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The core component of the class III phosphatidylinositol 3-kinase complex,
Beclin 1, takes part in different protein networks, thus switching its role from
inducing autophagy to regulating autophagosomal maturation and
endosomal trafficking. While assessed in neurons, astrocytes, and microglia,
its role is far less investigated in myelinating glia, including Schwann cells
(SCs), responsible for peripheral nerve myelination. Remarkably, the
dysregulation in endosomal trafficking is emerging as a pathophysiological
mechanism underlying peripheral neuropathies, such as demyelinating
Charcot-Marie-Tooth (CMT) diseases. By knocking out Beclin 1 in SCs here a
novel mouse model (Becn1 cKO) is generated, developing a severe and
progressive neuropathy, accompanied by involuntary tremors, body weight
loss, and premature death. Ultrastructural analysis revealed abated
myelination and SCs displaying enlarged cytoplasm with progressive
accumulation of intracellular vesicles. Transcriptomic and histological analysis
from sciatic nerves of 10-day and 2-month-old mice revealed pro-mitotic gene
deregulation and increased SCs proliferation at both stages with axonal loss
and increased immune infiltration in adults, well reflecting the progressive
motor and sensory functional impairment that characterizes Becn1 cKO mice,
compared to controls. The study establishes a further step in understanding
key mechanisms in SC development and points to Beclin 1 and its regulated
pathways as targets for demyelinating CMT forms.
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1. Introduction

Schwann cells (SCs) are the most abun-
dant population of glial cells in the pe-
ripheral nervous system (PNS), responsi-
ble for myelin production. Far from pro-
viding a mere supportive role to neurons,
SCs are fundamental for proper PNS de-
velopment and function.[1,2] SC precursors,
derived from neural crest cells, differenti-
ate into immature SCs in late embryonic
stages, receiving signals released by devel-
oping axons, like Neuregulin 1 type III
(NRG1-III),[3,4] and then, in the early post-
natal phase, they coordinate a process called
radial sorting.[5] Immature SCs, associat-
ing to and segregating axons larger than
1 μm in diameter at the periphery of bun-
dles of growing axons, will acquire a 1:1
relationship with such large caliber axons,
and will differentiate into pro-myelinating
SCs.[5] On the other hand, immature SC
will differentiate toward a non-myelinating
cell fate surrounding bundles of small cal-
iber axons, including the C-fiber nocicep-
tors, the postganglionic sympathetic fibers,
and some of the preganglionic sympa-
thetic and parasympathetic fibers.[6] These
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processes are tightly regulated by integrated signals. In par-
ticular, promyelinating SCs receive signals by both the axon
and own basal lamina, resulting in the promotion of cell-cycle
exit and the cytoskeletal reorganization necessary for radial
sorting and myelination initiation.[7] Among others, the for-
mation of phosphatidylinositol 3-phosphate (PI3P), guided by
class III-phosphatidylinositol 3-kinase (PIK3C3) activation, con-
tributes to polarizing SCs and regulating membrane protru-
sion and wrapping.[8] During their differentiation and func-
tion SCs undergo robust morphological and functional changes,
which include membrane compaction and abundant lipid and
protein production. It was shown that autophagy in these
cells is fundamental for proper PNS development, promoting
myelin compaction through the removal of SC cytoplasm dur-
ing development,[9] for membrane specification/recycling and
for the maintenance of peripheral nerve homeostasis.[10] More-
over, in the last years, a disruption of the autophagic flux as well as
a dysregulation in endosomal sorting and related signaling have
emerged as potential pathophysiological mechanisms underly-
ing the most common form of inherited peripheral neuropathies,
known as Charcot-Marie-Tooth (CMT) disease.[11] Genes directly
or indirectly impacting such processes, like the ones involved
in phosphoinositide maintenance and homeostasis, were found
mutated in either axonal (affecting the axons of peripheral neu-
rons) or demyelinating (primarily affecting SCs) forms of CMT,
although a thorough understanding of the molecular pathways
involved is still missing.[12–14]

Particularly important in these pathways and never investi-
gated so far in the context of SC differentiation and home-
ostasis is Beclin 1 protein. Beclin 1, the orthologue of yeast
Atg6, is a core component of the PIK3C3 complex and, thanks
to its involvement in the controlled production of PI3P via
PI3KC3 activation, Beclin 1 exerts a crucial function in the
regulation of membrane dynamics. Indeed, a role for Be-
clin 1 was described in vesicle formation, trafficking, and fu-
sion, participating in the regulation of different autophagy
steps and also in endocytosis, phagocytosis, vesicles trans-
port, and membrane delivery.[15–18] Beclin 1 dysregulation is
involved in several disorders, most notably cancer,[19,20] heart
disease,[21] and neurodegenerative diseases such as Alzheimer’s,
Huntington’s and Parkinson’s disease, and amyotrophic lateral
sclerosis.[22,23] Nonetheless, since autophagy has increasingly be-
come a key pathway in inherited peripheral neuropathies,[11]

the pivotal role of Beclin 1 in regulating autophagy and the en-
docytic pathway is expected to have a relevant impact in this
context.
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Since whole-body Becn1 homozygous null mice die early in
embryogenesis,[24] here we generated a conditional gene knock-
out specifically in SCs, to investigate the role that Beclin 1 ex-
erts in these cells and in myelination. The newly generated
mouse line resulted in a model for severe and progressive pe-
ripheral neuropathy, displaying involuntary tremors, progres-
sive hindlimb paresis, decreased body weight, and diminished
lifespan. Together with defective myelination, we described ra-
dial sorting defects, motor and sensory neuron impairments,
immune infiltrate in adults, and a huge transcripts deregu-
lation. Among the altered pathways at the basis of the ob-
served severe neuropathic phenotype, a strong deregulation of
the PI3K/AKT/mTOR pathway highlighted how Beclin 1 is able
to coordinate integrated signaling pathways essential for SC mat-
uration and nerve development and homeostasis.

2. Results

2.1. Generation and Validation of a Novel Schwann Cell-Specific
Becn1 Knockout Mouse Model

To inactivate Becn1 gene only in SCs, we crossed Becn1fl/fl mice,
bearing LoxP sites flanking exons 4 to 7 of Becn1 gene, with
mice expressing Cre recombinase under the control of Myelin
protein zero (Mpz) promoter, active in SCs since embryonic stage
E13.5-E14.5 (see Experimental Section and Figure S1a, Support-
ing Information).[25] First, we validated the expected deletion of
Becn1 exons in SCs from the conditional knockout mice (Becn1
cKO), by analyzing Beclin 1 transcript and protein levels in sci-
atic nerve extracts. Becn1 transcript was significantly reduced in
10-day- and 6-month-old Becn1 cKO mice when compared with
control and heterozygous (Becn1 cHet) littermates. This was evi-
dent when considering exons in the site of deletion (exons 5–6) as
well as exons upstream to the deletion site (exons 2–3), suggest-
ing the occurrence of nonsense-mediated decay on Becn1 cKO
transcripts (Figure 1a). Moreover, we confirmed the significant
reduction of Beclin 1 protein level in extracts from whole sciatic
nerve from 10-day- and 6-month-old Becn1 cKO mice, when com-
pared with control and Becn1 cHet littermates (Figure 1b). As ex-
pected, a residual amount of Beclin 1 protein was detected, due to
the contribution of other cell types, including axons, fibroblasts,
and endothelial cells, in the protein lysates derived from sciatic
nerves. To further confirm that Beclin 1 ablation occurred specif-
ically in the myelinating glia of the PNS and not in the central
nervous system, we verified that Beclin 1 transcript and protein
levels were not altered in mRNA and protein extracts from the
cerebellum (Figure S1b,c, Supporting Information). Altogether
these data confirmed the correct ablation of Beclin 1 in the myeli-
nating glia of the PNS.

2.2. Becn1 cKO Displayed a Severe Neuropathic Phenotype

The effects of Beclin 1 ablation in SCs were remarkably severe
and overtly evident even at the first gross phenotypic evaluation.
Since weaning, Becn1 cKO mice displayed distinctive involuntary
tremors already in resting conditions, with progressive motor im-
pairment, particularly affecting posterior legs, leading to a promi-
nent hindlimb paresis by the age of 6 months (representative
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Figure 1. a) Normalized mRNA levels from RT-qPCR analyses on two different regions (exons 2–3 and exons 5–6) of Becn1 transcript in sciatic nerve
of P10 and 6-month-old control, Becn1 cHet and Becn1 cKO mice (n = 3–4 mice each group; **P < 0.01; ***P < 0.001; ****P<0.0001; Ordinary one-way
ANOVA with Tukey’s multiple comparison test). b) Representative western blot images and relative densitometric quantifications of Beclin 1 (Becn1)
on total sciatic nerves protein extracts of P10 and 6-month-old control, Becn1 cHet and Becn1 cKO mice. Vinculin (VCL) was used as a loading control
(n = 4–6 mice each group; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; Ordinary one-way ANOVA with Tukey’s multiple comparison test). c)
Representative ventral view of 2-month-old control and Becn1 cKO mice. d) Body weight (g) of male control and Becn1 cKO mice at P10 and at 2 and
6 months of age (n = 7–15 mice each group; ***P < 0.001 ****P <0.0001; Student’s t test). e) Pictures of 6-month-old control and Becn1 cKO mice,
representing the inability to normally grab and stand on a grid of the adult Becn1 cKO mice. 2 mo, 2-month-old; 6 mo, 6-month-old; ctrl, control; A.U.,
arbitrary units.

videos of 2- and 6-month-old animals in Videos S1–S3, Support-
ing Information). This neuropathic condition was also accompa-
nied by an overall smaller size (Figure 1c) and a marked body
weight loss in adult Becn1 cKO mice, when compared to control
littermates (Figure 1d). Moreover, Becn1 cKO mice progressively
lost the ability to walk properly, with a noticeable inability to grab
or stand on a grid (Figure 1e). 7 months of age was defined as
the humane endpoint for Becn1 cKO mice. Taken together these
observations revealed that the lack of Beclin 1 in SCs led to a pro-
gressive and severe peripheral neuropathic phenotype, character-
ized by early onset of symptoms and a rapid progression, result-
ing in premature death.

