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1 | INTRODUCTION

Piezol ion channels are Ca2+-permeable non-selective cation
channels,'” expressed in different cell types, where they reg-
ulate many functions such as stem cell differentiation,’ cell
migration4 and exercise physiology.5

In blood vessel endothelial cells, Piezol has been identified
as a key regulator of signalling pathways controlling vascular
tone and blood pressure.6 Following Piezol channel activa-
tion, the endothelial membrane permeability to Na™ and Ca**
increases, causing a dichotomous response. The induced mem-
brane depolarization is responsible for vasoconstriction, which
contrasts with the relaxation due to the endothelium-derived hy-
perpolarization factor. The increase in endothelial Ca”" influx
induces the activation of nitric oxide synthase, responsible for
vasodilation. By doing this, Piezol channels are proposed to be
involved in redistribution of the blood flow during exercise, en-
hancing the performance of the skeletal muscle.’ Because their
activation can mimic the benefits of physical exercise, Piezol
channels have been recently defined as “exercise sensors.”>’
Consequently, Yodal, the specific chemical activator of Piezol
channels,® has been suggested as a potential “exercise pill” able
to overcome the negative consequences of muscle inactivity.7

Interestingly, Piezol channels are also reported in imma-
ture skeletal muscle cells, particularly in postnatal myogenic
precursors.l’9 Postnatal myogenesis, responsible for growth
and muscle regeneration,lo is mediated by satellite cells (SCs),
a quiescent myogenic stem cell population in intimate associ-
ation with the plasma membrane of terminally differentiated
myofibres.11 In response to specific stimuli, SCs are quickly ac-
tivated to proliferate; some of them are committed to generate
myoblasts that fuse to form multinucleated myotubes; the rest
return uncommitted to replace the quiescent pool.12 Among
the stimuli that promote the postnatal myogenesis, there are the
mechanical stretches'> ™! and muscle contractions,l("l7 both of
which could potentially activate Piezol channels.

It is largely known that skeletal muscle cells express many
types of mechanosensitive channels. However, because they
can be activated by the same mechanical stimulus,18 the iden-
tification of the contribution of each of them has so far been
difficult. Nowadays, the opportunity of a specific chemical
activation of Piezol channels by Yodal® offers the novel ad-
vantage of overcoming such a limitation, allowing a better
characterization of Piezol channel function in the context
of skeletal muscle physiology. Recently, in the myogenic
cell line C2C12, it has been reported that the expression of
Piezol channels is important in controlling myoblast fusion
into myotubes.9 Although these results are intriguing and the
C2C12 cell line is widely used as a cell model to study myo-
genesis, the role of Piezol channels and the effect of Yodal
on primary skeletal muscle cells presently remain unknown.

In this study, for the first time, we describe the effect of
Yodal and chemically activated Piezol channels in a primary

skeletal muscle cell model. To do this, experiments were
performed on isolated mouse adult flexor digitorum brevis
(FDB) myofibres,”’lg’zo which offer a model to study the ef-
fect of cell treatments on terminally differentiated myofibres
immediately after dissociation and in postnatal differentiat-
ing myogenic precursors in long-term cell culture. In fact,
when FDB myofibres are isolated and plated, the adherent
SCs detach from them, proliferate, fuse with each other and
develop myotubes recapitulating the main steps of the post-
natal myogenesis.'’ Specifically, our main goals were as fol-
lows: (a) to characterize the cellular localization of Piezol
channels on primary SCs, myotubes and myofibres and (b) to
test the effect of Yodal-mediated Piezol channel activity on
key steps of the postnatal myogenesis and on adult myofibres.

2 | RESULTS

2.1 | Localization of Piezol channels
Immunostaining experiments were performed to analyse the
localization of Piezol channels on SCs, myotubes and my-
ofibres in FDB-derived cultures. Confocal analysis of im-
munolabelling for myogenic transcription factor Pax7 was
used to identify quiescent and activated SCs.?! Piezol chan-
nel staining was detectable in Pax-7 positive SCs that were
still attached on the myofibre (Figure 1A). In multinucleated
myotubes derived from SCs, the distribution of Piezol chan-
nels appeared as clusters after 7 days in culture (Figure 1B),
similar to what was observed along the membrane of dis-
sociated mouse myofibres analysed 24 hours after seeding
(Figure 1C). In myotubes, however, the length of the Piezol-
positive clusters was significantly greater than that found in
myofibres (Figure 1D). Interestingly, in myofibres, we ob-
served clusters of Piezol channels also nearby at the endplate
region stained with Alexa-488-a-bungarotoxin (Figure 1E).
Antigen retrieval control experiments performed using the
specific blocking peptide support the specificity of the Piezol
antibodies in our cell model (Figure S1).

