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Charcot-Marie-Tooth disease
New insights from skin biopsy

ABSTRACT

Objective: To evaluate, by skin biopsy, dermal nerve fibers in 31 patients with 3 common Charcot-
Marie-Tooth (CMT) genotypes (CMT1A, late-onset CMT1B, and CMTX1), and rarer forms of CMT
caused by mutations in RAB7 (CMT2B), TRPV4 (CMT2C), and GDAP1 (AR-CMT2K) genes.

Methods: We investigated axonal loss by quantifying Meissner corpuscles and intrapapillary
myelinated endings and evaluated morphometric changes in myelinated dermal nerve fibers by
measuring fiber caliber, internodal, and nodal gap length.

Results: The density of both Meissner corpuscles and intrapapillary myelinated endings was
reduced in skin samples from patients with CMT1A and all the other CMT genotypes. Nodal gaps
were larger in all the CMT genotypes though widening was greater in CMT1A. Perhaps an altered
communication between axons and glia may be a common feature for multiple forms of CMT.
Internodal lengths were shorter in all the CMT genotypes, and patients with CMT1A had the
shortest internodes of all our patients. The uniformly shortened internodes in all the CMT geno-
types suggest that mutations in both myelin and axon genes may developmentally impede inter-
node formation. The extent of internodal shortening and nodal gap widening are likely both
important in determining nerve conduction velocities in CMT.

Conclusions: This study extends the information gained from skin biopsies on morphologic abnor-
malities in various forms of CMT and provides insights into potential pathomechanisms of axonal
and demyelinating CMT. Neurology® 2015;85:1202-1208

GLOSSARY

ANOVA = analysis of variance; CMAP = compound muscle action potential; CMT = Charcot-Marie-Tooth; CMTNS = Charcot-
Marie-Tooth Neuropathy Score; IME = intrapapillary myelinated endings; MBP = myelin basic protein; MC = Meissner corpuscles;
NCS = nerve conduction study; NF = neurofascin; PGP = protein gene product.

Charcot-Marie-Tooth (CMT) disease is the most frequent neurologic hereditary disorder and
shows great clinical and genetic heterogeneity.”* The advent of genetic testing has made sural
nerve biopsy unnecessary for diagnosing most cases of CMT, particularly because the technique
is somewhat invasive. This has led to an inability to evaluate morphologic effects by the various
mutations on human nerves. Since animal models do not always faithfully reproduce human
pathology, the lack of human nerve tissue has limited investigations into pathogenic mecha-
nisms of CMT. Skin biopsies increasingly offer a minimally invasive approach to overcome this
problem. Beginning with studies of glabrous® and hairy skin,* these biopsies have already pro-
vided pathogenic information in sensory nerves from patients with CMT1A, such as reduced
Meissner corpuscles (MC) density, shortened internodal length, and abnormal paranodal-
juxtaparanodal architecture.>®

In the present study, we extend these observations in a larger series of patients. We performed
skin biopsies on 31 patients with 3 common CMT genotypes (i.e., PMP22 [CMT1A], MPZ
[late-onset CMT1B], and G/BI [CMTX1] genes) and rarer forms of CMT caused by mutations
in RAB7 (CMT2B), TRPV4 (CMT2C), and GDAPI (AR-CMT2K) genes. We investigated
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axonal loss by quantifying MC and intrapapil-
lary myelinated endings (IME) and evaluated
morphometric changes in myelinated dermal
nerve fibers by measuring fiber caliber, inter-
nodal, and nodal gap length. Results were com-
pared among CMT genotypes and to those of

controls who did not have neuropathy.

METHODS Patients. Thirty-one patients with CMT and 45
healthy controls were included in the study after screening to rule
out abnormalities of glucose metabolism or endocrine function;
vitamin E, By, or folic acid deficiency; hepatic or renal failure;
HIV infection; or connective tissue disorders. All patients were
older than 18 years at enrollment. Based on molecular genetic
analysis, the following CMT genotypes were included: CMT1A
(n = 10), CMTX1 (n = 9), late-onset CMTI1B (n = 5),
CMT2B (n = 3), CMT2C (n = 3), and AR-CMT2K (n = 1).

