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Abstract
Some reports attributed to pericytes and other perivascular cells (PCs), regardless of their origin, optimal properties 

for cell therapy in myology. The retina is an ideal tissue to obtain pericytes and one study reported that PCs from the 
mouse retina were myogenic in vitro. Given the importance of nonhuman primates (NHPs) for translational research, we 
compared the in vivo myogenicity of NHP retinal PCs and satellite cell derived myoblasts (SCDMs) by transplantation 
in immunodeficient mice. We used a protocol to culture retinal pericytes of large mammals with macaque retinas. By 
flow cytometry, 76%-78% of the cultured cells were NG2+. CD56+ SCDMs from another macaque were proliferated 
in vitro. Both Tibialis anterior muscles of 4 SCID mice were injected with 1x106 cells in saline (SCDMs in the right 
muscles and PCs in the left), using cardiotoxin to induce muscle regeneration. They were sampled 1 month later 
and analyzed by histology. In SCDM-grafted muscles, NHP nuclei were abundant, in large regions with numerous 
NHP-derived myofibers, and some of them were Pax7+. PC-grafted muscles showed no muscle regeneration, have 
few NHP nuclei in small regions devoid of myofibers, and no NHP-myofibers or Pax7+ NHP nuclei were observed. 
Therefore, NHP SCDMs, but not retinal NG2+ PCs, regenerated muscle in vivo in immunodeficient mice.
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Introduction
Cell therapy is a potential tool for a future treatment of skeletal 

muscle pathologies, mostly in a context of regenerative medicine. This 
therapeutic strategy requires the transplantation of mononuclear cells 
that are myogenic, that is, capable of [1]: (a) fusing with the myofibers 
of the host, to provide exogenous myonuclei coding for proteins able to 
fulfill a therapeutic role, (b) forming new myofibers, which can restore 
the muscle lost in degenerative myopathies, and (c) forming new 
satellite cells, i.e., healthy muscle-specific stem cells able to participate 
in subsequent myofiber regeneration. In clinical trials, CD56+ muscle 
derived cells, that is, Satellite Cell Derived Myoblasts (SCDMs), were so 
far the only cells that showed to be myogenic following transplantation 
in skeletal muscles of patients [2-4]. In spite of that, other cells were 
reported to fulfill some myogenic properties following transplantation 
under specific experimental conditions in mice and sometimes in dogs 
[5]. Some research teams assigned significant myogenic capacity for cell 
therapy in myology to Perivascular Cells (PCs) [6], essentially pericytes 
[7], mesoangioblasts [8,9] myoendothelial cells [10] and ß-4-integrin+ 
cells [11]. Mesoangioblasts/pericytes have been the most studied and 
they are considered to be essentially the same cell type in humans 
[12,13]. They were considered the most attractive PCs for cell therapy 
in myology, given the excellent results of gene complementation 
reported in mice and dogs by one group [8,9], although a clinical trial 
in patients gave negative results [14].

The retina is a tissue in which it is easy to obtain large amounts of 
pericytes for culture in vitro, due to the high density of capillaries and 

small vessels with high amounts of pericytes [15]. Indeed, the retina, 
with the central nervous system, has the highest density of pericytes 
in the body: 1 pericyte per endothelial cell, against 1 pericyte per 100 
endothelial cells in the skeletal muscle [16]. Moreover, since the retina 
is dissected from a closed cavity anatomically separated from skeletal 
muscles, it ensures that the cell culture is devoid of satellite cells [17], a 
factor that could lead to errors when pericytes are isolated from skeletal 
muscle [17]. Importantly, one group reported that PCs from the mouse 
retina, which corresponded to pericytes and/or smooth muscle cells 
(most probably the first), were spontaneously myogenic in vitro, i.e., 
able to fuse with preexisting myotubes initiating the expression of 
muscle-specific genes [17].

