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Charcot–Marie–Tooth disease type 1A, caused by a duplication of the gene peripheral myelin protein 22 kDa, is the most frequent

subtype of hereditary peripheral neuropathy with an estimated prevalence of 1:5000. Patients suffer from sensory deficits, muscle

weakness and foot deformities. There is no treatment approved for this disease. Outcome measures in clinical trials were based

mainly on clinical features but did not evaluate the actual nerve damage. In our case–control study, we aimed to provide objective

and reproducible outcome measures for future clinical trials. We collected skin samples from 48 patients with Charcot–Marie–

Tooth type 1A, 7 patients with chronic inflammatory demyelinating polyneuropathy, 16 patients with small fibre neuropathy and

45 healthy controls. To analyse skin innervation, 40-mm cryosections of glabrous skin taken from the lateral index finger were dou-

ble-labelled by immunofluorescence. The disease severity of patients with Charcot–Marie–Tooth type 1A was assessed by the

Charcot–Marie–Tooth neuropathy version 2 score, which ranged from 3 (mild) to 27 (severe) and correlated with age (P< 0.01,

R¼ 0.4). Intraepidermal nerve fibre density was reduced in patients with Charcot–Marie–Tooth type 1A compared with the

healthy control group (P<0.01) and negatively correlated with disease severity (P< 0.05, R ¼ �0.293). Meissner corpuscle (MC)

density correlated negatively with age in patients with Charcot–Marie–Tooth type 1A (P< 0.01, R ¼ �0.45) but not in healthy

controls (P¼0.07, R¼0.28). The density of Merkel cells was reduced in patients with Charcot–Marie–Tooth type 1A compared

with healthy controls (P<0.05). Furthermore, in patients with Charcot–Marie–Tooth type 1A, the fraction of denervated Merkel

cells was highly increased and correlated with age (P< 0.05, R¼0.37). Analysis of nodes of Ranvier revealed shortened paranodes

and a reduced fraction of long nodes in patients compared with healthy controls (both P<0.001). Langerhans cell density was

increased in chronic inflammatory demyelinating polyneuropathy, but not different in Charcot–Marie–Tooth type 1A compared

with healthy controls. Our data suggest that intraepidermal nerve fibre density might be used as an outcome measure in Charcot–

Marie–Tooth type 1A disease, as it correlates with disease severity. The densities of Meissner corpuscles and Merkel cells might be

an additional tool for the evaluation of the disease progression. Analysis of follow-up biopsies will clarify the effects of Charcot–

Marie–Tooth type 1A disease progression on cutaneous innervation.
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Introduction
Charcot–Marie–Tooth (CMT) disease is the most preva-

lent hereditary motor and sensory peripheral neuropathy

(Barreto et al., 2016). The most common subtype is

CMT type 1A (CMT1A) with an estimated frequency of

1:5000 (Gess et al., 2013; Manganelli et al., 2014),

caused by an autosomal-dominantly transmitted duplica-

tion of the gene peripheral myelin protein 22 kDa

(PMP22) on chromosome 17p11.2, which encodes for

PMP22 (Li et al., 2013). The 1.5-fold overexpression of

PMP22 (Lee et al., 2018), one of the main myelin pro-

teins (Snipes and Suter, 1995), causes demyelination,

which leads to length-dependent axonal degeneration and

reduced nerve conduction velocity (Pareyson et al., 2006).

CMT1A disease usually starts in childhood, and patients

predominantly suffer from muscle weakness and wasting,

mostly in the lower limbs, which can lead to foot

deformities (Pareyson et al., 2006) and in some cases

even wheelchair dependency (Van Paassen et al., 2014).

Currently, there is no treatment approved for CMT1A.

There have been clinical trials testing ascorbic acid

(Micallef et al., 2009; Pareyson et al., 2011; Lewis et al.,

2013; Gess et al., 2015), all of which unfortunately

showed no beneficial clinical effects. Treatment with the

triplet medication PXT3003 (baclofen, naltrexone and

sorbitol) had a mild benefit over placebo (Attarian et al.,

2014). All these studies measured the effects primarily by

comparing clinical scores such as the CMT neuropathy

score (CMTNS) or the overall neuropathy limitation scale

as primary outcome measure, which evaluate impairment,

physical limitations and electrophysiology (Reilly et al.,
2010; Wang et al., 2017). However, the sensitivity of

CMTNS as an outcome measure has been critically dis-

cussed (Wang et al., 2017) leading to further adaptation

to the CMTNS version 2 (CMTNSv2) (Murphy et al.,

2011) and to suggestions for secondary outcome meas-

ures, e. g. foot dorsal flexion or 9 hole-peg test (Mannil

et al., 2014). Cutaneous expression of several genes has

been proposed as additional disease severity and progres-

sion marker in patients with CMT1A (Fledrich et al.,
2017).

Although these neuropathy score measures for the

evaluation of the CMT severity are extensive, they only

provide information about clinical and functional parame-

ters, but the actual nerve damage is not assessed. Thus, it

is very important to find additional biomarkers that will

provide objective and reproducible outcome criteria

assessing the actual nerve damage for future clinical trials

in CMT1A.