2.3. Lack of Beclin 1 in SCs Impairs Myelination

Upon nerve dissection, at a gross examination, Becn1 cKO sciatic
nerves appeared thinner and more translucent when compared
to control littermates (Figure 2a), pointing to a major myelina-
tion defect. To better characterize such defect, we analyzed tolu-

idine blue-stained semi-thin sciatic nerve transversal sections of
postnatal day 10 (P10) pups and 2- and 6-month-old animals.
Although nerves from control pups displayed signs of ongo-
ing myelination, including abundant SC cytoplasm and not fully
compacted and completed myelination, Beclin 1-deficient nerves
appeared already noticeably altered, displaying SCs with highly
enlarged cytoplasm and only few myelinated axons (Figure 2b).
In addition, 2- and 6-month-old Becn1 cKO samples displayed
much more severe phenotypic defects, with an almost complete
absence of myelinated axons when compared to age-matched
controls (Figure 2b). Of note, the sciatic nerves of Becn1 cHet
animals appeared normal, being undistinguishable from age-
matched control samples (Figure S2a, Supporting Information).
Ultrastructural analysis of sciatic nerves by transmission electron
microscopy (TEM) further confirmed the early onset and progres-
sive worsening of the phenotypic defects observed in Becn1 cKO
mice, unraveling that such impairments are already detectable
also in P3 Becn1 cKO pups (Figure 2c; Figure S2b, Support-
ing Information). Nonetheless, small and large caliber naked ax-
ons are evident throughout all the analyzed timepoints in cKO
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Figure 2. a) Representative images of exposed sciatic nerve during dissection of 2-month-old mice, showing the translucent and transparent appearance
of Becn1 cKO nerves when compared to the white appearance of nerves of control mice. b) Representative images of toluidine blue-stained semithin
sciatic nerve transversal sections from P10, 2-month-old, and 6-month-old control and Becn1 cKO mice. Scale bar = 40 μm. c) Representative trans-
mission electron microscopy images of sciatic nerve transversal sections from P3, P10, 2- and 6-month-old control and Becn1 cKO mice. Arrowheads
indicate enlarged SC cytoplasm. Enlargements are provided for cKO representative images, showing the presence of naked axons (red arrows). Scale bar
= 10 μm. d) Quantification of the number of myelinated axons per 100 μm2 of area manually counted from images as in (c) (n = 3 mice each group; *P
< 0.05; ***P < 0.001; ****P < 0.0001; 2-way ANOVA with Holm-Šídák’s multiple comparisons test). e,f) Representative western blot images and relative
densitometric quantifications of myelin proteins on total median nerves protein extracts of P10 (e) and 2-month-old (f) control and Becn1 cKO mice.
Vinculin (VCL) was used as a loading control (n = 5–6 mice each group; **P < 0.01; Mann-Whitney U test). g) Representative confocal immunofluores-
cence images for myelin basic protein (MBP, red) and myelin protein zero (MPZ, grey) on longitudinal cryosection of sciatic nerves from P10 control
and Becn1 cKO mice. Nuclei were counterstained with Hoechst (H, blue). Scale bar = 50 μm. 2 mo, 2-month-old; 6 mo, 6-month-old; ctrl, control; A.U.,
arbitrary units.

sciatic nerves (Figure 2c). The quantification of the number of
myelinated axons per area highlighted this evidence, showing
significantly reduced myelination in P3 Becn1 cKO pups, ≈75%
less myelinated axons per area in P10 Becn1 cKO pups, and al-
most complete absence of myelination in 2- and 6-month-old

Becn1 cKO mice with respect to controls (Figure 2d). Interest-
ingly, western blot experiments on median nerve protein extracts
revealed that various myelin-associated protein amounts, includ-
ing myelin basic protein (MBP), myelin-associated glycoprotein
(MAG), myelin protein zero (MPZ) and 2′,3′-Cyclic-nucleotide 3′-
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Figure 3. a) Representative high magnification transmission electron microscopy images of sciatic nerve transversal sections from P3, P10, 2-month-old
and 6-month-old control and Becn1 cKO mice. Scale bar = 2 μm. b) Representative western blot images and relative densitometric quantifications of
the autophagy-related proteins LAMP1, p62, and LC3B on total sciatic nerves protein extracts of P10 and 2-month-old control and Becn1 cKO mice.
Vinculin (VCL) was used as loading control (n = 5–6 mice each group; *P < 0.05; **P < 0.01; ****P < 0.0001; 2-way ANOVA with Holm-Šídák’s multiple
comparisons test). c) Representative confocal immunofluorescence images and the relative integrated density quantification for p62 (green) and LAMP1
(magenta) on longitudinal cryosection of sciatic nerves from P10 and 2-month-old control and Becn1 cKO mice. Nuclei were counterstained with Hoechst
(H, blue); scale bar = 20 μm (n = 4 mice each group; *P < 0.05; Mann-Whitney U test). 2 mo, 2-month-old; 6 mo, 6-month-old; ctrl, control; A.U., arbitrary
units; Int.den., integrated density.

phosphodiesterase (CNP), were very strongly decreased in P10
Becn1 cKO pups compared to controls (Figure 2e), and almost
completely absent in 2- and 6-month-old Becn1 cKO animals
compared to controls (Figure 2f) and Becn1 cHet (Figure S2c,
Supporting Information). In agreement with the above data, im-
munofluorescence analysis of MBP and MPZ protein distribu-
tion in longitudinal sciatic nerve sections of P10 mice confirmed
a dramatic decrease in myelin-related proteins in mutant mice
(Figure 2g). A more significant reduction in myelin staining was
highlighted by immunofluorescence experiments against MBP
in entire transversal sciatic nerve cryosections of 2-month-old
Becn1 cKO mice compared to controls (Figure S2d, Supporting
Information). Importantly, transversal TEM optic nerve images
showed that Becn1 cKO nerves of the central nervous system were
unaltered (Figure S2e, Supporting Information), and also the ex-
pression of myelin proteins in the cerebellum was unaffected in
Becn1 cKO samples (Figure S1c, Supporting Information), con-
firming that the defects were restricted to peripheral nerves, ac-
cording to Cre recombinase expression. Altogether, these find-
ings indicated that Beclin 1 deletion in SCs impairs myelination
soon after birth, progressively worsening toward an almost com-
plete absence of myelinated axons during adulthood, accompa-
nied by the lack of myelin-related proteins.

2.4. Beclin 1 Ablation Induces the Accumulation of Vesicles and
Autophagy-Related Proteins in SCs

Beyond the remarkably affected myelination we observed, we fur-
ther analyzed the ultrastructural appearance of Becn1 cKO sciatic
nerves. Starting already from P3 and P10 pups and worsening in
adult mice, TEM images at higher magnification confirmed the
presence of enlarged SC cytoplasm in Becn1 cKO sciatic nerves,
even when they are in a 1:1 association with axons. In addition,
SCs displayed abnormal vesiculation, with a massive accumula-
tion of intracellular material and organelles (Figure 3a).

Considering the role of Beclin 1 in autophagy and vesicle
trafficking regulation,[26] we assessed the levels of some key
autophagic and endosomal markers. First, western blot experi-
ments revealed a remarkable accumulation of the autophagic re-
ceptor p62 in sciatic nerve protein extracts from P10 Becn1 cKO
pups compared to control mice, and even more evident in 2-
month-old animals (Figure 3b), pointing to an increased require-
ment to degrade cytoplasmic material as well as to a diminished
degradative competence of Becn1 cKO SCs. p62 accumulation in
Becn1 cKO sciatic nerves was also confirmed by immunofluores-
cence analysis in longitudinal sections (Figure 3c), which appears
consistent with p62-positive dots marking at least some of the
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big vesicles observed in the ultrastructural micrographs. Beclin
1-deficient sciatic nerves also showed a significant increase by
western blot in the levels of the lipidated form of LC3B (LC3B-II),
marking autophagosomes, in P10 pups and significantly more in
2-month-old animals (Figure 3b). Moreover, concerning the late
autophagic steps, the endo-lysosomal marker LAMP1 was signif-
icantly upregulated in P10 and 2-month-old Becn1 cKO sciatic
nerves compared to control ones, as assessed both by western blot
(Figure 3b) and immunofluorescence experiments (Figure 3c).
Together these data underlined a clear autophagic impairment,
compromising the ability to successfully process the degradative
vesicles and contributing to their accumulation in the SC cyto-
plasm.

