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ABSTRACT Muscle stem cells (MuSCs) are requisite for skeletal muscle regeneration and homeostasis. Proper functioning of
MuSCs, including activation, proliferation, and fate decision, is determined by an orchestrated series of events and communi-
cation between MuSCs and their niche. A multitude of biochemical stimuli are known to regulate MuSC fate and function. How-
ever, in addition to biochemical factors, it is conceivable that MuSCs are subjected to mechanical forces during muscle stretch-
shortening cycles because of myofascial connections between MuSCs and myofibers. MuSCs respond to mechanical forces
in vitro, but it remains to be proven whether physical forces are also exerted on MuSCs in their native niche and whether
they contribute to the functioning and fate of MuSCs. MuSC deformation in their native niche resulting from mechanical loading
of ex vivo myofiber bundles was visualized utilizingmT/mG double-fluorescent Cre-reporter mouse andmultiphoton microscopy.
MuSCs were subjected to 1 h pulsating fluid shear stress (PFSS) with a peak shear stress rate of 6.5 Pa/s. After PFSS treat-
ment, nitric oxide, messenger RNA (mRNA) expression levels of genes involved in regulation of MuSC proliferation and differ-
entiation, ERK 1/2, p38, and AKT activation were determined. Ex vivo stretching of extensor digitorum longus and soleus
myofiber bundles caused compression as well as tensile and shear deformation of MuSCs in their niche. MuSCs responded
to PFSS in vitro with increased nitric oxide production and an upward trend in iNOSmRNA levels. PFSS enhanced gene expres-
sion of c-Fos, Cdk4, and IL-6, whereas expression of Wnt1, MyoD, Myog, Wnt5a, COX2, Rspo1, Vangl2, Wnt10b, and MGF
remained unchanged. ERK 1/2 and p38 MAPK signaling were also upregulated after PFSS treatment. We conclude that MuSCs
in their native niche are subjected to force-induced deformations due to myofiber stretch-shortening. Moreover, MuSCs are me-
chanoresponsive, as evidenced by PFSS-mediated expression of factors by MuSCs known to promote proliferation.
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SIGNIFICANCE Skeletal muscle homeostasis and regeneration involves the proper function of adult muscle stem cells
(MuSCs). It is well known that muscle regeneration requires an orchestrated biochemical communication between MuSCs
and host myofibers. However, it is unknown whether biophysical cues are equally important and whether MuSCs in vivo are
subjected to mechanical loads. This study provides new, to our knowledge, important insight into the effect of biophysical
forces on MuSCs in situ and shows that mechanical forces can influence MuSC function. This stimulates further research
on the role of mechanical cues in determining MuSC function, muscle regeneration, and age-related or disease-related
alterations in these biophysical cues and mechanotransduction.

https://doi.org/10.1016/j.bpj.2021.05.021

� 2021 Biophysical Society.

This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
INTRODUCTION

Skeletal muscle regeneration requires activation and prolif-
eration of muscle stem cells (MuSCs). During organismal
aging, the number of MuSCs is reduced, and MuSCs lose
their proliferation potential (1). Moreover, muscle pathol-
ogies characterized by impaired regeneration by MuSCs
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lead to atrophy and fibrosis (2). In young, uninjured mus-
cles, myofiber hypertrophy is accompanied by MuSC acti-
vation, proliferation, and subsequent fusion with the host
myofiber to increase myonuclei numbers (3). This ensures
that the myonuclear domain does not exceed a critical size
(3). Understanding the mechanisms underlying MuSC func-
tion is required for adequate strategies to maintain MuSC
self-renewal and regenerative function.

During regeneration, a multitude of growth factors and
cytokines are secreted by myofibers, neighboring immune
cells, and fibroblasts, which activate MuSCs and stimulate
proliferation, differentiation, and self-renewal (4). During
strenuous exercise, myofibers are subjected to large
stretch-shortening deformations by active contraction of
myofibers and passive external loads applied to myofibers
from antagonist muscle activity. Such mechanical loading
stimulates the expression of growth factors and cytokines
within the myofiber microenvironment (5). These growth
factors and cytokines act in a paracrine or endocrine manner
on the MuSCs and thus regulate their function (6,7). This in-
dicates that mechanical loads are essential for MuSC regen-
erative function, but little is known about how MuSCs
themselves respond to mechanical force in vivo.

Skeletal muscle fibers have the ability to sense mechan-
ical cues via transmembrane complexes and stretch-acti-
vated calcium channels (5). Three-dimensional (3D) finite
element modeling (FEM) of muscle revealed that global
strain application onto a muscle in vivo causes high local
tensile strains within the extracellular matrix (ECM) (8).
The contractile apparatus within the myofiber is also exert-
ing force laterally (9), and FEM suggests that these lateral
forces cause shear deformations of the ECM by slippage
along a plane parallel to the imposed stress (10). These de-
formations cause interstitial fluid movement within the
muscle (11), and currently it is unknown whether MuSCs
can sense these fluid movements. Moreover, force-induced
ECM deformations could also be transmitted to the
MuSCs, which are anchored to the sarcolemma of the my-
ofiber by cadherins, and on their apical side to the basal
lamina of the endomysium via glycocalyx, integrins, syn-
decans, dystroglycans, and sarcoglycans (12). Therefore,
it has been suggested that MuSCs experience tensile strain
and shear stress after muscle tissue contraction (13).
Whether mechanical forces do induce strain and stress
onto MuSCs in muscle has yet to be explored. In vitro
studies have shown that MuSCs are sensitive to tensile
forces (14,15), however, it is unknown whether MuSCs
within their native niche are subjected to mechanical forces
resulting in cell deformation. In this study, we tested
whether physical load induces deformation of MuSCs in
their native niche using isolated mouse myofiber bundles
containing an intact endomysium and basal lamina. We
were able to show that upon myofiber bundle stretch, the
MuSCs undergo substantial shear and tensile strain
deformation.
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Because MuSCs in their niche are mechanically loaded,
which causes interstitial fluid movement within the muscle
(11), the question arises whether they are able to respond to
fluid-shear-induced mechanical loads by changing the
expression of factors involved in MuSC self-renewal, pro-
liferation, and differentiation. Bone cells are subjected to
shear forces because of the interstitial fluid flow within
the canaliculi of bones during mechanical loading, which
are estimated to be 0.8–3 Pa (16). Bone cells respond to
these shear forces by prostaglandin production and nitric
oxide (NO) upregulation. Moreover, in bone cells, shear
forces activate members of the mitogen-activated protein
kinases (MAPKs), including the extracellular signal-regu-
lated kinase 1/2 (ERK1/2) and p38 MAPK (17,18). These
kinases are central players in signal transduction pathways
and involved in the regulation of transcription factor activ-
ity, thereby affecting cellular behavior including prolifera-
tion, differentiation, and cell survival (19). ERK1/2 affects
cell proliferation by regulating, among others, cyclin D1
transcription via Fos and Myc proteins (20,21). p38
MAPK, however, is a well-known regulator of proinflam-
matory cytokine synthesis (22). p38 MAPK is activated
in response to cellular stress, i.e., osmotic pressure, oxida-
tive stress, and cytokines (23,24). In addition, fluid flow in-
duces osteoblast proliferation via phosphatidylinositol 3-
kinase and the AKT pathway (25). Activation of phospha-
tidylinositol 3-kinase results in recruitment of AKT to the
plasma membrane and its phosphorylation and activation
(26). Activated AKT acts on various downstream targets
and affects cellular function, i.e., proliferation, metabolism,
and cell survival (27). However, the effect of shear forces
on MAPK and AKT signaling in MuSCs is still unex-
plored. Mechanical loading of myofibers has been shown
to increase NO production and regulate NO synthase
(NOS) expression and activity (28). Pulsating fluid shear
stress (PFSS) increases NO production and expression of
interleukin-6 (IL-6) and cyclooxygenase-2 (COX2) in myo-
tubes (29). NO plays a role in Vang-like protein 2 (Vangl2)
expression in MuSCs, resulting in enhanced MuSC self-
renewal during skeletal muscle regeneration (30). Nonca-
nonical Wnt signaling plays a crucial role in muscle regen-
eration (31), and mechanical loading is known to activate
Wnt signaling in bones (32). Mechanical cues, such as ten-
sile strain and shear stress, constitute a physiologically
relevant and novel, to our knowledge, mechanism that
can therefore potentially activate Wnt/planar cell polarity
(PCP) signaling, thereby promoting MuSC self-renewal.
We therefore investigated whether mechanical loads on
MuSCs induce NO production and expression of biochem-
ical factors that are crucial for MuSC regenerative func-
tion. We show here that mechanical loading induced NO
production in MuSCs and upregulated COX2, IL6, and
Cdk4 messenger RNA (mRNA) expression levels. More-
over, FEM showed that PFSS treatment induced fluid pres-
sure, fluid shear stress, and tensile stress on MuSCs. PFSS
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also induced activation of members of the MAPK signaling
pathway, i.e., ERK 1/2 and p38.
MATERIALS AND METHODS

