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Abstract
Myelin protein zero (MPZ/P0) is a major structural protein of peripheral nerve
myelin. Disease-associated variants in the MPZ gene cause a wide phenotypic
spectrum of inherited peripheral neuropathies. Previous nerve biopsy studies
showed evidence for subtype-specific morphological features. Here, we aimed
at enhancing the understanding of these subtype-specific features and patho-
physiological aspects of MPZ neuropathies. We examined archival material
from two Central European centers and systematically determined genetic,
clinical, and neuropathological features of 21 patients with MPZ mutations
compared to 16 controls. Cases were grouped based on nerve conduction data
into congenital hypomyelinating neuropathy (CHN; n = 2), demyelinating
Charcot–Marie-Tooth (CMT type 1; n = 11), intermediate (CMTi; n = 3),
and axonal CMT (type 2; n = 5). Six cases had combined muscle and nerve
biopsies and one underwent autopsy. We detected four MPZ gene variants not
previously described in patients with neuropathy. Light and electron micros-
copy of nerve biopsies confirmed fewer myelinated fibers, more onion bulbs
and reduced regeneration in demyelinating CMT1 compared to CMT2/CMTi.
In addition, we observed significantly more denervated Schwann cells, more
collagen pockets, fewer unmyelinated axons per Schwann cell unit and a
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higher density of Schwann cell nuclei in CMT1 compared to CMT2/CMTi.
CHN was characterized by basal lamina onion bulb formation, a further
increase in Schwann cell density and hypomyelination. Most late onset axonal
neuropathy patients showed microangiopathy. In the autopsy case, we
observed prominent neuromatous hyperinnervation of the spinal meninges. In
four of the six muscle biopsies, we found marked structural mitochondrial
abnormalities. These results show that MPZ alterations not only affect myelin-
ated nerve fibers, leading to either primarily demyelinating or axonal changes,
but also affect non-myelinated nerve fibers. The autopsy case offers insight
into spinal nerve root pathology in MPZ neuropathy. Finally, our data sug-
gest a peculiar association of MPZ mutations with mitochondrial alterations
in muscle.

KEYWORDS
Charcot–Marie-tooth, congenital hypomyelinating neuropathy, inherited neuropathy,MPZ,
myelin protein zero

1 | INTRODUCTION

Myelin protein zero (MPZ/P0) is the major protein com-
ponent of myelin in peripheral nerves [1, 2]. The gene
consists of six exons and is mainly expressed by Schwann
cells. The MPZ protein is an integral membrane
glycoprotein of 28 kDa that contains a single membrane-
spanning domain, a large, glycosylated immunoglobulin-
like extracellular domain, and a smaller basic intracellular
domain; homotypic interactions between the extracellular
domains of adjacent MPZ molecules on opposing
myelin lamellae are required for myelin sheath com-
paction as demonstrated by several studies on MPZ
knockout mice [2–6]. Hence, an essential role of MPZ
in myelinating Schwann cells and myelination in the
peripheral nervous system (PNS) has unequivocally
been demonstrated.

MPZ mutations can cause a spectrum of hereditary
neuropathies, including severe congenital hypomyelina-
tion neuropathy (CHN) as well as different forms of
hereditary motor and sensory neuropathies (HMSN),
called Charcot–Marie-Tooth (CMT) diseases. The CMT
classification has been based on a study by Dyck and
Lambert who defined one group (HMSN-I) with slowed
nerve conduction velocity (NCV) and nerve hypertrophy
(now called demyelinating CMT, CMT1) and one group
(HMSN-II) without these features but primarily axonal/
neuronal degeneration (now called axonal CMT,
CMT2). These groups were further subdivided by more
specific clinical features and mode of inheritance [7, 8].
With the advance of molecular genetic analysis, more
and more subtypes were identified. The most frequently
identified CMT causing mutation is a duplication on
chromosome 17p12, encompassing the PMP22 gene,
accounting for around 40% of all CMTs, and termed
CMT1A [9–13]. Demyelinating neuropathies due to
MPZ mutations were called CMT1B and are less fre-
quently observed (single-digit percentage range of CMT

patients) [12, 13]. However, for MPZ mutations, a
bimodal distribution with early-onset of symptoms and
slowed NCV (CMT1B) as well as late-onset axonal dam-
age (CMT2) became apparent [3].

