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Neuromuscular electrical stimulation it

training induces myonuclear accretion
and hypertrophy in mice without overt signs
of muscle damage and regeneration

Aurélie Fessard'", Aliki Zavoriti'!, Natacha Boyer', Jules Guillemaud', Masoud Rahmati'?, Peggy Del Carmine’,
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Abstract

Background Skeletal muscle is a plastic tissue that adapts to increased mechanical loading/contractile activ-

ity through fusion of muscle stem cells (MuSCs) with myofibers, a physiological process referred to as myonuclear
accretion. However, it is still unclear whether myonuclear accretion is driven by increased mechanical loading per se,
or occurs, at least in part, in response to muscle injury/regeneration. Here, we developed a non-damaging protocol
to evaluate contractile activity-induced myonuclear accretion/hypertrophy in physiological conditions.

Methods Contractile activity was generated by applying repeated electrical stimuli over the mouse plantar flexor
muscles. This method is commonly referred to as NeuroMuscular Electrical Simulation (NMES) in Human. Each NMES
training session consisted of 80 isometric contractions delivered at ~15% of maximal tetanic force to avoid muscle
damage. C57BL/6J male mice were submitted to either a short (i.e,, 6 sessions) or long (i.e,, 12 sessions) individualized
NMES training program while unstimulated mice were used as controls. Histological investigations were performed
to assess the impact of NMES on MuSC number and status, myonuclei content and muscle tissue integrity, typology
and size.

Results NMES led to a robust proliferation of MuSCs and myonuclear accretion in the absence of overt signs of mus-
cle damage/regeneration. NMES-induced myonuclear accretion was specific to type IIB myofibers and was an early
event preceding muscle hypertrophy inasmuch as a mild increase in myofiber cross-sectional area was only observed
in response to the long-term NMES training protocol.

Conclusion We conclude that NMES-induced myonuclear accretion and muscle hypertrophy are driven by a mild
increase in mechanical loading in the absence of overt signs of muscle injury.
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Background

Skeletal muscle is a remarkably plastic tissue that both
regenerates ad integrum after an acute injury and adapts
to changes in mechanical loading/contractile activity
(e.g., disuse, overloading). This plasticity widely relies on
muscle stem cells (aka satellite cells, MuSCs) which are
located beneath the basal laminal, i.e., at the periphery
of the myofibers. While MuSCs are indispensable for
muscle regeneration (1-3), during which they exit quies-
cence, expand, differentiate and fuse to form new func-
tional myofibers, emerging evidence illustrates their roles
in skeletal muscle hypertrophy (4).

Over the last few years, it was demonstrated that
mechanical overload leads to MuSC fusion with existing
myofibers, a physiological process referred to as myo-
nuclear accretion. Thanks to the development of genetic
mouse models either ablated for MuSCs (5,6) or deleted
for transcription factors involved in MuSC regulation
(7,8) or in myofiber homeostasis (9), the requirement
of MuSC-mediated myonuclear accretion for hypertro-
phy was demonstrated in young animals (5-7) and in
response to long-term muscle overload (10). However,
the interpretation of these pioneering findings is often
limited by the use of non-physiological models of muscle
overload consisting in either surgical ablation of syner-
gist muscles or tenotomy (6,8). Indeed, the relevance of
these models has been questioned regarding the highly
variable magnitude of hypertrophy (i.e.,+30 to 200% of
muscle mass in 1-3 weeks post-surgery (6,8)), that largely
exceeds what can be achieved in humans after resistance
training (i.e., +5-10% of muscle mass after 20—24 weeks
of training) (11). Moreover, these models may also lead
to muscle injury, illustrated by the presence of myofib-
ers with central nuclei (6). It is therefore unclear whether
MuSC fusion is only driven by increased mechani-
cal loading, or due, at least in part, to the confounding
effects of overload-induced muscle regeneration (5,8,12).

To overcome these limitations, weighted voluntary
wheel running (13,14) or high-intensity interval tread-
mill (15) protocols were recently introduced to decipher
the contribution of MuSCs to exercise-induced myonu-
clear accretion and/or hypertrophy. Myonuclear accre-
tion occurs early during training (15,16) while MuSC
depletion blunts myofiber hypertrophy (16). Although
these physiological models of exercise greatly contrib-
uted to improve our understanding on the role of MuSCs
in skeletal muscle hypertrophy, running activity relies
on repeated eccentric muscle contractions where the
muscle may be stretched beyond its optimal length (17),
potentially leading to muscle damage. In addition, exer-
cise design usually involves the same absolute increment
of wheel load (13) or running speed (15) for all mice so
that the training load is not adjusted according to the
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individual performance capacity. The lack of running
exercise individualization might further aggravate the
extent of muscle damage (15,18). As a consequence, myo-
nuclear accretion-induced muscle hypertrophy might not
only be driven by increased mechanical loading, but may
occur, at least in part, in response to running exercise-
induced muscle injury in these models.

Here, we developed a non-damaging protocol to evalu-
ate contractile activity-induced myonuclear accretion/
hypertrophy in physiological conditions. In this context,
contractile activity was generated by applying repeated
electrical stimuli over the mouse plantar flexor muscles
and was carefully monitored in response to each stimu-
lation train and for each trained mouse. This method
is commonly referred as to NeuroMuscular Electri-
cal Simulation (NMES) in Human (19,20) and was per-
formed under isometric conditions to avoid muscle
damage (21). NMES triggers a robust MuSC proliferation
and myonuclear accretion without overt signs of mus-
cle damage/regeneration. We further demonstrated that
NMES-induced myonuclear accretion is an early event
preceding muscle hypertrophy.

