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Bidirectional transmission of mechanical and biochemical sig-
nals is integral to cell-environment communication and under-
lies the function of Schwann cells, the myelinating glia of the
peripheral nervous system. As major integrators of “outside-
in” signaling, Rho GTPases link actin cytoskeleton dynamics
with cellular architecture to regulate adhesion and cell deforma-
tion. Using Schwann cell-specific gene inactivation, we discov-
ered that RhoA promotes the initiation of myelination, axonal
wrapping and axial spreading of Schwann cells, and is later re-
quired to restrict myelin growth in peripheral nerves. These
effects are mediated by modulation of actomyosin contractility,
actin dynamics and cortical actin-membrane attachment, which
collectively couple tensional forces to intracellular signaling that
regulate axon-Schwann cell interaction and myelin synthesis.
This work establishes RhoA as an intrinsic regulator of a biome-
chanical response that controls the switch of Schwann cells to-
wards the myelinating and the homeostatic states.
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Introduction

During postnatal peripheral nervous system (PNS) develop-
ment, Schwann cells (SCs) interact with axons to form the
myelin sheath, a remarkable example of membrane-mediated
specialized cell-cell communication. This lipid-rich mem-
brane insulates axons to speed nerve conduction and promote
long-term axonal integrity. SC development and myelina-
tion are coupled multistep, morphogenetic processes. After
migrating along axons, perinatally SCs segregate single ax-
ons from embryonic bundles, a step called radial sorting (1).
The SC in this promyelinating SC-axon unit will then termi-
nally differentiate and radially extend a cytoplasmic wrap-
ping membrane to form the myelin sheath. These events are
spatiotemporally regulated, with SCs responding to paracrine
and juxtacrine signaling from extracellular matrix (ECM)
components and the axonal surface (2).

Rho GTPases are main cytoplasmic integrators of extrin-
sic mechanical and chemical signals, working as molecular
switches that cycle between inactive GDP- and active GTP-
bound states. When active, they target numerous effectors
that act on the actin cytoskeleton to regulate cellular architec-

ture and diverse cellular functions. Rac1 and Cdc42 are es-
sential for radial sorting (3, 4), and disruption of Rho GTPase
signaling is a feature of mouse models with prominent sort-
ing defects (1), including for integrin-linked kinase (ILK) (5),
beta1 integrin (4), and for the actin-binding protein profilin-1
(PFN1) (6).

RhoA and its principal kinase effectors ROCK 1 and 2 are
master regulators of cortical cytoskeleton organization and
contractility, stress fiber formation, and focal adhesion as-
sembly in most cell types (7–9). The Rho subfamily includes
the highly homologous RhoA, RhoB and RhoC, all expressed
in SCs during myelination (10). Evidence from Ilk, Pfn1 and
adhesion G protein-coupled receptor Gpr56 mutants suggests
that Rho activity must be tightly controlled for radial sort-
ing to occur (5, 6, 11). Inhibition of ROCK affects SC mor-
phology and results in shorter myelin segments in co-cultures
(12). Rhoa silencing in rat sciatic nerves causes hypomyeli-
nation and affects the motility, proliferation (13) and cAMP-
induced differentiation (14) of rat SCs in vitro.

The specific functions of RhoA in myelination remain un-
known. Here, we report that SC-specific ablation of Rhoa in
the mouse delays radial sorting and myelination and, para-
doxically, leads to radial hypermyelination later in develop-
ment. We propose that this dual function of RhoA is mediated
by regulation of the structure and contractility of the actin
cortical network and its attachment to the plasma membrane,
important for bidirectional signaling that regulates axon-glia
interaction, wrapping and myelin biogenesis. Together, our
results suggest that RhoA modulates a biomechanical re-
sponse that controls myelin sheath formation, growth and
homeostasis.

Results

Loss of RhoA in Schwann cells delays radial sorting
and the onset of myelination.

To study its role in PNS development, Rhoa was ablated in
myelinating cell precursors from embryonic day (E) 11.5 by
expressing Cre recombinase under the control of the Cnp reg-
ulatory sequences (15). Recombination of the conditional
Rhoa allele led to a 90% decrease of RhoA in nerve lysates
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Fig. 1. Schwann cell-specific loss of Rhoa delays axonal sorting and the onset of myelination in peripheral nerves (A) Immunoblotting of RhoA in P5 nerve lysates
and quantification of signal density relative to α-TUB. n=3 mice/group. (B) TEM micrographs of sciatic nerve cross sections from CTR (a,c) and RhoA cKO (b,d) mice at P1
(top) and P5 (bottom). Bundles of unsorted axons are shaded in purple. Scale bar is 2 µm. (C-H) Morphometric analysis of whole nerve cross sections at P1 and P5 showing
the total number of axons sorted from bundles (C, D) number of myelinated axons (E, F), and axons in 1-1 relationships with SCs (G, H). n=5 or 4 mice/group (C, E, G); n=4
mice/group (D, F, H). (I) TEM micrographs showing a bundle of unsorted axons surrounded by cytoplasmic processes of SCs (in green) at P5 and axons larger than 1µm (in
red). (J) Percentage of unsorted axons larger than the threshold caliber for myelination. Approximately 2000 unsorted axons measured per nerve; and (K) Number of SC
nuclei in P5 nerve cross sections. n=4 mice/group. (L) IF of primary SCs labeling for microtubules (tubulin, red), F-actin (phalloidin, green) and nuclei (DAPI, blue). F-actin
labels axial lamellipodia found at the tip of processes (arrow) and radial lamellipodia (arrowhead). (M) Quantification of axial and radial lamellipodia in SCs spreading on
laminin-2 for 24h post-isolation. At least 50 cells/well were analyzed. n=5 mice/group. All data represented as mean ± SEM and analyzed with unpaired t-test.