2.5. Transcriptional Analyses Revealed a Differential Impact of
Beclin 1 Depletion at P10 and 2 Months of Age

To shed light on the processes involved in the development of the
neuropathic phenotype observed in the Becn1 cKO mouse line,
we performed a transcriptomic analysis on sciatic nerve mRNA
extracts from both P10 and 2-month-old control and Becn1 cKO
mice (Figure S3a, Supporting Information). The analysis de-
scribed a profound transcriptional dysregulation, with 718 dif-
ferentially expressed genes (DEGs) in P10 samples and 1851
DEGs in 2-month-old samples (Figure S3b,c, Supporting In-
formation). In particular, the unique downregulated genes in
Becn1 cKO compared to controls were 146 in P10 mice and
476 in 2-month-old mice; 330 DEGs were shared between an-
imals of both ages (Figure S3d, Supporting Information). Up-
regulated genes in Becn1 cKO compared to controls were 32 in
P10 mice, 825 in 2-month-old samples, and 210 shared by an-
imals of both ages (Figure S3e, Supporting Information). The
gene set enrichment analysis (GSEA) with both Gene Ontology
for Biological Processes (Figure 4a) and Reactome (Figure 4b),
showed a strong positive enrichment at both ages of many genes
related to cell cycle regulation and cell division in Becn1 cKO
samples compared with controls. Thus, we monitored cell pro-
liferation by immunofluorescence on longitudinal sciatic nerve
sections of P10 pups, finding a significant increase in the per-
centage of proliferating SCs (SOX10 and Ki67-positive) in Becn1
cKO mice compared to controls (Figure 4c). Not only the per-
centage of proliferating SCs were increased but also the num-
ber of total nuclei resulted significantly higher in Becn1 cKO
nerves compared to controls (Figure 4c), as well as it was qual-
itatively detectable also in samples of other ages (e.g., Figure 3c).
These data support an increase in SCs proliferation when Be-
clin 1 is missing, from early time points onwards, well re-
flected by a marked decrease in the expression of late differen-
tiation markers (Figure 4d). Interestingly, transcriptomic data
also highlighted a clear deregulation of several transcription fac-
tors (TFs) directly modulating SC differentiation in Becn1 cKO
nerves compared to controls, maintaining SCs in an imma-
ture state (Figure 4e). SC precursors’ TFs including Tfap2a and
Pax3 [27,28] resulted overexpressed in P10 and adult Becn1 cKO
nerves, whereas they were switched off in control ones, as ex-
pected. As well, Pou3f1 and Pou3f2, expected to be downregu-
lated in postnatal stages,[29] were still upregulated in cKO nerves

at P10. On the other hand, Sox2 and Id2, TFs expressed by pre-
myelinating SCs, known to be negative regulators of advanced
myelination,[30–32] persisted as strongly upregulated in P10 and
2-month-old cKO nerves. According to a strong inhibitory im-
pact on myelination, Egr2, Myrf, and Myrfl expression appeared
downregulated in cKO nerves compared to age-matched con-
trol nerves (Figure 4e). Notably, immunofluorescence analy-
sis showed persistent SOX2 staining in 2-month-old sciatic
nerve sections, but not in control ones (Figure S4a, Supporting
Information).

At P10 an increased percentage of c-Jun-positive nuclei was
also present in cKO compared to controls (Figure 4f), point-
ing to a fraction of SCs undergoing de-differentiation.[33] In-
deed, mutant nerves displayed a low percentage of preserved
myelinated axons at P10, but classical features related to myelin
degradation were hardly detectable either at P10, where myeli-
nation is not yet completed, as well as at 2 months of age,
when instead myelinated axons already disappeared in cKO sam-
ples (Figure 2c,d). To investigate how myelin was cleared be-
tween the stage of P10 and 2 months of age, we assessed
nerve ultrastructure by TEM analysis at an intermediate time-
point. At P21, myelin membranes undergoing degradation were
widely detectable (Figure S4b, Supporting Information). Re-
markably, at this stage we observed myelin debris undergoing
exocytosis in demyelinating SCs, together with macrophages
containing myelin membranes undergoing terminal degra-
dation, which contacted axons underneath SC basal lamina
(Figure S4c, Supporting Information), pointing at exocytosis
and macrophage phagocytosis as main responsible for myelin
clearance.[34]

Moreover, looking at the GSEA (Figure 4a,b), a great up-
regulation in genes related to immune response specifically
appeared in 2-month-old Becn1 cKO samples, while were ab-
sent in P10 Becn1 cKO ones, suggesting a progressive im-
mune infiltration in adult Becn1 cKO mice. We further vali-
dated the presence of neutrophil and macrophage markers in
sciatic nerve protein extracts, unraveling a significant increase
in CD44, S100A9, and CD68 protein levels in 2-month-old Becn1
cKO mice compared to age-matched controls as well as to P10
samples (Figure 5a). Immunofluorescence analysis further con-
firmed an increase of CD68-positive cells in 2-month-old Becn1
cKO sciatic nerves (Figure 5b). To assess whether the observed
immune response was triggered by SCs undergoing cell death,
we performed TUNEL on cryosections of sciatic nerves from
P10 and 2-month-old mice. While analysis at P10 did not high-
light increased apoptosis in cKO nerves (Figure 5c), apoptotic
nuclei were significantly increased in adult cKO nerves com-
pared to controls (Figure 5d). These data point to the recruit-
ment of inflammatory cells to the peripheral nerves in later
stages, in the presence of progressively altered SCs due to Be-
clin 1 lack. On the other hand, the downregulated genes in Becn1
cKO samples highlighted impairments in nervous system de-
velopment, synaptic signaling, neuronal morphogenesis, neurite
outgrowth, and muscular contraction, underlying how the ob-
served phenotypic defects are reflected also by transcriptional
responses in adult mice, and how the presence of alterations
in SCs in adults starts impacting also the neuronal counterpart
(Figure 4a,b).
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Figure 4. a,b) Dot plot summarizing the most significant positively (top 15) and negatively (top 15) enriched terms for Biological Processes Gene
Ontology (a) and Reactome (b) in P10 and 2-month-old sciatic nerve DEGs. The size of the circle corresponds to the count of genes enriched in each
gene sets. c) Representative confocal immunofluorescence images and the relative quantification of the percentage of both SOX10 (red) and Ki67 (grey)
positive nuclei on total nuclei number, and of total nuclei number on longitudinal cryosection of sciatic nerves from P10 control and Becn1 cKO mice.
Nuclei were counterstained with Hoechst (blue); scale bar = 30 μm (n = 6 nerves sampled from 3 mice each group; *P < 0.05; **P < 0.01; Mann-Whitney
U test). d) Heatmap displaying the individual expression of myelin-related genes. e) Heatmap displaying the individual expression of transcription factors
involved in SC differentiation. f) Representative confocal immunofluorescence images and the relative quantification of the percentage of c-Jun (green)
positive nuclei on total nuclei number, on longitudinal cryosection of sciatic nerves from P10 control and Becn1 cKO mice. Nuclei were counterstained
with Hoechst (blue); scale bar = 50 μm (n = 6 nerves sampled from 4 mice each group; **P < 0.01; Mann-Whitney U test). NES, Normalized Enrichment
Score; 2 mo, 2-month-old; ctrl, control; A.U., arbitrary units.

Figure 5. a) Representative western blot images and the relative densitometric quantifications of the immune-related markers CD44, S100A9, and CD68
on total sciatic nerves protein extracts of P10 and 2-month-old control and Becn1 cKO mice. Vinculin (VCL) was used as loading control (n = 5–6 mice
each group; ns, not significant; *P < 0.05; **P < 0.01; ****P < 0.0001; 2-way ANOVA with Holm-Šídák’s multiple comparisons test). b) Representative
confocal immunofluorescence images and the relative quantification of the number of CD68-positive cells (green) per area, on longitudinal cryosection
of sciatic nerves from 2-month-old control and Becn1 cKO mice. Nuclei were counterstained with Hoechst (blue). Scale bar = 50 μm (n = 6 nerves
sampled from 3 mice each group; ****P < 0.0001; unpaired Student’s t-test). c,d) Representative images of TUNEL analysis on cryosections from P10
(c) e 2-month-old (d) control and Becn1 cKO mice and relative quantification of the percentage of apoptotic nuclei (red). Nuclei were counterstained
with Hoechst (blue). Scale bar = 50 μm (P10, n = 4 nerves sampled from 2 mice each group; 2 mo, n = 6 nerves sampled from 3 mice each group,
**P < 0.01; Welch’s t test). 2 mo, 2-month-old; ctrl, control; A.U., arbitrary units.

2.6. Becn1 cKO Mice Developed Motor Neuron Impairments
Leading to Motor Dysfunction

Since the lack of Beclin 1 in SCs led to the development of a re-
markable neuropathic phenotype, including involuntary tremors
and walking difficulties, we further investigated the involvement

of the motor compartment. First, to have a quantitative readout
of the motor function and behavior, we performed the four-limb
hanging test on 2- and 6-month-old mice, observing the com-
plete failure of Becn1 cKO mice in hanging on an upside-down
reversed grid with respect to control littermates (Figure 6a). Like-
wise, cKO mice displayed a dramatically reduced performance on
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the rotarod test, when compared to age-matched controls (Figure
S6a, Supporting Information). Moreover, we found that, along
with body weight decrease (Figure 1d), 2- and 6-month-old Becn1
cKO mice underwent a significant and massive loss of skele-
tal muscle mass (normalized on body weight) when compared
to control animals (Figure 6b), compatible with denervation-
induced muscle atrophy. Indeed, to understand if the SC de-
fects were also impinging on motor neurons, we counted the
number of motor axons per area in transversal sciatic nerve sec-
tions of 2- and 6-month-old mice. At both ages we described a
decrease in the number of motor axons per area in Becn1 cKO
mice when compared to control littermates (Figure 6c), suggest-
ing that the lack of Beclin 1 in SCs could affect neuronal via-
bility, as supported also by transcriptomic analysis in 2-month-
old nerves (Figure 4a,b). Remarkably, GSEA with Human Phe-
notype Ontology also highlighted negatively enriched gene sets
related to muscle and nervous system impairment in 2-month-
old Becn1 cKO samples (Figure 6d). Even more relevant in the
functional context, electrophysiological analysis on 5-month-old
mice reported a prominent slowdown in nerve conduction veloc-
ity (NCV) in cKO animals, compared to age-matched controls
(Figure 6e), reflecting the observed severe demyelination. The
lower NCV in cKO nerves was accompanied by compound mus-
cle action potentials displaying a wider duration (Figure 6f) and
polyphasic curves of lower intensity in terms of recording scales
(Figure 6g), consistent with chronic denervation and also match-
ing with secondary axonal degeneration. To investigate the im-
pact of such defective neurotransmission on target tissues, we
also monitored changes in neuromuscular junction (NMJ) in-
nervation in tibialis anterior longitudinal cryosections from 2-
month-old mice. Notably, a significant increase in the percent-
age of NMJs that were only partially innervated was detected in
Becn1 cKO mice when compared to controls (Figure S6b,c, Sup-
porting Information), while the analysis of post-synaptic acetyl-
choline receptor clusters’ fragmentation did not highlight any sig-
nificant difference (Figure S6d–f, Supporting Information). To
better understand if motor neurons were subjected to injury-like
stress and/or degeneration, we also analyzed the levels of some
key transcripts in spinal cord mRNA extracts from 2-month-old
animals. Indeed, transcripts typically responsive to injury, includ-
ing Atf3 and Gap43 [35,36] were upregulated in cKO samples com-
pared to controls (Figure 6h). As well, soluble neuregulin (Nrgsol)
and Tgfb1, were shown to be upregulated in the spinal cord upon
nerve injury and known to be able to orchestrate nerve repair
mechanisms,[37–39] resulted upregulated; while cJun, particularly
involved in SC dedifferentiation[33] was not altered in this com-

partment (Figure 6h). Since signs of inflammation were evident
in nerves and commonly found in the spinal cord after nerve
injury and in pathological conditions,[40] we investigated their
extension to the spinal cord. Interestingly we found increased
expression of secreted cytokines and chemokines driving such
response, including Il1b, Tnf, Ccl2, and Cxcl1, as well as upreg-
ulated transcripts of inflammatory cell markers, like Cd68 and
Cd44 (Figure 6i). Altogether these data underline how profoundly
Beclin 1 loss in SCs negatively affects motor neuron homeostasis,
causing a remarkable injury-like response in motor neuron cell
bodies, with the consequent immune infiltration into the spinal
cord.