Applying the traditional CMT classification can be
complex since CMT subtypes can be caused by numerous
gene mutations and one gene can be involved in several
subtypes. Novel classification systems have been sug-
gested, which can overcome these obstacles [14]. Never-
theless, because no such system has as yet gained general
acceptance, we here group our cases based on the tradi-
tional CMT classification systems into: infantile and
juvenile neuropathy with mostly demyelinating pheno-
type (CMT1) with nerve conduction velocities (NCV)
< 38 m/s, as well as late-onset, adult patients with milder,
predominantly axonal neuropathy (CMT2) with NCV
≥38 m/s [3, 15]. An intermediate type (CMTi) has been
suggested in patients with NCV between 30 and
40 m/s [16] and more recently been used to describe fami-
lies in which different affected family members have
motor conduction velocities in both the CMT type 1 and
2 ranges (i.e., above and below 38 m/s) [17]. Morphologi-
cally, compared to CMT2 patients CMT1 patients
showed reduced density of myelinated fibers, demyelin-
ating pathology, tomacula, and onion bulbs [3, 18–20].
Based on the known function of MPZ in myelin forma-
tion and compaction, the demyelinating phenotype can
easily be explained. As expected, CMT2 patients
showed more axonal changes [3, 18–20]. In contrast,
involvement of unmyelinated fibers has - to our knowl-
edge - thus far not been reported even though, expres-
sion of MPZ protein is not restricted to myelinating
Schwann cells. Actually, it was also demonstrated in
multipotent glial precursor cells derived from dorsal
root ganglia (DRG) and neural crest, suggesting a
role in embryonic development of other components of
the PNS [21]. This raises the possibility that MPZ
could be involved in regulating development and/or
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maintenance of non-myelinating Schwann cells and
unmyelinated axons.

Nowadays, patients with inherited peripheral neurop-
athies, including those with mutations in the MPZ gene
are routinely diagnosed genetically, and nerve biopsies
are obsolete in most cases [22]. Thus, in order to under-
stand genotype–phenotype correlations, it is important to
screen the available archival material. Here, we re-
examined nerve biopsies from two Central European cen-
ters. Along this line, we retrospectively systematically
examined nerve biopsies of 21 patients with MPZ-related
neuropathies and compared them to nerve biopsies of
16 control patients. Furthermore, muscle biopsies were
available of six of the patients with MPZ mutation and
one case was autopsied.

2 | METHODS

2.1 | Ethics statement

The study was approved by the ethics committees of the
participating centers (UAntwerpen; Ethical Commission
of the Medical Faculty of the RWTH Aachen, EK
125/18 and EK126/18).

2.2 | DNA isolation and sequencing

Genomic DNA was isolated from blood leucocytes or
paraffin-embedded nerve biopsy tissues using the Qiagen
Kit (QIAamp® DNA Mini Kit 250, Hilden, Germany)
according to the manufacturer’s protocols. The six MPZ
exons were analyzed by PCR and Sanger sequencing as
described [20, 23–25].

2.3 | Patients and comparison with CMT
mutation database

This study was a retrospective study of archival material
of 21 unrelated individuals with MPZ mutation. Previous
detection of an MPZ mutation was an inclusion criterion
for the group of cases that had been biopsied between
1978 and 2014. Controls were biopsied between 1988 and
2012. Clinical and genetic information is summarized in
Table 1, Table 2 contains the results of electrophysiologi-
cal measurements. In all patients, nerve biopsies were
available for light and electron microscopic examination.
In most patients, the sural nerve was biopsied, except for
MPZ patient #3 (saphenous nerve) and patient #9
(superficial fibular nerve). Four of the MPZ variants
found by us have - to the best of our knowledge - not
been reported so far (see Human Gene Mutation
Database (HGMD, Qiagen), Inherited Neuropathy
Variant Browser: https://neuropathybrowser.zuchnerlab.

net/#/ and [15]). Sixteen sural nerve biopsies that had
been classified as neuropathologically normal served as
matched controls (Table S1).

2.4 | Tissue preparation and quantification

Nerve and muscle biopsies were processed as described
previously [26, 27]. Briefly, sections from formalin-fixed,
paraffin-embedded, and glutaraldehyde-fixed, epoxy
resin-embedded nerve segments were examined by light
microscopy using a Zeiss Axio Scope.A1. Ultrathin
resin sections were examined by electron microscopy
(EM) using a Philips 400 T or a Hitachi HT7700
transmission electron microscope (TEM). Likewise,
autopsy tissue, including brain, spinal cord, dorsal
root ganglia, and peripheral nerves was fixed in
phosphate-buffered 4% formaldehyde solution and
processed for histology and immunohistochemistry as
described previously [28].