of postnatal day (P) 5 RhoA mutant mice (Cnp-CRE:Rhoafl/fl,
referred to as RhoA cKO) vs. controls (Rhoafl/fl, referred to
as CTR) (Figure 1A). RhoA is expressed in SCs (10) and its
activity is differentially regulated in the early postnatal sciatic
nerve (4). This time window (P0-P5) captures radial sorting,
the establishment of 1-1 axon-promyelinating SC units, and
the switch to the SC myelinating state and onset of myelina-
tion. Ultrastructural analysis of nerves at P1 and P5 showed
a decrease in the number of sorted axons in RhoA cKO vs.
CTR (Figures 1B, 1C and 1D). This difference diminishes

with time (from 22% at P1 to 12% at P5), suggesting that ra-
dial sorting is delayed in the RhoA cKO. In line with a sort-
ing impairment, the percentage of axons larger than 1 µm, the
threshold axon caliber for myelination, still remaining within
bundles at P5 is increased in RhoA cKOs (Figures 1I and
1J). Notably, the number of myelinated axons was decreased
in RhoA cKO nerves at P1 (Figure 1E) and P5 (Figure 1F),
while the number of promyelinating 1-1 units was similar at
P1 (Figure 1G) and increased in RhoA cKO nerves at P5 (Fig-
ure 1H), indicating that the rate of the onset of myelination is
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slower in RhoA mutants.

RhoA regulates the timely generation of new SCs and
their morphology.

We next sought to identify what aspects of SC development
underlay the early postnatal phenotypes in the RhoA cKO.
Analysis of axonal neuregulin 1(NRG1) type III signaling - a
major regulator of PNS myelination with pleiotropic effects
on SC development (16) - showed that phosphorylation of
ERBB2, a NRG1 receptor in SCs, at P5 was comparable in
RhoA cKO and CTR nerve lysates (Figure S1A), suggesting
that Rhoa ablation does not disrupt NRG1-ERBB signaling
in SCs.

Quantification of SC numbers in nerves showed a 5% de-
crease in the RhoA cKO (Figure 1K), indicating that RhoA is
required for the timely generation of new SCs in developing
peripheral nerves, a pre-requisite for radial sorting. However,
we found no significant changes in SC proliferation (Figure
S1B) or survival (Figure S1C) in P5 nerves of RhoA cKOs.
RhoA is a major regulator of cytokinesis (17) and loss of
Rho1 in Drosophila glia leads to severely decreased glia num-
bers due to cytokinesis failure (18). So, we hypothesize that,
in the RhoA cKO, a subtle delay in cytokinesis may cause
SCs to enter differentiation and miss the window for division.

Adequate population of peripheral nerves by SCs requires
migration of immature SCs, and disruption of Rho-ROCK
signaling impairs the intrinsic motility of SCs in vitro (13,
19). SC migration was analyzed on isolated E13.5 cervical
dorsal root ganglia (DRG). At DIV5, and although SCs from
DRGs of RhoA cKOs tended to populate more distant seg-
ments of the neurite projections, we found no significant dif-
ference in migration between groups (Figure S1D) and this is
likely not a major contributor to the radial sorting phenotype.

SCs form two types of specialized actin-based protrusions
that serve as multifunctional lamellipodia (axial and radial)
that establish and stabilize SC-axon contacts and drive wrap-
ping. Defects in SC morphology are linked to radial sort-
ing and/or myelination impairment in several mutants (3–
5, 11, 20). SCs from sciatic nerves of RhoA cKO grown in
vitro on laminin-2 showed a decrease in both axial and radial
lamellipodia compared to SCs of CTR (Figures 1L and 1M),
in line with the described effect of ROCK inhibitor fasudil
on lamellipodia in cultured mouse SCs (21), suggesting that
RhoA-ROCK non-redundantly regulates SC morphology.

Since transcriptional differentiation of SCs is essential for
myelination, we analyzed the expression of OCT6/POU3F1
and KROX20/EGR2, master regulators of the SC promyeli-
nating state, and found comparable levels in P5 nerves of
CTR and RhoA cKOs (Figures S1E, S1F and S1G). This indi-
cates that in vivo RhoA does not regulate SC differentiation,
and is aligned with the reported effect of ROCK inhibition on
SC morphology but not on SC proliferation and differentia-
tion (12).

Globally, we observed that RhoA is required to precisely
match numbers of SC to axons during radial sorting, and

to promote the switch to the myelinating SC state indepen-
dently of transcriptional differentiation, likely by controlling
the formation/stabilization of lamellipodia that mediate axon-
SC adhesion.

Proteomics profiling of early postnatal RhoA cKO pe-
ripheral nerves.

To identify cellular processes disrupted in the RhoA cKO,
we performed quantitative proteomics of P5 sciatic nerves
and captured the molecular dynamics of early axon-SC in-
teraction and onset of myelination. Five biological repli-
cates/genotype were analyzed by label-free LC-MS/MS (Fig-
ure 2A) and identified 5895 proteins (Table S1). RhoA
cKO/CTR abundance ratios were then ranked according to
selected post-processing criteria (Figure 2A), yielding 184
proteins that were differentially abundant (DA) (Figure 2B
and Table S2).

Next, we performed a gene ontology (GO) analysis (Figure
2C) and further manually annotated the DA protein dataset
into 12 functional clusters of 170 proteins (Figure 2D). The
sciatic nerve is highly enriched in SCs but also has fibroblasts
and axons, so we searched scRNAseq databases (10, 22, 23)
to predict cell type-predominant protein expression. Seven
clusters tended to be globally inhibited (myelination, adhe-
sion and ECM) or upregulated (e.g. intermediate filaments
and mitochondria of axons) in specific cell compartments of
RhoA cKO peripheral nerves, denoting that loss of Rhoa in
SCs impacts global nerve physiology at the onset of myeli-
nation (Figure 2D). DA proteins known to positively regulate
PNS myelination were predominantly decreased, including
myelin components, axon-glia interface signaling and adhe-
sion molecules, and proteins encoded by peripheral disease
genes (Figure 2E).

