part is covered with RPE, whereas the central part is in close contact with the photoreceptors. The scale bars are: (a) 100 µm, (b)
100 µm, and (c) 200 µm.

was always observed as a monolayer on the inner surface of
AM. The pigmentation of the RPE varied from completely
depigmented to normal pigmentation with cigar-shaped
granules. Depigmented RPE cells on the AM were always
found in combination with a zone of depigmented RPE cells
on normal-looking BM surrounding the AM. Such a zone
with depigmented RPE cells on BM was never observed in
cases where normal pigmented RPE cells had covered the
AM.

4. Discussion

In this paper we demonstrate that isolated amniotic mem-
brane can modify the formation of choroidal neovasculari-
sation in a porcine model of subretinal wound healing.

Amniotic membrane is a well-known inhibitor of neovascu-
larisation on the ocular surface [14], and anti-inflammatory
and antiangiogenic proteins have not only been shown to be
synthesised in the amniotic epithelium, but they have also
been identified in the compact layer of the AM stroma [15].
We do observe a few new vessels within the membrane, but
these vessels are only found in the space beneath the mem-
brane and are never observed to penetrate the AM. The fact
that we only used AM without epithelium for transplantation
and the observed short radius of action makes it likely that
the anti-inflammatory and antiangiogenic effect of the AM
are dependent on factors in the stroma, and that these factors
are immobilised in the membrane. Decreased, or lack of,
inflammation was also observed in tissue in close contact to
the AM.
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Figure 2: Graph of maximal height in induced choroidal neovas-
cularisation measured in um. Experiments were divided in success-
ful (amnion), unsuccessful (misplaced amnion), and control (no
amnion). Data are presented as mean +/− SD. Kruskal-Wallis one-
way analysis of variance on ranks was performed.

The idea of delivery of active drugs together with cellular
transplants is a major objective in the construction of syn-
thetic scaffolds [16], but AM may happen to be a natural
reservoir for relevant growth factors for the optimal survival
for stem cells. Increased attention on AM as a basement
membrane support for cultured RPE is therefore seen in vitro
[17, 18] and in vivo [10, 11].

AM is, in contrast to the anterior les capsule (ALC), ano-
ther basement membrane [19], very easy to handle and
flatten in vitro. In vivo we succeeded to flatten the AM in the
subretinal space during surgery (Figure 1(b)), but unfortu-
nately, histology show that we were not able to maintain the
AM flattened in the SRS (Figures 1(c) and 1(d)). We are
currently evaluating different techniques that could circum-
vent the problem. The use of gas or silicone oil could as well
keep retina and the underlying AM flat, but may also cause
increased glial reaction on the naked AM as seen when neu-
roretina gets into contact with naked ALC [19]. Use of pho-
tocoagulation to weld the AM to the underlying BM might
be another possibility. However, scar formation takes time
and photocoagulation may therefore need to be used in com-
bination with a method that keeps the AM in place while
scarring occurs. Bioadhesives like the types used to glue reti-
nal prosthesis to the retina are being developed [20] and
might be a more suitable solution.

The orientation of the AM in the SRS might be impor-
tant, but we did not test for this in this study. The AM is part
of an organised structure and is in itself a polarised mem-
brane. Only the surface toward the foetus is covered with
epithelium. We did not harvest from a specific part of the
yolk sack and we did not check the orientation of the trans-
planted membranes. More careful harvesting procedures and
storage of the membranes on filter paper to allow orientation
of the membrane could answer these questions in future
studies.

The ingrowths of RPE on the membrane support our
previous observations in both ALC transplantations and RPE

removal experiments [10, 19]. RPE cells covering denuded
BM become more and more flat and depigmented the farther
away they are from intact RPE whereas RPE covering the AM
maintains morphology similar to adjacent RPE. Therefore, it
seems important not only to cover the rupture itself in BM,
but also to cover the denuded BM placing the AM in immed-
iate contact with healthy RPE.

The AM seems to be a good candidate for future studies,
since this membrane can be handled surgically and has anti-
inflammatory and antiangiogenic properties that enable the
correctly placed AM to inhibit the formation of CNV. Finally,
the AM is an excellent growth support for cells whatever host
RPE cells, new RPE cells, or stem cells are needed in the SRS.

Abbreviations

AM: Amniotic membrane
ALC: Anterior lens capsule
BM: Bruch’s membrane
CNV: Choroidal neovascularisation
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Intensive breeding and selection on desired traits have produced high rates of inherited diseases in dogs. Hereditary retinal
degeneration, often called progressive retinal atrophy (PRA), is prevalent in dogs with disease entities comparable to human
retinitis pigmentosa (RP) and Leber’s congenital amaurosis (LCA). Recent molecular studies in the English Springer Spaniel (ESS)
dog have shown that PRA cases are often homozygous for a mutation in the RPGRIP1 gene, the defect also causing human RP,
LCA, and cone rod dystrophies. The present study characterizes the disease in a group of affected ESS in USA, using clinical,
functional, and morphological studies. An objective evaluation of retinal function using electroretinography (ERG) is further
performed in a masked fashion in a group of American ESS dogs, with the examiner masked to the genetic status of the dogs. Only
4 of 6 homozygous animals showed clinical signs of disease, emphasizing the need and importance for more precise studies on the
clinical expression of molecular defects before utilizing animal models for translational research, such as when using stem cells for
therapeutic intervention.

1. Introduction

The domestic dog has a unique population history with
bottlenecks that has shaped the diversity and structure of
the canine genome. The first bottleneck can be traced back
about 7,000–50,000 generations [1] and reflects the early
domestication of dogs from wild populations of wolves
15,000–100,000 years ago [2–4]. When dog breeds were
established in the 1800s (about 50–100 generations ago)
more genetic variation was lost, and this second population
bottleneck resulted in relatively large genetic differences
between breeds and little genetic variation within breeds.

The two bottlenecks left distinctive signatures in the canine
genome with long-range linkage disequilibrium (LD) and
long haplotype blocks of 500 kb–1 Mb within breeds and
short-range LD across breeds [1, 5]. Intensive breeding and
selection on desired traits have also produced high rates of
inherited diseases with genetic causes that are breed-specific
or nearly so. The domestic dog has therefore emerged as an
important animal model for comparative genome analysis
and for characterization of inherited disease. Other uses
for dog models are in translational research such as gene
therapy or stem cell transplantation for treatment strategies
in conjunction with hereditary retinal blinding diseases.
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Hereditary retinal degeneration, often called progressive
retinal atrophy (PRA) in dogs and also in cats, is a group of
diseases of the photoreceptors that exists in various forms.
Rods and cones are usually primarily affected, with time
leading to bilateral blindness. More than 100 dog breeds are
on the list for those that may be affected, in which at least
15 mutations are prevalent in 34 specific dog breeds [6].
For cats, PRA is observed less frequently, although recently,
a mutation in the CEP290 gene was shown to be causative
of hereditary retinal degeneration in a large number of cat
breeds, primarily Abyssinian and Siamese cats [7].

Through advancement in the understanding of hered-
itary disease processes affecting the outermost portion of
the retina, PRA has been further characterized biochem-
ically, electrophysiologically, morphologically, and geneti-
cally. Using molecular methods, including the elucidation of
causative mutant genes for several hereditary retinal disor-
ders, much knowledge has been gained especially in regards
to disease mechanisms [8]. The availability of the canine
genome sequence [1] (http://www.genome.gov/12511476)
has simplified the task of identifying genes responsible for
diseases and traits in dogs. Similarly, a full genome sequence
(10X) of the cat has recently been completed (Wes Warren,
Washington University, personal communication, 2010). A
number of the PRAs have been designated gene symbols
reflecting either the specific cells involved in the hereditary
retinal dystrophy or the protein involved in the retinal
degenerative condition.

Although PRA is usually manifested with a breed specific
phenotype, the same allelic mutation may be shared by
several different breeds, such as for the prcd mutation [9].
In other instances, different but allelic mutations causative
of PRA have been documented in related breeds [10].
Importantly, breeds may also express more than one form
of PRA. For example, in golden retrievers at least three
different genes and mutations are responsible for PRA.
Two of the genes are known, prcd and slc4a3, but at
least one more gene remains to be characterized [11].
The presence of more than one causative mutation for
PRA in some breeds is complicating the understanding
and interpretation of phenotype-genotype relationships and
thus the results of DNA testing procedures [12]. Due to
these factors, phenotypic heterogeneity is often found when
studying various forms of retinal degenerative diseases of
dogs. This has also been observed in similar retinal disease
processes of humans, such as in retinitis pigmentosa (RP)
or in Leber’s congenital amaurosis (LCA). In these diseases,
significant phenotypic heterogeneity is found including age
of onset, clinical findings, and progression of disease [8,
13]. This is especially true for RP in which at least 140
mutations have been described only in the rhodopsin gene
[14, http://omim.org/entry/268000].

Classical PRA has been described as a generalized disease
of the fundus, affecting the rod photoreceptors primarily and
with later involvement of cones. Clinically night blindness
is an early sign but with progression of disease, affection of
both night and day vision occurs. Ophthalmoscopically early
changes have been noted as a generalized diffuse change in
coloration and reflectivity of the tapetal fundus with vascular

attenuation in later stages, the changes being most severe in
the peripheral parts but with later involvement of the entire
fundus [15].

PRA in the English Springer Spaniel dog was originally
described in USA [16]. There were some unusual findings
in the disease in that there was an increased granularity
of the fundus or a slightly patchy discoloration as the
earliest clinical sign observed in the very far periphery of the
tapetal fundus. The disease had a variable time of onset and
progression, leading to blindness in most of the affected dogs.

Mutations in the RPGRIP1 gene have been identified
as causative to human RP, LCA, and cone-rod dystrophies
[17–19]. The RPGRIP1 protein was shown to be involved in
transport mechanisms that occur through the photoreceptor
connecting cilium by interaction with another protein,
RPGR [20]. Defects in the latter gene are responsible for the
X-linked retinopathy of humans and also in X-linked PRA in
Samoyed and Siberian husky dogs [21]. Further, a mutation
in NPHP4, another gene known to interact with RPGRIP1,
was shown to be causative of cone/rod dystrophy of the
wire-haired Dachshund [22, 23]. Another such gene working
in concert with RPGRIP1 is CEP290, and when mutated it
was found to cause hereditary retinal degeneration in cats
[24]. The protein is also an important component of the
transport mechanism, whereby specialized proteins critical
for phototransduction are transferred from their site of
synthesis in the inner segment through the connecting cilium
to the outer segment [25]. A number of normal genes are
thus necessary for normal function and structure of the
entire photoreceptor cell and, especially, for outer segment
disc morphogenesis [26].

Mellersh and collaborators recently mapped the cone
rod locus (cord1) to a 14.5 Mb region on dog chromosome
15 (16.54–30.68 Mb: coordinates as in CanFam2.0), which
contained the RPGRIP1 gene. A 44 bp insertion in exon 2
was further identified in the RPGRIP1 gene, truncating the
protein. This defect segregated completely with the cord1
phenotype of cone rod dystrophy in the Animal Health Trust
(United Kingdom) research colony of miniature dachshunds.
It was concluded that the mutation was responsible for cord1
disease, due to a mutation in the RPGRIP1 gene. It was
further emphasized that dogs with this disease are valuable
animal models for exploring disease mechanisms and poten-
tial therapies for the human counterpart, LCA [27].

The RPGRIP1 mutation in cone rod dystrophy (cord1)
was further evaluated as a candidate gene for PRA in ESS
dogs using DNA collected at the University of Missouri
(Columbia, USA), from a large number of dogs, unaffected
and affected by bilateral, generalized retinal degeneration.
The mutation was observed in exon 2 of RPGRIP1 in all of
the affected dogs (Gary Johnson and Liz Hansen, personal
communications, 2007).

This paper describes the results of a research project that
was thereafter initiated, in order to characterize the clinical
signs of retinal degeneration in the ESS breed and to evaluate
the genotype-phenotype correlation in USA in family-owned
ESS, in regards to the mutation in the RPGRIP1 gene.
Recently, the study was further expanded to also include
blood samples from a group of Swedish ESS dogs, with and
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Table 1: Swedish ESS dogs with genotype-phenotype correlation in regards to the RPGRIP1 mutation. The sex of the dogs is indicated as M
for males and F for females. The age of diagnosis is shown as years (y) and months (m) when dogs were first examined and diagnosed with
PRA. For the dogs without PRA (normal), the most recent examination dates were used for age at examination. The genotypes are given as
−/− for genetically affected, +/− for carriers, and +/+ for genetically clear individuals of the 44 bp deletion in exon 2 of the RPGRIP1 gene.

Dog number Sex Age at examination Phenotype RPGRIP1 genotype

ESS-008 M 2 y 4 m PRA −/−
ESS-014 F 3 y 8 m PRA −/−
ESS-004 F 5 y 9 m PRA +/−
ESS-006 M 5 y 7 m PRA +/−
ESS-016 M 7 y 3 m PRA +/−
ESS-020 M 9 y 8 m PRA +/−
ESS-003 F 5 y 4 m PRA +/+

ESS-005 F 3 y 1 m PRA +/+

ESS-007 M 11 y 4 m PRA +/+

ESS-009 M 4 y 6 m PRA +/+

ESS-015 F 8 y 3 m Normal +/+

ESS-017 F 5 y 11 m Normal +/+

ESS-018 F 12 y 1 m Normal +/+

ESS-019 M 7 y 10 m Normal +/+

without clinical signs of PRA and the correlation in regards
to the RPGRIP1 mutation.

2. Materials and Methods

2.1. Animals and Clinical Examinations. ESS dogs from
USA were included in the characterization of disease. They
were privately owned dogs for which owners or breeders
had requested eye examinations, according to eye scheme
routines, since their dogs or their close relatives were used
for breeding. Twelve cases with clinical signs of retinal
degeneration in 1.5- to 12-year-old ESS dogs were discovered
during the two-year study period. All of the affected dogs
were homozygous for the RPGRIP1 mutation.

Informed consent was obtained from the owners of
participating dogs. The clinical study included evaluation
of retinal and vision based responses and reflexes: menace,
dazzle, and examination of the pupillary light reflexes as
well as visual testing by behavior and visual reactions to
falling cotton balls [28]. Pupils were dilated with short-acting
mydriatics 20 minutes before examination of the internal
structures, using 1-2 drops of 1% tropicamide in each eye
(Mydriacyl, Bausch and Lomb Inc., Tampa, FL). Standard
ophthalmic examination of the interior of the eye was then
performed using indirect ophthalmoscopy (Welch-Allyn
Distributors, Medical Device Depot, Inc., MD, USA) and slit
lamp biomicroscopy (SL14, KOWA Co. Ltd., Tokyo, Japan).
Fundus appearance was documented with a digital fundus
camera (Nidek NM-100, Nidek Co. Ltd., Freemont, CA).

2.2. DNA Samples. DNA samples from ESS dogs previously
collected by Dr. Gary Johnson’s laboratory, University of Mis-
souri, Columbia, USA, were utilized. All samples were col-
lected as surplus from blood specimens submitted for routine
cord1 test or for clinical biochemistry under the condition
of anonymity of the individuals and their owners. DNA was

extracted from blood samples and genotyping for the cord1
disease causing allele of the mutated gene RPGRIP1 gene was
performed as described by Mellersh et al., 2006 [27].

In addition, to investigate whether the cord1 genotype
was prevalent among ESS dogs in Sweden, and especially in
ESS dogs diagnosed with PRA, blood samples from a total
of 14 normal and affected dogs were tested for the 44 bp
insertion in exon 2 of the RPGRIP1 gene (Table 1). The blood
from the Swedish dogs was collected into EDTA tubes and
genomic DNA was extracted manually from peripheral blood
leukocytes using QIAamp DNA Blood Midi Kit (Qiagen,
Hilden, Germany) or automatically on a QIA symphony
SP/AS instrument (Qiagen, Hilden, Germany).