Transgenic mice and myofiber bundle isolation

Animal procedures were conducted according to the UK Home Office proj-

ect license P8D5E2773 (K.J.L.) and the guidelines of the European Com-

munity and French Veterinary Department, approved by the Sorbonne

Universit�e Ethical Committee for Animal Experimentation. Paired box 7

(Pax7) creERT2 mice (Jackson strain: Pax7tm2.1(cre/ERT2)Fan) on a mixed

C57BL6/CD1 background were crossed withmTmG reporter mice (Jackson

strain: Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo). Targeted deletion in the

CreERT animals was performed by intraperitoneal tamoxifen injection

(150 mg/kg body weight) at 40 and 20 h before euthanasia. 20 mg/mL

tamoxifen solution was prepared by dissolving 10 mg tamoxifen in 100

mL 100% ethanol and adding 900 mL corn oil. Compound heterozygous

transgenic mice (15–17 months, n ¼ 3) were used for in situ mechanical

loading of MuSCs and image acquisition as described later. Mice were

euthanized, and extensor digitorum longus (EDL) and soleus (SO) muscles

extracted. Both EDL and SO muscles were dissected for isolation of myo-

fiber bundles, consisting of ~20 myofibers, using fine-tipped forceps and

scissors under a dark-field illuminated microscope. The EDL and SO fibers

were cut longitudinally. This damages the perimysium surrounding the fas-

cicles, but the basal laminae surrounding the myofibers within the myofiber

bundle stay intact. Moreover, imaging was performed on MuSCs within the

myofiber bundles to avoid imaging of the outermost fibers that might

contain damaged basal laminae.
Primary MuSC isolation and fluorescence-
activated cell sorting

Primary MuSCs were isolated from young (2 months; n ¼ 4) male mouse

(C57BL/6J) hindlimb muscles (hamstring muscle group, quadriceps, tibia-

lis, EDL, gastrocnemius, SO, gluteus) after enzymatic digestion, followed

by fluorescence-activated cell sorting purification. Briefly, after dissection,

muscles were first digested with collagenase II (1000 U/mL; Worthington

Biochemical, Lakewood, NJ) in Ham’s F10 containing 10% horse serum,

washed, and then further digested with collagenase II (1000 U/mL) and dis-

pase (11 U/mL) for 30 min. After digestion, cells were washed in Ham’s

F10 containing 10% horse serum, passed 10 times through a 20-gauge nee-

dle syringe, and then filtered with a 35-mm cell strainer (Falcon; Corning,

NY). Cells were then stained with the antibodies rat CD31-eFluor450 (1/

500; eBiosciences, Thermo Fisher Scientific, San Diego, CA), rat CD45-

eFluor450 (1/500; eBiosciences, Thermo Fisher Scientific), rat Ly6A-

FITC (SCA1) (1/500; eBiosciences, Thermo Fisher Scientific), rat

CD106-PE (1/200; eBiosciences, Thermo Fisher Scientific), and rat a7 in-

tegrin-APC (1/1000; AbLab, Vancouver, Canada) and sorted using a FACS

Aria II (BD Biosciences, San Jose, CA). MuSCs were isolated as CD31�,
CD45�, Sca1�, a7 integrinþ, and CD106þ.
In situ mechanical loading of MuSCs

The myofiber bundles (n ¼ 8) were mounted at their slack length (low

strain) by attaching the tendons at both ends to small rods in chambers

(Bioptechs, Butler, PA; see Fig. S1) containing tyrode solution (NaCl,

7.5 g/L; KCl, 0.35 g/L; MgCl2$6H2O, 0.214 g/L; NaH2PO4$H2O,

0.058 g/L; NaHCO2, 1.7 g/L; CaCl2$H2O, 0.2 g/L), which was saturated

with a carbogen gas mixture (95% O2 and 5% CO2) at 37
�C. To induce a

high strain on the myofiber bundle, the bundle was stretched by ~40%

above slack length (i.e., high strain) in accordance with the previous

literature (33).
In situ image acquisition

Images were acquired on a Zeiss Axioscope (Oberkochen, Germany) using

a 7MP multiphoton system with Vision II and MPX (Chameleon, Santa

Clara, CA) lasers and a 20� water dipping objective (NA 1.0). The Vision

II laser was tuned to 890 nm (range: 880–900 nm), and the MPX laser to

1200 nm with reflected emissions captured by non-descanned photomulti-

plier detectors (channel 1 and 2), GaAsP BiG detector (channel 3), or trans-

mitted light detector (channel 4). Emission filters used were shortpass

485 nm (channels 1 and 4), bandpass 500–550 (channel 2), and bandpass

575–610 (channel 3). The signals detected were second harmonic (channel

1), GFP (channel 2), and tdTomato (channel 3). Image stacks were acquired

every ~1 mm in the Z direction.
Image analysis

Cells were segmented in the Medical Imaging Interaction Toolkit (https://

www.mitk.org/wiki/The_Medical_Imaging_Interaction_Toolkit_(MITK))

