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Abstract

Peripheral nerves and Schwann cells have to sustain constant mechanical con-

straints, caused by developmental growth as well as stretches associated with

movements of the limbs and mechanical compressions from daily activities. In

Schwann cells, signaling molecules sensitive to stiffness or stretch of the extracellu-

lar matrix, such as YAP/TAZ, have been shown to be critical for Schwann cell devel-

opment and peripheral nerve regeneration. YAP/TAZ have also been suggested to

contribute to tumorigenesis, neuropathic pain, and inherited disorders. Yet, the role

of mechanosensitive ion channels in myelinating Schwann cells is vastly unex-

plored. Here we comprehensively assessed the expression of mechanosensitive ion

channels in Schwann cells and identified that PIEZO1 and PIEZO2 are among the

most abundant mechanosensitive ion channels expressed by Schwann cells. Using

classic genetic ablation studies, we show that PIEZO1 is a transient inhibitor of

radial and longitudinal myelination in Schwann cells. Contrastingly, we show that

PIEZO2 may be required for myelin formation, as the absence of PIEZO2 in

Schwann cells delays myelin formation. We found an epistatic relationship between

PIEZO1 and PIEZO2, at both the morphological and molecular levels. Finally, we

show that PIEZO1 channels affect the regulation of YAP/TAZ activation in

Schwann cells. Overall, we present here the first demonstration that PIEZO1 and

PIEZO2 contribute to mechanosensation in Schwann cells as well myelin develop-

ment in the peripheral nervous system.
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1 | INTRODUCTION

In addition to long-appreciated biochemical cues, mechanical cues in

the peripheral nervous system (PNS) have emerged as major signals in

nerve development, as contributors to peripheral nerve disorders (e.g.,

partial peripheral nerve regeneration following trauma, tumorigenesis,

neuropathic pain, inherited disorders) and as targetable for non-invasive

mechanical therapies (for review, see Belin et al., 2017; Feltri

et al., 2021). All cells exhibit mechanosensitivity, whereby proteins

change structure, localization, or post-translational modifications in

response to mechanical stimuli (pressure, stretch, shear) in the extracel-

lular matrix (ECM) and cytoskeleton, but also following a change in

extracellular stiffness or in the movement of amphipathic molecules on

the lipid bilayer (for review, see Martino et al., 2018). Thus, mechano-

sensitive proteins have been shown to convey a range of biological

responses from cell fate decisions, and cell migration to proliferation.Jenica Acheta and Urja Bhatia contributed equally to this study.
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Schwann cells, the supporting glial cells of the PNS, fulfill various

roles, including trophic support of axons, facilitation of action poten-

tial conduction, and orchestration of the response to nerve injury.

Schwann cells are directly sensitive to stiffness or stretch of the ECM,

as demonstrated in cell culture systems (for review, see Marinval &

Chew, 2021). Application of pressure in vitro promotes Schwann cell

proliferation (Frieboes & Gupta, 2009). When Schwann cell cultures

are subjected to stretch in vitro, YAP/TAZ, two mechanotransducers

known to relay cytoskeletal tension to nuclei are activated (Poitelon

et al., 2016). Schwann cells increase their proliferation and expression

of nerve growth factor when subjected to tension in culture (Chen

et al., 2020). Finally, Schwann cells in culture react to the ECM stiff-

ness changes by altering their cellular morphology, motility, prolifera-

tion, and cell signaling such as the activation of YAP/TAZ (Gu

et al., 2012; Lopez-Fagundo et al., 2014; Poitelon et al., 2016;

Urbanski et al., 2016). Yet, besides YAP/TAZ, how Schwann cells

detect, and process mechanical information is still largely unclear. In

addition, the crosstalk and feedback regulation between different

mechanosensitive pathways remain to be studied.

Transient receptor potential (TRP) channels are known to

impart mechanosensitivity to cells (for review, see Christensen &

Corey, 2007; Lin & Corey, 2005). Though it is unknown if all TRP

channels are expressed in peripheral nerves and Schwann cells, sev-

eral TRP channels have been shown to affect peripheral nerve

repair. TRPV4 and TRPM7 regulate Schwann cell dedifferentiation

following nerve injury, as ablation of either TRPV4 or TRPM7 in

mouse Schwann cells impaired the demyelinating process, resulting

in delayed remyelination and functional recovery of sciatic nerves

(Feng et al., 2020; Kim, Lee, et al., 2020). In addition, TRPA1 medi-

ates neuroinflammation following nerve ligation, as silencing of

TRPA1 in mouse Schwann cells limited the recruitment of macro-

phages and allodynia (De Logu et al., 2017). Another class of

mechanically activated cation channels is PIEZO channels, including

PIEZO1 and PIEZO2. While these molecules were first identified to

have a role predominantly in sensory tissues (important for proprio-

ception, hearing, etc.), other roles for Piezo proteins have emerged

including participation in cellular migration, proliferation, elonga-

tion, volume regulation, and cell fate (for review, see Bagriantsev

et al., 2014). Recent studies have demonstrated that PIEZO1 chan-

nels also contribute to the differentiation of oligodendrocytes

(Schwann cells counterparts in the central nervous system) and pro-

liferation of oligodendrocyte precursors cells (Segel et al., 2019;

Velasco-Estevez et al., 2020). Also, pharmacological inhibition of

PIEZO1 in organotypic brain slices protects against demyelination

(Velasco-Estevez et al., 2020). Finally, PIEZO2 was recently shown

to be expressed by Schwann cells in the rat sciatic nerve (Shin

et al., 2021).

Our objective in this study is to determine which mechanosensi-

tive ion channels contribute to Schwann cell mechanosensitivity in

peripheral nerves. We comprehensively investigate the expression of

known mechanosensitive ion channels, including 28 TRP channels as

well as PIEZO1 (encoded by Fam38a) and PIEZO2 (encoded by

Fam38b) during development. Further, we demonstrate the function

of mechanosensitive ion channels PIEZO1 and PIEZO2 in Schwann

cell development and PNS myelination.

