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Dvoretskiy S, Garg K, Munroe M, Pincu Y, Mahmassani ZS,
Coombs C, Blackwell B, Garcia G, Waterstradt G, Lee I, Drnevich
J, Rhodes JS, Boppart MD. The impact of skeletal muscle contraction
on CD146�Lin� pericytes. Am J Physiol Cell Physiol 317: C1011–
C1024, 2019. First published August 21, 2019; doi:10.1152/ajpcell.
00156.2019.—Unaccustomed resistance exercise can initiate skeletal
muscle remodeling and adaptive mechanisms that can confer protec-
tion from damage and enhanced strength with subsequent stimulation.
The myofiber may provide the primary origin for adaptation, yet
multiple mononuclear cell types within the surrounding connective
tissue may also contribute. The purpose of this study was to evaluate
the acute response of muscle-resident interstitial cells to contraction
initiated by electrical stimulation (e-stim) and subsequently determine
the contribution of pericytes to remodeling as a result of training.
Mice were subjected to bilateral e-stim or sham treatment. Following
a single session of e-stim, NG2�CD45�CD31� (NG2�Lin�) peri-
cyte, CD146�Lin� pericyte, and PDGFR�� fibroadipogenic progen-
itor cell quantity and function were evaluated via multiplex flow
cytometry and targeted quantitative PCR. Relative quantity was not
significantly altered 24 h postcontraction, yet unique gene signatures
were observed for each cell population at 3 h postcontraction.
CD146�Lin� pericytes appeared to be most responsive to contrac-
tion, and upregulation of genes related to immunomodulation and
extracellular matrix remodeling was observed via RNA sequencing.
Intramuscular injection of CD146�Lin� pericytes did not signifi-
cantly increase myofiber size yet enhanced ECM remodeling and
angiogenesis in response to repeated bouts of e-stim for 4 wk. The
results from this study provide the first evidence that CD146�Lin�

pericytes are responsive to skeletal muscle contraction and may
contribute to the beneficial outcomes associated with exercise.
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INTRODUCTION

Mechanical strain associated with eccentric contractions
during resistance exercise can cause immediate damage to the
sarcolemma and disrupt myofibrillar protein structure within
sarcomeres (26, 38). Skeletal muscle is highly responsive to
strain and damage, initiating a molecular response to resist
physiological stress with subsequent bouts of exercise (26, 28).

It is well established that myogenic stem cells, satellite cells
(Pax7�), provide an essential role in muscle repair following
acute exercise (40, 43), yet the cellular origin and full reper-
toire of early events that contribute to posttraining improve-
ments in myofiber size and strength are not well defined and
are the focus of intense scientific investigation (19, 20, 22, 32,
35). Elucidation of the mechanisms that drive the beneficial
adaptive response to exercise is not only intriguing from a
performance perspective, but may also inform the development
of cell-based rehabilitation strategies to regrow muscle follow-
ing a period of disuse.

Exercise initiates intracellular signaling, transcription, and
translational events within the myofiber that can directly im-
pact structure and function. The myofiber itself likely repre-
sents the primary cellular origin for skeletal muscle adaptation
posttraining. However, multiple mononuclear cells resident
within skeletal muscle connective tissue may also contribute to
exercise-induced structural and functional gains. Satellite cells
in the basal lamina, canonical connective tissue fibroblasts,
immune cells, and perivascular stem/stromal cells, including
pericytes and mesenchymal stem cells (MSCs), have been
examined to some extent. Satellite cell elimination from skel-
etal muscle suggests no impact on mechanical load-induced
growth in adult mice (32, 35), yet depletion appears to remove
extracellular vesicle-mediated suppression of fibroblast-de-
rived collagen synthesis, which can ultimately restrict long-
term adaptation (20). Thus the coordinated responses of both
satellite cells and fibroblasts (or fibroblast-like cells) may
influence myofiber growth posttraining. In addition, studies
suggest that macrophages influence mechanical load-induced
growth (17), yet the clodronate liposome approach used to
deplete macrophages in this study may also target nonmac-
rophage phagocytic cells. Finally, multipotent MSCs [or fi-
broadipogenic progenitor cells (FAPs)] and pericytes have
been identified in muscle, yet their ability to promote structural
and functional advantages with training remains unclear (5).
Recent work from our laboratory suggests the capacity for
MSCs (Sca-1�CD45�) to indirectly contribute to skeletal mus-
cle growth in mice when transplantation occurs concomitant
with 4 wk of eccentric exercise training (5, 50, 53). However,
cell isolation based on stem cell antigen 1 (Sca-1) yields a
heterogeneous population that may include both MSCs and
pericytes. Further exploration is necessary to discern the rela-
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tive contribution of MSCs and pericytes to myofiber adaptation
posttraining.

Pericytes are vascular supportive cells found in the basement
membrane of microvessels within a wide variety of tissue types
(2, 21). Pericytes incompletely encase and form intimate con-
nections with several adjacent capillary endothelial cells, and
this proximity allows the pericyte to provide important struc-
tural and paracrine support necessary to regulate vascular
permeability, vessel diameter and blood flow, and stabilization
of newly formed capillaries. Recent studies suggest that peri-
cytes are capable of directly contributing to skeletal muscle
repair following injury (4, 12, 42), yet the response of these
cells to a physiological stimulus (contraction) and contribution
to beneficial adaptations associated with exercise have not been
explored. One of the limitations to the study of pericytes has
been lack of a unique cell surface marker (2, 7). The use of
different models (human, mouse) and strategies for cell isola-
tion also makes it difficult to outline an approach for investi-
gation. Accepted pericyte markers include neuron-glial antigen
(NG2), CD146, and platelet-derived growth factor receptor-�
(PDGFR�) (2, 7, 12, 15, 39). NG2� and CD146� pericytes
appear to be divergent with respect to quantity, myogenic
potential, and association with different microvessels. Whereas
rare NG2� pericytes uniquely localize to arterioles and display
inconsistent myogenic potential (4, 11, 12, 36), CD146 peri-
cytes are more abundant, align with multipotent MSCs, and
demonstrate myogenic potential (42). Thus justification exists
to explore individual and overlapping responses of NG2� and
CD146� (CD45�CD31�, also lineage negative or Lin�) peri-
cytes to skeletal muscle contraction and subsequent involve-
ment in promoting the beneficial effects of exercise.

The purpose of this study was to compare the response of
muscle-resident interstitial cells, including two pericyte types
based on differential cell surface marker expression (NG2�

and CD146�) and FAPs (PDGFR��) to a single session of
electrical stimulation (e-stim)-based contraction. Here we dem-
onstrate that a single session did not alter the relative quantity
of any cell population at 24 h following acute contraction, yet
unique gene expression profiles were observed. CD146�Lin�

pericytes appeared to be most responsive to contraction,
upregulating genes important for extracellular matrix (ECM)
remodeling and angiogenesis. Intramuscular injection of
CD146�Lin� pericytes in combination with electrical stimu-
lation training for 4 wk did not significantly increase myofiber
size, yet increases in ECM remodeling and angiogenesis
were observed. This study provides the first evidence that
CD146�Lin� pericytes are sensitive to the stimulus of skeletal
muscle contraction and may contribute to the adaptive response
elicited by exercise training.

