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Role of Pericytes in Skeletal Muscle Regeneration
and Fat Accumulation
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Grigori N. Enikolopov,** Akiva Mintz®> and Osvaldo Delbono’?

Stem cells ensure tissue regeneration, while overgrowth of adipogenic cells may compromise organ recovery and
impair function. In myopathies and muscle atrophy associated with aging, fat accumulation increases dys-
function, and after chronic injury, the process of fatty degeneration, in which muscle is replaced by white
adipocytes, further compromises tissue function and environment. Some studies suggest that pericytes may
contribute to muscle regeneration as well as fat formation. This work reports the presence of two pericyte
subpopulations in the skeletal muscle and characterizes their specific roles. Skeletal muscle from Nestin-GFP/
NG2-DsRed mice show two types of pericytes, Nestin-GFP-/NG2-DsRed + (type-1) and Nestin-GFP + /NG2-
DsRed + (type-2), in close proximity to endothelial cells. We also found that both Nestin-GFP-/NG2-DsRed +
and Nestin-GFP + /NG2-DsRed + cells colocalize with staining of two pericyte markers, PDGFRB and CD146,
but only type-1 pericyte express the adipogenic progenitor marker PDGFRa. Type-2 pericytes participate in
muscle regeneration, while type-1 contribute to fat accumulation. Transplantation studies indicate that type-1
pericytes do not form muscle in vivo, but contribute to fat deposition in the skeletal muscle, while type-2
pericytes contribute only to the new muscle formation after injury, but not to the fat accumulation. Our results
suggest that type-1 and type-2 pericytes contribute to successful muscle regeneration which results from a
balance of myogenic and nonmyogenic cells activation.

Introduction Although satellite cells are generally accepted as a major

source of progenitors for adult muscle regeneration, other

ECTOPIC ADIPOCYTE DEPOSITION in the skeletal muscle
characterizes various disorders, including obesity /type-2
diabetes, sarcopenia, and muscular dystrophies [1-4]. Pro-
gressive fat accumulation resulting in muscle weakness and
atrophy [5,6] is a measure of the severity of Duchenne mus-
cular dystrophy (DMD) [7].

Shefer and coworkers once suggested that, in skeletal
muscle, adipogenic cells originate from satellite cells through
an alternative lineage dictated by a pathological environ-
ment [8]. They demonstrated that myogenic and adipogenic
cells are associated with the same myofiber in culture but not
that fat and muscle arise from the same cell. In a more recent
study, Starkey and colleagues conclude that skeletal muscle
satellite cells are committed solely to myogenesis [9].

Another group reports that skeletal muscle resident cells
expressing PDGFRa contribute to ectopic fat formation in
skeletal muscle [10]; are distinct from myogenic progenitors
in undamaged young adult muscle; and cannot be recruited
to a myogenic lineage in vitro or in vivo [10].

cells have been shown to have myogenic capacity. During
the postnatal period, skeletal muscle pericytes contribute to
muscle growth and the satellite cell pool [11-13], and when
cultured under appropriate conditions, they differentiate into
multilocular adipocytes [13].

We recently identified two bona fide pericyte subtypes, type-
1 (Nestin—/NG2+) and type-2 (Nestin+/NG2+), in the
skeletal muscle interstitium. These cells express the pericyte
markers NG2, PDGFRp, and CD146 and are associated with
capillaries. We found that type-2 but not type-1 form neural
cells when exposed to optimized media conditions [14,15].
However, whether these pericyte subtypes can differentiate
into various mesodermal lineages is unknown.

The fact that PDGFRa-expressing adipogenic cells do not
differentiate into the myogenic lineage [10] and that adipo-
genic and myogenic pericytes are present in skeletal muscle
[13] suggests that adipose tissue accumulation might result
from the PDGFRo+ nonmyogenic pericyte subtype and
skeletal muscle from PDGFRo- myogenic pericytes. Whether
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these pericyte subpopulations correspond to the subtypes we
have described [16] remains unclear. To examine this hy-
pothesis, we performed flow cytometric analysis in cells
derived from skeletal muscle and found that PDGFRa is
expressed in Nestin— /NG2+ type-1 pericytes. Further, in
vitro experiments show that type-1 pericytes differentiate
into adipocytes but not myogenic cells. In contrast, Nestin+ /
NG2+ type-2 pericytes do not express PDGFRa or differ-
entiate into adipocytes but form myotubes in culture.

Here for the first time, we demonstrate in vivo that after
injury, type-1 pericytes do not form muscle but contribute to
fat infiltration, while type-2 pericytes form muscle but not
fat. These findings suggest that type-1 pericytes contribute to
fat accumulation in the skeletal muscle in pathological enti-
ties characterized by muscle degeneration/regeneration and
extensive fat infiltration.

Materials and Methods
Animals

Our colony of Nestin-GFP transgenic mice was main-
tained homozygous for the transgene on the C57BL/6
genetic background [17]. Our colony of C57BL/6 wild-type
mice was used as the control. Male athymic nude (nu/nu)
mice from Taconic Farms were used in transplantation
studies. NG2-DsRed transgenic mice expressing DsRed-T1
under the control of the NG2 promoter [18] and B-actin-
DsRed transgenic mice expressing red fluorescent protein
variant DsRed.MST under the control of the chicken B-actin
promoter coupled with the cytomegalovirus immediate-early
enhancer [19] were purchased from the Jackson Laboratory.

All tissues of B-actin-DsRed transgenic mice fluorescence
red [19]. Nestin-GFP mice were crossbred with (1) NG2-
DsRed mice to generate Nestin-GFP/NG2-DsRed double-
transgenic mice; and (2) P-actin-DsRed mice to generate
Nestin-GFP/B-actin-DsRed double-transgenic mice.

All colonies were housed in a pathogen-free facility of the
Animal Research Program at Wake Forest School of Medi-
cine (WFSM) under a 12:12-h light/dark cycle and fed ad
libitum. Both male and female homozygous mice were used,
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and their ages ranged from 3 to 5 months. The WFSM Ani-
mal Care and Use Committee approved handling and pro-
cedures.