To determine the contribution of Piezo-mediated mechanotrans-

duction in Schwann cell myelination during PNS development, we

generated Schwann cell-specific PIEZO1 and/or PIEZO2 conditional

knockout mice knockout (Piezo1cKO, Piezo2cKO, Piezo1/2cKO). Further,

here we identify the dysregulation of signaling pathways downstream

of Piezo activation that are known to impact Schwann cell myelina-

tion. First, we show that the length and thickness of Schwann cell

myelin sheaths are increased in Piezo1cKO mice. In addition, using

Piezo1cKO mice and Yoda1-treated Schwann cells, we demonstrate

that PIEZO1 activity leads to the activation of TAZ. Second, we show

that in contrast to PIEZO1, Schwann cell myelination is reduced in

Piezo2cKO mice. Third, the absence of both channels in myelin regula-

tion in Piezo1/2cKO mimics the morphological phenotype observed in

Piezo1cKO with enhanced myelination and is correlated, to myelin pro-

teins upregulation. However, the increase of myelination is indepen-

dent from any modulation of YAP/TAZ, ERK, and AKT signaling

pathways. In sum, our results show an epistatic relationship between

PIEZO1 and PIEZO2 and a molecular association between PIEZO

channels and YAP/TAZ in Schwann cells. Our study is the first to

identify a molecular crosstalk between two distinct mechanosensitive

pathways during the PNS development.

2 | METHODS

2.1 | Animal model

All experiments involving animals followed experimental protocols

approved by the Albany Medical College Institutional Animal Care and

Use Committee. Piezo1fl/fl (Jackson Laboratory, #029213) and

Piezo2fl/fl (Jackson Laboratory, #027720) mice were derived to a con-

genic C57BL/6J background, bred with Mpz-Cre (Jackson Laboratory,

#017928) used to generate Piezo1fl/fl; Mpz-Cre (Piezo1cKO), Piezo2fl/fl

(Piezo2cKO); Mpz-Cre, Piezo1/2fl/fl; Mpz-Cre (Piezo1/2cKO). Genotyping

of mutant mice was performed by polymerase chain reaction (PCR) on

tail genomic DNA (Feltri et al., 1999; Ranade et al., 2014; Woo

et al., 2014). Animals were housed in cages of 5 in 12/12-h light/dark

cycles. No animals were excluded from the study. Equal numbers of

males and females were included in the study. Mutant and control lit-

termates (Piezo floxed animals without Mpz-Cre) from both sexes

were sacrificed at 6, 15, 30, and 60 days of age, and sciatic nerves

were dissected. This study was carried out in accordance with the

principles of the Basel Declaration and recommendations of ARRIVE

guidelines issued by the NC3Rs and approved by the Albany Medical

College Institutional Animal Care and Use Committee (no. 17-08002).

2.2 | Electrophysiological analyses

Animals were analyzed 30 days of age as described previously (Poite-

lon et al., 2018). Mice were anesthetized with tribromoethanol,
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0.4 mg/g of body weight, and placed under a heating lamp to avoid

hypothermia. Motor conduction velocity of sciatic nerves were

obtained with subdermal steel monopolar needle electrodes: a pair of

stimulating electrodes was inserted subcutaneously near the nerve at

the ankle, then at the sciatic notch, and finally at the paraspinal region

at the level of the iliac crest to obtain three distinct sites of stimula-

tion, proximal and distal, along the nerve. Electrophysiological studies

comprising motor and sensory nerve conduction studies were con-

ducted using a VikingQuest electromyography device.

2.3 | Morphological analysis

Mutant and control littermates were euthanized at the indicated ages,

and sciatic nerves were dissected. Nerves were fixed in 2% buffered

glutaraldehyde and post fixed in 1% osmium tetroxide. For semithin

sections, after alcohol dehydration, the samples were embedded in

EPON resin. Transverse sections (1 nm thick) were stained with tolui-

dine blue and examined by light microscopy. For g ratio analysis of sci-

atic nerves (axon diameter/fiber diameter with outer myelin layers),

semithin section images were acquired with a 100� objective. G

ratios were determined for at least 100 fibers chosen randomly per

animal. For internodal length, nerves were consecutively washed

three times in phosphate buffer (79 mM Na2HPO4, 21 mM NaH2PO4,

pH 7.4). Sciatic nerves were stained in 1% osmium, washed four times

in phosphate buffer and incubated at 55�C for 12 h in 30% glycerol,

followed by 12 h in 60% glycerol and 12 h in 100% glycerol (Poitelon

et al., 2018). The nerves were then teased onto slides in a drop of

glycerol with 27-gauge needles under a microscope. The fibers were

mounted and imaged at 40� with a Zeiss microscope. Internodal

lengths and corresponding fiber diameters were determined for at

least 30 internodes chosen randomly per animal. For all morphological

assessments, at least three animals per genotype were analyzed. Data

were analyzed using ImageJ Software (http://imagej.nih.gov/ij)

(Schneider et al., 2012).

2.4 | Schwann cell culture

Primary rat Schwann cells were produced as described (Poitelon &

Feltri, 2018) and grown with DMEM supplemented with 4 g/L glu-

cose, 2 mM L-glutamine, 5% bovine growth serum, 2 μM forskolin,

50 ng/ml nerve growth factor, penicillin and streptomycin.

Schwann cells were not used beyond the fourth passage. Rat dorsal

root ganglia (DRG) neurons from Sprague–Dawley rat embryos

were isolated at embryonic day 14.5 embryos. DRG were dissoci-

ated by treatment with 0.25% trypsin and mechanical trituration

and 1.5 DRGs were seeded on collagen-coated glass coverslips as

described (Poitelon & Feltri, 2018). For GsMTx-4 (Alomone, STG-

100) treatment, GsMTx-4 was solubilized in DMEM at 100 nM,

then Schwann cells were treated with either DMEM or 100 μM of

GsMTx-4 for 48 h (Bae et al., 2011). For Yoda-1 (Tocris, 5586)

treatment, Yoda-1 was solubilized in DMSO at 1 mM, then

Schwann cells were treated with either 0.5% of DMSO or 5 μM of

Yoda-1 for up to 1 h (Lacroix et al., 2018).