Materials and Methods

Animals

Experiments were conducted on C57BL/6 ] males (Jan-
vier Labs, Le Genest-Saint-Isle, France) at 10—-12 weeks
of age. Mice were housed in an environment-controlled
facility (12—12 h light—dark cycle, 25 °C), received water
and standard food ad libitum. All of the experiments
and procedures were conducted in accordance with
French and European legislation on animal experimen-
tation and approved by the ethics committee CEEA-55
and the French ministry of research (APAFIS#12794 and
#46817). The experimental protocol included a short-
term and a long-term NMES training program described
below. According to the ARRIVE guidelines (22), a total
of 30 mice was used for the short-term NMES training
protocol (n=15 controls and n=15 trained) while a total
of 35 mice was used for the long-term NMES program
(n=15 controls and # =20 trained).

Experimental device

In order to propose individualized and carefully moni-
tored NMES training protocols, we used a strictly
non-invasive ergometer (NIMPHEA_Research, AIl Bio-
medical SAS, Grenoble, France) offering the possibility
to electrically stimulate the plantar flexor mouse muscles
and to record the resulting force production (Fig. 1A).
Mice were initially anesthetized in an induction cham-
ber using 4% isoflurane. The right hindlimb was shaved
before an electrode cream was applied over the plantar
flexor muscles to optimize electrical stimulation. Each
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Fig. 1 Experimental setup and design for individualized NMES training protocols. A Experimental device allowing for non-invasive longitudinal
force measurements and individualized neuromuscular electrical stimulation (NMES) training protocol in response to electrical stimuli applied

over the plantar flexor muscle belly. Yellow arrows show the proximal and distal electrodes located below the popliteal fossa and the Achilles
tendon, respectively. B Typical mechanical trace obtained in response to a 250-ms 100 Hz tetanic stimulation train allowing for maximal

isometric force production measurement. C Typical mechanical trace obtained in response to a 250-ms 50 Hz subtetanic stimulation train

allowing for the determination of the training intensity corresponding to 15% of maximal isometric force. D Typical mechanical traces

obtained during the first five (top) and last five (bottom) stimulation trains during a typical NMES training session. E Schematic representation

of the short-term NMES training protocol. C57BL/6 J mice were submitted to either 6 individualized NMES training sessions or a control intervention
over a 8-day period. Maximal force production was recorded at the beginning of each NMES or control interventions as well as at day 8. Then,
animals were sacrificed and gastrocnemius muscle was harvested. A cohort of mice was also treated with 5-ethynyl-2-deoxyuridine (EdU)

in drinking water at the indicated timepoints. F Schematic representation of the long-term NMES training protocol. C57BL/6 J mice were submitted
to either 12 individualized NMES training sessions or a control intervention over a 3-week period. Maximal force production was recorded

at the beginning of each NMES or control interventions as well as at 3 days after the last training session. Then, animals were sacrificed

and gastrocnemius muscle was harvested

anesthetized mouse was placed supine in a cradle allow-
ing a strict standardization of the animal positioning in
~1 min (Supplemental Video 1). Throughout a typical
experiment, anesthesia was maintained by air inhalation
through a facemask continuously supplied with 1.5-2.5%
isoflurane. The cradle also includes an electrical heating

blanket in order to maintain the animal at a physiologi-
cal temperature during anesthesia. Electrical stimuli were
delivered through two electrodes, both being composed
of a thin copper wire (width <1 mm). The proximal elec-
trode was positioned directly on a plastic support that
supports the plantar flexor muscles near to the popliteal
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fossa. The distal electrode was directly incorporated at
the bottom of the foot pedal. Its U-shape allows to stimu-
late the distal part of the plantar flexor muscles, near the
Achilles tendon (Fig. 1A). The right foot was positioned
and firmly immobilized through a rigid slipper on a pedal
of an ergometer allowing for the measurement of the
force produced by the plantar flexor muscles (i.e., mainly
the gastrocnemius muscle). The right knee was also firmly
maintained using a rigid fixation in order to optimize iso-
metric force recordings (Fig. 1A & Supplemental Video
1).

In vivo maximal force measurements and NMES training
Transcutaneous single twitch stimulation was first elic-
ited on the plantar flexor muscles using a constant-cur-
rent stimulator (Digitimer DS7AH, Hertfordshire, UK;
maximal voltage: 400 V; 0.2 ms duration, monophasic
rectangular pulses). The individual maximal current
intensity was determined by progressively increasing the
current intensity until there was no further peak twitch
force increase. This intensity was then maintained to
measure maximal isometric force production (F,,) in
response to a 250-ms 100 Hz tetanic stimulation train
(Fig. 1B). The maximal current intensity to evoke F, .,
reached a mean value of 133 + 12 mA.

NMES mice were then submitted to a NMES protocol
performed under isometric conditions at a submaximal
mechanical intensity corresponding to ~15% of F_,, in
order to i) avoid muscle damage; ii) mimic the applica-
tion of NMES in severely impaired patients for whom
higher force levels are difficult to reach due to discom-
fort associated with electrical stimuli (23). As a conse-
quence, the current intensity was carefully adjusted at
the beginning of each NMES training session in order to
reach 15% of F_,, (i.e., initial intensity I,.,; range: 12.5—
17.5% of F_,,) in response to a 250-ms 50 Hz stimula-
tion train (Fig. 1C). Each NMES session consisted of 80
stimulation trains (2-s duration, 8-s recovery) delivered
at a frequency of 50 Hz. Every 10 contractions, the cur-
rent intensity was increased by 50% from I,z in order
to minimize muscle fatigue and maintain a force level of
~15% of F,, throughout the NMES protocol (Fig. 1D,
Supplemental Fig. 1). For all NMES training sessions and
for each mouse, the force produced in response to each
stimulation train was quantified, normalized to F,_,,
recorded at the beginning of the corresponding session
and defined as the training intensity. Control mice were
not stimulated but were kept under anesthesia for the
same duration as an NMES session. F_,, was recorded in
both NMES and control mice for each training and test-
ing session. Force data was sampled at 1000 Hz with a
PowerLab8/35 (ADinstruments, Sydney, Australia) and
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analyzed with LabChart software (v8.1.17 ADInstru-
ments, Sydney, Australia).