Nerve fibres in the dermis are usually part of nerve

bundles, which consist of unmyelinated fibres only or of

both myelinated and unmyelinated fibres. Unlike unmyeli-

nated C-fibres and thinly myelinated Ad-fibres, large
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myelinated Ab-fibres do not terminate in the epidermis as

free nerve endings but innervate mechanoreceptors such

as Meissner corpuscles and Merkel cells. Small calibre C-

and Ad-fibres penetrate the epidermis and terminate there

as free nerve endings, which are called intraepidermal

nerve fibres (IENFs). We could previously show that the

dermal nerve bundle density is a sensitive measure in per-

ipheral neuropathies (Doppler et al., 2012). A previous

study suggested myelinated fibre morphology in finger

biopsies from patients with CMT1A for the evaluation of

nerve damage (Li et al., 2005).

Meissner corpuscles are mechanoreceptors, which con-

sist of an inner bulb formed by Schwann cells,

enwrapped by up to three large myelinated fibres and up

to two unmyelinated C-fibres (Abraira and Ginty, 2013).

They are located in the dermal papillae of glabrous skin.

Decreased Meissner corpuscle density has previously been

reported in skin biopsies from the finger tip of patients

with CMT1A compared with controls in a smaller cohort

(Nolano et al., 2015). Another mechanoreceptor type, the

Merkel cells, is located at the epidermal–dermal junction.

They are usually in close contact with unmyelinated

nerve endings derived from large myelinated Ab-fibres

and form the so-called ‘touch spots’ (Boulais and Misery,

2007). Merkel cell survival is dependent on their innerv-

ation by myelinated axons (Airaksinen et al., 1996). To

our knowledge, Merkel cell density has not been assessed

in patients with CMT1A. In mouse models deficient for

P0, Merkel cell density was shown to be reduced in glab-

rous and hairy skin compared with wild-type mice (Frei

et al., 1999).

Skin punch biopsy has proved an important minimally

invasive tool for the assessment of cutaneous innervation

in patients with various neuropathy (Sommer, 2008;

Lauria et al., 2009; Doppler et al., 2013), e.g. diabetic

neuropathy or small fibre neuropathies (SFN) (Sommer,

2018). A well-established measure in the skin is the IENF

density (IENFD), which can be assessed by

immunostaining.

In healthy subjects, IENFD is known to decrease with

age, whereas women have higher IENFDs compared with

men of the same age (Collongues et al., 2018). In previ-

ous studies, IENFD has consistently been reported to be

decreased in biopsies from the distal leg or the fingertips

in CMT1A (Nolano et al., 2015; Duchesne et al., 2018).

Several previous studies provided evidence that the in-

vestigation of nerve fibres in skin biopsies from patients

with CMT1A may be useful (Li et al., 2005; Saporta

et al., 2009; Manganelli et al., 2015; Nolano et al.,
2015) but only analysed single parameters mostly in

small cohorts. Larger studies investigating a wider range

of parameters are needed to establish skin biopsies as a

potential outcome measure for clinical studies.

In this study, we provide an extensive analysis of nu-

merous parameters regarding the cutaneous innervation

(IENFD, dermal nerve bundles, mechanoreceptor den-

sities) and nodal architecture of biopsy specimens from

the glabrous skin from a cohort of 48 patients with

CMT1A in comparison with 7 patients with chronic in-

flammatory demyelinating polyradiculoneuropathy

(CIDP), 16 patients with SFN and 45 healthy controls

using immunostaining, to obtain objective and reprodu-

cible outcome criteria for future clinical trials.

Materials and methods

Patients

Adult patients with a genetically confirmed diagnosis of

CMT1A without any other neurological diseases were

recruited for the CMT-NET study in the hospitals of

Münster, München, or Göttingen (inclusion criteria: clin-

ical diagnosis of CMT1A, genetic confirmation of

CMT1A, age between 18 and 65 years, ability to accom-

plish the outcome measures at baseline and signed

informed patient consent; exclusion criteria: pregnancy/

nursing, relevant neurological, psychiatric or internistic

disorders, drug or alcohol addiction, permanent vitamin

C intake and participation in an interventional clinical

study 4 weeks before enrolment). The 3-mm skin punch

biopsies were taken from healthy controls and patients

with CIDP, SFN and CMT1A from the lateral, glabrous

part of the index finger as previously described (Li et al.,

2005). Samples from patients with CIDP and SFN and

healthy controls had already been collected for previous

studies at the University Hospital of Würzburg (Doppler

et al., 2018; Üçeyler et al., 2018). Only half of the 3-mm

skin biopsies from patients with CMT1A were used for

immunostaining.

The CMTNSv2 was used for disease severity evalu-

ation. It is composed of nine items, assessing motor and

sensory symptoms, each of which is rated from 0 (none)

to 4 (maximum) (Murphy et al., 2011). The subscores

are sensory symptoms, motor symptoms (legs), motor

symptoms (arms), pinprick sensibility, vibration, strength

(legs), strength (arms), ulnar CMAP and radial SNAP

amplitude.