Primers for genotyping the 44 bp insertion in exon2 of
RPGRIP1 gene were designed using the software Primer3
[29]. PCR amplification was performed using the primers
Cfa Cord1-F (5′-6FAM-CCCTTTCCTGGGACTTTAGG-3′)
and Cfa Cord1-R (5′-CCCTCTGCCTATGTCTCTGC-3′).
10–20 ng of genomic DNA was used in a 10 uL PCR-reaction
with 0.5 mM of each primer, 50 mM KCl, 10 mM Tris-HCl
pH 8.3, 2.5 mM MgCl2, 0.2 mM of each dNTP and 0.5 units
of Taq polymerase (AmpliTaq Gold; Applied Biosystems,
Foster City, CA, USA; DNA polymerase). A total of 35 PCR
cycles was performed, each with denaturation at 94◦C for 1
minute, annealing at 60◦C for 40 s and a primer extension
at 72◦C for 40 s. The fragment length polymorphism was
then determined using an ABI 3100 DNA Analyzer and
GeneMapper Software (Applied Biosystems, Inc., (ABI),
Foster City, CA).

2.3. Masked Electroretinography Study. Fourteen American
dogs were included in a masked electroretinography (ERG)
study for objective evaluation of retinal function (for ERG
see details below). Blood from these dogs, age between
7 y 9 m and 13 y 10 m, had previously been genotyped by
Dr. Johnson’s laboratory, as described above. Dogs were
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Table 2: Details in regards to dogs in the masked ERG study. The genotypes are given as −/− for genetically affected, +/− for carriers, and
+/+ for genetically clear individuals of the 44 bp deletion in exon 2 of the RPGRIP1 gene. The age at the time for ophthalmic and ERG
examinations is given as years (y) and months (m).

Dog number RPGRIP1 genotype Age at ERG ERG results Other clinical findings

1 −/− 9 y 2 m Abnormal Normal vision, fundus normal

2 +/− 8 y 7 m Normal Normal vision, fundus normal

3 +/− 7 y 9 m Normal Normal vision, fundus normal

4 +/− 7 y 9 m Normal Normal vision, fundus normal

5 +/− 13 y 10 m Normal Normal vision, fundus normal

6 +/− 11 y 11 m Normal Normal vision, fundus normal

7 −/− 9 y 2 m Abnormal Normal vision, fundus abnormal

8 −/− 9 y 2 m Abnormal Normal vision, fundus abnormal

9 −/− 8 y 4 m Normal Normal vision, fundus normal

10 +/− 9 y 4 m Normal Normal vision, fundus normal

11 +/− 8 y Normal Normal vision, fundus normal

12 +/+ 9 y 3 m Normal Normal vision, fundus normal

13 −/− 12 y 4 m Abnormal Reduced vision, fundus abnormal

14 −/− 7 y Normal Normal vision, fundus normal

chosen for retinal functional evaluation in accordance with
the owner’s consent and availability. The genetic status
of each dog in regards to the RPGRIP1 mutation was
unknown to the investigator (K. Narfström) at the time of
the ERG recordings: 6 dogs were homozygous (affected);
RPGRIP−/−, 7 were heterozygous (normal); RPGRIP−/+,
and 1 was homozygous (normal); RPGRIP1+/+ (Table 2).
Before the ERG was performed in each dog, they underwent
a routine ophthalmic examination as previously described.

2.4. Electroretinography. Unilateral electroretinographic
(ERG) evaluations were performed using a portable ERG
unit (HMsERG model 1000, RetVet Corp., Columbia, MO),
with a mini-Ganzfeld dome positioned approximately 1 cm
from the right tested eye (Figure 1). For practical reasons
it was deemed sufficient to perform the evaluation in only
one eye since both eyes are usually affected in hereditary
retinopathies and the eyes are usually at the same stage
of the retinal degenerative process [15]. Dogs were deeply
sedated by using medetomidine IV (Domitor, Novartis,
Pfizer Animal Health, Exton, PA), up to 150 micrograms/kg,
equivalent to 0.15 mL/kg, and prepared for the ERG session
in ordinary room light. Heart and respiratory rates were
closely monitored before and throughout the procedure
and the dogs were temperature controlled. The dog’s head
was positioned on a cushion for stabilization. Maximal
pupillary dilation was provided for by the use of short-acting
mydriatics (see above) and the eye was further topically
anesthetized using 0.5% proparacaine hydrochloride
(Alcaine, Alcon, Fort Worth, TX). A lid speculum was
inserted to ensure that the nictitating membrane as well
as the upper and lower eyelids did not interfere with
light exposure to the maximally dilated pupils. Platinum
subdermal needle electrodes (model E2, Grass Instrument
Division, Astro-Med, Inc., West Warwick, RI) were used
for the ground electrode, positioned on the occipital crest,
and for the reference electrode, positioned 3 cm from the

Figure 1: An English Springer Spaniel (ESS) dog deeply sedated
and prepared for functional evaluation of the retina. The handheld
multispecies electroretinograph (HMsERG) unit is used together
with a preprogrammed protocol for evaluation of rod and cone
function.

lateral canthus, close to the base of the right ear. An active
contact lens electrode (ERG-Jet, Universo Plastique, LKC
Technologies Inc., Gaithersburg, Md) was placed on the
cornea after instillation of one drop of 2% methylcellulose
(Methocel, Ciba Vision, Munich, Germany). The electrodes
were connected to a preamplifier and the signals were
amplified with a bandpass filter between 0.3 and 300 Hz.

Each ERG session consisted of scotopic and photopic
ERGs in accordance with the “Dog Diagnostic Protocol,”
recommended by the European College of Veterinary Oph-
thalmologists, primarily for evaluation and separation of rod
and cone function [30]. This protocol is preprogrammed on
the ERG unit and is executed automatically upon initiation
of the ERG session by the examiner. During 20 minutes
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of dark adaptation, scotopic-low intensity rod responses
were elicited every 4 minutes at a stimulus intensity of
0.01 cd·s/m2; responses were averaged after 10 flashes given
at 2 seconds interval and rod responses were recorded at
each time point (test #1–5). The light stimulus intensity was
then increased to 3 cd·s/m2 for scotopic standard intensity
stimulation and responses averaged and recorded after 4
flashes at 10-second intervals (test #6). Thereafter scotopic
high-intensity responses were elicited using 10 cd·s/m2;
responses were averaged to 4 flashes administered at 20-
second intervals (test #7). The latter two recordings depict
a mixture of responses from both rods and cones. After 10
minutes of light adaptation with a background luminance
of 30 cd/m2, photopic single flash responses were recorded,
using 3 cd·s/m2 of flash stimulus, averaging 32 flashes at an
interval of 0.5 seconds (test #8), followed by evaluation of
30 Hz photopic flicker at the same light intensity stimulation
(test #9). The latter two recordings were performed in order
to evaluate cone and cone pathways, respectively. Data were
collected automatically on the compact flash card of the
ERG unit, transferred to a computer, printed, and stored for
further analysis. ERGs were evaluated and the amplitudes
and implicit times for the a- and b-waves were measured as
previously described [30].

After termination of the ERG session an injection of
atipamazole hydrochloride (Antisedan, Pfizer Inc., St Louis,
MO) was administered intramuscularly to reverse the deep
sedation (at a dosage 5-times higher than that given of the
medetomidine, i.e., similar volumes were injected).

2.5. Morphology. Upon the owner’s request due to unrelated
medical problems, three American ESS dogs were euthanized
and the eye tissue made available for the present study.
Advanced PRA had been diagnosed in two of the dogs (9 and
6 years old, resp.), while the third dog, 3 years old, had a nor-
mal fundus appearance. Euthanasia was performed by intra-
venous infusion of Beuthanasia-D-Special (Schering Plough
Animal Health, Omaha, NE.). The eyes of each dog were enu-
cleated immediately after death and the posterior segment
of each eye placed in fixative solution for examination using
light and electron microscopy (LM and EM). The fixative
included 2.0% glutaraldehyde, 1.12% paraformaldehyde,
0.13 M sodium cacodylate, 0.13 mM CaCl2, pH 7.40. Eyecups
were incubated with gentle agitation for at least 2 hours at
room temperature. The eyecups were then gross sectioned
to obtain 2 × 3 mm pieces from the following regions: the
central part of the fundus, temporal to the optic nerve head
(the area centralis-like region), superior midperiphery and
periphery, and inferior midperiphery and periphery. Sam-
ples from these regions were postfixed in 1% osmium tetrox-
ide and embedded in epoxy resin. They were washed with
0.17 M sodium cacodylate, pH 7.4, followed by secondary
fixation in 1% osmium tetroxide. Subsequently, the samples
were dehydrated via sequential incubation in increasing
concentrations of acetone and embedded in epoxy resin.
Sections of the embedded samples were cut for both LM
and EM examinations. For LM, 1-micron-thick sections were
mounted on glass slides and stained with toluidine blue. For
EM, sections were mounted on copper grids and were stained

∗

Figure 2: A composite of fundus pictures from a two-year-old
ESS dog affected with cone rod dystrophy and homozygous for
the RPGRIP1 mutation. The central fundus is mainly normal
appearing while an increase in granularity is observed in the
midperipheral and peripheral fundus (star). There is also slight
vascular attenuation with variable diameter of retinal vasculature
(arrows).

with uranyl acetate and lead citrate. LM was performed using
a Zeiss Axiophot microscope and EM was performed using a
JEOL 1200 EX transmission electron microscope.

2.6. Statistical Evaluations. Descriptive statistics were per-
formed in relation to the masked ERG study using the SAS
v9 (SAS Institute Inc. Cary, NC, USA) of the dogs classified
as normal (including homozygous normal and heterozygous
dogs) and affected dogs by DNA analysis for the RPGRIP1
mutation. Due to the small sample size in the affected group
and the fact that the data did not show any extreme outliers,
two-sample t-tests with the Satterthwaite approximation for
degrees of freedom allowing for unequal variances between
the groups were utilized. Due to the marked differences
between the groups, results were considered significant at the
0.01 significance level.

3. Results

3.1. Clinical Characterization of Retinal Degeneration due to
the RPGRIP1 Mutation. A 10-year-old dog was examined
due to severe visual problems reported by the owner, first
noted at the age of 8 years. Advanced signs of retinal
degeneration were observed by ophthalmoscopy in this dog.
None of the other 11 dogs examined with clinical signs of
retinal disease (ophthalmoscopic changes or reduced ERG
responses) had shown visual problems until the age of 6–9
years, according to the owners.

The earliest ophthalmoscopic signs of disease were
observed in a 1.5- and a 2-year-old ESS dog, respectively.
Both showed increased granularity in the far peripheral
tapetal fundus, with minute hyporeflective brown to gray
spots in the far periphery of the tapetal fundus (Figure 2).
With increasing age (in 3–8-year-old dogs) these abnor-
malities became more generalized with diffuse mottling
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of the tapetal fundus and changes in fundus coloration.
There was also generalized changes in tapetal reflectivity
(hyporeflectivity and with movement of the lens used for
indirect ophthalmoscopy, some of these areas became hyper-
reflective). At this later stage there was also severe attenuation
of retinal vasculature. At 9-10 years of age, a generalized,
end-stage type of retinal degeneration was observed in most
affected dogs with a marked hyperreflective tapetal area,
severe attenuation of retinal vasculature with few vessels
still visible, mainly in the central parts of the fundus. At
this stage there was also decoloration interspersed with
hyperpigmentation of the nontapetal fundus. One 9-year-old
dog had a mainly normal fundus appearance although ERG
examination showed reduced responses for both the cone
and the rod system. Bilateral, secondary cataracts (complete
and immature types) were observed at age 12 years in
one of the clinically affected dogs described in the present
study.

3.2. Genotype-Phenotype Evaluation in Swedish ESS. Blood
from 14 dogs was included in the study in which ten of the
dogs had been diagnosed with PRA. Two cases of PRA were
found to be homozygous for the disease causing RPGRIP
allele (−/−), four were genotyped as heterozygous (+/−)
and four of the cases had the homozygous genotype for the
normal allele (+/+) (Table 1).

3.3. Masked ERG Study. A marked reduction of ERG
responses was observed in 4 of 6 of the dogs that had
been diagnosed as homozygous for the RPGRIP1 mutation
through blood testing (Table 2). Three of the 4 dogs eval-
uated as affected by ERGs had not shown any apparent
deficiency in vision as evaluated by the owner or by the
examiner. Two of these dogs had normal fundus appearances,
while the other two dogs had early and moderately advanced
retinal degenerative changes, respectively. The two dogs,
homozygous for the RPGRIP mutation that had normal
ERGs, were also ophthalmoscopically normal.

Results of ERG recordings in a normal 8-year-old ESS
and in two affected dogs, 9 and 12 year olds, respectively,
are shown in Figure 3. Evaluation of a-wave amplitudes
showed significant differences between the affected group
and the heterozygous and homozygous normal group, at the
0.01 significance level, when scotopic and photopic standard
intensity responses were compared (P < 0.0004 and P <
0.0007, resp.). For the b-wave these differences were also
significant at the same level for 4 of the 5 scotopic low-
intensity responses evaluated (#2–5) (P < 0.0084, 0.0003,
0.0005, and 0.0020, resp.) and for the photopic flicker
response (P < 0.0032). For a- and b-wave implicit times
there were no significant differences for the former while for
the latter a significant longer implicit time was found for the
affected group of dogs in comparison to the normal group
for scotopic standard intensity stimulation (P < 0.0066). For
ERG amplitude and implicit time details see Table 3.

Two dogs in the group, found to be homozygous for
the RPGRIP1 mutation by blood testing, had a- and b-wave
amplitude and implicit time values that were in complete
accordance with the normal group of dogs.

In order to evaluate if the cone system was more affected
than the rod system by the disease, the percentage reduction
for each was calculated. This was performed through com-
parison of the median response from affected and normal
dogs, respectively, using photopic standard intensity (test #8)
and photopic flicker responses (test #9) for the cone system
and scotopic low-intensity stimulation (test #5) for the rod
system. It was found that the cone system was more affected
than the rod system: 46% and 58% reduction, respectively,
for the cones and 44% reduction for the rods in the affected
group when compared with the normal ESS group of dogs.

3.4. Morphology. Light and electron microscopies were per-
formed using retinal sections from 3 dogs. The two older
dogs had ophthalmoscopic signs of severe bilateral gener-
alized retinal degeneration while the younger, a 3-year-old
ESS dog, exhibited a granular but otherwise normal fundus
appearance. DNA from the youngest dog only was obtained,
and showed homozygocity for the RPGRIP1 mutation.

In the 9-year-old dog, bilaterally atrophic retinas with no
residual photoreceptor cells and sporadic remnants of cells
from inner nuclear and ganglion cell layers were observed,
with marked retinal gliosis (Figures 4 and 5).

The retinas of the second dog, 6-years-old, showed signs
of bilateral generalized retinal degeneration, with complete
atrophy of the inferior retina, and a lack of photoreceptor
cells in this area, while in the superior retina 1-2 layers of
photoreceptor nuclei could be observed.

The 3-year-old dog, however, demonstrated mainly
normal retinal morphology except for changes in the pho-
toreceptor cell layer at all retinal locations examined: cone
cell nuclei appeared slightly abnormal, with dense chromatin
and with photoreceptor inner segments condensed and
shrunken (Figure 6). Photoreceptor outer segments could
not be clearly visualized in the thin sections obtained, and
thus their ultrastructure was not possible to fully evaluate.

4. Discussion

The present study indicates that a majority of the American
ESS dogs with hereditary retinal degeneration can be
associated with homozygosity for the disease causing
allele of the RPGRIP1 gene. However, four of the 6 dogs
homozygous for the RPGRIP1 mutation had clinical signs
of disease while 2 were completely normal appearing both
by ophthalmoscopic examination and by ERG. Thus, a clear
genotype-phenotype discordance was observed in regards to
this group of ESS dogs.