2.7. Lack of Beclin 1 in SCs Led to Impaired Sensory Neuron
Development and Function

In mice, SC differentiation begins soon after birth with the for-
mation of both myelinating and non-myelinating SCs.[41] Non-
myelinating SCs are associated with bundles of Remak fibers,
mainly composed of afferent axons of sensory neurons.[41] Con-
sidering the expression of Mpz-Cre between embryonic days
13.5 and 14.5 in the progenitors of both myelinating and non-
myelinating SCs,[25–27] we wanted to assess if the latter were af-
fected by Beclin 1 ablation in our model. From late embryonic
development to post-natal day 10, large-caliber axons are sorted
by myelinating SCs, leaving small-caliber axons associated with
non-myelinating SCs, in a process called radial sorting.[5,41] By
analyzing axon bundles in sciatic nerve transversal TEM images
3 and 10 days after birth, we found that the lack of Beclin 1 in
SCs altered the radial sorting process. In particular, we showed
that, at both time points, the percentage of large caliber axons
(with a diameter larger than 1 μm) retained in the bundles was
significantly higher in Becn1 cKO nerves compared to controls,
and that the bundles’ area, as well as the total number of axons
per bundles, were significantly increased in Becn1 cKO nerves
with respect to control littermates (Figure 7a). These data support
the hypothesis that when Beclin 1 is missing the radial sorting
process does not occur properly or is, at least, delayed. To under-
stand if sensory neurons were affected once development is com-
pleted, we analyzed neuronal cell bodies located in the dorsal root
ganglia (DRGs). From a histological evaluation of toluidine blue-
stained L1 DRGs, we observed an increased presence of neurons
with an eccentric nucleus in Becn1 cKO samples compared to
controls (Figure 7b-I,II, white asterisks), an indicator of chroma-
tolysis occurrence.[42,43] To better investigate this phenomenon, a
quantification was carried out, confirming a significantly higher

Figure 6. a) Recorded hanging time performances normalized per body weight (Holding impulse, g*s), as determined by the four-limb hanging test
in 2-month-old and 6-month-old control and Becn1 cKO mice (n = 5–9 mice each group; ****P < 0.0001; 2-way ANOVA with Holm-Šídák’s multiple
comparisons test). b) Tibialis anterior (TA), gastrocnemius (GA) and quadriceps (QUA) muscle weight normalized on body weight (BW) (mg/g) of
2-month-old and 6-month-old control and Becn1 cKO mice (n = 5–8 mice each group; **P < 0.01; ****P < 0.0001; 2-way ANOVA with Holm-Šídák’s
multiple comparisons test). c) Representative confocal immunofluorescence images for peripherin (red) and relative quantification of the number of
axons per 100 μm2 of area manually counted on entire transversal cryosection of sciatic nerves from 2-month-old and 6-month-old control and Becn1
cKO mice. Scale bar = 20 μm (n = 5 mice each group; *P < 0.05; Mann-Whitney U test). d) Dot plot summarizing the most significant negatively enriched
HPO terms (top 15) for DEGs in 2-month-old Becn1 cKO mice. The size of the circle corresponds to the count of genes enriched in each gene sets.
e,f) Recorded nerve conduction velocity (NCV) and compound muscle action potential (CMAP) duration measured in 5-month-old control and Becn1
cKO mice (n = 4 mice each genotype; *P < 0.05; Mann-Whitney U test). g) Representative CMAP curves recorded from 5-month-old mice control and
Becn1 cKO mice. Recording scales are provided. h,i) RT-qPCR for axon damage- (h) and immune infiltrate-related (i) transcripts in spinal cord mRNA
extracts of 2-month-old control and Becn1 cKO mice (n = 4 mice each group; *P < 0.05; Mann-Whitney U test). NES, Normalized Enrichment Score;
2 mo, 2-month-old; 6 mo, 6-month-old; ctrl, control.
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percentage of eccentric nuclei in Becn1 cKO DRG compared to
controls (Figure 7c), accompanied by a significant swelling of the
perikaryon (Figure 7d) and nuclear enlargement (Figure 7e). In
addition, Becn1 cKO mice displayed dispersion of the rough en-
doplasmic reticulum, also called Nissl bodies, as shown in higher
magnification TEM images (Figure 7b-III, light yellow areas).
These findings strengthened the hypothesis that the demyelinat-
ing neuropathy due to the lack of Beclin 1 in SCs caused damages
not only to motor fibers but also to sensory axons, capable of in-
ducing a chromatolytic response in DRG cell bodies, reflected by
all these typical histological hallmarks we found in Becn1 cKO
DRGs.[44] This injury-like response was well mirrored also by
the analysis of key transcripts from thoracic DRGs mRNA ex-
tracts. Indeed, as previously shown also in the spinal cord, we
found enhanced expression of genes commonly involved in in-
jury response,[45,46] such as Atf3, cJun, Gap43, Nrgsol, and Tgfb1
(Figure 7f), accompanied by increased expression of secreted cy-
tokines and chemokines, including Ilb1, Tnf, Ccl2, and Cxcl1, as
well as upregulated transcripts of inflammatory cells like Cd68
and Tlr2 (Figure 7g). Immunofluorescence analysis of immune
cell markers further confirmed increased positivity for CD68- and
Iba1-positive cells in cKO DRG sections, when compared to con-
trols (Figure S5, Supporting Information). Finally, we performed
a behavioral test for sensory functions, the hot plate test, on 2-
and 6-month-old mice. Becn1 cKO mice displayed a significantly
increased latency to manifest nocifensive behavior with respect
to control littermates, and interestingly the delay in the response
increased even more in 6-month-old Becn1 cKO mice when com-
pared to 2-month-old Becn1 cKO mice, demonstrating a progres-
sive worsening of the phenotype in functional impairment of sen-
sory fibers (Figure 7h).

2.8. Beclin 1 Results as a Central Hub in SC Maturation,
Integrating Diverse Signaling Pathways

In order to have deeper insights into the mechanisms underly-
ing the molecular, histological, and functional neuropathic phe-
notype of Becn1 cKO mice, we analyzed dynamic transcriptomic
changes occurring over time during the acquisition of this phe-
notype. Time-series analysis identified subgroups of correlated
genes with specific expression patterns between the two consid-
ered time points (Figure S3f, Supporting Information). To high-
light classes of transcripts that should be up-regulated during
normal development but were affected in Becn1 cKO mice, guid-
ing our subsequent mechanistic analysis on deregulated signals

in 2-month-old median nerve protein extracts, we focused on two
defined clusters of genes characterized by a down-regulated and
flat pattern of expression in cKO over time and a progressive in-
crease of expression in controls (Figure S3f,g, Supporting Infor-
mation).

Over-representation analysis (Figure 8a,b) showed that phos-
pholipid biosynthetic and metabolic processes are affected in
cKO nerves (Figure 8a). Indeed, Beclin 1 is a major interac-
tor of PIK3C3 (or Vps34, Figure 8c), a kinase regulated by and
involved in the production of PI3P,[47] which in turn is cru-
cial for the regulation of many intracellular pathways including
membrane trafficking[48] and appeared downregulated already
at P10 when analyzed by immunofluorescence (Figure S7, Sup-
porting Information). Interestingly, we observed that the pro-
tein levels of the PI3P phosphatase myotubularin 1 (MTM1),
which instead depletes the PI3P pool, but also directly targets
the PIK3C3[49] (Figure 8c), were significantly higher in Becn1
cKO mice with respect to controls (Figure 8d,e). We investi-
gated other SC-relevant kinases involved in phosphoinositides’
biosynthesis and found that class I PI3K regulatory phosphory-
lations were strongly decreased in Becn1 cKO mice with respect
to controls (Figure 8f,g). Coherently with PI3K dephosphoryla-
tion in Becn1 cKO nerves, we found that also the downstream
PI3K/AKT/mTOR axis was inactivated in Becn1 cKO mice,
with a strong and significant decrease in i) 3-phosphoinositide-
dependent protein kinase-1 (PDK1) phosphorylation, normally
driven by the presence of PIP3,[50] ii) phosphorylation level of
the PDK1 target Thr308 on AKT, and iii) phospho-mTOR levels
(Figure 8f,g).