Remarkably, nearly 20% of the RhoA cKO proteome
are integral or peripheral membrane proteins, including
cytoskeleton-membrane complex proteins important in cellu-
lar processes dysregulated in the RhoA cKO, such as signal-
ing via receptors, adhesion and membrane trafficking (Fig-
ure 2F). Most (24/32) of these proteins are found in SCs,
predicted to be differentially expressed during postnatal sci-
atic nerve development, and 67% (20/32) have been previ-
ously identified in the peripheral myelin proteome (24, 25).
A subset of these membrane-associated proteins are well-
characterized axo-glia interface cytoskeletal and adhesion
molecules, and modulators of actin cytoskeleton-membrane
interaction.

Altogether, these observations point towards altered molec-
ular properties of the SC surface in the RhoA cKO, which
likely impede on bidirectional signaling that regulates axon-
SC and ECM-SC interaction at the onset of coordinated ax-
onal wrapping and myelin biogenesis.
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Fig. 2. The proteome of early postnatal RhoA cKO peripheral nerves. (A) Biological and data processing workflow for the unbiased quantitative proteomics screening of
CTR and RhoA cKO sciatic nerves at P5. (B) Data matrix of normalized abundances of DA proteins across 5 biological replicates per genotype, represented as a heatmap.
Each biological replicate is a pool of 8 nerves from littermates. (C) Significantly enriched biological process GO terms of the RhoA cKO sciatic nerve proteome. (D) Schematic
representation of the functional clustering of 170 DA proteins in RhoA cKO nerves (see also Table S2). The pie chart displays all functional clusters with more than five DA
proteins, and below a breakdown of predicted compartment-specific contributions to selected functional clusters. (E) List of RhoA cKO DA proteins involved in myelination
and/or peripheral nerve development/maintenance. (F) Membrane proteins in the RhoA cKO proteome. Most are expressed by SCs and sciatic nerve transcriptome data
predicts a differential expression during postnatal development. Circle symbol - found in two (black) or one (white) myelin proteome datasets. Shades of grey refer to relative
abundance/timepoint (lighter tones refer to lower abundance, darker tones to higher abundance). DA - differentially abundant; PM - plasma membrane; SN - sciatic nerve;
SCP - SC precursors; iSC - immature SCs; mSC - mature SCs
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Fig. 3. Disrupted cortical tension, actomyosin contractility and actin dynamics in SCs from RhoA cKO mice. (A) Pseudocolored images displaying pixel value of
FRET ratio in primary mouse SCs expressing the actinin-sstFRET tension sensor. (B) Quantification of FRET ratios. The SuperPlot (26) shows superimposed data from 60
cells/genotype with mean FRET ratio ± SEM of n=3 independent experiments. Scale bar is 25 µm. (C-E) Immunoblotting of phosphorylated and total MLC2 (C), CFL1 (D)
and PFN1 (E) in P5 nerve lysates. Quantification of signal density relative to total protein, α-TUB or GAPDH. n=4 or 5 (C), n= 8 (D), n=7 (E) mice/group. (F) Analysis of
GTP-bound (active) levels of Rho GTPase family proteins by pull-down assay of P5 nerve lysates. (G-J) The activated fraction was calculated by normalizing signal densities
of GTP-bound to total Rho GTPase. Total levels of Rho or Rho-GTP is relative to GAPDH. n=5 (G), n=4 (H, J), n=3 (I) biological replicates. Data represented as mean ± SEM
and analyzed with: unpaired t-test (D, E, G-J), Mann-Whitney (C) or paired t-test (B).

Dysregulation of cytoskeletal signaling and cortical
tension in SCs from the RhoA cKO.

The proteomics findings predict that RhoA modulates cy-
toskeletal organization and its interaction with the peripheral
membrane of SCs, important for the transmission of cellu-
lar force. So, we asked whether mechanical properties of
the SC cortex in the RhoA cKO were changed. To mea-
sure cortical cytoskeletal stress in live SCs, we expressed
a genetically-encoded force sensitive α-actinin FRET probe
(actinin-sstFRET) (27) with a donor/acceptor fluorophore
pair separated by a spectrin linker inserted into actinin, such
that increased tension pulls the fluorophores apart and yields
lower FRET ratios. Transfected, steady-state SCs did not
show obvious morphological perturbations and displayed in-
creasing tension towards the cell’s lamellipodia (Figure 3A).
We observed increased whole-cell FRET ratio in SCs from
RhoA cKO nerves vs. CTR (Figure 3A and 3B), indicating
lower tension, suggesting that in SCs, RhoA is a major reg-
ulator of internal stresses in the cortical cytoskeleton, which
are simultaneously responsive and determinant of physical
properties that generate force and drive cell deformation.

We next sought to identify downstream Rho-ROCK effectors
that are modulating the cortical actin cytoskeleton in SCs.
The actomyosin complex is the central regulator of contrac-
tile forces and its myosin light chain 2 (MLC2) subunit is
a direct target of ROCK (28), including in SCs (12). Lev-
els of phosphorylated (p-) MLC2 were decreased in P5 nerve
lysates of RhoA cKO vs. CTR (Figure 3C), indicating di-
minished cortical actomyosin contractility. Analysis of the
actin-severing and depolymerizing protein Cofilin-1 (CFL1),
which can be inactivated by Rho-ROCK-LIM kinase, showed
that levels of p-CFL1 were increased in P5 RhoA cKO nerves
(Figure 3D), suggesting decreased actin filament turnover.
Previous studies in vitro suggest that activity of myosin II
and cofilin is required for myelination (29, 30). In line with
those proposed models, disruption of actomyosin contractil-
ity and actin turnover upon loss of RhoA in SCs are probably
major contributors to the impaired axonal wrapping and on-
set of myelination in the RhoA cKO. Surprisingly, we found
no changes in levels of p-PFN1, an actin-binding protein that
positively regulates radial sorting and myelination and can be
modified by ROCK (6), in P5 nerves of RhoA cKO vs. CTR
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(Figure 3E). This observation, together with the increased
levels of p-CFL1, suggests an uneven disruption of the Rho-
ROCK pathway, or a compensatory activation of other ki-
nases, when Rhoa is ablated in SCs. Rho GTPases can cross-
regulate each other (31) and have promiscuous interactions
with many effectors (32). Using a Rho-GTP pull down as-
say of P5 nerve lysates, we determined that the expression
and total active levels of both active (GTP-bound) RhoB and
RhoC were upregulated in RhoA cKOs (Figure 3F, 3G, 3H).
We next used a similar approach to analyze active fractions of
Rac1 and Cdc42, since both are important for PNS myelina-
tion and Rac1 is a main regulator of radial lamellipodia for-
mation in SCs (3, 4). We did not detect significant changes in
levels of active Rac1 and Cdc42 in RhoA cKO nerves (Figure
3F, 3I, 3J).