Written informed consent was obtained from all

patients. The ethics committees of the universities

München, Münster and Göttingen approved the study

(IRB number: 31-2-16).

Immunostaining

Skin biopsy specimens (only half specimens from patients

with CMT1A because the other half is used for separate

analyses within the consortium) were fixed in 4% paraf-

ormaldehyde for 30 min and stored in 10% sucrose for

shipment until freezing. Cryopreserved samples were cut

into 40-mm sections and double-immunolabelled with

anti-protein gene product 9.5 (PGP9.5, Product Code:

7863-1004, 1:200; Bio-Rad, Hercules, CA, USA; or Cat.

No. 516-3344, 1:200; Zytomed Systems, Berlin,
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Germany), anti-MBP (Cat. No. GTX11159, 1:200;

GeneTex, Irvine, CA, USA), anti-cytokeratin20 (Cat. No.

61054, 1:40; PROGEN Biotechnik, Heidelberg,

Germany), anti-S-100 (Cat. No. ab868, 1:100; Abcam,

Cambridge, UK), anti-pan-sodium channel (Product

No. S8809, 1:100; Sigma Aldrich, St. Louis, MO, USA),

anti-Caspr (Cat. No. ab34151, 1:500; Abcam), anti-neu-

rofascin-155 (Cat. No. ab31457, 1:100; Abcam) or anti-

Langerin/CD207 (Cat. No. DDX0362, 1:500; Dendritics,

Lyon, France). Incubation of sections with primary anti-

bodies was performed overnight at 4�C, and incubation

with suitable secondary antibodies (Cy3-conjugated anti-

mouse IgG, Cat. No. 715-165-151, 1:100; Jackson

ImmunoResearch, Suffolk, Great Britain; Alexa Fluor488-

conjugated anti-rabbit IgG, Cat. No. 711-545-152, 1:400;

Jackson ImmunoResearch) was performed at room tem-

perature for 2 h. For mounting the sections,

VECTASHIELD Mounting Medium with 40,6-Diamidin-

2-phenylindol was used (Vector Laboratories Inc.,

Burlingame, CA, USA).

Microscopy

A fluorescence microscope (Zeiss Axiophot 1; Zeiss,

Oberkochen, Germany) with an Axiocam MRm camera

(Zeiss) and SPOT software (Diagnostic Instruments,

Sterling Heights, MI, USA) was used for the image acqui-

sition of epidermis and dermis necessary for density

determinations of IENFD, nerve bundles, Merkel cells

and Langerhans cells with a 2.5� objective. Linear meas-

urements of nodal and paranodal lengths were done with

a 40� objective. Epidermis lengths and dermis areas were

measured manually using ImageJ. Counting of IENFs,

nerve bundles, Merkel cells, Meissner corpuscles and

Langerhans cells was done using a fluorescence micro-

scope Ax10 (Zeiss). The investigator was blinded for the

evaluation by pseudonymization of the specimens.

For the analysis of IENFs, sections were double-labelled

with anti-PGP9.5 combined with anti-MBP and anti-

CK20. In total, the entire epidermis length of 4–6 sec-

tions (3–17.8 mm) was analysed per sample. Nerve fibres

were counted as described elsewhere (Lauria et al.,

2005). For the assessment of the density of bundles with

and without myelinated fibres, sections were double-

labelled with anti-PGP9.5 and anti-MBP. The numbers of

nerve bundles in the dermis of 2–3 sections per sample

(bundle with >5 fibres) were counted, and the area of

the whole dermis was determined per section. Samples

yielding <0.5 mm2 in total dermis area were excluded

from the analysis, which provided us with 46 CMT1A, 7

CIDP, 15 SFN and 41 control samples. Meissner cor-

puscle density was determined by counting the numbers

of papillae and Meissner corpuscles of the entire epider-

mis of 3–6 sections (16–168 papillae) double-labelled

with anti-S100/-PGP9.5 and anti-MBP/-PGP9.5. To deter-

mine the Merkel cell density, we counted the numbers of

innervated and denervated Merkel cells at the whole

epidermal–dermal junction of 2–3 sections (1.4–8.8 mm)

double-labelled with anti-CK20 and anti-PGP9.5.

Epidermal length was measured, and Merkel cell density

of both innervated and denervated cells was expressed as

Merkel cells/mm. When possible, five randomly selected

nodes from 1–3 sections per sample were analysed

regarding the axonal diameter, nodal and paranodal

lengths for analysis of the nodes of Ranvier. A total of

164 nodes from 43 CMT1A samples, 34 nodes from

seven CIDP samples, 75 nodes from 15 SFN samples and

189 nodes from 42 control samples were analysed. The

asymmetry index was calculated as previously described

(Saporta et al., 2009), and the ratio of nodal length to

diameter was calculated. Nodes that showed a length-to-

diameter ratio of >1 were considered long. Langerhans

cell density was determined by counting the numbers of

Langerhans cells in 2–3 sections per sample (1.3–9 mm)

and measuring the length of the epidermis. Langerhans

cell density was expressed as Langerhans cells/mm.

