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Charcot–Marie–Tooth disease type 1A is the most frequent inherited peripheral neuropathy. It is generally due to heterozygous

inheritance of a partial chromosomal duplication resulting in over-expression of PMP22. A key feature of Charcot–Marie–Tooth

disease type 1A is secondary death of axons. Prevention of axonal loss is therefore an important target of clinical intervention.

We have previously identified a signalling mechanism that promotes axon survival and prevents neuron death in mechanically

injured peripheral nerves. This work suggested that Schwann cells respond to injury by activating/enhancing trophic support for

axons through a mechanism that depends on upregulation of the transcription factor c-Jun in Schwann cells, resulting in the

sparing of axons that would otherwise die. As c-Jun orchestrates Schwann cell support for distressed neurons after mechanical

injury, we have now asked: do Schwann cells also activate a c-Jun dependent neuron-supportive programme in inherited

demyelinating disease? We tested this by using the C3 mouse model of Charcot–Marie–Tooth disease type 1A. In line with

our previous findings in humans with Charcot–Marie–Tooth disease type 1A, we found that Schwann cell c-Jun was elevated in

(uninjured) nerves of C3 mice. We determined the impact of this c-Jun activation by comparing C3 mice with double mutant

mice, namely C3 mice in which c-Jun had been conditionally inactivated in Schwann cells (C3/Schwann cell-c-Jun�/� mice),

using sensory-motor tests and electrophysiological measurements, and by counting axons in proximal and distal nerves. The

results indicate that c-Jun elevation in the Schwann cells of C3 nerves serves to prevent loss of myelinated sensory axons,

particularly in distal nerves, improve behavioural symptoms, and preserve F-wave persistence. This suggests that Schwann cells

have two contrasting functions in Charcot–Marie–Tooth disease type 1A: on the one hand they are the genetic source of the

disease, on the other, they respond to it by mounting a c-Jun-dependent response that significantly reduces its impact.

Because axonal death is a central feature of much nerve pathology it will be important to establish whether an axon-supportive

Schwann cell response also takes place in other conditions. Amplification of this axon-supportive mechanism constitutes a novel

target for clinical intervention that might be useful in Charcot–Marie–Tooth disease type 1A and other neuropathies that involve

axon loss.
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Introduction
Inherited neuropathies that affect peripheral nerves are among the

most common hereditary neurological diseases. The most frequent

genetic form of these conditions is Charcot–Marie–Tooth disease

type 1A (CMT1A). It is generally caused by heterozygous inherit-

ance of a duplication within an area of chromosome 17p11.2 that

contains a gene encoding the 22 kDa protein PMP22, which is

expressed by Schwann cells and serves as a minor myelin compo-

nent. The duplication results in mild elevation of PMP22 levels in

compact myelin and a disease characterized by the loss of

Schwann cell myelin, weakness of distal muscles and muscle atro-

phy, sensory and reflex deficiencies, foot deformities and reduced

nerve conduction velocity (Scherer and Wrabetz, 2008; Shy et al.,

2008).

It is notable that although overexpression of PMP22 in Schwann

cells is thought to be the cause of the disease, a key feature of

CMT1A is secondary death of axons (Lewis et al., 2003; Suter and

Scherer, 2003). Axon death is also seen in many other conditions

where nerves are diseased or traumatized: it is common in alter-

native forms of inherited neuropathies in addition to CMT1A, it is

characteristic of the acute motor axonal neuropathy and acute

motor-sensory axonal neuropathy form of acquired neuropathies,

and it is an important feature of diabetic neuropathy (Hughes and

Cornblath, 2005; Said et al., 2008; Scherer and Wrabetz, 2008).

Furthermore, there is strong evidence that clinical disabilities asso-

ciated with different forms of neuropathy, including CMT1A, are

to a significant extent due to axon death rather than demyelin-

ation. Accordingly, prevention of axonal loss is considered an im-

portant target for clinical intervention (Krajewski et al., 2000;

Scherer and Wrabetz, 2008).

It is therefore of interest that endogenous signalling mechanisms

that potentially promote axon survival and prevent neuron death

have been identified within peripheral nerves (Keswani et al.,

2004; Arthur-Farraj et al., 2012). One of these mechanisms de-

pends on the activation of the transcription factor c-Jun in

Schwann cells of injured nerves (cut or crush) (Parkinson et al.,

2008; Arthur-Farraj et al., 2012). In these experiments c-Jun was

found to exert broad control over the Schwann cell response to

nerve damage, since it directs the conversion of myelin and non-

myelin (Remak) cells to repair (Bungner) Schwann cells that are

specialized for supporting growth and guidance of regenerating

axons. Most relevant in the present context is the observation

that mice with selective inactivation of Schwann cell c-Jun

(c-Jun-cKO mice) show not only poor regeneration after nerve

injury, but also significant neuronal death (Arthur-Farraj et al.,

2012; Fontana et al., 2012). This indicates that in damaged

nerves, c-Jun activation prompts the expression of Schwann cell

factors that support the survival of distressed neurons.

Quantitatively this effect is substantial: the number of small

dorsal root ganglion and facial motor neurons that die after sciatic

or facial nerve injury is 2–3-fold higher in c-Jun-cKO mice than in

wild-type mice. Even the large dorsal root ganglion neurons,

which do not show significant death after nerve injury in wild-

type control mice were reduced in number by 30–40% in c-Jun-

cKO animals.

The observation that c-Jun orchestrates Schwann cell support

for distressed neurons after mechanical injury raises a significant

question. Do Schwann cells also activate a c-Jun dependent pro-

gramme to rescue neurons and axons in other types of nerve

pathology, including inherited demyelinating disease? This possi-

bility is consistent with our finding that Schwann cell c-Jun is

elevated in Schwann cells in nerve biopsies from patients with

CMT1A (Hutton et al., 2011), and has recently received strong

support from observations on Cx32def mice that model CMT1X

neuropathy (Klein et al., 2014). In uninjured nerves of these mice,

c-Jun and GDNF are co-upregulated in Schwann cells associated

with axons with deficient neurofilament phosphorylation, suggest-

ing activation of Schwann cell trophic support for perturbed axons.

