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Abstract

The velocity of axonal impulse propagation is facilitated by myelination and axonal

diameters. Both parameters are frequently impaired in peripheral nerve disorders,

but it is not known if the diameters of myelinated axons affect the liability to injury

or the efficiency of functional recovery. Mice lacking the adaxonal myelin protein

chemokine-like factor-like MARVEL-transmembrane domain-containing family mem-

ber-6 (CMTM6) specifically from Schwann cells (SCs) display appropriate myelination

but increased diameters of peripheral axons. Here we subjected Cmtm6-cKo mice as

a model of enlarged axonal diameters to a mild sciatic nerve compression injury that

causes temporarily reduced axonal diameters but otherwise comparatively moderate

pathology of the axon/myelin-unit. Notably, both of these pathological features were

worsened in Cmtm6-cKo compared to genotype-control mice early post-injury. The

increase of axonal diameters caused by CMTM6-deficiency thus does not override

their injury-dependent decrease. Accordingly, we did not detect signs of improved

regeneration or functional recovery after nerve compression in Cmtm6-cKo mice;

depleting CMTM6 in SCs is thus not a promising strategy toward enhanced recovery

after nerve injury. Conversely, the exacerbated axonal damage in Cmtm6-cKo nerves

early post-injury coincided with both enhanced immune response including foamy

macrophages and SCs and transiently reduced grip strength. Our observations sup-

port the concept that larger peripheral axons are particularly susceptible toward

mechanical trauma.
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1 | INTRODUCTION

Following injury, regeneration of the peripheral nervous system

(PNS) is slow and often incomplete, notwithstanding that its regener-

ative capacity is higher compared with the central nervous system

(CNS) (Lutz & Barres, 2014). Recovery of the PNS has been mainly

attributed to the close interactions between axons and Schwann

cells (SCs), the myelin-forming cells of the PNS, and their remarkable

plasticity upon injury (Jessen & Arthur-Farraj, 2019; Stassart &

Woodhoo, 2021). In acutely injured peripheral nerves, that is, upon

neurotmesis (nerve cut) or axonotmesis (nerve crush), axons in the

distal part of the nerve undergo Wallerian degeneration, and their

debris is cleared rapidly. Independent of the injury type, SCs respond

to the injury and undergo well-defined morphological and molecular

changes that reflect their trans-differentiation into repair SCs

(Arthur-Farraj et al., 2012; Fontana et al., 2012; Jessen &

Mirsky, 2016). Indeed, repair SCs not only recruit macrophages to

the injury site but also actively contribute to myelin clearance via

(auto)phagocytosis and myelinophagy (Gomez-Sanchez et al., 2015;

Jang et al., 2016; Lutz et al., 2017; Stratton & Shah, 2016), release

neurotrophic factors to support neuronal survival, guide axonal

regrowth by forming regeneration tracts, interact with the extracel-

lular matrix, and ultimately redifferentiate to remyelinate axons

(Chen et al., 2007; Jessen & Arthur-Farraj, 2019; Madduri & Gan-

der, 2010; Nocera & Jacob, 2020).

However, especially in humans, full functional recovery is rarely

achieved and can be slowed down during aging (Höke, 2006; Painter

et al., 2014; Scheib & Höke, 2016; Wagstaff et al., 2021). Limitations

of nerve repair include insufficient axonal regrowth and reinnervation,

misrouting of axons, insufficient regrowth of axonal diameters, lower

number of SCs, shorter internodes, insufficient remyelination, and

impaired reconstitution of axonal diameters—all parameters that may

contribute to slowed nerve conduction velocity (NCV) and compro-

mised regeneration, which in turn can cause persistent muscle dener-

vation (Li et al., 2019; Schröder, 1972; Stassart et al., 2013; Tseng

et al., 2016; Vaughan, 1992; Verdú et al., 2000). Notably, models of

both chronic nerve compression and demyelinating neuropathies dis-

play a shift toward smaller axonal diameters, which has been hypothe-

sized to arise from a loss of larger myelinated axons, an assumption

that is formally unproven yet (Bilbao & Schmidt, 2015; Gupta & Stew-

ard, 2003; O'Brien et al., 1987; Vavlitou et al., 2010).

Several studies have shown that interfering with SC function, par-

ticularly those that impact the bidirectional SC–axon interaction, leads

to impaired axonal regeneration, remyelination, and functional recov-

ery (Jessen & Mirsky, 2019; Quintes et al., 2016; reviewed in Stassart

& Woodhoo, 2021; Xiao et al., 2015). Nonetheless, the functional rel-

evance of molecules that may facilitate the interactions between SCs

and axons toward functional recovery has remained incompletely

understood. We previously reported that chemokine-like factor-like

MARVEL-transmembrane domain-containing family member-6

(CMTM6) is expressed on the adaxonal SC surface and involved in the

function of SCs to restrict axonal diameters in peripheral nerves

(Eichel et al., 2020). Indeed, non-injured mice lacking CMTM6 from

SCs (Cmtm6-cKo mice) show increased axonal diameters already at

1 month of age and accelerated sensory NCV in peripheral nerves.

Importantly, myelin sheath thickness is appropriate, and axonal integ-

rity is not impaired in Cmtm6-cKo mice.

Here, we use this genetic model to test if increasing axonal diam-

eters via depleting CMTM6 in SCs could enhance functional recovery

after nerve compression. As an alternative hypothesis, we test if larger

axons are more susceptible to mechanical injury. We hypothesize that

the vulnerability of large axons contributes to the previously observed

shift in diameter distributions toward smaller axonal diameters after

nerve injury (Goodrum et al., 2000; Ikeda & Oka, 2012; Li et al., 2019;

Schröder, 1972; Stassart et al., 2013; Tseng et al., 2016). To test these

hypotheses, we developed a comparatively mild sciatic nerve com-

pression model that does not result in complete degeneration of

axons in the entire nerve. We applied this model to Cmtm6-cKo and

control mice and assessed morphological and functional changes up

to 8 weeks non-injured. Indeed, we find that genotype-control mice

upon mild nerve compression display less axonal degeneration com-

pared with conventional sciatic nerve crush injury models; yet up to

20% of myelinated axons develop pathological signs coinciding with a

shift toward smaller axonal diameters and mild functional impairment

early non-injured. Notably, Cmtm6-cKo compared to genotype control

mice early non-injured displayed enhanced neuropathology including

even further reduced axonal diameters. The expected genotype-

dependent increase in axonal diameters does only reappear at

8 weeks non-injured. Considering the worsened neuropathology and

the absence of ameliorated functional recovery in Cmtm6-cKo mice,

depleting CMTM6-expression in SCs is not a suitable therapeutic

strategy toward enhanced functional recovery after injury. Yet, our

data support the concept that larger axons are more vulnerable to

mechanical trauma.

2 | RESULTS

2.1 | Mild nerve compression causes reduced
axonal diameters, moderate axonal pathology, and
mild functional impairment in genotype-control mice

We aimed to establish a mild nerve injury model that results in

reduced axonal diameters but only moderate axonal pathology. Using

flat tweezers, we compressed the sciatic nerve below the sciatic notch

of the left hind limb for 15 s at 10 weeks of age in genotype-control

mice (genotype Cmtm6flox/flox) and characterized the injury response

(see overview in Figure 1a). To assess the progression of nerve repair,

we employed molecular, morphological, and functional analyses at five

time points after injury (3, 7, 14, 28 and 56 days post-compression

[dpc]) (see scheme in Figure 1a). For molecular and morphological ana-

lyses, we dissected nerve segments distal to the compression site and

additionally collected the contralateral sciatic nerve as non-injured

control.

By light microscopic observation of semithin-sectioned sciatic

nerves, compared to non-injured nerves (exemplified in Figure 1b), we
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F IGURE 1 Legend on next page.
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observed an increase in the number of pathological-appearing axons

and a loss of normal myelinated axons per defined area 7–14 dpc,

both of which gradually normalize by 56 dpc (Figure 1c,c’,d). This
coincided with a decrease of the Sciatic Function Index (SFI) 7 dpc

and subsequent recovery (Figure 1e). By quantitative assessment of

axonal diameters on light micrographs, we observed an injury-depen-

dent shift toward smaller axonal diameters that was most prominent

at 14 dpc (Figure 1f, Figure S1B) and did not fully recover by 56 dpc

(Figure 1f, Figure S1C,D). Different from injured controls, injured

nerves at 14 dpc displayed a reduced number specifically of axons

with a diameter ≥4.5 μm, and axons with a diameter of ≥7.5 μm were

largely absent (Figure S1B). Our mild sciatic nerve compression injury

model thus involves comparatively few pathological-appearing axons

but a considerable shift toward smaller axonal diameters.