Statistical analysis

Statistical analyses were performed using the Python li-

brary SciPy version 1.2.1 in Python version 3.7.3 (Python

Software Foundation, Delaware, USA). To test whether

data sets were normally distributed, Shapiro–Wilk test for

normality was performed. For comparison, two-tailed

Mann–Whitney U tests were performed. For correlation

analyses, Pearson correlation coefficients were calculated.

Binomial tests were performed for the comparison of

fractions of long nodes in the analysis of nodes of

Ranvier. For P< 0.05, differences were considered statis-

tically significant.

Data availability statement

Anonymized data are available from the corresponding

author upon reasonable request.

Results

Patients

Demographic and basic clinical data are given in

Table 1. Disease severity of the 48 patients with CMT1A

ranged from mild to severe and correlated positively with

age (R¼ 0.402, P< 0.005, Fig. 1). Although the CMT1A

group was significantly younger than the 45 subjects

from the healthy control group, this difference was small.

For comparisons with classic demyelinating and axonal

neuropathy groups, biopsies from 7 patients with CIDP

and 16 patients with SFN were included. Age and sex

distribution of the SFN group were comparable to the

CMT1A group, whereas the age of the CIDP group was

clearly higher due to the late onset of CIDP (Table 1).
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Intraepidermal nerve fibre density

The IENFD of patients with CMT1A was significantly

decreased compared with the healthy control group

(Fig. 2A and Table 1). Representative images of sections

from a healthy control and a patient with CMT1A are

shown in Fig. 2E and F. In addition, IENFD had a trend

to be lower in males compared with females in both

CMT1A and the control groups (Fig. 2B), which is in ac-

cordance with the literature (Gøransson et al., 2004;

Duchesne et al., 2018). When analysed by sex, both the

male and female CMT1A groups showed reduced IENFD

compared with the male and female control groups, re-

spectively (Fig. 2B). Separate correlation analyses by sex

were not performed due to relatively small cohort sizes

(n¼ 20–28). The IENFD of the control group showed in-

verse correlation with age (R ¼ �0.51, P< 0.0005,

Fig. 2C). Interestingly, in our CMT1A cohort, IENFD

did not correlate with age (R ¼ �0.22, P¼ 0.13,

Fig. 2C) but correlated inversely with the CMTNSv2

score (R ¼ �0.29, P< 0.05, Fig. 2D). When analysing

the single subscores, there was a negative correlation of

IENFD with the leg strength score (R ¼ �0.33,

P< 0.05). Since biopsies from patients with CMT1A

were only half the size of the biopsies from the other

groups, we checked if the length of the analysed epider-

mis had an influence on the IENFD results of the

CMT1A and control groups. In fact, the length of the

analysed epidermis did not correlate with the assessed

IENFD of both groups (control: R¼ 0.08, P¼ 0.6;

CMT1A: R¼ 0.13, P¼ 0.4; Supplementary Fig. 1).

Taken together, these aspects suggest that the IENFD

might be a candidate for a possible outcome measure in

CMT1A.

Bundle densities

The density of bundles without myelinated nerve fibres

did not differ between the groups (Fig. 3A). Surprisingly,

the density of bundles with myelinated nerve fibres was

significantly higher in the CMT1A group compared with

the SFN and control groups (Fig. 3B). Representative

micrographs are shown in Fig. 3C and D. Thus, we also

checked for dermis area dependence of the bundle den-

sities. Indeed, the density of bundles with myelinated

fibres correlated negatively with the analysed dermis area

in both groups (control: R ¼ �0.276, P¼ 0.08, CMT1A:

R ¼ �0.414, P< 0.005; Supplementary Fig. 2A), whereas

Table 1 Demographic and skin biopsy data

Medians (range) CMT1A,

n 5 48

CIDP,

n 5 7

SFN,

n 5 16

Controls,

n 5 45

Ranksums,

CMT1A–

control

Age (years) 47 (21–63) 60 (43–76) 51 (31–63) 54 (22–64) P < 0.05

Sex (male:female) 20:28 6:1 6:10 21:24 –

CMTNSv2 18 (3–27) – – – –

IENFD (1/mm) 3.7 (0.0–17.3) 6.1 (2.7–7.5) 5.85 (0.3–15.3) 5 (0.8–24.9) P < 0.01

Merkel cell density (1/mm) 0.50 (0–3.5) 0.10 (0–6.5) 1.05 (0–6.7) 1.10 (0–11.1) P < 0.05

Fraction of denervated Merkel cells

(CMT1A: 39, CIDP: 5, SFN: 12, control: 40)

0.80 (0–1) 0.30 (0–1) 0.30 (0–0.7) 0.20 (0–1) P < 0.01

Meissner corpuscle density (1/papilla) 0.037 (0–0.154) 0.029 (0–0.153) 0.042 (0.012–0.137) 0.053 (0–0.171) P ¼ 0.06

Density of bundles with (1/mm2) (CMT1A: 46,

CIDP: 7, SFN: 15, control: 41)

4.7 (0–11.7) 2.6 (0.5–5.3) 1.9 (0–5.0) 2.4 (0–12.2) P < 0.01

Density of bundles without (1/mm2)