Considering that myonuclear accretion is an early pro-
cess preceding muscle hypertrophy (15,24), two NMES
protocols were designed with different number of train-
ing sessions. For the short-term NMES training program
(Fig. 1E), NMES mice were stimulated for 2x3 consec-
utive days separated by one day of rest, for a total of 6
sessions corresponding to a total muscle contractile
activity of only 16 min (i.e., 6 sessionsx 80 trains X2 s).
A cohort of mice (i.e., n=5 controls and n=4 trained)
was also treated with 5-ethynyl-2’-deoxyuridine (EdU
Carbosynth) in drinking water (0.5 mg/ml, 1% glucose)
at the indicated timepoints (Fig. 1E) to label proliferat-
ing MuSCs. For the long-term NMES training program
(Fig. 1F), 12 sessions were performed over a 3 week-
period corresponding to a total muscle contractile activ-
ity of 32 min (i.e., 12 sessions X 80 trains X 2 s).

Tissue preparation and immunofluorescence analyses

All animals were sacrificed by cervical dislocation after
deep isoflurane anesthesia. The right gastrocnemius mus-
cle was harvested, weighted and then frozen in isopen-
tane placed in liquid-nitrogen, and kept at —80 °C until
use. Cryosections (10 pm) were prepared for immunobhis-
tochemical analyses.

Cryosections were permeabilized in Triton-X100 0.5%
for 10 min at room temperature, washed 3 times in PBS
and then blocked in BSA 4% (except for CD64 staining,
BSA 2%) for 1 h at room temperature. Cryosections were
then incubated with primary antibodies overnight at 4 °C,
washed 3 times (5-min duration) with PBS and further
incubated with secondary antibody for 1 h at 37 °C. The
following primary antibodies were used: anti-MYH3 (i.e.,
to label myosin heavy chain embryonic; 1/200, mouse,
sc-53091, Santa Cruz Biotech), anti-PCM1 (1/1000, rab-
bit, HPA023370, Sigma), anti-Laminin (1/200, rabbit,
L9393, Merck), anti-Laminin a2 (4H8-2) (1/1000, rat,
sc-59854, Santa Cruz Biotech) and anti-CD64 (1/200, rat,
161,002, Biolegend). Secondary antibodies were: Alexa
Fluor 488 AffinePure Goat anti-mouse (1/200, ref: 115—
545-205), Cy3 AffinePure Donkey anti-rabbit (1/200, ref:
711-165-152), Cy3 AffinePure Donkey anti-mouse (i.e.,
for determining IgGP® myofibers; 1/200, ref: 715-165-
150), Fluorescein (FITC) AffinePure Donkey anti-rabbit
(1/200, ref: 711-095-152), and Cy3 AffinePure Donkey
Anti-Rat (1/200, ref: 712—-165-153) supplied from Jack-
son ImmunoResearch. Slides were washed with PBS,
counterstained with Hoechst and mounted in Fluoro-
mount-G medium.

For myosin heavy chain (MyHC) immunostain-
ing, cryosections were incubated with PBS containing
4% BSA and mouse-on-mouse blocking reagent (1/40,
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#MKB-2213, Vector Laboratories) for 1h30 at room
temperature. Then, cryosections were incubated with
primary antibodies in PBS containing BSA 4% over-
night at 4 °C, washed with PBS (50 min), further incu-
bated with secondary antibody for 1 h at 37 °C (BSA 4%)
and washed for 50 min in PBS. Slides were mounted in
Fluoromount-G medium. The following antibodies were
used: anti-MyHC-I (1/50, BA-D5, DSHB), anti-MyHC-
IIA (1/50, SC-71, DSHB), anti-MyHC-IIX (1/50, 6H1,
DSHB), anti-MyHC-IIB (1/50, BF-F3, DSHB), anti-
laminin (1/200, L9393 Sigma), Alexa Fluor 405 IgG2b
anti-mouse (1/150, ref: 115-475-207), Alexa Fluor 488
IgG1 anti-mouse (1/150, ref: 115-545-205), Alexa Fluor
546 IgM anti-mouse (1/150, ref: 115-295-020) and Alexa
Fluor 647 anti-rabbit (1/200, ref: 711-175-152).

For Pax7 immunostaining, cryosections were first fixed
with PFA 4% for 20 min, washed 3 times in PBS, per-
meabilized in 100% methanol (previously cool down at
—20 °C) for 6 min, washed 3 times in PBS, then immerged
into citrate buffer 10 mM in 90 °C hot water bath twice
5 min, washed 3 times in PBS and blocked in BSA 4%
for 2-3 h. Every step was performed at room tempera-
ture, unless indicated otherwise. Cryosections were then
incubated with primary antibodies as described above
except that anti-Pax7 (1/50, mouse, DSHB) was diluted
in blocking buffer containing BSA 4%. Biotin-conjugated
donkey anti-mouse IgG1 (1/200, #BA-2000, Vector) was
used against Pax7 primary antibody for 1 h at 37 °C then
DTAEF-conjugated streptavidin (1/1000, ref: 016-010-
084, Jackson immunoResearch) was used for 1 h at 37 °C.

EdU detection was performed using Click-iT EdU
HCS Assay, according to the manufacturer’s instructions
(C10350, Invitrogen).