Fluorescence-activated cell sorting

Fluorescence-activated cell sorting (FACS) was carried out
on a BD FACS (Aria Sorter) at 4°C and a pressure of 20 psi,
using a laser at the 488-nm line, a 530/30 band-pass filter, a
100-pm sorting tip, and 34.2 kHz drive frequency. The sort-
ing apparatus was sterilized with 10% bleach. This instru-
ment allowed us to characterize cells by size as well as
fluorescence. Data acquisition and analyses were performed
using BD FACS Diva 5.0.3 software, gated for a high level of
GFP, DsRed, or APC expression. The clear separation of
GFP + from GFP — cells [14] and DsRed + from DsRed — cells
as well as the low flow rate explains the ease and accuracy of
sorting [16]. Sorted cells were reanalyzed to confirm their
fluorescence profile [14,16].

Primary antibodies

Table 1 shows antibodies, their dilution, and source.

PDGFRq. analysis by flow cytometry

Fresh cells were dissociated from the skeletal muscle of
Nestin-GFP/NG2-DsRed mice as described [14-16] and
processed for immunofluorescence staining as described [15].
For analysis, 10° cells were incubated with PDGFRo. primary
rabbit anti-mouse antibody, kindly provided by Dr. W.
Stallcup (Sanford-Burnham Medical Research Institute).
First, an aliquot was collected for use as unlabeled control
(labeled with only the secondary APC anti-rabbit, without
the primary anti-PDGFRo antibody). The remainder were
incubated with the primary PDGFRo antibody for 45 min
and washed in phosphate buffered saline (PBS) with 1% fetal
bovine serum (FBS). They were then incubated for 30 min
with APC anti-rabbit secondary antibody, washed in PBS
with 1% FBS, and run on a BD FACS flow cytometer (Aria
Sorter).

TABLE 1. ANTIBODIES, CONCENTRATION, AND SOURCE

Antibody Dilution Source Location
Rat anti-CD31 (PECAM-1) 1:100 BD Biosciences San Jose, CA
Rat anti-mouse CD146 1:250 BioLegend San Diego, CA
Rabbit anti-PDGFRf 1:250 Dr. W. Stallcup Sanford-Burnham Medical
Research Institute, CA
Rabbit anti-PDGFRa 1:250 Dr. W. Stallcup Sanford-Burnham Medical
Research Institute, CA
Rabbit anti-Perilipin A 1:250 Sigma St. Louis, MO
Mouse anti-Myogenin (F5D) 1:400 Developmental Studies Hybridoma Iowa City, IA
Bank, University of Iowa
Mouse anti-MHC (MF 20) 1:2,000 Developmental Studies Hybridoma Iowa City, IA
Bank, University of Iowa
Rabbit anti-Laminin 1:250 Sigma St. Louis, MO
Rabbit anti-NG2 Chondroitin 1:100 Chemicon-Millipore Temecula, CA
sulfate proteoglycan
Mouse anti-Pax7 1:100 Developmental Studies Hybridoma Iowa City, IA
Bank, University of Iowa
Rat anti-Ki67 1:100 DakoCytomation Carpinteria, CA
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Immunohistochemistry

To detect DsRed and GFP fluorescence, tibialis anterior
(TA) muscles from 3-month-old Nestin-GFP/NG2-DsRed
mice or nude mice injected with DsRed+ pericytes were
dissected; fixed in 4% paraformaldehyde (PFA) overnight;
immersed in 10%, 20%, and 30% sucrose solutions for 60, 45,
and 30 min, respectively; embedded in optimal cutting tem-
perature (OCT); and rapidly frozen in liquid nitrogen to
prepare 10-um-thick cryosections. Muscle sections were fixed
with 4% PFA for 30 min, then permeabilized in 0.5% Triton
X-100 (Sigma), and blocked to saturate nonspecific antigen
sites using 5% (v/v) goat serum/PBS (Jackson Immunore-
search Labs) overnight at 4°C. The next day, the sections
were incubated with primary antibodies at room tempera-
ture for 4h and visualized using appropriate species-specific
secondary antibodies conjugated with Alexa Fluor 488, 568,
647, or 680 at 1:1,000 dilution (Invitrogen). Muscle sections
were counterstained with Hoechst 33342, mounted on slides
using Fluorescent Mounting Medium (DakoCytomation),
and examined under fluorescence microscopy.

Cell isolation from Nestin-GFP/NG2-DsRed mice
skeletal muscle by FACS

A pool of hindlimb muscles was used in experiments to
induce adipogenic and myogenic cells in vitro. Fresh cells
were sorted immediately after their dissociation from
skeletal muscle. Hindlimb muscles from young-adult (3-5-
month-old) Nestin-GFP/NG2-DsRed transgenic mice were
prepared as described [14-16]. Briefly, muscles were care-
fully dissected away from the surrounding connective tissue
and minced, then digested by gentle agitation in 0.2% (w/v)
type-2 collagenase in Krebs solution at 37°C for 2h, and
dissociated by trituration and resuspension in 0.25% tryp-
sin/0.05% ethylenediaminetetraacetic acid (EDTA) in PBS for
15min at 37°C. After centrifuging at 1,500 rpm for 5min, the
supernatant was removed, and the pellet resuspended in
growth medium. Aggregates were removed by passing them
through a 40-um cell strainer before sorting. Cells were centri-
fuged at 1,500rpm for 5min. The supernatant was removed,
and the pellet resuspended in 1% FBS in PBS, and analyzed for
GFP and DsRed fluorescence to sort the different cell popu-
lations based on these two markers. The gate was set using
cells isolated from C57BL6 wild-type mice. Isolated Nestin-
GFP - /NG2-DsRed + and Nestin-GFP + /NG2-DsRed + cells
were cultured in conditions conducive to either adipocyte or
myocyte induction, and morphology, Oil Red O staining, and
perilipin, myogenin, and myosin heavy chain (MHC) ex-
pression were analyzed.