2.2 | Mild nerve compression in Cmtm6-cKo mice
results in further reduced axonal diameters and
enhanced axonal pathology compared to genotype-
control mice

After establishing our mild nerve compression model, we aimed to test

if larger axons are more susceptible to mechanical injury. Without

injury, Cmtm6-cKo mice (genotype Cmtm6flox/flox*DhhCre) display a shift

toward larger axonal diameters (1) in various non-injured peripheral

nerves including the sciatic nerve and (2) at multiple developmental

stages (Eichel et al., 2020), including the time point at which injury was

induced in the present study. We thus subjected both Cmtm6-cKo mice

and genotype-control mice (genotype Cmtm6flox/flox) to sciatic nerve

compression (see scheme in Figure 1a; see data in Figures 2–4 and S2–

S5). We note that the injured genotype-control cohort in Figures 2–4

and S2–S5 comprises the same group of injured mice as displayed in

Figure 1. When assessing axonal diameters in sciatic nerves by light

microscopy 7, 14, 28, and 56 dpc, Cmtm6-cKo mice displayed a shifted

frequency toward larger axonal diameters only at 56 dpc (Figure 2g);

the genotype-dependent increase of axonal diameters in the present

experiment was essentially similar in extent as previously reported for

non-injured sciatic nerves at 2 months of age (mean axonal diameter

ctrl ± Cmtm6-cKo = 3.40 + 0.09; Eichel et al., 2020). However, at

28 dpc, injured Cmtm6-cKo nerves displayed similar axonal diameters

as injured genotype-controls (Figure 2e). Moreover, strikingly, at 7 and

14 dpc, we found a significant shift of frequency distribution toward

smaller axonal diameters in Cmtm6-cKo compared to control nerves

(Figure 2a,c). Thus, when comparing injured genotype-control to

Cmtm6-cKo nerves, the latter displayed a reduced frequency of axons

with diameters of ≥4.5 μm as early as 7 dpc that continued to be signif-

icant at 14 dpc (Figure 2a,c) and normalized by 28 dpc (Figure 2e); by

56 dpc the genotype-dependent increase of axonal diameters caused

by CMTM6-deficiency in SCs (Figure 2g) was re-established as previ-

ously reported (Eichel et al., 2020).

We also used these light micrographs to determine the myelina-

tion status and pathology of axons in Cmtm6-cKo compared to control

sciatic nerves after compression at 7, 14, 28, and 56 dpc. It is of note

that non-injured Cmtm6-cKo mice display appropriate myelination

and unimpaired axonal integrity (Eichel et al., 2020). At 7 dpc, we

observed that the number of myelinated axons per area in Cmtm6-cko

mice was significantly decreased, whereas the number of pathologi-

cal-appearing axons was increased compared with control mice

(Figure 2b). At 14 dpc, Cmtm6-cKo mice displayed a nonsignificant

trend toward a reduced number of myelinated axons and an increased

F IGURE 1 Mild nerve compression model with moderate axonal pathology and reduced axonal diameters. (a) Scheme depicting the timeline
of mild sciatic nerve compression experiments in genotype control and Cmtm6-cKo mice. Ten weeks after birth, mice underwent surgery for
induction of sciatic nerve compression in their left hind limb. Mice were assessed at various time points up to 56 days post-compression (dpc) by
behavioral tests and electrophysiology to evaluate functional performance (see Figures S3 and S4). Sciatic nerve segments distal to the
compression site of both genotypes and non-injured control nerves were dissected at several time points and assessed by qRT-PCR (qRT),
immunohistochemistry (IHC), and electron and light microscopy (EM/LM). (b) Representative micrograph of a semithin cross-sectioned, non-
injured sciatic nerve of a genotype-control mouse. Scale bar, 20 μm. (c) Representative semithin micrographs of cross-sectioned sciatic nerves 3,
7, 14, 28, and 56 dpc. Note the progressive neuropathology early post-compression (3, 7, and 14 dpc) in genotype-control mice (genotype
Cmtm6flox/flox). Magenta arrows point at axonal pathology, green arrows point at myelin tomaculae, and white arrows point at degenerated
profiles that are recognizable from the myelin debris and the lack of an axonal compartment. These categories were quantified and summarized as
pathological-appearing axons; for quantification, see (e). Scale bars, 20 μm. (c’) Magnifications of pathological features described in (c). (d) Plot
showing the number of myelinated and pathological-appearing axons per 1000 μm2 as quantified on whole sciatic nerve semithin sections at 3, 7,
14, 28, and 56 dpc in genotype-control mice (Cmtm6flox/flox). Note the reduced number of myelinated axons early post-injury reaching its
minimum 7 dpc coinciding with an increase in pathological-appearing axons. Both normalize over time. Data points indicate individual mice; n = 4
non-injured mice and n = 5 injured mice at each time point. (e) Bar graph showing Sciatic Functional Index (SFI) as measured at the left hind paw
using the Catwalk™ system to assess functional recovery of genotype-control mice (Cmtm6flox/flox) after mild nerve compression. Note that values
of 0 are considered normal while �100 would indicate that a mouse does not use its left hind limb. Mean ± SD; Data points indicate individual

mice; training day n = 12; 7 dpc n = 9; 14 dpc n = 10; 28 dpc n = 7; 56 dpc n = 7. (f) Violin plot showing axonal diameter distributions in sciatic
nerves at 7, 14, 28, and 56 compared with non-injured control mice quantified on whole sciatic nerve semithin sections. Circles and squares
indicate mean axonal diameters in individual mice; stippled lines indicate median and quartiles. Note the higher density of smaller diameters early
post-injury and the overall smaller mean axonal diameters at 14, 28, and 56 compared with non-injured control mice. Overall, 11,553 axons were
from n = 4 non-injured mice, 6349 axons from n = 4 injured mice at 7 dpc, 9715 axons from n = 5 injured mice at 14 dpc, 12,784 axons from
n = 5 injured mice at 28 dpc, and 9623 axons from n = 5 injured mice at 56 dpc. For frequency distribution of binned axonal diameters for each
time point and statistical assessment, see Figure S1. DOB, date of birth.

4 GARGARETA ET AL.

 10981136, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/glia.24568 by M

ax-Planck-Institut fur M
ultidisziplinare N

aturw
issenschaften, W

iley O
nline L

ibrary on [26/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



number of pathological-appearing axons (Figure 2d). No genotype-

dependent differences regarding axonal pathology or myelination sta-

tus were observed at 28 and 56 dpc (Figure 2f,h).

Considering that myelin sheath thickness depends on the diame-

ters of the underlying axons (Michailov et al., 2004; Taveggia

et al., 2005) and is reduced after nerve injury (Li et al., 2019; Schrö-

der, 1972; Stassart et al., 2013; Tseng et al., 2016), we assessed the

ratio between myelin sheath thickness and axon diameter (g-ratio) on

electron micrographs of cross-sectioned sciatic nerves at 7 and

56 dpc. We find that the g-ratio was unaltered (Figure S2A,B), indicat-

ing appropriate myelin sheath thickness of healthy-appearing myelin-

ated axons in Cmtm6-cKo mice both without (Eichel et al., 2020) and

after nerve injury (Figure S2A,B).

Together, the injury-dependent shift toward smaller axonal diam-

eters, and the presence of axonal pathology early post-injury was

exacerbated in Cmtm6-cko compared to genotype-control nerves but

normalized over time. By 56 dpc, the CMTM6-deficiency-dependent

increase of axonal diameters was re-established to the extent previ-

ously observed in non-injured Cmtm6-cKo nerves (Eichel et al., 2020).

It is plausible that the injury-dependent reduction of axonal diameters

at early stages after nerve compression is driven by an increased sen-

sitivity of larger axons toward mechanical trauma.

2.3 | CMTM6 deficiency does not improve
functional recovery after nerve compression

To test if functional recovery after nerve compression differs between

Cmtm6-cKo and control mice, we performed multiple assays measur-

ing behavioral capabilities (grip strength, hotplate, and grid test; for

F IGURE 2 Legend on next page.