2.5 | Western blotting

Sciatic nerves were then frozen in liquid nitrogen, pulverized, and resus-

pended in lysis buffer (150 mm NaCl, 25 mm HEPES, 0.3% CHAPS,

pH 7.4, 1 mm Na3VO4, 1 mm NaF and 1:100 Protease Inhibitor Cocktail

[Roche Diagnostic, Florham Park, NJ]) (Belin, Ornaghi, et al., 2019). Pro-

tein lysates were centrifuged at 15,000g for 30 min at 4�C. Supernatant

protein concentrations were determined by bicinchoninic acid assay pro-

tein assay (Thermo Scientific, Waltham, MA) according to the manufac-

turer's instructions. Equal amounts of homogenates were diluted 3:1 in

4� Laemmli (250 mm Tris–HCl, pH 6.8, 8% sodium dodecyl sulfate, 8%

β-mercaptoethanol, 40% glycerol, 0.02% bromophenol Blue), denatured

5 min at 100�C, resolved on a SDS-polyacrylamide gel and electro-blot-

ted onto PVDF membrane. Blots were then blocked with 5% bovine

serum albumin in 1� phosphate-buffered saline (PBS), 0.05% Tween-20

and incubated overnight with the following appropriate antibodies: anti-

AKT 1/1000 (Cell Signaling, 9272), anti-phospho-AKT 1/1000 (Cell Sig-

naling, 9271), anti-Calnexin 1/3000 (Sigma, C4731), anti-ERK 1/2 1/

1000 (Cell Signaling, 9102), anti-phospho-ERK 1/2 1/1000 (Cell Signal-

ing, 9101), anti-MBP 1/1000 (Biolegend, 836504), anti-MBP 1/1000

(Biolegend, 836504), anti-P0 1/5000 (Aves, PZO8767985), anti-PIEZO1

1/200 (ProteinTech, 15939-1-AP), anti-PIEZO2 1/400 (ProSci, 8613),

anti-PMP2 1/1000 (ProteinTech, 12717-1-AP), anti-TAZ 1/1000 (Pro-

teinTech, 23306-1-AP), anti-phosphoTAZ 1/200 (Cell signaling, 59971S),

anti-YAP 1/200 (Santa Cruz, sc-101199), anti-phosphoYAP 1/200 (Cell

signaling, 4911S). Membranes were then rinsed in 1 X PBS and incu-

bated for 1 h with secondary antibodies. Blots were developed using

ECL or ECL plus (GE Healthcare, Chicago, IL). Western blots were quan-

tified using Image J software (http://imagej.nih.gov/ij) (Poitelon

et al., 2012).

2.6 | Immunohistochemistry

For nodal staining, sciatic nerves were fixed in 4% PFA and teased

onto slides in a drop of PBS (Colom et al., 2012). Teased fibers were

then, permeabilized with acetone, washed in PBS, blocked for 1 h in

5% fish skin gelatin, 0.5% Triton X-100 in 1� Tris-buffered saline

(TBS). Primary Schwann cells and cocultures were fixed in 4% PFA,

permeabilized with -20�C 100% methanol, washed in TBS, blocked

for 1 h in 5% normal goat serum, 0.1% Triton in 1� TBS. The follow-

ing primary antibodies were incubated overnight: anti-TAZ 1/1000

(ProteinTech, 23306-1-AP), anti-neurofilament M (Biolegend,

822701), anti-MBP 1/1000 (Biolegend, 808401), anti-Kv1.1 1/200

(Alomone labs APC-009), and anti-Pan Na 1/200 (Sigma Aldrich,

S8809). Slices were washed, incubated with appropriate secondary Ab

diluted in blocking solution for 1 h at room temperature, washed,

stained with DAPI [1/10000] (Sigma-Aldrich, D9542) for 5 min room

temperature, washed, mounted with Vectashield, then sealed. Images
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were acquired with a Zeiss epifluorescent microscope. Analyses were

done using Image J Software (http://imagej.nih.gov/ij).

2.7 | RNA preparation and real time
quantitative-PCR

Sciatic nerves were dissected, stripped of epineurium, frozen in liquid

nitrogen, pulverized and processed as described (Belin, Herron,

et al., 2019). Total RNA was prepared from sciatic nerve or Schwann

cells with TRIzol (Roche Diagnostic). One microgram of RNA was

reverse transcribed using Superscript III (Invitrogen, Carlsbad, CA,

United States). For each reaction, 5 μM of oligo(dT)20 and 5 ng/μl ran-

dom hexamers were used. Quantitative PCR was performed using the

20 ng of cDNA combined with 1� FastStart Universal Probe Master

(Roche Diagnostic). Data were analyzed using the threshold cycle (Ct)

and 2(�ΔΔCt) method. Primer sequences for mechanosensitive

channels were obtained from previous studies (Choi et al., 2015; Mak-

simovic et al., 2014; Woo et al., 2014) (Data S1). Gapdh was used as

control gene for PCR and Rps13, Rps20, Rpl27 were used as endoge-

nous genes of reference for real time quantitative PCR (RTq-PCR).

2.8 | Statistical analyses

Data collection and analysis were performed blind to the conditions

of the experiments. Data are presented as mean ± standard error of

the mean (SEM) or standard deviation (SD). No statistical methods

were used to predetermine sample sizes, but our sample sizes are

based on existing literature for the respective experiments. Two-tailed

Student's t test and two-tailed unpaired Student's t test with Bonfer-

roni postdoc were used for statistical analysis of the differences

between two groups. p values ≤.05 were considered to represent a

significant difference.