MATERIALS AND METHODS

Animals

Protocols for animal use were submitted and approved by the
Institutional Animal Care and Use Committee of the University of
Illinois at Urbana-Champaign. Adult (15–17 wk old), C57BL/6J mice
(Jackson Laboratories, Bar Harbor, ME) were used for all electrical
stimulation studies. All mice were housed in a temperature-controlled
animal facility maintained on a 12:12-h light-dark cycle. Mice were
fed standard laboratory chow and water ad libitum.

E-Stim-Based Muscle Contraction

Acute stimulation. Male mice were subjected to a single session of
bilateral electrical stimulation (e-stim) or sham treatment to serve as
a control (sham) (n � 6/group, except CD146�Lin� 24 h gene
expression data, n � 4/group). All mice were anesthetized with
isoflurane (2–3% isoflurane, 0.9 L/min oxygen). Both legs were
shaved and aseptically prepared. Each mouse foot was placed in a
miniature metal foot plate attached to the shaft of a servomotor
(1300A; Aurora Scientific, Aurora, ON, Canada). The foot was placed
so that it was perpendicular to the tibia. Two platinum electrodes
were inserted through the skin on either side of the sciatic nerve and
the nerve was activated via a stimulator and stimulus unit. The voltage
was set at 25 mA (0.025 V) to induce a tetanic contraction. A range
of frequencies (50–200 Hz) were then tested, and 100 Hz (0.1-ms
duration) was chosen as this frequency elicited maximal peak twitch
force. The plate then rotates during electrical stimulation so that the
posterior (gastrocnemius, soleus) crural muscles contract eccentrically
(19° of ankle plantarflexion), forcing the anterior [tibialis anterior
(TA)] crural muscles to contract concentrically. After five contrac-
tions, the plate rotates in the opposite direction during electrical
stimulation so that the posterior crural muscles contract concentrically
(19° of ankle dorsiflexion), forcing the anterior crural muscles to
contract eccentrically. Every set (5 eccentric, 5 concentric contrac-
tions) was separated by 10-s rest periods. The stimulation protocol
consisted of 4 sets, or a total of 40 contractions. Force output
predominantly reflects gastrocnemius muscle activity (reported in
N·mm�1·kg body wt�1). Sedentary sham control mice were anesthe-
tized and subjected to electrode insertion, but the muscles were not
stimulated.

Extraction and Isolation of Muscle-Resident Interstitial Cells

Three and twenty-four hours after stimulation, all mice were
euthanized via carbon dioxide asphyxiation. Hindlimb muscles were
rapidly dissected and placed in phosphate buffered saline (PBS) �
penicillin-streptomycin (P/S) solution. The gastrocnemius-soleus
complex was used for isolation of cells for all experiments, except the
transplantation study, in which the tibialis anterior and vastus lateralis
were added to increase cell yield. Hindlimb muscles were minced with
scissors and then digested in a warm bath (37°C) in a solution of
dispase (LS02104; Worthington, Lakewood, NJ) and collagenase
(Worthington; LS004174), both diluted at 1:70 in PBS. Every 15 min
the solution was triturated using increasingly smaller serological
pipettes (25 mL, 10 mL, 5 mL, and 1 mL) for a total digestion time
of 1 h. After enzymatic digestion of the muscle tissue, filtered samples
were incubated at 4°C with anti-mouse CD16/CD32 (1 �g per 106

cells; 14-0161-81; eBioscience, San Diego, CA) for 10 min to block
nonspecific Fc-mediated interactions. Cells were incubated with a
cocktail of monoclonal antibodies NG2-FITC (AB5320A4; EMD
Millipore, Billerica, MA), CD45-APC (559864; BD Bioscience, San
Jose, CA), CD31-APC (551262; BD Bioscience), CD140a-Pacific
Blue (562774; BD Bioscience), and CD146-PE (134703; Biolegend,
San Diego, CA), diluted in a 1% fetal bovine serum (FBS) solution.
Flow cytometry analysis was performed using a BD LSRFORTESSA
X-20 System. Fluorescence-activated cell sorting (FACS) was per-
formed using a BD FACS ARIA II located at the Edward R. Madigan
Laboratory (ERML, Urbana, IL). CD146�CD45-CD31� (CD45�

CD31� � Lineage negative, or Lin�), NG2� Lin�, and CD140a
(PDGFR�)�Lin� cells were collected in Buffer RLT buffer (Qiagen,
Germantown, MD) and frozen at �80°C for gene expression. For both
flow cytometry analysis and FACS, gates were established and com-
pensation performed using unstained, single stain, fluorescence minus
one controls. For FACS, the initial mononuclear cell population
(P1) is selected to remove debris, electronic noise and doublets
(Fig. 1A), followed by selection of the lineage negative fraction
(Lin� � CD45�CD31�; P2) based on single staining, then this gate
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is applied when selecting our cell type of interest after single staining
for CD146, NG2, or PDGFR� (P3).

Gene Expression

RNA isolation and cDNA synthesis. RNA was extracted from cell
lysates using RNeasy Micro Kit (Qiagen), following the manufactur-
er’s instruction. Quantity and quality of isolated RNA was assessed in
duplicate on a Take-3 application plate using a Synergy H1 Hybrid
Multi-Mode Microplate Reader (BioTek, Winooski, VT). A starting
RNA concentration of at least 10 ng was used to perform reverse
transcription via the High Capacity cDNA Reverse Transcription Kit
(Life Technologies, Grand Island, NY) per manufacturer’s instruc-
tions.

cDNA preamplification and quantitative PCR. Preamplification of
cDNA was completed using TaqMan PreAmp Master Mix Kit (Life
Technologies) and inventoried Taqman primers (Applied Biosystems,
Grand Island, NY). Each reaction was amplified for 14 cycles using a
thermo-cycler (ABI Geneamp 9700; Life Technologies). Quantitative
(q)PCR was performed using the 7900HT Fast Real-Time PCR
System with Taqman Universal PCR Master Mix (Applied Biosys-
tems). All genes were normalized to glyceraldahyde-3-phosphate
dehydrogenase (Gapdh), which remained unchanged by the experi-
mental procedure, and expressed relative to corresponding control

condition. Gene expression data are presented using the ��Ct method
with cycle threshold (Ct) replicate values within 0.5 Ct units. Primer
information and gene expression assay ID numbers used in this study
are provided in Table 1.