(CMT1A: 46, CIDP: 7, SFN: 15, control: 41)

1.35 (0–6.3) 1.60 (0–6.2) 1.60 (0–5.1) 1.30 (0–6.0) P ¼ 0.7

Node numbers 164 34 75 189 –

Axonal diameter (mm) 1.48 (0.56–3.7) 1.38 (0.74–3.7) 1.67 (0.56–3.7) 1.48 (0.74–4.81) P ¼ 0.08

Node length (mm) 1.1 (0.37–2.96) 1.5 (0.56–12.95) 1.3 (0.56–4.26) 1.3 (0.56–4.81) P < 1 3 1028

Paranode length (mm) 8.3 (3.1–16.6) 9.7 (5.7–22.6) 8.5 (4.8–47.9) 9.1 (5.4–22.4) P < 0.001

Asymmetry index (%) 14 (0–100) 11.8 (0–44.8) 11.1 (0–82.8) 12.35 (0–100) P ¼ 0.5

Ratio node length/diameter 0.70 (0.2–2.2) 0.84 (0.42–11.67) 0.78 (0.2–3.33) 0.80 (0.23–6.5) P < 1 3 1024

Fraction of long nodes 9.8% 38.2% 37.3% 25.4% Binomial test:

P < 1 3 1026

Langerhans cell density (1/mm) (control: 44) 10.0 (2.5–37.6) 14.6 (8.3–28.5) 8.4 (6.0–20.6) 9.9 (1.3–131.2) P ¼ 0.4

Note: P-values smaller than 0.05 are bold.

Figure 1 Correlation between age and CMTNSv2 in

patients with CMT1A (P < 0.005, R 5 0.402).
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Figure 2 IENFD in patients with CMT1A compared with CIDP, SFN and healthy controls. (A) There was a significant reduction in

IENFD in CMT1A compared with the healthy control group; **P< 0.01. (B) In CMT1A and controls, IENFD of females showed a trend to be

higher compared with the IENFD of men of the same group (n.s.). Significant differences were still present between CMT1A and controls when

divided into males and females; *P< 0.05. (C) In controls, IENFD showed an inverse correlation with age (P< 0.001, R ¼ �0.51), but not in

patients with CMT1A (P¼ 0.1, R ¼ �0.22). (D) In CMT1A, IENFD correlated negatively with the CMTNSv2 (P< 0.05, R ¼ �0.29).

Representative micrographs of skin sections labelled with anti-PGP9.5 from a control (E) and a patient with CMT1A (F). The control section

shows a higher IENFD than the CMT1A section.
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the density of bundles without myelinated fibres did not

correlate with the dermis area (control: R ¼ �0.085,

P¼ 0.6, CMT1A: R ¼ �0.191, P¼ 0.2; Supplementary

Fig. 2B). Since the densities of bundles with myelinated

fibres were dependent on the section sizes, we considered

this measure not suitable as an outcome for clinical

trials.

Mechanoreceptors

Another possible measure to assess the involvement of

large myelinated Ab-fibres in CMT1A is the Meissner

corpuscle density. To investigate whether degenerating

Meissner corpuscles can be identified by our stains, we

searched for Meissner corpuscles that completely lacked

either the inner bulb or the enwrapping nerve fibres.

Therefore, double staining of the Schwann cells of the

inner bulb with anti-S-100 and their enwrapping nerve

fibres with PGP9.5 was performed. A total of 235

Meissner corpuscles from 98 samples were examined to

identify whether there were Meissner corpuscles that

lacked either the inner bulb or the enwrapping nerve

fibres. We detected only five Meissner corpuscles in the

whole CMT1A cohort that lacked the enwrapping nerve

fibres. Next, we determined the Meissner corpuscle dens-

ity. Patients with CMT1A showed a trend towards

decreased Meissner corpuscle density compared with con-

trols (CMT1A–control: P¼ 0.064, Fig. 4A and Table 1).

Furthermore, Meissner corpuscle density correlated in-

versely with age in patients with CMT1A (R ¼ �0.452,

P< 0.005, Fig. 4B). In controls, the negative correlation

with age did not reach statistical significance (R ¼
�0.276, P¼ 0.07, Fig 4B). We made sure that the num-

ber of evaluated papillae did not interfere with the

obtained Meissner corpuscle density results. Correlation

analyses revealed that there were no correlations between

the number of evaluated papillae and the obtained results

(control: R ¼ �0.190, P¼ 0.2; CMT1A: R ¼ �0.117,

P¼ 0.4; Supplementary Fig. 3; see Fig. 4C for an intact

Meissner corpuscle). Thus, Meissner corpuscle density

might be a helpful additional measure in evaluating dis-

ease severity.