To confirm the expression of Piezol in mouse skeletal
muscle cell precursors in vivo, we took advantage of the
single-cell sequencing data of hindlimbs of 3-month-old
C56BL/6] mice® to analyse Piezol coexpression across
different cell populations in three different muscle stem cell
types (muscular stem cell close to quiescence [MuSc cQ],
muscular skeletal stem cell early activation [MuSc eA] and
differentiated myocytes [DMs]). Clustering analysis re-
vealed that all MuSc eA were both positive to Pax7, while
DM cells were positive to myogenin (MyoG). Our data
analysis showed that Piezol was more frequently found in
MuSc cQ cells compared with 96.94% of all the other genes
present in the same cell type, in MuSc eA cells the 92.29%
and in MyoG-positive myocytes the 77.38%, confirming an
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Localization of Piezol channels in skeletal muscle cells by confocal microscopy. A, Immunostaining for Piezol channels in a

Pax7-positive satellite cell (SC) (arrow) attached onto a FDB fibre (24 h post plating, 50 SCs were analysed). Note the close by Pax7-negative

nucleus likely belonging to the skeletal muscle fibre. B, Representative Piezol channel clusters detected in differentiating myotubes (7 day post

plating). C, Immunostaining revealed Piezol channels organized in scattered clusters also in myofibres. Note the different scale bars in (B) and (C).

D, Comparison of cluster length detected in myotubes and myofibres (n = 32 and 451 clusters analysed in myotubes and myofibres; P <.0001,

Mann-Whitney test). E, Localization of Piezol channel clusters at a nearby endplate region of a myofibre (24 h post plating). Scale bars: 10 pm in

(A) and 20 pm in (B), (C) and (E). Each group of confocal experiments were carried out on at least three independent cell culture preparations

abundant expression of Piezol in muscle progenitors and my-
ocytes also in vivo conditions. Moreover, the level of Piezol
expression at the single-cell level was also significantly
high (MuSc ¢cQ: 98.10% = 0.075%, n = 119; MusSc eA:
94.35% + 1.03%, n = 473; MyoG-positive: 79.03% + 5.12%,
n = 183; Figure S2B). This highlights that the gene was
needed strongly expressed in the groups.

2.2 | Effect of Yodal on
postnatal myogenesis

A set of experiments was aimed at investigating the possi-
ble effect of Piezol channel activity on SC number. For this
purpose, the number of Pax7-positive cells was analysed in
FDB myofibre cultures treated with the agonist Yodal (3
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and 10 uM) for 48 hours (Figure 2A). Within this time pe-
riod, most of the cells are still uncommitted and the effect of
Yodal on the proliferative phase of the myogenic precursors
could be investigated.17 After 48-hour treatment, the percent-
age of Pax7-positive cells was similar to the one observed in
untreated cultures (Figure 2B), thus ruling out major effects
of chemically activated Piezol channels on SC proliferation
and/or survival.

Then, we evaluated whether the activation of Piezol
channels could play some role at a more advanced stage of
myogenesis. To accomplish this aim, FDB myofibre cul-
tures were exposed to different concentration of Yodal, but
the cultures were maintained in a differentiation medium,
allowing the commitment and fusion of SCs into myotubes.
In these experimental conditions, at first, immunostaining
for MyoG was used to quantify SC differentiation into myo-
cytes, the mononucleated myogenic precursors of myotubes23
(Figure 3A). We found that, after 72 hours of incubation at
different concentration of the agonist (0.5, 3, 5 and 10 uM re-
spectively), the fraction of MyoG-positive myocytes was sig-
nificantly increased at 3 pM. Moreover, as described for other
cell types,24’25 Yodal treatment caused cell elongation and
myocytes visibly appeared longer as revealed by measuring
minor and major cell axes; this effect was consistent for all
concentration tested (Figure 3B). Intriguingly, at 3 pM point,
Yodal also affected the orientation of cells (Figure 4A);

(A)

Control

/

Control

Yoda1 3 uM

treated cells tended to acquire a similar spatial orientation,
appearing less dispersed and with a more similar alignment
(Figure 4B). Taken together, these observations suggest that
Piezol channels exert significant effect on different steps
along myogenic differentiation.