RNA sequencing

RNA was extracted from cell lysates using miRNeasy Mini Kit
(Qiagen), following the manufacturer’s instruction (RNAs �18 nt).
Quantity and quality of isolated RNA were assessed in duplicate on a
Take-3 application plate using a Synergy H1 Hybrid Multi-Mode
Microplate Reader (BioTek, Winooski, VT), as well as with a bio-
analyzer (2100; Agilent Technologies, Santa Clara, CA). RNA se-
quencing (RNA-Seq) libraries were prepared with the SMARTer
Stranded Total RNAseq Kit v2 Pico Input Mammalian (Clontech,
Mountain View, CA). The libraries were quantitated by qPCR and
sequenced on 1 lane for 101 cycles from one end of the fragments on
a HiSeq 4000 using a HiSeq 4000 sequencing kit version 1. Fastq files
were generated and demultiplexed with the bcl2fastq vs2.17.1.14
conversion software (Illumina, San Diego, CA). Quality check of the
raw data of the individual samples was performed by using FASTQC
version 0.11.5. Average per-base read quality scores were over 30 in
all samples, and no adapter sequences were found, suggesting high-
quality reads. Salmon (version 0.8.2) was used to quasi-map reads to
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Fig. 1. Muscle-resident interstitial cell quantity is not significantly altered 24 h following acute contraction. A: 15- to 17-wk-old mice were subjected to an acute
bout of bilateral electrical stimulation (e-stim), which induces concentric and eccentric contractions of the hindlimb muscles. Gastrocnemius-soleus complexes
were harvested at 24 h post e-stim and processed for multicolor flow cytometry. NG2, neuron-glial antigen 2; PDGFR�, platelet-derived growth factor receptor-�.
Gates were established and compensation performed using unstained, single stain, fluorescence minus one controls. Representative flow cytometry plots
demonstrate the gating strategy for identification of NG2�Lin-, CD146� Lin-, and PDGFR��Lin� perivascular stem/stromal cells. B: gating strategy. C: relative
cell quantity in sham and stimulated skeletal muscle. D: the relative percentage of cells expressing CD45 and/or CD31 (Lin). NG2� and PDGFR�� cells
minimally express Lin. E: percentage of NG2�Lin� pericytes expressing CD146. F: percentage of CD146�Lin� pericytes expressing NG2. G: percentage of
NG2�Lin� cells expressing PDGFR�. Values are means 	 SE (n � 4–5). *P 
 0.05 vs. sham.
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the transcript sequences from Gencode’s GRCm38, release M17. The
percentage of reads mapped to the transcriptome ranged from 35.65 to
47.26%. To investigate why Salmon was unable to map large per-
centages of reads, we performed traditional genome alignment on all
reads using STAR (version 2.5.3a) to count the number of reads that
did not map anywhere to the genome. To estimate the number of
intronic reads, we used a modified gtf file designating the intron
regions and featureCounts from Subread (version 1.5.2) with –fra-
cOverlap 0.51 to only count reads that had at least 50.1% of their
length aligned within introns. The number of intergenic reads was
estimated by subtracting off the numbers of unaligned reads and
intronic reads from the number of reads Salmon failed to map to the
transcriptome. The number of reads Salmon did align to the transcrip-
tome (17.5–23.7 million in each sample) was still sufficient for the
statistical analysis. Files were uploaded to the Gene Expression
Omnibus database (accession number GSE122628).

Pericyte Differentiation Assays

For evaluation of myogenic differentiation, CD146�Lin� and
NG2�Lin� pericytes were isolated from nonstimulated muscles (6
donor mice, 12 gastrocnemius-soleus complexes per pericyte type) as
described above and grown to 100% confluence in Dulbecco’s mod-
ified Eagle’s medium (DMEM) with 4.5 g/L L-glutamine and sodium
pyruvate containing 10% FBS at 37°C, 5% CO2 with media changes
every 3 days. Upon achieving 100% confluence, cells were differen-
tiated in DMEM with 4.5 g/L L-glutamine and sodium pyruvate
containing 2% horse serum (HS) at 37°C, 5% CO2 with media
changes every 3 days. Following 30 days of myogenic differentiation,
cells were fixed in 4% paraformaldehyde for 30 min at 4°C. The cells
were then washed with PBS, blocked for 1 h in 10% horse serum and
stained with MF 20 antibody (1:50 dilution, 1% HS) and Alexa Fluor

633 secondary antibody (1:100 dilution, 1% HS). For evaluation of
multilineage potential, mouse bone marrow-derived mesenchymal
stem cells (BM-MSCs; Passage 26; American Type Culture Collec-
tion, Manassas, VA) served as positive controls (seeded at ~33 � 103

cells/well on six-well laminin-coated BioFlex culture plates). Peri-
cytes and BM-MSCs were placed in StemXVivo Osteogenic/Adipo-
genic Base Media (R&D Systems, Minneapolis, MN) for 48 h and
then expanded to the desired level of confluence in DMEM with 4.5
g/L L-glutamine and sodium pyruvate containing 10% FBS at 37°C,
5% CO2. For osteogenic differentiation, cells were grown to 70%
confluence and medium was changed to StemXVivo Osteogenic/
Adipogenic Base Media containing StemXVivo Osteogenic Supple-
ment (R&D Systems) (n � 3). Medium was changed every 3 days.
Following 16 days of osteogenic differentiation, cells were fixed with
4% paraformaldehyde for 1 h at room temperature. The cell layer was
washed twice with PBS and stained with 2% (wt/vol) Alizarin Red S
(Sigma-Aldrich, St. Louis, MO) solution for 2 min. For adipogenic
differentiation, cells were grown to 100% confluence and medium was
changed to StemXVivo Osteogenic/Adipogenic Base Media contain-
ing StemXVivo Adipogenic Supplement (R&D Systems) (n � 3).
Medium was changed every 3 days. Following 12 days of adipogenic
differentiation, cells were fixed with 4% paraformaldehyde for 1 h at
room temperature. The cell layer was washed twice with PBS and
once with 60% isopropanol and then stained with working Oil Red O
solution for 5 min. Cells were washed four times with distilled H2O.
Cells were imaged using a light microscope (Axiovert 200; Carl
Zeiss) with accompanying camera (AxioCam MRc; Zeiss) and soft-
ware package (AxioVs40 version 4.8.2.0).

In Vitro Mechanical Strain

CD146�Lin� and NG2�Lin� pericytes were isolated from non-
stimulated muscles as described above and expanded to 90% conflu-
ence on uncoated plastic tissue culture dishes. After a 1-wk recovery
and expansion period, each cell type was detached using Accutase
enzyme solution (Millipore Sigma) and seeded onto two, six-well
laminin-coated BioFlex culture plates (Flexcell International, McK-
eesport, PA; 10 � 104/well for CD146�Lin� and 30 � 103/well for
NG2�Lin� cells; n � 6 unstrained; n � 6 strained). Cells were
incubated in 1� high glucose DMEM with 10% FBS and 1% P/S for
3–4 days to allow for sufficient cell attachment. After 3–4 days, cells
were washed with PBS and switched to serum-free high glucose
DMEM. Equibiaxial mechanical strain (10%, 1 Hz) was applied to
cells for 1 h using a FX-4000 Flexercell strain unit (Flexcell Interna-
tional) (25). Cells maintained under static conditions were used as
unstrained controls. To determine if strain was an essential require-
ment for myogenesis, the differentiation experiment described above
was repeated following nonstrain and strain conditions. In a separate
experiment, conditioned medium was collected from both pericyte
types 24 h poststrain. C2C12 cells were grown in DMEM with 4.5 g/L
L-glutamine and sodium pyruvate containing 10% FBS at 37°C, 5%
CO2 with media changes every 3 days. Upon achieving 100% con-
fluence, cells were differentiated in DMEM with 4.5 g/L L-glutamine
and sodium pyruvate containing 2% HS at 37°C, 5% CO2 with media
changes every 3 days until myotubes were fully formed. Conditioned
media from each pericyte type (unstrained conditioned medium was
pooled and applied to myotubes, strained conditioned medium was
pooled and applied to myotubes) were added to each well containing
C2C12-derived myotubes (n � 4), and then images of myotubes were
obtained at 24 h and myotube diameter was evaluated using Photo-
shop CS5. Each myotube was measured in 3 distinct nonoverlapping
areas to determine the mean diameter and up to 100 myotubes were
measured per well.