To further investigate large myelinated nerve fibres, we

focused on Merkel cells. Merkel cell density in patients

Figure 3 Density of bundles without (A) and with (B) myelinated fibres. (A) There were no significant differences in the bundle

densities without myelinated nerve fibres between the groups. (B) Elevated density of bundles with myelinated fibres in patients with CMT1A

compared with SFN and control groups; **P< 0.01. Micrographs of sections stained with anti-PGP9.5 (green) and anti-MBP (magenta) to

illustrate nerve fibre bundles from a healthy control (C) and a patient with CMT1A (D). Asterisks mark nerve bundles with myelinated fibres.
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with CMT1A was significantly decreased compared with

controls (P< 0.05, Fig. 5A and Table 1). Between the

other groups, no significant changes were found.

Correlation analyses revealed a correlation between

Merkel cell density and Meissner corpuscle density in

healthy controls (R¼ 0.330, P< 0.05), which was not

found in the CMT1A group (R¼ 0.091, P¼ 0.5; Fig. 5B).

Since we also observed some denervated Merkel cells,

we assumed that these might be degenerating and hence

not in contact with nerve fibres. We determined the frac-

tion of denervated Merkel cells of samples showing at

least one Merkel cell, which resulted in 39 CMT1A, 5

CIDP, 12 SFN and 40 control samples (Table 1).

Comparison of the groups revealed a significant increase

in the fraction of denervated Merkel cells in patients with

CMT1A compared with the SFN and control groups

(Fig. 5C). Moreover, the fraction of denervated Merkel

cells correlated with age in the CMT1A group

(R¼ 0.373, P< 0.05; Fig. 5D; see Fig. 5E and F for

examples of sections from a healthy control and a patient

with CMT1A stained for Merkel cells and nerve fibres,

respectively). Normally innervated Merkel cells in com-

parison to a denervated Merkel cell are shown in Fig. 5G

and H. Correlations between the fraction of denervated

Merkel cells and the CMTNSv2 or its subscores could

not be detected. In controls, however, the fraction of

denervated Merkel cells showed an inverse correlation

with Merkel cell density (R ¼ �0.313, P< 0.05,

Supplementary Fig. 4A), which means that Merkel cells

in samples with low Merkel cell density tended to be

denervated more often than those in samples with higher

Merkel cell density. This is consistent with the findings in

the CMT1A group, where Merkel cell density is very low

and the fraction of denervated Merkel cells is very high.

As a methodological control, we ascertained that Merkel

cell density did not correlate with the length of analysed

epidermis (Supplementary Fig. 4B).

Nodes of Ranvier

Since CMT1A is a demyelinating disease, we investigated

the architecture of the nodes of Ranvier in skin sections

(Supplementary Fig. 5). A previous study showed a short-

ened paranodal length in CMT1A biopsies and an

increased asymmetry index compared with healthy con-

trols (Saporta et al., 2009).

In all four groups, nodes of Ranvier with comparable

axonal diameters were measured as shown in Fig. 6A. In

Figure 4 Meissner corpuscle density (MCD) and correlations with age and IENFD. (A) Meissner corpuscle density shown as MC per

papilla is reduced in CMT1A compared with controls, however not significantly. (B) MCD correlates negatively with age in CMT1A (P< 0.005, R

¼ �0.452), but not in controls (P¼ 0.07, R ¼ �0.276). (C) Image of Meissner corpuscle in a papilla stained with anti-PGP9.5.
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Figure 5 Merkel cell density and fraction of denervated Merkel cells. (A) Reduced Merkel cell density in CMT1A compared with

healthy controls; *P< 0.05. (B) Merkel cell density correlated with Meissner corpuscle density (MCD) in controls (P< 0.05, R¼ 0.330), but not

in patients with CMT1A (P¼ 0.5, R¼ 0.091). (C) The fraction of denervated Merkel cells was significantly elevated in CMT1A compared with the

SFN and control groups; P< 0.05, **P< 0.01. (D) The fraction of denervated Merkel cells correlated with age in the CMT1A group (P< 0.05,

R¼ 0.373), but not in the controls (P¼ 0.7, R¼ 0.059). (E–H) Micrographs of Merkel cells (magenta, anti-CK20) and nerve fibres (green, anti-

PGP9.5). Skin sections of a representative healthy control (E) and a patient with CMT1A (F). Images of innervated Merkel cells (G) in

comparison to a denervated Merkel cell (H) are shown.
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Fig. 6F, a representative micrograph of a node of

Ranvier is shown with an indication how the parameters

for the analyses were measured. In CMT1A samples, the

nodal length-to-diameter ratio was significantly decreased

in comparison to all other groups (CIDP: P< 0.005,

SFN: P< 0.001, control: P< 0.00005; Fig. 6B), which is

also in accordance with the decreased node length in

CMT1A (Table 1). Furthermore, the fraction of long

nodes was significantly decreased in patients with

CMT1A compared with all other groups (Fig. 6C).