Twenty-three patients were recruited at the University Federico
IT of Naples and 8 patients at the University of Verona. All patients
underwent neurologic examination and standard nerve conduction
study (NCS), which consisted of at least 2 motor nerves and one
sensory nerve for upper and lower limbs. For motor NCS, median
or ulnar nerves were investigated at upper limbs, peroneal or tibial
nerves at lower limbs. For sensory NCS, median or ulnar nerves
were investigated at upper limbs, sural or superficial peroneal nerve
at lower limbs. Neurologic disability was assessed using the

Charcot-Marie-Tooth Neuropathy Score (CMTNS).”

Standard protocol approvals and patient consents. All sub-
jects signed a written informed consent before enrolling in the
study. The study protocol was approved by the local ethical

committee.

Skin biopsy. All subjects underwent 2-mm punch biopsies from
the fingertip (at the vortex of III finger). Samples were fixed in
cold Zamboni solution, cryoprotected in 20% sucrose
phosphate-buffered saline, and cut in 50-pwm-thick sections by
means of a sliding microtome. Free-floating sections were
incubated overnight with a panel of primary antibodies to mark

fibers.

conjugated with cyanine 2, 3, and 5 were used to visualize the

MC and myelinated nerve Secondary antibodies
markers. Antibody sources and dilutions are listed in table e-1 on

the Neurology® Web site at Neurology.org.

Quantification of MCs and myelinated nerve fibers. MC
and IME were counted in fingertips as previously described.’
Values of density/mm?* were obtained. Receptors whose morphol-
ogy appeared completely disrupted with loss of their coiled shape
in protein gene product (PGP)-stained sections were considered

atrophic and therefore were not included in the count.

Morphometric analysis of myelinated nerve fibers. 3D dig-
ital images of all myelinated fibers present in 3 PGP/myelin basic
protein  (MBP) double-stained sections were acquired using
confocal microscopy (Apotome2; Zeiss, Oberkochen, Germany)
and a 20X objective for the measurements of caliber, internode,
and nodal gap length (figure 1A). Internodal and nodal gap lengths
were measured on the stack of z-series images using Neurolucida
software (MBF Bioscience; Williston, VT). Nodal gap was
measured as the length of the fiber not marked by MBP
(figure 1, B.a and B.b) and included nodal and part of paranodal
regions.>® The measurement of internodal length was performed
only when 2 consecutive nodes were identified by tracing the

internode on the Z-stack of confocal images (figure 1B.c). Four

caliber measurements for each internode (figure 1B.d) were
obtained and a mean value was reported.

The Pan-Neurofascin (NF)/MBP double-stained sections
(1 section for each biopsy) (figure 1, C and D.a) were used to
verify that all the myelin gaps along the fiber course corresponded

to nodes and to qualitatively evaluate the nodal/paranodal region.

Statistical analysis. We compared morphologic and morpho-
metric parameters between CMT and controls and among the
CMT genotypes.

Sural nerve biopsy studies show that patients with PMP22
duplication have demyelinating histopathology, patients with
late-onset MPZ and G/BI mutations have exclusively or predom-
inantly axonal pathologic features, and patients with axonal CMT
genotypes (namely CMT2) have typically axonal features.® There-
fore, we classified our patients into 2 main groups, the demyelin-
ating (i.e., CMT1A) and the axonal, which included all the other
CMT genotypes (late onse-CMT1B, CMTX1, CMT2B,
CMT2C, and AR-CMT2K). We compared findings of CMT1A
with those of the axonal group as whole.

Moreover, we also compared data from patients with axonal
CMT due to mutations in myelin genes (i.e., MPZ and GJ/BI)
with those from patients with CMT due to mutations in axonal
genes (i.e., RAB7, TRPV4, and GDAPI).

Statistical analysis was performed using STATA 12.1 for
Windows (StataCorp LP, College Station, TX). The analysis of
variance (ANOVA) test with the Bonferroni post hoc test for par-
ametric variables or the Kruskal-Wallis test for nonparametric var-
iables were used. For 2-group comparison, Mann-Whitney U test
was performed for nonparametric variables. The Spearman rank-
order correlation test was used to investigate the correlations
between nonparametric variables. The robust test of equality of
variance was used for verifying the homogeneity of data between

groups. A p value of <0.05 was considered significant.