Considering the crucial importance of Nonhuman Primates 
(NHPs) for translational preclinical research [18] in contrast to the 
poor clinical predictability of studies in mice [19,20], given close 
phylogenetic relationship of macaques and humans and therefore the 
greatest biological similarities among research animal models, and in 
view of our extensive experience using NHPs in the research of cell 
therapy in myology, we wanted to test the myogenicity of pericytes of 
macaques by transplantation in immunodeficient mice, anticipating 
potential later studies of allotransplantation in skeletal muscles of 
NHPs.
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Material and Methods
Animals

Retinal cells were obtained from a cynomolgus monkey (Macaca 
fascicularis; female; 3 years old, weight 2.4 kg) in which euthanasia 
was performed for reasons unrelated to this study. Euthanasia was 
done by an intravenous overdose of pentobarbital (120 mg/kg) after 
anesthesia with intramuscular ketamine (15 mg/kg). Four Severe 
Combined Immunodeficiency (SCID) Balb/c mice (Charles River, 
Wilmington, MA) were used as recipients for cell transplantation. The 
Laval University Animal Care Committee authorized these procedures, 
conducted according to the guidelines set by the Canadian Council of 
Animal Care.

Retinal cell culture

We used the protocol specifically developed to culture retinal 
pericytes from large mammals by Bryan & D’Amore [15], given 
its simplicity and efficacy. We enucleated both eyeballs in aseptic 
conditions after monkey euthanasia, carefully dissecting away the 
remnants of extraocular muscles, and leaving the ocular globes 15 
min in 20% povidone-iodine in sterile Hank’s Balanced Salt Solution 
(HBSS), before transferring them to a laminar flow chamber. After 
several HBSS washes, we cut the ocular globes 2-3 mm behind the 
cornea with fine scissors to extract the vitreous body and retina. Then, 
we removed any remnant of pigment epithelium with fine forceps, we 
minced the retinas with fine scissors and we leave the minced retinas in 
suspension in DMEM (Invitrogen, Burlington, ON, Canada) with 5% 
calf serum (HyClone, Logan, UT) at 37°C until the next day. Then, the 
minced retinas were dissociated with 0.2% collagenase (Sigma, St-Louis, 
MO) in Phosphate-Buffered Solution (PBS) containing bovine serum 
albumin (100 µl) for 1 h at 37°C. We gentle pipetted the suspensions 
and we washed it through a 40-µm cell-filter (Sarstedt, Nümbrecht, 
Germany). We plated the cells that passed the mesh into two 25 cm2 
flasks (one for each eye) with DMEM with 5% calf serum. The cells were 
passaged once, proliferated until confluence, and frozen for storage in 
liquid nitrogen. After thawing, the cells were proliferated in the same 
medium with 10% calf serum for one week before transplantation.

SCDM culture

SCDMs were proliferated in vitro from a frozen cell line previously 
obtained in our laboratory from a skeletal muscle biopsy performed in 
another female cynomolgus monkey of the same age. Briefly, a muscle 
biopsy was minced with fine scissors into fragments of less than 1 mm3 
and then dissociated with 0.2% collagenase (Sigma, St-Louis, MO) 
in HBSS for 1 h, followed by another dissociation in 0.125% trypsin 
(Gibco, Grand Island, NY) in HBSS for 45 min. The isolated cells were 
sub-cultured in vitro in MCDB-120 culture medium [21] with 15% 
fetal bovine serum (HyClone), 10 ng/ml basic fibroblast growth factor 
(Feldan, St-Laurent, QC, Canada), 0.5 mg/ml bovine serum albumin 
(Sigma), 1.0 µM dexamethasone (Sigma), and 5 µg/ml human insulin 
(Sigma). This cell line, previously prepared for other experiments, was 
transduced with the LacZ reporter gene as described [22] and with a 
micro-dystrophin V5 gene as previously reported [23]. 