for 3D reconstruction. Analysis of cellular parameters, i.e., sarcomere

length, cell length, cell width, cell aspect ratio (major axis/minor axis),

and cell roundness (4 � ([area])/(p � [major axis]2) were performed in Im-

ageJ, version 1.52h (Wayne Rasband, National Institutes of Health, Be-

thesda, MD). Tensile strain was calculated by the change in length (DL)

divided by the initial length (L0) in the XY plane (DL/L0). Shear strain

was quantified by measuring the difference in change in length (DL) of

the two lateral sides of the cell and the change in angle between both lateral

sides in the YZ plane (shear angle).
Cell culture

For in vitro mechanical loading by PFSS, MuSCs were expanded on matri-

gel (Corning, Bedford, MA)-coated culture flasks with growth medium con-

sisting of Ham’s F-10 Nutrient Mix (Gibco, Paisley, UK) supplemented

with 20% fetal bovine serum (FBS; Gibco), 10 mg/mL penicillin (Sigma-

Aldrich, St. Louis, MO), 10 mg/mL streptomycin (Sigma-Aldrich), and

2.5 ng/mL of recombinant human fibroblast growth factor (R&D Systems,

Minneapolis, MN), and cultured at 37�C in a humidified atmosphere of

5% CO2 in air. Upon 70% confluence, cells were harvested using 0.1%

trypsin and 0.1% EDTA (Gibco) in phosphate-buffered saline.
PFSS

MuSCs were seeded at 12–20 � 103/cm2 on matrigel (Corning)-coated

glass slides (2.5 � 6.5 cm; n ¼ 10) and cultured for 2–4 days. 1 h before

PFSS, culture medium was refreshed by medium containing a low serum

concentration (2% FBS). PFSS was applied as described earlier (29).

Briefly, PFSS was generated by pumping 7 mL of culture medium through

a parallel-plate flow chamber containing MuSCs. Cells were subjected to a

cyclic changing pressure gradient with a peak shear stress rate of 6.5 Pa/s

(pulse amplitude: 1 Pa; pulse frequency: 1 Hz). We adopted the 1 Hz fre-

quency, which mimics the walking strain cycles (stride frequency) (34).

Static control cells were kept in similar conditions as PFSS-loaded cells.

After 1 h PFSS treatment or static control culture, images were taken,

and RNA was isolated. To determine the number of MuSCs detached as a

result of PFSS exposure, cells were counted in random images acquired

pre- and post-PFSS.
Fluid shear stress and live-cell imaging of MuSC
deformation

MuSCs were seeded at 15 � 103/cm2 on matrigel (Corning)-coated glass

slides (22 � 22 mm) and cultured for 3 days. 3 h before fluid shear stress

application, the culture medium was refreshed by medium with low serum
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(2% FBS) containing 250 nM live-cell stain for F-actin (SiR-Actin; Spiro-

chrome, Stein am Rhein, Switzerland) and nucleic acid (SiR700-DNA; Spi-

rochrome). To determine the effect of fluid shear stress on MuSC

morphology, the glass slide was placed in a microfluidic chamber connected

to a pump. MuSCs were then subjected to constant fluid shear stress (CFSS)

of 1 Pa/s by pumping 7 mL medium and imaged using a Leica TCS SP8

confocal microscope as described (29). Cells were irradiated with a pulsed

white light laser at a wavelength of 645 nm, and XZ time-lapse images were

acquired using a 40� 1.3 NA oil objective.
FEM

A one-way fluid-structure interaction model was employed to predict and

quantify pulsating fluid dynamics on an adherent MuSC and the solid me-

chanics of this cell in a parallel-plate flow chamber over time by using a

commercial finite-element software package (Multiphysics v5.4; COM-

SOL, Stockholm, Sweden). Fluid was flowing over the adherent MuSC in

the chamber (35). FEMwas performed with a time-dependent fully coupled

solver. An iterative method for the numerical solution of a nonsymmetric

system of linear equations (generalized minimal residual algorithm) was

used to evaluate the variable fluid pressure, fluid shear stress on the cell,

and Von Mises stress and solid displacement of the cell.
Model assumptions

To perform fluid-structure interaction analysis on an adherent MuSC in a

parallel-plate flow chamber, the following assumptions were made about

boundary and initial conditions to simplify the mathematical modeling.

The chamber was assumed as solid, i.e., incompressible and impermeable

for fluid. The cell geometry was considered as half ellipsoid (volume:

2.1 mm3; surface area: 9.4 mm2; cell apex height: 10 mm; cell area: 314

mm2), as the effect of cell geometry on pulsating fluid dynamics and solid

mechanics was not taken into consideration. The cell was assumed to be an

isotropic linear elastic material. The culture medium inside the chamber

was considered as incompressible and a homogeneous Newtonian fluid.

The effect of heat dissipation from the culture medium was neglected.

Therefore, the culture medium specifications, such as dynamic viscosity

and density, were assumed to be constant during the computational analysis.

The cell was attached to the bottom surface of the chamber during the

modeling period.
Initial and boundary conditions

The initial fluid velocity and average fluid pressure at the outlet surface of

the parallel-plate flow chamber were set to 0. A no-slip boundary condition

was applied to the inner surface of the parallel-plate flow chamber and to

the outer surface of the adherent cell. As the inlet boundary condition,

PFSS (inlet flow rate: 3.5 mL/min; amplitude: 1.0 Pa; frequency: 1.0 Hz)

was chosen. The dynamic viscosity (m) of the fluid was 0.78 mPa s, and

the density (r) was 1.007 g/mL. The Young’s modulus (E) of the cell was

28 kPa, the Poisson’s ratio ðwÞ was 0.38, and the cell density (rcell) was

1.06 g/mL.
Mesh generation

The model mesh was constructed with normal elements (total elements:

185,713; tetrahedra, 123,849; pyramids, 48; prisms, 61,816; triangles,

31,920; quads, 632; edge elements, 676; and vertex elements, 13) using

COMSOL Multiphysics v5.4. Average element quality was 0.62 measured

by skewness, which is considered as good element quality. The model mesh

was achieved after a mesh convergence process based on the fluid dynamics

variation (fluid pressure and fluid shear stress) as described previously (36).
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Average fluid pressure, fluid shear stress, Von
Mises stress, and solid displacement