A large proportion of the genetically and/or clinically
affected dogs did not show signs of visual impairment until
comparably late in life and 2 were clinically completely
normal. The reason for the latter finding is unclear. It could
be that the RPGRIP1 insertion by itself is not sufficient to
cause retinal degeneration. It appears likely that additional
factors are warranted for initiation of photoreceptor cell
death such as additional loci involved as modifiers of the
disease, as have been described for various forms of PRA, for
example, prcd and X-linked PRA [9, 31]. It could possibly
also be that there is not full penetrance for the mutation [32].
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Figure 3: Scotopic and photopic ERGs from a normal 8-year-old ESS dog and two RPGRIP1−/− affected ESS dogs at the age of 9 (affected
1) and 12 years (affected 2), respectively. The latter affected dog was normal at ophthalmoscopic examination when it was 9 years old.
At the age of 12 years it was only slightly visually compromised, and in a moderately advanced stage of retinal degeneration as seen by
ophthalmoscopy. S5: scotopic ERG response using 10 mcd·s/m2 of light stimuli after 20 minutes of dark adaptation, Ssd: scotopic ERG
response using 3 cd·s/m2 of light stimuli in the dark, Psd: photopic ERG response using 3 cd·s/m2 in the light after 10 minutes of light
adaptation (with 30 cd/m2 of background light), Pfl: photopic ERG flicker response after 30 Hz flickering light stimuli in the light adapted
state.

Similar findings have been observed in comparable
human clinical studies in cone rod dystrophies and degen-
erations. A phenotypic variation between clinical signs in
affected individuals and in the onset of hereditary retinal
dystrophies has been observed, also by functional testing
in human cone rod dystrophies [33]. The variation in
clinical signs and time for initial symptoms is especially
true for retinopathies caused by the RPGRIP1 mutation,
on a variable genetic background, such as is the case in
the human population. In purebred dogs, however, a more
uniform phenotype is usually expressed, due to a more

homogenous background. This fact is true for most forms
of PRA; however, for the cone-rod dystrophies observed
in the longhaired and shorthaired Dachshund breeds, with
the RPGRIP1 and NPHP4 mutations, respectively, severe
heterogeneity has been described for both [22, 27, 34].

In retinal degeneration of the ESS dog clinical signs most
often appear comparably late in life and are often difficult
to evaluate by the owner. For most of the affected dogs
observed in the present study the owners had not noted any
visual impairment. The owner of an 11-year-old dog from
the present study described that the dog could still play with
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Table 3: ERG amplitude and implicit time for normal and affected ESS dogs in the masked study. Median, 5th and 95th percentiles are
given for ERG a- and b-wave amplitudes (a) in microvolts and in (b) for implicit times in milliseconds, for normal and affected ESS dogs.
Scotopic ERGs consisted of scotopic low-intensity responses (S: 0.01 cd·s/m2), which were elicited 4, 8, 12, 16, and 20 minutes after dark
adaptation designated: S1, S2, S3, S4, and S5, scotopic standard intensity responses, Ssd: 3 cd·s/m2, and scotopic higher intensity responses,
Sh: 10 cd·s/m2. Photopic ERGs consisted of a photopic single flash response: Psd, and 30 Hz flicker responses: Pfl, using 3 cd·s/m2 for both,
after at least 10 minutes of light adaptation using 30 cd/m2 of background light.

(a)

Response Wave
Normal Affected

Median 5th 95th Median 5th 95th

S1 b 29.8 16.7 53.1 20.4 15.0 34.0

S2 b 61.6 40.2 101.3 37.7 35.4 45.0

S3 b 98.4 73.9 116.3 52.1 39.4 61.2

S4 b 122.8 78.8 146.4 56.2 50.9 71.2

S5 b 137.3 86.5 185.0 75.0 53.4 85.8

Ssd
a 128.1 102.1 181.9 29.0 16.9 64.9

b 196.5 138.7 261.6 146.5 72.5 186.0

Sh
a 162.3 137.4 236.8 38.1 23.5 86.9

b 240.5 171.7 307.7 169.4 77.6 230.8

Psd
a 8.3 3.9 11.5 3.0 2.5 3.6

b 30.8 13.8 35.0 15.4 6.6 24.9

Pfl b 34.1 15.4 47.5 15.0 6.9 22.6

(b)

Response Wave
Normal Affected

Median 5th 95th Median 5th 95th

S1 b 63.5 57.2 87.1 81.0 65.7 87.7

S2 b 75.8 69.2 92.4 84.5 78.5 91.7

S3 b 78.7 75.0 92.3 81.4 76.9 89.8

S4 b 82.3 73.6 95.3 80.3 76.3 96.0

S5 b 80.6 74.8 94.9 86.2 77.3 94.3

Ssd
a 14.3 12.5 15.4 13.5 12.3 15.7

b 32.7 31.3 59.5 196.5 138.7 261.6

Sh
a 12.6 11.3 13.7 13.3 10.1 15.0

b 46.9 32.6 52.4 240.5 171.7 307.7

Psd
a 10.6 10.0 12.0 10.0 9.0 12.8

b 21.6 20.0 23.5 30.8 13.8 35.0

Pfl b 21.5 20.4 24.8 34.1 15.4 47.5

(a) (b)

Figure 4: (a) Light microscopy (LM) of the inferior nontapetal retina of the 9-year-old ESS dog. Severe thinning of the entire retina is seen
with complete degeneration of photoreceptor cells and inner retinal degeneration, disorganization, and gliosis. (b) LM of superior tapetal
retina. A variation in retinal thickness is observed and some areas with a single row of photoreceptor nuclei that are still present. Toluidine
blue staining; ×40.
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(a) (b)

Figure 5: Ultrastructure of nontapetal (a) and tapetal retina (b) from the same dog shown in Figure 4. Note the severely disorganized outer
and inner retinal cell layers and structures. The RPE cell layer appears preserved, however. In (b) there is relative sparing of the retina with
some minor remnants of photoreceptor nuclei with inner segments (arrow) and an abundance of RPE apical microvilli. RPE: retinal pigment
epithelial cells, T: tapetal cells. Bar depicts magnification which is the same for (a) and (b).

(a) (b)

Figure 6: Ultrastructure of the outer retina of a normal 2-year-old dog (a) and that of the affected 3-year-old dog (b). Note the condensed
configuration of the cone nuclei in the retina of the affected animal (arrow) in comparison to that of the normal one (in (a), arrow) and the
dark appearance of the inner segments in the retina of the affected animal. Bar depicts magnification which is the same for (a) and (b).

a transparent frisbee and could easily walk down an indoor
stairway in low-lighting conditions. This dog had moderately
advanced retinal degeneration with ophthalmoscopically
visible changes and was homozygous for the RPGRIP1
mutation. Another dog showing clinical signs of retinal
degeneration had been diagnosed as ophthalmoscopically
normal by a veterinary ophthalmologist one year previously,
at the age of 7 years. ERGs showed, however, severely reduced
retinal function in accordance with a cone rod dystrophy.

It is likely that the cone affection in the disease is
early onset, and a defect the dog learns to live with as
long as its rod function is normal. Morphology of one 3-
year-old ESS dog, homozygous for the RPGRIP1 mutation,
showed ultrastructural changes specifically in cones, while
rod photoreceptors were still normal appearing. It is possible
that the visual problems become apparent clinically later
in life when also the rods start to degenerate. Further, this
second phase appears to occur at a variable time point, but
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most often not until late in life, then leading to a rather fast
generalized severe retinal degeneration (retinal atrophy).

ERG recordings proved to be useful in the masked
study of the present investigation for objectively detecting
reduced photoreceptor function in accordance with cone
rod dystrophy due to the RPGRIP1 mutation. In two cases,
however, function in genetically affected individuals was
found to be within normal limits. These discordant clinical
results could be consistent with incomplete penetrance for
the mutation, but other factors previously outlined may also
be involved.

Other affected genes or other mutations in RPGRIP1
may also be present in the ESS breed. One mutated
gene, prevalent in at least 32 canine breeds, is prcd,
(http://www.optigen.com/, 2011). This could also be a
candidate gene since it is known to affect the English and
American Cocker Spaniel dog breeds, distant relatives to
the ESS dog (Liz Hansen, personal communication 2006).
Some of the other mutations causing primary photoreceptor
degenerations in dogs are ADAM9 [35], CCDC66 [36],
CNGB3 [37], RD3 [38], RHO [39], RPE65 [40], VMD2 [41],
PDE6beta [42], PDE6A [43], and PDC [44].

Among the ten PRA cases in ESS dogs previously
diagnosed in Sweden, from which DNA was available for
the current study, only two individuals were homozygous for
the disease causing allele at the RPGRIP1 locus. Four were
found to be heterozygous and four were homozygous for
the normal wild-type allele (Table 1). The two cases being
homozygous for the RPGRIP1 insertion were diagnosed with
PRA at two and four years of age, respectively. Although
the number of cases is small there appears to be a tendency
for a later onset of PRA among the other eight cases. None
of the normal dogs were found to be homozygous for the
RPGRIP1 insertion in the Swedish samples, but to make
any inferences about the penetrance, a much larger data set
would be needed. Taken together, the study of the Swedish
samples suggests that at least one more gene is responsible
for PRA in the Swedish population.

The complete association between RPGRIP1 and PRA
observed in the ESS thus remains to be fully elucidated. There
are strong indications that the RPGRIP1 gene is involved in
the cone rod dystrophy described herein, but the genotype-
phenotype discordance observed shows that the genetic
background most probably is more complex than previously
suspected. In conclusion, there are strong indications that
other mutations or modulating genes may be involved in
cone rod dystrophy of ESS dogs and could also be causative to
other types of hereditary retinal degenerations in the breed.
Further investigations in regards to additional loci or genes
required for development of cord1 are therefore warranted.

An important goal for vision research is to provide
effective treatments for the millions of people affected with
retinal blinding disorders. Therapeutic intervention using
large animal models such as dogs and cats are effective and
necessary methods to utilize before proceeding with human
treatment trials. Proof of principle was obtained through
therapeutic studies using gene therapy in a dog model
of LCA [45], resulting in successful restoration of vision.
Similar procedures were performed in human patients with

successful outcome [46, 47]. Another promising therapeutic
method for retinal blinding disease is stem cell therapy, with
or without combination of gene therapy [48]. In preparation
for such studies it is, however, of utmost importance that
the animal model with its specific retinal disease is precisely
characterized clinically beforehand, and with molecular
methods, for maximal outcome in the translational process.
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We identify the presence of progenitor cells during retinal development in the dog, as this species represents a natural model for
studying several breed-specific degenerative retinal disorders. Antibodies to detected progenitor cells (Pax6, C-kit, and nestin) and
ganglion cells (BDNF, Brn3a, and Thy1) were used in combination with H3 for the purpose of identifying proliferating cells. Pax6,
nestin, C-kit, and H3 were localized mainly in the neuroblastic layer of the retina during the embryonic stage. During the fetal stage,
proteins were expressed in the inner neuroblastic layer (INL) as well as in the outer neuroblastic layer; BDNF, Thy1, and Brn3a
were also expressed in the INL. During the neonatal stage only C-kit was not expressed. Proliferating cells were present in both
undifferentiated and differentiated retina. These results suggest that, during canine retinogenesis, progenitor cells are distributed
along the retina and some of these cells remain as progenitor cells of the ganglion cells during the first postnatal days.

1. Introduction

Progressive retinal cell death is a common phenomenon
observed in human or animal degenerative eye diseases
such as progressive retinal atrophy, age-related macular
degeneration, retinal detachment, and glaucoma [1]. Differ-
ent treatment strategies directed towards medically slowing
the progression of retinal degenerative diseases with oral
supplements have been considered including preservation
of affected retinas with specific neurotrophic growth factors
and the implantation of retinal pigment epithelial cells
(RPEs) in affected eyes. Currently stem cells are being inves-
tigated as a potential cellular source for replacing damaged
RPE or photoreceptor cells [2]. Both adult bone-marrow-
derived stem cells and embryonic stem cells are being used in
animal models with the goal of investigating how to induce
appropriate cell integration and differentiation.

Single pigmented ciliary margin cells which are able
to differentiate into retinal-specific cell types have been
identified in the adult mouse retina [3]. Stem cells derived
from the pars plicata and pars plana of the retinal cell
margin of human eyes produced all of the different cell
types, demonstrating multipotentiality [4]. Based on these
data, it was suggested that the sphere-forming cells in the
mammalian ciliary epithelium (CE) are retinal stem cells.
However, it was revealed that the clonogenic spheres derived
from the mouse and human CE originate from differentiated
pigmented CE cells rather than the stem cell population
harbored in the CE [5]. Fetal cat retinal sheets incubated
with BDNF microspheres were transplanted to the subretinal
space to investigate whether it is possible for sheets of fetal
retinal allograft to integrate into the dystrophic Abyssinian
cat retina where progressive rod cone degeneration is taking
place [6]. To the authors knowledge there is a lack of
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information regarding generation, proliferation, and differ-
entiation of progenitor cells during embryonic and fetal
stages in other mammals, particularly in the dog where
progressive retinal degeneration associated with different
ocular diseases is frequently observed.

Multipotent progenitor cells are stem cells which preserve
their capacity and potential for self-renewal, giving rise to
cells from multiple lineages; however, these are limited in
number [1, 7–9]. During the optic cup stage of the devel-
oping embryonic eye, a group of multipotent progenitor
cells exist which manifest the ability to differentiate into
neurons and glial cells. In some species, these cells are
able to differentiate into adult stages of development. The
retina of many fish and amphibians grows throughout life,
roughly matching the overall growth of the animal. The new
retinal cells are continually added at the anterior margin of
the retina, in a circumferential zone of cells, known as the
ciliary marginal zone, or CMZ. In chickens, has been found
that new neurons are added to the retina via proliferation
and subsequent differentiation of neurons and glia at the
retinal margin in a zone highly reminiscent of the CMZ
of lower vertebrates [10]. Likewise, other researchers have
reported that it may be possible to isolate putative retinal
stem cells from the ciliary margin of the adult mouse [11].
In some birds this capacity is apparently only evident during
the embryonic stage, and the types of cells produced by
progenitors at the retinal margin can be altered by exogenous
growth factors although normally the microenvironment
imposes limitations on the types of neurons produced [12–
14].

Retinal neurogenesis is largely determined intrinsically.
Many genes have been identified in order to determine the
fate of specific types of retinal neurons [15]. Some of the
genes involved in the fate and maintenance of the progenitor
cells at the ciliary margin zone include Shh, Notch, and
Wnt as well as Chx10, Pax6, Rx1, Six3, and Six6. Their
activation either induces the formation or modifies the
presence of specific cell types whereas their loss induces
important ocular malformations such as anophthalmia,
microphthalmia, cyclopia, coloboma, aphakia, among others
[16–18].

A series of genes express themselves early during ocular
development, responsible for determining specific eye fields,
critical to the development of the retina [19]. Within this
group of genes, the transcription factor Pax6 is considered of
utmost importance during eye development, as it has been
observed that this actively participates in the differentiation
of the lens and retina during embryonic development,
whereas in the adult eye its expression is maintained in the
lens, cornea, ganglion, and amacrine cells [20]. Mutation
of this gene induces the formation of ectopic structures in
Xenopus and Drosophila [21, 22]. The expression of Pax6
in retinal progenitor cells has also been observed in mice
where its limited expression leads to a reduction in mitotic
activity with delayed differentiation of neurons, and when
absent the differentiation of progenitor cells is restricted to
the generation of amacrine cells only [23–29]. Recently, the
expression of Pax6 was detected in a small number of cell

progenitors in the inner neuroblastic layer (INBL) of the
chicken [30].