RESULTS Patients. Demographic, NCV, CMTNS,
and skin biopsy features of patients and controls are
summarized in table 1.

The ANOVA analysis with the Bonferroni post
hoc test did not detect statistical difference in mean
age among CMT genotypes and between CMT and
healthy controls.

Clinically, disease severity, determined by
CMTNS, ranged from mild to moderate impairment
and no statistical difference was observed among the
CMT groups. However, CMTNS did suggest a trend
toward greater impairment in CMT2C (CMTNS =

17.6) and AR-CMT2K (CMTNS = 20).

Quantification of MCs and myelinated nerve fibers. The
2-group comparison (Mann-Whitney U test) showed
that a loss (p < 0.005) of MC and IME was present
in the fingertip of all patients from each CMT
genotype compared to healthy controls (table 1).

The axonal group as whole tended to have a
greater loss of MC and IME than CMT1A, and this
was especially evident in the CMT2C group and in
the AR-CMT2K patient who presented a complete
loss of MC and IME (table 1).

The Spearman rank-order correlation test did not
reveal significant correlations between MC or IME
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[ Figure 1 Confocal images show morphometric analysis methods ]

(A, B) Protein gene product (PGP)/myelin basic protein (MBP) double-stained images exemplify the procedures used to mea-
sure node (B.b), internode (B.c), and fiber diameter (B.d), calculated as the mean value of 4 random measures along the inter-
node. Measurements were performed on MBP channel, as shown by arrowheads, while PGP staining (arrow in B.a) was
necessary to check on axonal continuity. (C) The nodal region on an image double-stained with neurofascin (NF) and MBP:
branching originates always from nodes (arrowhead). (D.a, D.b) The same image at higher magnification after splitting the

2 channels. Scale bar: 50 pm (A); 200 um (C).

loss and CMTNS and compound muscle action
potential (CMAP) amplitude (included in CMTNS)
for any CMT genotype.

Morphometric analysis of myelinated nerve fibers. A
total of 1,007 fibers were analyzed from all patients.
We performed 293 measurements of internodal
length, 874 of nodal gap length, and 4,028 of fiber
calibers on these fibers. Kruskal-Wallis analysis
showed a difference in both internodal and nodal
gap length among the 7 groups (p = 0.0001).

The 2-group comparison (Mann-Whitney U test)
showed that each CMT genotype had shorter inter-
node (p < 0.009) and longer nodal gap (p < 0.0001)
compared to healthy controls (table 1).

CMT1A had shorter internodes (p < 0.001) and
longer nodal gaps (p < 0.001) than the axonal CMT
group. Moreover, CMT1A patients had longer
nodal gaps (p < 0.05) than any other CMT geno-
type. No difference was evident within the axonal
group between patients harboring mutations in
myelin genes (i.e., MPZ, GJBI) and those with
mutations in axonal genes (i.e., RAB7, TRPV4,
and GDAPI).
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The robust test of equality of variance showed that
the variability around the mean internodal length was
comparable between each CMT genotype and con-
trols, suggesting that the reduction in internodal
length observed in each CMT genotype affected
nerve fibers uniformly (figure 2). Moreover, the var-
iability of internodal length was also comparable
between demyelinating and axonal CMT, not allow-
ing us to distinguish the primary pathologic event
leading to internodal length shortening.

Fiber caliber was not different among CMT geno-
types and between each CMT genotype and controls.
One explanadon could be that some dermal nerve
fibers presented mild and uniform enlargement of
caliber such as occurs in predegenerative conditions,
and this could have influenced our measurement.