The average values of fluid pressure, fluid shear stress, Von Mises stress,

and solid displacement were obtained based on the following equation:

qave ¼
RR

qdU
RR

dU
; (1)

where q is the dependent variable (fluid pressure, fluid shear stress, Von

Mises stress, or solid displacement), and U is the spatial domain, which

equals the outer surface of the cell.
Nitric oxide analysis

Medium samples were taken from PFSS-treated and static cell cultures (n ¼
20) at intervals (10, 30, and 60 min) for NO analysis. NO production was

measured as nitrite (NO2
�) accumulation in the medium using Griess reagent,

and absorbance was measured at 540 nm with a microplate reader (Bio-Rad

Laboratories, Veenendaal, the Netherlands) as described earlier (29).
RNA isolation and reverse transcription

After PFSS and static treatment (n ¼ 7–10), micrographs were taken, and

cells were lysed with 700 mL Trizol (Thermo Fisher Scientific, Carlsbad,

CA) and stored at �80�C overnight. Total RNA was isolated using Ribo-

Pure Kit (Applied Biosystems, Foster City, CA) and quantified (NanoDrop

Technologies, Thermo Fisher Scientific, Wilmington, DE). mRNA (400 ng)

was reverse transcribed to complementary DNA (cDNA) using a high-ca-

pacity RNA-to-cDNA kit (Applied Biosystems).
Quantitative real-time PCR

Real-time PCR was performed on the StepOne Real-Time PCR system

(Applied Biosystems). Primers were designed using Universal Probe library

from Roche Diagnostics. Data were analyzed using StepOne v2.0 software

(Applied Biosystems) and normalized relative to 18S ribosomal RNA

levels. Wnt1, Wnt3a, Wnt5a, Wnt7a, Wnt10b, IL-6, Rspo1, Dkk1, COX2,

nNOS, eNOS, and iNOS transcript levels were measured using Taqman

qPCR using inventoried Taqman gene expression assays (Applied Bio-

systems). mRNA levels of 18S,MyoD,Myog (myogenin), c-Fos, Cdk4 (cy-

clin-dependent kinase 4), Vangl2, and MGF were measured using SYBR

green (Thermo Fisher Scientific). Primer sequences used for real-time

PCR were 18S (50 GTAACCCGTTGAACCCCATT and 50 CCATC-

CAATCGGTAGTAGCG), MyoD (50 CATCCAGCCCGCTCCAAC and 50

GGGCCGCTGTAATCCATCATGCC), Myog (50 CCAGCCCATGGTG

CCCAGTGA and 50 CCAGTGCATTGCCCCACTCCG), c-Fos (50

TCACCCTGCCCCTTCTCA and 50 CTGATGCTCTTGACTGGCTCC),

Cdk4 (50 GGGGAAAATCTTTGATCTCATTGGA and 50 AAGGCTCC

TCGAGGTAGAGATA), Vangl2 (50 CCCCAGTTCACACTCAAGGT and

50 ACTTGGGCAGGTTGAGGAG), and MGF (50 GGAGAAGGAAAG

GAAGTACATTTG and 50 CCTGCTCCGTGGGAGGCT).
Protein determination

MuSCs were lysed on ice in 700 mL of radioimmunoprecipitation assay

buffer (Sigma-Aldrich) supplemented with phosphatase (1:250; Sigma-Al-

drich) and proteinase (1:50; Sigma-Aldrich) inhibitor cocktails. Cellular

debris was removed by centrifugation at 13,000 rpm for 15 min at 4�C. Su-
pernatants were transferred into fresh Eppendorf tubes and stored at�80�C.
The protein concentration was determined using a Pierce BCA protein

assay kit (Thermo Fisher Scientific, Waltham, MA).



In situ muscle stem cell deformation
Western blot

Lysateswere dilutedfive times inLaemmli SDSbuffer and denatured for 5min

at 95�C before Western blotting. Samples were electrophoresed on 4–20%

Mini-PROTEAN TGX precast polyacrylamide gel (Bio-Rad) and transferred

onto polyvinylidenefluoridemembranes (GEHealthcare,Chicago, IL) using a

wet transfer blotter (Bio-Rad). Membranes were blocked in prime blocking

agent (GE Healthcare) for 1 h and incubated overnight at 4�C with primary

phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204; 1:1000; Cell Signaling

Technology, Leiden, the Netherlands), p44/42 MAPK (Erk1/2) (1:1000; Cell

Signaling Technology), phospho-p38 MAPK (Thr180/Tyr182; 1:3000; Cell

Signaling Technology), p38 MAPK (1:2000; Cell Signaling Technology),

phospho-AKT (Ser473; 1:2000; Cell Signaling Technology), AKT(pan)

(1:2000; Cell Signaling Technology), a-tubulin (1:2000; Cell Signaling Tech-

nology), and pan-actin (1:1000; Cell Signaling Technology). Polyvinylidene

fluoride membranes were washed three times with Tris-buffered saline con-

tainingTweenand incubatedwith horseradishperoxidase-conjugated anti-rab-

bit IgG secondary antibody (1:2000; Roche, Basel, Switzerland) before

fluorescent imaging. Densities of the bands from blot imageswere normalized

to the loading control by densitometric analysis using ImageJ software.
Statistical analysis

The paired sample t-test was used to test statistically significant differences

in MuSC deformation data, the independent t-test to test differences in ten-

sile strain data, and the one-sample t-test to test differences in shear strain

data. Differences in NO production data were tested using analysis of vari-

ance. One-sample t-test was performed for statistical analysis of gene

expression data, and independent t-test was performed to determine the dif-

ference in protein expression data. Data were expressed as mean 5 SEM,

and p < 0.05 was considered significant.
RESULTS

Ex vivo myofiber stretch induced MuSC
deformation

We characterized MuSCs in their niche, within an isolated
myofiber bundle from the EDL and SO muscles (Fig. 1).
Sarcomere length was ~2.5 mm, slightly above the slack
length of sarcomeres as described earlier (Fig. 2 A; (37)). Af-
ter stretching of EDLmyofibers up to ~40% above their slack
length, MuSCs on the host myofiber increased in length by
the same magnitude (Figs. 1, A–D, and 2 C). Similar in-
creases in sarcomere length and MuSC were observed for
myofiber bundles from SO muscles (Fig. 1, I–L). MuSCs
on EDL myofibers displayed clear cell protrusions, whereas
those on SOmyofibers did not. Mean tensile strain onMuSCs
of stretched EDL and SO myofibers was 43%, which was of
the same order of magnitude as the increase in strain of the
myofibers (~40%; Fig. 2 B). In addition to lengthening of
MuSCs, filopodia were reoriented in the direction of the
stretched myofibers, as indicated by the change in position
of the processes when the myofibers were stretched
compared with slack length (Fig. 1, E and F). MuSCs of
SO myofibers showed less distinct processes compared
with MuSCs of EDL myofibers (Fig. 1,M and N). A compar-
ison of the displacement of the lateral sides of the MuSCs in
the YZ plane and changes in the angles between the two
lateral sides showed that the MuSCs were also subjected to
shear deformation (Fig. 1, G, H, O, and P). The displacement
of the lateral sides of MuSCs differed by ~40%, and the shear
angle showed a 12� displacement from a fixed axis in both
EDL and SO myofibers (Fig. 2, D and E).