RhoA regulates myelin sheath growth and homeosta-
sis.

We next assessed if the myelination program resumes nor-
mally in the RhoA cKO PNS later in development. Ultra-
structural and g-ratio - a normalization of axon to myeli-
nated fiber diameter - analyses of sciatic nerves at P15 and
P25 showed thinner myelin sheaths in RhoA cKO vs. CTRs
(Figures 4A and S2B). Similar findings were observed in
SC-specific Rhoa mutants generated using a different Cre-
expressing line (Figures S2A and S2C), the Dhh-Cre mouse
(33). This radial hypomyelination can result from the delayed
onset of myelination, or reflect a continuous slower rate of
myelin growth.

It has been shown that chemical inhibition of ROCK leads to
shortened myelin segments in co-cultures (12, 34), suggest-
ing that Rho-ROCK may participate in internode formation.
Single fibers teased out from P30 nerves immunolabeled for
the paranodal axonal protein CASPR1 showed that intern-
odes were shorter in fibers of RhoA cKO vs. CTR mice (Fig-
ure 4B), indicating that RhoA also regulates the axial growth
of peripheral myelin sheaths. After developmental myelin
biogenesis, myelinating SCs switch to a homeostatic state to
maintain sheath stability. Morphometric analysis of nerves
at 3 months (3M) showed increased myelin thickness (hyper-
myelination) in RhoA cKOs across all axon calibers (Figure
4C).

Restricting myelin growth at the end of myelination is an ac-
tive process that in the PNS is modulated, at least in part,
by the PI3K-AKT (35) and the MAPK MEK-ERK1/2 path-
ways (36). Downstream, they target the metabolic mTOR
pathway (37), which drives myelin synthesis. Mutants with
hyperactivated AKT (35), mTOR complex 1 (mTORC1) (38)
or ERK1/2 (36, 39) show radial hypermyelination. While we
detected no changes in AKT activation, or levels of its in-
hibitor PTEN, (Figures S4A and S4B), levels of p-ERK1/2
and p-S6 ribosomal protein, a substrate of mTORC1-S6K
that upregulates protein synthesis, were increased in the hy-
permyelinated nerves of 3M RhoA cKOs (Figures 4D and
4E). Hence, RhoA is required to limit developmental myelin
growth, by repressing an ERK-mTORC1 signaling cascade

that controls myelin synthesis.

Proportionality between myelin thickness and axon caliber
is a feature of normal peripheral nerve physiology and the
presence of excessive myelin is seen in human neuropathies.
Upon analysis of 12M nerves, we found increased aberrant
myelin profiles in the RhoA cKO, including myelin infolds
and outfolds, tomacula (focal myelin swellings) and unspe-
cific myelin degeneration (Figures 4F and 4G), indicating
that RhoA is required to maintain the homeostasis of periph-
eral myelin sheaths.

A previous study described that levels of active RhoA-GTP
increase in adult sciatic nerves (4). So, we questioned
if RhoA participates in myelin maintenance. To uncou-
ple from its roles in development, we recombined Rhoa in
adult SCs using the inducible Plp-CreERT2 mouse strain (40)
and tamoxifen administration at 3 months, after the criti-
cal period of developmental myelination (Figure 4H). Two 2
months later (2M pTAM) we confirmed loss of RhoA in Plp-
CreERT2:Rhoafl/fl nerve lysates (Figure 4I). At 4M pTAM,
an ultrastructural analysis showed increased myelin thickness
predominantly in small and medium caliber axons of mutant
nerves (Figures 4J and 4K), indicating that Rhoa ablation
reactivates the growth of adult myelin sheaths. Altogether,
these data show that RhoA is required to establish and main-
tain the homeostatic state of the myelinating SC, and limit
myelin growth in adult peripheral nerves.

Discussion

In this study, we provide evidence that the small GTPase
RhoA is required to initiate myelination and drive axonal
wrapping, and to curb myelin growth in peripheral nerves.
RhoA modulates the organization and contractility of the cor-
tical actin network and its attachment to the plasma mem-
brane, thus coupling mechanical and biochemical signaling
that controls the SC switch to the myelinating and, later,
homeostatic state.