GARGARETA ET AL. 5

 10981136, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/glia.24568 by M

ax-Planck-Institut fur M
ultidisziplinare N

aturw
issenschaften, W

iley O
nline L

ibrary on [26/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



timeline see Figure 1a). However, we did not find evidence for accel-

erated or improved functional recovery of Cmtm6-cKo compared to

control mice (Figure S3A–C). On the contrary, grip strength of the

hind limbs was moderately but significantly decreased in Cmtm6-cKo

compared with control mice 14 dpc, while normalizing by 28 and

56 dpc. This indicates a moderate transient impairment of motor

capabilities in injured mice when lacking CMTM6 from SCs.

Since motor performance is enabled by signaling via large myelin-

ated fibers, the reduced axonal diameters and loss of predominantly

large axons (>4.5 μm) in Cmtm6-cKo mice upon injury (Figure 2) likely

contributes to this observation. Using the CatWalk™ system to assess

gait and locomotor parameters as a readout for functional recovery

after nerve compression (Heinzel et al., 2020), we did not observe

considerable differences between Cmtm6-cKo and control mice, nei-

ther at baseline during training nor at various time points after com-

pression (Figure S4). When using electrophysiology to measure motor

and sensory NCV at 14, 28, and 56 dpc, we did not observe geno-

type-dependent differences (Figure S3D,E). Deleting CMTM6 from

SCs thus does not improve or accelerate recovery after sciatic nerve

compression.

2.4 | CMTM6 protein localization and mRNA
expression early post-injury

Previously published transcriptional profile datasets of crushed sciatic

nerves in both rats and mice showed a decrease in Cmtm6 mRNA

abundance (Lutz et al., 2022; Yi et al., 2015). This prompted us to

evaluate expression of CMTM6 in our mild nerve compression model

by assessing its protein localization and mRNA abundance 7 dpc

(Figure S5).

By immunohistochemistry of cross-sectioned non-injured sciatic

nerves of genotype control mice (Cmtm6flox/flox), CMTM6 immunolabel-

ing (yellow in Figure S5A) was detected toward the inside of the com-

pact myelin compartment (autofluorescence in blue in Figure S5A),

reflecting its localization in the adaxonal myelin membrane (arrowheads

in Figure S5A) as previously reported (Eichel et al., 2020). Upon injury,

however, CMTM6 immunolabeling was additionally detected toward

the outside of the compact myelin compartment, suggesting partial

redistribution to the abaxonal myelin layer (stars in Figure S5A). There-

fore, upon injury, CMTM6 is not confined to the adaxonal myelin layer

but partially redistributed to the abaxonal myelin surface.

We then used quantitative real-time PCR (qRT-PCR) to test the

relative abundance of marker transcripts in injured nerves 7 dpc of

both genotypes compared to non-injured control nerves. First, we

detected the expected genotype-dependent decrease in the abun-

dance of Cmtm6 mRNA in Cmtm6-cKo compared with genotype con-

trol nerves (Figure S5C). More interestingly, both Cmtm6-cKo and

genotype control nerves 7 dpc displayed a markedly reduced abun-

dance of Cmtm6 mRNA compared to non-injured nerves (Figure S5B,

C), in agreement with previously published datasets (Lutz et al., 2022;

Yi et al., 2015). This confirms that early upon injury, the expression of

Cmtm6 mRNA is indeed downregulated.

When using qRT-PCR to assess other marker transcripts com-

monly changed after nerve injuries in more severely affected models

including nerve crush, we found that our mild model involves a similar

injury-dependent reduction of the relative abundance of myelination-

related mRNAs (Mag and Pmp22), increase of transcripts encoding

F IGURE 2 Axon diameter distribution shift toward smaller diameters in Cmtm6-cKo early post nerve compression. (a) Representative electron
micrographs of cross-sectioned, injured sciatic nerves and genotype-dependent quantifications at 7 dpc reveals frequency distribution shift
toward smaller axonal diameters in Cmtm6-cKo compared with control mice. Data presented as frequency distribution with 0.5 μm bin width;
8358 axons in n = 5 control and 5582 axons in n = 5 Cmtm6-cKo; mean axonal diameter (control ± Cmtm6-cKo) = 3.70 � 0.51 μm; p < .0001 by two-
sided Kolmogorow–Smirnow test of frequency distributions. Scale bar, 2.5 μm. (b) Quantitative assessment of axonal numbers/1000 μm2 sciatic
nerve area shows decreased number of myelinated axons and increased number of pathological-appearing axons in Cmtm6-cKo compared with
control mice 7 dpc. Myelinated axons: p = .029; pathological-appearing axons: p = .006 by two-tailed Student's t-test. (c) Representative electron
micrographs of injured sciatic nerves 14 dpc and genotype-dependent quantification reveals persisting frequency distribution shift toward smaller
axonal diameters in Cmtm6-cKo compared with control mice. Data presented as frequency distribution with 0.5 μm bin width; 9715 axons in
n = 5 control, and 9249 axons in n = 5 Cmtm6-cKo; mean axonal diameter (control ± Cmtm6-cKo) = 3.08 � 0.12 μm; p < .0001 by two-sided
Kolmogorow–Smirnow test of frequency distributions. Scale bar, 2.5 μm. (d) Quantitative assessment of axonal numbers/1000μm2 sciatic nerve
area shows similar numbers of myelinated and pathological-appearing axons in Cmtm6-cKo and control mice at 14 dpc. Myelinated axons:
p = .378; pathological-appearing axons: p = .072 by two-tailed Student's t-test. (e) Representative electron micrographs of injured sciatic nerves
28 and genotype-dependent quantification reveals similar frequency distribution of axonal diameters in Cmtm6-cKo and control mice. Data
presented as frequency distribution with 0.5 μm bin width; 12,784 axons in n = 5 control and 10,534 axons in n = 5 Cmtm6-cKo; mean axonal
diameter (control ± Cmtm6-cKo) = 3.31 + 0.03 μm; p = .088 by two-sided Kolmogorow–Smirnow test of frequency distributions. Scale bar, 2.5 μm. (f)
Quantitative assessment of axonal numbers/1000 μm2 sciatic nerve area shows similar numbers of myelinated and pathological-appearing axons
in Cmtm6-cKo compared with control mice 28 dpc. Myelinated axons: p = .552; pathological-appearing axons: p = .496 by two-tailed Student's t-