Concurrently, as also emerged from GO-Biological Processes
(Figure 8a), the signaling axis that mediates the response to ex-
tracellular ligands and extracellular matrix signals[51] appeared to
be dysregulated, as confirmed in Becn1 cKO nerves by the signif-
icant decrease of Focal Adhesion Kinase (FAK) and Paxillin phos-
phorylation, as well as of the protein levels of cdc42 (Figure 8f,h),
a well-established component of the Rho GTPase family, involved
in SC development and myelination.[52] Interestingly cdc42 and
its closely related Rho and Rac1 GTPases, resulted as the three
most deregulated drivers of transcript classes during develop-
ment in Becn1 cKO nerves, according to the Reactome enrich-
ment (Figure 8b). Altogether these data highlighted how Beclin
1 loss in SCs impinges on diverse signaling pathways, on the one
hand governed by the extracellular matrix, on the other hand,
more directly involved with the function of Beclin 1 interactors
(i.e., PIK3C3), and in integrating axonal signals.

Figure 7. a) Representative high magnification transmission electron microscopy images of Remak bundles in developing sciatic nerve transversal
sections from P3 and P10 control and Becn1 cKO mice. Orange arrowheads indicate non-sorted large caliber axons, scale bar = 2 μm. The relative violin
plots show quantifications of respectively the percentage of axons with a diameter ≥ 1 μm per bundle, the bundles size (μm2), and the total number
of axons per bundle, counted manually from images as in (a) (n = 39–70 bundles from 3 mice each group; **P < 0.01; ***P < 0.001; ****P < 0.0001;
2-way ANOVA with Holm-Šídák’s multiple comparisons test). b, I) Representative images of toluidine blue-stained semithin L1 ganglion sections from
2-month-old control and Becn1 cKO mice; white asterisks indicate neurons with eccentric nuclei, scale bar = 20 μm. b, II-III) Representative transmission
electron microscopy images of L1 ganglion from 2-month-old control and Becn1 cKO mice. Light yellow areas highlight Nissl bodies (III); scale bar =
10 μm (II), scale bar = 2 μm (III); N, nucleus. c–e) Quantification of the percentage of neurons with eccentric nucleus (c) and of the neuronal (d) and
nuclei (e) area (μm2) and, as measured from images as in (b) (n = 8 mice each group; **P < 0.01; Mann-Whitney U test). f, g) RT-qPCR for neuron
damage- (f) and immune infiltrate-related (g) transcripts in DRGs mRNA extracts of 2-month-old control and Becn1 cKO mice (n = 4 mice each group;
*P < 0.05; Mann-Whitney U test). h) Recorded latency time to react to constant high temperature (s), as determined by the hot plate test in 2-month-old
and 6-month-old control and Becn1 cKO mice. The red dotted line indicates the maximum time after which the experiment was stopped to avoid animal
injury (n = 8–13 mice each group; **P < 0.01; ****P < 0.0001; 2-way ANOVA with Holm-Šídák’s multiple comparisons test). 2 mo, 2-month-old; 6 mo,
6-month-old; ctrl, control.
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3. Discussion

Endosomal trafficking and autophagy play a key role in nervous
system development and homeostasis, as well as in SCs differen-
tiation and injury response.[53,54] Additionally, it is known that au-
tophagy is deregulated in neurodegeneration, although past stud-
ies were mainly focused on the neuronal compartment, rather
than on glial cells.[55,56] In this framework, we focused our stud-
ies on investigating the role that Beclin 1 exerts in SCs, as a key
regulator of autophagy induction and membrane trafficking. To-
ward this aim, we successfully generated and characterized a new
mouse model in which Becn1 gene is specifically knocked out
in the myelinating glia of the PNS since embryonic stages. We
found that Becn1 cKO mice develop a severe recessive, and pro-
gressive dysmyelinating peripheral neuropathy, characterized by
extensive involuntary tremors, motor and sensory impairments,
late paresis of posterior legs, massive muscle atrophy, and body
weight loss.

The absence of Beclin 1 induced remarkable defects within
SCs, such as the presence of an enlarged cytoplasm characterized
by the accretion of copious membrane vesicles, already detectable
since few days after birth. This evidence, together with the par-
allel accumulation of autophagic markers, in particular of p62,
in Becn1 cKO nerves, is consistent with an altered degradation
of cytoplasmic materials together with dysregulation of mem-
brane trafficking. Indeed, a defect in the later steps of autophagy
degradative action, as well as in endosomal maturation, clearly
resulted upon in vivo Becn1 deregulation in other cell types, in-
cluding hippocampal neurons and adipocytes.[17,57]

Since proper myelination requires both the correct delivery of
membranes and myelin proteins to the plasma membrane,[58,59]

as well as the autophagic removal of cytoplasm portions for
myelin compaction,[9] the impairment in membrane traffick-
ing is expected to contribute to the strong demyelination ob-
served in Becn1 cKO animals. Accordingly, while it is reported
that autophagy- (Atg7-) deficient SCs maintain a thickened
abaxonal cytoplasm in adult stages but do properly carry out
myelination,[9,54] a primary impairment in endosomal traffick-
ing and maturation was sufficient to compromise myelination
in SC-specific Vps34 or dynamin 2 knockout mice.[60,61] In the
first case the deletion of the (Beclin 1 interactor) enzymatic core
of the Class III PI3K complex, responsible for PI3P production
and directly contributing to endosomal sorting,[47] resulted in a
marked hypomyelination and affected radial sorting, accompa-
nied by SC autophagic impairment, accumulation of cytoplasmic
vacuoles, and SC hyperproliferation.[60] Complementarily, the ab-
lation of dynamin 2, a large GTPase with major roles in mem-
brane fission and endocytosis,[62–64] determined defective myeli-

nation and radial sorting, delayed SC differentiation, and mitotic
processes together with ablated myelin-related protein levels.[61]

These models strongly underpin a role for altered endosomal
trafficking also in radial sorting impairment, as observed in our
Becn1 cKO model.

In line with the effects on SC maturation and proliferation
observed in the mentioned models, our transcriptomic analysis
pointed to enhanced gene expression related to the control of
cell cycle and pro-mitotic events at both P10 and 2 months, as
also confirmed by Ki-67 and c-Jun-immunostaining on sections
at P10, underlying either a delay in SC differentiation or a dedif-
ferentiation program initiated by affected SCs. Indeed, transcrip-
tomic analysis also highlighted a persistent upregulation of tran-
scription factors, including Tfap2a, Pou3f1, and Pou3f2, as well as
Sox2, at p10 and 2 months of age. Such deregulation is likely re-
sponsible for the observed hypomyelination. Nonetheless, myeli-
nation seems to occur in cKO at early stages (P3 and P10), but the
percentage of myelinated axons in mutant adults drops to almost
undetectable levels.

Most of the knowledge regarding key events in demyelinat-
ing SCs was acquired by studying injury-induced Wallerian de-
generation, whose features – including increased SC prolif-
eration, c-Jun upregulation, downregulation of myelin-related
genes and boosted lysosomal compartment – are shared also by
SCs undergoing demyelination in the absence of acute nerve
damage.[65,66] The observed increased proliferation, decreased ex-
pression of pro-myelinating genes, and almost complete abate-
ment of myelin-related protein levels, together with increased
apoptosis, strongly correlate with an injury-related response oc-
curring in Becn1 cKO SCs.

Other signs point to the presence of an injury-like condi-
tion. Indeed, according to GSEA, while at P10 the most upreg-
ulated genes can be ascribed to a cell-autonomous scenario (GO
terms: cell cycle process, cell division, chromosome organization,
and others), transcriptomic analysis revealed defects spreading
at a systemic level in 2-month-old cKO nerves, where enhanced
immune response and defective processes related to neuronal
growth and neurotransmission are identified among deregulated
gene sets. Remarkably, the levels of immune-related proteins that
were not significantly different in cKO nerves at P10, became sig-
nificantly increased at 2 months of age, making evident the lo-
cal recruitment of immune cells. This is again a feature shared
by injury-related demyelination as well as by acquired, heredi-
tary or genetically induced demyelination, where the loss of con-
tact between axons and defective SCs induces the secretion of
cytokines able to recruit and activate CD68- and CD44-positive
macrophages, as well as S100A9-positive neutrophils.[65,67–69] Of
note, CD44 was shown to mark not only immune cells but also

Figure 8. a,b) Treeplot summarizing over-representing analysis on GO-BP (a) and Reactome (b) for selected cluster of genes with correlated pattern of
expression by time-series analysis. Node colors by p.adjusted and size by number of genes enriched in each term. c) Schematic representation of Beclin
1 role in phospho-inositol (PI) metabolism. d,e) Representative western blot images (d) and relative densitometric quantifications (e) for myotubularin
1 (MTM1) on total median nerve protein extracts of 2-month-old control and Becn1 cKO mice. Vinculin (VCL) was used as a loading control (n = 5–6
mice each group; **P < 0.01; Mann-Whitney U test). f,h) Representative western blot images (f) and the relative densitometric quantifications g,h)
for PI3K/AKT/mTOR axis proteins (g) [phosphorylated class I phosphoinositide 3-kinase p85/p55 (p-PI3K), phospho-PDK1 (p-PDK1), phospho-AKT
(p-AKT), phospho-mTOR (p-mTOR) and total mTOR (mTOR tot)], and for ECM-driven signaling proteins (h) [phospho-FAK (p-FAK), phospho-paxillin
(p-PXN), cdc42], on total median nerves protein extracts of 2-month-old control and Becn1 cKO mice. Vinculin (VCL) was used as loading control (n =
5–9 mice each group; *P < 0.05; **P < 0.01; Mann-Whitney U test). 2 mo, 2-month-old; ctrl, control; A.U., arbitrary units. Schematics in (c,g,h) were
created with BioRender.com.
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demyelinating Schwann cells upon nerve injury and to have a
role in mediating neuregulin signaling through ErbB receptors,
being essential in establishing axon-SC contacts.[70,71]

A loss of contact between SCs and axons is expected in de-
myelinated Becn1 cKO nerves, as appreciated by TEM analysis
pointing at naked axons, and as deduced by the upregulation of
genes including Atf3, Gap43, and Nrg1 and cJun in cKO DRG
and spinal cord in mice, as previously reported upon experi-
mental nerve injury.[46,72] In keeping with the manifested motor
and sensory impairments and the transcriptomic deregulation of
gene sets related to neurotransmission and neurodevelopment
in Becn1 cKO mice, the presence of secondary axonal loss was
further confirmed in Becn1cKO sciatic nerves since 2 months of
age, also impacting on NMJ innervation. This is in line with clin-
ical impairment described in different forms of demyelinating
neuropathies and ascribed to secondary axonal damage, rather
than to reduced conduction velocity caused by the sole loss of
myelin insulation.[8,73] Several mechanisms might underlie such
degeneration, including heightened energy demand and altered
ion gradient due to voltage-gated channels mislocalization,[74] a
drop of essential metabolic intermediates[75] or neuroinflamma-
tion triggered by SC defects.[76] In Becn1 cKO mice, such signs of
neuroinflammation reached even the DRG and the spinal cord in
terms of upregulation of cytokines including Tgfb1, Tnf, Ilb1, Ccl2,
and Cxcl1 and immune cell markers Cd68 and Cd44, accounting
once more for a systemic spread of SC defect influence.