F IGURE 2 Immunofluorescence staining and quantification of the nuclear/cytoplasmic ratio of TAZ in Schwann cell cultures. (a) Schwann
cells were treated with GsMTx-4 (100 μM) for 48 h. (b) Schwann cells were starved for 12 h, then treated with Yoda1 (5 μM) for 30 or 60 min.
Cultures were stained for TAZ (yellow), and DAPI (cyan). N = 4–10 coverslips from three distinct experiments. Data are represented in means
± SD. Scale bars 10 μm. All images were acquired at the same magnification. Two-tailed unpaired Student's t test with Bonferroni correction. *p
value <.05, **p value <.01, ***p value <.001

F IGURE 1 Polymerase chain reaction (PCR) and real time quantitative PCR (RTq-PCR) analysis of TRP and Piezo channels in sciatic nerves at
30 days of age and in primary Schwann cells. (a, b) Twenty-five TRP channels (1 TRPA, 7 TRPC, 8 TRPM, 3 PKD/TRPP, and 6 TRPV) and 2 PIEZO
channels were examined with conventional PCR. Twenty TRP and 2 PIEZO channels were detected in sciatic nerves. Seven TRP and 2 PIEZO
channels were detected in primary Schwann cells. Gapdh was used as a control. Genes written in red are expressed in sciatic nerves (a) or
Schwann cells (b). M, DNA length marker (100 bp ladder). s, sciatic nerve. o, optic nerve. sc, Schwann cell. (c), 13 TRP channels (1 TRPC (yellow), 4
TRPM (orange), 2 PKD (green), and 1 TRPV (blue)) and 2 PIEZO (purple) channels were examined with RTq-PCR. Data represent fold differences

relative to a control gene Rps20. N = 3 experiments. Data are represented in means ± SD.
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3 | RESULTS

3.1 | Mechanosensitive channels are expressed in
Schwann cells

Recent single-cell RNA-seq papers have identified that mechano-

sensitive channels are expressed in peripheral nerves, mainly by

fibroblast-like epineurial, perineurial, and endoneurial cells as well

as endothelial cells (Chen et al., 2021; Gerber et al., 2021). Yet, no

studies have targeted which mechanosensitive channels were

expressed in mouse peripheral nerves using a non-bulk RNA

approach, which increase the unbiased coverage of low quantify of

mRNA detection. We evaluated all the mechanosensitive isoforms

for the TRP channel subfamilies expressed in vertebrates TRPA,

TRPC, TRPM, TRPP, and TRPV and the two PIEZO channel iso-

forms in the sciatic nerve of adult C57BL/6 mice at 30 days of age.

Optic nerves, which express most of TRP channels, were used as

positive controls (Choi et al., 2015). Sciatic nerves expressed

F IGURE 3 Immunofluorescence staining and quantification of the MBP segments in Schwann cell and dorsal root ganglia neuron cocultures.
Cocultures were treated with ascorbic acid and Yoda1 (5 μM) for 7 days. Cocultures were stained for MBP (yellow), Neurofilament H (magenta),
and DAPI (cyan). N = 10 coverslips from three distinct experiments. Data are represented in means ± SD. Scale bars 50 μm. All images were
acquired at the same magnification. Two-tailed unpaired Student's t test. ***p value <.001, ****p value <.0001

F IGURE 4 Generation and characterization of PiezocKO mice. (a) Western blot analysis shows that PIEZO1 and PIEZO2 protein levels are expressed
in sciatic nerves. Western blot analysis was performed on C57BL/6 sciatic nerves at 6, 15, 30, and 60 days of age. *, PIEZO2 band. Also, PIEZO1 and
PIEZO2 are expressed by primary rat Schwann cells (d). Calnexin was used as a protein loading control. (b)Mpz-Cre directed recombination in Piezo1cKO

and Piezo2cKO mutant mice.Mpz activates Cre recombinase expression in Schwann cells from E13.5. Upon Cre expression, exons between LoxP sites are
excised, that is, 20–23 of the Piezo1 alleles and/or 43–45 of the Piezo2 alleles. (c) Western blot analysis shows that PIEZO1 and PIEZO2 protein levels
are decreased in sciatic nerves of Piezo1/2cKO mice at 15 days of age. (d) Western blot analysis shows that PIEZO1 and PIEZO2 protein levels are not
increased in Piezo2cKO and Piezo1cKO mice, respectively, at 15 days of age. Calnexin was used as a protein loading control
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Trpa1, all TRPC channels (except Trpc5 and Trpc7), all TRPM chan-

nels (except Trpm5), Pkd1 (also known as Trpp1) and Pkd2 (also

known as Trpp2), all TRPV channels (except Trpv1), and both

PIEZO1 and PIEZO2 channels (Figure 1a). We next determined

which of the channels expressed in sciatic nerves were specifically

expressed by Schwann cells. Because Trpa1, Trpm1, Trpm2, Trpm8,

Trpv3, Trpv5, and Trpv6 mRNAs were very low in sciatic nerves

(Figure 1a), they were not further examined. Our conventional PCR

data demonstrated that in vitro primary rat Schwann cells do not

express Trpc2, Trpc3 Trpc4, Trpc6, and Trpv2, those isoforms might

instead be expressed in the axon or by surrounding cells in the sci-

atic nerves (Figure 1b). However, our real-time quantitative PCR

confirmed that in vitro rat Schwann cells express high level of

Trpc1, Trpm3, Trpm7, Pkd1, Pkd2, Piezo1, Piezo2 and low level of

Trpm4, trpm6, and Trpv4 (Figure 1c). The relative expression of all

mechanosensitive ion channel isoforms was normalized to the

housekeeping gene Rps20. Our data show that Piezo1 (2�ΔCt:

11.57 ± 0.3), Pkd1 (9.8 ± 0.7), Piezo2 (7.9 ± 0.71), and Pkd2 (7.1

± 0.63) among the most abundant mechanosensitive ion channel

expressed by Schwann cells at 30 days of age. Similar results were

obtained when compared to other housekeeping genes Rpl27 and

Rps13 (data not shown).