Here this hypothesis was tested using the C3 mouse model of

CMT1A. The C3 mouse carries three to four copies of the human

PMP22 gene and shows intermediate disease severity (Verhamme

et al., 2011). We found that Schwann cell c-Jun was elevated in

Schwann cells of (uninjured) nerves of C3 mice, in line with pre-

vious findings in humans. We determined the impact of this c-Jun

activation by comparing C3 mice with double mutant mice,

namely C3 mice in which c-Jun has been conditionally inactivated

in Schwann cells (C3/c-Jun-cKO mice). To do this we carried out

sensory-motor tests and electrophysiological measurements and

counted axons in proximal and distal nerves. The results indicate

that c-Jun elevation in the Schwann cells of CMT1A nerves serves

to improve CMT1A behavioural symptoms, maintain F-wave per-

sistence and prevent loss of axons, particularly in distal nerves.

This suggests that Schwann cells have two contrasting functions

in CMT1A: on the one hand they are the genetic source of the

disease, on the other, they respond to it by mounting a c-Jun-

dependent response that significantly reduces its impact.

Amplification of this axon-supportive mechanism constitutes a

novel target for clinical intervention that might be useful in

CMT1A and other neuropathies that involve axon loss.

Materials and methods

Conditional ablation of Schwann cell
c-Jun in C3 mice
Animal experiments were approved by the UK Home Office. The

C3/c-Jun-cKO line generated here is of mixed C57BL6J and FVB

background.

To generate the C3/c-Jun-cKO line we used the C3 mouse

(Verhamme et al., 2011), the Jun
fl/fl mouse (Behrens et al., 2002)

and the P0 Cre mouse (Feltri et al., 1999), which expresses Cre recom-

binase under the control of the P0 promoter. The C3 mouse was

crossed twice with the Jun
fl/fl mouse to generate Jun

fl/fl C3 mice.

The Jun
fl/fl

P0 Cre+ mouse was generated by crossing the P0 Cre+

mouse twice with the Jun
fl/fl mouse (Parkinson et al., 2008). In a

final step the Jun
fl/fl C3 mice were crossed with Jun

fl/fl
P0 Cre+ mice

to generate the C3 Jun
fl/fl

P0 Cre+ (C3/c-Jun-cKO mouse).Three other

genotypes also resulted, namely the C3 Jun
fl/fl

P0 Cre� (called C3

mouse), the Jun
fl/fl

P0 Cre� and the Jun
fl/fl

P0 Cre+ (c-Jun-cKO

mouse) (Arthur-Farraj et al., 2012) (Supplementary Fig. 1A). Jun
fl/fl

P0 Cre� and Jun
fl/fl

P0 Cre+ mice showed no difference in sensory-

motor function (Supplementary Fig. 2). Therefore they were combined

Schwann cell c-Jun C3 mouse Brain 2014: 137; 2922–2937 | 2923
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into one group (called control) for all experiments involving C3 and

C3/c-Jun-cKO mice.

Genotyping of mice
DNA was extracted from ear or tail samples using the HotSHot

method (Truett et al., 2000). Primers used for typing the PMP22

transgene were 5’-CTTCAGGCCCTGCACCTC-3’ and 5’-CATTC

CGCAGACTTGGATG-3’, for the P0 Cre transgene 5’-GCTGGCC

CAAATGTTGCTGG-3’ and 5’-CCACCACCTCTCCATTGCAC-3’ and

for the Jun flox locus were 5’-CCGCTAGCACTCACGTTGGTAGGC-3’

and 5’-CTCATACCAGTTCGCACAGGCGGC-3’.

Behavioural tests

Beam walking

Five and 12mm beams 1 -m long and 20-cm high were used. A score

taking both foot slips and beam falls into account was given in ac-

cordance with performance: 0 and 1 foot slip = 1; 2 to 5 foot slips = 2;

over 5 foot slips or at least 1 beam slip = 3.

Sciatic functional index

Sciatic functional index was measured as described elsewhere (Klapdor

et al., 1997; Inserra et al., 1998; Arthur-Farraj et al., 2012).

Hanging wire test

The mouse was placed on a cage lid, which was slowly turned around.

Latency for hind limbs to come off the lid for longer than 10 s was

timed with a cut-off set at 2min.

Rotarod test

Mice were trained for five trials using acceleration from 4 to 20 rpm.

On the third day three trials were performed accelerating to 40 rpm.

Grid test

The walkway was 1 -m long, 5-cm wide and 25-cm high. For the

equidistant grid test the distance between metal bars was 2 cm and

for the random grid test random distances of 1, 2 or 3 cm. Hindpaw

slips were counted for each trial and analysed.

Von Frey test

The von Frey test was conducted using a dynamic plantar aesthesi-

ometer (Ugo Basile 37450).

Hotplate test

The hotplate (Ugo Basile 7280) was heated to 50�C. The animal was

placed on the plate and the latency to respond with either a hindpaw

flick, hindpaw lick, or a jump was recorded. Following a response the

mouse was removed from the hotplate. The cut-off value for response

was set at 2min to avoid tissue damage.

Electrophysiological measurements
Nerve conduction studies on isoflurane anaesthetized mice used a

Viking Quest EMG machine. Compound action potentials were re-

corded from small foot muscles with subcutaneous needle electrodes

and 10Hz high-pass and 10 kHz low-pass filters. The recording elec-

trode was inserted midway between the metatarsal-phalangeal joints

and the ankle. The reference electrode was inserted into the hallux.

The tibial nerve was stimulated at the ankle and the sciatic nerve at

the sciatic notch using a pair of monopolar needle electrodes. Nerve

conduction velocity, distal and proximal CMAP amplitudes and distal

motor latency were determined after supramaximal stimulation and

minimal F-wave latency and persistence was determined from 20 con-

secutive stimuli.

Western blotting
After dissection, nerves were snap frozen in liquid nitrogen, extracted

and blotted (Arthur-Farraj et al., 2012). Antibodies: mouse anti-c-Jun

Ig (BD Biosciences #610326; 1:2500), mouse anti-GAPDH Ig (Abcam

#ab8245; 1:5000) and P0 mouse monoclonal antibody (Astexx;

1:1000).