Adipogenic induction in vitro

Adipogenic differentiation was induced in adipogenic me-
dium for 14 days as described [13]. Briefly, freshly isolated
pericyte subtypes were plated onto laminin-coated plates (In-
vitrogen) in Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with 10% FBS (Invitrogen), 1M dexamethasone
(Sigma), 0.5puM isobutylmethylxanthine (Fisher Scientific),
60 uM indomethacine (Sigma), and 170 uM insulin (Invitro-
gen), and maintained in a 5% CO, atmosphere. After 14 days,
cells were fixed in 4% PFA at room temperature (RT), fol-
lowed by Oil Red O and perilipin staining for lipid detection.
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Oil Red O and hematoxylin staining

To qualitatively examine adipogenesis, lipid accumulation
was analyzed by staining cells with the lipid-specific dye Oil
Red O, which stains cytoplasmic lipid deposits red, as de-
scribed [20]. Briefly, cells cultured in petri dishes for 14 days
were fixed in 4% PFA, washed with 60% isopropanol, al-
lowed to dry completely, submerged in a 0.5% filtered so-
lution of Oil Red O in propylene glycol, and washed in
graded propylene glycol solutions. They were then washed
many times, counterstained with Harris hematoxylin, and
washed again. Analysis was performed using bright field
microscopy.

Myogenic induction in vitro

Freshly isolated pericyte subtypes (2x10° cells per cm?)
were cultured on laminin-precoated plates (Invitrogen) for 3
days in growth medium [DMEM-high glucose (Invitrogen),
supplemented with 2% L-glutamine, 50 U/mL penicillin,
50mg/mL streptomycin, and 10% (v/v) FBS (Invitrogen)].
Myogenic differentiation was induced by lowering serum
concentration to 2%, using differentiation medium [DMEM
(Invitrogen) containing 2-mM L-glutamine (Invitrogen) and
1% penicillin/streptomycin (Invitrogen), supplemented with
2% Horse Serum (Invitrogen)] for an additional 14 days in a
5% CO, atmosphere. Medium was changed every 4 days
until elongated, multinucleated myofibers appeared. After
day 3 and day 14, cells were fixed in 4% PFA at RT, and
myogenin and MHC expression were quantified.

Immunocytochemistry

Cultured cells were fixed with 4% PFA for 30min, then
permeabilized in 0.5% Triton X-100 (Sigma), and blocked to
saturate nonspecific antigen sites using 5% (v/v) goat se-
rum/PBS (Jackson Immunoresearch Labs) overnight at 4°C.
The next day, the cells were incubated with primary anti-
bodies at room temperature for 4h and visualized using
appropriate species-specific secondary antibodies conjugated
with Alexa Fluor 488, 568, 647, or 680 at 1:1,000 dilution
(Invitrogen). They were counterstained with Hoechst 33342
reagent at 1:2,000 dilution (Invitrogen) to label the DNA and
mounted on slides for fluorescent microscopy with Fluor-
escent Mounting Medium (DakoCytomation).

Flexor digitorum brevis muscle
single-fiber dissociation

Flexor digitorum brevis (FDB) muscles from Nestin-GFP/
NG2-DsRed transgenic mice were used to analyze the Nes-
tin-GFP + cells attached to the myofibers. FDB muscle was
preferred over more traditional muscles for this experiment
because it is small and flat, allowing more complete disso-
ciation by trituration in a single step and shortening the ex-
periment significantly [21,22]. Methods for FDB muscle
dissociation have been described [14-16]. Briefly, muscles
were carefully dissected away from the surrounding con-
nective tissue and minced, then digested by gentle agitation
in 0.2% (w/v) Worthington’s type-2 collagenase in Krebs
solution at 37°C for 2h. They were resuspended in growth
medium and dissociated by gentle trituration. The growth
medium consisted of DMEM-high glucose (Invitrogen),
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supplemented with 2% L-glutamine, 50U/mL penicillin,
50mg/mL streptomycin, and 10% (v/v) FBS (Invitrogen).
After dissociation, Nestin-GFP + /NG2-DsRed + and Nestin-
GFP+ /NG2-DsRed - cells attached to myofibers were
counted.

Reverse transcription polymerase chain reaction

To detect the mRNA expression in cells, total RNA was
isolated using TRIZOL reagent (Life Technologies), RNA
was dissolved in sterile, RNase-free water (Invitrogen) and
quantitated spectrophotometrically at 260 nm. Reverse tran-
scription polymerase chain reaction (RT-PCR) was per-
formed in accordance with the manufacturer’s instructions
using the SuperScript III First-Strand synthesis system for
RT-PCR system (Invitrogen). For each experiment, equiva-
lent amounts of intact RNA (0.1-0.2 ug) were used. As neg-
ative controls, the RT reactions were performed in the
absence of RNA (only water) or reverse transcriptase. The
c¢DNA was amplified by PCR using the primers included in
Table 2. PCR Master Mix was purchased from Promega.
Each PCR contained 1x Promega PCR Master Mix, 1 uM of
each primer, and the cDNA of the cell used in each case
(Nestin-GFP + /NG2-DsRed —, Nestin-GFP — /NG2-DsRed +,
or Nestin-GFP+ /NG2-DsRed+ cell). The volume of each
reaction was brought up to 50 uL with water. DNA ampli-
fication was carried out as follows: denaturation at 94°C for
2 min, followed by 35 cycles of 94°C for 1 min, 60°C for 1 min,
and 72°C for 2min. After 35 cycles, the reactions were in-
cubated at 72°C for 7 min to increase the yield of amplifica-
tion. PCR products were verified with DNA 2% agarose gel
electrophoresis.

Isolation of type-1 and type-2 DsRed+ pericytes

Hindlimb muscle cells were isolated from young adult (3—
5-month-old) Nestin-GFP/f-actin-DsRed mice as described
above [15]. After counting, cells were centrifuged at
1,500 rpm for 5min and resuspended in 100 uL 1% FBS in
PBS per 10° cells. An aliquot was collected for use as unla-
beled control, while the remaining cells were labeled with
APC anti-mouse NG2 antibody for 45min. After washing,
they were resuspended in 1% FBS in PBS and sorted using
GFP and APC fluorescence. Isolated Nestin-GFP+ /NG2-
APC+ /B-actin-DsRed+ and Nestin-GFP - /NG2-APC+ /
B-actin-DsRed + cells were used in cell fate tracking experi-
ments to evaluate adipogenesis and myogenesis in vivo.
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Muscle injury and cell transplantation

Skeletal muscle regeneration was studied in TA muscle
injured by intramuscular injection of barium chloride (BaCl,)
as described [23,24]. Specifically, immunodeficient, 3-5-
month-old mice were anaesthetized by isoflurane/O, inha-
lation. TA muscles were injected with 50 uL of 1.2% BaCl,
dissolved in sterile PBS one day before cell transplantation.
At 24 h postinjury, type-1 (Nestin-GFP — /NG2-APC + / B-actin-
DsRed+) or type2 (Nestin-GFP+ /NG2-APC + /B-actin-
DsRed+) pericytes were isolated from donor Nestin-GFP/
B-actin-DsRed mice, resuspended in PBS (1.5x 10* cells per TA),
and slowly injected into the damaged muscle of the acceptor
mice. As a control, injured TA muscles were injected with PBS.
Mice were sacrificed 14 days postinjection, and TA muscles
collected and processed for immunohistochemistry as described
above. The number of newly formed DsRed + myofibers with
central nuclei was quantified in the muscle sections.