Flow cytometry

An aliquot of the retinal cell populations were analyzed by flow 
cytometry to determine whether they express the neural/glial antigen 
2 (NG2), the most commonly referenced pericyte marker [6,15]. The 
cells were incubated with 50 µg/mL of a phycoerythrin-conjugated 
mouse Monoclonal Antibody (mAb) anti-human NG2 (R&D Systems, 

Minneapolis, MN). The muscle cell line was previously known to be 91% 
CD56+, used as indicator of the percentage of SCDMs, by incubation 
with a phycoerythrin-conjugated anti-CD56 antibody (1/40, Beckman 
Coulter, Fullerton, CA) and analyzed by flow cytometry.

Cell transplantation

Both Tibialis Anterior (TA) muscles of the SCID mice were X-ray 
irradiated (20 Gy in one session), 9 days before transplantation. 
Irradiation was done using a 6-megavolt linear accelerator (Siemens, 
Malvern, PA), placing the distal part of the posterior limbs into the 
irradiation field and putting a 1-cm-thick bolus over them to deliver the 
maximum radiation energy in the TA. For transplantations, the cells 
were detached from the flasks using 0.1% trypsin in HBSS and washed 
3 times with HBSS. Cell survival, estimated by a trypan blue exclusion 
test, was 99% for both cell types. The final cell pellets were resuspended 
in HBSS and aliquots of 1x106 cells in HBSS were prepared for 
transplantation as pellets in 1.5 ml microtubes. At the moment of each 
transplantation, the HBSS was removed and the cells were resuspended 
in 20 µl of HBSS containing 10-µg/ml cardiotoxin (Sigma-Aldrich), 
to be implanted in each TA through approximately 20 percutaneous 
microinjections done with glass micropipettes (Drummond Scientific, 
Broomall, PA). In each mouse, SCDMs were transplanted in the right 
TA and retinal cells in the left TA. 

Sampling

Mice were killed by intracardiac perfusion with heparinized saline 
under deep anesthesia 4 weeks after cell transplantation. The TAs were 
dissected, mounted in embedding medium and snap-frozen in liquid 
nitrogen. Serial cross-sections of 10-12 µm were obtained in a cryostat 
at -25°C.

Histology

Hematoxylin and Eosin Stain (H&E) was done to observe the 
general structure of the muscles. Macaque dystrophin was detected 
with the MANDYS104 mouse mAb anti human/dog dystrophin 
(1:4; kindly supplied by Dr. Glenn E. Morris, Centre for Inherited 
Neuromuscular Disease, RJAH Orthopaedic Hospital, Oswestry, 
United Kingdom), which cross-reacts with cynomolgus but not with 
mouse dystrophin. The MANDYS104 mAb identifies the dystrophin 
region corresponding to aminoacids 1841 to 2254, which is absent 
from the transgenic micro-dystrophin [23,24] present in the grafted 
SCDMs. Therefore, the immuno-detection of the dystrophin 
corresponds to the native full-lenght dystrophin present in the SCDMs 
and not to the transgenic micro-dystrophin. Macaque nuclei were 
detected with a mouse anti-human lamin A/C mAb (1:100; Vector 
Laboratories, Burlingame, CA), which cross-reacts with cynomolgus 
but not with mice lamins. The transcription factor Pax7 was detected 
with a mouse mAb anti-human/mouse Pax7 (1:50; R&D Systems, 
Minneapolis, MN). For immunodetections, sections were incubated 
10 min with 10% fetal bovine serum in PBS and then incubated 1 h 
at room temperature with the primary antibodies in PBS with 1% 
fetal bovine serum. For MANDYS104 and Pax7, slides were then 
incubated 30 min in a biotinylated anti-mouse IgG antibody (1:200; 
Dako, Copenhagen, Denmark), followed by 30 min in streptavidin-
Cy3 (Sigma-Aldrich). For lamin A/C, an anti-mouse conjugated to 
Alexa 488 (1:300; Molecular Probes, Eugene, OR) was used as second 
antibody. Double incubations for co-detection of Pax7 and lamin A/C 
were done according to the following sequence: mouse anti-Pax7 → 
anti-mouse IgG biotin → streptavidin-Cy3 → mouse anti-lamin A/C 
→ anti-mouse IgG Alexa Fluor 488. In this case, a 30-min incubation 
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and in the interstitium (Figure 2B). Some of the NHP-derived nuclei 
expressed Pax7 (roughly 3.7% +/- 1.5%) and were generally in the 
periphery of myofibers (and example is shown in Figure 2C,2D). Large 
amounts of myofibers expressed NHP-derived dystrophin as detected 
with the MANDYS104 mAb (Figure 2E) and NHP-derived spectrin 
(not shown) in the SCDM-grafted muscles. We counted 425 +/- 281 
myofibers expressing NHP-derived dystrophin (range 134-738) in the 
SCDM-grafted muscles.