Immunocytochemistry

Schwann cell cultures

Schwann cell cultures were prepared from sciatic nerves and brachial

plexus from 7day-old mice (Dong et al., 1999). For immunocyto-

chemistry cells were fixed with 4% paraformaldehyde (PFA) in PBS

for 20min, then for 10min in methanol, �20�C. Application of

anti-S100 (DAKO A/S; 1:100), was followed by Alexa Fluor� 488

anti-rabbit Ig (Molecular Probes; 1:400). For double immunolabelling,

c-Jun mouse monoclonal antibodies (BD Biosciences #610326; 1:500

in antibody diluting solution (ADS)) were subsequently applied over-

night at 4�C, followed by donkey anti-mouse Ig Cy3 (Jackson

Research Labs; 1:500) and 4’,6-diamidino-2-phenylindole (DAPI).

Teased nerves

Nerves were fixed in 4% PFA for 10min, washed, teased, dried and

post-fixed in acetone at �20�C for 10min (Klein et al., 2014). They

were double immunolabelled with rabbit monoclonal antibodies to

c-Jun overnight (Cell Signalling; 1:200), anti-rabbit Ig Alexa Fluor�

488 (1:500; 2.5 h), 324 rat anti-mouse Ig L1 antibodies (1:500;

1.5 h), anti-rat Ig Cy3 (1:500; 1 h) and DAPI as above.

Frozen nerve sections

Ten micrometre sciatic or saphenous nerve sections were fixed in acet-

one, and double labelled sequentially with goat anti-Sox10 antibodies

overnight (R&D AF2864; 1:100) to label Schwann cells, anti-goat Ig

Alexa Fluor� 488 (1:1000; 1 h), rabbit c-Jun antibodies overnight, anti-

rabbit Ig Cy3 (1 h) and DAPI. For macrophage counts nerve sections

were fixed in 4% PFA in PBS (10min), labelled with monoclonal anti-

bodies F4/80 and anti-rat Ig Alexa Fluor� 488 and DAPI as above.

Morphometry
Mice were perfused with 4% PFA in PBS. Tissues were fixed overnight

in 1% PFA, 1% glutaraldehyde in 0.1M PIPES buffer pH 7.6. Toes

were decalcified in 5% EDTA in 0.1M PIPES buffer pH 7.6. Nerves

were osmicated in 1% osmium tetroxide and embedded in Agar resin

(Agar Scientific).

Ultrathin 70-nm sections were cut and stained with lead citrate. To

calculate g-ratios �3000 electron micrographs were taken (Gatan

software) and analysed in ImageJ. In the saphenous nerve, dorsal

root and ventral root the number of myelinated fibres and the

number of axons 41.5 mm were counted in every field.

ATPase staining
Soleus muscles were dissected from 10-month-old mice, and myofi-

brillar actomyosin ATPase histochemistry was performed as described

2924 | Brain 2014: 137; 2922–2937 J. Hantke et al.
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(http://neuromuscular.wustl.edu/pathol/histol/atp.htm, Brooke and

Kaiser, 1970).

Statistical analysis
For comparisons between control, C3 and C3/c-Jun-cKO animals, one

way analysis of variance (one-way ANOVA) was used with the

Bonferroni test as a post test for multiple comparisons (Graphpad

Prism5) (with P-values designated as: *P5 0.05, **P5 0.01,

***P5 0.001, ****P5 0.0001). Comparisons between the two con-

trol groups Jun
f/f and Jun

f/f
P0 cre and between C3 and control mice

were conducted using Student’s t-test. Frequency distribution data

were analysed using two-way ANOVA with Bonferroni post-test.

Graphical data is expressed as means � SEM.

Results

c-Jun levels are increased in Schwann
cells of the C3 mouse

c-Jun protein levels were increased in uninjured peripheral nerves of

C3 mice by western blotting. This increase had already occurred at

post-natal Day 13 and continued with age. Both predominantly sen-

sory (saphenous) and motor (quadriceps) nerves were affected (Fig.

1A–C). To confirm that c-Jun was elevated in Schwann cells, we

carried out double label immunolabelling on sciatic and saphenous

nerve sections with c-Jun antibodies and Sox10 antibodies to identify

Schwann cells. In both nerves, the number of Schwann cells with

detectable nuclear c-Jun in C3 mice was close to double that seen in

control nerves. Similarly, in teased sciatic and saphenous nerves from

C3mice, the number of myelin Schwann cells with nuclear c-Jun was

about double that found in teased control nerves. The intensity of

Schwann cell c-Jun immunoreactivity was also noticeably higher in

C3 nerves compared to controls. The general intensity of c-Jun label-

ling in uninjured C3 nerves was, however, substantially lower than

that previously described in injured nerves (Fig. 1D–G). The number

of F4/80+macrophages was not significantly different between sa-

phenous nerves or sciatic nerves in C3 and control mice (saphenous:

1.7 � 0.40 and 1.5 � 0.56 macrophages/field; sciatic: 3.2 � 0.84

and 1.8 � 1.24 macrophages /field; n = 3 in control and C3

nerves, respectively).

Ablation of Schwann cell c-Jun in the C3
mouse

To investigate the role of elevated c-Jun in CMT1A Schwann cells,

we selectively deleted c-Jun in Schwann cells of the C3 mouse by

breeding together C3 mice, Junfl/fl mice (Behrens et al., 2002) and

P0 Cre mice (Feltri et al., 1999), (see ‘Materials and methods’

section and Supplementary Fig. 1A). This resulted in the gener-

ation of a C3 mouse without c-Jun in Schwann cells (C3 Jun
fl/fl

P0Cre
+ mouse), referred to as the C3/c-Jun-cKO mouse, and

three other genotypes, which served as controls.

We examined the success of this strategy by immunolabelling

c-Jun in Schwann cell cultures prepared from post-natal Day 7

sciatic nerves, using S100 as a Schwann cell marker. Nuclear

c-Jun was seen in nearly all Schwann cells from Jun
fl/fl

P0

Cre- mice (controls) or C3 mice as expected, whereas c-Jun was

essentially absent in cells from Jun
fl/fl

P0 Cre+ and C3/c-Jun-cKO

mice (Supplementary Fig. 1B). In parallel experiments, comparable

lack of c-Jun was seen in cells from mice with conditional inacti-

vation of c-Jun in Schwann cells only (Jun
fl/fl

P0Cre
+ mice) as

reported previously (Arthur-Farraj et al., 2012). In confirmatory

experiments, nuclear c-Jun was undetectable in cultured Schwann

cells from 5-month-old C3/c-Jun-cKO mice, whereas c-Jun expres-

sion was retained in other cell types and in Schwann cells from

Jun
fl/fl

P0 Cre� controls (Supplementary Fig. 1C).