Skeletal muscle fatty degeneration
and cell transplantation

For in vivo adipogenic analysis, skeletal muscle fatty degen-
eration was induced as described [10,25,26]. Briefly, 1 day before
the sorted pericyte populations (3x10* cells in 30 uL. PBS) were
implanted, the TA muscles of immunodeficient wild-type mice
were injected with a 29-gauge needle containing 100 uL of 50%
v/v glycerol. Two weeks later, the mice were sacrificed, and
their TA muscles immediately excised and processed for im-
munohistochemistry as described [16]. DsRed + cells positive to
perilipin A, which is localized at the adipocyte’s lipid droplet
surface [27], were counted in muscle sections.

Microscopy, cell imaging, and counting

An inverted motorized fluorescent microscope (Olympus
IX81) with an Orca-R2 Hamamatsu charge-coupled device
(CCD) camera was used for image acquisition. Camera drive
and acquisition were controlled by a MetaMorph Imaging
System (Olympus). Ten arbitrary microscopic fields were
counted in each immunostained plate or each slide, and
values pooled from parallel triplicates per timepoint and
individual experiment.

Statistical analysis

Results are expressed as the mean+standard error of the
mean (SEM). Statistical significance was assessed by Student’s

TaBLE 2. GENES, GENBANK AccissioN NUMBERS, CODING REGIONS, PRIMERS

GenBank accession Coding

Gene numbers regions Forward primer and positions Reverse primer and positions

Myfb NM_008656.5 CDS: 204-971 AGACGCCTGAAGAAGGTCAA TGGAGAGAGGGAAGCTGTGT
(483-502) (899-880)

CD34 NM_001111059.1  CDS: 146-1123 ~GGGTAGCTCTCTGCCTGATG CAGTTGGGGAAGTCTGTGGT
(195-214) (482-463)

Sca-1 NM_010738.2 CDS: 39-443 CCATCAATTACCTGCCCCTA AAGGTCTGCAGGAGGACTGA
(162-181) (436-417)

Pax7 NM_011039.2 CDS: 58-1569 ~ CATCCTTAGCAACCCGAGTG AGTAGGCTTGTCCCGTTTCC
(1215-1234) (1567-1548)

GAPDH NM_008084.2 CDS: 51-1052  ~ GTGGCAAAGTGGAGATTGTTGCC  GATGATGACCCTTTTGGCTCC

(118-140)

(407-387)
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t-test using GraphPad Prism (GraphPad Software). P<0.05
was considered significant.

Results

Two bona fide pericyte subpopulations
in skeletal muscle

Pericyte heterogeneity has been described in spinal cord
scar tissue by Goritz et al. [28] and in skeletal muscle by our
group [16]. Skeletal muscle histological sections from Nestin-
GFP/NG2-DsRed mice support our previous results in cul-
tured cells, showing two types of pericytes, Nestin-GFP -/
NG2-DsRed+ and Nestin-GFP+ /NG2-DsRed+, in close
proximity to endothelial cells and surrounding capillaries la-
beled with CD31, a endothelial cell marker [29] (Fig. 1A). We
also found that both Nestin-GFP — /NG2-DsRed + and Nestin-
GFP+ /NG2-DsRed + cells colocalize with staining of two
pericyte markers, PDGFRP [30] and CD146 [13,31] (Fig. 1B).

Pericytes may act as myogenic [11-13] or adipogenic
progenitors [13,32]. As myogenic potential was not reported
in adipogenic progenitors [10], here we hypothesize that the
two pericyte subtypes differ, and one contributes to the
skeletal muscle fat accumulation observed in fatty degener-
ation in the muscle [10], while the other to myogenesis under
normal conditions [11,13,33].

Type-1 but not type-2 pericytes express
the adipogenic progenitor marker PDGFRo.

To elucidate whether one of the muscle pericyte subpop-
ulations, we described [16] is a adipogenic progenitor [10,25],

FIG. 1. Two bona fide pericyte subtypes in A

skeletal muscle. Histological analysis of peri-
cyte subtypes in the skeletal muscle from
Nestin-GFP/NG2-DsRed mice. (A) Pericytes
surround the endothelial cell layers of the
capillary network in skeletal muscle. Muscle
section showing small blood vessels with
CD31+ endothelial cells, characteristically
surrounded by NG2-DsRed + pericytes. Nes-
tin-GFP — /NG2-DsRed + (type-1) (red arrow)
and Nestin-GFP+ /NG2-DsRed+  (type-2)
(green arrow) pericytes and the blood vessels’
CD31+ (orange) labeled contour. All panels
show the same area for different channels
(Nestin-GFP, NG2-DsRed, Hoechst, CD31
staining, brightfield, merged fluorescence
images, and all the images merged with
brightfield). (B) Pericyte markers PDGFRp
and CD146 colocalize with skeletal muscle
interstitial Nestin-GFP— /NG2-DsRed+ and
Nestin-GFP+ /NG2-DsRed + cells. The top
and bottom six panels show identical muscle
areas from left to right: CD146 (top) or
PDGEFRB (bottom) (orange), NG2-DsRed (red),
Nestin-GFP+ (green), Hoechst (blue), bright-
field, and merged images. The red arrow
indicates type-1 pericytes (Nestin-GFP—/
NG2-DsRed + cells), and the green arrow,
type-2 (Nestin-GFP+ /NG2-DsRed +  cells).
Scale bar=20 pm. Color images available on-
line at www liebertpub.com/scd

CD31

CD146

PDGFRB
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we performed flow cytometry analysis based on the adipo-
genic progenitor marker PDGFRa [10,25] in mononucleated
cells from Nestin-GFP/NG2-DsRed mouse skeletal muscle.
We found that PDGFRua is expressed in a fraction of the two
cell populations, Nestin-GFP - /NG2-DsRed- and Nestin-
GFP - /NG2-DsRed + cells (Fig. 2A, B). Note that type-1
pericytes expressed PDGFRa, while type-2 pericytes did not.
We confirmed our results in skeletal muscle in vivo (Fig. 2C).