It is well established that Rho-ROCK signaling downstream
of integrin and G protein-coupled receptors modulates ra-
dial sorting, and its activity must be finely tuned as both hy-
peractivated or decreased Rho is detrimental for this step of
myelination (5, 6, 11). We have now directly addressed this
point and determined that RhoA is required for timely ra-
dial sorting. We propose that RhoA participates in the gen-
eration of new SCs necessary to match the number of ax-
ons to be sorted, and in addition modulates lamellipodia for-
mation/stabilization in SCs, important for adhesion to both
axons and the ECM. An important consideration is that the
sorting delay in the RhoA cKO is accompanied by an in-
crease in active RhoB and RhoC. RhoC shares high homol-
ogy with RhoA and can target common effectors also via
ROCKs (32, 41). This raises the hypothesis that amplified
Rho-ROCK, especially via RhoC, can be offsetting or dis-
rupting the targeting of some effectors in RhoA cKO SCs.
While it is evident that loss of RhoA is not compensated, this
observation leaves interesting questions as to whether RhoA
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Fig. 4. RhoA regulates myelin sheath growth and homeostasis in peripheral nerves. (A, C) TEM micrographs of sciatic nerve cross sections from CTR and RhoA
cKO mice at P25 (A) and 3M (C). Bar graphs show average g-ratio and scatter plots show distribution of myelin sheath thickness as a function of axon caliber. At least 100
myelinated axons measured/animal. n=4/3 (A) and n= 5/4 (C) mice/group. Scale bar is 2 µm. (B) IF of teased fibers labeled for the paranodal protein CASPR (green, arrows)
and nuclei (in blue) and quantification of internode length. n=4/5 mice/group. Scale bar is 50 µm. (D, E) Immunoblotting of phosphorylated and total ERK1/2 (D) and S6 (E)
in 3M nerve lysates. Quantification of signal density relative to total protein or α-TUB. n=6 (D), n=4/3 (E) mice/group. (F) Images of semithin cross sections from CTR (a) and
RhoA cKO (b) sciatic nerves at 12 months, showing abnormal myelin profiles (pseudocolored). TEM micrographs of RhoA cKO nerves show infolded (c) and outfolded (d)
myelin loops, tomacula (e), and large outfolds from unstructured myelin (f). Scale bar is 20 µm (low mag) and 2 µm (TEM). (G) Quantification of abnormal myelin profiles. n=4
mice/group. (H) Conditional deletion of Rhoa in mature SCs at 3M. (I) Immunoblotting of RhoA in sciatic nerves 2 months pTAM and quantification of signal density relative
to α-TUB. n=3/4 mice/group. (J) Average g-ratio and (K) Categorization of myelin sheath thickness as a function of axon caliber in sciatic nerves 4M pTAM. (J, K) n=4/5
mice/group. *p<0.05, **p<0.01. At least 100 myelinated axons measured/animal. All data represented as mean ± SEM and analyzed with unpaired t-test.
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and RhoC may regulate specific effectors in SCs during radial
sorting by interacting differentially with ROCK1/2 at spe-
cific subcellular locations, similar to what has been described
for cofilin inactivation in actin-rich structures of cancer cells
(42).

A prominent phenotype of the RhoA cKO is a delay in myeli-
nation independent of SC transcriptional differentiation. This
favors a hypothesis that a biomechanical process, uncoupled
from differentiation, drives wrapping and myelin biogenesis,
as it has been advanced by colleagues in the field (20, 43–
45). Targeted membrane extension, deformation, and adhe-
sion require generation of intracellular forces by way of actin
filament dynamics and modulation of cortical cytoskeleton
organization, which is enriched in myosins, crosslinkers and
membrane-anchoring proteins (46, 47). We now provide a
clearer picture of the molecular mechanisms that balance in-
tracellular forces that drive myelin growth. In SCs, RhoA in-
duces cortical actomyosin contractility and its crosstalk with
actin filament turnover by modifying cofilin activity and, im-
portantly, targets the attachment of the cortical cytoskeleton
to the membrane. Of note, the proteomics analysis identi-
fied Ezrin (EZR), a regulator of membrane-actin cortex ad-
hesion and component of paranodal SC membranes (48), and
Gamma-Tropomyosin (TPM3), an actin-binding contractile
protein highly expressed in SCs (10), both increased in the
RhoA cKO. Interestingly, TPM3 regulates the mechanical
access and activity of other actin-binding proteins, such as
myosin II and cofilin, (? ), to actin filaments to determine
cell cortex stiffness and adhesion (49). It is thus probable that
RhoA participates in the generation but also the propagation
of cellular forces and contractility, which is highly depen-
dent on the structure of the actin filament network. We pro-
pose that these mechanical properties determine the molec-
ular makeup of the SC surface, impacting bidirectional sig-
naling that modulates axon-glia interaction, myelin produc-
tion and basal lamina composition, all downregulated in the
RhoA cKO proteome, and the transition to the myelinating
SC state.

RhoA has a dual function in myelination, since adult nerves
of RhoA cKO show radial overgrowth of myelin associated
with hyperactivation of a MAPK ERK-mTORC1 signaling
axis. Maintenance of the SC homeostatic state and control
of myelin thickness appears to be a bona fide function of
RhoA, uncoupled from earlier developmental defects, since
ablating Rhoa specifically in mature SCs reactivates myelin
growth. Similar dual functions have been described in mod-
els of mTORC1 and PI3K-AKT hyperactivation, although in
these models the myelination impairment is linked to defi-
cient SC transcriptional differentiation (38), which does not
occur in the RhoA cKO. ERK activation by phosphoryla-
tion has been described to depend on Rho-ROCK in some
cell types (50, 51) and on actomyosin-driven tensile forces at
stress fibers, components of focal adhesions that act as trans-
duction platforms for biochemical signaling (52). Thus, we
propose that RhoA is an important molecular determinant for
the formation and maintenance of myelin by coupling me-
chanical signaling to specific intracellular pathways at differ-

ent phases of the myelin sheath lifetime.