Stretching of both EDL and SOmyofiber bundles induced
MuSC compression and decreased MuSC width by ~21%
(Fig. 2 F). Changes in cell morphology after stretch indi-
cated an increase in MuSC aspect ratio, as MuSCs became
more elongated and a negative trend in roundness was noted
(Fig. 2, G and H). These results showed that MuSCs within
their native niche were subjected to tensile and shear forces
causing corresponding deformations.
Fluid shear stress induced MuSC deformation

Muscle contraction can produce areas of high-pressure gra-
dients, whereas variations in pressure gradients likely cause
interstitial fluid movement. We further assessed whether
MuSCs subjected to fluid flow-induced forces would un-
dergo deformation. MuSCs were stained for F-actin and nu-
cleus, and live-cell confocal images were acquired while
MuSCs were subjected to mechanical loading by CFSS.
Cross-sectional (XZ) time-lapse images showed that within
1 s of CFSS, the MuSC deformed in the direction of the
flow (Fig. 3). The MuSC deformation was not transient, as
the cell did not return to its initial state after 5 s (Fig. 3).
These results showed that MuSCs deform when subjected
to fluid shear forces in a parallel-plate flow chamber.
FEM of fluid shear forces on MuSC

To quantify the fluid shear forces induced by the fluid flow
on MuSCs and determine the solid mechanics of a MuSC
over time, FEM of PFSS in a parallel-plate fluid chamber
on an adherent half-sphere was employed. The half-sphere
exhibited similar cell volume, apex height, and area to the
MuSCs in culture. FEM showed that the distribution of fluid
pressure on the surface of the half-sphere varied substan-
tially (Fig. 4 A). At 0 s, the fluid pressure was highest,
i.e., 141 Pa. This value dropped to 37 Pa within 10 ms of
PFSS application (Fig. 4 B). During PFSS treatment, the
highest fluid pressure was 68 Pa at 0.25 s, after which this
value dropped to 0 Pa at 0.75 s and inclined to 67 Pa at
1.2 s of PFSS application (Fig. 4 B).

We further predicted the fluid shear stress distribution
over the MuSC during PFSS treatment. Our result showed
a nonuniform distribution of fluid shear stress over the sur-
face of the half-sphere, with the highest shear stress at the
apex of this half-sphere (Fig. 4 C). The fluid shear stress
values increased to 1.2 Pa within 0.26 s of PFSS application,
followed by a drop to almost 0 at 0.75 s of PFSS treatment
(Fig. 4D). This was followed by an incline in shear values to
1.2 Pa at 1.2 s (Fig. 4 D).

To compute the areas of stress distribution over MuSCs
subjected to PFSS, we performed FEM of Von Mises stress
Biophysical Journal 120, 2665–2678, July 6, 2021 2669



FIGURE 1 Live-cell imaging of MuSCs within

their niche at slack length and high-strain myofiber

bundles. (A, B, I, and J) Micrographs of typical

MuSCs in their native niche within myofiber

bundle at slack length and at high strain (~40%

above slack length) from EDL and SO muscles.

(C, D, K, and L) Measurement of MuSC length

change in the XY plane. White lines: length of

MuSCs at myofiber bundle slack length. Red ar-

rows: increase in length at extended myofiber

bundle length. (E–H and M–P) 3D reconstructions

of MuSCs at slack length and high myofiber strain

illustrating MuSC shear deformations in the XYand

YZ planes. Stretching of the myofiber bundles

caused displacement of cell regions (red circles)

in the direction indicated by the arrows (red) in

the XY plane, implicating shearing of MuSC (E

and F). (G, H, O, and P) Differences in MuSC

length changes at both lateral sides indicate an in-

crease in shear angle (i.e., angle of the dashed lines

in YZ plane). Scale bars, 20 mm. To see this figure in

color, go online.
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over the half-sphere. Our results showed nonuniform and
localized areas of high stress during PFSS application
(Fig. 4 E). The areas of highest stress induction were local-
ized at the surface against the fluid flow and at the base of
the half-sphere (Fig. 4 E). Von Mises stress values ranged
between 5 and 38 Pa, which increased over time during fluid
flow treatment and declined at the end of the fluid flow pulse
at 1 s (Fig. 4 F).

Next, we determined PFSS-induced MuSC displacement
and/or deformation, presented here as solid displacement.
PFSS treatment resulted in a localized solid displacement
of the half-sphere with areas of high and low displacement
values, which were distributed, respectively, around the
apex and in the area facing the direction of the flow (Fig. 4
2670 Biophysical Journal 120, 2665–2678, July 6, 2021
G). The solid displacement values ranged from 0 to 9 nm be-
tween 0 and 0.8 s of PFSS application (Fig. 4 H).
MuSCs were mechanosensitive to PFSS

Mechanical force-induced deformation of cell shape may
induce specific molecular responses by MuSCs, including
elevated NO production. To measure the NO response of
MuSCs treated with mechanical loading by fluid shear stress
and quantify the mRNA expression levels, we adopted the
PFSS in vitro model system. Within the MuSC in situ sys-
tem, the NO produced by myofibers and MuSCs cannot be
discriminated. Moreover, very few MuSCs are present per
myofiber, resulting in very low levels of NO produced



FIGURE 2 Quantification of myofiber stretch-

induced compression, strain, and shearing of

MuSCs. (A) Increase in sarcomere length upon

EDL and SO myofiber bundle stretch. (B) Myofiber

bundle sarcomere strain and MuSC strain were

similar. (C) MuSC length at myofiber bundle slack

length and high strain. (D) MuSCs experienced

shear strain upon myofiber bundle stretch. (E) At

high strain, the shear angle between the two lateral

sides of the cell also changed by 12�. (F–H) Myo-

fiber stretch decreased cell width and increased

MuSC aspect ratio but did not affect MuSC round-

ness. n ¼ 6–8 cells. Btw, between. *Significant ef-

fect of stretch, p < 0.05.