test. (g) Representative electron micrographs of injured sciatic nerves 56 dpc and genotype-dependent quantification reveal a frequency
distribution shift toward larger axonal diameters in Cmtm6-cKo compared with control mice. Data presented as frequency distribution with
0.5 μm bin width; 9623 axons in n = 5 control and 12,471 axons in n = 5 Cmtm6-cKo; mean axonal diameter (control ± Cmtm6-cKo) = 3.40
+ 0.09 μm; p < .0001 by two-sided Kolmogorow–Smirnow test of frequency distributions. Scale bar, 2.5 μm. (h) Quantitative assessment of
axonal numbers/1000μm2 sciatic nerve area shows similar numbers of myelinated and pathological-appearing axons in Cmtm6-cKo compared
with control mice 56 dpc. Myelinated axons: p = .713; pathological-appearing axons: p = .573 by two-tailed Student's t-test. Data in b, d, f, and h
presented as mean ± SD; n = 5 mice per genotype; n. s. = nonsignificant p > .05; *p < .05; **p < .01.
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F IGURE 3 Increased number of foamy macrophages and Schwann cells (SC) in Cmtm6-cKo nerves early post-injury. (a) Representative light
micrograph of a toluidine-blue stained semithin cross-section of a Cmtm6-cKo sciatic nerve 7 dpc. White arrowheads point at foamy SC as
quantified in (d). White arrows indicate foamy, lipid-loaded macrophages (M) as quantified in Figure 3e. Scale bar 10 μm. (b) Representative
electron micrograph of a foamy SC (encircled in magenta, white arrow) in a cross-sectioned sciatic nerve of a Cmtm6-cKo mouse 7 dpc. A
roundish structure with myelin debris, lipid accumulations and a surrounding basal membrane are characteristic of foamy SC. Scale bar 1 μm. (c)
Representative electron micrograph of a foamy, lipid-loaded macrophage (encircled in magenta, white arrow) in a cross-sectioned sciatic nerve of
a Cmtm6-cKo mouse 7 dpc. Elongated cells with evident nuclei and lipid and membrane accumulations are characteristic of foamy macrophages.
Scale bar 1 μm. (d) Genotype-dependent quantification of the number of foamy SC per sciatic nerve section shows a significant increase in
Cmtm6-cKo compared with control mice 7 dpc. Data presented as mean ± SD; data points represent individual mice; n = 4–7 per genotype; two-
tailed Student's t-test; 3 dpc p = .595, 7 dpc p = .007, 14 dpc p = .408, 28 dpc p = .687, at 56 dpc all values are 0. (e) Genotype-dependent
quantification of the number of foamy macrophages per nerve section shows a significant increase in Cmtm6-cKo compared with control mice
7 dpc. Data presented as mean ± SD; data points represent individual mice; n = 4–7 per genotype; two-tailed Student's t-test; 3 dpc p = .218,
7 dpc p = .03, 14 dpc p = .314, 28 dpc p = .926, 56 dpc p = .112. n.s. = nonsignificant p > .05; *p < .05; **p < .01.
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F IGURE 4 Increased (auto)phagocytosis and lysosomal markers in Cmtm6-cKo mice 7 dpc. (a, b) Immunodetection of LAMP1 (lysosomal
marker) and CD68 (lysosomal marker for macrophages) on cross-sectioned sciatic nerves 7 dpc imaged at 10� (left) and 40� (right) magnification.
Note the higher intensity of LAMP1 (a) and CD68 (b) immunolabeling in Cmtm6-cKo compared with control mice. Scale bars for 10�
magnification images 100 μm; scale bars for 40� images 5 μm. (c, d) Immunodetection of LC3 (yellow, marker for autophagocytosis) and CD68 (c,
magenta, lysosomal marker for macrophages) or SOX10 (d, magenta, marker for Schwann cells) on cross-sectioned sciatic nerves 7 dpc. Note the
higher intensity of LC3 labeling in Cmtm6-cKo compared with control mice. White arrowheads indicate Schwann cells immunopositive for both
LC3 and SOX10 (d). Scale bars 5 μm. (e) Immunolabeling of cross-sectioned sciatic nerves dissected from non-injured control mice shows that
markers LAMP1, IBA1, CD68, and LC3 are virtually undetectable in non-injured sciatic nerves. Immunolabeling and microscopy were in parallel
and using the same conditions as in (a–d). Images were taken at 10� magnification, scale bars 100 μm.
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inhibitors of myelination (Sox2 and Jun), as well as an increase in lipid

export marker mRNAs (Apoe and Abca1) 7 dpc (Figure S5B). These

data are in agreement with previously established datasets assessing

transcriptional profiles upon peripheral nerve injuries (Lutz

et al., 2022; Ydens et al., 2020; Yi et al., 2015).

When comparing injury-dependent mRNA abundance changes

between Cmtm6-cKo and control sciatic nerves, most marker tran-

scripts for SCs, phagocytosis, lipid export, and inflammation displayed

similar abundance between the genotypes (Figure S5B). As an excep-

tion, we observed a moderate but significant genotype-dependent

decrease in injured Cmtm6-cKo sciatic nerves compared with geno-

type controls of the relative abundance of transcripts (Figure S5B,D–

F) encoding the myelin-specific, axon diameter-related myelin-associ-

ated glycoprotein (Mag) (Eichel et al., 2020; Yin et al., 1998), the

phagocytosis marker Cd36 (Grajchen et al., 2020), and the lipid

export-related Abca1 (Chinetti et al., 2001; Zhou et al., 2019).

These results show that mild nerve compression as applied here

results in molecular responses analogous to other nerve injury models

despite the differences in the extent of neuropathology.

2.5 | Increased number of foamy cells in Cmtm6-
cKo nerves early post-injury

Considering the enhanced neuropathological reaction in Cmtm6-cKo

compared to genotype control nerves early post-injury (Figure 2a,b),

we extended their morphological assessment. At 7 dpc, both repair

SCs and recruited macrophages actively break down myelin proteins

and lipids, which enables clearance of the nerve ahead of regeneration

(Chen et al., 2015; Jessen & Mirsky, 2019; Nocera & Jacob, 2020).

Considering that the enlargement of axons by CMTM6-deficiency

may cause increased vulnerability to the mechanical impact by nerve

compression, thereby causing the presence of more breakdown prod-

ucts, we assessed SCs and macrophages. Indeed, at 7 and 14 dpc, the

time when axonal regeneration and remyelination start taking place,

we detected a considerable number of lipid- and debris-loaded cells,

commonly referred to as foamy cells (Figure 3a). For quantification,

we discriminated between foamy SCs (Figure 3b) and foamy macro-

phages (Figure 3c) according to their morphology and depending on

their association with axons. Strikingly, quantitative assessment

revealed that the numbers of both foamy SCs (Figure 3d) and foamy

macrophages (Figure 3e) were increased in injured Cmtm6-cKo com-

pared with genotype control nerves 7 dpc. At 14 dpc, Cmtm6-cKo

nerves displayed a trend toward increased numbers of foamy SCs and

foamy macrophages that did not reach significance (Figure 3d,e).

These data imply that SCs and macrophages cope with an increased

load of myelin debris and lipid in injured Cmtm6-cKo compared to

control nerves. At 3, 28, and 56 dpc, the numbers of foamy cells were

indistinguishable between the genotypes and expectedly very low.

Together, SCs and macrophages may process more debris in Cmtm6-

cKo nerves early post-injury as reflected by the increased number of

lipid-loaded cells; however, this appears as a dynamic, reversible sta-

tus without a lasting impact on subsequent recovery.

2.6 | Lysosomal and (auto)phagocytotic markers
are increased in Cmtm6-cKo 7 dpc

Repair SCs clear their own myelin debris by myelinophagy and Tyro3/

Axl/Mer (TAM)-receptor-mediated phagocytosis (Gomez-Sanchez

et al., 2015; Lutz et al., 2017). Considering the increased numbers of

foamy SCs and macrophages in Cmtm6-cKo mice early post-injury, we

extended their assessment using immunohistochemistry on sectioned

Cmtm6-cKo and control sciatic nerves 7 dpc. Indeed, when detecting

lysosomal and phagocytosis markers (LAMP1 and CD68), we observed

an overall increase in both LAMP1- (Figure 4a) and CD68-immunolabel-

ing (Figure 4b) in injured Cmtm6-cKo compared with genotype control

nerves. When detecting the autophagy marker LC3 (microtubule-asso-

ciated protein 1 light chain 3, MAP1LC3), we found an overall increase

in injured Cmtm6-cKo compared with genotype control nerves

(Figure 4c,d). When co-immunolabeling LC3 with either CD68 (phago-

cytosis marker, preferentially but not exclusively labelling macrophages;

Figure 4c) or SOX10 (labelling SCs; Figure 4d) we found considerable

overlap with either marker. This implies that autophagy takes place in

both cell types in injured Cmtm6-cKo nerves. Notably, non-injured

nerves of both Cmtm6-cKo and control mice were virtually devoid of

immunolabeling for these lysosomal and (auto)phagocytotic markers

(Figure 4e). These results thus imply that SCs and macrophages display

enhanced (auto)phagocytic properties when SCs lack CMTM6.

Taken together, we established a mild nerve compression model

(Figure 1) that results in a shift toward smaller axonal diameters

(Figure 1f, Figure S5B–D) without complete degeneration of the

entire nerve (Figure 1d). Unexpectedly, in our previously established

(Eichel et al., 2020) model of enlarged axonal diameters (Cmtm6-cKo

mice), the early response to injury 7 dpc involves a shift toward axonal

diameters even smaller than in control mice (Figure 2a). This is accom-

panied by fewer myelinated axons and enhanced axonal pathology

(Figure 2b), an increased number of foamy cells (Figure 3), increased

immunolabeling for lysosomal and (auto)phagocytic markers (Figure 4),

reduced abundance of transcripts associated with myelination, lipid

export and phagocytosis (Figure S5), and reduced grip strength

(Figure S3C). While functional recovery is not ameliorated in Cmtm6-

cKo mice, our data support the concept that larger axons are more

vulnerable to mechanical injury.

3 | DISCUSSION

We previously identified CMTM6 as an adaxonal SC protein restrict-

ing radial axonal growth (Eichel et al., 2020); mice lacking CMTM6

specifically from SCs display enlarged diameters of peripheral axons.