Materials and Methods

Animals. The mouse strain with a floxed Rhoa al-
lele (53), the transgenic line expressing Cre recombinase
under the control of the Cnp (2’,3’-cyclic-nucleotide 3’-
phosphodiesterase) promoter (15) and the resulting condi-
tional knockout mice, all in a C57BL/6 background, were
housed in cages with environmental enrichment in SPF con-
ditions, kept in a 12-h light and dark cycle, and fed Teck-
lad 2014S chow ad libitum. All animal procedures, 3Rs and
ethical considerations were revised and approved by the i3S
Animal Welfare Body and the national authority (DGAV li-
cense 024108), which apply the EU directives for animal re-
search. To inactivate Rhoa specifically in myelinating cells,
Rhoafl/fl animals were crossed with Cnp-Cre:Rhoawt/fl or
Cnp-Cre:Rhoafl/fl to generate Cnp-Cre:Rhoafl/fl and Rhoafl/fl

experimental animals, here designated as RhoA cKO and
CTR, respectively. Genotyping for the Rhoa floxed and the
Cnp-Cre knock-in alleles was performed by PCR of genomic
DNA isolated from ear or tail using previously published
primer combinations (15, 53). For experiments with ani-
mals younger than P15, we favored the use of littermates to
control for differences in postnatal developmental progress
among litters. Animals of both sex were used in all experi-
ments. To inactivate Rhoa specifically in adult myelinating
cells, the floxed strain was crossed with a Plp-CreERT2 line
(40). Recombination was induced by intraperitoneal admin-
istration of tamoxifen (2 mg) prepared in a 9:1 oil:ethanol
mix (20 mg/ml) for 5 consecutive days. To generate the con-
ditional knockout under the control of the Dhh (Desert hedge-
hog) promoter, a similar breeding strategy was followed us-
ing the Dhh-Cre strain (33). Tissue collection from Dhh-
Cre:Rhoafl/fl animals was performed with the approval and in
strict accordance with the guidelines of the Zurich Cantonal
Veterinary Office.

Ultrastructural and morphometric analyses. For electron
microscopy (EM) analysis, deeply anesthetized animals were
transcardially perfused with fixative (3% glutaraldehyde and
4% paraformaldehyde (PFA) in 0.1 M phosphate buffer), sci-
atic nerves dissected and post-fixed for 24-48h at 4ºC. To pre-
pare for sectioning, tissue was put in 1% osmium tetroxide
(EMS), dehydrated in serial dilutions of increased acetone
concentration and embedded in Spurr resin (EMS). Ultra-
structural analysis was performed on ultrathin sections (65
nm) imaged in a Jeol JEM 1400 TEM. Measurements of
myelin thickness and axon diameter were performed as de-
scribed in (54) on 100-200 fibers/animal sampled from 5-7
randomly acquired images of the nerve. Quantification of
aberrations at 1 year was performed on half-nerve reconstitu-
tions of semithin sections (0.5 µm) stained with toluidine blue
and analyzed at low magnification in a Nikon Ti microscope.
All image analysis and quantifications were performed in Fiji
(55, 56) using the available standard selection and measure-
ments tools.
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Preparation of frozen sections and teased fibers from
sciatic nerves. For immunofluorescence analysis of tis-
sue, deeply anesthetized animals were transcardially perfused
with 4% PFA/PBS, sciatic nerves dissected, post-fixed for
12-16h at 4ºC and then moved to a 20% sucrose solution
overnight. To prepare for sectioning, nerves were embedded
in OCT (Tissue Tek), frozen and cut into 10-12 µm sections
on a Leica CM 3050S cryostat. To prepare teased fibers, sci-
atic nerves were dissected, fixed in 4% PFA/PBS for 4h at
4ºC and then moved to PBS. After removal of the periner-
ium,1 cm pieces were divided into fascicles and individual
fibers were teased apart with a fine needle on APES-coated
microscope slides.

Isolation and transfection of mouse Schwann cells. Sciatic
nerves were dissected from P3-P4 animals and stripped of the
perineurium in HBSS with penicillin-streptomycin (Gibco).
To isolate SCs, we proceeded as described (54) with mi-
nor modifications. Briefly, tissue was enzymatically digested
in trypsin (1.25 mg/mL) and collagenase type I (2 mg/mL)
(both from Sigma) for 45 minutes, followed by gentle me-
chanical dissociation in cDMEM (DMEM GlutaMAX, 10%
FBS, Gibco). Cells were seeded on 5 µg/ml laminin 2-
coated glass coverslips in cDMEM medium, which was re-
placed on the next day by SC medium (DMEM/F-12 [Gibco],
N2 supplement [Gibco], 10 ng/ml Heregulin-β1 (EGF Do-
main) [Sigma] and 2.5 µM Forskolin [Sigma-Aldrich]). For
transfection, after the mechanical dissociation step and be-
fore seeding, the cell pellet was gently resuspended in 20
µL of P3 nucleofection solution, 1 µg plasmid DNA was
added and cells electroporated in a 4D-NucleofectorTM Sys-
tem (Lonza) following the manufacturer’s instructions.

Immunofluorescence, TUNEL and EdU assay. For the
TUNEL (terminal deoxynucleotidyl transferase dUTP nick
end labelling) assay, tissue sections were incubated for 1h
in blocking buffer (10% normal goat serum [NGS], 0.1%
BSA and 1% Triton X-100 [TX] in PBS) and equilibrated
for 10min in TdT buffer (30 mM Tris-HCl, 140 mM sodium
cacodylate trihydrate 1mM cobalt (II) chloride hexahydrate).
Integration of biotin-16-dUTP (Roche) was performed for
1.5h at 37ºC with TdT enzyme (Roche) and dATP (Promega)
in TdT buffer, and the detection with streptavidin conjugated
with AlexaFluor-568. For detection of proliferative cells, the
Click-iT EdU (5-ethynyl-2’-deoxyuridine) Alexa Fluor (AF)
568 imaging kit (Molecular Probes) was used in accordance
with the manufacturer’s instructions. Teased fiber prepa-
rations were permeabilized in 0.25% TX-PBS for 30 min
and blocked for 1h in 1% NGS/1% horse serum (Gibco)/1%
HEPES/PBS. Incubation with an antibody against contactin-
associated protein (CASPR) was performed overnight at 4ºC
in blocking solution, followed by an incubation with anti-
mouse-AF488. For SCs grown in vitro, fixation was per-
formed in microtubule protecting fixative buffer (65 mM
PIPES, 25 mM HEPES, 10mM EGTA, 3 mM MgCl2, 4%
PFA) for 15 minutes, followed by blocking for 1h in 10%
NGS-PBS, and an overnight incubation at 4ºC with an an-
tibody against Tubulin in 10% NGS-PBS. A secondary an-
tibody against mouse and 658-Phalloidin (1:50, Invitrogen)

were diluted in blocking solution and added to the cells for
1h. All preparations were stained with 4’,6’-diamidino-2-
phenylindole (DAPI, Invitrogen) for 10 minutes to label nu-
clei and mounted with Fluoroshield medium (Sigma). Imag-
ing was performed on a Leica DMI6000 equipped with an
Orca Flash 4.0 v2.0 camera (Hamamatsu) using a 40x/0.60
objective, or a Nikon Ti equipped with an iXon888 camera
(Andor) using a 40x/0.95 objective, epifluorescence micro-
scopes. All image analysis and B&C adjustments were per-
formed in Fiji and the “Cell Counter” plugin was used for
quantifications.