Pericyte Transplantation and Training Study

CD146�Lin� pericytes were isolated from four donor animals (8
quadricep, 8 TA and 8 gastrocnemius-soleus complexes in total) as

Table 1. Primer information and gene expression assay ID
numbers

Gene Symbol Gene Name Assay ID

Ang Angiogenin Mm00833184_s1
Bdnf Brain-derived neurotrophic factor Mm00833184_s1
Col1a1 Collagen type I � 1 chain Mm00801666_g1
Col3a1 Collagen type III �1 chain Mm01254476_m1
Col6a3 Collagen type VI �3 chain Mm00711678_m1
Ebf1 Early B cell factor 1 Mm00432954_m1
Egf Epidermal growth factor Mm00438696_m1
Fgf2 Fibroblast growth factor 2 Mm01285715_m1
Fndc5 Fibronectin type III domain

containing 5
Mm01181543_m1

Hgf Hepatocyte growth factor Mm01135184_m1
Igf1 Insulin like growth factor 1 Mm00439560_m1
Igf2 Insulin like growth factor 2 Mm00439564_m1
Lama2 Laminin subunit � 2 Mm00550083_m1
Lif Leukemia inhibitory factor Mm00434762_g1
Mmp2 Matrix metallopeptidase 2 Mm00439498_m1
Mmp9 Matrix metallopeptidase 9 Mm00442991_m1
Mmp14 Matrix metallopeptidase 14 Mm00485054_m1
Myf5 Myogenic factor 5 Mm00435125_m1
Myod1 Myogenic differentiation 1 Mm00440387_m1
Myog Myogenin Mm00446194_m1
Ngf Nerve growth factor Mm00443039_m1
Ntf3 Neurotrophin 3 Mm00435413_s1
Pax3 Paired box 3 Mm00435491_m1
Pax7 Paired box 7 Mm01354484_m1
Pparg Peroxisome proliferator activated

receptor-�
Mm00440940_m1

Tcf4 Transcription factor 4 Mm00443210_m1
Timp1 TIMP metallopeptidase inhibitor 1 Mm01341361_m1
Timp2 TIMP metallopeptidase inhibitor 2 Mm00441825_m1
Vegfa Vascular endothelial growth factor A Mm00437306_m1
Zfp423 Zinc finger protein 423 Mm00677660_m1
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described above and expanded to 90% confluence on uncoated plastic
tissue culture dishes (~1 wk). Pericytes were bilaterally injected into
TA (~25,000 cells in 20 �L PBS) and gastrocnemius (~40,000 cells in
40 �L PBS) muscles of 4-mo-old mice (“CD146�”). Cells were
distributed longitudinally across the muscle as the syringe was re-
moved. A separate group of mice were unilaterally injected with PBS
as a control (“PBS”). A third group of mice received no treatment
(“Control”; no injection, no e-stim). Pericyte and PBS injected mice
were subjected to unilateral e-stim immediately postinjection as de-
scribed above. Mice received e-stim treatment a total of 2 days/wk, for
a total of 4 wk (8 sessions total). Twenty-four hours following the
final stimulation, muscles were weighed and rapidly frozen in liquid
nitrogen-cooled isopentane and stored at �80°C.

Skeletal Muscle Immunofluorescence and Image Analyses

Transverse sections (10 �m nonserial, separated by at least 50 �m)
were obtained for immunofluorescence analyses. Muscle sections
were fixed in ice-cold acetone for 15 min and washed with 1� PBS.
Sections were blocked for 1 h at room temperature with AffiniPure
Fab Fragment goat anti-mouse IgG (H�L) (55 �g/mL, no. 115-007-
003; Jackson ImmunoResearch Laboratories, West Grove, PA) in 5%
bovine serum albumin (BSA) and 0.05% Tween 20 in 1� PBS.
Primary and secondary antibodies were applied for 1 h, and then,
sections were stained with 4=,6-diamidino-2-phenylindole (DAPI;
1:20,000; Sigma-Aldrich) to identify nuclei. To assess myofiber
cross-sectional area (CSA) and muscle capillarization, sections were
incubated with rat anti-mouse CD31 (Clone 390) (1:100; no. 14-0311-
82; Thermo Fisher Scientific) and rabbit anti-mouse dystrophin (1:
100; Abcam, Cambridge, MA; ab15277). Fiber type-specific CSA
was also evaluated using mouse IgG2b monoclonal anti-type 1
MHC (clone BA-D5, 1:20), mouse IgG1 monoclonal anti-type 2a
MHC (clone SC-71, 1:50), mouse IgM monoclonal anti-type 2b MHC
(clone BF-F3, 1:50), and mouse IgM monoclonal anti-type 2� MHC
(clone 6H1, 1:20) antibodies (Developmental Studies Hybridoma
Bank, Iowa City, IA). To assess collagen accumulation, sections were
incubated with rabbit anti-mouse collagen type I (1:100; ; ab34710;
Abcam). To assess ECM remodeling, sections were incubated with
collagen hybridizing peptide (F-CHP) (20 �M concentration, 3Helix,
no. FLU300). TA F-CHP content was quantified using a threshold
intensity program from ImageJ. For all analyses, tissue sections were
visualized using an inverted fluorescent microscope and five random
images were acquired at 20X magnification with a Zeiss Axiocam
digital camera and Axiovision software (Zeiss, Thornwood, NY). To
quantify myofiber CSA, images were imported into Adobe Photoshop
(CS5 Extended) and a minimum of 200 fibers were circled using the
magnetic lasso tool. Muscle capillarization was assessed as described
previously (25). TA collagen content was quantified with a threshold
intensity program from ImageJ. RGB channels were separated, and
then, the red channel threshold was set to remove background to
determine the percentage of collagen observed within each imaged
muscle section.

Statistical Analysis

Data are presented as means 	 SE. To determine significance,
comparisons between groups were evaluated by either an unpaired t
test (acute e-stim flow cytometry and gene expression experiments),
one-way ANOVA (pericyte transplantation and training experiment),
or two-way ANOVA (myotube diameter experiment). For myotube
diameter, a two-way repeated measures ANOVA with time (pre vs.
post) as repeated measures (or within-subjects) factor and treatment
as between subjects factor was completed. Data were considered
significant at P � 0.05. All calculations were performed with Graph-
Pad Prism statistical software (6.0; GraphPad Software, San Diego,
CA). For the RNA-Seq experiment, TMM normalization (41) was
performed to adjust for biases in RNA composition. The detection
threshold was set � 0.5 counts/min in � 3 samples, resulting in the

filtering of 27,353 genes and leaving 26,363 genes to be analyzed for
differential expression. Surrogate variable analysis (29, 30) was per-
formed to remove or control unknown/batch effects that might ob-
scure the detection of DE. DE analysis between unstimulated (sham)
and stimulated pericytes (e-stim) was performed using edgeR’s quasi-
likelihood pipeline (10). False discovery rate (FDR) correction was
used; because only one gene met the traditional threshold of 
 0.05,
we increased the “significance” threshold to 0.5 to assess a larger list
of genes that showed the most evidence for differential expression,
albeit at a higher false positive rate.