Therefore, in sum, this work showed that SC-specific ablation
of Beclin 1 in mice induced a demyelinating neuropathic pheno-
type with reduced NCV, a motor-sensory impairment and axonal
degeneration characterized by local immune cell recruitment in
sciatic nerves, as well as motor and sensory neuron cell body re-
sponse and signs of neuroinflammation and neurodegeneration
in adult mice.

Such aspects strongly correlate with congenital demyelinat-
ing Charcot-Marie-Tooth-(CMT) diseases, including the autoso-
mal dominant CMT1, the autosomal recessive CMT4, and the
X-linked types, that display a progressive impairment in the
maintenance of myelin sheaths and of axon-glial contacts with
a characteristic reduction in motor conduction velocity and other
shared features including muscle weakness and atrophy, sensory
loss and foot deformities.[77,78] The hypomyelination observed in
Becn1 cKO nerves, resulting in a reduced number of myelinated
axons, as well as the consequent impact on the significantly re-
duced NCV is compatible with features of demyelinating CMT
diseases. The observed muscle weakness and sensory loss further
support such parallel. Of note, SC dedifferentiation and the ensu-
ing increased proliferation appear to be typical features of nerve
fiber damage further associated with several forms of demyeli-
nating CMT.[79–82] Not only the SC-autonomous aspects are sim-
ilar, but also secondary axonal degeneration, frequently reported
for CMT diseases,[83] is present in Becn1 cKO nerves. Instead,
immune cell recruitment and inflammation, although widely de-
scribed in animal models of CMT diseases[80,84] seems to be less
reported in histological characterizations of patients’ samples,
likely also reflecting an increasingly less frequent resort to nerve
biopsy in clinical practice.[85]

Going back to SC defects and focusing on the signalling path-
ways involved, in our work SC maturation toward both the myeli-
nating and the unmyelinating Remak phenotype appears altered

during development in Becn1 cKO mice. The differentiation pro-
cess requires SCs to properly integrate signals deriving by both
their secreted basal lamina and the growing axons, in turn ini-
tiating vital intracellular signaling cascades.[3,25,51,86] In our in-
vestigations Beclin 1 emerges as a major hub in this integrat-
ing action, since, upon its lack, different pathways were strongly
deregulated: i) the PI3K/AKT/mTOR axis, that in turn medi-
ates adaxonal neuregulin/ERBB3 signal cascade[87] but also abax-
onal integrin 𝛽4 signalings,[88] ii) FAK and paxillin phosphoryla-
tion, mostly transducing extracellular matrix-driven signals.[89,90]

Both these deregulated pathways could impinge on the down-
stream target cdc42, known to be crucial in SC development and
myelination.[91–93]

Of note, Beclin 1 is the major interactor of PIK3C3 (or Vps34),
a kinase directly involved in the production of PI3P. The lower
reactivity for PI3P detected in P10 sciatic nerve sections together
with the increased protein level of MTM1, which depletes the
PI3P pool but also directly targets the PIK3C3,[49,50] corrobo-
rate the presence of a depletion of PI3P pools in cKO nerves.
Our data suggest the presence of an unbalance in different PI
species, known to govern membrane trafficking[48] and show a
global alteration that impacts on the activation state of other
phosphoinositide-related signaling players, such as class I PI3K,
found to be remarkably inactivated in 2-month-old Becn1 cKO
samples.

Therefore, we believe that our model supports the recog-
nized importance of regulated phosphatidyl-inositide production
in myelination and neuropathies. Further evidence comes from
models including the SC-specific knockout mice for proteins
affecting phosphatidyl-inositides synthesis and balance, includ-
ing PI3K,[60] PI4K subunits (PI4KB and PI4KA),[94,95] FIG4,[96,97]

but also the MTMR family of phosphatases,[98] all resulting in
strongly affected myelination, often accompanied by defects at
the level of Remak bundles. Besides their relevance in basic
knowledge about myelination, as modulated by membrane lipid-
content, some of these mice are also established disease models
for human demyelinating diseases and key tools for testing novel
therapeutical strategies.[78,99] Likewise, with this work, Beclin 1
emerges with a major role in SC homeostasis and as a candidate
target in the modulation of PI3P-associated signals, typically al-
tered in demyelinating neuropathies.

4. Experimental Section
Mouse Maintenance and Genotyping: All mice were housed in a con-

trolled environment with 12 h light/12 h dark cycle, a temperature of 23° C,
and with free access to water and standard chow (Mucedola Srl, 4RF25).
Becn1 cKO mice were generated by crossing Becn1fl/fl mice (Monterotondo
Mouse Clinic) with mice bearing the Cre recombinase under the control
of the Mpz promoter (kindly provided by Dr. Stefano Previtali, IRCCS San
Raffaele Scientific Institute, Milano, Italy). After line expansion, the cross-
ing between Becn1fl/+:Mpz-Cre and Becn1fl/fl gives birth to all the three
genotypes investigated in the present study: control animals (Becn1fl/fl

or Becn1fl/+ mice), heterozygous animals (Becn1 cHet, Becn1fl/+:Mpz-Cre
mice), and conditional knockout animals (Becn1 cKO, Becn1fl/fl:Mpz-Cre
mice). Genotypes were assessed by PCR analysis performed on DNA ex-
tracted from ear biopsies (primers are listed in Table S1, Supporting Infor-
mation). When experiments involved pups 10 days after birth (P10), PCR
was also performed to discriminate mouse gender.[100] Both male and fe-
male animals were sacrificed by cervical dislocation, or by decapitation in
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the case of pups, and the tissues of interest were immediately dissected
and fixed, included or frozen in nitrogen vapors. Skeletal muscles were
weighted just after dissection, prior to the freezing by isopentane immer-
sion in nitrogen vapors. In order to avoid undesired effects due to circadian
variations, all the mice were sacrificed in the morning. The adopted proce-
dures were approved by the Ethics Committee of the University of Padova
and carried out according to all pertinent Italian laws (OPBA, n. 285/2018
and n. 501/2023).

Behavioral Tests: The Four Limb Hanging Test was performed accord-
ing to the TREAT-NMD standard operating procedures (DMD_M.2.1.005;
https://treat-nmd.org). Briefly, mice were placed on a grid, which was kept
upside down 40 cm above an empty cage filled with bedding. The hang-
ing time, that is, the time until the animal fell, was recorded, with a fixed
upper limit of 180 s. Each mouse was tested twice on two consecutive
days. Holding impulse was obtained by multiplying the hanging time for
the respective mouse body weight, then the maximum holding time was
used for statistical analysis. The Rotarod test was performed as follows.
Mice were trained a week before the test by placing them on a constant
rotation speed (4 rpm) on the rotarod (Ugo Basile, 47650). On the day of
the test, mice were placed on the rotarod at 4 rpm. As soon as all mice
were placed, the rotarod was set to accelerate up to 40 rpm in 300 s. Each
mouse was tested three times with at least a 10-min-long interval among
trials. 300 s was the maximum time achievable. Data was plotted consid-
ering the best performance obtained among the three trials. The Hot plate
test was performed following the manufacturer’s instructions (Ugo Basile
S.R.L). Briefly, the temperature was maintained constant at 52 °C, the an-
imals were placed on the pre-warmed plate until the appearance of a no-
cifensive behavior (mainly the forelimb licking). The response latency to
manifest a nocifensive behavior was recorded, with a maximum threshold
of 30 s, after which the experiment was stopped to avoid animal injury. The
experiment was performed twice, at 7 days of distance, then the average
latency (s) was considered for the statistical analysis.

Electrophysiological Measurements: Upon general anesthesia, the sci-
atic nerve was exposed through an incision in the trochanteric region, re-
moving the skin and the biceps femoris muscle. Curved forceps were used
to gently disrupt the connective tissue beneath the sciatic nerve, allowing
the placement of a small piece of parafilm (1 cm width) underneath it.
A pair of stimulating needle electrodes (Grass, USA) were carefully po-
sitioned on the exposed nerve, aided by a mechanical micromanipula-
tor (MM33, FST, Germany). A pair of electromyography needle electrodes
(Grass, USA) was used for electromyography recording of gastrocnemius
muscle fibre activity. The recording needle electrode was inserted halfway
into the gastrocnemius muscle, while the indifferent needle electrode was
inserted in the distal tendon of the muscle. CMAPs were recorded follow-
ing supramaximal stimulation of the sciatic nerve at 0.5 Hz (0.4 ms stimu-
lus duration) using a stimulator (S88, Grass, USA) via a stimulus isolation
unit (SIU5, Grass, USA) in a capacitance coupling mode. To reach supra-
maximal stimuli (5–15 mV for controls, up to 50 mV after nerve damage),
the sciatic nerve was stimulated with increasingly intense stimuli until the
CMAP value ceased to increase. Recorded signals were amplified by an ex-
tracellular amplifier (P6 Grass, USA), digitized using a digital A/C interface
(National Instruments, USA), and then fed to a computer for both on-line
visualization and off-line analysis using appropriate software (WinEDR,
Strathclyde University; pClamp, Axon, USA). Stored data were analyzed off-
line using pClamp software (Axon, USA). Nerve conduction velocity was
calculated by stimulating the sciatic nerve in two distinct locations and
measuring a) the differences in latency between the two CMAPs evoked,
and b) the distance between the stimulating sites. Latency was defined as
the time between the deflection of the path induced by the electrical stim-
ulation of the nerve and the beginning of the positive/negative wave of the
CMAP. The 1-cm width of the parafilm served as a reference for the stimu-
lation points. The conduction velocity was expressed in m/sec. 4 mice per
genotype were analyzed.