Nestin has also been described as a marker of neural
progenitor cells [31]. Specifically it is expressed both in
neural and glial cells, as well as in their common precursors
[32]. In foetal human retina, nestin expression has been
shown to occur in Müller cells [33]. Likewise, cells positive
to nestin have been found in adult human retina [34, 35].

Retinal ganglion cells are the first mature retinal cells to
differentiate from the immature retinal progenitors. Certain
genes such as BDNF, Thy1, and Brn3a have been used as
markers of differentiated ganglion cells [36]. Particularly,
different authors have reported the expression of BDNF and
TrkB in the ganglion cell layer and inner nuclear layer of
different species of vertebrates [37–39].

Presently, few reports provide evidence indicating the
existence of retinal progenitor cells in adult mammals. In
this study, we identify the presence of progenitor cells during
retinal development in the dog. This species represents a
potential, natural, animal model for studies focusing on a
number of degenerative retinal disorders.

2. Materials and Methods

2.1. Animals. Embryos, fetus, and neonatal dogs were pro-
vided by the Canine Control Center at Ecatepec, State of
Mexico, and the Department of Surgical Teaching of the
Faculty of Veterinary Medicine and Animal Science at the
National Autonomous University of Mexico (UNAM). All
experiments were approved by and under the supervision of
the Norma Oficial Mexicana NOM-062-ZOO-1999. Before
enucleation the animals were euthanized with a lethal dose
of sodium pentobarbital (50 mg/kg). Eyes were immediately
fixed in 4% cold paraformaldehyde in 0.1 M phosphate-
buffered saline (PBS) for immunofluorescence analysis.

2.2. Histological Analysis. For histological paraffin sections,
enucleated eyes were fixed in 4% paraformaldehyde solution
(PFA, Sigma, USA) in PBS (phosphate-buffered saline, pH
7.1, Gibco) for 24 h. at 4◦C. Later, ocular samples were
dehydrated in a gradual alcohol series, embedded in paraffin
(Paraplast, McCormick Scientific), and cut into serial sec-
tions (15 μm). The sections were mounted on glass slides,
dewaxed, rehydrated, and stained with Hematoxylin and
eosin. For sections embedded in plastic resin, the collected
eyes were fixed in the Karnovsky solution (glutaraldehyde
2.5% in 0.1 M phosphate buffer, pH 7.4) [40] for 12 h.
at 4◦C. These were then washed with sodium cacodylate
buffer and postfixed with 1% osmium tetroxide (OsO4) in
Zetterqvist’s buffer for 1 h., washed again with distilled water,
and dehydrated in a gradual alcohol series and acetronile; to
be finally embedded in Epon 812 resin. Semithin sections
(1 μm) were obtained with an ultra microtome and then
dyed with toluidine blue. Fine sections (60 to 90 nm) were
contrasted by applying uranyl acetate and lead citrate for
transmission electron microscopy.

2.3. Immunofluorescence. Ocular tissue samples were remov-
ed, fixed for 20 min. With 4% paraformaldehyde solution
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Table 1: Antibodies and dilutions.

Antibody Brand Dilution

Rabbit polyclonal to PAX6 Abcam, MA, USA (ab5790) 1 : 250

Rabbit polyclonal to Nestin Abcam, MA, USA (ab5968) 1 : 250

Rabbit polyclonal to C-kit Santa Cruz Biotechnology, CA, USA (sc-168) 1 : 200

Rabbit polyclonal to BDNF Santa Cruz Biotechnology, CA, USA (sc-546) 1 : 250

Rabbit polyclonal to BRN3A Abcam, MA, USA (ab23579) 1 : 50

Mouse monoclonal to Thy1.1 Abcam, MA, USA (ab65193) 1 : 200

Rabbit polyclonal to Histone 3 (H3) Upstate, Temecula CA, USA (06–570) 1 : 200

Anti-rabbit IgG TRITC conjugate Zymed, San Francisco, CA, USA (81–6114) 1 : 100

Anti-rabbit IgG Cy 5 conjugate Zymed, San Francisco, CA, USA (81–6116) 1 : 100

Anti-rabbit IgG FITC conjugate Zymed, San Francisco, CA, USA (81–611) 1 : 100

Anti-mouse IgG TRITC conjugate Zymed, San Francisco, CA, USA (81–6714) 1 : 100

Anti-mouse IgG FITC conjugate Zymed, San Francisco, CA, USA (61–6511) 1 : 100

Primary and secondary antibodies used for immunofluorescence. All dilutions were prepared in bovine serum albumin.

in PBS and cryoprotected with 30% sucrose in PBS at 4◦C
overnight. Later tissues were embedded in OCT medium
(Tissue-Tek, Sakura Finetek, Torrance, CA) and frozen in
hexane (J. T. Baker) on dry ice. Serial frozen transversal
sections of approximately 15 μm were obtained to be used
for immunofluorescence using conventional techniques.
Sections were then incubated with the primary antibodies
and treated with the secondary corresponding antibody. As
a positive control, one day postnatal and adult mouse CD1
eyes were employed. As a negative control, samples without
primary antibody were incubated. Subsequently, these were
washed with PBS and double consecutive immunofluo-
rescences were carried out, in order to simultaneously
detect different proteins. Finally these were mounted in
Dako paramount aqueous mounting medium (Dako North
America, INC. USA). The antibodies and dilutions used are
presented in Table 1. Sections were analysed in a confocal
microscope (LSM 5 Pascal, Zeiss) equipped with Argon-
Kripton and Helium-Neon laser using filters BP 450–490
and 546/12. Double immunofluorescences were detected
simultaneously.

3. Results

The presence and distribution of retinal progenitor cells
during embryonic stages (up to 25 days of gestation:
dg), fetal (30–60 dg), and neonatal (1 day postnatal: dp)
was studied for canine development. These stages were
determined according to criteria established by Aguirre et
al. [41], Simoens and Budras [42], and Cook [43, 44], and
corroborated by histological examination of the retina.

3.1. Morphogenesis of Canine Retina

3.1.1. Embryonic Stage. At 25 days of embryonic develop-
ment, taking histological sections of the eye, there appear to
be primary fibers in the lens which are completely separate
from the surface ectoderm (Figure 1(a)). At the back of
the eye, the retina was found to consist of a neuroblastic
layer (NBL) which in turn divided into two parts: an inner

marginal area (not nuclear) and another outer nuclear
zone (Figure 1(b)). The retinal pigmented epithelium (RPE)
consists of several rows of cells with pigment (Figure 1(c)).
At electron microscope level, mitotic figures are evident in
the inner neuroblastic layer (INBL, Figure 1(d)).

3.1.2. Fetal Stage. Fetuses between 35 and 55 days of
gestation manifested clear development of various structures
which make up the retina (Figure 1(e)). Histologically, it
was observed that cells from the nuclear area migrated to
the internal marginal zone, forming two nuclear layers: the
inner neuroblastic layer (INBL), and the outer neuroblastic
layer (ONBL, Figure 1(f)). Both layers were separated by the
transient layer of Chievitz, evidently a space with no cell
content (Figure 1(h)). In the innermost part of the INBL
some ganglion cells project their axons in order to initiate the
formation of the optic nerve, forming the nerve fiber layer
(NFL). The retinal pigmented epithelium (RPE) manifests
several layers of cells and in some areas the presence of
rudimentary photoreceptor precursor cells (Figure 1(g)).

3.1.3. Postnatal Stage. In the last stage analyzed, correspond-
ing to 1 day postnatal puppies, the development of the layers
is more evident (Figure 1(i)). The retina is formed by the
NFL, and a greater number of ganglion cells and axons can
be observed directed towards the brain in order to form the
optic nerve. The ganglion cell layer (GCL) was shown to
be separated from the INBL by the inner plexiform layer
(IPL, Figures 1(j) and 1(i)). The RPE manifested a row of
cubic cells, and in some of these the microvillus was evident
(Figure 1(k)).

3.2. Identification of Retinal Progenitor Cells

3.2.1. Embryonic Stages. At this stage, the expression of C-
kit, Nestin, and Pax6 markers were detected located in the
lens and the NBL. The expression of C-kit (Figures 2(a) and
2(d)) and Pax6 (Figures 2(b) and 2(e)) was very marked in
the cell nuclei. For its part, Nestin (Figures 2(c) and 2(f))
was observed in the filaments of the progenitor cells. The
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Figure 1: Histological analysis of the retina in embryos ((a)–(d)), fetuses ((e)–(h)) and neonatal ((i)–(l)) dogs. (a) Transversal section of
the eye showing the retina (R) and lens (L). (b) In longitudinal section, retina consists of a neuroblastic layer (NBL) formed by an inner
marginal (arrow head) and outer nuclear zone (arrows). (c) The retinal pigment epithelium (RPE) is observed to consist of a single layer
with oval shaped melanosomes on the apical surface. (d) Electron micrograph showing cells with mitotic activity (∗) localized in the NBL.
(e) Eye from the fetal stage where retina (R) and lens (L) are evident. (f) Cell migration has formed the inner neuroblastic layer (INBL)
and outer neuroblastic layer (ONBL). (g) Some rudimentary photoreceptors were evident at the fetal stage (arrow head). (h) The INBL and
ONBL are separated by the transitional space of Chievitz where high resolution exposes a space between the INBL and ONBL without any
cells (∗). (i) Eye from the postnatal stage where part of the lens (L) and the retina (R) are visible. (j) During the postnatal stage the ganglion
cell layer (GCL) was apparent. (k) The RPE was observed as a row of cubic cells. (l) Electron micrograph showing the GCL where the axons
(arrow head) are forming the nerve fiber.

proliferative activity of cells takes place due to the presence of
the histone 3 (H3) protein. Thus, we identified an increasing
level of expression of H3 in the proliferative zone, both in the
central region as well as at the side of the retina. There were
also some proliferating cells, located in the marginal layer of
the NBL co-localized with cells positive to the C-kit marker
(Figures 2(g), 2(h), and 2(i)).

3.2.2. Fetal Stage. During this stage, cells positive to the C-kit
(Figure 3(a)), Pax6 (Figure 3(b)), and Nestin (Figure 3(c))
proteins were detected. The marker is primarily located

in the INBL, but positive cells were also observed in the
ONBL, although they were less intense. Proliferating cells
were detected in the proliferative zone located in the ONBL
(data not shown). For the identification of progenitor cells
with proliferative activity, double immunofluorescence tests
were performed using C-kit and Pax6 in combination with
H3. Proliferating cells were found in both the INBL as well
as in the proliferative zone ONBL. Cells positive both to C-
kit and H3 were located in the INBL (Figures 2(g) and 2(h)).
Beside this, cell positive to Pax6 demonstrating proliferative
activity were located in the INBL (Figure 3(j)).
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Figure 2: Immunofluorescent staining of C-kit (a and d), Pax6 ((b) and (e)) and Nestin ((c) and (f)) in the retina from dog embryos.
The expression was observed in the NBL, examined in combination with Nomarski optics. Inserts present a panoramic view of the pattern
of expression for the C-kit, Pax6 and Nestin. (g) Confocal image showing the proliferation of cells stained with H3. (h) The same figure
presented in (g) but here the C-kit positive cells are evident. (i) Merged image showing cells expressing both C-kit (blue) and H3 (red)
proteins in combination with Nomarski optics.

Ganglion cell differentiation was evident at this stage
of retinogenesis, with the identification of cells positive to
BDNF (Figure 3(d)) and Thy1 (Figure 3(e)). The presence
of this signal is localized in the cytoplasm of ganglion
cells located in the INBL. Contrastingly, only a slight
expression of Brn3a in some ganglion cells (Figure 3(f))
was identified. Implementing double immunofluorescence
tests using antibodies Thy1/H3 (Figures 3(g), 3(h), and 3(i))
and BDNF/H3 (Figure 3(k)), we observed that certain cells
located in the INBL co-localized, and it may prove that
these are ganglion cells. The combination of Brn3a/BDNF
perfectly delineated the presence of ganglion cells located
in the INBL; Brn3a was expressed in the nucleus, whereas
BDNF was located in the cytoplasm (Figure 3(l)).

3.2.3. Postnatal Stage. At this stage of retinal development,
the expression of C-kit was not observed however the

expression of Nestin (Figure 4(a)) and Pax6 (Figure 4(b))
was evident mainly in the ganglion cell layer, whereas limited
expression was detected in the both INBL and ONBL. Some
cells located in the GCL presented proliferative activity made
evident by the positive expression of H3 (Figure 4(c)). BDNF,
Thy1 and Brn3a were evident in the GCL, both in the central
and peripheral area of the retina (Figures 4(d), 4(c), and
4(f)). The presence of proliferating ganglion cells is also
indicated by the colocalization of BDNF/H3 protein (Figures
4(g), 4(h) and 4(i)) and Thy1/H3 (Figures 4(j), 4(k), and
4(l)).

4. Discussion

4.1. Histological Analysis. The light and electron microscopy
in the embryonic stage showed that the retina had a
neuroblast layer, perfectly delimited into two zones: inner
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Figure 3: C-kit (a), Pax6 (b) and Nestin (c) expression in the retina from fetal stage. The expression pattern was evident in the INBL. At this
stage the differentiation of ganglion cells was evident as were the markers BDNF (d), Thy1 (e) and Brn3a (f). (g) Confocal image showing the
Thy1 positive cells. (h) The same image was presented in (g) but made evident with H3. (i) Merged image, but the proliferation of Thy1 cells
is evident, localized in INBL (arrows). (j) Merged image illustrates the colocalization of Pax6 positive cells with H3 positive cells (arrows).
(k) Merged image illustrating proliferation of BDNF positive cells in the INBL made evident by H3 (yellow stained). (l) Colocalization of
BDNF and Brn3a proteins distributed along the INBL (arrows).

marginal and outer nuclear zone. The cells exhibited a
distinct pattern: prophase and metaphase profiles were
similar to those previously described by J. W. Hinds and
P. L. Hinds [45]; these findings suggest interkinetic nuclear
migration, where cells migrate from the apical side to the
basement of the neuroretina, as the cell cycle progresses
[46, 47]. The retinal pigment epithelium appeared as a single
layer with melanosomes of oval-shape near the apical surface.
Taking into account these findings and comparing them with
those reported by Aguirre et al. [41] and Cook [43, 44],
it was determined that embryos included in this stage had
completed 25 days of gestation.

During the fetal stage, as a result of cell migration in the
retina, there were two neuroblastic layers, inner and outer,
separated from each other by a cell-free space called the

transitional space of Chievitz. At this stage the initiation
of cellular differentiation was evident; some cells, in the
inner neuroblastic layer (INBL) had differentiated into
ganglion cells and their axons established the layer of nerve
fibers and the optic nerve. Beside this, some rudimentary
photoreceptors became apparent in the outer neuroblastic
layer, adjacent to the pigmented epithelium. These findings
are consistent with the histological work done by Aguirre et
al. [41] and Cook [43, 44] for the fetal embryonic stage in
this species. Using electron microscopy, it has been noticed
a difference between the nuclei of the inner and outer
neuroblastic layers [48]. In the current study these differences
were also apparent: in the outer neuroblastic layer the nuclei
were oval, in contrast to those of the inner neuroblastic layer
where the nuclei were spherical.
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Figure 4: Immunofluorescent staining of Nestin (a) and Pax6 (b) during neonatal stage was observed in the INBL. (c) H3 only revealed
in the GCL and did not co-localize with stem cell markers. BDNF (d), Thy1 (e) and Brn3a (f) staining showed the typical morphology of
ganglion cells localized in the GCL (red cells). A number of cells marked with BDNF ((g)–(i)) and Thy1 ((j)–(l) were evidently proliferating
as they were positive to H3 protein (arrows).

At the neonatal stage, histologically the canine retina
presents the same characteristics as those described for the
fetal stage; however, there are a greater number of ganglion
cells. The structure of the ganglion cells was observed using
electron microscopy: these cells have very large nuclei which
cover the greater part of the cell body and their axons
form the nerve fiber layer. At this stage, the retinal pigment
epithelium consists of a row of cuboidal cells. These findings
were similar to those described by Spira and Hollenberg [48]
and Cook [43].