Image capture and analysis

Ten to fifteen images were recorded from each section
with an Axio Observer.Z1 (Zeiss) connected to a CoolS-
NAP HQ2 CCD Camera (photometrics) at 20 X magnifi-
cation for the quantification of the number of PCM1P®
nuclei, EQUP®® nuclei and Pax7P°° cells using Image] soft-
ware. The number of nuclei positive for PCM1 located
below the basal lamina (i.e., defined as myonuclei, (25))
was divided by the number of myofibers analyzed on the
same picture. The newly fused myonuclei that are derived
from cycling MuSCs was assessed by quantifying the
number of PCM1P**EdUP*cells located below the basal
lamina. This number was also divided by the number
of myofibers analyzed on the same picture or expressed
in relation to the total number of PCM1P* cells. The
number of Pax7P cells and Pax7P**EdUP*cells was also
divided by the number of myofibers analyzed on the same
picture. The number of myonuclei was also determined
according to the myofiber type. Ten to fifteen images
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were recorded from each section with an Axio Observer
7 (Zeiss) connected to an ORCA-Flash4.0 LT3 Digital
CMOS camera at 20X magnification. For each myofiber
type, nuclei with their geometric center within the inner
rim of the laminin ring were defined as myonuclei. These
analyses were performed in a blinded manner. For the
quantification of the number of CD64P° cells, whole scan
images were recorded from each section with an Axio
Observer 7 (Zeiss) connected to an ORCA-Flash4.0 LT3
Digital CMOS camera. Then, ten regions of interest of
equal surfaces (650 pm?) were analyzed.

For whole cryosection analysis, slides were automati-
cally scanned atx 10 magnification using either an Axio
Observer.Z1 (Zeiss) connected to a CoolSNAP HQ2
CCD Camera (photometrics) or an Axio Observer 7
(Zeiss) connected to an ORCA-Flash4.0 LT3 Digital
CMOS camera. The image of the whole cryosection was
automatically reconstituted in MetaMorph or Zen Pro
3.8 software.

The number of IgG positive myofibers (i.e., based on
staining with cy3 anti-mouse), MyHC-embryonic posi-
tive myofibers and myofibers with central nuclei were
quantified on the whole section and normalized to the
total number of myofibers. For the short-term NMES
training protocol, myofiber cross-sectional area (CSA)
was determined on whole gastrocnemius muscle sec-
tions labeled by anti-laminin antibody using the Open-
CSAM program, as previously described (26). For the
long-term NMES training protocol, the myofiber CSA
was determined according to the expression of MyHC.
Briefly, the automatic segmentation and quantification
were performed in Fiji (27) with two lab-made macros
and a lab-made Excel template. The first macro included
the BIOP-EPFL plugin, which uses the cyto2 deep learn-
ing model from the Cellpose algorithm (28), along with
the LaRoMe algorithm (https://github.com/BIOP/ijp-
LaRoMe) and Morpholib] plugin (29). The parameters
used for Cellpose segmentation were as follows: diame-
ter=120, cellproba_threshold =0.0, flow_threshold=0.4,
anisotropy=3.0, and diam_threshold=30.0. Addition-
ally, the macro applied an object size filter to remove all
labels smaller than 1500 pixels, performed ROI erosion
with a radius of 4, and included a code to eliminate arti-
fact ROIs resulting from the label-to-ROI conversion
step (LaRoMe). Then, the second macro processed each
marker image by splitting and binarizing them using
manual thresholding. Manual thresholding was adjusted
to ensure that the location of mask signal closely matched
the marker staining observed in the original images. The
Excel template automatically analyzed the mean intensity
value within each myofiber as an indicator of marker pos-
itivity. Each mask was binarized with the intensity value
ranging from 0 to 255 pixels. Myofibers were classified as
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positive for a marker if the mean intensity value within
the mask was higher than 85 pixels. To avoid double attri-
butions of cell typology, the final classification was deter-
mined by the marker showing the highest mean pixel
value. CSA was then determined for each myofiber type.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
Software (version 9.0). Data distribution was initially
investigated using Shapiro—Wilk test. Two-factor (group
x time) analysis of variance with repeated measures on
time was used to compare maximal tetanic force dur-
ing the short-term NMES training protocol. Two-factor
(group x range of CSA) analysis of variance was also used
to compare myofiber distribution after long-term NMES
training protocol. When a main effect or interaction
was observed, a Holm-Sidédk post-hoc analysis was per-
formed. Unpaired student t-test or Mann—Whitney was
used to assess differences between control and NMES
mice for other variables.

Cohen’s d effect size and post-hoc power analysis were
performed using G-power software (version 3.1.9.6) (30).
Overall, the effect size was large (d > 1.08) for all the vari-
ables, although some statistical differences were slightly
underpowered (Supplemental Table 1). For each variable,
data are presented as mean+SD (unless indicated) with
significance set at p <0.05.

Results

Individualization and monitoring of NMES training
program

For both the short- and long-term NMES training pro-
grams (Fig. 1E-F), the mean initial current intensity was
1.8+£0.6 mA and 1.6+0.5 mA (Supplemental Fig. 1A&E)
leading to a mean initial training intensity of 14.1+2.8%
Foax and 13.5£29% F .. (Supplemental Fig. 1B&F),
respectively. In order to minimize muscle fatigue induced
by repeated electrical stimuli, the current intensity was
linearly increased every 10 stimulation trains to reach
a mean value of 4.9+1.6 mA and 4.5+1.2 mA for the
short- and long-term NMES protocols, respectively. Each
increment of current intensity resulted in an increase in
force production (Supplemental Fig. 1B&F) so that the

(See figure on next page.)
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mean training intensity reached 12.1+2.6% F_,, and
11.9+2.2% F_,,. The inter-session variability of both the
current and training intensities was relatively low for
both the two protocols (CV ranging from 4.1% to 10.5%).
Considering that each training session was individual-
ized, we next assessed the intra-group variability for the
two NMES training protocols. The mean current inten-
sity typically ranged from 2.8 to 6.9 mA (Supplemental
Fig. 1C&G) while the mean training intensity ranged
from 9.1 to 16.6% F,.. (Supplemental Fig. 1D&H).
Despite the relatively high intra-group variability of the
mean current intensity for the two protocols (i.e., CV of
16.7% and 27.6%), the mean training intensity was less
variable within the two groups of trained mice (i.e., CV
of 16.2% and 10.1% for the short- and long-term NMES
protocols, respectively) (Supplemental Fig. 1D&H).