3.2 | PIEZO1 regulates YAP/TAZ and myelination
in Schwann cells

Pathak et al. showed that activation of PIEZO1 triggers the Ca2+ influx

as well as the activation of transcriptional coactivator YAP in neural stem

cells (Pathak et al., 2014). Given the importance of YAP/TAZ for

Schwann cell and peripheral nerve development (Deng et al., 2017; Fer-

nando et al., 2016; Grove et al., 2017; Lopez-Anido et al., 2016; Poitelon

et al., 2016), we evaluated if modulation of PIEZO activity modulates

YAP/TAZ activation. Schwann cell cultures were treated either with

GsMTx4 peptide, a selective inhibitor of cationic mechanosensitive ion

channels (e.g., PIEZO channels) or with Yoda1, a specific activator of

PIEZO1. In low cell density conditions, YAP/TAZ were enriched in the

Schwann cell nuclei (Figure 2a) as described previously (Poitelon

et al., 2016). Blocking mechanosensitive channel activation with GsMTx4

reduced TAZ nuclear/cytosolic ratio, with a clear reduction of TAZ

nuclear localization compared to untreated Schwann cells (�45.2% ± 3.8

at 48 h) (Figure 2a). To test the effect of PIEZO1 overactivation on YAP/

TAZ activation, we first starved Schwann cells cultures for 12 h to limit

TAZ activation (Figure 2b). Following treatment with Yoda1, Schwann

cells showed an increase in TAZ nuclear/cytosolic ratio with a clear TAZ

nuclear enrichment compared to untreated Schwann cells (+15.3% ± 5.1

F IGURE 5 Myelination in Piezo1cKO mice. Semithin analysis of control and Piezo1cKO sciatic nerves at P6, P15, and P30. The number of
myelinated fibers and the thickness of myelin (g ratio) were measured. N = 3–4 animals per genotype. Data are represented in means ± SEM.
Scale bars 10 μm. All images were acquired at the same magnification. Two-tailed unpaired Student's t test. *p value <.05
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at 30 min and + 43.3% ± 8.1 at 60 min) (Figure 2b). Altogether these

data suggest that PIEZO1 contribute to the activation of TAZ in

Schwann cells in vitro. Unfortunately, there is no reported agonist for

PIEZO2, thus we were not able to perform a similar analysis for PIEZO2.

We showed previously that in Schwann cell/neuron cocultures,

YAP/TAZ were found in the nuclei of many Schwann cells. Yet, the pres-

ence of YAP/TAZ in the nuclei of myelinating Schwann cell was reduced

compared to non-myelinating Schwann cells (Poitelon et al., 2016).

Together with our observations here that PIEZO1 activation in culture

modulates YAP/TAZ activation, this prompts the question of whether

PIEZO1 activity contributes to myelin formation. We treated Schwann

cell and dorsal root neurons cocultures with Yoda-1 in myelinating con-

ditions and analyzed resulting myelin segments after 7 days. Our data

show that cocultures treated with Yoda1 present both less (70.2 ± 6.3)

and shorter (77.2 μm ± 1.3) myelin segments compare to untreated

cocultures (121.6 μm ± 9.5 and 89.6 μm ± 1.3, respectively) (Figure 3).

3.3 | Conditional knock-out of Piezo channels in
Schwann cells in vivo

To assess the in vivo contribution of Piezo channels to PNS myelina-

tion, we first verified the timing of PIEZO1 and PIEZO2 expression.

Prior single cell RNA-seq analysis indicated that PIEZO1 expression

peaked during radial sorting at embryonic day 17.5, or during the

onset of myelination at postnatal day 1 (P1) for PIEZO2 (Gerber

et al., 2021). We found that in developing sciatic nerves PIEZO1 and

PIEZO2 protein levels are both elevated between P6 and P15, when

Schwann cells proliferate, sort axons and myelinate (Figure 4a).

PIEZO1 is also expressed between P15 and P30, during growth and

maturation of myelin sheaths (Figure 4a). We tried numerous

approaches to localize PIEZO1 and PIEZO2 in sciatic nerve through

immunohistochemistry of cross sections or teased fibers (as described

in Shin et al., 2021; Velasco-Estevez et al., 2020; Zhang et al., 2019).

Unfortunately, none of the commercially available Piezo antibodies

was specific for immunolocalization experiments when used in

Piezo1/2cKO knockout mouse model (negative control). We also per-

formed a Western blot for PIEZO1 and PIEZO2 in isolated Schwann

cells (Figure 4d). While we do observe the presence of bands in

Schwann cells, they are not at the exact same size than in sciatic

nerves, indicating possibly different posttranslational modification

when Schwann cells are cultured in vitro.

To analyze the role of the Piezo channels in Schwann cells in vivo,

Piezo1cKO, Piezo2cKO, Piezo1/2cKO were generated by using the Cre

recombinase–LoxP system under the control of the Mpz gene. In

these mice, Mpz activates Cre recombinase expression in Schwann

F IGURE 6 Myelination in Piezo2cKO mice. Semithin analysis of control and Piezo2cKO sciatic nerves at P6, P15, and P30. The number of
myelinated fibers and the thickness of myelin (g ratio) were measured. N = 4 animals per genotype. Data are represented in means ± SEM. Scale
bars 10 μm. All images were acquired at the same magnification. Two-tailed unpaired Student's t test. *p value <.05
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F IGURE 7 Myelination in Piezo2cKO mice. Semithin analysis of control and Piezo2cKO sciatic nerves at P6, P15, and P30. The number of
myelinated fibers and the thickness of myelin (g ratio) were measured. N = 3–4 animals per genotype. Data are represented in means ± SEM.
Scale bars 10 μm. All images were acquired at the same magnification. Two-tailed unpaired Student's t test. *p value <.05, **p value <.01