Myelinated and unmyelinated axons were counted to
determine fiber density and number of unmyelinated
axons per nucleated Schwann cell unit. Nucleated
Schwann cell unit was defined as Remak bundles with
visible nucleus. To distinguish unmyelinated axons from
Schwann cell processes by EM the following criteria were
used: (i) higher density of microtubules, (ii) diameter of
the cell process ranging from 1.0 to 1.6 μm [29], and
(iii) less condensed cytoplasm of unmyelinated axons.
Schwann cells were identified based on the presence of
the basement membrane. Invaginations of collagen fibrils
by Schwann cell cytoplasm were counted as collagen
pockets [30]. Uncompacted myelin was defined as
described [31, 32]. Based on previous reports [33], we
defined classic onion bulb formations as concentrically
arranged thin Schwann cell processes with occasionally
interpositioned empty basement membranes that sur-
round more than half of the axon; those which were
mainly composed of paired basement membranes
were considered basal lamina onion bulb formations
(BLOB). Regenerative clusters were defined by the pres-
ence of three or more closely apposed myelinated
axons—with or without a single basal lamina sur-
rounding the group of axons [34]. Fiber and axon
diameters were determined by measuring the fiber and
axon area using ImageJ and calculating the diameter.
G-ratio as the fiber diameter divided by the axon diam-
eter was determined as described [35]. Tomacula were
specified as marked focal concentric myelin thickenings
without discernible foldings as described [36], whereas
focally folded myelin was define as more clear-cut and
less symmetric focal myelin folding. Microangiopathic
changes of endoneurial blood vessels: pericyte loss,
endothelial hyperplasia, reduplication/thickening of
basal laminae, luminal occlusion were classified semi-
quantitatively as described [37, 38].
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2.5 | Statistics

Dot plots are presented for numerical data. Presence/
absence of regenerative clusters, tomacula, focally folded
myelin, BLOB, uncompacted myelin, and microangiopa-
thy are displayed in stacked bar graphs (as percentage of
patients). One-way ANOVA tests with Tukey’s multiple
comparison correction were used for almost all statistical
analyses by GraphPad Prism, except comparisons
between presence and absence of uncompacted myelin
and microangiopathy, Fisher’s exact test was used
(GraphPad online tool). p-Values <0.05 were considered
statistically significant.

2.6 | Data availability

Data not provided in the article because of space limita-
tions may be shared (anonymized) at the request of any
qualified investigator for purposes of replicating proce-
dures and results.

3 | RESULTS

3.1 | Classification, clinical, and genetic
features of patients with MPZ-neuropathies

Clinical and genetic data of the 21 patients included are
summarized in Table 1. Results of electrophysiological
recordings are shown in Table 2. Two patients (#1 and
#2) were classified as CHN based on the congenital
onset, severe disease and extremely slow or unobtainable
nerve conduction velocity (NCV). The remaining patients
were classified as CMT1 (11 cases), CMTi (CMT inter-
mediate; three cases), and CMT2 (five cases) based on
the results of electrophysiological recordings using estab-
lished criteria (motor NCV of the median nerve) [39].
Details on the classification of your cohort are provided
in the legend of Table 2.

CHN patient #1 presented as a floppy infant with
areflexia and feeding problems. Additional features were
dysphagia, scoliosis, and ametropia. Electrophysiological
examination at 8 months and 10 years revealed absent
motor and sensory action potentials at all extremities
examined (Table 2). An insertion of four bases after
codon 189 in exon 4 of the MPZ gene was found:
c.567_568insGGCC (p.L190GfsX46). To our knowledge,
this variant has not been previously reported. It may lead
to nonsense-mediated decay or truncation of the cyto-
plasmic domain based on a premature termination codon
and is expected to be pathogenic (see discussion below).
CHN patient #2 showed congenital hypotonia and
breathing difficulties. The patient never learnt to walk
and was wheelchair bound. Electrophysiological exami-
nation at the age of 20 years revealed a very slow NCV
of 2.8 m/s of the median nerve (motor) and an absentT
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response of the ulnar (motor), peroneal, tibial, median
(sensory), and sural nerves. A frameshift mutation in the
MPZ gene, affecting the amino acids from codon 209 has
been detected (p.A209EfsX24) [24].