Conversely, in the PC-grafted TAs, sections stained with H&E show 
no evidence of muscle regeneration (Figure 2F,2G). These muscles 
exhibited circumscribed regions of non-muscular disorganized tissue 
with the aspect of focal fibrosis (Figure 2F,2G). There were NHP nuclei 
in the PC-grafted TAs, identified by the anti-human/cynomolgus 
lamin A/C mAb (Figure 2H), although they were less abundant than 
in the SCDM-grafted muscles and instead of being diffusely distributed 
in the muscle section they were concentrated in the regions devoid of 
myofibers that appeared as focal fibrosis (Figure 2F,2H). No NHP-
derived nuclei expressed Pax7 in the PC-grafted muscles (p=0.007 in 
a paired t-test when compared with the SCDM-grafted muscles). No 
myofibers expressing dystrophin (p=0.028 in a paired t-test when 
compared with the SCDM-grafted muscles) or spectrin of NHP origin 
were detected in the muscles grafted with PCs.

Discussion
In this study, a population of NHP cells that was predominantly 

NG2+ (the most commonly referenced pericyte marker [6,15]), 
obtained by a technique specifically developed to culture retinal 
pericytes from large mammals [15], was no myogenic after 
intramuscular transplantation in SCID mice, that is, the cells were 
unable to participate in myofiber regeneration, form new myofibers or 
give rise to Pax7+ cells (i.e., potentially satellite cells). However, the cell 
transplantation protocol used here is optimal for these outcomes when 
the grafted cells are myogenic [25-27]. SCID mice are an excellent 
substrate to accept xenografts of myogenic cells from humans [25-28] 
and dogs [29], resulting in abundant myofibers expressing graft-derived 
proteins, as well as producing abundant satellite cells of human origin 
[25]. In fact, the population of predominantly CD56+ NHP muscle 
derived cells (SCDMs) implanted in the contralateral muscle, was able 
to regenerate abundant myofibers and to give rise to Pax7+ cells (some 
of which can be potentially satellite cells considering their anatomical 
location). Importantly, the SCDMs used in this study exhibited a good 
myogenic capacity following transplantation in vivo, even if they were 
extensively proliferated in vitro due to the fact that they were subjected 
to two genetic modifications as mentioned. 

For the rest, the grafted NHP PCs/pericytes survived much less 
and/or proliferated much less than the NHP SCDMs, given the larger 
amounts of NHP nuclei observed in the SCDM-grafted muscles 
compared to the pericyte-grafted muscles. Moreover, grafted PCs/
pericytes showed no migration capacity, since in PC-grafted muscles 
the NHP nuclei were concentrated in few restricted small regions, 
while the NHP nuclei were homogeneously dispersed in large areas of 
regeneration in the SCDM-grafted muscles.

This failure of retinal PCs/pericytes of macaques to be myogenic 
in vivo could be considered as contrasting to the myogenic properties 
reported by other researchers using the equivalent mouse cells in vitro 
[17]. In fact, this discordance may be due to: 

A. Inter-species differences: primates (i.e., macaques and humans) 
and rodents diverged 75 million years ago and evolved in 

with the blocking solution was also done before the second reaction. 
By following this sequence and similar cautions to those previously 
used for the detection of satellite cells among human nuclei in SCID 
mouse muscles using the same antibodies [25], we had no problem of 
interference between the two secondary anti-mouse IgG antibodies. 
We confirmed cross-reaction of specific anti-human antibodies with 
cynomolgus proteins (dystrophin and lamin A/C) previous to their use 
in this study.