Similarly, paranodal length of the CMT1A group was

significantly decreased compared with the CIDP and

Figure 6 Nodal and paranodal parameters. (A) Distributions of axonal diameter of CMT1A, CIDP, SFN and healthy control groups did

not show any significant differences. (B) Distributions of ratios between the measured nodal gap length and the nodal diameter. Nodes with a

ratio of >1 were considered long. The dashed line marks the ratio of 1. There were significantly fewer long nodes in the CMT1A group than in

the other groups (CIDP: P< 0.005, SFN: P< 0.001, control: P< 0.00001). (C) Fractions of long nodes in the four groups; binomial test; *P< 0.05,

***P< 0.001. (D) Distribution of paranodal lengths. In patients with CMT1A, paranodal length was significantly decreased compared with the

CIDP and control groups (CIDP: P< 0.01, SFN: P¼ 0.08, control: P< 0.001). (E) Distributions of asymmetry indices did not differ between the

groups. (F) Representative micrograph of a node of Ranvier double-labelled with anti-pan-sodium channel (magenta) and anti-Caspr (green).

Measurements were taken as indicated: a: nodal length, b: axonal diameter, c: paranodal length, d: length of hemiparanode.
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control groups (CIDP: P< 0.01, SFN: P¼ 0.08, control:

P< 0.001, Fig. 6D). Asymmetry indices did not differ be-

tween our groups (Fig. 6E). In controls, there was no

correlation between age and these nodal parameters. In

the CMT1A group, nodal parameters correlated neither

with age nor with the CMTNSv2.

Langerhans cells

Langerhans cells are dendritic cells that are located

throughout the epidermis (Merad et al., 2008), which

makes them a suitable target for investigations of skin

biopsies independent of the section depth. Previously, it

has been described that Langerhans cell density is

decreased in CMT1A compared with controls in skin

biopsies from the distal leg (Duchesne et al., 2018).

Langerhans cell density of patients with CMT1A was

not different from the control or the SFN groups. In the

CIDP group, Langerhans cell density was increased com-

pared with patients with CMT1A and SFN (Fig. 7, both

P< 0.05). There were no correlations between

Langerhans cell density and the length of the analysed

section in both the CMT1A group and the control group

(Supplementary Fig. 6).

Discussion
In our cohort of 48 patients with CMT1A, we investi-

gated a series of candidates for possible outcome meas-

ures in CMT1A by the analysis of 3-mm skin punch

biopsy sections from the lateral index finger. We identi-

fied IENFD, Meissner corpuscle and Merkel cell density

as possible outcome measures that assess nerve damage

in CMT1A. Thereby, we could show a loss of large and

small nerve fibres, the latter correlating with disease se-

verity as assessed by CMTNSv2.

The analysis of IENFD revealed the reduction in small

epidermal nerve fibres in CMT1A when compared with

healthy controls. A loss of IENFs in CMT1A was previ-

ously described in a cohort of 20 biopsies from the

fingertip, the thigh and the distal leg (Nolano et al.,

2015) and in another study with 75 biopsies from the

distal leg (Duchesne et al., 2018). Previous correlation

analyses of IENFD in the leg, the thigh and the fingertip

revealed a negative correlation with age, but not with the

disease severity (Nolano et al., 2015; Duchesne et al.,

2018). In our cohort, IENFD did not correlate with age

in patients with CMT1A as opposed to our controls but

correlated negatively with the disease severity. As to the

involvement of small nerve fibres in the demyelinating

disease CMT1A, it has been argued that disturbances in

axon–Schwann cell interactions in myelinated fibres and

in Remak bundles might cause nerve fibre degeneration

since also nonmyelinating Schwann cells contain PMP22

in their plasma membranes (Nolano et al., 2015;

Duchesne et al., 2018). These results indicate that small

nerve fibres decline with increasing CMT1A severity in

glabrous skin from the finger. IENFD was independent of

the length of the analysed epidermis, which reduces one

important factor of potential variability and makes this

measure suitable as an outcome measure in clinical trials.

Although nerve bundle densities have been reported to

be a good measure for cutaneous innervation in neuropa-

thies, we showed that the density is not independent of

the analysed dermis area, which makes it rather difficult

to ensure reproducibility compared with the IENFD.

Therefore, it is very important to compare data obtained

by the analysis of comparable amounts of tissue. This led

us to the conclusion that in this study, in which skin

samples vary highly in size, this measure is not suitable

and reliable.

To be still able to evaluate large myelinated nerve

fibres in CMT1A, we examined the densities of mecha-

noreceptors located at the dermal–epidermal border.

There was a reduction in Meissner corpuscles in CMT1A

compared with healthy controls, though not significant.

In contrast to our control group, the Meissner corpuscle

density of patients with CMT1A correlated with age, sug-

gesting that the ongoing deterioration of Meissner cor-

puscles is accelerated in CMT1A. In fact, Meissner

corpuscle density has been previously considered a pos-

sible candidate for outcome measures in therapeutic trials

for CMT1A (Saporta et al., 2009; Almodovar et al.,

2011; Manganelli et al., 2015). Other groups investigat-

ing the Meissner corpuscle density, however, only ana-

lysed small groups of patients using different

techniques or investigating different locations of the hand

(Saporta et al., 2009; Almodovar et al., 2011;

Manganelli et al., 2015; Nolano et al., 2015). Results of

correlation analyses varied between these studies and

were not in accordance to our results. A possible reason

for the discrepancy between these studies and our data

might be the differing units. Since we observed the papil-

lae to vary in size, we decided to not measure the length

Figure 7 Langerhans cell density was not different in

CMT1A compared with SFN or controls. In patients with

CIDP, Langerhans cell density was increased compared with

patients with CMT1A and SFN; *P< 0.05.
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of the section but to quantify the Meissner corpuscles in

respect to the number of papillae, whereas others pro-

vided densities per area.