In the current study, we developed a comparatively mild sciatic nerve

compression injury model. By applying nerve compression to Cmtm6-

cKo mice, we tested two hypotheses. First, we scrutinized if the

increase of axonal diameters caused by CMTM6-deficiency enhances

functional recovery after nerve injury by counteracting the injury-

dependent reduction of axonal diameters; this hypothesis was not

supported by our data. Second, we tested if axons of larger diameters
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are more susceptible to mechanical trauma, thereby contributing to

the shift toward smaller axonal diameters after nerve injuries that was

previously observed (Goodrum et al., 2000; Ikeda & Oka, 2012; Li

et al., 2019; Schröder, 1972; Stassart et al., 2013; Tseng et al., 2016).

Indeed, our data support the view that larger peripheral axons are

more vulnerable toward mechanical trauma.

According to the classification of nerve trauma by Sunderland,

more severe nerve crush injury models are categorized as grade III or

grade IV, affecting more than 90% of all axons (Wallerian degenera-

tion and demyelination) and potentially disrupting endo- and perineu-

rium (Menorca et al., 2013; Sunderland, 1951). On the other hand,

classical compression injuries fall in the category of neuropraxia or

grade I axonotmesis injuries with focal demyelination but no axonal or

connective tissue damage. More prolonged chronic compression

models also cause a form of Wallerian degeneration at later stages

(Gupta & Steward, 2003; O'Brien et al., 1987). The nerve compression

injury model established here caused pathological signs in a minority

of axons in the first week after injury, sparing the complete degenera-

tion of the entire nerve. Our nerve compression also caused limited

myelin pathology and mild functional impairment early post-injury;

the model thus classifies as axonotmesis grade II nerve trauma

(Menorca et al., 2013) in which we observed a predominant loss of

axons with mid-to-large diameters (4.5–6 μm). Cmtm6-cKo nerves dis-

played enhanced pathology, and the injury-dependent decrease in the

number of larger diameter axons (>6 μm) was even enhanced early

post-injury. The observed pathological changes largely normalized by

28 dpc when axonal regeneration and remyelination occur (Menorca

et al., 2013; Nocera & Jacob, 2020).

Considering that (1) axons display a shift toward smaller diame-

ters in our mild nerve compression model, (2) Cmtm6-cKo mice before

injury display a shift toward larger axonal diameters and (3) early post-

injury present with even smaller axonal diameters and an increased

number of pathological profiles that (4) coincide with an enhanced

immune response, we believe that the enlargement of the diameters

of peripheral axons in Cmtm6-cKo mice enhances the vulnerability to

mechanical impact. The concept that axons of larger diameters are

more susceptible to becoming pathological and to degenerate after

injury has been previously suggested based on observations in demye-

linating/neurodegenerative disorders in both PNS and CNS (Fujimura

et al., 1991; Li, 2015; Lovas et al., 2000; Vavlitou et al., 2010), trau-

matic brain injuries (Alexandris et al., 2022; Mierzwa et al., 2014),

nerve compression injuries (Strain & Olson, 1975), and during aging in

the PNS (Chase et al., 1992; Fogarty & Sieck, 2023). Our data are also

in agreement with a recent report that a partial nerve crush injury

spares small-diameter axons from degenerating and preserves affer-

ent fiber innervation with the skin. The observations likely represent a

risk for the development of neuropathic pain, a clinical condition for

which effective therapies are not existent (Kim et al., 2023). Thus, mild

compression injury or partial crush models may be well suited to

model particular human peripheral nerve injury types and have the

potential to support the translation from animal to the clinic.

Why are large diameter axons more susceptible to mechanical

trauma than small diameter axons? Similar findings regarding axonal

diameters after nerve compression have previously been explained by

the Law of Laplace (Strain & Olson, 1975), which—originally phrased

in the early 19th century by both Pierre Simon Marquis de Laplace

and Thomas Young—states that the tension in the wall of a cylinder is

proportional to the difference between internal and external pres-

sures and the radius of the cylinder (T = P � R). A large diameter axon

displays an increased wall area, whereby the mechanical stress in

force per unit area is increased, initiating a deformation process that

will eventually lead to faster/increased degeneration (Strain &

Olson, 1975). We note that the application of the Law of Laplace to

axon sizes after nerve injury remains to be proven experimentally.

Notably, however, several cytoskeletal elements, including neurofila-

ments, submembrane actin/spectrin-rings, and alpha-adducin, are

involved in the development and maintenance of axons, including axo-

nal diameters (Costa et al., 2018; Leite et al., 2016). However, it

remains speculative if these molecules are differently expressed in dif-

ferently sized myelinated axons and thereby may contribute to sus-

ceptibility to injury.

Peripheral nerves have a remarkable regenerative capacity after

injuries when compared to the CNS. However, this recovery is often

slow and incomplete, deteriorating with age in both rodents and

humans (Höke, 2006; Scheib & Höke, 2016; Verdú et al., 2000). Com-

mon impairments include reduced axonal diameters and hypomyelina-

tion (Goodrum et al., 2000; Ikeda & Oka, 2012; Li et al., 2019;

Schröder, 1972; Tseng et al., 2016). The interaction between SCs and

axons is crucial for sufficient regeneration and remyelination (Stassart

& Woodhoo, 2021). For example, the growth factor neuregulin-1 is

essential for SC-mediated, axon diameter-dependent myelination dur-

ing development and post-injury myelin sheath restoration (Fricker

et al., 2011; Michailov et al., 2004; Stassart et al., 2013; Taveggia

et al., 2005). Mice lacking CMTM6 in SCs show increased axonal

diameters, both non-injured (Eichel et al., 2020) and 8 weeks post-

injury. Cmtm6-cKo mice did not exhibit enhanced nerve recovery or

functional improvement post-compression, implying that CMTM6

depletion in SCs is not a viable therapeutic strategy for enhanced

recovery after nerve injury. However, our findings do not entirely dis-

miss possible benefits of therapeutically increasing axonal diameters

for functional outcomes post-injury. For instance, low-intensity ultra-

sound treatment shown to augment axonal diameters, myelination,

and nerve conduction post-injury may hold promise, though its clinical

applicability remains uncertain (Acheta et al., 2022; Tseng

et al., 2016).

During the first week after injury, SCs begin to break down mye-

lin via both, TAM-receptor-mediated phagocytosis and an autophagic

process-termed myelinophagy (Gomez-Sanchez et al., 2015; Lutz

et al., 2017). Concurrently, they attract macrophages to assist in mye-

lin phagocytosis and debris clearance, facilitating subsequent regener-

ation (Chen et al., 2015; Vargas & Barres, 2007). Our analysis of

injured sciatic nerves revealed lysosomal and lipid accumulations 7–

14 dpc, the period during which most myelin is cleared, resulting in

lipid accumulations in SCs and macrophages and SC lysosomal activa-

tion (Jang et al., 2016; Jung et al., 2011; Lutz et al., 2017; Nocera &

Jacob, 2020). Notably, we find an increase in the number of foamy
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SCs and macrophages and an increase of CD68, LC3, and LAMP1-

immunopositive profiles in injured Cmtm6-cKo compared with geno-

type-control nerves 7 dpc. Considering that Cmtm6-cKo mice display

larger diameter axons with appropriately thicker myelin sheaths pre-

injury and a higher proportion of pathological myelinated axons post-

injury, it is plausible that these CMTM6-dependent changes cause

lipid accumulations and enhanced (auto)phagocytosis and lysosomal

activation.

Since we did not detect particularly striking genotype-dependent

differences of relevant marker transcripts by qRT-PCR, including the

transcription factor c-Jun that induces trans-differentiation into repair

SCs (Arthur-Farraj et al., 2012), and no prolonged neuropathological

changes, SCs lacking CMTM6 can principally cope with the increased

debris. However, CMTM6 might play additional roles in SC injury

response or their interaction with macrophages. Consistent with pre-

vious RNA-seq studies, we found reduced Cmtm6-mRNA abundance

in sciatic nerves post-injury, suggesting a role in normal SC injury

responses (Lutz et al., 2022; Yi et al., 2015). Considering that

CMTM6-expression declines early after injury and its partial redistri-

bution to the abaxonal SC surface, it is possible that its deletion indi-

rectly affects the immune response via yet-unknown signals. Indeed,

its name notwithstanding, CMTM6 lacks a recognizable chemokine-

like motif (Burr et al., 2017; Eichel et al., 2020; Mezzadra et al., 2017);

a direct immunomodulatory function of CMTM6 in vivo is thus not

evident. It is plausible that the adaxonal localization of CMTM6 is

required for regulating the diameter of the axon. Its partial redistribu-

tion to the abaxonal surface brings CMTM6 into a position in which it

may affect neighboring nonaxonal structures, including immune cells.