This hypothesis was further supported by the observation
that the Yodal treatment increased the fusion index of myo-
genic precursors (Figure 4C), indicating that the chemical ac-
tivation of Piezol stimulates myotube formation (Figure S3).
Yodal treatment did not affect the expression of desmin and
myosin heavy chains detected in all the myotubes observed
(Figure S4), indicating that the agonist did not impair myo-
tube differentiation.

2.3 | Effect of Yodal on adult myofibres

In adult FDB myofibres, as described, immunofluorescence
revealed the presence of clusters of Piezol channels and some
of them close to the endplate region (Figure 1E). Starting
from this observation, we investigated whether Yodal modu-
lated the synaptic activity at the adult NMJ.

A set of electrophysiological recordings was carried out on
an acutely isolated mouse phrenic nerve-diaphragm muscle
preparation exposed to Yodal (5 and 10 puM) for 20 minutes.
The mean amplitude of the endplate current (EPC) elicited by
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FIGURE 2 Effect of Yodal on Pax7-positive cell numbers. A, Pax7-positive satellite cells (SCs) after 48 h from the dissociation, in control
conditions and in the presence of Yodal (3 and 10 pM). Scale bars: 50 pm. B, The cell treatment with 3 or 10 pM did not affect the percentage
of Pax7-positive cells (control: n = 131; 3 pM: n = 137; 10 pM: n = 29 optical fields; P > .05, ANOVA, Dunnett's post hoc test). Experimental

replicates n = 4; data from five independent experiments



BOSUTTI ET AL.

M yo Glep

ACTA PHYSIOLOGICA ki

Yoda1 3 uM
Hewl Pyodat
140,
:
~ 1201
O
° 1004
£ 804
%
g 699
T
(é 40
= 20
0.

Yoda1 5 uM Yoda1 10 uM
B 0016 0.16
(B) et Fyodat
T oo E 0124
£ E
k2] 2
% 0008 & 0084
g
= 0004 = 004
0.000- 0,00

10

uM

05 3 5

10 uM

FIGURE 3 Dose-response effect of Yodal on myogenic precursors. A, Representative images and graph summarizing the percentage of
MyoG-positive cells cultured in differentiation medium for 72 h in controls and in the presence of different Yodal concentrations (control: n = 64
optical fields; 0.5 pM: n = 38; 3 pM: n = 62; 5 pM: n = 46; 10 pM: n = 37, P< .01, ANOVA, Dunnett's post hoc test). B, Effect of Yodal on cell
morphology (control: n = 192 optical fields; 0.5 uM: n = 185; 3 pM: n = 293; 5 pM: n = 244; 10 pM: n = 175, P < .05, 7P < .01 and *P < .001,
ANOVA, Dunnett's post hoc test) after a treatment of 72 h. Experimental replicates n = 2; data from two independent experiments

stimulating the motor nerve at 0.05 Hz was not changed during
the treatment with Yodal (Figure 5A). In control conditions,
the mean amplitude of the EPC was 123 + 11 nA, and it re-
mained stable after the exposure to 5 pM (n = 6) and 10 pM
(n = 6) of the Piezol agonist (Figure 5B,D). Both concentra-
tions did not alter neither the amplitude (MEPCs) nor the fre-
quency of the miniature EPCs (fMEPCs, Figure 5C,D). In the
set of experiments carried out at 5 pM, control MEPCs and
fMEPCs were 2.1 + 0.2 nA and 1.22 + 0.7 s, respectively,
while in the presence of the agonist, the MEPCs amplitude
was 101.2% + 1.8% and the frequency of the spontaneous
events 97.0% =+ 2.6% in respect to controls (Figure 5D). In the
experiments conducted at 10 pM, control MEPCs and fME-
PCs were 1.9 + 0.3 nA and 0.98 + 0.2 5™ respectively and in

the presence of the agonist 105% + 4.2% and 106.0% + 3.6%
respect to controls (Figure 6D).

The effect of Yodal was also tested on the tetanic mus-
cle contractions. The muscle response did not significantly
change when a stimulation with the frequency of 50 Hz
(0.3 ms, 30 pulses) was applied to the motor nerve after
20 minutes of incubation with the Piezo1 agonist (Figure 5E).
The muscle response at 5 pM was 98% + 3% (n = 6) and
at 10 pM 103% =+ 3% of their respective controls (n = 6,
Figure SF). In line with these results, the strength of muscle
contractions remained unchanged when muscle contractions
were induced at 0.1 Hz (by single current pulses causing the
maximum contractile response) before and 20 minutes after
5 uM of Yodal application (98% + 2%; n = 6; Figure S5).
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FIGURE 4 Yodal affected myocyte orientation. A,
Representative 8-bit greyscale images of MyoG-positive cells cultured
in differentiation medium for 72 h and, below, the corresponding
analysis of the mean cell orientation using the FiberFit software. Scale
bar: 50 pm. B, On the left, the dispersion parameter k, which quantifies
the degree of cell alignment (for further details, see Section 4) in
control condition (n = 69 cells) and in cells treated with Yodal (3 pM)
(n = 61 cells; P = .0089, 7 test). On the right, the goodness of fit R>
(P = .14, Mann—Whitney test). Control and treated cells were from
different culture dishes. Experimental replicates n = 3; data from