In situ muscle stem cell deformation
(below the detection limit of the Griess assay) by the
MuSCs. Therefore, the MuSC in situ model is not suitable
for measuring NO production by the MuSCs, and the
PFSS in vitro model was used instead to determine the
NO response by MuSCs to mechanical loading. We first
determined whether PFSS caused detachment of MuSCs
from the substratum. Micrographs after static and PFSS
treatment indicated that ~15% of MuSCs detached after
PFSS treatment, whereas no difference was observed in
the static controls (Fig. 5 A). As NO is produced by NOS,
we assessed whether MuSCs express the different isoforms
of NOS (iNOS, eNOS, and nNOS). We found that myoblasts
express nNOS and iNOS, but eNOS transcripts were not
detectable (Fig. 5 B). PFSS did not affect the expression
of nNOS, but an upward trend was seen for iNOS mRNA
levels after PFSS treatment (Fig. 5 B). To assess NO produc-
tion by MuSCs, NO levels in the culture medium were quan-
tified. PFSS resulted in increased NO production by MuSCs
(2- to 2.5-fold) after 10, 30, and 60 min (Fig. 5 C). These
results indicated that MuSCs were sensitive to PFSS and
that NO production was most likely related to alterations
in nNOS and/or iNOS enzyme activity.
PFSS upregulated c-Fos and Cdk4 with no effect
on MyoD and Myog

To assess whether PFSS induces alterations in expression
of genes involved in regulating MuSC proliferation and
differentiation, we quantified c-Fos, Cdk4, MyoD, and
Myog mRNA expression. PFSS induced a significant in-
crease in mRNA expression of c-Fos by fourfold and
Cdk4 by 1.3-fold (Fig. 6 A). MuSCs expressed both
MyoD and Myog, with no difference in expression levels
between PFSS-treated and static control cells (Fig. 6 A).
These results showed that PFSS induced expression of
c-Fos and Cdk4, known to promote cell proliferation
(38,39).
PFSS upregulated expression of IL-6, but not
COX2 and MGF, in myoblasts

Exercise induces IL-6 expression in myofibers, which is
involved in myoblast proliferation and regeneration (40).
IL-6 production is stimulated by both NO and COX2-medi-
ated prostaglandin production (41). COX2 and mechano
FIGURE 3 Fluid shear stress induced MuSC

deformation in a parallel-plate flow chamber.

Confocal top view (XY) and cross-sectional (XZ)

live-cell images are given of a MuSC stained for

F-actin (green) and nucleus (red), before (static)

and during (1, 5 s) fluid shear stress treatment, illus-

trating the fluid shear stress-induced MuSC defor-

mation. The change in cell morphology is

illustrated by solid and dotted lines in XZ images.

Arrows indicate the direction of fluid flow. Scale

bars, 20 mm. To see this figure in color, go online.
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FIGURE 4 FEM of PFSS in a parallel-plate flow

chamber showing the variable distribution of fluid

dynamics (fluid pressure and fluid shear stress) on

an adherent MuSC and solid mechanics of this

cell over time. (A) FEM of fluid pressure on a

MuSC during one pulse illustrated by 3D view,

side view, and top view images. (B) The highest

fluid pressure was detected at 0.25 s, and the lowest

at 0.75 s. The average fluid pressure on the cell at

each pulse was oscillating between 0 and 68 Pa

and the average fluid shear stress between 0 and

1.2 Pa. (C) Fluid shear stress on a MuSC during

one pulse illustrated by 3D view, side view, and

top view images. (D) The highest shear stress

magnitude was detected at 0.25 s and the lowest

at 0.75 s. The average fluid shear stress magnitude

on the cell at each pulse was oscillating between

0 and 1.2 Pa. (E) FEM of Von Mises stress of a

MuSC during one pulse illustrated by 3D view,

side view, and top view images. (F) Von Mises

stress ranged from 5 to 38 Pa. (G) FEM of solid

displacement of a MuSC during one pulse illus-

trated by 3D view, side view, and top view images.

(H) Solid displacement ranged from 0 to 9 nm.

Black arrows, fluid flow direction; surface color,

magnitude. To see this figure in color, go online.

Haroon et al.
growth factor (MGF) are also essential for myoblast prolif-
eration and differentiation (42,43). Therefore, we deter-
mined the effect of PFSS on IL-6, COX2, and MGF
expression in MuSCs. PFSS induced a significant twofold
increase in IL-6 expression and an upward trend toward
increased COX2 expression but did not affect MGF expres-
sion (Fig. 6 B).
PFSS did not affect Wnt signaling

Wnt1 has been shown to stimulate MuSC proliferation (44).
To investigate the effect of PFSS on Wnt signaling within
MuSCs, we evaluated the effect of PFSS on components
of the Wnt signaling pathway (Wnt1, Wnt3a, and Wnt5a)
and regulators of Wnt signaling, i.e., Rspo1 and Dickkopf-
related protein 1 (Dkk1) (45). PFSS did not affect Wnt1
gene expression, whereas an upward trend was seen in
Wnt5a mRNA levels (Fig. 6 C). Wnt3a was undetectable,
and Rspo1, a positive regulator of Wnt activity, was un-
2672 Biophysical Journal 120, 2665–2678, July 6, 2021
changed by PFSS, whereas Dkk1, a negative regulator,
was undetectable (Fig. 6 C). These results indicated that
the Wnt signaling pathway was not affected by mechanical
stimuli in MuSCs.
PFSS did not alter expression of PCP genes

Wnt5a is implicated in mediating membrane protein Vangl2
phosphorylation and activation (46), known to affect the
PCP pathway that is crucial for cell division and cell migra-
tion. We determined whether PFSS induced expression of
Vangl2 and showed that Vangl2 expression was not affected
by PFSS treatment (Fig. 6 D). We further tested the effect of
PFSS onWnt7a andWnt10b expression, which are involved
in self-renewal and myogenic commitment of MuSCs.
Wnt7a transcripts were not detectable in MuSCs, and
Wnt10b expression was not affected by PFSS (Fig. 6 D).
Therefore, PFSS did not affect expression of genes involved
in PCP formation in MuSCs.



FIGURE 5 PFSS induced NO production and

elevated iNOS expression in primary MuSCs. (A)

Micrographs of cultured primary mouse MuSCs

at 1 h post-static and PFSS treatment indicate

~15% loss of cells because of PFSS application.

(B) PFSS did not change the expression of nNOS,

whereas eNOS was not detectable, and PFSS

caused an upward trend in the level of iNOS

mRNA transcripts. (C) PFSS induced NO produc-

tion at 10, 30, and 60 min by 2- to 2.5-fold. n ¼
20. ND, not detectable. *Significant effect of

PFSS, p < 0.05. Scale bars, 200 mm.