Interestingly, the cholesterol efflux-related transcript Abca1 and

the phagocytosis marker/fatty acid translocase transcript Cd36 display

a genotype-dependent decrease in Cmtm6-cKo nerves upon injury. It is

yet unknown whether lipid handling is linked to the increase in the

number of foamy cells, if it contributes the observed neuropathology,

and/or if it is induced by the presence of more debris. It is noteworthy

that a prior genome-wide association study has linked a single nucleo-

tide polymorphism next to the CMTM6 locus with low-density lipopro-

tein (LDL) (-cholesterol levels and an increased risk for coronary artery

disease (Global Lipids Genetics Consortium, 2013). In addition, in vitro

silencing of CMTM6 in monocyte-derived human macrophages via

RNA-interference caused reduced LDL uptake by macrophages

(Domschke et al., 2018). Notably, in the CNS of both mice and humans,

CMTM6 is also expressed by microglial cells (Zhang et al., 2014), which

can phagocytose myelin and become foamy phagocytes in pathological

states (Berghoff et al., 2021; Kuhlmann et al., 2017; Van Den Bosch

et al., 2022). It will thus be interesting to test in future experiments if

CMTM6 affects lipid handling by microglia with possible therapeutic

relevance for demyelinating CNS disorders.

3.1 | Limitations of the study

In this study, we used a mild compression model to avoid degenera-

tion of all axons and thus complete nerve damage. Notably, compared

to transection of entire nerves, nerve compression causes a more vari-

able degree of pathology and molecular changes, making molecular

assessments somewhat more scattered. Yet, our findings support the

concept that axons of larger diameters are more vulnerable to

mechanical injury, at least in the PNS. We note that the present work

assessed entire nerves. At the level of single axons, it remains to be

tested if larger diameter axons are indeed more prone to degeneration

after mechanical trauma. However, when balancing the use of mice

against possible scientific outcomes, other models that allow single

axon tracking by in vivo imaging and 3D approaches visualizing the

axons in its entirety are probably better suited to approach this ques-

tion. It will thus be an interesting task for future investigation to visu-

alize the fate of individual axons of different diameters after injury,

possibly in zebrafish.

Our study indicates that depleting CMTM6-expression in SCs to

increase axonal diameters is not a suitable approach toward enhanc-

ing recovery after peripheral nerve injuries. Indeed, Cmtm6-cKo mice

do not display increased axonal diameters at early post-injury stages,

and our comparatively mild compression model targets only a subset

of axons in the sciatic nerve. Yet, we believe that other strategies

toward increasing axonal diameters including low-intensity ultrasound

treatment may well ameliorate therapeutic recovery after nerve injury

(Canu et al., 2009; Tseng et al., 2016). However, counteracting

CMTM6-function could be useful in other peripheral nerve conditions.

For example, mice lacking the gene encoding myelin-associated glyco-

protein (MAG) display reduced diameters of peripheral axons (Eichel

et al., 2020; Yin et al., 1998). Importantly, we showed that the

CMTM6-deficiency-dependent increase of axonal diameters overrides

their MAG-deficiency-dependent reduction (Eichel et al., 2020). Not-

withstanding that the MAG gene so far has not been reported to

cause (when mutated) a neuropathy, this implies that counteracting

CMTM6 may emerge as a strategy toward normalizing nerve function

in neuropathies caused by anti-MAG antibodies (Lunn et al., 2002) or

similar conditions. It will thus be an interesting topic of future

research to explore this possibility in neuropathy models. We note

that the Tamoxifen-inducible Cmtm6flox/flox;PlpCreEERT2 model (Eichel

et al., 2020) allows temporal control to achieve increased axonal diam-

eters, circumventing developmental effects. Yet, the fact that the

nerve injury-dependent decrease of axonal diameters overrides the

CMTM6-deficiency-dependent increase, which in turn overrides

MAG-deficiency-dependent decrease, implies the existence of a hier-

archy of signals that has not been well understood. This implies that

further SC surface molecules are involved in the regulation of axonal

diameters but remain to be discovered.

4 | CONCLUSION

Increasing the diameters of peripheral axons by depleting the Cmtm6

gene from SCs or otherwise counteracting CMTM6 is not suited as

concept toward enhancing the regeneration of peripheral nerves after

injury. On the contrary, our observations support the concept that

larger diameter axons are susceptible to mechanical nerve injury. It
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will be relevant to understand the features that make particular axons

more vulnerable when aiming to prevent them from degenerating.

5 | METHODS

5.1 | Mouse models

Mice lacking expression of CMTM6 in SCs (Cmtm6flox/flox;DhhCre mice;

also termed Cmtm6-cKo) were previously reported (Eichel

et al., 2020), and genotypes were determined by genomic PCR as

described (Eichel et al., 2020). Experimental mutant mice were oper-

ated on and analyzed together with littermate controls (Cmtm6flox/flox)

as far as possible. Mice were bred and kept in the mouse facility of

the Max Planck Institute for Multidisciplinary Sciences (MPINAT),

Göttingen, Germany. All animal experiments were performed in accor-

dance with the German animal protection law (TierSchG) and

approved by the Niedersächsisches Landesamt für Verbraucherschutz

und Lebensmittelsicherheit (LAVES) under license 33.19-42502-04-

19/3077. All procedures were supervised by the animal welfare offi-

cer and the animal welfare committee for the MPINAT. The animal

facility at the MPINAT is registered according to §11 Abs. 1 TierSchG.

5.2 | Peripheral nerve compression injury

Adult mice at the age of 3.5–4 months were anesthetized with a mix-

ture of Fentanyl (Dechra Veterinary Products) (0.05 mg/kg), Midazo-

lam (Ratiopharm, Ulm, Germany) (5 mg/kg), Medetomidine (Alfavet,

Neumunster, Germany) (0.5 mg/kg) and diluted in 1 M NaCl (Merck,

Darmstadt, Germany) by intraperitoneal injection. After mice were

anesthetized, to prevent drought of their eyes, a small amount of

Bepanthen ointment (Bayer, Leverkusen, Germany) was applied. A

small incision was made distally of the sciatic notch at the left leg, and

the sciatic nerve was exposed. The nerve was compressed at the mid-

femoral level, 2–3 mm proximally where the sciatic nerve is branching

toward the tibial, peroneal, and sural nerve, by a standardized com-

pression with flat, artery forceps (Dumoxel, Dumont WPI, USA) for

15 s. Thereafter, the injury site was sutured (silky, braided, nonabsorb-

able suture, B. Braun, Melsungen, Germany). Mice were injected sub-

cutaneously with pain medication ([Bayer, Leverkusen, Germany],

0.1 mg/kg diluted in 1 M NaCl) and anesthesia reversal (Atipamezole

[Alfavet, Neumuster, Germany] 2.5 mg/kg and Flumazenil [Hexal,

Holzkirchen, Germany] 0.5 mg/kg diluted in 1 M NaCl). Post-injury,

mice were kept on a warming pad until fully awake; oats, mashed

food, and water containing pain medication (1 mL Metamizole-

natrium 1 H2O 500 mg/mL, 5 g glucose in 100 mL tap water) was pro-

vided for a maximum of 1–3 days post-injury. Burprenorphine was

injected subcutaneously for a maximum of 30 h post-injury (maximum

2 times per day, every 8 h) in case mice showed any signs of pain. To

assess sensory, motor, and functional capabilities, behavioral testing

and electrophysiological measurements were performed 7, 14, 28,

and 56 dpc. CatWalk™ analysis was performed as described below

with a separate cohort. For morphological and molecular analysis,

mice were sacrificed 3, 7, 14, 28, and 56 dpc. The sciatic nerves were

dissected, and the part distal to the injury site was processed for his-

tology and molecular analysis.