Eleven of the 21 patients (#3–13) were classified as
CMT1 including five patients with childhood onset (one
at age below one, one at 1 year, one at 2 years, one at
4 years, and one at an undefined age in childhood). Four
patients had a reported onset in adulthood at the age of
>20, 40, 55, and 63 years, respectively. In two patients,
the age at onset was unknown. Symptoms and clinical
features are summarized in Table 1. Distal weakness of
lower limbs and gait disturbances as well as foot deformi-
ties were predominant features at onset. Three of the
CMT1 patients showed pupillary abnormalities; one
patient had nystagmus, three had scoliosis, and hearing
was impaired in one patient (Table 2). Four patients had
mutations of the amino acid 98 (two patients with
p.R98C and two patients with p.R98H, the latter two
with late onset disease at 55 and 63 years of age), one
patient showed a p.T124M mutation, three patients with
a mutation of amino acid 134 (two patients with
p.D134E, one patient with p.D134N). The p.G163R
mutation was detected in one patient. Another patient
displayed a p.Y181X mutation and one presented with a
novel c.678delC variant (p.S226RfsX26) that leads to
a frame shift from amino acid 226 on, predicted to result
in a longer a longer protein with a C-terminal sequence
unrelated to wild-type MPZ. All the other observed
mutations p.R98C/H, p.Y181X, p.D134, and p.G136R
mutations have previously been associated with a CMT1
phenotype [40–42].

We classified three patients as CMTi based on NCV
studies. Age at onset was between 40 and 63 years of age.
Two of them showed p.D61G mutations, one a p.T124M
mutation. Hearing was reduced in patient #14 and #16
and #16 also had anisocoria. Five patients were classified
as CMT2 based on the NCV data. Age at onset ranged
from 29 to 58 years with the exception of patient #20
with p.G206X mutation who had early onset hypotonia
at 4 months of age and died at the age of 8 years with
respiratory insufficiency and pulmonary heart disease,
most likely due to concomitant muscle carnitine defi-
ciency, lipid storage myopathy and mitochondrial myop-
athy (see below). Based on his normal NCV values at
1 year of age, he was classified as CMT2, although he
might have developed slow NCV later in childhood simi-
lar to other patients with this mutation [23]. The
p.D61G, p.Y119C, and p.T124M mutations have already
been reported in CMT2 type MPZ-related neuropathies
[20, 43]. Patient #19 with p.T124M mutation in MPZ has
been previously reported without morphological analysis
of the biopsy [25]. She displayed pupillary abnormalities
and hearing impairment. CMT2 patient #21 displayed a
c.709G > A (p.A237T) variant. Starting from 58 years of
age, she was unsteady on the feet and developed sensory
ataxia. To our knowledge, neuropathy associated with

this particular variant has not been reported to date. A
mutation in the adjacent amino acid c.706A > G
(p.K236E) was shown to cause CMT2 [44], but by predic-
tion methods using the web service InMeRF (https://
www.med.nagoya-u.ac.jp/neurogenetics/InMeRF/main.
php) [45], p.A237T is classified as “normal,” raising the
possibility that additional factors determine manifesta-
tion of neuropathy in such patients as discussed below.
We also detected a novel c.73_74 delinsA (p.S25TfsX22)
variant that may truncate MPZ due to a premature stop
or usage of an alternative start codon or lead to
nonsense-mediated decay in CMT2 patient #17. She
developed gait difficulties and foot drop in the late third
decade of life and had upper limb motor NCV above
40 m/s.

Overall, known genetic variants associated with spe-
cific CMT types were in line with previous reports. The
predicted consequence of novel genetic variants on
the MPZ protein matched the allocation to CHN (one
case), CMT1 (one case), and CMT2 (two cases) in most
patients and will be discussed further below.

3.2 | Morphological characteristics of
neuropathies associated with MPZ mutations