F IGURE 8 Internodal length in PiezocKO mice. Length of myelin internodes was measured from osmicated fibers of control and Piezo1cKO,
Piezo2cKO, and Piezo1/2cKO animals at 30 days of age. N = 3–6 animals per genotype. Data are represented as average (a) or binned in function of
fiber diameter (b). Data are represented in means ± SEM. (c) Frequency distribution of the axon calibers used in internodal length measurement.
Data are represented in means ± SEM. (d) Nerve conduction velocity measurements of control and Piezo1cKO, Piezo2cKO, and Piezo1/2cKO animals
at 30 days of age. N = 6–16 animals per genotype. Data are represented in means ± SEM. (e) Western blots analysis of P0, MBP, and PMP2 was
performed on PiezocKO sciatic nerves at 15 days of age. Calnexin (CNX) was used as a protein loading control. N = 4 animals per genotype. Data
are represented in means ± SEM. Two-tailed unpaired Student's t test (a) and two-tailed unpaired Student's t test with Bonferroni correction (b,
e). *p value <.05, **p value <.01, ***p value <.001
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cells at embryonic day 13.5 (E13.5) (Feltri et al., 1999). Exon 20–23 of

the Piezo1 alleles and exon 43–45 of the Piezo2 alleles were excised

during Mpz–Cre recombination (Ranade et al., 2014; Woo et al., 2014)

(Figure 4b). Reduction of Piezo proteins level in the sciatic nerves of

Piezo1/2cKO mutant mice was verified by Western blot at postnatal

day 15 (P15) (Figure 4c). PIEZO1 and PIEZO2 levels in Piezo2cKO and

Piezo1cKO mutants were not increased, demonstrating an absence of

compensation by PIEZO1 and 2, respectively (Figure 4d).

3.4 | Myelination is transiently accelerated in
Piezo1cKO and Piezo1/2cKO sciatic nerves

To investigate the functional changes underlying the phenotype in

Piezo1cKO, Piezo2cKO, Piezo1/2cKO mice, ultrastructure of mutant

sciatic nerves was compared with control sciatic nerves by semithin

sections at different developmental stages. At P6, Piezo1cKO axons are

properly sorted and the number of myelinated fibers is comparable to

control sciatic nerves. No unmyelinated axons or myelin abnormalities

were observed in Piezo1cKO (Figure 5) at P6. At P15, the myelin was

thicker in Piezo1cKO (0.65 ± 0.007) compared to control mice (0.676

± 0.004) (Figure 5). However, the absence of PIEZO1 has only a tran-

sient effect on early myelination, and no morphological differences

were observed at P30 (Figure 5). Contrastingly, at P6 and P15, axons

in Piezo2cKO mice (P6: 0.766 ± 0.004, P15: 0.702 ± 0.005) were tran-

siently hypomyelinated compared to control mice (P6: 0.75 ± 0.004,

P15: 0.685 ± 0.004) (Figures 6 and S1). Finally, we examined Piezo1/

2cKO sciatic nerves (Figure 7). Similarly to Piezo1cKO, Piezo1/2cKO pre-

sent a transient increase in the myelin thickness (P15: 0.669 ± 0.007,

P30: 0.634 ± 0.002) compared to control mice (P15: 0.701 ± 0.01,

P30: 0.677 ± 0.006) as well as an increase in the number of myelin-

ated fibers (P15: +13.2% ± 3.8) (Figure 7). The increase in the myelin

thickness seen at P15 and P30 in Piezo1/2cKO was no longer observed

at P60 (Figure S1).

We further characterized of the role of Piezo channels in

Schwann cell myelination, by analyzing internodal length and node of

Ranvier organization. While the average internodal length was not sig-

nificantly affected by the ablation of PIEZO1 or PIEZO2 in Schwann

cells (Figure 8a), internodes from fibers of large calibers were signifi-

cantly longer in Piezo1cKO (fiber of 11–12 μm: +91.1 μm ± 38.4)

(Figure 8b). The average internodal length in Piezo1/2cKO was signifi-

cantly increased (+54.5 μm ± 20.9), especially in fibers of large cali-

bers (fiber of 9–10 μm: +123.4 μm ± 34.6, fiber of 11–12 μm:

+197.9 μm ± 47.1) (Figure 8b). Correlating with the increase in inter-

nodal length, we also observed an increase in MBP and P0 myelin pro-

tein levels in Piezo1/2cKO (+21.6% ± 1.6 and +42.6% ± 8.6,

respectively) (Figure 8e). Finally, while changes in myelin thickness, in

internodal length of large calibers fibers and nodal organization are

observed in PIEZO mutants the resulting nerve conduction velocity is

not affected at P30 (Figure 8d).

Because the internodal length was altered by the absence of

Piezo channels in Schwann cells, we investigated the organization of

Nav and Kv channels at the nodes of Ranvier. While absence of

PIEZO channels did not affect the organization of Nav channels at the

node of Ranvier or Kv channels at the heminode, we observed that in

Piezo1cKO (�14.6% ± 2.4) and Piezo1/2cKO (�19.6% ± 2.8) mutants Kv

channel intensity was reduced compared to control animals

(Figure S2). Overall, these results indicate that PIEZO1 is an inhibitor

of longitudinal myelination of large axon calibers, which might lead to

a mild alteration of the quantity of Kv channels in heminodes.

Overall, these results indicate that PIEZO1 is a transient inhibitor

of myelination. Our data also suggest that PIEZO2 may be required

for proper myelin thickening early during development. Finally,

because Piezo1/2cKO phenotype is different from the sum of Piezo1-
cKO and Piezo2cKO, our data suggest an epistatic relationship between

the two Piezo channels function in Schwann cells during myelination.

A possible model for this epistatic relationship, based on the pheno-

type of our animal mutants, involves PIEZO2 being a promyelinating

F IGURE 9 YAP/TAZ levels and phosphorylation in Piezo1cKO. (a)
Western blots analysis was performed on Piezo1cKO sciatic nerves at
15 days of age. Calnexin (CNX) was used as a protein loading control.
(b) YAP/pYAP and TAZ/pTAZ ratios are representative of YAP and
TAZ activity, respectively. N = 8–10 animals per genotype. Data are
represented in means ± SEM. Two-tailed unpaired Student's t test. *p
value <.05, **p value <.01, ***p value <.001
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regulator and PIEZO1 being an inhibitor of PIEZO2 in the process of

developmental myelination.