C3 mice show impaired performance in
sensory-motor tests

As a first step towards determining the function of c-Jun in Schwann

cells with a genetic modification akin to the human CMT1A dupli-

cation, we used a number of behavioural tests to establish a quan-

titative profile of sensory- motor performance of the C3 mouse

compared to controls. The tests included the accelerating rotarod,

the hanging wire test to measure grip strength, grid walking on a

horizontal ladder to measure paw misplacements, sciatic functional

index measurement and beam walking with two beam widths.

In every test, using 1.5-, 3- and 6-month-old mice, the C3

animals showed a clear trend towards impaired performance com-

pared to controls. This reached statistical significance for the

Rotarod, grid walking and sciatic functional index in 3-month

old-mice, for the hanging wire test in 6-month-old mice, and for

1.5-month-old mice in the narrow beam walking test (Fig. 2 and

Supplementary Fig. 3).

The C3 mouse also showed reduced heat sensitivity compared

to controls, shown by increased response time in a hotplate test

(Fig. 3A). The von Frey hair test failed to reveal abnormal touch

sensation in C3 mice (Fig. 3B).

C3 nerves have conduction defects

Nerve conduction studies revealed changes typical for inherited

neuropathies. In comparison to values for control animals, motor

nerve conduction velocities as well as proximal and distal ampli-

tudes of compound muscle action potentials were significantly

reduced, whereas distal motor latency values and minimal

F-wave latencies increased in line with the reduced conduction

velocity of the hindlimb. F-wave persistence, however, was similar

in C3 and control mice (Fig. 3). These findings are in agreement

with previous data from rodent models of CMT1A and patients

with PMP22 duplication (see ‘Discussion’ section).

C3 nerves show dysmyelination in
motor nerves and abnormal muscle
fibre patterns

As both motor and sensory nerves showed a similar increase in

c-Jun protein we first examined mixed nerves by counting myelin

sheaths in light micrographs of toluidine blue stained semi-thin

sections. In the tibial branch of the sciatic nerve (at the sciatic

Schwann cell c-Jun C3 mouse Brain 2014: 137; 2922–2937 | 2925
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Figure 1 c-Jun levels are elevated in Schwann cells of the C3 mouse. (A–C) Western blots of (uninjured) peripheral nerves from control

and C3 mice showing elevated c-Jun protein levels at 6, 8 and 13 months, and post-natal Day 13. (A) Strongly elevated c-Jun levels are

seen in the brachial plexus (BP) and femoral nerve (FN) of C3 mice compared to controls (6-month-old mice). (B) In the sciatic nerve (SN)

of C3 mice, c-Jun protein levels increase with age (m = months). (C) In C3 mice, elevated c-Jun is already seen in saphenous (SaN) and

quadriceps (QN) nerves at post-natal Day 13. (D) Counts showing that in C3 nerves, the number of c-Jun+ Schwann cell nuclei is about

double that in control nerves. The numbers for saphenous and sciatic nerves represent the percentage of SOX10+ Schwann cell nuclei that

were also c-Jun+ in double immunolabelled transverse sections. The numbers for teased nerves represent the percentage of DAPI labelled

nuclei that were also c-Jun+ in myelin Schwann cells identified by phase contrast in teased sciatic and saphenous nerves immunolabelled

with L1 antibodies to identify non-myelin (Remak) cells. (E) Transverse sciatic nerve sections double labelled with SOX10 antibodies to

identify Schwann cells, and c-Jun antibodies. The images for c-Jun were captured using identical parameters and illustrate the difference in

intensity of c-Jun labelling typically seen between C3 and control nerves. In controls, c-Jun is hard to detect in this comparison, although

the signal is unambiguous using other imaging settings. Scale bar = 10 mm.

2926 | Brain 2014: 137; 2922–2937 J. Hantke et al.
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Figure 2 C3 mice show sensory-motor deficits that are amplified in the absence of Schwann cell c-Jun in C3/c-Jun-cKO mice.

(A) Rotarod: Using the accelerating rotarod all mouse lines show some decline in performance with age. C3 mice show a trend towards

worse performance than controls which reaches significance in 3-month-old mice. Similarly, C3/c-Jun-cKO mice tend to perform worse

than C3 mice, reaching significance in 3-month-old mice. (B) Hanging wire test: C3 mice perform significantly worse than controls at 6

months. C3/c-Jun-cKO mice perform significantly worse than C3 mice at 1.5 and 3 months. (C) Grid walking: C3 mice show a trend

towards worse performance than controls, which is significant at 3 months. C3/c-Jun-cKO mice perform significantly worse that C3 mice

at 3 and 6 months and show a strong trend towards deteriorating performance with age. (D) Sciatic function index: C3 mice tend to

perform worse than controls at all ages and this is significant at 1.5 and 3 months. In 6-month-old mice there is a clear trend towards

worse performance by C3/c-Jun-cKO mice compared to C3 but this does not reach significance. (E) Beam walking 1.2 cm beam: There is

little difference between C3 and control mice. But C3/c-Jun-cKO mice show a strong decline in performance compared to C3 that is

significant at 3 and 6 months. (F) Beam walking 0.5 cm beam: C3 mice perform significantly worse than controls at 1.5 months but the

deterioration in C3/c-Jun-cKO mice compared to C3 mice is not significant. *P50.05, **P50.01, ***P50.001.
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Figure 3 Sensory tests and electrophysiological measurement. (A) Hotplate test: both C3 and C3/c-Jun-cKO mice show a prominent

sensory deficit in perception of thermal stimuli, which is significantly different from control animals (B) Automatic von Frey: Applying the

von Frey test in an automatic version detected no significant differences between the three mouse lines. (C–H) Electrophysiology. The

figures obtained in the C3 mouse reveal several deficits compared to control animals that are typical for CMT1A. One parameter, F wave

persistence, is normal in C3 mice but significantly reduced in C3/c-Jun-cKO mice. Nerve conduction studies were performed on 3-month-

old control, C3 and C3/c-Jun-cKO animals. (C–F) C3 and C3/c-Jun-cKO mice have significantly decreased motor neuron conduction

velocity (MNCV), and proximal and distal amplitude, whereas distal motor latency is increased in both mouse lines in comparison to the

control. (G) F wave latency was increased in the C3 and C3/c-Jun-cKO mice. (H) C3/c-Jun-cKO mice showed significantly reduced F wave

persistence compared to both C3 and control mice. *P50.05, **P50.01, ***P50.001.
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notch) we found that myelination appeared mostly normal in C3

nerves, although some myelin sheaths were obviously thin.