Overall, our strategy allows for the first time to stand-
ardize, individualize and monitor the contractile activity
during electrically-evoked isometric contractions at a low
force level.

Short-term NMES training triggers the proliferation

of MuSCs and promotes MuSC-induced myonuclear
accretion

Considering that myonuclear accretion is an early pro-
cess preceding muscle hypertrophy (15,24), we first
designed a short-term NMES training program (Fig. 1E).
Gastrocnemius muscle was harvested 24 h after the last
NMES training session.

Cryosections were first immunostained for Pax7 to
label MuSCs in both NMES and control mice (Fig. 2A).
The number of Pax7P° cells related to the number of
myofibers was higher in NMES mice (+68%, P<0.001) as
compared with controls, indicating that NMES increases
MuSC content (Fig. 2B). By using EdU tracing, we fur-
ther assessed the proliferative capacity of MuSCs. We
showed that the number of Pax7P®EAUP® cells was
higher (+102%; P<0.05) after NMES as compared with
controls (Fig. 2C). We next investigated whether NMES
could trigger MuSC fusion by counting the number of
PCM1P° cells below the basal lamina, defined as myo-
nuclei (25) to avoid the contribution of other cell types
(e.g., inflammatory and/or interstitial cells) (31) (Fig. 2D).

Fig. 2 Effects of short-term NMES training on MuSCs and myonuclear content. A Immunostaining for laminin (red), Pax7 (green), EJU (white)

and Hoechst (blue) on gastrocnemius muscle section from mice submitted either to the control procedure or to NMES. Arrowheads show
Pax7P°EdUP® cells. B Number of Pax7P* cells per myofiber in control (n=13) and NMES (n=13) mice. C Number of Pax7°**EdUP** cells per myofiber
in control (n=5) and NMES (n=4) mice. D Immunostaining for laminin (red), PCM1 (green), EAU (white) and Hoechst (blue) on gastrocnemius
muscle section from mice submitted either to the control procedure or to NMES. Arrowheads show PCM1P2EdUP®* cells. E Number of myonuclei
(i.e,, PCM1P® cells below the basal lamina) per myofiber in control (n=13) and NMES (n=12) mice. F Number of newly fused myonuclei (i.e,
PCM1P°EJUP® cells located below the basal lamina) per myofiber. G Proportion of newly fused myonuclei (% of total PCM1P* cells) in control (n=5)
and NMES (n=4) mice. Scale bar=25 um. Significantly different from control: P<0.05; ""P<0.001.Values are reported as mean = SD
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The number of myonuclei per myofiber was higher in
NMES mice (+ 14%, P<0.001) as compared with controls
(Fig. 2E). Finally, we tracked the newly fused myonuclei
that are derived from cycling MuSCs by assessing the
number of PCM1P**EdUP*cells located below the basal
lamina. Strikingly, NMES increased (P<0.05) the num-
ber of PCM1P**EdUP*cells per myofiber (+132%, Fig. 2F)
or related to the total number of PCM1P° cells (+111%,
Fig. 2G). In addition, visual inspection of whole gastroc-
nemius sections stained for PCM1 and EdU revealed
that EdU positive nuclei were not specifically localized
in superficial myofibers but rather dispersed within the
gastrocnemius muscle (see Supplemental Fig. 2) in NMES
trained. Overall, these results demonstrate that a short-
term NMES training protocol performed at a mild force
level (ie., ~15% of F,,) triggers the proliferation of
MuSCs and myonuclear accretion.

Short-term NMES training does not induce overt signs

of muscle damage/regeneration

Considering that myonuclear accretion may be driven
by muscle damage and/or regeneration (18), we immu-
nostained IgG trapping on gastrocnemius cryosections
of both NMES and control mice as an index of increased
membrane permeability. The proportion of myofibers
positive for IgG was negligible in both NMES and con-
trol mice (i.e.,<0.2%) (Fig. 3A; Supplemental Fig. 3A-B),
showing that NMES did not induce membrane leakage.
We also investigated whether signs of muscle regenera-
tion can be observed in gastrocnemius muscle of both
NMES and control mice. Cryosections were immu-
nostained for MyHC-embryonic (MyHC-emb) that labels
newly formed myofibers. The percentage of myofibers
positive for MyHC-emb was very low (i.e., <0.5%) in both
control and NMES mice (Fig. 3B; Supplemental Fig. 3C-
D). Finally, we counted the number of myofibers with
central nuclei, as central positioning of nuclei in myofib-
ers is commonly used as a marker of regeneration (32). In
agreement with the MyHC-emb staining, the percentage
of myofibers with central nuclei was very low (i.e., <2%)
in all mice (Fig. 3C). On the basis of those three differ-
ent markers of muscle damage/regeneration, our results
illustrate the non-damaging effects of a short-term
NMES protocol on gastrocnemius muscle.

Upon mechanical overload, MuSC regulation is influ-
enced by different cell types among them macrophages
(9,33). We next quantified the number of CD64P% cells,
considered as macrophages, in cryosections of both
control and NMES trained mice. The number of mac-
rophages was significantly higher (2<0.05) in NMES
mice (+50%) as compared with controls (Fig. 3D).
This indicates that the inflammatory response may be
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modulated by the contractile activity per se and in the
absence of overt signs of muscle damage.