two independent experiments. C, The presence of Yodal (3 pM)
increased the number of multinucleated desmin-positive cells (control:
24.38% + 1.85%, n = 42 optical fields; Yodal: 33.53% +2.28% ,

n = 53 optical fields; P = .0034, t test). Experimental replicates n = 3;
data from four independent experiments

In adult FDB myofibres, the clusters of Piezol channels
appeared smaller than in myotubes (Figure 1D). Considering
the Ca** permeability of Piezol channels,' we used the
live imaging technique to assess if the chemical activation
of such small clusters could change the intracellular Ca**

concentration ([Ca2+] ;) in adult FDB myofibres. For this aim,
Fura-2-loaded FDB myofibres were stimulated with 3 and
10 pM Yodal.

In all the myofibres tested (n = 30), the Piezol agonist
Yodal (3 and 10 pM) did not induce any Ca** response
(Figure 6), whereas [Ca2+] ; transients were always observed
when KCI1 (60 mM) was used to depolarise the cell and ac-
tivate the voltage-operated Ca®* channels or when caffeine
(40 mM) was applied to induce Ca’" release from intracellu-
lar stores.”® KCI and caffeine induced an increase in the basal
[Ca®*]; of 58.83% + 6.11% (n = 18) and 49.12% + 8.16%
(n = 12) respectively. In myotubes, 3 pM Yodal did not
induce any detectable variations in [Caz+]i, while 10 pM
Yodal induced [Ca2+]i oscillations in ~35% of the observed
cells (Figure 6; n = 34). The peak amplitude of the oscil-
lations corresponded to an increase in the basal [Ca2+]i of
19.78% + 0.82% (n = 12). The oscillation frequency varied
from cell to cell in the range of 0.03-0.40 Hz. The Yodal-
evoked [Ca"]; oscillations were invariably prevented when
cells were pretreated with 300 pM Gd**, a non-selective
blocker of mechanosensitive ion channels (Figure 6; n = 9).
Taken together, these results suggest that in our experimental
conditions, Yodal does not modulate any Ca”* response in
adult skeletal muscle fibres.

3 | DISCUSSION

Piezol channels belong to the family of the mechanosensi-
tive channels, particularly sensitive to fluid shear.® In 2015,
Yodal has been described for the first time as a key tool
compound for studying the Piezol regulation and function.®
Thanks to its ability to mimic the effect of fluid shear stress,5
Yodal has been largely used to selectively activate the
Piezol channels in many types of cells, such as endothelial
cells,2 red blood cells,27 pancreatic acinar cells,28 trigeminal
ganglia,” precursors of skeletal muscle cells’ and many oth-
ers, with limited non-specific effects reported so far.>%*! In
this study, taking advantage of the availability of the ago-
nist Yodal, we investigated, for the first time, the effect of
chemical activation of Piezol channels in primary skeletal
muscle cells at different stages of myogenic differentiation,
starting from SCs to myotubes and adult myofibres and the
entire multicomponent NMJ. The main finding was that the
chemical activation of Piezol channels exhibited its effect
in a specific “time window” of the myogenic differentiation
programme, favouring myogenic cell commitment and for-
mation of myotubes.

Using mouse adult FDB myofibres isolated with their SC
niches, we found that Piezol channels are present in myo-
genic precursors starting from a very early stage of myogen-
esis. Immunostaining revealed Piezol channels in quiescent
and activated SCs (Pax7 positive) as already reported.9
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FIGURE 5 Effect of Yodal on adult skeletal muscles. A, Representative recording traces of multi quantal endplate currents (EPCs) in the

absence (Control) and presence of Yodal (5 pM). B, The real dynamics of multi quantal EPC amplitude changes during recording in a separate

neuromuscular junction. C, Representative recording traces of miniature endplate currents (MEPCs) in the absence (Control) and presence of
Yodal (5 pM). D, Averages of the EPC and MEPC amplitudes and MEPC frequencies in absence and in presence of Yodal (5 and 10 pM)
expressed as percentage respect to controls (Ctrl); n = 6 animals, paired ¢ test. E, Example of tetanic contraction before and after Yodal application