RESULTS

Muscle-Resident Interstitial Cell Quantity Is Not Altered
Following Acute Contraction

Characterization of force output and extent of muscle fatigue
during an acute bout of e-stim is provided in Supplemental Fig.
S1 (all Supplemental Material is available at https://doi.org/
10.6084/m9.figshare.9693524.v1). Figure 1, A and B, illus-
trates the gating of various mononuclear cell populations in
skeletal muscle following an acute bout of e-stim, including
NG2� and CD146� pericytes, PDGFR� FAPs, and the com-
bined CD45/CD31 hematopoietic and endothelial cell fraction
(abbreviated Lineage Positive or “Lin”). Two subpopulations
of mononuclear cells were evident for CD146� cells, including
one population that exhibited low expression and another
that exhibited high expression for CD146 (data not shown).
CD146�Hi and CD146�Lo cells were evaluated together as one
population. The relative baseline percentages of each mononu-
clear cell population are reported after exclusion of Lin�

cells: 5.5 	 1.6% for NG2�Lin� cells, 57.4 	 6.5% for
CD146�Lin� cells, and 13.5 	 2.6% for PDGFR��Lin� cells
(Fig. 1C). The relative quantity of mononuclear cells did not
change 24 h following an acute bout of e-stim (Fig. 1C).
However, a nonsignificant trend toward an increase in the
percentage of CD146�Lin� (P � 0.0658) pericytes was ob-
served following acute e-stim compared with sham controls
(Fig. 1C).

Multiplex flow cytometry was also used to assess changes
in cell surface marker expression as a result of muscle con-
traction (Fig. 1, D–G). Lin was minimally expressed by NG2�

(5.3 	 1.5%) and PDGFR�� (3.7 	 1.1%) cells, whereas
46.8 	 12.1% of CD146 pericytes expressed Lin, under base-
line conditions (Fig. 1D). Nearly all NG2�Lin� pericytes
(94.3 	 1.1%) expressed CD146 (Fig. 1E), whereas only
8.7 	 1.8% of CD146�Lin� pericytes expressed NG2 (Fig.
1F), suggesting that NG2� pericytes represent a sub-popula-
tion of the larger CD146� pericyte fraction. Whereas
51.3 	 5.4% of NG2�Lin� pericytes expressed PDGFR� (Fig.
2G), only 14.1 	 2.9% of CD146�Lin� pericytes expressed
PDGFR� (data not shown), suggesting preferential expression
of PDGFR� in NG2� compared with CD146� pericytes.
Acute e-stim did not alter any of these percentages, with the
exception of the percentage of NG2 cells expressing CD146,
which increased from 94.3 to 97.4% (P 
 0.05).

Muscle-Resident Interstitial Cells Differentially Respond to
Acute Contraction

Muscle resident interstitial cell gene expression was as-
sessed 3 and 24 h following acute contraction (Figs. 2–4).
We targeted genes relevant to myofiber repair/growth and
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vascular remodeling (GF/VAS), extracellular matrix remodel-
ing (ECM), myogenesis (MYO), fibroadipogenesis (FA), and
nerve repair/neurogenesis (NEURO). Several genes were not
expressed in NG2�Lin� pericytes under sham conditions or 3
h poststimulation, including leukemia inhibitory factor (Lif),
hepatocyte growth factor (Hgf), epidermal growth factor (Egf),
matrix metalloproteinase-9 (Mmp9), myogenic differentiation
1 (Myod), myogenic factor 4 (Myogenin), peroxisome prolif-
erator-activated receptor-� (Pparg; adipogenic differentiation),
zinc finger protein 423 (Zfp423; adipogenic differentiation),
and brain-derived neurotrophic factor (Bdnf). However, fibro-
blast growth factor 2 (Fgf2) (P 
 0.05) and angiogenin (Ang)
(P 
 0.05) gene expression was significantly increased at 3 h

poststimulation, as well as the tissue inhibitor of metallopro-
teinase-1 (Timp1) (P 
 0.05) (Fig. 2A). Myogenic (Myod and
Myogenin) and adipogenic (Pparg) gene expression remained
unamplified and Timp1 (P 
 0.05) was sustained at 24 h
poststimulation (Fig. 2B).

Similar to NG2�Lin� pericytes, Fgf2 gene expression
was increased in CD146�Lin� pericytes at 3 h poststimu-
lation (P � 0.05), as well as several genes related to ECM
remodeling, including Timp1 (P 
 0.05), Timp2 (P � 0.05),
Mmp2 (P � 0.05), Mmp14 (P 
 0.05), and collagen type 1,
�1 (Col1a1) (P 
 0.05) (Fig. 3A). Nerve growth factor (Ngf)
was also increased at 3 h poststimulation (P 
 0.05). While
most ECM-related gene expression returned to sham values
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Fig. 2. Impact of muscle contraction on neuron-glial antigen 2-positive lineage-negative (NG2�Lin�) pericyte gene expression. Mice (15-to 17 wk old) were
subjected to a single bout of electrical stimulation (e-stim). Gastrocnemius-soleus complexes were harvested and processed 3 h (A) and 24 h (B) post e-stim for
isolation of pericytes by FACS and targeted analysis of gene expression using quantitative PCR. Genes are categorized by function, including factors related to
tissue growth and vascular remodeling (GF/VAS), extracellular matrix remodeling (ECM), myogenesis (MYO), and neurogenic support (NEURO). Values are
means 	 SE (n � 3–6). *P 
 0.05 vs. sham.
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at 24 h poststimulation, Ang (P 
 0.05) and fibronectin type
III domain-containing protein 5 (Fndc5) (P 
 0.05) in-
creased 24 h poststimulation (Fig. 3B). Adipogenic gene
expression (Pparg, early B cell factor-1 [Ebf1], Zfp423) was
detected in CD146�Lin� pericytes but not significantly
altered at either time point poststimulation (Fig. 3B).

Very few genes amplified or were differentially regulated
in PDGFR��Lin� FAPs at 3 or 24 h poststimulation (Fig. 4,
A and B). Variability in gene expression was high at both
time points. The exception was that both Ebf1 and Zfp423
were downregulated with stimulation, and a significant de-
crease was detected for Ebf1 gene expression at 24 h (P 

0.05; Fig. 4B). These data are consistent with previous in

vitro data that demonstrate the ability for mechanical strain
to inhibit adipogenic gene expression in mesenchymal stem
cells (44). Transcription factor 4 (Tcf4), a fibroblast marker,
was also significantly decreased as a result of acute e-stim
(P 
 0.05) (Fig. 4B).