Microscopic analysis

The muscle sections were analyzed using an Axiophot microscope 
with epifluorescence and bright field optics (Zeiss, Oberkochen, 
Germany). Pictures were taken with an A650 IS digital camera (Canon, 
Tokyo, Japan).

Results
Flow cytometry analysis of retinal PC cultures.

Two flow cytometry analyses showed respectively that 76% and 
78% of the cells present in the cultures of retinal cells were NG2+ 
(Figure 1).

Macroscopic aspect of the cell-grafted muscles 

At the time of sampling, the macroscopic observation showed that 
the right TAs had whitish patches, as we generally observed with this 
protocol of transplantation when the muscle regeneration is deficient 
and fibrosis developed. This was not observed in the left TAs, grafted 
with SCDMs.

Histological observations in the cell-grafted muscles 

Histological analysis showed well-defined differences between the 
muscles grafted with SCDMs (Figure 2A-2E) and the muscles grafted 
with PCs (Figure 2F-2H). 

Sections stained with H&E show that the SCDM-grafted muscles 
exhibited a pattern of remodeling and regeneration with abundant 
rounded myofibers of different sizes with internal nuclei in several 
cases (Figure 2A). NHP nuclei (i.e., labeled with the anti-human/
cynomolgus lamin A/C mAb) were abundant in these muscles, 
diffusely distributed in a wide region, localizing in both the myofibers 

Figure 1: Flow cytometry analysis of one of the cultures of cynomolgus 
retina-derived cells following the protocol to isolate and proliferate retinal 
pericytes from large mammals developed by Bryan & D’Amore [15] shows 
78% of the cells being positive for NG2 expression.
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to the skeletal muscle regeneration. In principle, these results in 
SCID mice do not encourage the possibility to test these cells using 
allotransplantation conditions in NHPs.
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different conditions, which determined that they develop 
several biological differences [30]. 

B. The myogenicity of retinal PCs/pericytes may be a phenomenon 
occurring only under specific experimental conditions in vitro. 

In any case, it is clear that, beyond the anecdotal interest of 
experimental observations of the myogenicity of pericytes or other 
similar retinal PCs in vitro, the in vivo incapacity of these cells to 
regenerate the muscle tissue takes away all value from the point of 
view of cell therapy in a context of regenerative medicine applied 

Figure 2: Cross-sections of muscles grafted either with NHP SCDMs (A to E) or NHP PCs/pericytes (F to H). A illustrates a section of a SCDM-grafted muscle 
stained with hematoxylin and eosin (H&E), showing the muscle remodeling and regeneration. The region in the square in A corresponds to the region in B, in which 
fluorescent immunodetection of lamin A/C in a serial section shows several NHP nuclei integrated as myonuclei or remaining in the connective tissue. C and D 
illustrate a monkey nucleus (green fluorescent immunodetection) in the periphery of a myofiber (arrow) that is also Pax7+ (red fluorescence co-immunodetection). 
E is a serial section of this shown in A (including a wider region) in which the fluorescent immunodetection of macaque dystrophin detected with the MANDYS104 
monoclonal antibody shows that a large muscle region is filled with abundant myofibers formed by the grafted SCDMs. F shows the complete section of a muscle 
grafted with pericytes, which exhibits circumscribed regions of non-muscular disorganized tissue with the aspect of fibrosis (arrows). The region in the square is 
enlarged in G, to show, in a serial section stained for green fluorescent immunodetection of macaque lamin A/C, that the few remaining NHP nuclei are in these 
regions of non-muscular tissue (between arrowheads). Scale bars: 500 μm (F), 100 μm (A, E, G, H), 50 μm (B) and 20 μm (C, D). 
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