3.5 | YAP, TAZ, ERK, and AKT activities are altered
in Piezo1cKO sciatic nerves

Our in vitro results indicate that PIEZO1 may regulate YAP/TAZ activ-

ity in Schwann cells, and YAP/TAZ have a well characterized role in

regulating Schwann cell development and myelination (Deng

et al., 2017; Grove et al., 2017; Poitelon et al., 2016). At P15, when

morphological differences in Piezo mutants are observed, YAP and

TAZ are highly expressed in peripheral nerves (Deng et al., 2017; Poi-

telon et al., 2016). Therefore, we investigated YAP/TAZ levels and

phosphorylation in Piezo1cKO mutant sciatic nerves at P15, when we

found the peak of expression of PIEZO1 and PIEZO2 channels in

mouse sciatic nerves (Figure 4). We showed that in absence of

PIEZO1, YAP activity was reduced (YAP/pYAP ratio �53.9.6% ±

15.6), while TAZ activity was increased (TAZ/pTAZ ratio +80.9% ±

26.1) (Figure 9). We also determined that while some genes known to

be YAP/TAZ targets such as Cyp61, Ctgf or Egr2 expression were

unchanged (Figure S3), the increase in myelination and increase in

TAZ activity observed in Piezo1cKO correlated with the activation of

signaling pathways necessary for Schwann cell myelination, that is,

PI3K/AKT and mitogen-activated protein kinase (MAPK)/ERK

pathways (Maurel & Salzer, 2000; Newbern et al., 2011; Ogata

et al., 2004). The activity of both ERK and AKT was increased in

Piezo1cKO P15 sciatic nerves (+77.7% ± 2.4 and +35.2% ± 10.6,

respectively) (Figure 10). These results are in agreement with findings

that upregulation of MAPK/ERK signaling in Schwann cells increases

myelination (Belin, Ornaghi, et al., 2019; Ishii et al., 2013; Sheean

et al., 2014). Surprisingly, the combined absence of PIEZO1 and

PIEZO2 in Piezo1/2cKO did not affect YAP, TAZ, ERK, and AKT phos-

phorylation (Figures 10 and S4). Overall, these data suggest that abla-

tion of PIEZO1 increases TAZ, ERK and AKT activities. However,

since we did not observe similar dysregulation in Piezo1/2cKO, they are

unlikely to be solely causal to the effect of Piezo channels on

myelination.

4 | DISCUSSION

Piezos are cation channels directly gated by mechanical forces. While

activation of Piezo channels generates non-selective currents for cat-

ions such as Na+, K+, Ca2+, and Mg2+, both PIEZO1 and PIEZO2 are

notably characterized for their role in regulating Ca2+ transients and

Ca2+ signaling pathways (for review, see Parpaite & Coste, 2017).

Ca2+ activity has been observed in myelinating cells in the central ner-

vous system (CNS) (Baraban et al., 2018; Battefeld et al., 2019; Micu

et al., 2016; Wake et al., 2011) as well as in Schwann cells in the PNS

F IGURE 10 ERK and AKT levels and
phosphorylation in PiezocKO mice. (a)
Western blots analysis was performed on
PiezocKO sciatic nerves at 15 days of age.
Calnexin (CNX) was used as a protein
loading control. (b) pERK/ERK and pAKT/
AKT ratios are representative of ERK and
AKT activity, respectively. N = 4 animals
per genotype. Data are represented in

means ± SEM. Two-tailed unpaired
Student's t test with Bonferroni postdoc
test. **p value <.01, ***p value <.001, ****p
value <.0001
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(Heredia et al., 2018; Ino et al., 2015; Lev-Ram & Ellisman, 1995;

Mayer et al., 1998; Stevens & Fields, 2000). In addition, Ca2+ tran-

sients, mediated by other mechanosensitive ion channels, have been

shown to be altered in or causal to peripheral neuropathies (Landoure

et al., 2010; Sidoli et al., 2021; Sun et al., 2019; Vanoye et al., 2019).

Here, we show that Schwann cells express PIEZO1 and PIEZO2 chan-

nels and that their loss promotes or delays myelin formation, respec-

tively, suggesting that disruption of Piezo-mediated Ca2+ transients in

Schwann cells can regulate myelin formation.

In the CNS, Ca2+ transient frequency in oligodendrocytes is asso-

ciated with the rate of longitudinal elongation of myelin internodes

both during developmental myelination and during remyelination (Bar-

aban et al., 2018; Battefeld et al., 2019; Krasnow et al., 2018). Myelin

sheaths that have high frequency Ca2+ transients grow more rapidly.

However, myelin sheaths that have low frequency Ca2+ transient

grow slowly and those with very high frequency Ca2+ transient shrink,

indicating that the growth of myelin sheaths represents the ‘sweet

spot’ of Ca2+ concentration in oligodendrocytes. In addition, mechani-

cally induced Ca2+ transients were shown to modulate the ERK/

MAPK pathway in oligodendrocytes (Kim, Adams, et al., 2020). In the

PNS, disruption of Ca2+ transient in Schwann cells limits longitudinal

and radial myelination (Ino et al., 2015), indicating that dose-depen-

dent Ca2+ mechanisms observed in the CNS and oligodendrocytes

may also apply to the PNS and Schwann cells. Therefore, it is possible

that while PIEZO1 levels are expressed in sciatic nerves throughout

developmental myelination, PIEZO1 channels are active only in newly

formed myelinating Schwann cells, and the morphological phenotypes

observed in the Schwann cell-Piezo1cKO and Piezo2cKO mouse models

result from dysregulation of Piezo-mediated Ca2+ transients in myeli-

nating Schwann cells.

Because PIEZO1 and PIEZO2 are known to be functionally redun-

dant in other cell types, the contrasting phenotypes of Schwann cell

conditional Piezo1cKO and Piezo2cKO mouse models is surprising. How-

ever, Piezo channels also differ in their biophysical properties.