Type-1 but not type-2 pericytes
are adipogenic in vitro

To evaluate whether in addition to expressing the adipo-
genic progenitor marker, type-1 pericytes have adipogenic
potential, we isolated type-1 and type-2 pericytes using
Nestin-GFP/NG2-DsRed mice and cultured them separately
in adipogenic induction medium (Fig. 3A, B). We used Oil
Red O, which stains neutral triglycerides and lipids, and
immunocytochemistry to look for the expression of perilipin,
an essential protein for lipid storage and lipolysis [27] located
exclusively on adipocyte lipid droplets [34]. Consistent with
our results on PDGFRa expression, only type-1 pericytes
differentiated into adipocytes in culture. The percentage of
perilipin+ cells/nuclei derived from type-1 and type-2
pericyte cultures was 37% *8.2% and 0.16% *0.10%, respec-
tively (Fig. 3C, D), and the percentage of Oil Red O+ cells/
nuclei was 38%+2.8% and 0.29%+0.18% cells, respectively
(Fig. 3E, F). Supplementary Figure S1 (Supplementary Data are
available online at www.liebertpub.com/scd) shows that a
subpopulation of PDGFRa+ type-1 pericytes forms adipocytes
in vitro, consistently with the adipogenic potential reported for

NG2-DsRed Nestin-GFP Hoechst  Brightfield

e

Merge

NG2-DsRed Nestin-GFP Hoechst
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FIG. 2. PDGFRa expression in a subpopulation of type-1 but not type-2 pericytes. (A) Isolation of skeletal muscle cells for flow
cytometry. Representative dot plot showing GFP versus DsRed fluorescence with the gate set using cells isolated from wild-type mice.
The cells were divided into four populations: Nestin-GFP + /NG2-DsRed — (purple), Nestin-GFP — /NG2-DsRed + (red), Nestin-GFP + /
NG2-DsRed + (green), and Nestin-GFP — /NG2-DsRed — (blue). (B) Flow cytometry analysis of PDGFRa expressed by skeletal muscle-
derived cells. Histograms show PDGFRa. expression in each population. Left histogram (unlabeled cells) shows control staining of all
cells with secondary antibody APC anti-rabbit to set the gate without using primary antibody rabbit anti-PDGFRa. Right histograms
(PDGFRa-labeled cells) show the surface expression of PDGFRa on each skeletal muscle-derived cell subset. Data represent three
independent experiments in cells dissociated from the hindlimb muscles of Nestin-GFP/NG2-DsRed mice. Note that only Nestin-
GFP - /NG2-DsRed — and Nestin-GFP — /NG2-DsRed + cells express PDGFRa. (C) Representative transverse cross-section of a tibialis
anterior muscle from a double-transgenic Nestin-GFP/NG2-DsRed mouse. A green arrow indicates a Nestin-GFP + /NG2-DsRed + cell,
and a red arrow, a Nestin-GFP — /NG2-DsRed + cell. Expression of PDGFR«, GFP, DsRed, and their corresponding, Hoechst 33342,
brightfield, and merge images are illustrated. PDGFRo staining colocalizes with skeletal muscle interstitial Nestin-GFP — /NG2-
DsRed + but not Nestin-GFP + /NG2-DsRed + cells. Color images available online at www.liebertpub.com/scd

muscle-derived PDGFRo+ cells [10]. Supplementary Figure S2
shows that type-1 pericytes express Sca-1 and CD34.

Type-2 but not type-1 pericytes differentiate
into muscle cells in vitro

To examine whether adipogenic progenitors form muscle
cells [10], we evaluated the myogenic potential of the two

skeletal muscle pericyte subpopulations (Fig. 4A, B). As
pericytes differentiated into myofibers [11,13], we exposed
them to myogenic differentiation conditions and examined
the expression of myogenin, a marker of cell differentiation
[35], and MHC, a myotube marker [36]. We found that
only type-2 pericytes differentiated into the muscle lineage
(Fig. 4). The percent of myogenin+ cells/nuclei derived
from type-1 and type-2 pericytes was 0.18%*0.18% and
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A Cell Sorting (Type 1 Pericytes or Type 2 Pericytes)

Adipogenic medium

0

FIG. 3. Type-1 but not type- B

2 pericytes are adipogenic in disssclatad cells

Wild-type skeletal muscle

vitro. Adipogenic induction -
of freshly isolated muscle-
derived pericyte subtypes.

(A) Protocol: freshly isolated
pericytes were cultured in
adipogenic medium for 14

days. (B) Representative dot
plots showing DsRed versus
GFP fluorescence of cells iso-
lated from skeletal muscle
of Nestin-GFP/NG2-DsRed
mice. Gate was set using cells
derived from wild-type skel-
etal muscle. Morphologic
analysis is shown after type-1
and 2 pericytes were cultured
for 2 weeks under adipogenic
conditions; they were then
stained with anti-perilipin A
antibody (C, D) or Oil Red
O/hematoxylin (E, F). (D)
Percent of cells positive for
perilipin in type-1 or type-2
pericytes (n=>5 preparations).
(F) Percent of type-1 or type-2
pericytes positive for Oil Red
O (n=5 preparations from
separate cell isolation experi-
ments). Data are meant
standard error of the mean
(SEM). Scale bars=20pm. ‘%@"
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12%*1.8%, respectively (Fig. 4C, D), and the percentage
of MHC+ nuclei/total nuclei was 0.31%+0.12% and
55%+6.5%, respectively (Fig. 4E, F).

Exclusion of satellite cells as a source of myogenic
cells in the Nestin-GFP+ /NG2-DsRed+ population

Satellite cells, the oldest known skeletal muscle stem cells
committed to myogenesis [37], express GFP in Nestin-GFP
transgenic mice [38]. To exclude this potentially confounding
factor, we examined whether satellite cells express NG2 pro-
teoglycan, which type-2 pericytes express on their surface.