Short-term NMES training does not induce muscle
hypertrophy or force improvement
Considering that myonuclear accretion has been
reported as an early event occurring before (or in absence
of) muscle hypertrophy (14,15,24), gastrocnemius muscle
weight and myofiber CSA were quantified in both control
and NMES mice as indices of muscle hypertrophy. These
two parameters were not significantly different between
control and NMES mice (Fig. 3E-F), indicating that short-
term NMES-induced myonuclear accretion was not asso-
ciated with an increase in muscle mass and myofiber size.
Finally, we investigated whether the changes in both
MuSCs and myonuclear content might have a functional
effect in terms of muscle force production. Maximal
tetanic force (i.e., F,) was recorded longitudinally in
both control and NMES mice throughout the duration
of the experiment (i.e., Fig. 1E). Our functional analysis
reveals that short-term NMES did not increase muscle
force (Fig. 3G).

Long-term NMES training promotes myonuclear accretion
and muscle hypertrophy in the absence of overt signs

of muscle damage/regeneration

On the basis of the myonuclear accretion induced by a
short-term NMES training program, we next assessed
whether a longer NMES training program could result in
muscle hypertrophy in mice (Fig. 1F).

In agreement with the results obtained after short-term
NMES training, the number of Pax7P° cells per myofiber
increased by 55% (P<0.01) in NMES mice as compared
with controls (Fig. 4A). In the same way, the number
of myonuclei per myofiber significantly increased by
18% (P<0.001) in NMES mice as compared with con-
trols (Fig. 4B). Interestingly, the magnitude of changes
for both the number of Pax7P°® cells and myonuclei was
roughly similar to that observed after short-NMES train-
ing, indicating that NMES-induced myonuclear accretion
and increase in MuSC content were independent of the
training duration. We next assessed whether myonuclear
accretion was specific to a myofiber-type. Cryosections
were immunostained for laminin, Hoechst, MyHC-
I, MyHC-IIA, MyHC-IIX and MyHC-IIB. For each
myofiber type, nuclei with their geometric center within
the inner rim of the laminin ring were defined as myonu-
clei. Interestingly, NMES resulted in a significant increase
(P<0.05) in the number of myonuclei in myofibers
expressing MyHC-IIB (+13%; Fig. 4F) while this parame-
ter remains unchanged for the three other myofiber types
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(See figure on next page.)

Fig. 4 Effects of long-term NMES training on skeletal muscle homeostasis. A Number of Pax7°°* cells per myofiber in control (n=7) and NMES
(n=6) mice. B Number of myonuclei (i.e, PCM1P* cells below the basal lamina) per myofiber in control (n=7) and NMES (n=6) mice. C-F Number
of myonuclei per myofiber type |; lIA; IIX and I1B in control (n=8) and NMES (n=8) mice. G Gastrocnemius myofiber cross-sectional area distribution
in control (n=15) and NMES (n=18) mice. H Whole gastrocnemius muscle section immunostained for laminin (grey), MyHC-I (blue), MyHC-IIA
(green), MyHC-IIX (black), MyHC-IIB (red). Scale bar=500 um. I-L Myofiber cross-sectional area of myofiber type [; llA; IIX and 1B in control (n=7)
and NMES (n=11) mice. M Maximal isometric force production in control (n=15) and NMES trained (n =20) mice. N Proportion of myofibers
positive for IgG in mice submitted either to the control procedure (n=7) or to NMES (n=6). O Proportion of myofibers positive for embryonic
myosin heavy chain in control (n=7) and NMES (n=7) mice. P Proportion of myofibers with central nuclei in control (n=6) and NMES (n=7) mice.
Significantly different from control: ‘P<0.05; “P<0.01; “"P<0.001; *P=0.076; £P=0.066. Values are reported as mean +SD expect for myofiber
cross-sectional area distribution where values are reported as mean + SEM for the sake of clarity
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(Fig. 4C-E), thereby illustrating a myofiber-type specific-
ity of myonuclear accretion.

Then, we investigated whether myonuclear accre-
tion induced by the long-term NMES training protocol
was associated with muscle hypertrophy. We found that
NMES induced a significant shift towards a higher pro-
portion of myofibers with large CSA (Fig. 4G), illustrat-
ing a mild muscle hypertrophy. Myofiber CSA was also
analyzed according to the expression of MyHC (Fig. 4H).
However, the changes were not significant for both type
I or type II myofibers (Fig. 4I-L). In addition, no signifi-
cant changes were observed in both force production
(Fig. 4M) and gastrocnemius muscle mass (148 + 16 mg
vs. 153 & 15 mg) between controls and NMES mice.

In agreement with the results obtained in response to
the short-term NMES training protocol, the proportion
of myofibers positive for IgG or MyHC-emb was negligi-
ble (i.e., <0.3%) in both control and NMES mice (Fig. 4N-
O). Finally, the percentage of myofibers with central
nuclei was very low (i.e., <2%; Fig. 4P) and was not sig-
nificantly different between control and NMES mice.
This further confirms the absence of overt signs of mus-
cle injury/regeneration even after a longer NMES train-
ing program.

Discussion

In the present study, we took advantage of our original
device allowing for non-invasive force measurements in
response to electrical stimuli applied over the plantar
flexor muscle belly to design individualized and carefully
monitored isometric NMES training protocols in mice.
We showed that NMES triggers a robust MuSC prolif-
eration and myonuclear accretion without overt signs of
muscle damage/regeneration. We further demonstrated
that NMES-induced myonuclear accretion is specific to
type IIB myofibers and is an early event preceding muscle
hypertrophy.