Contraction Stimulates Muscle-Resident CD146�Lin�

Pericytes to Synthesize RNAs that Regulate the Immune
System and ECM Remodeling

The results from targeted gene expression analyses sug-
gested that CD146�Lin� pericytes were highly responsive
to the stimulus of acute contraction. To further elucidate the
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Fig. 3. Impact of muscle contraction on CD146�Lin� pericyte gene expression. Mice (15-to 17 wk old) were subjected to a single bout of electrical stimulation
(e-stim). Gastrocnemius-soleus complexes were harvested and processed 3 h (A) and 24 h (B) post e-stim for isolation of pericytes by FACS and targeted analysis
of gene expression using quantitative PCR. Genes are categorized by function, including factors related to tissue growth and vascular remodeling (GF/VAS),
extracellular matrix remodeling (ECM), myogenesis (MYO), adipogenesis (ADIPO), and neurogenic support (NEURO). Values are means 	 SE (n � 3–6).
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CD146�Lin� pericyte response to acute contraction, RNA
sequencing (RNA-Seq) was performed on CD146�Lin�

pericytes isolated from sham controls (unstimulated) and
mice 3 h following an acute bout of e-stim. The percentage
of reads aligned to the transcriptome ranged from 35.7 to
47.3% (data not shown), which is lower compared with
other RNA-Seq experiments on mouse (usually 90%). Tra-
ditional genomic alignment showed that 13.1 to 29.6% did
not align anywhere in the genome, 25.9 to 33.2% aligned
within introns and 4.8 –14.0% aligned between genes. The
high percentage of intronic reads suggests an abundance of
pre-mRNAs due to a high rate of transcription (1). The
unmapped reads were discarded before further analysis.
Using a modified FDR rate of 0.5, 329 genes were differ-

entially expressed as a result of e-stim (Fig. 5). A total of
172 genes were upregulated by contraction, including genes
important for adhesion and migration (Ccl17, Thbs1, Ccl7,
Sned1, Ccr7, Selp, and Ncam), immunomodulation (Il1rn,
Ptx3, Cxcl3, Ccl17, Hmox1, Lcn2, Acod1, Tlr13, Cxcl2,
Csf1, Ccr1, Il1b, Trem1, Lilrb4, S100a9, Ccl7, Cxcr5,
Lilrb4a, Lifm, S100a8, Ltf, Il33, Cd14, Il1r2, Il5, Ackr2, and
Csf3r), ECM remodeling (Ptx3, Fgl2, Serpine1, Col18a1,
Mmp8, Adamts4, Mmp19, Thbs1, and Mmp14), and angio-
genesis (Thbs1). In contrast, 157 genes were downregulated
by contraction, including genes that control cellular prolif-
eration (Fos, Fosb, Src, Egr3, and Prc1). A list of the top 25
differentially expressed genes is presented in Table 2.
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fibroadipogenesis (ADIPO), and neurogenic support (NEURO). Values are means 	 SE (n � 3–6). *P 
 0.05 vs. sham.
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Muscle-Derived CD146�Lin� Pericytes Secrete Factors in
Response to In Vitro Mechanical Strain that Positively
Influence Myotube Growth

During recovery from FACS, adherent NG2�Lin� and
CD146�Lin� pericytes were evaluated daily for morphology
by bright-field microscopy. Morphological differences were
evident. CD146�Lin� pericytes exhibited a traditional fibro-
blast-like structure, whereas NG2�Lin� remained punctate
(Fig. 6A). Despite prior reports that pericytes possess myogenic
potential in culture and in vivo (4, 42), neither pericyte type
formed myotubes or positively stained for myosin heavy chain

following exposure to differentiation media, even after ex-
tended incubation (30 days) (data not shown). CD146�Lin�

pericytes were also subjected to an acute bout of in vitro
mechanical strain using a Flexcell system before differentia-
tion, but stimulation similarly failed to initiate myotube for-
mation (data not shown). Muscle-resident CD146�Lin� peri-
cytes also did not exhibit adipogenic or osteogenic potential on
standard plastic culture dishes. BM-MSCs served as controls
for these experiments and appropriately differentiated into
adipocytes and osteocytes under nonstrained conditions, as
confirmed by the presence of lipid vacuoles and calcium
deposits, respectively (Fig. 6B). In BM-MSC-positive controls,
~40% of cells within each well displayed red-stained lipid
droplets, while 80–90% of each well exposed to osteogenic
differentiation media stained positive for mineralization with
Alizarin Red S.

To evaluate the capacity for pericytes to influence myofiber
growth via secretion of paracrine factor, NG2�Lin� and
CD146�Lin� pericytes were isolated by FACS, recovered on
plastic culture dishes for 1 wk, transferred to dishes compatible
with a Flexcell system (laminin-coated silicone membranes),
and subjected to a single bout of mechanical strain (Fig. 6C).
NG2�Lin� conditioned media did not alter myotube diameter
(Fig. 6D). In contrast, addition of strained conditioned media
from CD146�Lin� cells significantly increased myotube di-
ameter (time � treatment interaction, P � 0.06; time main
effect, P 
 0.05; treatment main effect, P 
 0.05; Fig. 6, E
and F).

Muscle-Derived CD146�Lin� Pericytes Contribute to
Skeletal Muscle Remodeling in Response to Training

Overall, CD146�Lin� pericytes demonstrated the greatest
capacity for induction of muscle growth in response to con-
traction. Thus an in vivo injection study was conducted to

Table 2. Top 25 differentially expressed genes

Gene Symbol Fold Change
FDR

P Value

Kcnh3 �17.1932 0.018404
Kcnd3 �13.9631 0.05408
Mt1 5.447944 0.06271
Ighg3 �14.7743 0.123321
Il1rn 5.489686 0.135965
Gm2026 34.35529 0.135965
Fosb �2.97013 0.135965
Rasgef1b �3.02143 0.135965
Map3k6 4.117265 0.135965
Zbtb16 5.436701 0.135965
Kbtbd11 3.145345 0.135965
Fkbp5 4.333237 0.135965
Gm15927 6.509305 0.135965
Ptx3 11.05306 0.135965
Akap12 2.664333 0.135965
Cxcl3 9.384394 0.141689
Ccl17 9.327709 0.141689
Gm10714 �4.33978 0.141689
Mt2 14.93578 0.159589
Fras1 �6.73273 0.159589
Thbs1 3.428286 0.159589
Rpl34-ps1 �5.77996 0.159589
Hmox1 5.773782 0.159589
Dock3 �4.48992 0.159589

FDR, false discovery rate.

Fig. 5. Muscle-derived CD146�Lin� pericytes synthesize RNAs that regulate
extracellular matrix (ECM) remodeling and the immune system following
muscle contraction. Mice (15-to 17 wk old) were subjected to a single bout of
electrical stimulation (e-stim; n � 3 per group). Hindlimb muscles were
harvested and processed 3 h post e-stim for isolation of CD146�Lin� by FACS
and RNA-sequencing (RNA-seq). RNA-Seq libraries were prepared and se-
quenced on a HiSeq 4000. Salmon (version 0.8.2) was used to quasi-map reads
to the transcriptome. 329 genes were differentially expressed by pericytes
following muscle contraction (E-Stim) compared with control conditions
(Sham) using a modified false discovery rate of 0.5.