Satellite cells reside near the myofiber, beneath the basal
lamina [37]. We quantified 120 Nestin-GFP+ cells in this
location; Nestin-GFP + /NG2-DsRed — cells were sheathed
in laminin (basal lamina), but we found no Nestin-GFP + /
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NG2-DsRed + cells in the satellite cell niche (Fig. 5A, B).
Thus, satellite cells do not express NG2 proteoglycan and
differ from type-2 pericytes, which express NG2 and are lo-
cated outside the basal lamina.

To validate this conclusion, we used a procedure we have
previously used [14] to facilitate isolation of intact FDB
myofibers with their complete cohort of satellite cells still
located beneath the basal lamina. We observed that every
cell attached to the myofibers did not express NG2 proteo-
glycan and detected only Nestin-GFP. However, detached
cells, probably derived from the muscle interstitium, ex-
pressed NG2, sometimes associated with Nestin-GFP ex-
pression, sometimes not, corresponding to type-2 and type-1
pericytes, respectively (Fig. 5C, D). Additionally, the paired
box transcription factor Pax7 [39-42] is expressed in satellite
cells, but not in NG2-DsRed + cells (Fig. 5E).
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myogenic differentiation medium. (B) Representative dot plots

FIG. 4. Type-2 but not type-1 pericytes are myogenic in vitro. Myogenic induction of freshly isolated muscle-derived
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cultured for 3 days in growth medium followed by 2 weeks in
showing DsRed versus GFP fluorescence of cells isolated from

the skeletal muscle of Nestin-GFP/NG2-DsRed mice. Gate was set using cells derived from wild-type skeletal muscle.
Morphologic analysis is shown after type-1 and 2 pericytes were cultured for 2 weeks in myogenic conditions. (C, D) After 3
days in differentiation medium, Nestin-GFP — /NG2-DsRed + and Nestin-GFP + /NG2-DsRed + cells were stained with anti-
myogenin antibody. (D) The percent of myogenin+ cells derived from each pericyte population was counted and normalized
to the number of nuclei. (n=3 preparations from separate cell isolation experiments). (E, F) After 14 days in differentiation
medium, both cell types were stained with anti-MHC antibody. (F) The percent of MHC + nuclei derived from each pericyte
subpopulation was counted and normalized to the total number of nuclei (n=3 preparations from separate cell isolation

experiments). Data are mean+SEM. Scale bar=100 um. Color

As skeletal muscle satellite cells express Myf5 and CD34
[43], but not Sca-1 [44], we examined their expression in
Nestin-GFP and NG2-DsRed cells by RT-PCR. Nestin-GFP+ /
NG2-DsRed - cells and satellite cells exhibit a similar ex-
pression profile (Pax7 +, Myf5+, CD34 +, Sca-1—), while both
pericyte subtypes lack Pax7 and Myf5 markers (Supplemen-
tary Fig. S2). These data indicate that the myogenic potential
of type-2 pericytes is unrelated to that of satellite cells.

CD34 and Sca-1 expression was detected in type-1 but not
type-2 pericytes (Supplementary Fig. S2). A small pericyte
subpopulation expresses CD34 [45,46] [47,48] or Sca-1
[49,50]. Here we found that a subpopulation of type-1 peri-
cytes express CD34 and Sca-1 (Supplementary Fig. S2). As

images available online at www liebertpub.com/scd

PDGFRoa+ cells have been reported to be CD34+ and Sca-
1+ [25], and a subpopulation of them are included in type-1
pericytes (Fig. 2), our data indicate that a subgroup of type-1
pericytes are part of the fibro/adipogenic progenitors cells
reported before [25]. Here we also provide initial evidence
that type-1 pericytes can be induced to form fibroblasts
(Supplementary Fig. S3).

Type-1 and type-2 pericyte subtypes expand
after muscle injury

Satellite cells [51] and fibroblasts [52] are activated and
proliferate after muscle injury. To assess whether pericytes
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FIG. 5. Satellite cells do not express NG2 proteoglycan. (A)
Representative tibialis anterior (TA) muscle section from a
Nestin-GFP/NG2-DsRed transgenic mouse showing laminin
(basal lamina), Nestin-GFP, NG2-DsRed expression, and
Hoechst positive nuclei in the same region. Brightfield and
merged images are also shown. White arrow shows a satellite cell
(Nestin-GFP + located beneath the basal lamina) that does not
express NG2-DsRed; the yellow arrow indicates a type-2 pericyte
(Nestin-GFP + /NG2-DsRed +) located outside the basal lamina.
(B) We counted 120 Nestin-GFP+ cells (NG2+ or NG2—-) be-
neath the basal lamina. (C) Representative Nestin-GFP, NG2-
DsRed, brightfield, and merged images of the same region in a
dish containing freshly dissociated flexor digitorum brevis (FDB)
muscle fibers from Nestin-GFP/NG2-DsRed mice. The white
arrow indicates a satellite cell (Nestin-GFP+) attached to the
myofiber, while the yellow arrow shows both types of pericytes
(Nestin-GFP — /NG2-DsRed + and Nestin-GFP + /NG2-DsRed +
cells) in dissociated connective tissue. Scale bar=50um. (D)
Number of Nestin-GFP+ cells (NG2+ or NG2-) in freshly
dissociated single FDB muscle fibers from Nestin-GFP/NG2-
DsRed transgenic mice; =4 preparations, more than 1,000 cells
counted. (E) Representative TA muscle section from a NG2-
DsRed transgenic mouse showing Pax7 staining. The white arrow
shows a typical satellite cell (Pax7+/NG2-DsRed-). Color
images available online at www liebertpub.com/scd
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respond to injury in vivo, we analyzed type-1 and type-2
pericytes in skeletal muscle cross-sections during regenera-
tion (Supplementary Fig. S4). After injury induced with
Glycerol or BaCl,, both types of pericytes expand (Supple-
mentary Fig. S4A) and re-enter the cell cycle (Supplementary
Fig. S4B, C). We did not detect differences in their response
to both types of injury. Similarly to preinjury, a population of
PDGFRa+ type-1 pericytes was also detected after injury
(Supplementary Fig. S5).