Histology: For sciatic nerve histology, a central segment of sciatic
nerve, soon after dissection, was fixed with 2.5% glutaraldehyde + 2% PFA
in 0.1 M sodium cacodylate buffer pH 7.4 overnight at 4 °C. The sample
was then postfixed with 1% osmium tetroxide in 0.1 m sodium cacodylate
buffer for 2 h at 4 °C. After three water washes, samples were dehydrated in

a graded ethanol series and embedded in an epoxy resin (Sigma–Aldrich).
Ultrathin sections (60–70 nm) were obtained with an Ultratome Leica Ul-
tracut EM UC7 ultramicrotome, counterstained with uranyl acetate and
lead citrate, and viewed with a Tecnai G2 (FEI) transmission electron mi-
croscope operating at 100 kV. Images were captured with a Veleta (Olym-
pus Soft Imaging System) digital camera and then analyzed by exploiting
Fiji software. From the same samples, semi-fine sections (1 μm) were also
cut and stained with a 1% toluidine blue solution. The obtained slides were
then mounted with immersion oil and representative images were taken
with a light microscope (Leica 5000B).

For high-resolution light and transmission electron microscopy of
DRGs, samples were first fixed in 2.5% glutaraldehyde in 0.1 m phosphate
buffer (pH 7.4) for at least 2 h at 4 °C and then were post-fixed with 2%
osmium tetroxide for 2 h and dehydrated in ethanol from 30% to 100%
(5 min each passage). After two passages of 7 min in propylene oxide and
1 h in a 1:1 mixture of propylene oxide and Glauerts’ mixture of resins,
samples were embedded in Glauerts’ mixture of resins (made of equal
parts of Araldite M and the Araldite Harter, HY 964, Sigma Aldrich). In the
resin mixture, 0.5% of the plasticizer dibutyl phthalate (Sigma Aldrich)
was added. For the final step, 2% of accelerator 964 was added to the
resin in order to promote the polymerization of the embedding mixture, at
60 °C. For high-resolution light microscopic analysis transverse semithin
sections (2.5 μm thick) were obtained using an ultramicrotome (Ultracut
UCT, Leica), and stained with 1% toluidine blue and 2% borate in distilled
water. To evaluate DRG neurons area, area of nuclei, and percentage of
neurons with eccentric nuclei, a total of 300 neurons for each experimen-
tal group was considered; quantification was performed on the toluidine
blue-stained semithin sections using a magnification of 100x. A DM4000B
microscope equipped with a DFC320 digital camera was used for section
analysis. On the same samples, ultrathin sections (70 nm) were obtained
and were examined under a transmission electron microscope (JEOL, JEM-
1010) equipped with a Mega-View-III digital camera and a Soft-Imaging-
System (SIS, Germany) for computerized acquisition of the images.

Immunofluorescence: A segment of the sciatic nerve, soon after dis-
section, was included in OCT and then frozen in liquid nitrogen vapors.
For autophagic markers, myelin and axons’ evaluations, longitudinal or
transversal (10-μm-thick) sciatic nerve cryosections were permeabilized
and fixed in 1:1 methanol-acetone solution for 10 min at −20° C, washed,
and blocked in 10% goat serum in phosphate-buffered saline (PBS, NaCl
80 mg mL−1, KCl 2 mg mL−1, Na2HPO4 ·7H2O 11.5 mg mL−1, KH2PO4
2 mg mL−1 in ddH2O) for 1 h at room temperature. For proliferation exper-
iments, myelin and immune cell staining, longitudinal (10-μm-thick) sci-
atic nerve cryosections were post-fixed in 4% PFA in PBS, permeabilized
and blocked for 2 h in a solution of 5% IgG free bovine serum albumin
(BSA Sigma-Aldrich, A7030), 0.5% Triton X-100 (Sigma-Aldrich, T9284) in
PBS at room temperature. Then, an anti-mouse Fab fragment antibody
(1:25) was incubated for 30 min to block endogenous IgG and washed.
All slides were then incubated overnight at 4 °C with the respective pri-
mary antibodies: guinea pig anti-p62 (1:100, Progen, GP62-C); rat anti-
LAMP1 (1:100, DSHB, 1D4B); rabbit anti-peripherin (1:100, Novus Bio-
logicals, NB300-137); rat anti-MBP (1:100, Abcam, ab7349); rabbit anti-
Ki67 (1:50, Novus Biologicals, NB600-1252); mouse anti-SOX10 (1:50,
Sigma–Aldrich, AMAB91297); rabbit anti-MPZ (1:300, Abcam, ab31851);
rat anti-CD68 (1:100,Thermo Fisher Scientific, 14-0681-82); rabbit anti-
SOX2 (1:100, Merck Millipore, AB5603). Slides were washed in PBS and
incubated for 1 h at room temperature with Hoechst (2.5 μg mL−1; Sigma-
Aldrich, 33258) and the appropriate fluorophore-conjugated secondary an-
tibodies: goat anti-mouse IgG1𝛾-Alexa568 (1:100, Thermo Fisher Scien-
tific, A-21124), goat anti-rabbit IgG-Cy3 (1:800; Jackson ImmunoResearch,
111-165-144), goat anti-rabbit IgG-Alexa647 (1:100, Thermo Fisher Sci-
entific, A-21244), donkey anti-guinea pig IgG-Alexa488 (1:800; Jackson
ImmunoResearch, 706-545-148), donkey anti-rat-Cy2 (1:100, Jackson Im-
munoResearch, 712-225-150); and goat anti-rat-Cy3 (1:300, Jackson Im-
munoResearch, 112-165-167). The slides were mounted with Fluoroshield
(Sigma–Aldrich, F6182) and images were acquired with a Stellaris SP8 con-
focal microscope.

L1 DRG harvested from Becn1 cKO and crtl mice were fixed in 4%
PFA for 2 h, washed in a solution of 0.01 M PBS (pH 7.2), and pro-
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cessed for paraffin embedding. In order to obtain a higher number of cel-
lular bodies to analyze, DRG of each experimental group were pooled be-
fore embedding. Specimens were cut 10 μm thick using a Leica RM2125
microtome. After cutting, sections were dewaxed, permeabilized, and
blocked for 1 h at room temperature with a solution of PBS 0.1% Tri-
ton, 1% Normal Donkey serum to saturate nonspecific signals. Sections
were then incubated overnight at room temperature with the follow-
ing primary antibodies: rat anti-CD68 (1:100, Thermo Fisher Scientific,
14-0681-82) and rabbit anti-Iba1 (1:100, Wako, 019–19741). The follow-
ing day, slides were washed three times in PBS and incubated for 1 h
at room temperature with the appropriate secondary antibodies: don-
key anti-rat IgG-Cy3 (1:400, Jackson ImmunoResearch 712-165-153) and
donkey anti-rabbit IgG-Alexa 488 (1:200, Jackson ImmunoResearch 711-
545-152). Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI
1:1000, Sigma 10236276001) in PBS. Finally, slides were mounted with
a fluoromount medium (Sigma–Aldrich, F4680). Images were acquired
using a Zeiss LSM800 confocal laser microscopy system (Zeiss, Jena,
Germany).

TUNEL Assay: The sciatic nerves were fixed in a 4% PFA solution in
PBS for 1 h, then let equilibrate overnight at 4° C in a 30% sucrose solu-
tion in PBS. Sciatic nerves were then included in OCT and frozen in liquid
nitrogen vapors. 10-μm-thick sciatic nerve cryosections were obtained and
then processed by adapting the TUNEL-assay manufacturer instructions
(In situ cell death detection kit, TMR red, Roche, 12-156-792-910). Briefly,
slices were post-fixed in 4% PFA in PBS for 15 min at room temperature,
then washed twice in PBS for 5 min each. The tissue was then perme-
abilized with 0.1% Triton X-100, 0.1% sodium citrate solution in PBS for
2 min at room temperature. Glass slides were rinsed twice in PBS, then in-
cubated with the TUNEL reaction mixture with the addition of the nuclear
stain Hoechst for 45 min at 37 °C in a dark humidified chamber. Slides
were then rinsed three times in PBS and mounted with Fluoroshield to be
imaged immediately at an epifluorescence (DMI4000, Leica) or confocal
(Stellaris SP8) microscope.