SC migration assay in DRG explants. Cervical dor-
sal root ganglia (DRG) were isolated from E13.5 mouse
embryos, when immature SCs migrate along the axonal
tracts of spinal nerves (57). Dissection was performed
in HBSS with Pen/Strep/Amph (Gibco). Explants were
placed on coverslips previously coated with matrigel (Corn-
ing) diluted 1:5 in Neurobasal (Gibco) and grown for 5
days in the following medium: Neurobasal, B27, Gluta-
max and nerve growth factor (10 µg/mL). Embryos were
genotyped using tail tissue. Fixation was performed in
4% PFA-PBS for 15 minutes, followed by an incubation in
0.1M glycine, permeabilization in 0.25% TX-0.1% Tween-
PBS, and blocking for 1h in 2% BSA-1% normal don-
key serum-0.1% Tween-PBS. Coverslips were incubated
overnight at 4ºC with antibodies against SOX10 and ß3-
Tubulin in blocking buffer and stained with DAPI. Imag-
ing was performed on a Leica DMI6000 microscope using
a 20x/0.40 objective. Tilescan images of whole DRGs were
acquired using LasX Navigator. Semiautomatic counting
of SCs at fixed distances from the explant was performed
using a modified Sholl analysis macro in Fiji (code avail-
able at https://github.com/mafsousa/ALM_BIA-scripting-
tools/blob/main/CreateBandsQuadrants.ijm). Briefly, 20
concentric rings spaced by 200 px were overlayed on the
image and SOX10/DAPI positive cells were counted. This
quantification was performed by quadrant, to exclude over-
lapping neurites from neighboring DRGs. The final percent-
age of SCs as a function of distance to explant is the average
of quadrants analyzed/DRG.

Live FRET analysis. Mouse SCs were transfected with
the PEG-Actinin-C-sstFRET plasmid, a gift from Fred Sachs
(Addgene plasmid 61101; RRID:Addgene_61101) (27),
encoding a force sensitive FRET-based probe, and grown
on laminin-2 coated 2 well µSlides (Ibidi) for 60h. Two
hours before live cell imaging, fresh SC medium prepared in
FluoroBrite-DMEM was added to the cells. Imaging was per-
formed on a Leica DMI6000 with temperature and CO2/O2
control, equipped with an Orca Flash 4.0 v2.0 camera (Hama-
matsu), a mercury metal halide lamp with an integrated light
attenuator, external excitation and emission filter wheels, and
using a HCX PL APO CS 63x/1.30 GLYC objective. For
dual-emission ratio imaging, we used BP 427/10 and BP
504/12 excitation filters for CFP and YFP, respectively, a GC
dichroic cube (440/520), emission filters BP 472/30 for CFP
and BP 542/27 for YFP, and exposure time of 0.8s with the
CCD camera binning set to 2x2 at a 16-bit depth. Ratio-
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metric FRET was calculated as acceptor/donor, as described
in (Meng and Sachs, 2011). Image analysis was performed
semi-automatically using an in-house developed macro for
Fiji that allows for batch-processing of files (code available
at https://github.com/mafsousa/2DFRETratiometrics). The
main workflow consists of the following steps: 1) a prepro-
cessing stage including shading correction and background
subtraction (either by using a background image or by sub-
tracting user-defined background mean intensity values); 2)
cell segmentation using a user-selected channel, the best
threshold algorithm and an option for user-dependent refine-
ment; and 3) ratiometric analysis by dividing selected prepro-
cessed channels in the segmented cell with final ratio images
represented with a Royal LUT.

Preparation of total tissue lysates and immunoblotting.
Dissected sciatic nerves were stripped of perineurium and
epineurium, crushed on dry ice and homogenized with a
chilled pestle in lysis buffer (50 mM Tris pH 8.0, 150 mM
NaCl, 1% NP-40, 1 mM EDTA, 0,5% sodium deoxycholate,
0,1% SDS, 1% protease and phosphatase inhibitor cocktails
[Sigma]). Samples were left on ice for 30 min, centrifuged
at 13000 xg to clear the lysate and stored at -80ºC. For im-
munoblotting, protein extracts were resolved by SDS-PAGE
in 10% or 12% polyacrylamide gels, transferred onto a nitro-
cellulose membrane that were then blocked for 1 h at room
temperature in 5% (w/v) milk or BSA in TBS. For analysis
of ERBB2, protein extracts were prepared in lysis buffer with
2% SDS and resolved in a 4-12% gel (Biorad). Membranes
were probed overnight at 4ºC, and for 1 h at room tempera-
ture for primary and secondary antibodies, respectively, and
signal detection was performed with SuperSignal West Pico
Chemiluminescent Substrate (ThermoFisher) on a ChemiDoc
XRS digital system (Biorad). Analysis of signal intensity was
performed in Fiji using the “Analyze-Gels” menu and from
images obtained within the linear range of detection. Rel-
ative expression levels are calculated from normalization to
α-tubulin or GAPDH.