4.2. Characterization of Stem Cells. Different markers of pro-
genitor cells have been used with great success for the pur-
pose of identifying these cell types. Pax6 is a key gene
during development of the eye, and is actively involved
in the differentiation of the lens and retina in different

species of vertebrates. Mutations in this gene lead to the
presence of different disorders during development, resulting
in anomalies of the iris, retina, lens, and cornea. During
adulthood, expression continues in lens and cornea, as well as
in amacrine cells and retinal ganglion cells [24, 27]. During
these three stages, we observed that Pax6 presented a similar
pattern covering both the central retina and the peripheral
area however its expression was higher in the INBL during
the fetal and neonatal stages, similar to findings reported by
Doh et al. [30] who noted the expression of Pax6 in chicken
embryos; this gene was detected in progenitor cells in the
INBL during E4, and, as development advanced, its increase
was evident in the inner nuclear layer (CNI). Finally, during
late stages of development, both ganglion and amacrine cells
expressed this gene.

Nestin is a protein made up of intermediate filaments
which can be employed as a marker of neural progenitor cells.
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It plays an important role in cell movement, including dis-
placement, contraction and cytokinesis [49]. During chicken
embryonic development, transitin, which is a homology of
Nestin, may be induced in the Müller cells by acute retinal
damage. Transitin-positive cells were observed mainly in
the ganglion cell layer (GCL) and nerve fiber layer (NFL),
possibly marking the endings of the Müller glia; however,
intense immunoreactivity was presented in the ciliary margin
zone (CMZ) and the ciliary body. Downregulation was
restricted to the CMZ prior to hatching. The expression of
Nestin in the retina of the dog had a pattern similar to
that reported by Ghai et al. [50] in the chicken, where the
immunoreactivity was higher in the GCL and NFL. There
was, however, a higher expression near the ciliary body,
ruling out the existence of a niche as occurs in the chicken.
Thus it appears that this niche does not appear in the dog
and that the expression of stem cell markers decreases during
development.

Another marker of retinal progenitor cells is C-kit,
whose participation is widely studied in gametogenesis,
hematopoiesis, melanogenesis, and neurogenesis, where this
gene has been observed to be involved in the establishment
of neural connections. Likewise, C-kit promotes survival,
proliferation, and cell differentiation [51, 52]. C-kit has been
localized in the neural retinal, pigmented epithelium and
ciliary body; yet the expression pattern during retinogenesis
is not well known. It has been reported the presence of C-
kit in the NBL and GCL during the embryonic stage of
the mouse [53]. During the postnatal stage they observed a
dramatic decrease, which is consistent with exit from the cell
cycle and the initiation of differentiation. In this study we
looked at the expression of C-kit protein during embryonic
and fetal stages, where positive cells were localized mainly in
the inner neuroblast layer (IN); however, it was not found
during the neonatal stage. These results are consistent with
those described by Koso et al. [53].

An important feature associated with the presence of
stem cells is mitotic activity: stem cells in the adult are
capable of mitotic activity but are frequently quiescent,
whereas progenitors are often very mitotically active. In
the case of the retina, it has proposed a model of nuclear
migration during the development of the retina, where the
nuclei of neuroepithelial cells migrate from apical to basal
and basal to apical as the cell cycle progresses [47]. This
places cells in G1, G2, and M in the apical zone, adjacent to
the pigmented epithelium, whereas cells in phase S remain
in the basement zone. It has observed that the expression
of H3 starts during the G2 phase and peaks during the
metaphase of mitosis [54]. In the present study, we found
the presence of proliferating cells located near the retinal
pigmented epithelium, confirming that cell migration occurs
as part of progression in the cell cycle. In the embryonic
stage, proliferating progenitor cells were observed in the
germinal zone located near the pigmented epithelium.

4.3. Ganglion Cell Differentiation. During cell differentia-
tion, retinal progenitor cells begin to express genes such
as Brn3a, Thy1, and BDNF, the exact role of which is
imperfectly understood, however, they may all play an

important role during the differentiation of progenitor cells
to become retinal ganglion cells. In this study, we discovered
the expression of three markers in GCC during the fetal
stage, by applying immunofluorescence. Although it has
been reported that ganglion cells are abundant in the central
zone, we observed the presence of ganglion cells in the
peripheral and central zones.

Schlamp et al. [55] commented that in the case of marker
ganglion cells in both the mouse and rat with damage to
the retina, when expression diminished, damage increased.
On the other hand, it has been detected Thy1 and Brn3a
in the adult mouse which are identified in the CGL of the
ganglion cell body as well as in their dendrites on the inner
plexiform layer [56]. Recently, Germanà et al. [39] revealed
the presence of BDNF in zebrafish by applying peroxidase
immunohistochemistry. They detected the expression of this
antibody between 10 dpf and 180 dpf in the outer nuclear,
outer plexiform, and inner plexiform layer, observing an
increase of similar intensity advancing with development.
The expression of Brn3a was observed too in the retina of
the chicken which progressed with development, observing
that this label was clearly evident in the inner nuclear layer,
ganglion cell layer and nerve fiber layer [30].

The expression of ganglion cells was only detected in the
fetal and neonatal stage, a result similar to that described
by Schlamp et al. [55] and Raymond et al. [56]. Germanà
et al. [39] and Doh et al. [30] marked the ganglion cells
with the same antibodies used in this work, and likewise we
observed the colocalization of ganglion cells with H3. These
data suggest that ganglion cells undergo proliferating activity
during development.

5. Conclusions

Canine retinal progenitor cells express the markers Pax6 and
nestin in the neuroblastic layer during pre- and postnatal
stages. However, the expression of C-kit was limited to the
embryonic and fetal stage probably due to cellular differ-
entiation. Cells manifesting mitotic activity were detected
in the embryonic and fetal stages in combination with cells
expressing C-kit and Pax6, in contrast to the newborn stage,
where the mitotic activity was observed in ganglion cells
marked with BDNF and Thy1. The presence of the Brn3a,
Thy1 and BDNF proteins were all detected during the fetal
stage corresponding to the beginning of cell differentiation.
Therefore, we suggest that a small group of progenitor cells
localized in the GCL are in fact ganglion cells which are
present in the retina of the dog during the first days after
birth.
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To determine the effect of membrane brightness on multifocal electroretinograms (mfERGs), we implanted poly lactic-co-glycolic
acid (PLGA) membranes in the subretinal space of 11 porcine eyes. We compared membranes with their native shiny white color
with membranes that were stained with a blue dye (Brilliant Blue). Histological and electrophysiological evaluation of the overlying
retina was carried out 6 weeks after implantation. Histologically, both white and blue membranes degraded in a spongiform
manner leaving a disrupted outer retina with no preserved photoreceptor segments. Multifocal ERG revealed the white membranes
to have a significantly higher P1-amplitude ratio than the blue (P = 0.027), and a correlation between brightness ratio and P1-
amplitude ratio was found (r = 0.762). Based on our findings, we conclude that bright subretinal objects can produce normal
mfERG amplitude ratios even when the adjacent photoreceptors are missing. Functional assessment with mfERG in scaffold
implant studies should therefore be evaluated with care.

1. Introduction

Subretinal transplantation of stem cell-like cells, such as
retinal progenitor cells (RPCs), has shown great restorative
potential in a number of animal models of retinal degener-
ation [1]. Although these cells retain the ability to migrate
to the outer retina, differentiate to mature photoreceptors,
and generate synapses with existing cells [1], the number and
the organization of surviving cells fall short of that needed to
restore useful vision.

The use of scaffolds in subretinal transplantation has
been shown to increase the number of delivered and surviv-
ing cells, to enable a more precise and localized delivery [2]
and to promote differentiation and organization of grafted
RPCs [2–4]. Furthermore, scaffolds can be loaded with

regulatory and modulating drugs to further assist differen-
tiation, function, and survival [5, 6].

As scaffold material, poly lactic-co-glycolic acid (PLGA)
has shown good results for subretinal transplantation of RPC
in mice [2, 5], rats [4], and pigs [3] and is among the more
commonly used materials for generating scaffolds [7].

We wanted to use multifocal electroretinography
(mfERG) to assess the functional impact of implantation
of scaffolds made of PLGA and other polymers. To our
surprise, we found that the mfERG amplitudes derived
from retina apparently overlying the PLGA membranes were
normal despite histologically verified destruction of the
outer retina in the same area. We then hypothesized that
the brightness of the white transplanted membranes caused
the mfERG stimulus to be backscattered and so produced
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a stray light-induced response. To test this hypothesis, we
first implanted a batch of PLGA membranes stained with
a blue dye, and therefore with reduced surface brightness.
Hereafter, we compared the mfERG amplitude ratios derived
from areas overlying white PLGA membranes with those
derived from areas overlying blue PLGA membranes and
furthermore correlated the mfERG amplitude ratios with
the surface brightness ratios over the transplanted PLGA
membranes.

2. Material and Methods

2.1. Animals. All experiments were performed in compli-
ance with The Association for Research in Vision and
Ophthalmology (ARVO) Statement for the Use of Animals
in Ophthalmic and Vision Research. The Danish Animal
Experiments Inspectorate granted permission for the use of
the animals (permission 2007/561-768). Trained veterinary
nurses and technicians carried out all handling of the
animals.

A total of 21 female domestic pigs of Danish Lan-
drace/Duroc/Hampshire/Yorkshire breed were used for these
experiments (age 3-4 months; weight 23–30 kg). Only left
eyes underwent membrane transplantation. The animals
were premedicated with Tiletamine 1.19 mg/kg, Zolazepam
1.19 mg/kg (Zoletil 50 Vet Virbac SA, Carros, France),
Methadone 0.24 mg/kg (Nycomed, Roskilde, Denmark),
Ketamine 1.43 mg/kg (Intervet, Skovlunde, Denmark), and
Xylazine 1.24 mg/kg (Intervet, Skovlunde, Denmark). There-
after, anesthesia was maintained with continuous intra-
venous infusion (i.v.) of propofol 15 mg/kg/h (Fresenius
Kabi, Bad Homburg, Germany). The animals were endo-
tracheally intubated and artificially ventilated on 34% O2.
During anesthesia, the animals were placed resting on their
elbows to minimizing the impact on the cardiovascular
system [8]. In order to avoid hypothermia, the animals were
wrapped in a blanket during anesthesia.

2.2. Surgical Procedure. Eyes were anesthetized, dilated,
and disinfected, and a standard three-port core vitrectomy
was performed as previously described [9]. In brief, the
infusion line was secured inferiorly (Ringer Lactate; SAD,
Copenhagen, Denmark), and the vitreous was removed
during endoillumination using a 20 gauge (G) vitrector
(Karl Storz GmbH, Tuttlingen, Germany). The posterior
hyaloid was meticulous removed in the visual streak and
optic disc area. A subretinal bleb in the visual streak area
was raised by injection of Ringer Lactate (SAD, Copenhagen,
Denmark) through a 41 G cannula (ref. 1270; DORC Inter-
national BV, Zuidland, the Netherlands). To gain access to
the subretinal space, a retinotomy was performed in the
temporal aspect of the bleb using endodiathermy (Storz
Premiere, Bausch and Lomb; energy set 15%, output range
7.5 Watts nominal at 100 ohms) and automated scissors
(Storz Premiere, automatic scissors). This allowed a large
piece of membrane (approx. 12 mm2) to be inserted in the
visual streak area. DORC’s combined spatula/peeling forceps
(Ref. 1297, DORC, Netherlands) were used for this process.
In order to secure the membrane, a partial fluid-air-exchange

with drainage at the retinotomy site was performed after the
membrane was placed subretinally. Sclera and conjunctiva
were sutured with 7–0 coated vicryl (Ethicon, Norderstedt,
Germany). After the procedure, intraocular pressure was
evaluated with bimanual palpation, and indirect ophthal-
moscopy was performed to ensure correct placement of the
membrane and absence of bleeding and retinal detachment.
Finally, topical application of chloramphenicol ointment
was given, and the eye was patched (Kloramfenikol “DAK”;
Nycomed, Roskilde, Denmark). In order to ensure reliable
mfERG recordings, animals with any surgical complication,
such as bleeding, surgical lens damage or retinal detachment
as well as animals with significant opacities in the media were
excluded from the study.

2.3. Follow-Up Procedure. Six weeks after-surgery, animals
were reanesthetized as previously described [8] with addi-
tion of a neuromuscular blocker to avoid eye movement,
2 mg/h i.v. Pancurium Bromide (Oss, Organon, Holland).
Infrared (IR) fundus imaging with an external IR light source
was used as previously described [8]. Color fundus photos
obtained with a Zeiss fundus camera just prior to euthanasia
(Zeiss FF450 plus-IR). Multifocal ERG was recorded on
both eyes. Recordings were conducted in an electrically
shielded room under standardized lighting conditions, and
dilated eyes were adapted to room light for 15 minutes. A
Burian-Allen bipolar contact lens electrode (VERIS Infrared
Illuminating Electrode, EDI, Inc., Red Wood, CA) was placed
on the cornea with a gel (Viscotears, Novartis, Copenhagen,
Denmark) as contact fluid. A reference electrode was
placed behind the right ear, and the animal was electrically
grounded. To minimize the effect of anesthesia on the
mfERG recording, the left membrane-implanted eye was
always recorded within the first two hours of anesthesia [8],
and the two eyes were recorded within a timeframe of 30 min.

At completion of follow-up studies, animals were eutha-
nized by a lethal injection of 20 mL pentobarbital 200 mg/mL
(Royal Veterinary and Agricultural University, Copenhagen,
Denmark). Eyes were then enucleated and prepared for
histology as previously described [8].

2.4. mfERG Settings. Recordings were obtained using VERIS
Science 5.0.1 with visual stimulus displayed on a 1.5 inch
cathode ray tube monitor integrated in the stimulus-camera
(EDI Inc., Redwood City, CA, USA). A stimulus pattern
of 241 unscaled white (200 cd/m2) and black (2 cd/m2)
hexagons with a frame rate of 75 Hz and 16 samples
per frames was used to obtain the best spatial resolution
with a reasonable signal-to-noise ratio [8]. The m-sequence
exponent was 15 and the durations of recordings were 7.17
minutes. The signals were band-pass filtered outside 10–
300 Hz. There was no spatial averaging and only 1st order
kernels were used.

2.5. mfERG Analysis. To identify hexagons representing ret-
ina with an underlying membrane, an alignment of the IR
fundus photo of the left eye with the stimulus grid from
the VERIS system and the corresponding Zeiss color fundus
photo was performed using Photoshop (version 10.0, Adobe
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Figure 1: Fundus photos of both eyes 6 weeks after white PLGA
transplantation. (a) Color fundus photo aligned with multifocal
electroretinographic (mfERG) traces of the 241 unscaled stimulated
hexagons. The bright reflective properties of the membranes are
clearly visible. (b) Color fundus photo of the left membrane-
transplanted eye aligned with hexagon grid used for mfERG
recording. Area included as membrane is marked with a green
line. (c) Infrared fundus photo of fellow right untouched eye with
hexagon grid used for mfERG recording. The green line marks area
included at membrane corresponding area for calculation of P1-
amplitude ratio.

Systems Inc., San Jose, CA, USA). This was done for every
individual left (experimental) eye in the study, and the
hexagons completely within the membrane-affected area
were labeled. The corresponding area in the right (control)
eye was delineated from the VERIS IR fundus photo (Figures
1(b), 1(c), 2(b), 2(c)). The averages of the P1-amplitudes
derived from hexagons within the membrane-affected area
were calculated. The averages of P1-amplitudes in the right
eye derived from the corresponding retinal area were also
calculated as well as the ratios between these P1 amplitudes
from the two eyes. Independent-samples t-test was used to
test for equality of means between the two membrane color
ratios (SPSS Statistics, version 17.0).