(5 pM). F, Averages of tetanus force recorded before and after Yodal (5 and 10 pM) expressed as percentage respect to controls (Ctrl); n =6

animals, paired ¢ test

In addition, we observed for the first time, the presence of
Piezol channel clusters in myotubes and in adult skeletal
FDB myofibres close to the endplate region. Interestingly,
although detected from myogenic precursors up to terminally
differentiated myofibres, the chemical activation of Piezol

channels showed a stage-specific enhancing effect on myo-
genic differentiation.

At least two reasons could explain the lack of a Yodal
effect on SCs and adult myofibres even though Piezol was
detectable by immunostaining. First, the lipidic composition
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FIGURE 6 Effect of Yoda-1 on [Ca2+] A, In flexor digitorum brevis (FDB) myofibres, Yodal (10 pM) did not alter the basal [Ca“],-. The
[Ca2+],- variations induced by high K* depolarisation (KC1 60 mM) and caffeine (Caff 40 mM) were used as positive controls of cell responsiveness

to stimuli able to increase the [Ca2+],-. B, In myotubes, at the same concentration, the agonist of Piezol channels induced [Ca“],- oscillations in 35%
of the observed myotubes (see text for further details). The effect of Yodal was prevented by myotube preincubation with Gd>* (300 pM). Each set
of Ca>* imaging experiments was carried out on three independent cell culture preparations

of the cell membrane can change during myogenesis.*> The
Piezol channel responds to forces within the membrame,g‘33 34
and many studies reported the influence of lipids on the
channel g.;gating.g.%'38 A transmembrane redistribution of phos-
phatidylserine has been reported to favour the activation of
Piezol channels,9 and such redistribution does occur when
the committed-myogenic cells start to fuse into myotubes.39
Second, in the adult FDB myofibres, the absence of an effect
on evoked or spontaneous synaptic transmission and mus-
cle contractions even though Piezol channels were localized
close to the endplate could be ascribed to the small size of the
Piezol channel clusters. In line with this hypothesis, [Ca2+]i
oscillations were observed in myotubes characterized by larger
clusters. Interestingly, it has been already reported that the
content of cholesterol in the cell membrane can affect Piezol
channel clustering and the functional properties of the chan-
nels,” confirming the importance of the composition of the
cell membrane in determining the activity of Piezol channels
at different stages of the myogenic differentiation programme.

Regarding the “time window” of efficacy of the chemi-
cal activation of Piezol channels, Yodal treatment induced
two different effects: it favoured either the transition from a
predominantly proliferative state to MyoG-positive cells and
their fusion into myotubes.

YAP and TAZ are two related transcriptional factors in-
volved in the control of myogenic gene expression during the
differentiation of the SCs.* Interestingly, both of them have
been recently proposed as downstream effectors of Piezol
channel activity.3

Regarding the effect of Yodal on cell fusion into myo-
tubes, it is known that myotube formation requires myocyte
elongation, alignment and fusion. The myoblast elongation
is a result of a deep organization of the actin filaments and
microtubules*' and the remodelling of the actin cytoskeleton
is essential for myoblast fusion.*” In the C2C12 cell line, the
activity of Piezol channels was found to regulate the assem-
bly of cortical actomyosin required for myotube formation,’
and a similar mechanism could occur in primary mouse myo-
tubes. In addition, we observed that the Yodal effects on cell
morphology and fusion were similar to those observed after
the electrical pulse stimulation of FDB myofibres.'” In that
case, the effect was mediated by the release of ATP from the
contracting cells. Although still premature at this stage, a
similar molecular mechanism could contribute to the chemi-
cal activation of Piezol channels. Interestingly, Piezol chan-
nels were found to induce the release of ATP in red blood
cells,* in endothelial cells and in mesenchymal stem cells
where it controls cell migration.44
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Finally, it should be noted that the chemical activation of
Piezol channels may be different from the mechanical acti-
vation induced for instance by the physical exercise. Yodal
may affect the sensitivity and the inactivation kinetics of
Piezol by keeping the channels opened for long period of
time.® It is unknown if physical exercise causes a similar pro-
longed activation of the channels in vivo. A recent report
demonstrates that, in endothelial cells, a specific local lipid
environment is responsible for a noninactivating behaviour
of Piezol channels, which enables endothelium to a sus-
tained vascular flow sensing.37 A similar mechanism could
be present also in skeletal muscle elements, which physio-
logically undergo to prolonged mechanical forces during the
physical exercise.