Counting together thin and apparently normal myelin we found

that the total number of myelin sheaths was comparable in C3

and control nerves (reduced by a non-significant 8% in C3)

(Fig. 4A, and C). We also examined the distal nerves at the

base of toe 1. Here we found a significant reduction in C3 com-

pared to control nerves of �30% in the number of myelin

sheaths. (Fig. 4B and D). Next we carried out separate evaluations

of predominantly sensory nerves (dorsal root and saphenous

nerve) and motor nerves (ventral root and quadriceps nerve).

In sensory nerves, light microscopy counts showed a drop of

�18% in the number of myelin sheaths in dorsal roots of C3 mice

compared to controls, whereas no significant reduction was seen

in the saphenous nerve (Fig. 5A). Electron microscopy of dorsal

roots showed that several axons in C3 mice had too thin or too

thick myelin, whereas some myelin-competent (i.e.41.5 mm)

axons were amyelinated (i.e. had no myelin or one or two

myelin wraps) (Fig. 5B). This seemed to be dysmyelination rather

than demyelination, as there was no evidence of myelin debris,

myelin containing macrophages or other signs of myelin break-

down. These observations were confirmed by scatter plots of G-

ratios versus axon diameter which showed that the small diameter

axons in the C3 mouse often showed a propensity to a thickened

myelin sheath, whereas large diameter axons were more fre-

quently hypomyelinated. There was also a reduction in the pro-

portion of larger myelinated axons (Supplementary Fig. 5A).

Using electron microscopy, we counted the total number of

myelin competent axons in sensory nerves, dividing them into

two categories (i) axons with normal, thick or thin myelin and

(ii) amyelinated axons41.5 mm (Table 1). The total numbers of

myelin-competent axons [category (i) plus category (ii)] in the

dorsal root and saphenous nerves were not significantly different

from that found in control nerves (reduced by non-significant

5.2% and 8.0%, respectively) (Fig. 5A and Table 1). The size

distribution of the diameters of myelinated axons was also similar

in C3 and control mice (Fig. 5C). Consistent with the light micro-

scopic observations, fewer of the myelin-competent axons were

myelinated in C3 nerves, the incidence of amyelinated axons rising

from 1.2% in control dorsal roots to 7.5% in C3 roots and from

0.1% in control saphenous nerves to 0.5% in C3 nerves (Table 1).

In motor nerves the situation was different, as light microscopic

counts of myelin sheaths revealed a substantial reduction in C3 mice

compared with controls. This amounted to about 55% and 25%,

respectively, in ventral roots and quadriceps nerves (Fig. 6A).

Electron microscopy of the ventral root showed that many axons

in C3 mice had thin myelin and revealed a large number of amye-

linated axons (Fig. 6B). As in sensory nerves and for the same rea-

sons, this is likely to represent dysmyelination. Scatter plots of G-

ratios versus axon diameter revealed a similar pattern of change

between C3 and control nerves as seen in sensory nerve, namely

a reduction in the proportion of larger myelinated axons together

with a tendency towards hypermyelination of smaller axons and

hypomyelination of larger ones (Supplementary Fig. 5B).

Examination of the diameter of myelinated axons in the ventral

root also indicated that dysmyelination in C3 mice primarily affected

the largest diameter axons (Fig. 6C).

We counted the total number of ventral root axons in the elec-

tron microscope, using the same two categories as for the sensory

nerve counts (Table 1). The total number of myelin-competent

axons [category (i) plus category (ii)] in the ventral root was

reduced from control by �18.7% but this did not reach statistical

significance. These counts showed also that as many as 47.9% of

axons were amyelinated in the C3 nerves compared to only 0.5%

in the controls, in agreement with the counts by light microscopy.

As muscle weakness and wasting are classical symptoms of

CMT1A, we looked at muscle pathology in the C3 mouse.

Staining of the muscle ATPase at pH 4.3 in soleus muscles re-

vealed the typical checkerboard pattern in control and C3 muscles,

although there appeared to be a trend towards greater fibre

grouping in C3 muscles (Fig. 7A). Fibre type distribution was

also comparable in control and C3 mice (Fig. 7B). There was a

trend towards increased average muscle fibre area in C3 muscles

(Fig. 7C). This was confirmed by the observation that in C3 mus-

cles there was a significant decrease of fibre numbers in the smal-

ler size category 1000 to 1499 mm2 for type 1 and type 2a/b

fibres, whereas larger fibre categories had greater percentages of

fibres (Fig. 7D, E and Supplementary Fig. 5).

Together these results document and quantify a set of perform-

ance faults and electrophysiological defects in the C3 model of

CMT1A. A major contributor to these functional defects is likely to

be the extensive dysmyelination of motor axons in the C3 mouse.

Expression of c-Jun in CMT1A Schwann
cells improves sensory-motor
performance, maintains normal F-wave
persistence and prevents loss of
sensory fibres in C3 mice

Comparison of C3 mice, in which Schwann cell c-Jun expression is

present and elevated, with C3/c-Jun-cKO mice, in which c-Jun is

absent, allowed us to determine the impact of c-Jun expression in

Schwann cells in this model of CMT1A.

Sensory-motor performance

In sensory-motor tests, we found that C3 mice expressing c-Jun

consistently outperformed C3/c-Jun-cKO mice in every test. The

difference between the C3 and C3/c-Jun-cKO mice was significant

in the rotarod test using 3-month-old mice, in the hanging wire

test with 1.5- and 3-month-old mice, in grid walking using 3- and

6-month-old mice, and in the 1.2 cm wide beam walk for 3- and

6-month-old mice (Fig. 2). Moreover, while the difference in the

SFI between control and C3 mice was not significant due to large

variability, abnormalities of paw placement by C3 mice were

clearly visible in the foot prints (Supplementary Fig. 2). No

change in heat sensation or von Frey tests was seen in C3 com-

pared to C3/c-Jun-cKO mice (Fig. 3A and B).