In addition to the nerve fiber loss, several aspects
of nerve degeneration were present. Myelinated fibers
showed large variability in the caliber, fragmentation
(figure 3D), and swellings (figure 3, E and F). NF/
MBP double-staining showed asymmetrical distribu-
tion (figure 3, H and I) of paranodes compared to
control (figure 3G). MC showed abnormalities in



p Value
NS?
NSP

<0.005°
NS

Meissner corpuscles;

9.2 (14.6-51.9) <0.005°

10.6

+
+

n=234,34 +1.5(1.5-<0.0001°

11.6)
n =107, 84.2 + 27.7 <0.009°

(36.5-188.3)
n=195,32=09(1.5-

554 211
6.4)

Controls
45

46.5
21:24

NA

NA

NA

28.3
(26.3-100)

n = 25,609 + 241

n=48,43+14
(21.3-111.1)

(2.2-11.9)
n=23028+04

GDAP1

31

0:1

39.3 (31-43)
20

0

(2.2-3.8)

0
intrapapillary myelinated endings; MC

16.0
4.0 (14-22)

+
+

19.7 = 19 (3.4-41.9)

47.6 = 41 (43-51)
n=101,44+15

(2.1-9.1)
n = 49,686 + 22.0

0.2 = 0.4 (0-0.8)
(36.3-145.3)
n==6431+07

TRPV4
42.0

21

17.6
1(0-3)
(1.8-5.0)

25

+

11.9 = 4.8 (6.5-15.7)

31 + 3.8(0-7.6)
n==62 47 +20
n= 27,651 + 39.0
(22.6-218.2)

(2.1-13.6)
n=7330+08

RAB7

45.6

485+ 6.1
(41.5-52.4)

10 = 5.2 (4-14)
0 (0-1)
(1.8-6.5)

2:1
Charcot-Marie-Tooth Neuropathy Score; IME

13.6
6.2 (2-17)

+
+

28.0 = 14.7 (0-52.5)

8.2 + 6.9 (0-23.5)
n= 308,49 + 20

(1.7-18.6)
n=79 677 +26.4

GJB1

48.4

2:7

422+ 73
(29.7-48.4)

10.4

0(0-2)
(24.6-169.5)
n=2344,31+0.7
(1.7-5.6)

12.3
Charcot-Marie-Tooth; CMTNS

motor nerve conduction velocity; NA = not applicable; NS = not significant.

38.9 + 4.0 (33.1-42)

MPZ

52.8

3:2

12 + 1.9 (10-15)
0(0-1)

4.6 + 55(0-13.5)
20.0 + 16.1 (0-37.7)
n=92>51+27
(1.7-18.4)

n= 23,689 + 36.6
(23.4-176.6)
n=149,33+0.9
(1.7-6.0)

5.4
2.7 (8-17)

+
+

21 + 6.1 (6.2-27.6)

8.2 + 4.7 (2.7-19.6)
n =90, 535 + 224

n=263,6.0 + 3.5
(20.9-117.2)

(1.5-22.8)
n=2347,31+08

PMP22

10

40.4

2:8

11.5
0(0-2)

28.2 + 18.7
(1.5-59.8)
(1.5-6.3)

Fiber caliber, pm, mean + SD (range)

MC (per mm?3), mean + SD (range)
IME (per mm?2), mean + SD (range)
Internodal length, um, mean = SD

Nodal gap length, pm, mean + SD
(range)

Ulnar CMAP score (included in
(range)

MNCV, m/s, mean = SD (range)
CMTNS), median (range)

Individuals, n
Age, y, mean = SD
CMTNS, mean =+ SD (range)

M:F

MNCV
2 Analysis of variance with the Bonferroni post hoc test.

[ Table 1 Clinical and skin biopsy features of patients with CMT and healthy controls
b Two-group comparison by using Mann-Whitney U test.

Abbreviations: CMAP = compound muscle action potential; CMT

their shape (figure 3, B and C, compared to figure 3A)
and in their position (located at the base instead of the
apex of the dermal papillae).

Finally, although segmental demyelination and
subsequent remyelination may be a pathologic feature
in sural nerve biopsies from CMT1A, we identified
no segmental demyelination in any internodes from
patients with CMT1A. These data are in keeping
with those previously reported in patients with

CMT1A.C

DISCUSSION This study extends the information
gained from skin biopsies on morphologic abnormal-
ities in various forms of CMT and provides interest-
ing insights into potential pathomechanisms of
axonal and demyelinating CMT.