Although Meissner corpuscles are involved in the per-

ception of vibration (Myers et al., 2013), we could not

detect correlation between the Meissner corpuscle density

and the vibration subscore. The Meissner corpuscle dens-

ity is very low and assessed at the finger. The vibration

test however is conducted on the feet and legs, which

may be one reason for the lack of correlation between

these two measures.

We found that the loss of Meissner corpuscles is accel-

erated by the disease in patients with CMT1A compared

with healthy controls, in which the relationship between

age and Meissner corpuscle deterioration is not as pro-

nounced as in the patients. Considering these findings,

the Meissner corpuscle density might be an additional

tool supporting the assessment of the nerve damage and

disease severity in CMT1A.

Although a loss of Merkel cells has previously been

described in P0-deficient mice (Frei et al., 1999), this

measure has not been used in human skin samples to our

knowledge. Similar to the Meissner corpuscle density, we

could see a reduction in Merkel cells in CMT1A com-

pared with the healthy controls. Furthermore, we noticed

that Merkel cells that did not cluster together but were

singled out tended to be denervated rather than clustered

Merkel cells. Therefore, we determined the fraction of

denervated Merkel cells and found highly elevated frac-

tions of denervated Merkel cells in patients with CMT1A

compared with controls. This finding suggests that the

disease promotes the deterioration of myelinated nerve

fibres and therefore Merkel cells. This suggests the dens-

ity and the ratio of denervated Merkel cells as useful

tools for the assessment of nerve damage.

To examine myelinated nerve fibres more carefully, we

investigated the architecture of the nodes of Ranvier in

nerves throughout the dermis. Although the axon calibres

of the investigated nodes of Ranvier were comparable be-

tween the groups, we found shortened nodes and parano-

des in the CMT1A group. Shortening of paranodes has

also been observed in Trembler-J mice (Faivre-Sarrailh

and Devaux, 2013), which have been considered a rodent

model for CMT1A (Faivre-Sarrailh and Devaux, 2013;

Nicks et al., 2013). Saporta et al. (2009) also described

shortening of paranodes and, however, reported a higher

asymmetry index compared to controls. A reason for this

discrepancy could be the differences in analysis between

the two studies. Saporta et al. measured every single

node they found in the skin sections. We however ran-

domly chose five nodes, if possible, from each sample.

Possibly, more symmetric nodes than asymmetric nodes

were included in our evaluation leading to this effect.

Since the acquisition of the paranodal parameters is very

time consuming but presents only weak effects in relation

to disease severity, we concluded that this measure is too

impracticable for analysis in future studies.

Although Langerhans cell density was reported to be

reduced in CMT1A in a previous study (Duchesne et al.,
2018), we could not confirm this finding in our cohort.

This might be due to the fact that, in the previous study,

skin samples from the leg were analysed as opposed to

our biopsies from the glabrous part of the index finger.

The fact that Langerhans cell density was higher in

CIDP, an inflammatory disease, supports the validity of

our findings. We concluded that the Langerhans cell

density is not a helpful measure in CMT1A when glab-

rous skin biopsies are used.

Alternative potential biomarkers for CMT1A are under

evaluation in other studies. For example, mRNA levels of

PMP22 in the skin have been analysed (Katona et al.,
2009; Fledrich et al., 2012; Nobbio et al., 2014) and meas-

urements of intramuscular fat by magnetic resonance imag-

ing have been described as possible biomarkers (Morrow

et al., 2016; Cornett et al., 2019). In addition, plasma neu-

rofilament light chain concentration has been suggested a

biomarker in CMT1A (Sandelius et al., 2018). A short

overview of biomarkers evaluating skin and plasma param-

eters has been prepared by Pareyson and Shy (2018).

One of the limitations of our study might be the rela-

tively few patients in our cohort in the age group from

20 to 30 years since this might have introduced a bias.

Another aspect to consider is that our study is cross-sec-

tional and not supported by a longitudinal data acquisi-

tion. Furthermore, we have collected skin samples from

the lateral part of the index and not the fingertip, which

is usually more innervated, to minimize the patients dis-

comfort after the biopsy. Still, we were able to evaluate

cutaneous innervation at this biopsy site.

In summary, the measures IENFD and the densities of

Meissner corpuscles and Merkel cells appear to be valuable

parameters in assessing the disease severity of CMT1A. The

paranodal parameters and the Langerhans cell density might

be used, since there were no difficulties in assessing them.

However, they did not lead to a great gain of knowledge

about the disease severity in CMT1A. Nerve bundle density

did not prove to be a suitable outcome measure. To con-

firm the identified measures as useful outcome measures for

future clinical trials, follow-up biopsies of the patients need

to be assessed to check if they are suitable, not only for the

assessment of the disease severity but also for the evaluation

of the disease progression in CMT1A.
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Communications online.
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