Type-1 but not type-2 pericytes form fat during
skeletal muscle fatty degeneration

Given that purified type-1 pericytes have adipogenic dif-
ferentiation potential in vitro, we next examined their adi-
pogenic capacity in vivo in skeletal muscle.

After chronic injury, muscle is often replaced by white
adipocytes that compromise tissue function and environ-
ment in a process termed fatty degeneration [53]. However,
even mouse models of such disorders as DMD or obesity
rarely show adipocytes in skeletal muscle. We used a model
of muscle fatty degeneration reported in the literature
[10,25,26,54-61]. Injecting glycerol in the muscle destabilizes
cell membranes, promoting myofiber damage, significant fat
deposits along the muscle, and cell death. As in human
dystrophy, muscles exhibit extensive ectopic adipocyte in-
filtration of unknown origin [26]. In the absence of glycerol
treatment, intramuscularly injected cells showed no adipo-
cyte differentiation in wild-type young mice (data not
shown). We transplanted pericyte subtypes freshly isolated
and sorted from muscles of Nestin-GFP/B-actin-DsRed
transgenic (Tg) mice. Consistently with a previous publica-
tion from our lab [16], the 100% purity of these cells was
confirmed by microscopy and flow cytometry (data not
shown). Expressing DsRed fluorescence [15], they were in-
jected into the TA muscle of wild-type mice previously in-
jected with glycerol (Fig. 6A, C). At day 14, numerous
DsRed + cells were detected in mice injected with either
subtype; however, only mice injected with type-1 pericytes
had DsRed+ mature adipocytes with large lipid vacuoles
(Fig. 7A). All type-2 pericytes retained their pericyte marker,
NG?2 proteoglycan, after injection (data not shown).

The adipogenic potential of Nestin-GFP—/NG2+ /-
actin-DsRed + cells was examined further in vivo by im-
munocytochemistry analysis of perilipin in DsRed + cells
derived from transplanted cells (Fig. 7). Quantitative analysis
revealed that adipocytes arose almost exclusively from type-
1 pericytes. Nestin-GFP—/NG2+ /-actin-DsRed+ and
Nestin-GFP + /NG2 + / -actin-DsRed + cells formed 260+ 25
and 4.5+4.5 DsRed + /perilipin+ cells per mm?, respectively
(Fig. 7A, B). These results suggest that type-1 but not type-2
pericytes differentiate into adipocytes in vivo.

Type-2 pericytes are myogenically competent and
participate in skeletal muscle regeneration in vivo

Since pericytes exhibit myogenic potential in vivo [11,13],
we used a muscle injury model induced by BaCl, injection,
where muscle degeneration is confined and does not damage
the basement membrane [62] (Fig. 6A, B).

We transplanted cells isolated from muscles of Nestin-
GFP/B-actin-DsRed transgenic (Tg) mice into the TA
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muscles of injured wild-type mice. Two freshly isolated
pericyte subtypes were transplanted immediately after cell
sorting (Fig. 6A, B). After 2 weeks, the few DsRed+ cells
observed in the muscles injected with the adipogenic type-1
pericyte were located in the interstitial connective tissue. No
newly formed DsRed + myofibers were detected (Fig. 8). In
contrast, transplanted muscles with type-2 pericytes showed
numerous regenerating DsRed + myofibers with central nu-
clei (Fig. 8). Quantitative analysis revealed that myogenic
potential was found exclusively in the Nestin-GFP+ /
NG2 + /B-actin-DsRed + cell population. Nestin-GFP+ /
NG2 + /B-actin-DsRed + cells formed 68+9 DsRed + myofi-
bers per mm? (Fig. 8). We did not detect any DsRed+
myofibers in muscles injected with type-1 pericytes, indi-
cating that type-2 but not type-1 are myogenic in vivo. All
DsRed + type-1 pericytes retain their pericyte marker, NG2
proteoglycan, after injection (Fig. 8D).

Discussion

This work is the first to report the presence of two pericyte
subpopulations in the skeletal muscle and to characterize
their specific roles. Type-2 pericytes participate in muscle
regeneration, while type-1 contribute to fat accumulation.
We propose that successful muscle regeneration results from
a balance of myogenic and nonmyogenic programs in which
the differentiation potential of these pericyte subtypes plays
a significant role (Fig. 9).

Although stem cells ensure tissue regeneration, over-
growth of adipogenic cells may compromise organ recovery
and impair function [63]. In myopathies and muscle atrophy
associated with aging (sarcopenia), fat accumulation in-
creases dysfunction [1,2,53,64], and after chronic injury, the
process of fatty degeneration, in which muscle is replaced
by white adipocytes, compromises tissue function and
environment.

Here we describe the two pericyte subtypes we identified
and propose that in skeletal muscle, they are committed to
distinct lineages.

Pericytes are stem cells

Pericytes are considered relatively undifferentiated con-
nective tissue cells associated with the walls of small blood
vessels and supporting other cells [65]. Mesenchymal stem
cells (MSCs) with similar characteristics and developmental
potentials have been obtained from several organs [66]. Be-
cause blood vessels are distributed in almost all organs, cells
associated with them are thought to act like MSCs [33,66].
Further, pericytes have been suggested to locate within a
MSC niche [67]. Among their diverse functions, they have
been shown to act as multipotent stem cells, differentiating
along mesenchymal or neuronal lineages, depending on the
microenvironment [12,13,16,47,68-94]. We found that peri-
cytes are differentially committed to an adipogenic or myo-
genic lineage in response to muscle injury, and therefore,
they might be multipotent as a population [13], but more
lineage restricted at the cellular level.

Pericytes are heterogeneous

Pericytes are heterogeneous in origin, location, and mor-
phology, ranging from circular to elongated fibroblast-like
cells [95-99]. Moreover, their molecular marker expression
varies along the vasculature and depends on species, organ,
type of blood vessel, location, and developmental stage [100-
110]. For this reason, we recommend using more than one
marker to identify them [111]. In skeletal muscle, capillary
pericytes are also heterogeneous [16,112].