In conclusion, our findings support the role for Piezol
channels as the direct “exercise sensors.” Thus, the positive
role of Piezol channels in the skeletal muscle is not limited
to the increased blood supplys’6 but has broader functions
including the stimulatory effect on skeletal myogenesis.
The possibility of chemical activation of Piezol channels
within the specific time window suggests a new promis-
ing strategy to stimulate, in a stage-specific manner, skel-
etal muscle plasticity, thereby increasing its regenerative
capacity.

4 | MATERIALS AND METHODS

4.1 | FDB myofibre culture

FDB mouse myofibres with resistant SCs were isolated
from 6- to 8-week-old C57/6J male mice as described in
detail elsewhere.'” Animals were housed and sacrificed
by cervical dislocation as approved by the local Animal
Care Committee and by the European legislation (2010/63/
EU). After enzymatic and mechanical dissociation, cells
were plated on matrigel-coated coverslips (1 mg/mL) and
maintained in growth medium or differentiation medium
according to the experimental purpose. The GM contained
Dulbecco's modified Eagle's medium (DMEM) 64%,
Medium 199 16%, foetal bovine serum (FBS) 20%, fetuin
(25 pg/mL), bFGF (0.5 ng/mL), hEGF (5 ng/mL), insulin
(5 pg/mL), dexamethasone (0.2 pg/mL) and gentamicin
(50 pg/mL). The composition of DM was as follows:
DMEM with high glucose, horse serum (5%), L-glutamine
(2 mM), penicillin (100 IU/mL) and streptomycin (100 pg/
mL). Dishes were kept at 37°C in saturated humidity and in
CO, (5%)-enriched air. The culture medium was renewed
every 48 hours. For the chronic treatment protocol, Yodal
was added to the medium 2 hours after cell seeding. For
each experimental point, the effect of the drug was com-
pared with the untreated cells from the same animals (mini-
mum number of animals = 3).
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4.2 | Immunostaining

FDB myofibres were fixed using 4% (w/v) paraformaldehyde
in PBS (20 minutes; at 4°C). When needed, membrane per-
meabilization and blocking were performed using 5% normal
goat serum in PBS/0.1% Triton-X100 (30-minute incubation).

In the set of experiments carried out to compare the cluster
length of Piezol channels, immunostaining was performed
skipping the cell membrane permeabilization. According to
the experimental aims, the staining was performed by over-
night incubation at 4°C in normal goat serum with primary
mouse monoclonal anti-Pax7 (1:8 dilution), anti-MyoG
(1:20) or desmin (1:50); rabbit polyclonal anti-PIEZO-1
(1:50, NBP1-78446) (1:8 dilution), anti-MyoG (1:20), de-
smin (1:50) or anti-Myosin Heavy Chain (1:20). For antigen
retrieval experiments, Piezol antibody was preabsorbed over-
night (at 4°C) by a 10-fold excess of Piezol antibody block-
ing peptide with conditions as provided by the manufacturer.
After incubation with the primary antibodies and washout
with PBS/0.1% Triton-X100, coverslips were incubated for
1.5 hours at RT with the secondary antibodies Alexa Fluor
594 goat anti-mouse IgG, Alexa Fluor 568 goat anti-rabbit
IgG, Alexa Fluor 488 anti-mouse or anti-rabbit IgG. Nuclei
were counterstained by 4’,6-diamidino-2-phenylindole
(DAPI, 1:50). Finally, cells were washed three times with
PBS/0.1% Triton-X100 and then mounted onto slides. Only
dishes containing a comparable number of myofibres (on av-
erage from 100 to 150 per dish) were used for immunofluores-
cence experiments. When appropriate, in freshly dissociated
myofibres, the endplate region was stained with Alexa-488-
a-bungarotoxin (2.5 pg/mL in PBS supplemented with 0.1%
bovine serum albumin [BSA], 1 hour at room temperature).

Epifluorescence microscopy images were visualized by
a Nikon Eclipse E800 microscope (Nikon Corporation).
Images were captured with a Nikon DXM1200 digital cam-
era. Image analysis was performed by Fiji-Imagel. Sizing,
cropping and overlays of the images were conducted using
Adobe Photoshop CC (Adobe Systems Incorporated). For the
SC counting, we considered the Pax7-positive cells both ad-
herent to and migrated from the fibres and those that migrate
from them.