To control the comparability of the right and left eye,
the visual streak was localized using the 3D multiplot of the
Veris program, and mfERG for the entire visual streak was
recorded and compared.

Traces with exact positioningRetinal view
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(b)

O. Dxt
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Figure 2: Fundus photos of both eyes 6 weeks after blue PLGA
transplantation. (a) Color fundus photo aligned with multifocal
electroretinographic (mfERG) traces of the 241 unscaled stimulated
hexagons. The membrane is surrounded by choroidal neovascu-
larization but does not appear to reflect light in the manner of
the white PLGA. (b) Color fundus photo of the left membrane-
transplanted eye aligned with hexagon grid used for mfERG
recording. Area included as membrane is marked with a green
line. (c) Infrared fundus photo of fellow right untouched eye with
hexagon grid used for mfERG recording. The green line marks area
included at membrane corresponding area for calculation of P1-
amplitude ratio.

2.6. Brightness Analysis. Color fundus photos were used
to evaluate the brightness of the subretinally transplanted
membranes. Area of interest was marked and measured
in Photoshop on a scale ranging from 0 (black point) to
255 (white point) as described by Hubbard et al. [10].
The ratio between the membrane area and the optic disc
brightness was used to even out differences in the fundus
photo flash intensity. The difference in brightness ratios
between the two membrane colors and Pearsons correlation
between brightness ratio and mfERG P1-amplitude ratio
were calculated using SPSS (SPSS Statistics, version 17.0).
Ratios were plotted in Figure 5 using SigmaPlot (SigmaPlot
for Windows 11.0, Systat Software Inc., CA, USA).

2.7. Histology. The part of the formaldehyde (4%) fixated eye
containing the PLGA membrane was cut out and embedded
in paraffin. Sections of 5 micrometer through the membrane
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Table 1: Distribution of complications after subretinal transplanta-
tion of white and blue PLGA membranes.

Reaction in the
vitreous body

Membrane
dislocated to the

vitreous body

Membrane
implanted

outside visual
streak

White PLGA 2 3 1

Blue PLGA 2 1 1

were then stained with haematoxylin and eosin (HE) and
evaluated by light microscopy.

2.8. Membranes. White (undyed) membranes were con-
structed by transferring a solution of 15 weight percent
(wt%) PLGA in CHCl3 to a 5 mL syringe attached to a blunt
tipped 18 G stainless steel needle. Hereafter, electrospinning
was carried out through the application of a 15 kV positive
voltage to the polymer solution. The solution was then fed
via a syringe pump at a constant mass flow rate of 1 mL/h.
Fibers were collected on a stainless steel grounded rotating
drum until a nonwoven mat was formed. For the blue PLGA
membranes, 2 wt% of Brilliant Blue FCF was added to the
15 wt% PLGA solution.

3. Results

A total of 21 pigs underwent PLGA-membrane transplanta-
tion surgery, whereof 12 had white membranes transplanted.
Ten pigs, 4 with blue and 6 with white membranes,
were excluded due to postoperative complications shown
in Table 1. Included in the study were 11 pigs, 6 with
white membranes, and 5 with blue membranes. The high
modulus of the used PLGA membranes eased the insertion
into the subretinal space. Contrarily the lack of compliance
complicated the precise delivery within the bleb.

It was possible to obtain good mfERGs with acceptable
signal-to-noise ratios in both the left and right eye in all
included pigs. Evaluation of the recorded mfERGs shows
that the visual streak of the fellow eyes is comparable.
Further the ratios reveal a tendency for the right visual
streak to produce a lower mfERG signal than the fellow left
visual streak (Table 2). Multifocal ERG of the membrane and
the membrane-corresponding areas revealed a significant
difference between mean P1-amplitude ratios from white
and blue membrane areas (P = 0.027, Table 3).

Histological examination showed, however, no major
differences between blue and white membranes. Both mem-
branes were associated with spongiform degeneration of
the overlying retina, together with a giant cell foreign
body reaction. No severe inflammation was seen in either
retina or choroid. The retina adjacent to the membrane
was intact but the overlying retina had complete loss of
photoreceptor outer and inner segments. The outer nuclear
layer (ONL) was marginally more preserved over the blue
PLGAs but was generally either flattened, disorganized, or
completely missing whereas the inner nuclear layer (INL)

A

B

C

White PLGA

500 µm

Figure 3: Micrograph of Hematoxylin- and Eosin-stained porcine
retina after subretinally transplanting white PLGA membrane (B).
The membrane is degrading in a spongiform manner disrupting
and partly destroying the outer retina with no preserved photore-
ceptor segments and a flattened, disrupted, or completely missing
outer nuclear layer. The inner nuclear layer is relatively intact and
there is no sign of severe inflammation in either retina or choroid.
Retina adjacent to the membrane appears intact. Vitreous body is
indicated by “A” and sclera by “C”.

A

B

C

Blue PLGA

500 µm

Figure 4: Micrograph of Hematoxylin- and Eosin-stained porcine
retina after subretinally transplanting blue PLGA membrane (B).
The membrane is degrading in a spongiform manner disrupting
and partly destroying the outer retina. The disruption seems to
vary, but no photoreceptor segments are preserved. The outer
nuclear layer is relatively well preserved in a few places but generally
flattened and disorganized or missing. The inner nuclear layer
is relatively intact. No sign of severe inflammation in retina or
choroid. Retina adjacent to the membrane appears intact. Vitreous
body is indicated by “A” and sclera by “C”.

seemed relatively intact over both white and blue membranes
(Figures 3 and 4).

In spite of the similar outer retinal destruction seen
histologically (Figures 3 and 4), mfERG traces over the mem-
branes differed between the two colors with near-normal
P1-amplitudes over the white membranes and reduced P1-
amplitudes over the blue membranes (Figures 1(a) and 2(a),
Table 3).

Brightness ratios from all included animals were
obtained and showed a significant difference between white
and blue membranes (Figure 5). A correlation between
brightness ratio and P1-amplitude ratio could be demon-
strated (r = 0. 762; P = 0.006) and is given in Figure 5.

MfERG recordings made prior to white PLGA membrane
transplantation showed retinal responses in the visual streak
to be identical in the left and right eyes and comparable
with previously obtained baseline recordings [8] (data not
shown). No preimplantation recordings were obtained for
the blue membranes.
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Table 2: Mean P1-amplitude values and ratios of visual streak obtained by multifocal electroretinogram before and 6 weeks after membrane
implantation.

White PLGA
Week 0 (n = 6)

White PLGA
Week 6 (n = 6)

Blue PLGA
Week 6 (n = 5)

Mean P1-amplitude, nV/deg2

SIN visual streak, excl. memb. (SD) 12,08 (3,58) 8,05 (2,18) 11,18 (1,56)

DXT visual streak (SD) 11,37 (4,46) 7,18 (1,74) 9,80 (2,60)

Mean P1-amplitude ratio for visual

streak (Sin/Dxt) (SD) 1,12 (0,19) 1,12 (0,13) 1,20 (0,28)

SD = standard deviation; Memb. = area of retina with underlying implanted membrane or scarring hereafter; Sin = Left membrane implanted eye; Dxt = right
untouched corresponding eye.

Table 3: Effect of color of subretinally implanted membranes upon the multifocal electroretinogram 6 weeks after implantation.

White PLGA
(n = 6)

Blue PLGA
(n = 5)

Mean P1-amplitude, nV/deg2

Memb. (SD) 5,23 (1,70) 5,92 (1,72)

Memb.-corresp. (SD) 4,75 (1,72) 10,00 (3,72)

Mean P1-amplitude ratio.

(Memb./memb.corresp.) (SD) 1,17(0,35) 0,65 (0,26) (P = 0.027)

SD = standard deviation; Memb. = membrane-supported area of retina;
Memb.-corresp. = membrane corresponding area in contralateral control eye.
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Figure 5: Mean values of white and blue membranes and cor-
relation between brightness ratio (membrane/optic disc) and P1-
amplitude ratio (left/right). Large symbols represent mean ± SEM
for white and blue membranes and show a significant difference in
P1-amplitude ratio (P = 0.027) and brightness ratio (P < 0.001).
When observed together, the blue (•) and white (◦) membranes
show a significant correlation (r = 0. 762; P = 0.006).

4. Discussion

In this study, we show that the color of a subretinally trans-
planted membrane has an effect on the recorded mfERG.
We further show a correlation between the brightness of

the membrane and the effect on the P1-amplitude ratios in
the mfERG. This is to our knowledge the first study that
shows correlation of brightness and mfERG.

The optic disc has no photoreceptors and should
therefore not be able to produce an electrical signal when
illuminated. Nevertheless, focal illumination of the optic
disc is well known to produce an ERG response [11]. This
effect has been explained by stray light [11]. Shimada and
Horiguchi substantiate this finding in a patient with an
optic disc coloboma and show that increased light intensities
increase the responses and can even induce a weak full field
ERG-response [11]. Photoreceptors adjacent to the disc have
been argued to contribute to the recorded response from the
optic disc due to limited spatial resolution, eye movements,
and forward scatter [12]; Shimada and Horiguchi do not
discuss the influence of the color of the coloboma, but the
effect of the increased light intensity indicates that color is
important, since white surfaces reflect more light than dark
surfaces. The membranes implanted in this study have a size
of approx 12 mm2 and are similar in size to the discussed
optic disc coloboma. We show that the P1-amplitude ratio
is linearly correlated to the brightness of the membrane,
even when we correct for the fundus photo illumination
(Figure 5).

The histological examination showed a low-grade
inflammatory degeneration of the outer retina, foreign body
giant cell reaction, and formation of choroidal neovascular-
isation, consistent with the fast degradation of the PLGA
membranes with acidic byproducts found by others [13,
14]. We could not demonstrate any histological differences
between the white and the blue membranes, and we do not
suspect toxicity from the blue dye as it is normally used as
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an approved food and drug additive [15]. The destruction
of the outer retina and complete lack of photoreceptors
in all experiments indicated that the membrane-affected
areas indeed were without function. We used the highest
possible number of hexagons to ensure the highest spatial
resolution [16]. This allowed us to use only hexagons from
retina completely within the membrane-affected area. The
P1-amplitude originates primarily from the bipolar cells
and to lesser degree photoreceptors, as has been shown in
both pigs [17] and rhesus monkeys [18]. However, with
a heavily destroyed outer retina, including photoreceptors,
no activation of bipolar cells should take place, and P1-
amplitudes should therefore be extinct from within the
membrane-affected retinal area [19].

The interindividual variation of the mfERG in the
pig is pronounced [8]. Furthermore the mfERG is very
susceptible to the depth and length of the anesthesia [20],
which accentuates the interindividual and interobservational
variation of the mfERG measurements. In addition, the
porcine retina is described as having areas of higher cone
density within the visual streak [21], which alone could
affect the differences found. To overcome the interindividual
and interobservational variance, we chose to normalize the
data using an identical area in the right, untouched eye.
As membrane implanted left eyes were always recorded
before the contralateral right control eye, the calculated
P1-amplitude ratios of the membrane areas will be too
high as it is demonstrated for the corresponding visual
streak ratios in Table 2. Both eyes were recorded within
a timeframe of 25 minutes and always within the first 2
hours of anesthesia, which should minimize the effect of
the anaesthesia on the mfERG-measurements. The difference
in mean P1-amplitudes for visual streak between week 0
and 6 combined with the consistency in left/right ratios
supports the choice of using the fellow right eye as baseline
when evaluating the membrane responses. Regarding the
membrane corresponding areas, we found a significant
difference in the P1-amplitudes between the control eyes
for the blue and white groups. This is most likely due to a
higher number of blue implanted membranes centered in
the visual streak. Maybe because of the experimental surgical
experience gained. Apart from giving higher amplitudes due
to a corresponding area completely within the visual streak,
the time of anesthesia will also be shorter as it was easier to
locate areas near the centered vessels and optic disc prior to
mfERG recordings.

In conclusion, brightness and therefore perceived color
of a subretinal element influences the P1-amplitude of the
mfERG. This should be taken in to account when using
mfERG on retinal areas with altered reflective properties.
Especially in future retinal tissue engineering studies, mfERG
should be used with caution when evaluating local retinal
function.
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We attempted transplantation of adult neural stem cells (ANSCs) inside an autologous venous graft following surgical transsection
of nervis cruralis with 30 mm long gap in adult pig. The transplanted cell suspension was a primary culture of neurospheres from
adult pig subventricular zone (SVZ) which had been labeled in vitro with BrdU or lentivirally transferred fluorescent protein.
Lesion-induced loss of leg extension on the thigh became definitive in controls but was reversed by 45–90 days after neurosphere-
filled vein grafting. Electromyography showed stimulodetection recovery in neurosphere-transplanted pigs but not in controls.
Postmortem immunohistochemistry revealed neurosphere-derived cells that survived inside the venous graft from 10 to 240 post-
lesion days and all displayed a neuronal phenotype. Newly formed neurons were distributed inside the venous graft along the
severed nerve longitudinal axis. Moreover, ANSC transplantation increased CNPase expression, indicating activation of intrinsic
Schwann cells. Thus ANSC transplantation inside an autologous venous graft provides an efficient repair strategy.

1. Introduction

Nerve injuries which are frequent in civil practice [1, 2] and
catastrophe-like earthquake [3, 4] or tsunami [5] combine
associative lesion with crush syndrome. War improves the
risk of gap and of treatment delay with ballistic wounds [6]
because these ones are less prone to emergency than vascular
injuries [7]. This risk pertains after war with remanent explo-
sive [8]. The functional pronostic is dependent on the type of
wound: transsection, crush, or gap, which has been further
categorized according to the length of the gap, the type of
nerve (sensitive, motor or mixed), localization, association
of injuries, and patient’s ageing, time of surgery, and vascular
environment [9–12].

Neuroguides and especially vein grafts are regularly used
to bridge small nerve gaps shorter than 3 cm; for long nerve
gaps, autologous nerve graft has become the gold standard

since the second war [13, 14]. But nerve repair outcome
depends on fascicle concordance [15] and scar development,
so expected alternatives for long nerve gaps remain a chal-
lenge to improve recovery after this type of lesion. Surgical
trials to improve nerve repair have mainly targeted diversifi-
cation of grafted neuroguides with resorbable materials [16].
The outcome has been improved by neuroguide preloading
with extracellular matrix components [17–19], growth fac-
tors [20], or cultured regeneration-enhancing cells. The latter
strategy, or cell therapy, has been attempted with primary
cultures of Schwann cells [21, 22], olfactory bulb enshealting
cells [23], or various types of stem cells [24]. In these studies,
progenies of grafted stem cells mostly proved to be glial cells,
which indirectly enhance axonal regeneration [24].

Neural stem cells from adult brain (ANSC) have been
scarcely assayed to help postlesional repair of peripheral
nerves, despite their strong potential of integration and
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development into neurons [25]. The present study is based
on the hypothesis that ANSC grafting inside a venous neuro-
guide might be efficient to bridge a long nerve gap in adult.
We tested this hypothesis in the pig, which is the non-pri-
mate animal species most closely related to human and is
prone to surgery and anesthesia conditions very close to
human protocols in clinic [26]. To this aim, we have char-
acterized primary cultures of neural stem cells from adult pig
brain, by optimizing the neurosphere assay on subventricular
zone explants [27]. In the present study, we labeled such
primary expanded ANSC in vitro with either BrdU or len-
tiviral green fluorescent protein gene transfer, and we grafted
labeled neurospheres into an autologous venous bridge after
a surgical 30 mm long gap in adult pig nervi cruralis. We
compared neurosphere-grafted and control pigs for func-
tional recovery and assessed the fate of grafted cells inside
the lesioned nerve at various post-lesion intervals.