Confirming the trend towards impaired sensory-motor function

from control to C3 to C3/c-Jun-cKO mice, we found that for

mice at every age, and in every test, the difference in performance

between control and C3/c-Jun-cKO was statistically significant, with

the sole exception of broad beam walking at 1.5 months (Fig. 2).
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These results indicate that in CMT1A mice, expression of

Schwann cell c-Jun is adaptive, and a significant factor in redu-

cing the sensory-motor deficits caused by PMP22 over-

expression.

Maintenance of F-wave persistence

Comparing control and C3 mice we showed that out of the six

electrophysiological parameters that were measured, only one,

F-wave persistence, remained normal in C3 mice (Fig. 3). We

found that this maintenance of normal F-wave persistence de-

pends on Schwann cell c-Jun expression in the C3 mice, as

F-wave persistence was strongly reduced by �70% in the

C3/c-Jun-cKO mouse (Fig. 3F). The other five electrophysiological

parameters that were abnormal in C3 mice remained so in the

absence of c-Jun (Fig. 3A–E). As in C3 mice, normal F-wave per-

sistence is a feature of human CMT1A.

Figure 4 Light microscopy of mixed nerves. (A) There is a trend towards lower numbers of myelinated axons from control to C3 to

C3/c-Jun-cKO mice. (B) In the distally located nerves in toe 1, the number of myelinated axons in nerves from C3 and C3/c-Jun-cKO mice

is significantly lower than in controls. Removal of Schwann cell c-Jun (the C3/c-Jun-cKO compared to the C3 mouse) does not increase the

number of myelin sheaths. (C and D) General appearance of the tibial and toe nerves from control, C3 and C3/c-Jun-cKO mice, as shown

in semithin sections. Scale bar = 20 mm. *P50.05, **P5 0.01, ***P50.001.
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Figure 5 Light microscopy of sensory nerves. (A) Counts of myelinated fibres in light microscopy photographs show that C3 mice have

small but significant loss of myelin sheaths in dorsal roots but not in saphenous nerves when compared to control nerves. Both nerves

showed significant loss of myelin sheaths in C3/c-Jun-cKO compared to C3 mice. (B) Electron micrographs illustrating amyelinated and

thickly and thinly myelinated axons. These myelin abnormalities are less pronounced in the saphenous nerve than in the dorsal root. Scale

bar = 5 mm. (C) Analysis of myelinated axon diameters in dorsal root and saphenous nerve in control, C3 and C3/c-Jun-cKO mice.

*P5 0.05, **P50.01, ***P5 0.001.
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Prevention of axon loss

Comparison of sensory nerves in control and C3 mice showed that

some axons in both C3 dorsal roots and saphenous nerves had too

thick or too thin myelin (Fig. 5). Nevertheless, counts in the elec-

tron microscope showed that the total number of myelin-compe-

tent axons (axons with normal, thick, thin or no myelin but

41.5 mm) was not significantly different in the sensory nerves of

C3 mice compared to the same nerves in control mice (Table 1). A

different picture was seen in C3/c-Jun-cKO mice. These animals

showed substantial loss of myelin-competent axons, which was

more extensive in distal nerves (distal axonopathy). Comparing

dorsal roots in C3 and C3/c-Jun-cKO mice showed that the

number of myelin competent axons was 25.5% (P5 0.01)

higher in C3 nerves (that express c-Jun) compared to C3/c-Jun-

cKO nerves where c-Jun is absent. And in the more distal saphe-

nous nerve 54.5% (P50.01) more axons were found in C3

nerves compared to C3/c-Jun-cKO nerves. Nevertheless, the dis-

tribution of the diameters of myelinated axons was similar in the

two mouse lines, indicating that axon loss in C3/c-Jun-cKO nerves

occurred at all axon diameters (Fig. 5C).

Previously we showed that c-Jun dependent Schwann cell sig-

nalling provides survival support to dorsal root ganglion sensory

neurons, when nerves are damaged by crushing. Comparable sur-

vival support was not found for injured spinal cord motor neurons

(Arthur-Farraj et al., 2012). Interestingly, we found the same se-

lectivity, with respect to axon loss, in the C3 mouse, although in

this mouse the neurons are distressed by Schwann cell PMP22

over-expression, rather than mechanical damage. This was

shown by the fact that the number of spinal cord motor axons

in ventral roots, which was normal in C3 mice, remained un-

changed in C3/c-Jun-cKO mice, rather than declining. The

myelin abnormalities we had seen in C3 ventral roots in compari-

son with control, including extensive dysmyelination, too thick and

too thin myelin sheaths (Fig. 6), did not change significantly in

C3/c-Jun-cKO mice. The size distribution of the diameters of mye-

linated axons was also similar in the two genotypes (Fig. 6C).

These observations indicate that up regulation of Schwann cell

c-Jun is a necessary component of an axon-supportive mechanism

in this mouse model of CMT1A.

Muscle phenotype

The muscle phenotype was mostly comparable in C3 and

C3/c-Jun-cKO mice (Fig. 7). The C3/c-Jun-cKO mouse showed

a tendency to increased hypertrophy of muscle fibres of all

types (Fig. 7C), which was also manifested in a significant de-

crease in type 1 fibres in the size group 1500–1999 mm2 whereas

larger fibres were over-represented (Fig. 7D).