In situ muscle stem cell deformation
PFSS-induced activation of ERK and p38 MAPK

MuSCs responded to PFSS by increased NO production and
changes in gene expression (see earlier). We further asked
whether PFSS also influences MAPK signaling and deter-
mined the effect of PFSS on ERKMAPK activation. Our re-
sults showed a significant fivefold increase in
phosphorylation of ERK during 1 h PFSS treatment
compared with static controls, but no difference in total
ERK protein levels was observed (Fig. 7 A). PFSS also
induced a threefold increase in p38 phosphorylation with
no effect on total p38 levels (Fig. 7 B). We further investi-
gated changes in AKT signaling by determining AKT phos-
phorylation in static control and PFSS-treated MuSCs. PFSS
induced a slight, but not significant, increase in AKT phos-
FIGURE 6 PFSS upregulated proliferation marker expression, i.e., c-Fos,

Cdk4, and IL-6, in primary mouse MuSCs. (A) PFSS upregulated c-Fos

expression by fourfold and Cdk4 expression by 1.3-fold but did not affect

MyoD and Myog mRNA expression. (B) IL-6 was upregulated by twofold

after PFSS, and an upward trend was observed in COX2 expression,

whereas no affect was shown on MGF by PFSS. (C) Wnt5a transcripts

were slightly, but not significantly, upregulated,Wnt1 and Rspo1 expression

remained unchanged, whereas Wnt3a and Dkk1 were undetectable in both

static and PFSS-treated cells. (D) PFSS did not affect Vangl2 and Wnt10b

expression, whereas Wnt7a was not detectable. n ¼ 7–10. ND, not detect-

able. *Significant effect of PFSS, p < 0.05.
phorylation (1.6-fold), whereas no difference in total AKT
levels was observed (Fig. 7 C).
DISCUSSION

MuSCs within their native niche on the host myofiber with
an intact endomysium are presumed to undergo deforma-
tions when the myofibers are subjected to tensile strain.
Here, we have shown for the first time, to our knowledge,
that MuSCs underwent both tensile strain and shear loading
in response to myofiber strain. Because of the constancy of
myofiber volume, the endomysium surrounding the myo-
fiber will undergo a reorientation from a longitudinal toward
a more radial orientation upon muscle contraction (47).
Because MuSCs are anchored to the basal lamina and the
sarcolemma of the host myofiber, one may expect that these
cells also align in the orientation of basal lamina. Our data
confirm such reorientation of MuSCs with respect to the
longitudinal axis of the myofibers.

Local differences in the stiffness of the endomysium may
occur because of the presence of capillaries and differences
in type of collagen and/or connective tissue content. These
differences will cause shear loads and shear deformation
of MuSCs upon mechanical loading of skeletal muscle. In
both myofiber bundles of EDL and SO, we observed differ-
ences in lateral displacements along the length of MuSCs.
This indicates that MuSCs are subjected to shear loading
during myofibers stretch-shortening cycles. The MuSCs on
the SO myofibers showed slightly less protrusions compared
with the MuSCs on the EDL myofibers, likely as a result of
differences in ECM composition and/or expression of sarco-
lemma proteins between the two myofiber types. SO myo-
fibers of rat and mouse muscles express higher levels of
integrin b1 compared with EDL myofibers (48). Moreover,
transcriptome analysis shows different expression levels of
various skeletal muscle-specific genes between EDL and
SO muscles (49,50). However, more research is needed to
draw a conclusive inference about the difference between
ECM composition of EDL and SO muscles, as well as in
sarcolemma transmembrane protein expression in these
muscles. Mechanical loading of skeletal muscle may also
cause localized changes in intramuscular pressure because
of the movement of interstitial fluid, thus creating regions
Biophysical Journal 120, 2665–2678, July 6, 2021 2673



FIGURE 7 PFSS treatment induced MAPKs

ERK 1/2 and p38 phosphorylation and activation.

(A) Expression of ERK 1/2 in MuSCs and PFSS-

induced changes in the phosphorylation levels of

ERK 1/2. Values are normalized to a-tubulin

expression levels. (B) Expression of p38 in MuSCs

and PFSS-induced changes in the phosphorylation

levels of p38. Values are normalized to a-tubulin

expression levels. (C) Expression levels of AKT

and phospho-AKT in static and PFSS-treated

MuSCs. Values are normalized to actin expression

levels. *Significant effect of PFSS, p < 0.05.
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of different pressure gradients (11). Further studies are
required to determine whether these pressure gradients
potentially cause MuSC compression and result in altered
cellular osmotic pressure and volume of MuSCs due to wa-
ter efflux (51). Osmotic pressure is a well-known regulator
of mechanotransduction, but whether MuSC deformation
by myofiber stretching induces activity in this manner still
needs to be determined. This study provides the proof of
concept that MuSCs are subjected to forces and undergo
different mechanical deformations, which encourages
further research on the nature of these forces in MuSC func-
tion and muscle regeneration.

Mechanical forces are inherent to skeletal muscles, as the
myofibers are subjected to stretch and shear forces. Our re-
sults showed that myofiber stretch induced tensile and shear
forces within myofibers that can propagate to the MuSCs.
Stretching of MuSCs results in the production of factors
involved in MuSC activation, self-renewal, and proliferation
(52). Furthermore, pulsatile shear forces are known to elicit
mechanotransduction in various cell types, e.g., endothelial
cells, mesenchymal stem cells, and bone cells (53). We
investigated whether shear forces can elicit mechanotrans-
duction events within MuSCs and alter gene expression
and MAPK signaling. We adopted the 1 Hz pulsed fre-
quency based on the stride frequency of human gait, which
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ranges between 0.8 and 1.26 Hz during normal walking
(34). Live-cell imaging of MuSCs subjected to CFSS
showed that MuSCs underwent deformation. However, the
extent of deformation was less compared with that of
MuSCs within their niche. To quantify the fluid flow-
induced forces on MuSCs in the parallel-plate flow cham-
ber, we performed FEM. MuSCs subjected to PFSS were
acted upon by various mechanical loads such as fluid pres-
sure, fluid shear stress, and Von Mises stress. FEM illus-
trated that MuSCs underwent fluid flow-induced
deformation, presented as solid displacement.