Axonal degeneration is a major cause of long-term
disability in both demyelinating and axonal CMT.?
Skin biopsy studies have previously demonstrated a
loss of MC, a consequence of axonal loss, in patients
with CMT1'° and CMT1A.° In addition, recent ob-
servations using in vivo confocal microscopy demon-
strated a correlation between MC loss and CMAP
amplitude and clinical disability as assessed by
CMTNS."" We have extended these observations in
our studies by observing reductions in the density of
both MC and IME in skin samples from multiple
patients with axonal (7RPV4, RAB7, GDAPI) and
intermediate (late-onset MPZ and GJ/BI) forms of
CMT in addition to patients with CMTIA. We
did not find a correlation between MC or IME loss
and the CMTNS and CMAP score. The different
methodology used in our study might account for
the discrepancy with data obtained in a previous
study." However, our patient with AR-CMT2K
who presented with the most severe clinical impair-
ment (CMTNS = 20) had a complete loss of MC
and IME at skin biopsy. Taken together, our results
demonstrate that axonal loss in CMT can be readily
detected by skin biopsy. Since skin biopsies can be
performed on multiple occasions, these results also
suggest their potential use as an outcome measure
to detect axonal loss in longitudinal studies. Never-
theless, further studies on larger CMT samples are
needed to better define the sensitivity of MC density
as a measure of axonal degeneration as well as to val-
idate skin biopsy as a surrogate biomarker of disease
severity.

Nodes of Ranvier, paranodes, and juxtaparanodes
contain specialized regions of myelin and the axonal
cytoskeleton that play important roles in developing
and maintaining the organization of myelin and the
ensheathed axon.'” Altered axon—glial communica-
tion at this level has been hypothesized to contribute
to axonal degeneration in patients with CMT1A and
CMTX1.>"® Abnormalities and reorganization of

Neurology 85 October 6, 2015 1205



Figure 2 Boxplots of internodal length in each Charcot-Marie-Tooth genotype
and controls
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paranodal regions have been clearly documented in
sural and dermal nerve fibers from patients with
CMT1A and CMTX1.>#!* Retraction of paranodal
myelin appears as a widening of the nodal gap, which
includes the true nodal space and part of flanking
paranodal regions. Thus widening of nodal gaps can
be used as a surrogate marker for changes occurring at
nodes or paranodes. Evidence of widened gaps was
observed in Trembler-]'*> and Cx32-deficient mice.'®
We found that nodal gaps were larger in patients with
CMT1A than in other genotypes, suggesting that
widening of the nodal gap may be a feature of
CMT subtypes that affect myelin. However, we also
found that nodal gaps were wider in all other geno-
types compared to controls, suggesting that nodal
gaps are abnormal even in patients with axonal forms
of CMT. Abnormalities of nodal gaps have not been
described previously in patients with CMT2, but
experimental models of axonal degeneration have
shown that early structural changes include paranodal
myelin retraction.'”'® Moreover, retracted paranodal
myelin sheaths are frequently associated with swollen
axons,'” which are thought to represent predegenera-
tive phenomena.”® These abnormalities were widely
observed in dermal nerve fibers from our patients. Per-
haps altered communications between axons and glia
at paranodal level are common features for multiple
forms of CMT, including those that primarily affect
axons, though widening may be greater in the demy-
elinating or dysmyelinating forms such as CMT1A.
A more detailed investigation of paranodal regions
in CMT is warranted in further studies by using anti-
bodies against the paranode-specific protein Caspr.

Neurology 85 October 6, 2015

Paranodal alterations such as paranodal asymmetry,
which is thought to be an index of demyelination,®
might also differ in CMT due to myelin gene muta-
tions with respect to axonal CMT.