Western Blotting: Frozen sciatic or median nerve segments were me-
chanically disaggregated using a mortar and a pestle in liquid nitro-
gen vapors and then lysed with RIPA lysis buffer (50 mm Tris HCl,
150 mm NaCl, 1% IgePal, 0.5% Na deoxycholate, 0.1% SDS) supple-
mented with protease inhibitors (Sigma-Aldrich, 04693132001) and phos-
phatase inhibitors (Sigma–Aldrich, P5726 and P0044). After 10 min cen-
trifugation at maximum speed, the supernatant containing the nerve pro-
tein lysate was quantified with BCA Protein Kit Assay (Thermo-Fisher,
23225). The same amount of proteins for each sample (10 μg) were sep-
arated by SDS-PAGE using 4–12% or 12% polyacrylamide gels (Invitro-
gen, NP0342BOX). Samples were then blotted onto PVDF membrane
(Thermo Fisher Scientific, 88518), blocked with 5% milk in 0.1% Tween
20 (Sigma-Aldrich, P7949) in TBS (TBS-T) and probed with primary an-
tibodies in 2.5% milk in TBS-T overnight at 4 °C. The following antibod-
ies were used: rabbit anti-Becn1 (1:1000, Cell Signaling Technology, 3738);
rabbit anti-MAG (1:1000, Cell Signaling Technology, 9043S); rabbit anti-
CNP (1:1000, Cell Signaling Technology, 5664S); rat anti-MBP (1:2000,
Abcam, ab7349); rabbit anti-MPZ (1:5000, Abcam, ab31851); guinea pig
anti-p62 (1:800, Progen, GP62-C); rat anti-LAMP1 (1:1000, DSHB, 1D4B);
rabbit ant LC3B (1:1000, Thermo Fisher Scientific, PA1-16930); rat anti-
CD44 (1:1000, Invitrogen, 14-0441-82); rat anti-S100A9 (1:1000, Abcam,
AB105472); rat anti-CD68 (1:800, AbD Serotec, MCA1957); rabbit anti-
phospho-paxillin (1:1000, Chemicon, AB3837); rabbit anti-phospho-FAK
(1:500, Santa Cruz Biotechnology, sc-21831-R); rabbit anti-cdc42 (1:1000,
GeneTex, 134588); rabbit anti-phopho-PIK3 p85/p55 (1:1000, Cell Sig-
naling Technology, 4228S); rabbit anti-myotubularin 1 (1:800, Novus,
H00004534-D01P); rabbit anti-phopho-PDK1 (1:1000, Cell Signaling Tech-
nology, 3438P); rabbit anti-phospho-AKT (T308) (1:1000, Cell Signaling
Technology, 4056S); rabbit anti-phospho-mTOR (1:1000, Cell Signaling
Technology, 5536S); mouse anti-mTOR (1:1000, Cell Signaling Technology,
4517S); mouse anti-vinculin (1:1500, Sigma-Aldrich, V4505). After three
washes in TBS-T, membranes were incubated for 1 h at room tempera-
ture with the appropriate HRP-conjugated secondary antibodies (Amer-
sham Bioscience). Membranes were incubated with WesternBright Quan-
tum HRP substrate kit reagents and the luminescent signal was detected

by Amersham ImageQuant 800 biomolecular imager. Densitometric anal-
ysis was performed using the Fiji software.

NMJ Analysis: Longitudinal 30-μm-thick tibialis anterior cross-
sections were fixed in 4% PFA for 15 min at room temperature, washed,
and then permeabilized and saturated for 4 h at room temperature in a
solution of 10% GS, 2% Triton-X-100 in PBS. Slices were incubated for
48 h at 4 °C with the following primary antibodies diluted in a solution
of PBS supplemented with 1% GS and 2% Triton-X-100: 𝛼-synaptophysin
(1:50, Santa Cruz Biotechnology, sc-9116) and 𝛼-peripherin (1:200, Novus
Biologicals, NB300-137). Samples were then washed 3 times in PBS
and incubated overnight at 4 °C with anti-rabbit Cy2 (1:200, Jackson
Immunoresearch) secondary antibody and Alexa Fluor 555 conjugate
𝛼-bungarotoxin (𝛼-BTX) (1:1000, Invitrogen), diluted in PBS containing
1% GS and 0.02% Triton-X-100. After three washes in PBS, samples were
mounted with Fluoroshield before imaging by a Leica Stellaris 5 confocal
microscope coupled with the Leica Application Suite X (LASX) software.
Z-stacks with a 1-μm interval of NMJs were taken with a 63x oil immersion
objective, a 2.5x zoom, and a 512 × 512 frame size. For each sample,
at least 35 NMJs were randomly acquired. The number of acetylcholine
receptor (AChR) fragments for each NMJ was determined only for
completely or almost completely planar NMJs by visual inspection of 3D
projections of z-stacks using the Fiji software. The innervation status was
manually assessed by two different operators working in a blind fashion
by visual inspection of z-stacks using the LASX software. Only NMJs with
a clear innervation status were included in the analysis. Based on their
innervation status, NMJs were assigned to three different classes: fully
innervated (pre- and post-synaptic staining closely juxtaposed through
the entire NMJ), partially innervated (post-synaptic staining with some
regions devoid of pre-synaptic staining), and denervated (no pre-synaptic
staining overlying the post-synaptic staining).

RNA Extraction and Quantitative RT-PCR: RNA extraction was per-
formed from sciatic nerves, spinal cord, and dorsal root ganglia using
TRIzol reagent (Invitrogen, 15596018), according to the manufacturer’s
instructions. Total RNA was quantified using a NanoDrop spectropho-
tometer and the same RNA amount per tissue were retrotranscribed with
“High-Capacity cDNA Reverse Transcription Kit” (Applied Biosystems),
following manufacturer’s instructions. Quantitative PCR was performed
on a QuantStudio5 real-time instrument (Applied Biosystems), using the
SYBR-green containing HOT FIREPol Blend Master Mix (Solis Biodyne).
Gapdh and TBP were used as housekeeping genes for the analysis on
spinal cord and DRG samples, respectively. Used primers are listed in
Table S2 (Supporting Information).

Transcriptomic Analysis: For microarray experiments, in vitro transcrip-
tion, hybridization, and biotin labeling of RNA were performed accord-
ing to the Mouse WT GeneChip Clariom S assay (Affymetrix, SantaClara,
CA). CEL files were normalized using the robust multiarray averaging ex-
pression measure with Transcriptome Analysis Console (TAC Software v.
4.0.2.15, ThermoFisher Scientific, Waltham, MA, USA). Principal Compo-
nent Analysis (PCA) was performed with the most 5000 variables genes
selected on variance by R package (www-r-projects.org). Differentially ex-
pressed genes between control and Becn1 cKO mice were identified using
the Significance Analysis of Microarray (SAM) algorithm coded in the samr
R package[101] for both P10 and 2-month-old time points. Estimated per-
centage of false-positive predictions (i.e., False Discovery Rate, FDR) was
obtained with 1000 permutations, and genes with an FDR < 0.05 were
considered significant for both time points. Volcano plots were generated
with the top 5000 variables genes used for SAM analysis. Deregulated
genes (DEGs) at P10 and 2-month-old were used to perform Gene Set En-
richment Analysis (Gene Ontology Biological Process (GO-BP), Reactome
and Human Phenotype Ontology (HPO)) using ClusterProfiler package
(v4.4.4)[102] and compareCluster() function for biological theme compar-
ison. Enriched terms were selected with p.adjusted <0.05 and BH cor-
rection. To find genes with a significant temporal expression changes be-
tween the two time points and significant differences between the exper-
imental groups maSigPro (v. 1.60.0) package in R was used.[103] The re-
gression fit for each gene was calculated with a FDR<0.05 and Benjamini-
Hochbelg (BH) correction. R-squared cut-off level of 0.8 was used for the
regression model. MClust() function was applied to compute the optimal
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clusters of genes with correlated expression patterns. A pheatmap pack-
age was used to obtained a heatmap of the 550 genes selected in time
series analysis. Euclidean distane and Ward.d method were applied for
clustering. Over-representation analysis by using ClusterProfiler package
(v4.4.4) were performed in specific gene clusters (GO-BP and Reactome
gene sets). Enriched terms were selected with p.adjusted <0.1 and BH
correction. To reduce the complexity of terms in GO-BP treeplot() func-
tion was used. Pairwise similarities of the enriched terms were calculated
by the pairwise_termsim() function with default Jaccard’s similarity index.
The complete method was used for agglomeration in treeplot() function
and to perform hierarchical clustering analysis. Expression data were de-
posited into the Gene Expression Omnibus (GEO) database under Series
Accession Number GSE247435 and are accessible without restrictions.

Images Analyses: The count of myelinated axons per area was per-
formed manually on transversal sciatic nerve TEM images at low magnifi-
cation, exploiting Fiji software. The analysis of Remak bundles and their ax-
ons was performed on transversal sciatic nerve TEM images at high mag-
nification, by manually measuring bundle size, axons diameter and count-
ing axons number through the Fiji software. For autophagic markers im-
munofluorescence analysis, randomly selected fields were acquired from
each longitudinal sciatic nerve sample with 63x objective as a 6 planes
stack (1 μm Z-step). The integrated density was measured on maximum
projections exploiting Fiji software. For CD68 count, longitudinal sciatic
nerve cryosections were stained and randomly selected non-overlapping
fields were acquired with 40x objective as 10 planes stack (1 μm Z-step).
The number of CD68-positive cells was manually counted on maximum in-
tensity projection with the cell counter plugin of Fiji software. For the anal-
ysis of apoptosis, longitudinal sciatic nerve cryosections were processed
with the TMR red kit, then randomly selected non-overlapping field were
acquired with a 40x objective. The number of TMR red-positive nuclei was
manually counted with the Fiji software. For proliferation analysis, ran-
domly selected fields were acquired from each longitudinal sciatic nerve
sample with 40x objective as a 4 planes stack (1 μm Z-step). The number
of positively stained nuclei and of the total nuclei (Hoechst-stained) was
manually counted from maximum projection images exploiting Fiji soft-
ware. For MBP staining and the count of peripherin-positive axons, the
entire transversal sciatic nerve cryosection was acquired with the naviga-
tor function of the confocal microscope with a 40x objective. Motor axons
were counted manually, excluding non-countable regions and sensory ax-
ons present in Remak fibers bundles, then the number of axons was nor-
malized only over the analyzed area (μm2).

Statistical Analysis: All statistical data were analyzed using GraphPad
Prism 10.1.1. Unpaired two-tailed Student’s t-test or unpaired two-tailed
Mann-Whitney test were used for comparisons between the two groups.
One-way and two-way analysis of variants (ANOVA) were used for com-
parisons between more than two groups. Statistical significance was set at
P < 0.05. All histograms displayed individual values and data were shown
as mean ± SEM. The number of biological replicates, n, was always greater
than three. The specific statistical test, sample size, and probability value
for each experiment can be found in the related figure legend.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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