Although their functional diversity is still unexplored,
different pericyte subtypes may regulate blood flow and
other metabolic functions [95,113]. Recently, a pericyte subtype
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FIG. 7. Type-1 pericyte adi-
pogenic potential in vivo. (A)
Fourteen days after type-1 or
type-2 pericytes were trans-
planted into glycerol-injured
muscle, muscle sections
were analyzed for perilipin
expression.  Representative
perilipin expression (green),
DsRed fluorescence, Hoechst,
brightfield, and merge im-
ages of the same region. Co-
localization of DsRed+ cells
with perilipin, shown by the
yellow arrow in the merged
image, supports adipogenic
differentiation of transplanted
type-1 pericytes. Note that
DsRed + type-2 pericytes do
not differentiate into adipo-
cytes (perilipin—) in vivo; all
perilipin+ (green) adipocytes
are DsRed - as indicated by
the white arrow in the merged
image. (B) Quantitative anal-
ysis of transplantation exper-
iments. Data are mean+SEM.
(n=5 replicates). (C) Section
of the muscle represented in
(A), incubated with the fluo-
rescent secondary but not the
primary antiperilipin anti-
body. (D) Control section of a
regenerated muscle stained
with perilipin. Notice that
perilipin does not stain myo-
fibers. Scale bars=50pum.
Color images available online
at www.liebertpub.com/scd
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was associated with scar formation after spinal cord injury
[28]; it may correspond to the type-1 pericytes we describe
here and previously in our culture system [16]. Figure 9
demonstrates the heterogeneous role these pericytes play in
skeletal muscle healing. We expect this study to elucidate the
roles of pericyte subtypes in other tissues.

Adipogenic potential is restricted to type-1
pericytes in skeletal muscle

We found that type-1 but not type-2 pericytes express
PDGFRuo. Expression of this maker has also been observed in

BIRBRAIR ET AL.

Type 2 pericytes
(Nestin+/ING2+)

subtypes of mesenchymal progenitor cells, and its activation
appears to regulate a broad range of cells in various devel-
opmental processes [114]. For example, PDGFRua is initially
expressed throughout the undifferentiated somite but dis-
appears in the myotome as differentiation proceeds [115]. In
adult skeletal muscle, adipogenic potential was detected only
in PDGFRa+ cells [10,25,116], consistent with our finding
that only type-1 pericytes, the subtype that expresses this
marker, differentiate into adipocytes in skeletal muscle un-
dergoing fatty degeneration. Additionally, skeletal muscle
PDGFRo+ cells have been reported to be fibrogenic
[10,25,117]. Moreover, only pericytes expressing PDGFRo
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participate in scar formation after spinal cord injury [28],
suggesting that they are similar to type-1 pericytes.

Adipogenic pericytes do not form skeletal muscle

More than 30 years ago, studies proposed that pericytes
form adipocytes; that is, that an uncommon subset of resi-
dent cells located near endothelial cells had long cytoplasmic
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FIG. 8. Only type-2 peri-
cytes generate myofibers af-
ter  transplantation  into
injured skeletal muscle. (A)
DsRed fluorescence in whole
TA muscles 2 weeks after in-
jection with type-1 or type-2
pericytes. DsRed + fibers can
be detected only in muscle
injected with type-2 peri-
cytes. (B) Quantitative analy-
sis of newly formed DsRed +
myofibers with characteristic
central nuclei derived from
type-1 or type-2 pericytes.
Data are mean+SEM (n=5
replicates). (C) At day 14 after
transplantation, clusters of
DsRed myofibers (red) are
present throughout the mus-
cle of mice injected with type-
2 pericytes. Type-1 pericytes
stay in the interstitial space
and do not differentiate into
muscle cells. (D) Rep-
resentative TA muscle sec-
tion from a transplanted
mouse (as in C), showing that
type-1 pericytes (DsRed+)
retain the expression of the
pericyte marker NG2 proteo-
glycan. Scale bar=20pm.
Color images available online
at www.liebertpub.com/scd
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processes (like pericytes) and acted as a reserve of adipo-
cytes. After activation and migration from the capillary
basement membrane, they would differentiate into immature
adipocytes with small lipid droplet inclusions [118-121].
More recently, molecular techniques confirmed pericyte
differentiation into adipocytes [32]. The emerging biology of
MSCs provided indirect support for the possibility that adi-
pogenic progenitors reside near the vasculature [48,87,122,123].
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FIG.9. Schematic representation of normal regenerating and fatty degenerating skeletal muscle. Two pericyte subtypes are
associated with blood vessels: type-1 (yellow) and type-2 (green). We suggest that type-1 pericytes contribute to the adipose
infiltration observed in various disorders, such as obesity, dystrophies, and aging, while type-2 pericytes cooperate with
myogenesis after healing in normal adult skeletal muscle. Color images available online at www.liebertpub.com/scd
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In 2008, adipogenic potential was confirmed in skeletal muscle
resident pericytes [13,33,66,124-127]. Pericytes were also shown
to form skeletal muscle fibers after muscle injury and in a
mouse model of muscular dystrophy [11].

Although adipogenic progenitors isolated from subcuta-
neous and parametrial white fat depots were shown to fuse
with differentiating C2C12 myoblasts in vitro [45], skeletal
muscle-derived adipogenic progenitors cannot be recruited
to the myogenic lineage even in coculture with myogenic
cells [10,25]. These data suggest that myogenic pericytes are
distinct from adipogenic pericytes in the skeletal muscle,
consistent with the concept that adipogenic pericytes (type-1)
are distinct from myogenic pericytes (type-2) and cannot
form muscle cells in response to muscle injury.

Muscle cells with myogenic or adipogenic potential

Multiple cell types are present in the skeletal muscle.
Satellite cells are thought to be the main source of myoblasts
for muscle regeneration in adults [128]; however, their in-
teraction with other cell populations is necessary for efficient
muscle formation [52,129]. Other cells show myogenic po-
tential, including muscle side population cells [44,130],
PW1+ interstitial cells [131,132], CD133+ mononucleated
cells from peripheral blood [133], and myo-endothelial pro-
genitors [134]. Skeletal muscle pericytes have been shown to
be multipotent, exhibiting both myogenic and adipogenic
potential [13]. However, fibro/adipogenic progenitors have
been shown to be the only muscle cells with adipogenic
potential [10]; and they do not assume myogenic lineage [10].
Our work shows that a subpopulation of type-1 pericytes in-
cluded in the fibro/adipogenic progenitor cells (PDGFRo+)
exhibits adipogenic potential, while type-2 pericytes are
myogenic.
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