Uniformly short internodes occur in dysmyelinat-
ing models such as periaxin null mice and have been
hypothesized to cause slow nerve conductions such as
are seen in these mice and in patients with periaxin
mutations causing CMT4F.>' Uniformly shortened
internodes in dermal nerve fibers were previously
observed in skin biopsies from patients with CMT1A,
suggesting that developmental abnormalities in inter-
node formation contributed to the slow nerve con-
ductions in patients.® However, shortened internodes
have been reported in a sural nerve biopsy from a
single late-onset axonal AMPZ-mutated patient*® and
in peripheral nerves of mutant mice deficient for
Cx32.'¢ Patients with late-onset CMT1B or with
CMTX1 often have normal or only mildly slowed
nerve conductions and minimal evidence of myelin
abnormalities morphologically.?**% In the current
study, we observed shortened internodes in all the
CMT genotypes, including those with mutations in
axonal genes (i.c., RAB7, TRPV4, and GDAPI).
Molecular definition in our series of patients with
axonal CMT might account for the difference with
respect to a previous report, which did not show
shortened internodes in 5 patients with nongeneti-
cally defined CMT2.¢

Therefore, while uniformly shortened internodes
may suggest a developmental abnormality in internode
formation, it is unclear whether they are always associ-
ated with abnormal myelin and whether they alone
always cause slow conductions. We would not find it
surprising that developmental abnormalities in axonal
neuropathies could result in shortened internodes if
we consider that reciprocal interactions between
Schwann cells and axons are critical for the develop-
ment of myelinated axons.”>?¢ Therefore, mutations
in both myelin and axon genes may developmentally
impede internode formation. It will be interesting to
investigate internodal length in skin biopsies with
severe, carly-onset dysmyelinating CMT to determine
whether it is the extent of the shortening of internodes
rather than the presence or absence of shortening that
best correlates with abnormalities of myelination.

The question remains of why conduction veloci-
ties would be normal or near normal in axonal neu-
ropathies if they, like demyelinating neuropathies,
also have shortened internodes. A potential answer
to this question is provided in the recent study dem-
onstrating that nerve conduction velocity in myeli-
nated nerves relies on internodal length undl a
threshold of internodal distance is reached, beyond
which conduction speed does not increase further.?”
We hypothesize that shortened internodes will



[ Figure 3 Confocal images of glabrous skin in patients with Charcot-Marie-Tooth disease and controls ]

A moderate loss of Meissner corpuscles is observed in a patient with CMT1A (B) and a severe loss of Meissner corpuscles is
present in a patient with RAB7 mutation (C), compared to a control (A). (D-F) Abnormalities of myelinated fibers such as
fragmentation (D) and swellings (arrowheads in E and F). (G-1) Disruption of nodal/paranodal architecture with elongation
and asymmetry of the paranodes with expansion of neurofascin aggregation along the internode (arrows in H and I) com-
pared to control (G). Scale bar: 200 um (A, B, C); 30 um (D, E, F); 50 um (G, H, I). MBP = myelin basic protein; NF =

neurofascin; PGP = protein gene product.

therefore not cause slow conduction velocities until
the shortening crosses this threshold. Consistent with
this hypothesis, our patients with CMT1A had the
shortest internodal length of all our patients. More-
over, patients with CMT1A also had the widest nodal
gap of our patients. The nodal/paranodal region rep-
resents an essential region for saltatory conduction in
myelinated nerve fibers. Paranodal demyelination and
abnormal exposure of voltage-gated potassium chan-
nels at the paranodal regions can delay the rise time of
action potentials, and may further contribute to NCV
slowing. It may be that the extent of internodal short-
ening and nodal gap widening are both important in
causing uniformly slow nerve conductions in CMT1A.

This study extends the information gained from
skin biopsies on morphologic abnormalities in various
forms of CMT. We have demonstrated that myeli-
nated dermal nerves can be used to detect axonal
degeneration and changes in nodal and paranodal
regions as well as in internodal length in axonal
and demyelinating forms of CMT. It will be impor-
tant to extend these investigations into patients
with severe dysmyelinating forms of CMT such as

early-onset CMT1B or CMT4 to determine whether
widening of nodal gaps or shortening of internodes is
even more pronounced in these disorders. Nonethe-
less, it will also be of interest to evaluate a larger num-
ber of patients with axonal or intermediate forms of
CMT. Finally, since this minimally invasive proce-
dure can easily be repeated in the same subject, it
could provide a morphologic marker of disease pro-
gression in both natural history and clinical trials.
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