C1019MUSCLE CONTRACTION AND PERICYTES

AJP-Cell Physiol • doi:10.1152/ajpcell.00156.2019 • www.ajpcell.org
Downloaded from journals.physiology.org/journal/ajpcell at Univ of Illinois (128.174.226.086) on March 12, 2020.



assess their contribution to adaptation and remodeling in re-
sponse to training. CD146�Lin� pericytes were bilaterally
transplanted into TA and gastrocnemius muscle and subse-
quently subjected to 4 wk of of electrical stimulation (Fig. 7A).
Pericyte transplantation did not significantly increase the mean
fiber CSA compared with controls (Fig. 7B), yet a trend was
noted for an increase in the percentage of fibers ranging greater
3,000 �m2 in the TA muscle (P � 0.058) (Fig. 7C). No
significant differences in mean fiber CSA were detected in the
TA based on fiber type (Supplemental Fig. S2A). In the
gastrocnemius muscle, a trend for an increase in the mean fiber
CSA was detected (P � 0.108; Supplemental Fig. S2B). ECM
remodeling was assessed in the TA by detection of total
collagen and degraded collagen (Fig. 7, D and E). While no
differences were noted in total collagen content between
groups (Fig. 7D), collagen degradation was significantly in-
creased in muscles that received pericyte transplantation (P 

0.05; Fig. 7E). Capillary density and the capillary:fiber ratio
were also increased with pericyte transplantation compared
with controls (Fig. 7, F and G; P 
 0.05). In addition, the
difference in peak torque between the beginning and end of
study was significantly increased with pericyte treatment com-
pared with controls (Fig. 7H; P 
 0.05).

DISCUSSION

It is well established that repeated bouts of resistance exer-
cise lead to beneficial structural and functional gains in human
skeletal muscle, such as myofiber hypertrophy and increased
strength (13). The current study was designed to evaluate
muscle-resident interstitial cell responses to an electrical stim-
ulation protocol that replicates resistance exercise and subse-
quently assess a role for pericytes in skeletal muscle adapta-
tion. While no changes were noted in relative cell quantity
following acute e-stim, cellular function based on gene expres-
sion was differentially regulated. Notably, CD146�Lin� peri-
cytes were sensitive to acute contraction and demonstrated
enhanced potential for engagement in ECM remodeling, an-
giogenesis, and immunomodulation following contraction. In
vivo transplantation studies in combination with repeated
sessions of contraction suggest an important role for
CD146�Lin� pericytes in adaptation, including increased
ECM remodeling, vascular growth, and strength. Thus this
study provides the first demonstration that CD146�Lin�

pericytes are responsive to muscle contraction and may
subsequently contribute to exercise-mediated skeletal mus-
cle adaptation.
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Fig. 6. Muscle-derived CD146�Lin� pericytes secrete factors in response to in vitro mechanical strain that positively influence myotube growth. Neuron-glial
antigen 2-positive lineage-negative (NG2�Lin�) and CD146�Lin� pericytes were isolated from unstimulated mouse muscle by fluorescence-activated cell
sorting. A: morphology of pericytes after 1 wk in culture. Whereas NG2�Lin� pericytes demonstrate a punctate shape, CD146�Lin� pericytes exhibit a
fibroblast-like morphology. B: pericytes and bone marrow-derived MSCs (BM-MSCs) were plated on plastic culture dishes and evaluated for differentiation
capacity. Pericytes did not demonstrate capacity for myogenesis, adipogenesis, or osteogenesis (not shown). Control BM-MSCs display capacity for adipogenesis
based on Oil Red O Staining (top) and osteogenesis based on Alizarin Red S staining (bottom); n � 3. C: muscle-resident pericytes were subjected to a single
bout of in vitro mechanical strain using a Flexcell System (laminin-coated plates, 10% strain, 1 Hz, 1 h). FACS, fluorescence-activated cell sorting. D and E:
24 h following in vitro mechanical strain, pericyte-derived conditioned media (CM; strained or no strain control) was collected and subsequently added to mature
myotubes in culture. Whereas addition of NG2�Lin� CM did not influence myotube growth (D), CD146�Lin� CM significantly increased myotube growth (E)
at l day (1D) postincubation. F: myotube size distribution is provided for cells exposed to CD146�Lin� conditioned media. ^ Time main effect, P 
 0.05;
#treatment main effect, P 
 0.05. Values are means 	 SE (n � 4).
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NG2 and CD146 are integral cell surface proteins that are
expressed by a variety of mononuclear cell types in muscle,
including endothelial cells and various immune cells (2, 7).
Thus a sorting strategy was optimized in this study to isolate
muscle-resident interstitial cells after exclusion of CD31�

endothelial and CD45� hematopoietic/immune cells (desig-
nated as the lineage/Lin negative fraction). Exclusion of both
CD31 and CD45 on the same channel does not allow estima-
tion of individual endothelial cell or immune cell quantity or
the individual relative percentage expression within each peri-
cyte fraction, yet combining does prevent spectral overlap
commonly associated with multiplexing. Regardless of this
minor limitation, minimal expression of CD31/CD45 in NG2�

pericytes and PDGFR�� FAPs was confirmed and the relative
percentage of both populations in skeletal muscle was low
(
10%). In contrast, high expression of CD31/CD45 was
observed in CD146� cells and the relative percentage of
CD146�Lin� cells was high (~60%), highlighting the need to
perform the CD31/CD45 exclusion step before further analysis
of CD146� pericytes. The marked difference in baseline NG2�

and CD146� pericyte relative percentages prompted us to
examine coexpression of the different pericyte cell surface
markers, which to our knowledge has not been previously

reported. Minimal expression of NG2 was observed in the
CD146�Lin� fraction, yet predominant CD146 expression was
observed in the NG2�Lin� fraction (90%), suggesting that
NG2� pericytes represent a subfraction of CD146� pericytes.
The relative quantity of each cell population remained stable
and was not significantly altered in response to acute muscle
contraction. These data are consistent with our prior results in
humans, which demonstrated a lack of change in the relative
NG2� cell quantity 24, 48, and 168 h following acute resis-
tance exercise (14).

Significant modification of gene expression was observed
for both pericyte types at 3 and 24 h following acute e-stim.
Targeted gene expression, rather than use of an unbiased high
throughput screen, was initially pursued due to the multiple
cell types and time points evaluated in the current study. Genes
were chosen based on previously published studies that have
established an important role for pericytes in paracrine factor
secretion and myogenic differentiation (15, 42, 50, 53). In the
current study, paracrine factor gene expression was generally
higher in both pericyte types at 3 h postacute e-stim compared
with 24 h. For example, Fgf2 and Ang gene expression was
significantly increased in NG2� pericytes, suggesting a role for
both in the rapid initiation of exercise-induced arteriogenesis
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Fig. 7. Muscle-derived CD146�Lin� pericytes contribute to skeletal muscle remodeling in response to training. A: experimental design for CD146� pericyte
transplantation and training study. CD146�Lin� pericytes were isolated from unstimulated mouse hindlimb muscle by fluorescence-activated cell sorting.
Pericytes were bilaterally injected into tibialis anterior (TA) and gastrocnemius muscles of 16-wk-old mice (“CD146�”). A separate group of mice were injected
with PBS as a control (“PBS”). A third group of mice received no treatment [“Control”; no injection, no electrical stimulation (e-stim)]. Pericyte and PBS-injected
mice were exposed to unilateral e-stim immediately postinjection. E-stim treatment was applied 2 days/wk, for a total of 4 wk (8 sessions total). Twenty-four
hours following the final stimulation, muscles were harvested and prepared for immunofluorescence analysis. B–H: the following analyses are reported for the
TA muscle: mean fiber cross-sectional area (CSA; B), minimum 200 fibers analyzed per section, fiber size distribution (C), collagen type 1 content (D), collagen
degradation based on collagen hybridizing peptide (CHP) assay (E), capillary density (F), capillary to fiber ratio (C:F; G), and change in peak torque (H) from
beginning to end of study. Values are means 	 SE (n � 6). *P 
 0.05 vs. Control and PBS.
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previously observed in mice (25) or angiogenesis observed in
the current study. Several factors associated with ECM remod-
eling also were markedly upregulated in CD146� pericytes at
this early time point, including Timp1, Timp2, Mmp2, Mmp14,
and Col1a1. In contrast to pericytes, PDGFR�� FAP gene
expression was either nonresponsive (3 h), variable (3 and 24
h), or downregulated (24 h) following acute e-stim. We suspect
that variability in FAP gene expression reflects the heteroge-
neous composition of cell types obtained when isolating based
on PDGFR� alone.