Although the contribution of MuSCs to exercise-
induced myonuclear accretion has been well described
(5-9), it is still unclear whether this biological effect is
driven by increased mechanical loading per se, or occurs,
at least in part, in response to muscle injury/regeneration.
We demonstrated that an individualized and monitored
NMES training protocol performed under isometric
conditions at a low force level (i.e., ~15% of F_ ) did
not induce overt signs of muscle damage/regeneration
whatever the training duration. Indeed, the proportion
of myofibers positive either for IgG labeling or MyHC-
emb as well as the percentage of myofibers with central
nuclei were very low (i.e., ~<2%) after NMES and were
never different between control and NMES mice. On the
contrary, around 30% of myofibers displayed centrally
located nuclei in response to synergist ablation-induced
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muscle hypertrophy (6). Furthermore, the proportion
of myofibers with central nuclei was significantly higher
in trained mice as compared with control animals in
response to wheel running exercise (14,18) and reached a
mean value of ~5-8% (range: ~2—10% in the soleus mus-
cle (18)) with (18) or without (14) the co-expression of
MyHC-emb. In addition, we showed that NMES did not
lead to an acute force reduction (i.e., after a single NMES
training session, see Fig. 3G), this parameter being con-
sidered as the best indirect marker of muscle damage
(34). Overall, while running exercise contains a compo-
nent of damaging eccentric contractions, an individual-
ized isometric NMES training protocol performed at low
force levels (i.e., ~15% of F,,) can be considered as a
non-damaging modality of increased mechanical loading.
By combining immunostaining analyses with EdU-
based tracing, we showed that non-damaging NMES
training program increased both MuSC content and
the number of proliferating MuSCs. This led to myonu-
clear accretion as illustrated by the ~14-18% increase
in number of myonuclei per myofiber together with
the large increase (ie, ~+130%) in the number of
PCM1P*EdUP*cells in NMES mice. Interestingly, the
relative increase in myonuclear number was larger and
reached ~27-55% after voluntary wheel running (13,14),
high-intensity interval treadmill (15) or electrically-
evoked eccentric contractions (35). These differences
indicate that NMES-induced myonuclear accretion is
primarily mediated by the increase in myofiber con-
tractile activity while both muscle overload and dam-
age-related fusion of MuSCs are likely involved in the
increased number of myonuclei in response to exercise
involving eccentric contractions. Our results also indi-
cate that MuSCs can sense changes in muscle activity and
that necrosis, muscle damage and regeneration are not
required for MuSC proliferation (8,36). Our findings are
in agreement with recent studies showing differences in
MuSC dynamics during muscle regeneration and over-
load (8,37). Indeed, and contrarily to what is usually
observed during muscle regeneration, muscle overload
leads to MuSC proliferation in the absence of detectable
MyoD protein expression (37). It is however noteworthy
that these results were obtained in a mouse model of ten-
otomy which induces a strong mechanical stimulus as
illustrated by the large increase in muscle mass (8). In the
present study, NMES training was performed at a mild
mechanical intensity corresponding to a mean force level
of ~15% F,,,, illustrating the high sensitivity of MuSCs to
detect subtle changes in myofiber contractile activity.
The regulation of MuSCs is also influenced by differ-
ent cell types, among which macrophages (38). Here,
we reported that the number of macrophages was 0.5-
fold higher in NMES mice as compared with controls.
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Interestingly, the macrophage number or concentra-
tion was~20-to-26 fold higher in drastic models of
muscle hypertrophy (i.e., synergist-ablation, tenotomy)
(9,33,39,40) which may also trigger muscle damage/
regeneration. Our results clearly indicate that the inflam-
matory response may be modulated by the contractile
activity per se and in the absence of overt signs of mus-
cle damage. However, it remains to determine whether
and to what extent the increased number of macrophages
contributes to the regulation of MuSCs in response to
NMES.

In the present study, contractile activity was generated
by applying electrical pulse trains over the mouse plantar
flexor muscles while other models of mechanical over-
load (e.g., synergist ablation, tenotomy, wheel running,
treadmill) rely on the repetition of voluntary muscle con-
tractions. Considering the previous in vitro studies show-
ing that the application of electrical pulses in cultured
myoblasts strongly influences the different steps (e.g.,
fusion) (41-43) and/or the molecular actors of myogen-
esis (e.g., mRNA expression of MYODI) (44), we could
assume that electrical current per se might have a direct
effect of MuSCs. It should however keep in mind that
these in vitro studies do not necessarily reflect the behav-
ior of MuSCs in vivo inasmuch as myofiber-attached
MuSCs display different electrophysiological properties
(e.g., resting membrane potential) as compared with dis-
sociated MuSCs and myoblasts (45,46). In our opinion,
it seems highly difficult to discriminate the role of elec-
trical current from the contribution of muscle contrac-
tion on MuSC fusion in vivo. Indeed, considering that
NMES triggers muscle contractions via the activation
of intramuscular nerve branches (47,48), we could use a
neuromuscular transmission blocker (e.g., curare) to pre-
vent muscle contraction and therefore assess the effects
of electrical current per se on MuSC fusion. However,
such experiments would require repeated anesthesia and
mechanical ventilation to allow breathing of mice dur-
ing NMES application which is technically not feasible.
The use of current intensities below the motor thresh-
old could be viewed as another strategy to prevent con-
tractile activity. However, and despite their limitations,
in vitro studies showed that the stimulation parameters
(e.g., current intensity, stimulation frequency) impact the
regulation of myoblasts (49). On that basis, even if low
current intensity (<motor threshold) promotes MuSC
fusion in vivo independently of muscle contractility, it
would not be possible to extrapolate on the behavior of
MuSCs in response to current intensity above the motor
threshold. Further human investigations would allow to
address this question by comparing myonuclear accretion
in response to voluntary vs. electrically-evoked muscle
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contractions performed at a similar and low mechanical
intensity to mimic the present experiments.