5.3 | Electron microscopy

For conventional transmission electron microscopy (TEM), sciatic

nerves of mice were dissected 3, 7, 14, 28, and 56 dpc and postfixed

in Karlsson–Schultz fixative (4% PFA, 2.5% glutaraldehyde in 0.1 M

phosphate buffer) solution at 4�C until further processing. Thereafter,

the sciatic nerves were postfixated with OsO4 (Science Services,

Munich, Germany), dehydrated with ethanol and propylenoxid by

using an automated system (EMTP Leica Microsystems, Wetzlar) and

embedded in epoxy resin (Serva). For TEM, ultrathin sections (50 nm)

of the distal part of the sciatic nerve were cut with the use of a dia-

mond knife (45�, Diatome Biel, CH) via the PTPC Powertome Ultrami-

crotom (RMC, Tuscon Arizona, USA) and collected on formvar

polyvinyl-coated double-sized slot grids (AGAR Scientific, Essex, UK).

UranyLess (Electron Microscopy Science, Hatfield, Panama) was used

to contrast ultrathin sections for 15–30 min followed by six subse-

quent washing steps with ddH2O (Patzig et al., 2016; Weil

et al., 2019). Samples were examined using EM 912 AB-Omega (Zeiss,

Oberkochen, Germany) coupled to a wide-angled dual-speed 2k CCD

camera (TRS, Moorenweis, Germany). For quantitative analyses of g-

ratio, 20–25 random, nonoverlapping images were taken at 3000�
magnification; g-ratio was assessed using ImageJ (Fiji) and calculated

as the ratio between axonal Feret diameter and Feret diameter of the

corresponding myelin sheath (Fledrich et al., 2014; Patzig et al., 2016).

For g-ratios only normal-appearing, non-degenerating/degenerated

myelinated axons were analyzed. In total, between 70 and 150 axons

per mouse with n = 4 were quantified. All quantifications were per-

formed blinded to the genotype.

5.4 | Histology, semithin sections, and axonal
diameter determination

Semithin (500 nm) cross-sections of Epon-embedded distal part of the

sciatic nerves of indicated genotypes and time points post-injury were

obtained using a PTPC Powertome Ultramicrotom, transferred to a

glass slide, dried on a warm plate (60�C), and stained by applying

methylene blue/azur II (1:1) for 1 min followed by 3� washing with

ddH2O. Images were acquired at 100� magnification using a bright-

field light microscope (Zeiss AxioImager Z1; coupled to Zeiss AxioCam

MRc camera; controlled and stitched by Zeiss Zen 1.0 software). Axo-

nal diameters were semiautomatically quantified as previously

described (Eichel et al., 2020). Pathological appearing axons were

quantified on the same semithin sections using the following charac-

teristics: axonal degeneration, axons filled with myelin debris, Waller-

ian-type degeneration, axons with myelin tomaculae, and endoaxonal

edema. Quantification of macrophages and SCs was performed on the
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same semithin sections using the cell counter plugin function of NIH

ImageJ (Fiji). Macrophages were quantified according to Forese et al.

(2020) and were separated into two categories, that is, (1) foamy,

lipid-loaded macrophages and (2) macrophages in proximity to an

axon but lacking lipid accumulations. Onion bulb-like, roundish SC

profiles were counted as two categories, that is, (1) foamy, lipid-

loaded SCs and (2) those lacking lipid accumulations. The number of

mice used for the quantification were n = 5 per genotype per time

point unless indicated otherwise. All quantifications were performed

blinded to the genotype.

5.5 | Behavioral analysis

All phenotypical analyses were performed by the same investigator

blinded toward genotypes 7, 14, 28, and 56 dpc. To assess motor

capabilities, mice were placed once on a metal grid (1 cm grid size)

and allowed to run a distance of 2 m while being videotaped. The

number of hind limb slips was assessed on a slow-motion video (Eichel

et al., 2020). Mice further underwent the grip strength test from

14 dpc onwards. Here, mice were placed on their cage lid, grabbed by

their back fur, and allowed to rest their hind limbs on a horizontal bar

connected to a gauge, their tail was pulled toward the bar, and the

force they use to grab the bar was measured by the gauge in N (new-

ton). A total of 10 replicates were performed (Fledrich et al., 2014). To

assess sensory reaction, mice were placed on a hot plate (Leica HI

1220; Nussloch, Germany) which was heated to a constant 52�C and

surrounded by a clear acrylic cage (open top). A timer was started

once mice were placed on the hot plate, and the time until mice

respond with either licking or retracting one of their left hind limbs

was stopped and measured as retraction latency. Thereafter, mice

were immediately removed from the hot plate and placed back in the

home cage. All assessments were performed one mouse at a time,

with prior habituation to the room but no training.

Additionally, a variety of gait parameters was assessed using the

CatWalk™ XT (CT) system (Noldus, Netherlands). Experimental proce-

dures were as previously described (Heinzel et al., 2020; Kappos

et al., 2017; Timotius et al., 2019). Briefly, to minimize stress and

induce better performance, mice were first habituated for 1 day and

trained for four consecutive days to the CT system. For habituation,

each mouse was free to explore and walk freely through the CT sys-

tem without any rewards. For the training days, mice walked freely

through the CT system, and their runs were recorded. An experimen-

tal session lasted between 2 and 10 min depending on the speed of

the mice (between 10 and 48 cm/s). The CT system recorded three

consecutive runs indicated by mice walking the whole distance of the

walkway without stopping. From the training days, the day with the

fastest run was used for non-injured control. After the induction of

sciatic nerve injury on the left hind limb, mice were placed at the CT

at 1, 3, 7, 14, 28, and 56 dpc. The same paradigm was used for record-

ing the experimental days. For data analysis, only mice with an aver-

age speed above 15 cm/s were used, since speed is known to affect

gait parameters (Batka et al., 2014). All footprint positions for

compliant runs were automatically identified by the system and manu-

ally reassessed by an experienced observer. Calculation of the SFI was

used as implemented in the CT system. Toe spread, intermediate toe

spread and print length were measured both for the injured and non-

injured side for each consecutive run; only paw prints including four

to five digits were included in the analysis. All analyses were per-

formed blinded to the genotype.

5.6 | NCV measurement

Standard electroneurography was performed on the left, injured hind

limb of Cmtm6-cKo and genotype control mice 14, 28, and 56 dpc.

Mice were anesthetized with an intraperitoneal injection of ketamine

hydrochloride/xylazine hydrochloride (100/8 mg/kg BW). A fine pair

of subdermal needle electrodes (Technomed Europe, Maastricht,

Netherlands) was placed subcutaneously along the sciatic nerve close

to the sciatic notch for proximal stimulation and another one on the

tibial nerve above the area of the ankle for distal stimulation. The

ground electrode was placed subcutaneously and close by to the

other pairs of electrodes. The Neurosoft Evidence EMG and Omega

2014 software (Schreiber & Tholen Medizintechnik GmbH, Stade) was

used for measurements and analysis. Increasing voltage pulses were

delivered until supramaximal stimulation was achieved. Compound

motor action potential (CMAP) from the foot muscles and both the

amplitude and latency were recorded. The distance between the two

sites of stimulation was manually measured when the leg was fully

stretched, and NCV was calculated from the motor action potential

latency measurements over the measured distance.

5.7 | Quantitative real-time PCR

mRNA abundances were determined by qRT-PCR using the distal part

of the injured or non-injured sciatic nerves of control and Cmtm6-cKo

mice 7 dpc. To minimize the effects of the surrounding tissue affected

by the nerve injury, the epineurium was carefully removed for each

nerve before freezing samples at �80�C. Thereafter, frozen tissue

was homogenized in TRIzol (Life Technologies, Thermo Fischer Scien-

tific, St. Leon-Rot, Germany), RNA was extracted and purified using

RNeasy Miniprep kit (Qiagen, Portland, USA), and Agilent RNA 6000

Nano kit and Agilent 2100 Bioanalyser (Agilent Technologies, Santa

Clara, California, USA) were used to evaluate the integrity of the puri-

fied RNA. Next, cDNA was synthesized using random nonamer

primers and SuperScript III RNA H Reverse Transcriptase (Invitrogen,

Karlsruhe, Germany). qRT-PCR was performed using Power SYBR

Green PCR Master Mix (Promega, Fitchburg, USA) and Light Cycler

480II (Roche Diagnostics GmbH, Mannheim, Germany). The abun-

dance of mRNAs was analyzed in relation to the mean of the stan-

dards, which did not differ between genotypes. Four biological

replicates with four technical replicates each were used. Statistical

analysis was performed in GraphPad Prism 6.0. Primers were intron-

spanning, and sequences are listed in Table 1.
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5.8 | Immunohistochemistry

For immunolabeling of cryosections, injured sciatic nerves were dis-

sected from mice 7 dpc and cut at the injury site. For non-injured con-

trols, the right sciatic nerve was collected and halved as well. Both the

sciatic nerve parts distal and proximal to the injury (or half part) were

immersion fixed in 4% PFA for 1 h and afterwards transferred to

sucrose buffer (10% 1 h; 20% and 30% in PBS overnight at 4�C).