RNA sequencing was performed on CD146� pericytes 3 h
post-e-stim to provide deeper insight regarding potential mech-
anisms by which these cells contribute to beneficial outcomes
associated with contraction. Although the results aligned to
some extent with targeted qPCR results (Fgf2, Timp1,
Mmp14), the RNAs upregulated with e-stim were largely and
unexpectedly related to immunomodulation. We noted that a
high percentage of these genes influence macrophage recruit-
ment, polarization, and/or phenotype (M1 to M2 transition),
including macrophage-colony stimulating factor (Csf-1) (24),
pentraxin-3 (Ptx3) (45), heme oxygenase-1 (Hmox1) (37, 52),
and lipocalin-2 (Lcn2) (27). Muscle-resident CD146� pericyte
synthesis of Hmox1 has also been reported following hypoxia
exposure in vitro (9). The appearance of anti-inflammatory M2
macrophages would facilitate satellite cell differentiation and
repair mechanisms that ultimately impact muscle structure and
function (49). What is not clear is whether pericyte-derived
factors directly influence macrophage polarization or if they
initiate ECM remodeling in a manner that can indirectly
influence macrophage phenotype. For example, studies have
demonstrated direct roles for HMOX-1 and PTX3 in ECM
turnover in a variety of damaged tissues (3, 18). Regardless,
RNA-Seq results suggest an important role for CD146� peri-
cytes in ECM remodeling and immune cell regulation.

An elevation in Timp1 gene expression was detected by
targeted gene expression analyses in all interstitial cell types
(NG2� and CD146� pericytes at 3 and 24 h; FAPs at 24 h). An
increase in Timp1 gene expression post-e-stim was also con-
firmed in CD146� pericyte samples used for RNA-Seq via
qPCR. Interestingly, Timp1 gene expression is increased to the
highest degree in rat skeletal muscle in response to three days
of chronic mechanical loading (8, 33, 47), and a general
PDGFR inhibitor can suppress both Timp1 gene expression and
load-induced growth (47). Baseline Timp1 gene expression is
also positively correlated with posttraining strength gains in
healthy older adults (16). Although TIMP1 is an inhibitor of
matrix metalloproteinases and negative regulator of ECM turn-
over (6), it can also control vascular remodeling similar to
FGF-2 and angiogenin (31, 48, 51). A recent study by Mandel
et al. (31) reported significant deficiencies in microvascular
content as well as lack of prazosin-mediated arteriogenesis in
TIMP1 deficient (Timp1�/�) mice. The precise role for TIMP1
in the regulation of skeletal muscle adaptation is not clear.
However, pericyte-mediated release of TIMP1 may provide
the basis for correlations between baseline capillarity and
promotion of muscle mass in humans following strength
training (46).

Whereas most genes related to myogenic and adipogenic
differentiation were not detected in NG2� cells, several myo-
genic transcription factors, including Myf5, Pax7, Myod, and
Myogenin, were expressed in CD146� cells and enhanced at 24

h postacute stimulation. These results prompted us to compare
the capacity for CD146�Lin� pericytes to form myotubes in
culture, both in the absence and presence of mechanical strain.
CD146� pericytes did not form myotubes under standard
differentiation conditions, even after mechanical strain stimu-
lation or 30 days in culture. During the preparation of this
manuscript, Guimarães-Camboa et al. (23), reported lineage of
tracing of pericytes based on TBX18, a transcription factor
recently found to be uniquely expressed in pericytes and
vascular smooth muscle cells. This study reported that peri-
cytes retained their identity throughout the lifespan and con-
tribution to other cell types was not observed in vivo. Our gene
expression analyses also suggested that pericytes possess min-
imal mesodermal differentiation potential, which was consis-
tent with the results of our in vitro experiments. Future lineage
tracing experiments using the Tbx18-CreERT2 mouse will be
necessary to confirm that pericytes maintain their cellular
identity following contraction in vivo.

Our in vitro conditioned media experiment suggested the
ability for CD146�Lin� pericytes to release paracrine factor in
response to mechanical strain that can influence myofiber
growth. The results from this experiment prompted us to
evaluate the potential for CD146� pericytes to influence mus-
cle adaptation in vivo. Transplantation of CD146� pericytes
before initiation of a 4-wk training study resulted in significant
increases in ECM remodeling, vascular growth, and increased
strength compared with control groups. A trend toward an
increase in the mean myofiber CSA of the gastrocnemius-
soleus muscle was noted (P � 0.108), as well as an increase in
the percentage of fibers 3,000 �m2 within the TA (P �
0.058). We recently demonstrated the ability for pericytes
encapsulated in hydrogel to recover myofiber CSA following
disuse atrophy (34), providing evidence of a role for pericytes
in the promotion of muscle growth. Experiments are in prog-
ress using a higher cell quantity, as well as novel biomaterials
to increase cell viability following transplantation. This study
did not determine the precise contribution of NG2� pericytes
to muscle growth. The fact that NG2� pericytes did not
influence myotube diameter in culture does not exclude a role
for this pericyte type in contraction-mediated adaptation. How-
ever, we decided not to pursue an NG2� pericyte transplanta-
tion experiment given practical issues related to low cell yield
and rate of expansion, issues that will need to be considered
when developing cell-based therapies.

In conclusion, this study provides the first examination of
muscle-resident interstitial cell sensitivity to a mechanical
stimulus, including the response of pericytes and FAPs to an
acute bout of contraction. Whereas the relative quantity of
all cells remained stable 24 h following contraction, unique
gene expression profiles were noted. Based on the sensitiv-
ity of CD146� pericytes to acute contraction and their
ability to induce myotube growth in vitro, these cells were
examined for their ability to facilitate skeletal muscle re-
modeling when combined with an electrical stimulation
training protocol for 4 wk. The results from this study
provide the first evidence that CD146� pericytes may con-
tribute to beneficial outcomes associated with exercise train-
ing, including enhanced ECM remodeling and angiogenesis.
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