PIEZO2-mediated currents inactivate significantly faster than PIEZO1

currents (Coste et al., 2010). While PIEZO2 is only activated by mem-

brane deformation, PIEZO1 is sensitive to both stretch and membrane

deformation (Lee et al., 2014; Taberner et al., 2019). In addition,

PIEZO1 and PIEZO2 are regulated by different mechanisms (Lacroix

et al., 2018) or play different roles in other cell types of the nervous

system (Coste et al., 2010; Qin et al., 2021). Multiple Piezo2 variants

exist, which confer functional differences to PIEZO2 (Szczot

et al., 2017), and these variants are expressed differentially in the

cytosol or at the plasma membrane (Shin et al., 2021). It is therefore

possible that PIEZO1 and PIEZO2 expression, activity and function

varies in Schwann cells depending on the developmental stage of

Schwann cells, the myelinating or non-myelinating lineage of Schwann

cells, the axon and myelinated fiber diameter, or the complex changes

occurring in the local environment of Schwann cells during the PNS

development (Wolbert et al., 2020).

Our data also show that both expression and activation of YAP

and TAZ are modulated by PIEZO1 channels. Pathak et al. suggested

back in 2014 that activation of PIEZO1 triggers the Ca2+ influx as well

as the activation of transcriptional coactivator YAP in neural stem

cells (Pathak et al., 2014). The possible molecular crosstalk between

PIEZO1 and YAP pathways was further demonstrated by very

recent studies in other cell types (e.g., mesenchymal or osteoblast

progenitor cells, renal mesangial cells, and various tumor cell types)

(Fu et al., 2021; Hasegawa et al., 2021; Liu et al., 2021; Zhou

et al., 2020; Zhu et al., 2021). Indeed, PIEZO-dependent Ca2+ entry

results in the modulation of YAP phosphorylation, localization and

nuclear activity through the activation of MAPK pathway in a dose

and time dependent manner (Fu et al., 2021; Liu et al., 2021). Thus,

our data here suggests that the absence of PIEZO1-mediated Ca2+

transients lead to the activation of MAPK/ERK pathway as well as

to the phosphorylation and inactivation of YAP. However, in

absence of PIEZO2, PIEZO1-mediated Ca2+ transients do not lead

to phosphorylation of MAPK/ERK or YAP/TAZ pathways, suggest-

ing that PIEZO1 and PIEZO2 regulate Ca2+ transients differently in

Schwann cells and that PIEZO1-mediated Ca2+ is PIEZO2 depen-

dent. Nevertheless, in their current state, our data do not demon-

strate whether the alteration of myelin formation seen in PIEZO

mutants is a direct consequence of changes to either ERK/AKT or

YAP/TAZ activity.

A multitude of extracellular, intracellular and non-biological stim-

uli can regulate YAP/TAZ transcriptional activity, through either phos-

phorylation, ubiquitination, degradation, or sequestration in the

cytosol. In addition, despite having many similarities in their struc-

tures, functions and regulations, YAP and TAZ are not completely

redundant (reviewed in Feltri et al., 2021). We previously showed that

in Schwann cells, YAP is not able to compensate for TAZ ablation,

while one TAZ allele prevents major myelin defect in YAP/TAZ double

mutants (Jeanette et al., 2021; Poitelon et al., 2016). This indicates

that TAZ has a prominent role to play in Schwann cell development

and myelination. Here our data indicate that in sciatic nerves, PIEZO1

regulates YAP and TAZ expression and phosphorylation. While

PIEZO1 might be necessary for YAP activation, PIEZO1 might be an

inhibitor of TAZ expression. These in vivo data appear in contrast with

our in vitro data on Schwann cells, where we showed that treatment

with Yoda1 leads to an increase in TAZ activity. Considering the many

functions of YAP/TAZ in Schwann cells (Deng et al., 2017; Grove

et al., 2017; Poitelon et al., 2016), that YAP/TAZ are regulated by

many canonical and non-canonical pathways (Feltri et al., 2021), and

that the environmental constraints in vitro are very different than in

vivo (Poitelon et al., 2016; Urbanski et al., 2016) these diverging

results are not incompatible. Indeed, YAP/TAZ activation varies when

Schwann cells are cultured alone or with neurons (Poitelon

et al., 2016), TAZ expression is regulated negatively as myelination

progresses (Deng et al., 2017; Poitelon et al., 2016), and TAZ activa-

tion does not correlate with myelination (Poitelon et al., 2016). Thus,

it is possible that depending on the biological and cellular context

PIEZO1 is a negative regulator for TAZ expression and a positive reg-

ulator for TAZ activity. Future work will be necessary to establish if

the function of PIEZO1 as a transient inhibitor of Schwann cell radial

and longitudinal myelination is mediated through the activation of

YAP, the inhibition of TAZ, or a more complex combination of both.
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YAP was previously demonstrated to be a positive regulator of

longitudinal myelination. Indeed, knockdown of YAP reduced longitu-

dinal myelination (Fernando et al., 2016). Similarly, our data indicate

that in Piezo1/2cKO, the increase in longitudinal myelination was corre-

lated to an increase in YAP activity with the absence of PIEZO1 and

PIEZO2. Other pathways known to regulate longitudinal myelination

may be modulated by the increase of YAP activity (e.g., basal lamina,

the dystroglycan complex, and the actin cytoskeleton complex)

(reviewed in Tricaud, 2017).

In summary, our study provides in vitro and in vivo evidence sup-

porting a novel pathway in which PIEZO channels regulate Schwann

cell myelination, which may occur in part through MAPK/ERK and

YAP/TAZ pathways. We have also established that PIEZO1 contrib-

utes to the regulation of YAP/TAZ in myelinating cells. Defects of

myelination in the PNS are starting to be associated with mechano-

biology in demyelinating diseases (i.e., traumatic and inherited) as well

as tumors (for review, see Acheta et al., 2021; Feltri et al., 2021).

Therefore, our observations may be relevant to better understand the

intersection between mechanobiology and the molecular mechanisms

regulating Schwann cell development, nerve pathology, and

tumorigenesis.
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