Discussion
The present experiments show, first, that the transcription factor c-

Jun is upregulated in Schwann cells in the C3 mouse model of

CMT1A, in line with the presence of Schwann cell c-Jun in

human peripheral neuropathy, and Cx32def mice (Hutton et al.,

2011; Klein et al., 2014). Second, inactivation of c-Jun results in a

substantial worsening of CMT1A-related behavioural deficits and

abnormal shortening of F-wave latency, suggesting impairment

in the function of spinal cord motor neurons. Third, when

Schwann cell c-Jun is inactivated in C3 nerves, there is a

striking loss of myelin-competent dorsal root ganglion sensory

axons that is more pronounced in distal nerves. From this and

our previous work on c-Jun we conclude that activation of

Table 1 In the C3 mouse, lack of c-Jun in Schwann cells results in loss of sensory but not motor axons

47.7 2031

Myelin-competent

axons: total

Myelinated axons Amyelinated axons Amyelinated axons

as % of total axons

Dorsal root

Control 2318 13.8
ns

2288 19.7
*

29 27.6
*

1.3

C3 2197 51.74
**

166 7.644.0

C3/c-Jun-cKO 1821  74.81
**

1618.4 48.8 203 19.9
ns

11.1

Saphenous nerve

Control 803 57.5
ns

803 57.6
ns

0 0.3
ns

0

C3 738 33.4 734 33.5

**

5 2.4

ns

0.5

C3/c-Jun-cKO 479 56.6 ** 475 57.1 4 0.92.7

Ventral root

Control 1093 98.5
ns

1087 94.8
**

6 3.9
***

0.5

887C3 5.4 462 14.5 425 47.916.3

C3/c-Jun-cKO 907 28.4
ns

460 23.3
ns

447 39.6
ns

49.3

Counts of myelinated and amyelinated axons (including axons with less than two layers of myelin) with a diameter 41.5 mm. The counts were carried out

on complete transverse sections of the tibial branch of the sciatic nerve from 3-month-old control, C3 and C3/c-Jun-cKO animals. Myelinated and

amyelinated axons together make up myelin-competent axons.

*P5 0.05, **P5 0.01, ***P50.001, ns = not significant.
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Schwann cell c-Jun is an adaptive response to disease that results in

axonal protection and the support of sensory-motor performance.

Distal axonopathy is a key feature of human CMT1A and axon

death accounts for many of the clinical manifestations (Krajewski

et al., 2000). Axon death is also seen in severe mouse models of

CMT1A (Sancho et al., 1999) and we found a (non-significant)

trend towards reduced axonal number in the C3 mouse. Thus

PMP22 over-expression and its consequences in Schwann cells

act to distress axons/neurons and adversely affect their function,

resulting in axonal death.

Mechanical nerve injury (transection or crush) of wild-type

nerves also elevates Schwann cell c-Jun and prevention of c-Jun

Figure 6 Light microscopy of motor nerves. (A) Counts of myelinated fibres in light microscopy photographs show that C3 mice have

about 50% fewer myelin sheaths in ventral roots and �20% fewer sheaths in quadriceps nerves compared to controls. No significant

increase in the number of myelin sheaths was seen in C3/c-Jun-cKO nerves compared to C3 nerves. (B) Electron micrographs show the

marked dysmyelination in motor nerves of C3 and C3/c-Jun-cKO mice. Scale bar = 5 mm. (C) Analysis of myelinated axon diameters in

ventral root and quadriceps nerve in control, C3 and C3/c-Jun-cKO mice. *P5 0.05, **P50.01, ***P5 0.001.
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Figure 7 Analysis of muscle fibres. (A) Light micrographs of muscles in control, C3 and C3/c-Jun-cKO mice. Both C3 and C3/c-Jun-cKO

have immature (2c), angulated (black arrowhead), hypertrophic (black arrow) and atrophied fibres (empty arrow head). Scale

bar = 50 mm. (B) Fibre type distribution in control, C3 and C3/c-Jun-cKO animals. (C–E) Area distribution of type 1 and type 2 fibres.

*P5 0.05, **P50.01, ***P5 0.001.
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activation by genetic means, as in the present study, results in

substantial axon and neuron loss in injured nerves, malfunctioning

Bungner repair cells and regeneration failure. In both C3 mice and

cut/crushed nerves, loss of Schwann cell c-Jun affects dorsal root

ganglion neurons but not spinal cord motor neurons (Arthur-Farraj

et al., 2012). Together these studies suggest that nerve pathology,

whether caused by mechanical damage or PMP22 over-

expression, activates a common neuron-supportive mechanism.

This depends on the activation of Schwann cell c-Jun and results

in damage limitation, likely due to trophic signalling from Schwann

cells to axons (Arthur-Farraj et al., 2012; Fontana et al., 2012).

We suggest that normal axon numbers in the C3 CMT1A nerves

are maintained by this c-Jun-dependent axon supportive mechan-

ism. Genetic inactivation of Schwann cell c-Jun removes/reduces

trophic Schwann cell support, revealing an underlying distal axo-

nopathy in sensory neurons in the C3 mouse. Conversely, it is

possible that the amplification of this mechanism would be of

clinical benefit in nerve pathology.

The role of c-Jun in Schwann cells of
injured and diseased nerves

Upregulation of c-Jun in Schwann cells of injured nerves is well

established (De Felipe and Hunt, 1994; Shy et al., 1996). The

functional significance of this started to emerge when it was

found that c-Jun suppressed myelin genes, opposed the function

of pro-myelin signals such as cyclic AMP elevation and the tran-

scription factor Krox-20 (now known as EGR2), and inhibited

myelination in neuron-Schwann cell co-cultures. On this basis,

c-Jun was characterized as negative regulator of myelination

(Jessen and Mirsky, 2008). Other transcriptional regulators that

share some of these functions include NOTCH, SOX2 and PAX3

(Le et al., 2005; Jessen and Mirsky, 2008; Doddrell et al., 2012).

More recent work has shown that the ability of c-Jun to suppress

myelin genes and drive dedifferentiation of myelin Schwann cells is

only one facet of a much broader function. This is to control the

genetic reprogramming of Schwann cells in intact nerves to form

the repair–supportive Schwann cell phenotype in injured nerves

(Arthur-Farraj et al., 2012). This process includes reduction in

myelin gene expression and dedifferentiation of myelin cells, but

also activation of autophagy for myelin breakdown, recruitment of

macrophages, and formation of regeneration tracks (Bands of

Bungner). Most importantly for the present work, it also involves

the c-Jun mediated upregulation of important trophic factors such

as GDNF, artemin and sonic hedgehog and cell surface proteins

such as P75NTR, L1, NCAM and N-cadherin. All of these mol-

ecules are likely to mediate Schwann cell-axon interactions. In line

with this, one of the functions of the Bungner repair cell is to

support the survival of injured dorsal root ganglion sensory and

facial motor neurons, although not spinal cord motor neurons

(Arthur-Farraj et al., 2012; Fontana et al., 2012). c-Jun seems to

serve a similar neuron-supportive function in C3 mice, to the

extent that removal of Schwann cell c-Jun results in loss of

dorsal root ganglion axons in dorsal roots and distal sensory

nerves (saphenous), while leaving axon numbers in ventral roots

unchanged.