2. Material and Methods

2.1. Animals. Twenty-four adults, 4-month-old Large White
Landrace pigs were used in the present study. They were
housed with ad libitum access to water and standard food
pellets, in lodges that comprised one yard and one hard
infrared-heated shelter. All in vivo experimental protocols
were approved by the local Ethics Committee on the protec-
tion of animals used for scientific activities with the proto-
col number 31/2006/IMTSSA/UCPE. Personal protocol nu-
mber for surgery and experimentation with pigs was 2007/
29/DEF/DCSSA (to O. Liard). All efforts were made to min-
imize the number of animals used and their suffering.

2.2. Anesthesia. Deep anesthesia was initiated by intramus-
cular premedication with 30 mg/kg ketamine (Imalgene
1000, Merial, Lyon, France), 0.1 mL/kg acepromazine (Vet–
ranquil, Calmivet, Bayer, Puteaux, France), and 25 μg/kg
atropine sulphate (Meram, Melun, France). The animal was
then equipped with a peripheral intravenous perfusion de-
livering Ringer-lactate-5% glucose serum at 5–7 mL/kg/h,
with adhesive electrocardiographic electrodes in CM5-SpO2
(ECG monitor S5, Datex Ohmeda, Madison, WI, USA), and
with an artificial oxygenator. Anesthesia induction was per-
formed by intravenous injections of 2 mg/kg propofol (Di-
privan, Bayer) during 30 sec slowly, and of sufentanil (Su-
fenta, Bayer) three times at 1.5 μg/kg. Local glottis anesthesia
was made with 5% lidocaı̈ne spray (Xylocaine, Bayer), be-
fore orotracheal intubation with a monolight cannula (in-
ternal diameter 6.5 mm). Ventilation of lung parenchyma
was checked with a stethoscope and mechanically assisted.
General anesthesia was sustained with electrically driven in-
travenous infusion of propofol 2 mg/kg/h (Diprivan, DCI),
sufentanil 1 μg/kg/h (Sufenta, DCI) and rocuronium bro-
mide 0.15 mg/kg/h (Esmeron, DCI); curarisation was super-
vised by means of a S5 monitor (Entropie module) but was
not released for EMG. Antibioprophylaxy was administered.
All along surgery, the cardioventilatory parameters (heart
and ventilation rates, electrocardiogram, blood oxygena-
tion, ventilation pressure and volume, MAC, temperature,

hemoglucotest) as well as the sleep threshold were constantly
watched with the S5 monitor.

2.3. Brain Tissue Sampling for Primary Neural Stem Cell Cul-
ture from Adult Pig. Separate animals were dedicated for pri-
mary culture and in vitro expansion of neural stem cells
from brain subventricular zone (SVZ) as previously de-
scribed [27]. On each deeply anesthetized pig, the dorsal face
of the skull was cut with an electric saw and removed. A
15 mm thick coronal slice of the brain was performed with
a scalpel at the commissural level of midbrain, manually ex-
planted and transferred at 4◦C on ice bed-laid sterile metal
plate, beside a Bunsen flame for atmosphere sterilization.
The experimental animal was thus alive until the explan-
tation of the brain tissue slice. Each pig was sacrificed
immediately after brain tissue sampling by intravenous
injection of Dolethal (R) pentobarbital (DCI) at 1.5 mL/kg.

2.4. Primary Culture of SVZ Neural Stem Cells (“Neurosphere
Assay”). As previously described [27], SVZ pieces were
quickly microdissected from the thick midbrain slice (above)
along the ventrolateral floor of lateral brain ventricles in low-
calcium artificial cerebrospinal fluid (aCSF: 124 mM NaCl,
5 mM KCl, 3.2 mM MgCl2, 0.1 mM CaCl2, 26 mM NaHCO3,
100 mM glucose, and pH 7.38). Tissue samples were rinsed
twice with aCSF and digested first in 40 U cystein-EDTA-
β-mercaptoethanol-preactivated papain (Sigma, L’Isle
D’Abeau, France) for 10 min at 37◦C, then in 250 μL undi-
luted TrypLE Express solution (heat-resistant, microbially
produced, purified trypsinlike enzyme, Gibco # 12604-013,
Invitrogen, Cergy-Pontoise, France) for 10 min at 37◦C. After
the addition of 750 μL of fresh aCSF and centrifugation for
8 min at 400 g at room temperature, the cell pellet was resus-
pended in 1 mL culture medium (DMEM (Sigma), 1x B27
(Gibco Invitrogen), 200 U/mL penicillin, and 200 μg/mL
streptomycin (Gibco Invitrogen)) containing 20 ng/mL Epi-
dermal Growth Factor (EGF, Gibco Invitrogen) and 20 ng/
mL basic Fibroblast Growth Factor (bFGF, Gibco Invitro-
gen). The cells were dissociated gently with a 26 G steel
needle on a sterile disposable 1 mL syringe, counted on a Ma-
lassez slide, and seeded at 20,000 cells per mL in 6-well plates
(Falcon, BD Biosciences, Bedford, USA). Cultures were mon-
itored daily to follow the morphological growth of the neuro-
spheres; passage was performed when the majority of
spheres were 100–120 μm in diameter. For passage, the pri-
mary spheres were collected in sterile tubes, incubated for
45–60 min at 37◦C in 250 μL undiluted TrypLE Express
solution (Gibco Invitrogen) per 6 mL culture-derived pellet,
and dissociated gently with a 26 G steel needle on a 1 mL
sterile syringe; dispersed cells were centrifuged, counted,
and seeded as above. All culture media were renewed by the
replacement of 2 mL of medium per 4 mL well every 2-3-
days. For immunocytochemistry, coverslips bearing differ-
entiated spheres were rinsed in PBS, fixed in 4% parafor-
maldehyde-containing PBS for 20 min at 4◦C, and kept in
PBS at 4◦C until the assay.

2.5. In Vitro Labelling of Neurosphere Cells. In the first set
of experiments, tertiary neurospheres were incubated with
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Figure 1: LV-GFP-labeled secondary neurosphere from adult pig SVZ, just before transplantation and 3 days after in vitro infection with the
lentiviral vector of GFP, as observed under a photonic microscope with natural light (a) or GFP fluorescence (b). Scale bars: 50 μm.

the DNA synthesis precursor bromo-2-deoxy-uridine at
30 μM (BrdU, Sigma) from 2 DIV after passage up to 8–10
DIV, BrdU being added fresh daily from concentrated stock.

In a second set of experiments, lineage labelling was per-
formed by infection of secondary neurospheres with a lenti-
viral vector of green fluorescent protein gene (LV-GFP) at 4-
5 DIV after passage. LV-GFP was freshly synthetized, titrated,
and tested as previously described [28], stored at −80◦C and
unfrozen just before use. Neurosphere cultures were preincu-
bated 30 min in the presence of 1 mM polybrene (Sigma) and
void lentiviral particles (VLP, 29) at 0.1x M.O.I., and further
incubated 2 h with fresh culture medium containing 1 mM
polybrene and LV-GFP at 0.3x M.O.I.; incubation medium
was then replaced by fresh standard culture medium. LV-
GFP-infected neurospheres were allowed 3 days culture in
standard conditions for optimal lineage labelling (Figure 1);
[28].

After optimal culture period (5-6 days for BrdU, 3 days
for LV-GFP) and just before transplantation on the nerve
lesion site (see below), neurospheres were collected, centri-
fuged 4 min at 800 g, and resuspended in fresh culture medi-
um at 3 × 103 spheres per mL.

2.6. Postlesional Grafting Surgery. The surgical approach was
realized on the median face of thigh to isolate nervis cruralis.
Nerve damage was established in the right N. cruralis by
creating a 30 mm gap, which was then bridged with an autol-
ogous vein segment sampled from v. mammelian externalis.
This venous neuroguide was sutured at both ends over the
perinevre of the sectioned nerve. In some animals, once the
venous shaft was sutured at the proximal end of the lesioned
nerve, 300 μL of freshly prepared neurosphere suspension
(103 spheres) were gently infused with a micropipet into the
opposite end of the neuroguide, which was then sutured onto
the distal lesioned nerve end. In other animals (controls),
the venous neuroguide was sutured without any additional
manipulation.

In the first set of experiments, lesioned pigs were thus
grafted with autologous vein shafts which were either emp-
ty (controls, N = 2) or filled with BrdU-prelabeled

neurospheres (N = 4). These animals were allowed 8 or 45
days survival after lesion.

In the second set of experiments, lesioned pigs were graft-
ed with venous neuroguides which were either empty (con-
trols, N = 3) or filled with LV-GFP-labeled neurospheres
(N = 6). These animals were allowed 8 months survival after
lesion.

2.7. Functional Analysis of Lesioned Animals. Animal be-
haviour was evaluated by assessing muscular atrophy, deficit
of leg extension over the thigh. Each animal was examined
before peripheral nerve lesioning and at days 45, 90, 180, and
240 following surgical bridging.

Motor function of the crural nerve was assayed by elec-
tromyography, using pregeled surface electrodes connected
to a portable electromyographic recorder (Keypoint (R)
v6.01, Medtronics, MN, USA). Bipolar concentric needles
(diameter 0.47 mm) were applied on muscle quadriceps fem-
ori for stimulodetection analyses along N. cruralis. Stimuli
were single 100 mA shocks, ranging from 0.1 to 1 msec dura-
tions. Electromyography was performed on animals before
and at 45, 90, 180, and 240 days after transection. Values were
recorded in terms of voltage, amplitude and time latency of
detectable electromyographic activities.

2.8. Immunohistochemistry. At the end of postlesional sur-
vival, the operated region of N. cruralis of each experimental
pig was dissected out of the thigh under anesthesia and
fixed by immersion in a 4% paraformaldehyde solution in
0.05 M, pH 7.4, NaH2PO4/Na2HPO4 buffer for 24 h at 4◦C,
then rinsed for 24 h at 4◦C in 0.1 M, pH 7.4 phosphate-
buffered saline (PBS). It was then cryoprotected for 72 h in
a 30% sucrose solution, flat-embedded in OCT mounting
medium and snap-frozen in liquid isopentane at −40◦C for
storage at −80◦C. Longitudinal 20 μm-thick sections were
made in a cryostat (Leica 2800), mounted on commercial
precoated slides (Superfrost-Plus, Fisher-Scientific, Canada),
dried overnight at ambient air, and stored at −20◦C.

For immunohistofluorescent labellings, these tissue sec-
tions were brought back to room temperature and perme-
abilized in 0.1 M PBS with 0.5% Triton-X-100. For nuclear
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Table 1: List of primary antibodies used.

Antigen Antibody Supplier Cell-type specificity Dilution

BrdU Rat polyclonal ImmunologicalDirect.com none 1/100

CNPase Mouse monoclonal Sigma, L’Isle-d’Abeau, France; C-5922, clone 11-5b Schwann cells 1/200

GFAP Rabbit polyclonal Dako, Trappes, France; Z0334 Astrocytes, neural stem cells 1/1000

NeuN Mouse monoclonal Chemicon, MAB377 Mature neurons 1/100

NF-68 Mouse monoclonal BD-Biosciences, Heidelberg, Germany Mature neurons 1/400

S100β Rabbit polyclonal Dako, Trappes, France Astrocytes, Schwann cells 1/500

antigens, tissue sections were also treated 15 min in 10 mM
sodium citrate solution (pH 5.5) at 95◦C. After a PBS
rinse, all preparations were incubated in blocking buffer
(0.1 M PBS, 0.1% Triton, 3% bovine serum albumin, 5%
normal serum) for 1 h, then overnight at 4◦C with one pri-
mary antibody (Table 1). After three 5-minute-rinses in fresh
0.1 M PBS, immunohistochemical labelings were revealed by
2 h incubation at room temperature in the dark with the ap-
propriate Alexa-594-conjugated secondary antibodies (Mo-
lecular Probes, Eugene, OR, USA; 1/400). For double-stain-
ing experiments, Alexa-594-revealed slides were rinsed three
times in fresh 0.1 M PBS and further incubated overnight at
4◦C with another primary antibody, which was revealed with
appropriate Alexa-488-conjugated secondary antibody (Mo-
lecular Probes; 1/200). After rinsing, fluorescent staining of
cell nuclei was performed by 5 min incubation in the dark-
with DAPI (0.5 μg/mL, Sigma). Labeled slides were cover-
slipped with aqueous mounting medium (Vectashield, Vec-
tor, Abcys, France) and photographed with a fluorescence
microscope. CNPase immunohistochemical labeling was
quantified on these photomicrographs by using the ImageJ
software.

3. Results

3.1. Clinical Results. Before surgery, all experimental animals
were healthy and displayed no walking deficit. After surgery,
none of operated animals displayed any scar infection or host
rejection response.

By clinical observation, loss of the right leg extension
over the thigh was systematically observed after the surgical
nerve transsection. This motor defect was maintained up to
240 days in animals which had crural nerve gap repaired by
empty autologous venous bridge only. By contrast, lesioned
leg extension over the thigh reappeared between 90 and 180
days in animals which had crural nerve gap repaired by the
same type of autologous vein trunk filled with exogenous
neurospheres.

3.2. Electromyography. Prior to surgery, electromyograms of
m. quadriceps vast internal displayed amplitudes of 4.9 to
6.1 mV and poststimulus latencies of 0.89 to 3.7 ms. Immedi-
ately after surgical realization of N. cruralis substance loss,
electromyograms of m. quadriceps were negative for all
experimental animals, whatever their venous bridge had
been filled or not with neurosphere suspension.

At 180 days (25 weeks) after lesion, neurosphere-trans-
planted pigs displayed positive electromyograms of m.
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Figure 2: Electromyographic evaluation of muscle quadriceps
femori at 90, 180, and 240 days following N. cruralis lesion and graft
of GFP-labeled neurospheres inside a venous bridge before (“before
surg.”) or after (“D + 90”, “D + 180”, “D + 240”) surgery.

quadriceps with 0.6 to 0.9 mV amplitudes and 0.96 to
2 ms latencies, whereas electromyograms of control animals
remained negative (Figure 2).

At 240 days (34 weeks) after lesion, m. quadriceps
electromyograms of neurosphere-transplanted pigs were
improved up to 2.8–3.1 mV amplitudes with 2.4–2.5 ms
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Figure 3: Localization of transplanted BrdU-labeled neurospheres in the bridged nerve at 8 days after lesion, by postmortem
immunohistochemistry. BrdU immunoreactivity is revealed by red Alexa-594 fluorescence on longitudinal postfixed graft sections at low
(a) and high (b, c) magnifications. Enlarged fields (b, c) are localized as white forms in (a). Transplanted neurosphere cells are found either
sparsed (b) or clustered (c) inside the venous bridge. Scale bars: 0.5 mm (a), 100 μm (b, c).

(a) (b)

Figure 4: Double BrdU-DCX immunohistochemistry on a sagittal section from a neurosphere-grafted bridged nerve at 8 days after
lesion. One given field was sequentially photographed with fluorescent wavelengths revealing, respectively, Alexa-594-labeled BrdU
immunoreactivity (a) and Alexa-488-DCX one (b). Note the extensive nuclear colocalization of the immature neuron marker DCX with
BrdU (b). Scale bars 100 mm.

latencies, while electromyograms of controls were still neg-
ative (Figure 2).

3.3. In Situ Fate of Grafted Pig Neurosphere Cells. In the first
experiment, grafted neurosphere cells had been labeled by
in vitro BrdU incorporation prior to graft. By immunohis-
tochemistry on postmortem venous grafts, groups of BrdU-
immunoreactive cells were detected inside the venous tube
(Figure 3). In grafts sampled at 8 days after surgery, most
of these BrdU+ cells were clustered in sphere-like assemblies

(Figures 3(a) and 3(c)) while some were sparsed inside the
venous tube (Figure 3(b)). Most of BrdU+ cells were also
immunoreactive for doublecortin (DCX) which is a specific
marker of immature neurons (Figure 4). At 90 days after
surgery, BrdU+ cells were still observed inside the venous
tube and displayed immunoreactivity for NeuN, that is, a
marker of differentiated neurons (Figure 5).