Rho-GTP pull down assay. Sciatic nerves (pooled from
3 littermates/biological replicate) lysates were prepared as
described above in a modified immunoprecipitation buffer
(10% glycerol, 50 mM Tris-HCl pH 7.4, 100 mM NaCl,
1% NP-40, 2 mM MgCl2 and protease inhibitor cocktail
[Sigma]). 10% of lysate volume was reserved to determine
total protein amounts, and the remaining protein mixture
was immunoprecipitated with the respective bait substrate
(GST-tagged p21-activated kinase-binding domain [GST-
PAK-PBD], provided by J. Collard, NKI, The Netherlands,
for Rac1 and Cdc42; and GST-tagged rhotekin Rho-binding
domain [GST-RBD], purchased from Millipore, for Rho pro-
teins) that was immobilized on Glutathione Sepharose beads
(GE Healthcare). Bait-couple beads were incubated with
lysates incubated with overnight at 4ºC, washed with 10
packed volumes of lysis buffer, and bound proteins were
eluted in Laemmli buffer. Immunoblotting to detect a spe-
cific Rho GTPase was performed as described above.

Proteomics. Preparation of tissue lysates was performed as

described above (in 200 uL of lysis buffer with 0.1M DTT)
from pools of 8 sciatic nerves from P5 animals and using
littermates (each biological replicate of CTR has a litter-
matched biological replicate of RhoA cKO). Following pro-
teolytic digestion with trypsin, peptides (corresponding to
500 ng protein/sample) were analyzed by LC-MS/MS and
MS1-based label free quantitation was performed on a Hy-
brid Quadrupole-Orbitrap mass spectrometer (Q-Exactive,
Thermo Fisher Scientific). Data was processed in Proteome
Discoverer 2.4 using unique peptides only and applying the
Minora algorithm for quantitative assessment to total peptide
content. No imputation of missing values was performed and
quantification channels were rejected if not found in more
than 40% of biological replicates. A post-analysis refinement
of the proteomics dataset was performed using the follow-
ing criteria (Figure 3 A): an adjusted p value <0.050 (calcu-
lated by the ANOVA test and using the Benjamin Hochberg
method, embedded in Proteome Discoverer) of the abun-
dance ratio RhoA cKO/CTR value, at least two unique pep-
tides identified/protein and PSM (peptide spectrum matches)
value of at least 5. Gene ontology (GO) analysis was per-
formed in g:Profiler (58). To predict cell type-predominant
expression of proteins of interest, we searched the following
scRNAseq databases: the sciatic nerve atlas (10) and neuron
databases (22, 23). Detailed manual annotation of biologi-
cal function/process was performed using Uniprot (59) and
published literature.

Antibodies, probes and dyes. For immunoblotting, primary
and secondary antibodies were used as follows: mouse anti-
GAPDH, HyTest 5G4, 1:20000; mouse anti-α-TUB, Sigma
T5168, 1:5000; rabbit anti-RhoA, Cell Signaling 2117, di-
luted 1:1000; rabbit anti-RhoB, Cell Signaling 2098, di-
luted 1:500; rabbit anti-RhoC, Cell Signaling 3430, diluted
1:500; mouse anti-Rac1, Abcam ab33186, diluted 1:2000;
rabbit anti-Cdc42, Cell Signaling 2466, diluted 1:1000; rab-
bit anti-OCT6 and rabbit anti- KROX20 (60), diluted 1:500,
were a kind gift from D. Meijer, The University of Edin-
burgh, UK; rabbit anti-p-CFL1 (Ser3), Cell Signaling 3311,
diluted 1:1000; mouse anti-CFL1, Abcam ab54532, diluted
1:1000; rabbit anti-p-PFN1 (Ser137), diluted 1:2000, was
a kind gift from M. Diamond, UCSF, CA, USA; rabbit
anti-PFN1, Abcam ab50667, diluted 1:1000; rabbit anti-p-
MLC2 (Ser19), Cell Signaling 3671, diluted 1:500; rab-
bit anti-MLC2, Cell Signaling 8505, diluted 1:500; rabbit
anti-p-ERK1/2 (Thr202/Tyr204), Cell Signaling 9101, di-
luted 1:2000; rabbit anti-ERK1/2, Cell Signaling 9102, di-
luted 1:2000; rabbit anti-p-S6 (Ser235/236), Cell Signaling
4858, diluted 1:1000, rabbit anti-S6, Cell Signaling 2317,
diluted 1:1000; rabbit anti-PTEN, Cell Signaling 9188, di-
luted 1:1000; mouse anti-p-AKT (Ser473), Cell Signaling
4051, diluted 1:1000; rabbit anti-p-AKT (Thr308), Cell Sig-
naling 2965, diluted 1:1000; rabbit anti-AKT, Cell Signal-
ing 9272, diluted 1:1000; HRP goat anti-mouse, 115-035-
146 and HRP donkey anti-rabbit, 711-035-152, from Jack-
son Immunoresearch. For immunoblotting, primary and
secondary antibodies were used as follows: mouse anti-µ-
TUB, Sigma T5168, 1:2000; goat anti-SOX10, RD Sys-
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tems AF2864, diluted 1:250; mouse anti-ß3-Tubulin, SYSY
302302, diluted 1:2000; mouse anti-CASPR, NeuroMab 75-
001, diluted 1:500; AF488 donkey anti-goat, ThermoFisher
A-11055, diluted 1:1000; AF647 donkey anti-mouse, Ther-
moFisher A-31571, diluted 1:1000; AF488 goat anti-mouse,
ThermoFisher A-11001, diluted 1:1000. Probes: AF594
Phalloidin, ThermoFisher A-12381, diluted 1:80; DAPI,
ThermoFisher D1306, diluted 1:40000.

Statistical analysis. Statistical analysis was performed using
GraphPad Prism 7. Data distribution was tested for normality
using the Shapiro-Wilk test. Comparisons between groups
of measurements that follow a normal distribution and pass
the F test to compare variances were performed using un-
paired two-tailed Student’s t-test. For non-normal data, non-
parametric tests were used. Statistical significance was as-
sumed for p values <0.05.
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