Our results showed that a small subset of MuSCs were de-
tached after PFSS treatment. These MuSCs were likely
loosely attached to the matrigel-coated substrate or were un-
dergoing apoptosis. No difference was seen in static MuSCs.
We observed that shear loading of MuSCs induced NO pro-
duction and upregulated expression of c-Fos, Cdk4, and IL-
6. NO is known to release hepatocyte growth factor from the
ECM and to mediate MuSC activation, proliferation, and
fusion (52). Because we showed that both nNOS and iNOS
mRNA are expressed in MuSCs under static conditions, it
is likely that PFSS-induced NO upregulation results from
changes in the nNOS and/or iNOS enzyme activity. c-Fos
is an early response gene and plays an important role in
cell growth, proliferation, and differentiation (54). During
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differentiation, c-Fos is repressed by MyoD and Myog
(55,56). c-Fos is a subunit of transcription factor complex
activator protein-1 (AP-1) (57), which binds to the MyoD
promotor and inhibits MyoD transcription in proliferating
myoblasts (58). Overexpression of c-Fos has been shown
to promote proliferation and inhibit differentiation in
C2C12 myoblasts (59). This suggests that increased c-Fos
expression after shear loading may induce MuSC prolifera-
tion. Moreover, CDK4 has been shown to play a role in cell
cycle progression together with D-type cyclins (39). IL-6 is
essential for muscle regeneration and MuSC proliferation
(40). Muscle injury causes IL-6 production by macrophages
and myofibers (4). In this study, increased IL-6 expression
by shear-loaded MuSCs suggests a positive effect of loading
on MuSC proliferation and indicates that IL-6 may act in
both a paracrine as well as an autocrine manner to induce
MuSC proliferation. Moreover, expression of COX2, which
is induced in response to injury and is involved in prosta-
glandin production and MuSC proliferation, also showed
an upward trend after shear loading. Another important fac-
tor driving MuSC differentiation is MGF, which is induced
in myotubes by PFSS (29). We did not observe changes in
MGF expression in MuSCs because of PFSS, suggesting
that mechanical loading for 1 h does not induce autocrine
MGF signaling, whereas it does in differentiated myotubes
(29). This suggests that in addition to muscle damage and
mechanical stretch, which stimulate MuSC proliferation,
here we show that PFSS induced expression of prolifera-
tion-related genes and likely stimulates MuSC proliferation.

Shear loading did not affect the expression of genes asso-
ciated with differentiation of myoblasts, as indicated by un-
altered MyoD and Myog expression. Members of the Wnt
family also govern MuSC function. Exogenous Wnt1 acti-
vates Myf5 expression, resulting in MuSC activation and/
or proliferation, as shown in rhabdomyosarcomas (60,61).
Moreover, Wnt3a is required for both myogenic potential
and differentiation of MuSCs (62). We show that that
Wnt1 mRNA levels were unaltered in response to PFSS in
MuSCs, whereas Wnt3a was not detectable in both controls
and PFSS-treated cells. Wnt5a overexpression has also been
shown to increase MuSC proliferation (44). We show that
MuSCs upregulate Wnt5a mRNA levels in response to
PFSS, but the increase did not reach statistical significance.
Wnt signaling may also be regulated by negative or positive
mediators. Rspo1 mediates canonical Wnt signaling,
thereby affecting MuSC differentiation (63). However, we
did not observe changed Rspo1 expression by PFSS.
Dkk1, a negative regulator of Wnt signaling, was not detect-
able in MuSCs, suggesting that there was only a limited
response by canonical Wnt signaling to PFSS, possibly
involving upregulation of Wnt5a.

Wnt7a induces symmetric expansion of MuSCs by acti-
vating the PCP pathway through regulation of Vangl2 and
is negatively regulated by Rspo1 (45,64). Wnt10b is
involved in determining myogenic commitment of MuSCs,
as its ablation has been shown to decrease MuSC myogenic-
ity (65). We did not detectWnt7a expression in MuSCs, and
Vangl2 and Wnt10b expression was unaffected by shear
loading. These results suggest that PFSS did not affect
mRNA expression of genes involved in the PCP pathway,
and further research is needed using immunostaining to
determine possible changes in the spatial distribution of
PCP components in MuSCs in their niche attached to an
intact basal lamina. Cultured MuSCs are attached only to
the matrigel-coated culture dish, whereas MuSCs within
their natural niche are linked to the sarcolemma and basal
lamina. These linkages are essential for the determination
of PCP protein and receptor distribution. Moreover, the ef-
fect of mechanical loading on Fzd receptor expression, as
well as canonical and noncanonical Wnt signaling, is inter-
esting but needs further investigation.

We were able to show that 1 h PFSS resulted in phosphor-
ylation and activation of ERK 1/2 and p38 MAPKs. In bone
cells, integrins play an important role in fluid shear stress-
induced ERK and p38 MAPK signaling and in the expres-
sion of bone-formation-related genes (17). MuSCs in their
niche are anchored to the basal lamina and sarcolemma
via transmembrane receptors, and MuSC shearing likely ini-
tiates downstream signaling and MAPK activation via these
receptors. However, within the PFSS flow chamber, MuSCs
were attached to a matrigel substrate, and the fluid shear
stress-induced activation of ERK 1/2 and p38 likely
occurred via other mechanisms. Our results suggested that
fluid shear stress was a potent activator of MAPK signaling.
During myofiber stretch, the shearing of the MuSCs in their
niche, as well as interstitial fluid movement, likely induces
downstream signaling pathways, which are involved in
MuSC activation, proliferation, and diverse other cellular
functions. Our results are in line with results from a previous
study in which MuSCs were subjected to cyclic stretch re-
sulting in ERK activation (66). However, unlike this previ-
ous study (66), we showed that PFSS induced p38
activation. MuSCs subjected to cyclic stretch in the presence
of an ERK inhibitor show declined proliferation and
increased expression of differentiation factors (66). More-
over, fluid shear stress-induced AKTactivation in bone cells
depends on NO production (67). We showed that PFSS did
induce NO production, but it did not activate AKTwithin 1 h
of PFSS.
CONCLUSIONS

We conclude that MuSCs experience tensile strain, shear
strain, and pressure in response to mechanical perturbations
of the myofibers to which they are attached and that mecha-
notransduction is likely to occur in vivo in MuSCs during
muscle stretch-shortening. Shear loading of MuSCs
in vitro upregulated a number of genes as well as activated
ERK 1/2 and p38 MAPK signaling, which are known to pro-
mote MuSC proliferation (Fig. 8, A and B). Fate mapping of
Biophysical Journal 120, 2665–2678, July 6, 2021 2675



FIGURE 8 Schematic of myofiber stretch inducing MuSC deformation,

and effect of fluid shear stress on myoblast mRNA expression. (A) MuSC

in its niche on the host myofiber, embedded between the sarcolemma (yel-

low) and basal lamina (gray) and connected via transmembrane complexes,

undergoing tensile strain and shear stress deformations upon myofiber

stretch. (B) Myoblasts subjected to mechanical load by PFSS in vitro induce

upregulation of NO and expression of factors known to promote prolifera-

tion. To see this figure in color, go online.
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MuSCs subjected to PFSS will further reveal whether this
acts as a cue to induce MuSC proliferation and/or differen-
tiation. Note that we observed that stretching of MuSCs also
affected their cellular processes, thus potentially affecting
their ability to migrate. Extended time-lapsed imaging of
cells will therefore reveal how exposure to tensile and shear
strain regulates MuSC proliferation, differentiation, and
migration. This will provide important insight into how
MuSCs respond to such forces in the context of aging and
disease and how this affects their ability to maintain effec-
tive muscle function.
SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
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