In the second experiment, expanded secondary neuro-
spheres at 8 DIV had been stained by LV-GFP transfection
just before collection and postlesional transplantation on
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(a) (b)

Figure 5: Double BrdU-NeuN immunohistochemistry on a sagittal section from a neurosphere-grafted bridged nerve at 90 days after
lesion. One given field was sequentially photographed with fluorescent wavelengths revealing, respectively, Alexa-594-labeled BrdU
immunoreactivity (a) and Alexa-488-NeuN one (b). Note the extensive nuclear colocalization of the mature neuron marker NeuN with
BrdU (b). Scale bars 100 mm.

(a) (b)

(c) (d)

Figure 6: GFP lineage-labelling detection in DAPI-counterstained sagittal sections of venous bridges with (a, b) or without (c, d)
transplantation of LV-GFP-labeled neurospheres, at 240 days after lesion. GFP-expressing neurosphere progeny (a, c) and DAPI-labeled
tissue cell nuclei (b, d) are detected by fluorescence microscopy by using, respectively, adequate wavelengths. Scale bars: 0.5 mm (a, b),
100 μm (c, d).

the pig nerve gap. All neurospheres displayed fluorescent
GFP labeling in most, but not all, cells (Figure 1). At either
45, 90, 180, or 240 days after lesion, sphere transplantation,
each vein-bridged and LV-GFP sphere-transplanted nerve
segment displayed a number of GFP-fluorescent cells which
were exclusively localized inside the nerve fascicles (Figures
6(a) and 6(b)) and absent in nontransplanted control bridges
(Figures 6(c) and 6(d)). Combined immunohistofluorescent
labeling of either NeuN or neurofilament NF-68 revealed

that most of GFP fluorescence was colocalized with these
neuronal markers (Figures 7(a)–7(c)). By contrast, GFP flu-
orescence did not colocalize with either of the glial markers
assessed: S-100b (Figures 7(d)–7(f)), GFAP, CNPase.

Interestingly, at 180 and 240 days after nerve lesion
and GFP-expressing neurosphere transplantation, CNPase
immunohistofluorescent labeling was much higher than
in vein-bridged lesioned controls which had not received
neurosphere transplantation (Figure 8). Both the number of
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Figure 7: GFP detection and phenotypic marker immunohistofluorescence (NeuN on left column, Schwann cells’ CNPase on right column)
in sagittal sections of venous bridges which had been transplanted with LV-GFP-labeled neurospheres and were sampled at 240 days after
lesion. (a, d) green endogenous fluorescence for detection of lineage-infected neurosphere progeny; (b, e) Alexa-594-revealed phenotypic
marker immunoreactivities; (c, f) merged fluorescences. Note yellow-labeled colocalization of GFP-expressing neurosphere progeny with
NeuN immunoreactivity (c) but not with CNPase (f). Scale bars: 0.5 mm.

CNPase-immunoreactive Schwann cell processes and their
labeling intensities were higher in neurosphere-grafted
nerves than in controls. By densitometric quantification with
the ImageJ software, immunohistochemical CNPase labeling
of neurosphere-grafted lesioned nerves, at 240 days after
lesion, reached 276± 2% of the 100± 2.9% value of lesioned
controls which were devoid of neurospheres; this difference
being statistically significant at P < 0.001 by Anova.

4. Discussion

Degeneration of the distal axon segment is the consequence
of axotomy and the challenge of nerve repair is to connect the

proximal stump to this distal segment. For long nerve gap, it
is a race between axon regeneration and distal degeneration
with phenotypic change of Schwann cells [24]. Autologous
nerve graft is the gold standard but results are not satisfactory
[15]. Any alternative is currently believed to require a neu-
roguide, providing a permissive microenvironment to in-
crease axonal regeneration and to preserve supportive cells
and distal axons. Stem cells have already been studied but dif-
ferentiation was mostly towards supportive cells. Neural stem
cells have been reported to become integrated and provide
new neurons after transplantation within central nervous
system with permissive microenvironment [25]. In order to
test the efficiency of this type of graft for postlesional repair
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(a) (c)

(b) (d)

Figure 8: CNPase immunohistofluorescence on sagittal sections of venous bridges without (a, b) or with (c, d) transplantation of LV-GFP-
labeled neurospheres, which had been sampled 240 days after lesion. Alexa-594 fluorescence-revealed CNPase immunoreactivity (a, c) is
combined with histofluroescent DAPI counterstaining (b, d). Note that Schwann cell labelling density is strikingly higher in neurosphere-
transplanted graft (c, d) than in void venous bridge (a, b). Σχαλε βαρσ : 100 μm.

of peripheral nerves, we have established a primary culture
of adult pig neural stem cells which generate neurons in vitro
in our previous report [27]. In the present study, we show
for the first time in adult pig that transplantation of in vitro
preexpanded adult neural stem cells into a peripheral nerve
gap inside a venous bridge both leads to genesis of longitudi-
nally aligned neurons and improves functional recovery.

4.1. Methodological Considerations. The present experimen-
tal protocol of nerve lesion: transsection and 30 mm long
nerve substance removal, has been chosen to mimic the com-
mon cases of long nerve injury in human clinics. In these
cases indeed, whatever be the initial type of injury (section,
tearing, crush), the surgical regularization of both nerve
stumps corresponds to a model of transsection.

Autologous vein segment graft as a nerve conduit has
been established as an effective treatment for the repair of
nerve gaps less than 3 cm [29, 30]; it is used in hand surgery
[31] and in pediatrics [32]. In a recent study [33], histomor-
phological examination of the sections proximal to, from,
and distal to the repair zone over three months revealed less
epineural scarring, a thinner epineurium, more regenerated
axons and fewer inflammatory cells in groups where vein
grafting was used, because the vein graft provided additional
mechanical and chemical support in the size discrepancy of
the nerve regeneration. A small vein graft keeps its property
for end-to-side neurorrhaphy [34], but size discrepancy

between the donor and recipient nerves and length of the
bypass are another problem with the risk of collapse. Vein
bridging also gives excellent results in secondary repair of
neglected injuries [35]. The present protocol is routinely re-
alized in adult pig, as a convenient training system for
human-operating surgeons.

The present postlesional cell therapy attempt used an in
vitro expanded primary culture of adult pig brain neuro-
spheres which had been extensively characterized in a pre-
vious study [27]. We had indeed shown that the present pro-
tocols of adult pig subventricular zone sampling and neuro-
sphere assay allow to purify and maintain true neural stem
cells with unlimited proliferative potential, self-renewal ca-
pacity, and ability to generate all neural cell types [27]. In
particular, these neurospheres from adult pig SVZ displayed
the same proportions of neurons (25%), astrocytes (70%),
and oligodendrocytes (5%) as neurospheres from various
adult rodent brain structures [36–38].

The procedure for fluorescent lineage labeling of grafted
neurospheres used a lentiviral vector of GFP which has been
validated previously [28]. Freshly prepared lentiviral parti-
cles were quantified by multiplicity of infection (MOI) de-
termination using routine virologist assays, for optimization
of the neurosphere labeling. We checked that this in vitro
procedure allowed extensive labeling of adult pig neuro-
spheres without alteration of their cell dynamics. It allowed
subsequent identification of grafted cell progenies in situ
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merely by histofluorescence, which easily enabled to perform
phenotype characterization by immunohistochemistry as
revealed with different fluorophores.

4.2. Functional Recovery Enhancement by Vein-Guided Neu-
rosphere Transplantation. Electromyographic evaluation of
the muscle which is innervated by the lesioned nerve dem-
onstrated that our protocol of venous-graft-assisted neuro-
sphere transplantation strongly improved functional recov-
ery at 6 months after lesion, as compared to controls. Our
subsequent histofluorescent analyses provided putative cyto-
logical substrates for such positive influence of grafted
ANSC-derived cells.

In the same time, clinical evaluation was based on a
simple observation. The section of the crural nerve pulled a
deficient flexion of the thigh on the pond. The only recoveries
of normal step were observed on the transplanted animals.
The main question was to know if this recovery was bound to
accelerated axonal regrowth or to the creation of a functional
intermediate neuronal bypass. In fact we have a double
observation of neurons and regrowth of the axons of the host.

4.3. Neuronal Outcome of Grafted Neurospheres inside the
Venous Bridge. In the present cell therapy attempt, the graft-
ed neurospheres yielded exclusively neuronal progenies
whatever be the postlesional delay. This outcome is striking
since the neuronal yields from adult SVZ neural stem cells
are known to reach only 25% neurons in vitro and 75% in
the olfactory pathway in vivo [25, 37, 39]. The present in vivo
result indicates that the venous graft provided an efficient
proneurogenic environment for the transplanted neuro-
spheres. It is in keeping with the recent demonstrations
that vascular walls favor neurogenesis from adult neural
stem cells [38, 40, 41], which is mediated in some rodent
models by the vascular endothelium-derived growth factor
(VEGF) [42]. Our results suggest that choosing a venous
trunk versus an artificial neuroguide to bridge a nerve
gap is an interesting solution because of intrinsic property.
Furthermore, all surgeons are able to take a vein trunk on
superficial vein network and this is much less expensive than
neurotubes in emergency conditions. At the same time, to
understand mechanism of interaction between endothelial
cells and grafted neural stem cells will allow progress for the
development of new artificial neurotubes. More generally,
local tissue microenvironment has been formally demon-
strated to be determinant on the phenotypic fate of stem-
cell-derived progenies: for instance, nonneurogenic neural
stem cells from the adult spinal cord generated neurons
exclusively, once transplanted into the hippocampus [43].

These newly formed neurons survived at long delays after
the original transplantation, which indicates they have been
successfully integrated inside the severed nerve. Further, the
linear distribution of these neuronal perikarya, parallel to
the longitudinal axis of the lesioned nerve, suggests that the
new neurons might be interconnected into multisynaptic
nets bridging the lesional gap of preexisting nerve fibers. This
multisynaptic nets have been described after neural stem cells
graft [44, 45] This interpretation is also supported by the

evolution of transplanted cell clusters across time inside the
venous graft, that is, from spherical assemblies in the first
week after lesion to linear chainlike successions of sparse cells
at longer delays. Such outcome arises apart of the strategies
for peripheral nerve repair which have been worked out thus
far and consist in stimulating either axonal regrowth into the
distal nerve end or remyelination with additional Schwann
cells [24].

The present results contrast with previous ones using
different kinds of transplanted cells, like fœtal neural stem
cells, which triggered Schwann cell like proliferation in the
lesioned peripheral nerve [46], promoting in turn myelinisa-
tion and indirectly regeneration [47]. In addition, transplan-
tation of immortalized C17.2 cells from postnatal cerebel-
lum, which were shown to be distinct of neural stem cells
[48], has been reported to trigger tumor formation in a rat
model of injured sciatic nerve [49]. Adult neural stem cells
are especially relevant for cell therapy from this viewpoint,
because they were demonstrated to display exceptionally
high resistance to tumorigenesis and senescence [50].

4.4. Possibility to Graft New Neurons into a Peripheral Nerve
Gap. There are two approaches, either to transplant neuro-
ns, or to transplant stem cells possessing neuronal differen-
tiation potential. For primary neurons, dorsal root neurons
can be prepared in vitro and their axons stretch-growth [20].
Moreover, engineered nervous tissue construct consisted of
longitudinally aligned axonal tracts spanning two neuronal
populations, embedded in a collagen matrix and inserted in
a PGA tube [44] demonstrated neuronal survival during 112
days after surgical repair of the sciatic nerve in the rat. But
only studies on the big animals allow the study of nerve gaps
in good conditions.

4.5. High Survival Rate of Allogenic Transplants. In our
study, adult neural stem cells were prepared in vitro after
explantation of SVZ cells from another pig, and allogenic
grafted cells were integrated without immunosuppressive
therapy. The same observation was noted for embryonic rat
progenitors for the adult rat sciatic nerve [44] and with
xenograft of embryonic rat neural stem cells into a collagen
conduit for the rabbit facial nerve injury model [51]. In
these attempts, grafted cells were expanded in vitro before
transplantation, like in the present study.

4.6. Activation of Intrinsic Schwann Cells by Neurosphere
Transplantation. Phenotypic characterization of grafted cell
progenies showed that our transplanted neurospheres gener-
ated no Schwann cell directly, but they triggered increases of
the number and activity of this cell population as compared
to controls. CNPase+ cells were observed along axonal regen-
eration but were always LV-GFP-. This result is in keeping
with a previous report showing that venous graft favored
Schwann cells proliferation after nerve lesion [52]. How-
ever, since in the present study controls have received a
neurosphere-devoid venous graft, our results indicated that
neurosphere cells emit diffusible signals that stimulate
Schwann cells. Neurospheres have indeed been shown in
vitro to secrete neurotrophic factors [53, 54].
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5. Conclusion

The positive impact of the present cell therapy protocol can
be attributed to genesis and integration of new neurons
inside the lesioned nerve and/or to indirect activation of
intrinsic Schwann cell population. However, Schwann cell
activation was previously shown to occur after grafting a
venous segment onto the lesioned nerve without neural stem
cells inside. Therefore, the specific benefit of the present pro-
cedure is likely caused by the neurosphere transplantation,
and hence by the genesis of new neurons inside the lesioned
nerve. LV-GFP is confirmed to provide an excellent marker
for grafted cells across long-time studies. Both new neuron
genesis and host Schwann cell proliferation contributed to
regenerate new axon fascicles in the host to bridge the long
nerve gap, and the functionality of this histological repair
was demonstrated in the same animals by electromyography
and clinics. Large animals, and especially the pig, allow repair
and study of long nerve gap with clinical conditions close to
human. These results were obtained without adjunction of
extracellular matrix or extrinsic growth factor. The present
study thus provides a hope for improvement in human
clinics.
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“Immortalized neural stem cells differ from nonimmortalized
cortical neurospheres and cerebellar granule cell progenitors,”
Experimental Neurology, vol. 194, no. 2, pp. 301–319, 2005.

[49] T. S. Johnson, A. C. O’Neill, P. M. Motarjem, J. Nazzal, M.
Randolph, and J. M. Winograd, “Tumor formation follow-
ing murine neural precursor cell transplantation in a rat
peripheral nerve injury model,” Journal of Reconstructive Mi-
crosurgery, vol. 24, no. 8, pp. 545–550, 2008.

[50] C. Foroni, R. Galli, B. Cipelletti et al., “Resilience to transfor-
mation and inherent genetic and functional stability of adult
neural stem cells ex vivo,” Cancer Research, vol. 67, no. 8, pp.
3725–3733, 2007.

[51] H. Zhang, Y. T. Wei, K. S. Tsang et al., “Implantation of neu-
ral stem cells embedded in hyaluronic acid and collagen com-
posite conduit promotes regeneration in a rabbit facial nerve
injury model,” Journal of Translational Medicine, vol. 6, article
no. 67, 2008.

[52] C. Y. Tseng, G. Hu, R. T. Ambron, and D. T. W. Chiu, “His-
tologic analysis of Schwann cell migration and peripheral
nerve regeneration in the autogenous venous nerve conduit
(AVNC),” Journal of Reconstructive Microsurgery, vol. 19, no.
5, pp. 331–339, 2003.

[53] M. Xiao, K. M. Klueber, C. Lu et al., “Human adult olfactory
neural progenitors rescue axotomized rodent rubrospinal neu-
rons and promote functional recovery,” Experimental Neurol-
ogy, vol. 194, no. 1, pp. 12–30, 2005.

[54] S. R. Chirasani, A. Sternjak, P. Wend et al., “Bone morpho-
genetic protein-7 release from endogenous neural precursor
cells suppresses the tumourigenicity of stem-like glioblastoma
cells,” Brain, vol. 133, no. 7, pp. 1961–1972, 2010.