We further demonstrated that NMES-induced myonu-
clear accretion is an early event occurring before muscle
hypertrophy. Indeed, while mice submitted to the short-
term NMES training protocol showed an increase in the
number of myonuclei without any changes in myofiber
CSA, the longer NMES training protocol led to both
myonuclear accretion and a significant increase in the
proportion of myofibers with large CSA. This is in agree-
ment with previous studies showing that myonuclear
accretion precedes muscle hypertrophy in response to
mechanical overload (24) or treadmill exercise (7). So far,
conflicting findings have been reported on the impact of
NMES on muscle hypertrophy in mice as illustrated by
the reduction of muscle mass and a decrease in myofiber
CSA (50), a mild increase in muscle mass (51) or a signifi-
cant increase in myofiber CSA (52). These discrepancies
could be related to the use of different training intensities
(e.g.,>50% of F_,.) (52) and/or the application of NMES-
induced lengthening contractions that could both trigger
muscle damage (50). We conclude that our NMES train-
ing protocol triggers a mild muscle hypertrophy inas-
much as the magnitude of changes in CSA distribution
is much lower than what has been previously reported
in drastic models of muscle hypertrophy (i.e., synergist-
ablation, tenotomy) (5,6,9).

In agreement with the mild increase in myofiber CSA,
maximal force production remained unchanged after
NMES. It has been previously reported that changes in
myofiber size/mass do not necessarily translate into
increase in force production (53-55), especially when
resistance training is performed at submaximal intensity
(e.g., 15% of maximal force) (53). We also found that EQU
positive nuclei were not specifically localized in superfi-
cial myofibers but rather dispersed within the gastrocne-
mius muscle (see Supplemental Fig. 2) in NMES trained.
We assumed that EAU positive nuclei are localized near
to the activated muscle areas. In addition, NMES resulted
in myonuclear accretion which was specific to type IIB
myofibers. Therefore, NMES mainly activates a limited
number of type IIB myofibers independently of their spa-
tial location within the activated gastrocnemius muscle.
This partial and rather dispersed activation of gastrocne-
mius myofibers during NMES may also explain why the
force production remains unchanged after training.

Our NMES training protocol could be of interest to
further improve our understanding on the role of mus-
cle memory in the context of muscle adaptations, i.e.,
to assess whether myonuclei gained during (or in the
absence of) hypertrophy are lost during detraining (56—
59). Moreover, recent lineage tracing approaches not
only revealed distinct transcriptional signatures of newly
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fused myonuclei as compared with pre-existing myonu-
clei but also interactions between these two myonuclear
populations to regulate myofiber size in a drastic model
of hypertrophy (60). In this study, newly fused myonuclei
were mainly located in the center of myofibers, illustrat-
ing an ongoing regeneration process. In that context,
the use of NMES-induced non damaging muscle con-
tractions could provide key information on how and to
what extent the transcriptional responses differ between
newly acquired and pre-existing myonuclei located in the
periphery of the myofibers. Finally, the training intensity
(i.e., 15% of F,,,) was selected to mimic the application
of NMES in severely impaired patients (23) for whom
higher force levels are difficult to reach due to discom-
fort associated with electrical stimuli (61). On that basis,
NMES could be relevant to promote myonuclear accre-
tion and hypertrophy in pathological conditions associ-
ated with MuSC defects and muscle atrophy (e.g., cancer
cachexia, sepsis...) (62,63).

As a proof-of-concept study illustrating the non-dam-
aging effects of NMES on myonuclear accretion and
hypertrophy, experiments were conducted on C57BL/6 ]
males only. Further studies are needed to evaluate
whether and to what extent NMES-induced myonuclear
accretion and hypertrophy differ between males and
females. This is of interest since sex may impact the regu-
lation of MuSCs (64,65).

Conclusion

Our study brings a novel brick in the long-standing
debate on MuSC dynamics during muscle regeneration
and hypertrophy. We provide strong evidence regard-
ing the sensitivity of MuSCs to detect subtle changes in
myofiber contractile activity inasmuch as our NMES
training program was performed at a mild mechanical
intensity corresponding to a mean force level of ~15%
Fax This indicates that neither a strong mechanical
stimulus (such as that induced by synergist ablation or
tenotomy) nor necrosis/massive damage are required for
MuSC expansion and fusion with existing and undam-
aged myofibers. Further human investigations could also
allow to decipher the potential activation of MuSCs by
the electrical current itself.
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Supplemental Figure 1. Monitoring of force production during short- and
long-term NMES training. A-B) Mean current intensity (in mA) and mean
training intensity (expressed in percentage of maximal isometric force)
obtained during each of the 6 NMES sessions (i.e, from S1 to S6; mean

of 15 mice). Values are reported as mean + SEM. C-D) Individual current
intensity (in mA) and individual training intensity (expressed in percentage
of maximal isometric force) throughout the 80 stimulation trains (n=15
mice) of the short-term NMES training protocol (mean of the 6 sessions).
Each symbol represents an individual mouse. For the sake of clarity, only
mean values are reported. E-F) Mean current intensity (in mA) and mean
training intensity (expressed in percentage of maximal isometric force)
obtained during each of the 12 NMES sessions (i.e, from ST to S12; mean
of 20 mice). Note that session #8 of one mouse was not recorded due

to technical issue. Values are reported as mean + SEM. G-H) Individual
current intensity (in mA) and individual training intensity (expressed in
percentage of maximal isometric force) throughout the 80 stimulation
trains (n=20 mice) of the long-term NMES training protocol (mean of the
12 sessions). Each symbol represents an individual mouse. For the sake of
clarity, only mean values are reported.

Supplemental Figure 2. Effects of NMES on the spatial distribution of EdU
positive nuclei. A-B) Immunostaining for PCM1 (purple) and EdU (green)
on the whole gastrocnemius muscle section from control and NMES
trained mice. Scale bar = 100 pm.

Supplemental Figure 3. Effects of NMES on muscle integrity. A-B) Immu-
nostaining for IgG (red) and laminin (green) on gastrocnemius muscle
section from control and NMES trained mice. Scale bar = 250 um. C-D)
Immunostaining for laminin (red) and myosin heavy chain embryonic
(green) on gastrocnemius muscle section from control and NMES trained
mice. Scale bar =250 ym.
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