Confocal microscopy images were captured with a Nikon
C1si confocal microscope equipped with an argon laser (457,
477, 488, and 514 nm lines), a 561- and a 640-nm diode laser
and a Plan-Apochromat 60x/1.4 (NA) oil-immersion ob-
jectives. The spatial resolution was set at 100 nm. A series
of optical images was collected at 0.30-um z resolution by
sequential line scanning to avoid potential cross-talk phe-
nomena among fluorophores. Images were acquired keeping
the same acquisition settings for laser intensity, pmt ampli-
fication, pinhole aperture and pixel dwell in order to obtain
comparable signals between control and treated conditions.
Confocal images were processed for z projection in maximum
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intensity by Fiji-Imagel. In the confocal images analysed for
the quantification of Piezol cluster length, fluorescent sig-
nals above the threshold were considered clusters only if their
longest axes were at least 2 pm.

4.3 | Cell orientation, dispersion and
fusion index

The cell morphology analysis was measured in cells express-
ing MyoG-positive nuclei after 72 hours of culture in dif-
ferentiation medium. The major and minor cell axes were
measured in bright field microscopy using Fiji-Imagel M

Cell orientation and dispersion analysis were carried out on
epifluorescence images converted into 8-bit greyscale and pro-
cessed in two-dimensional images at a single size (1024 x 1024
pixels) by Fiji-Image]J. Processed images were than analysed
using FiberFit** (http://coen.boisestate.edu/ntm/fiberfit/) to
generate a cell orientation distribution, to calculate the degree
of fibre alignment k (where low k values correspond to disor-
dered networks and large k values to aligned networks) and the
goodness of the fit (Rz) to a von Mises distribution.

Experiments were conducted on at least three independent
cell culture preparations. For each experimental point, at least
30 optical fields and 300 myogenic cells were examined.

The fusion index was established by dividing the num-
ber of nuclei in the myotubes (ie, cells having more than two
nuclei) by the total number of nuclei observed in 50 fields
randomly chosen.?’

4.4 | Ca®" imaging

The [Ca2+]i was measured using Fura-2 pentacetoxymethyl
ester (Fura-2 AM). Cell loading and image acquisition were
carried out as described in detail elsewhere.'”

In the temporal plots of the [Ca**]; variations, the fluo-
rescence ratio at rest was assumed to be 1. For the analysis,
the amplitude of the single transients or oscillations was cal-
culated as percentage of increase (measured at peak) versus
basal [Ca®*]; value. The frequency of [Ca”*]; oscillations (in
Hz) was calculated dividing the number of oscillation peaks
by the recording time.

4.5 | Electrophysiological recordings

The electrophysiological recordings were performed on
half of the diaphragm muscle of outbred B6/SJL mice (22-
25 g) of both sexes. The animals were maintained in a
12 hour light/12 hour dark cycle with free access to food and
water and then sacrificed in agreement with local Animal
Care Committee and European legislation (2010/63/EU).

Diaphragm muscle supplied with the phrenic nerve was
isolated and then attached to the bottom of a Sylgard-lined
chamber, which was superfused at 2 mL/min throughout the
experiment with physiological solution containing (in mM):
NaCl 120, KCl1 5, CaCl, 2, MgCl, 1, NaH,PO, 1, NaHCO; 24
and glucose 11. Solutions were saturated with a 5% CO, and
95% O, mixture, and pH was adjusted to 7.4 with NaOH/HCL.
Experiments were performed at 24-25°C, which allows the
muscle to maintain a stable level of neurotransmitter release
for a long period.48

Postsynaptic EPCs and MEPCs recordings were per-
formed using intracellular glass microelectrodes (tip diam-
eter ~1 um, resistance 3-5 MQ, filled with 2.5 M KCl) and
the two-electrode voltage-clamp technique, as previously de-
scribed.*®*° To maintain the physiological level of quantal re-
lease and avoid contractions”' during the EPC recordings, the
muscle fibres were transversely cut (“cut muscles”). In this
case, the V}, (holding potential) was kept at —40 mV and the
recording started after the stabilization of the cell membrane
potential (in about 40 minutes), as described elsewhere.”?
EPCs were elicited by a single supramaximal phrenic nerve
stimulation (0.05 Hz, 0.1-ms duration) via a suction electrode
connected to an extracellular stimulator (DS3 Digitimer Ltd.).
The recorded EPCs and MEPCs were analysed offline using
a PC and a custom-made software.* For the experiments on
uncut muscles, the MEPCs were recorded by keeping the
membrane potential of the fibres at —60 mV.