In C3 mice, elevation of Schwann cell c-Jun is not associated

with demyelination, as is the case in injured wild-type nerves:

dorsal root ganglion axons in C3 mice, with or without c-Jun,

largely retain their myelin sheaths. Further, in wild-type mice, a

significant number of Schwann cells express low but detectable c-

Jun while remaining myelinated, and c-Jun is elevated in myelin

Schwann cells of Cx32def mice (present work and Klein et al.,

2014). Another disconnection between c-Jun and myelin status

is the finding that dysmyelinated axons in C3 mice do not myeli-

nate in C3/c-Jun-cKO mice in which c-Jun has been removed.

The facts that c-Jun can be expressed at detectable levels in cells

that do not demyelinate, and that removal of c-Jun does not

always promote myelination both argue against a simple view of

c-Jun as a negative regulator of myelination. There are a number of

plausible explanations for these observations. Perhaps higher c-Jun

levels are required to initiate myelin breakdown than are needed to

activate expression of neuron-supportive factors. Alternatively, c-

Jun-mediated demyelination requires co-activation of other signals

that are not present PMP22 over-expressing cells in intact nerves.

Dysmyelination in C3 mice may not be due to the action of nega-

tive regulators but derive from faults in the drivers of myelination,

or negative regulators other than c-Jun may be at play.

In addition to c-Jun dependent support for axons, other mech-

anisms that are affected by c-Jun could play a part in explaining

the differences in axon numbers and sensory-motor performance

between C3 and C3/c-Jun-cKO mice. For instance, c-Jun pro-

motes Schwann cell autophagy (unpublished data), and is regu-

lated in the unfolded protein response, processes that might have

beneficial effects on Schwann cell and axonal health in C3 mice

(Lee and Notterpek, 2013; D‘Antonio et al., 2013).

Mouse models of CMT1A

Several rodent models of CMT1A have used random insertion of

human or mouse PMP22 transgenes which produce extra PMP22

protein in addition to the endogenously made PMP22. Models

with severe disability, such as the C22 mouse (Huxley et al.,

1996), the my41 mouse (Robertson et al., 2002) and the TgN

247-249 mice (Magyar et al., 1996) represent the extreme end

of the human CMT1A spectrum. In contrast, the intermediate

disease severity in the rat model (Sereda et al., 1996), the C61

mouse (Huxley et al., 1998) and the C3 mouse (Verhamme et al.,

2011) mirrors human CMT1A more closely.

To control for the effects of removing c-Jun from Schwann cells

in the C3 mouse, it was necessary to perform our own character-

ization of the C3 CMT phenotype. We confirmed and extended

the description by Verhamme et al. (2011), including defining a

previously undescribed sensory deficit detectable with the hotplate

test, and showing that the muscles of the C3 mouse show a ten-

dency towards immature fibre types, a general fibre hypertrophy

and characteristic fibre type grouping.

F wave persistence

The electrophysiological defects that we observed in C3 mice are

in line with findings in CMT1A rodent models and patients with

PMP22 duplication (Kaku et al., 1993; Magyar et al., 1996;

Schwann cell c-Jun C3 mouse Brain 2014: 137; 2922–2937 | 2935
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Sereda et al., 1996; Birouk et al., 1997; Krajewski et al., 2000;

Robaglia-Schlupp et al., 2002; Verhamme et al., 2011).

F-waves provide a functional measure of proximal nerve and

anterior horn cells, measuring the ability of motor neurons in the

anterior horn to generate and propagate action potentials. F-wave

persistence relies on antidromic conduction in the alpha motor

neurons and its ‘reflection’ in a small proportion of motor neurons

and the orthodromic propagation back to the muscle. It is not

observed under physiological conditions, but serves as an electro-

physiological diagnostic tool. It has been reported in patients with

Guillain-Barré syndrome and in rats with experimental autoim-

mune neuritis, an animal model of Guillain-Barré syndrome

(Kuwabara et al., 2000; Taylor and Pollard, 2003). F-wave per-

sistence is strikingly reduced in C3/c-Jun-cKO mice compared to

C3 mice. This indicates reduced conduction or excitability of ven-

tral horn motor neurons. This is not likely to be due to increased

demyelination or axonal pathology, as we observed no significant

differences in ventral roots of these two lines. Another explanation

could be that in C3/c-Jun-cKO mice, death of sensory axons and

the resulting loss of sensory input to motor neurons leaves these

cells hyperpolarized relative to their counterparts in C3 mice. This

would result in reduced excitability likely reflected in reduction in

F-wave persistence.

Conclusion
The present paper and previous work suggests that Schwann cells

respond to nerve injury or disease by activating/enhancing trophic

support for axons through a mechanism that depends on Schwann

cell c-Jun (Arthur-Farraj et al., 2012; Fontana et al., 2012). This

response results in substantial sparing of axons that would other-

wise die. Further work will be needed to test individual steps of

this process, including analysing the molecular nature of trophic

Schwann cell-axon signalling, learning why PMP22 over-expres-

sion in Schwann cells adversely affects axon health, and determin-

ing to what extent c-Jun elevation is induced by axonal signals or

results from PMP22 over-expression through cell-autonomous

mechanisms. Another question is whether the failure to detect

c-Jun-dependent Schwann cell support for spinal cord motor

axons, in this study and previous work reflects the absence of

distress-induced Schwann cell-mediated trophic support for these

axons. It is more likely that this mechanism is present, but depends

on molecular mechanisms other than c-Jun, in line with other

molecular differences between Schwann cells of sensory and

motor fibres (Hoke et al., 2006).

Axonal death is a central feature of much nerve pathology, and

it will be important to establish whether this adaptive Schwann cell

response to promote axon health also takes place in other condi-

tions such as diabetes. Amplification of this response represents a

new target for therapy.
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