Using Tissue-Tek O.C.T. (Sakura, Staufen, Germany), the nerve pieces

were embedded in plastic chambers and stored at �20�C until further

processing. A 10–12-μm-thick cross-sections of the distal part were

cut using a cryostat (Reichert Jung Cryocut 1800, Wetzlar, Germany),

and 3–4 cross-sections were collected on Superfrost Plus microscope

glass slides (Thermo Fischer Scientific). Slides were dried for 10–

15 min at RT and stored at �20�C until further use.

Immunolabeling was performed using 200–300 μL volume per

slide with the following steps being applied: slides were incubated in

4% PFA for 5 min, followed by 5 min 100% methanol, washed trice

for 5 min in PBS followed by 1 h blocking buffer (PBS, 10% horse

serum, and 0.1% Tween-20) at RT. Primary antibodies were applied in

the blocking buffer overnight at 4�C. Samples were washed in PBS

3 � 5 min, and secondary antibodies diluted in blocking buffer

(1:1000) were applied for approximately 1 h at RT. Thereafter, sam-

ples were washed with PBS 3 � 5, incubated with DAPI (Thermo Sci-

entific, Waltham, USA) for 5–10 min, and washed again twice for

5 min in PBS and 2 � 30 s in ddH2O before being mounted using

Aqua-Poly/Mount (Polysciences, Eppelheim, Germany). Antibodies

were specific for MAG (clone 513; Chemicon, Cat# MAB1567; 1:50),

CMTM6 (OriGene, Cat# TA322304, 1:200), LAMP1 (BD Biosciences,

Cat#553792, 1:200), SOX10 (RD Systems Cat# AF2864, 1:300), LC3

(Novusbio, Cat# NB100-2220, 1:300), and CD68 (Serotec, Cat#

MCA1957 1:300). Secondary antibodies were diluted 1:1000 and

were either donkey α-mouse-Alexa488, donkey α-rabbit-Alexa488,

donkey α-goat-Alexa488, donkey α-mouse-Alexa555, donkey α-rab-

bit-Alexa555, donkey α-mouse-Dylight633, donkey α-rat-Dylight633,

or donkey α-rabbit-Alexa633 (Invitrogen).

For overview images, slides were imaged at 10� using Axio

Observer Z2 (Zeiss) and ZEN Software. For images at a higher magni-

fication, slides were imaged using the confocal microscope LSM880

(Zeiss, Oberkochen, Germany). The signal was collected with the

objective Plan-Apochromat 40x/1.4 Oil DIC M27 using oil (Immersol™

518 F, Zeiss, Oberkochen, Germany) and an additional zoom of 1.7 or

2.5. To observe the samples with the light source Colibri (Zeiss, Ober-

kochen, Germany), an FS90 filter was used. DAPI was excited at 405,

and the signal was collected between 415 and 510 nm. Alexa 555

was excited with a DPSS 561-10 laser at an excitation of 561 nm, and

the signal was collected between 562 and 624 nm. Then, Dylight 633

was excited with a HeNe633 laser at an excitation of 633 nm and an

emission between 647 and 679 nm. Finally, the MBS 488/561/633

beam splitter was used to detect Alexa 555 and Dylight 633 and

MBS-405 for DAPI, respectively. Fiji, Photoshop, and Adobe Illustra-

tor were used to export, process, and assemble the images.

5.9 | Statistics and reproducibility

Statistical analyses were mainly performed in GraphPad Prism (Graph-

Pad Software, Inc., San Diego, USA). Data are mainly shown as bar

graphs or dot plots with mean ± SD (error bars). Data points in graphs

represent individual mice, except for data points representing axon/

myelin profiles in data clouds showing g-ratios in Figure S2. The exact

sample size/number of mice is given in the figures and/or figure leg-

ends. Data distribution was assumed to be normal but not formally

tested. Outlier tests were performed on all data using the built-in

function in GraphPad except for axonal diameters. For comparing two

groups, an unpaired two-tailed Student's t-test was applied. For Cat-

Walk™ data, since the n number slightly differs between time points, a

mixed-effects model with Geisser–Greenhouse correction and Sidak‘s
multiple comparisons test was used instead of a repeated measure

two-way analysis of variance (ANOVA). For qRT-PCR, one-way

TABLE 1 Primer sequences.

Gene Sequence (50-30; forward—reverse)

Hprt TCCTCCTCAGACCGCTTTT—
CCTGGTTCATCATCGCTAATC

Rplp0 GATGCCCAGGGAAGACAG—
ACAATGAAGCATTTTGGATAATCA

Rps13 CGAAAGCACCTTGAGAGGAA—TTCCAATTAGGTGGGAGCAC

18S AAATCAGTTATGGTTCCTTTGGTC—
GCTCTAGAATTACCACAGTTATCCAA

Cmtm6 GATACTGGAAAAGTCAAGTCATCG—
AATGGGTGGAGACAAAAATGA

Sox2 TCCAAAAACTAATCACAACAATCG—
GAAGTGCAATTGGGATGAAAA

cJun GGGTGACATCATGGGCTATTTT—
TCCAGCCTGAGCTCAACACTT

Mag TCTACCCGGGATTGTCACTG—GCAGCCTCCTCTCAGATCC

Pmp22 GCGGTGCTAGTGTTGCTCTT—TCAGTCGTGTGTCCATTACCC

Aif1 TGTTTTTCTCCTCATACATCAGAATC—
CCGAGGAGACGTTCAGCTAC

Lamp2 TGGAGATCCTAACGTTGACTTG—GGCCAGATCCACGACAGT

Trem2 ACAGCACCTCCAGGAATCAAG—ACAGCCCAGAGGATGC

Mrc1 CCACAGCATTGAGGAGTTTG—ACAGCTCATCATTTGGCTCA

Scarb1 GCCCATCATCTGCCAACT—TCCTGGGAGCCCTTTTTACT

CD36 TTGTACCTATACTGTGGCTAAATGAGA—
CTTGTGTTTTGAACATTTCTGCTT

Apoe GACCCTGGAGGCTAAGGACT—AGAGCCTTCATCTTCGCAAT

Abca1 CTGTTTCCCCCAACTTCTG—TCTGCTCCATCTCTGCTTTC

Abcg1 TCTTTGATGAGCCCACCAGT—GGGCCAGTCCTTTCATCA

Tgfb1 TGGAGCAACATGTGGAACTC—CAGCAGCCGGTTACCAAG

Nos2 TGAACTTGAGCGAGGAGCA—
TTCATGATAACGTTTCTGGCTCT

Arg1 AAGGAAAGTTCCCAGATGTACC—
GCAAGCCAATGTACACGATG

Il10 GGTTGCCAAGCCTTATCGGA—ACCTGCTCCACTGCCTTGCT
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ANOVA with Tukey posttest was performed. RStudio (https://www.

rstudio.com/, version 3.4.1) was used to statistically assess relative

frequency distributions of axonal diameters as previously described

(Eichel et al., 2020, https://github.com/MariaEichel/

FrequencyDistributions). Visualization of axonal diameter frequency

distributions was performed by using GraphPad Prism with all mea-

sured axonal diameter values per mouse grouped respectively to their

genotype. A p-value of <.05 was considered significant in all tests. Sig-

nificance levels are represented as n.s. = non-significant, *p < .05,

**p < .01, and ***p < .001 with exact p-values given in the figure leg-

ends. Representative electron micrographs were chosen from the

images obtained from 3 to 5 different biological replicates per geno-

type. Micrographs are representative of 3–5 biological replicates per

genotype. For immunofluorescence labelling and confocal microscopy,

representative images were chosen from 2 to 3 independent

experiments.
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