4.6 | Recording of isometric contractions

For muscle contraction measurements, the left and right dia-
phragm were suspended under a constant tension of 5 g in a 20-
mL organ bath (15 mL/min perfusion rate) containing aerated
(5% CO, and 95% O,) physiological solution (pH 7.4, 25°C).
Supramaximal pulses (0.1 Hz, 0.3 millisecond, 3-6 V) and te-
tanic stimulation (50 Hz, 0.3 millisecond, 30 pulses) delivered
by a DS3 Digitimer Ltd., were applied by electrodes placed on
the motor nerve. Isometric muscle tension was recorded using
a force transducer (MLT0420; AD Instruments). One end of
the diaphragm muscle (lower edge) was tied to a fixed nail,
and the other end was linked to a force transducer. A constant
passive tension was kept. The preparations were allowed to
stabilize for at least 20 minutes before onset of drug applica-
tions (Power-Lab installation, AD Instruments). The signals
were recorded and analysed using LabChart Pro software.

4.7 | Trascriptome analysis of
Piezol expression

The analysis of Piezol expression was obtained by the tran-
scriptome data of Dell'Orso et al** performed on muscle
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SCs (MuSCs) and primary myoblasts (PM) obtained from
homeostatic or regenerating muscles by single-cell RNA
sequencing. The analysis was replicated as described in
the section “Data processing and clustering” of Dell'Orso
et al** to extrapolate the single-cell populations identified
by the authors, specifically the Pax7-positive cell popula-
tions named MuSc cQ and MuSc eA and the MyoG-positive
population (DMs).

The genes were captured with the sequencing in term of
frequency and expression in each cell type-specific popu-
lation. First, the cells expressing a particular gene were
counted and genes ranked based on their frequency (eg,
Rank 1 for the gene expressed in the lowest number of
cells). Then, they were divided by the number of total genes
to scale the ranks from O to 1 (ie, the highest rank). The re-
sulting value (ie, ratio) indicated how much the number of
cells expressing a gene was high with respect the frequency
of all the other genes in the same specific cell type (eg, the
gene that appears expressed in the lowest number of cells
gets a ratio close to 0, while the gene with the highest fre-
quency gets a ratio equal to 1). The same approach was used
to compare the expression value of the genes by a particular
cell; because a gene was expressed in more than one cell
of a population, the gene's expression ratio for every type-
specific cell was retrieved. The expression ratios referring
to one gene indicate how much its expression levels were
high with respect the expression of all the other genes in the
same cells.

4.8 | Chemicals

DMEM (high glucose) and horse serum were from Sigma-
Aldrich; FBS was from Gibco; L-glutamine, penicillin,
trypsin and streptomycin were from Euroclone; matrigel
was from Corning; and gentamycin, fetuin, hEGF, bFGF
and trypsin were from Life Technologies. Insulin and dexa-
methasone, Yodal, gadolinium and Fura-2 AM were from
Sigma-Aldrich; Medium 199, gentamycin, fetuin, hEGF
and bFGF were from Life Technologies; and Alexa-488-a-
bungarotoxin was from Invitrogen.

4.9 | Antibodies

Rabbit polyclonal anti-Piezol affinity purified antibody
(NBP1-78446SS) and Piezol antibody blocking pep-
tide (NBP1-78446PE) were from NOVUS Biologicals;
mouse monoclonal anti-Pax7 MAB1675 was from R&D
Systems; monoclonal mouse anti-human desmin (clone
D33, M076001-2) antibody was from DAKO; mouse mon-
oclonal anti-MyoG (5FD, sc-52903) and rabbit polyclonal
anti-Myosin Heavy Chain (H-300) were from Santa Cruz
Biotechnology; Alexa Fluor 594 goat anti-mouse IgG and
Alexa Fluor 488 goat anti-mouse and anti-rabbit IgG were
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from Jackson ImmunoResearch Laboratories; and Alexa
Fluor 568 goat anti-rabbit IgG was from Invitrogen.

410 | Statistics

GraphPad Prism 4.00 (GraphPadSoftware) was used to ana-
lyse the data. To determine whether sample data were drawn
from a Gaussian distributed population, a normality test was
chosen. In case of parametric data, a ¢ test or an ANOVA
test (with Dunnett's post hoc test) for multiple comparisons
was used for the statistical significance. For nonparametric
data, a Mann—Whitney or Kruskall-Wallis test (with Dunn's
post hoc test) for multiple comparisons was performed. The
mean =+ standard error (SEM) was used to compare the re-
sults, with a P < .05 for the statistical significance.
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