We performed histology and electron microscopy on nerve
biopsies of control (Figure 1A) and of MPZ-related
neuropathy patients (Figure 1B, Figure 2A–F) and quanti-
fied the morphological alterations (Figure 1C–K,
Figure 2G–M). We confirmed CMT-type characteristic
alterations previously established in smaller case series
[18–20]. These included a reduced myelinated nerve fiber
density in CMT1, but not in CMTi/CMT2 (Figure 1C)
and no significant difference in the density of unmyelin-
ated axons between controls and any CMT-type
(Figure 1D) [18]. Compared to previous studies, we
extended the morphological investigations to particular
features of Schwann cells and unmyelinated axons. The
number of axons per nucleated Schwann cell unit (Remak
bundles with visible nucleus) was significantly reduced in
CMT1 compared to controls (Figure 1A,B,E). Nucleated
Schwann cell profiles without axons corresponding to so-
called denervated Schwann cell bands were significantly
increased in both the CMT1 and the CMTi/CMT2
group of patients, with the CMT1 patients showing the
highest density of such denervated Schwann cell bands
(Figure 1B,I). In contrast, this was not a feature in nerves
of CHN patients (Figure 1I). Although we did not observe
a significant difference in unmyelinated nerve fiber density
indicative of a loss of unmyelinated axons, we detected a
significantly elevated number of collagen pockets in
CMT1 compared to the control group, but not in the
other disease groups (Figure 1J). Another marked
CMT1-specific finding was a higher density of Schwann
cells in CMT1 compared to CMTi/CMT2 (Figure 1F,H).
In CHN, we observed a further increase in Schwann cell
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F I GURE 1 CMT-type dependent differences in ultrastructural alterations of density of axons and Schwann cells as well as myelin thickness.
(A, B) Electron microscopy images of cross sections through the sciatic nerve. Nerve of a control patient (A), showing normally myelinated axons
(arrows) and several non-myelinated axons (black asterisks) in one nucleated Schwann cells unit (white asterisk marking the nucleus). MPZ-
mutation-induced neuropathy in CMT1-patient #11 (B), showing two denervated nucleated Schwann cells (white pound key, #), one non-myelinated
axon (black asterisk) in a nucleated Schwann cell unit (white asterisk marking the nucleus) and collagen pockets (black arrowheads). (C–K) Graphs
showing quantification of ultrastructural findings, sorted by CMT-type: Densities of myelinated fibers (C) and unmyelinated axons (D), unmyelinated
axons per nucleated Schwann cells units (E), density of all Schwann cell nuclei (F), myelinating Schwann cell nuclei (G), non-myelinated Schwann cell
nuclei (H), density of denervated Schwann cells (i.e., nucleated Schwann cell units without any axon; (I), density of collagen pockets (J), mean g-ratio
per case (K). One-way ANOVA with Tukey’s multiple comparison test was used as statistical test. Groups for analyses were: controls, CHN, CMT1,
CMTi combined with CMT2. For CHN case #1, two nerve biopsies were available, taken 6 years apart from each other, at 7 months and 6 years of
age, labeled with 1 and 2, respectively. Data points of clinically defined CMT1 case #3 are shown in brackets. Limited image quality did not allow to
determine unmyelinated axon density and density of collagen pockets in CHN case #2. Numbers of analyzed biopsies are displayed below the graph.

PATHOLOGY OF MPZ-RELATED NEUROPATHIES 9 of 20



density (Figure 1F–H) and a very severe hypomyelination
that was more pronounced than in CMT1 and CMT2
(Figure 1K).

The higher frequency of onion bulbs in CMT1 com-
pared to controls and CMTi/CMT2 patients (Figure 2A,G)

was in line with previous observations [18]; we also con-
firmed that axonal regeneration is frequent in the combined
group of CMTi and CMT2 (Figure 2B,I) [18–20]. Except
for the higher density of denervated Schwann cells,
axonal regeneration was in fact the only significant

F I GURE 2 CMT-type dependent differences in ultrastructural alterations of myelin structure, onion bulb formation and axon regeneration.
(A–F) Electron microscopy images of cross sections through peripheral nerves of patients with MPZ-neuropathy: Onion bulb formation around a
large caliber axon in CMT1 patient #4 with lamellae containing Schwann cell cytoplasm in addition to basement membranes (A). Regenerative
cluster in CMTi patient #16 (B). Basal lamina onion bulb (BLOB) formation around a severely hypomyelinated larger caliber axon in CHN case #1.
In contrast to regular onion bulbs, lamellae of BLOB contain Schwann cell basal laminae without cytoplasm (C). Uncompacted myelin lamellae in
CMT1 patient #3. Uncompacted myelin is caused by separation of myelin lamellae at the major dense line [32]. In the four MPZ patients reported
here, the lack of compaction could affect either the central or peripheral parts or the entirety of the myelin sheath. While it was often the only
anomaly observed at this specific location of a fiber, it sometimes occurred in the context of excessive myelin folding (D). Tomaculum (E) and focally
folded myelin (F) in CMT1 patient #9. Scale bars in A and B are 5 μm, and 2 μm in C–F. (G–M) Graphs showing quantification of ultrastructural
findings, sorted by CMT-type: Density of onion bulbs (G) and macrophages (H). Stacked bar diagrams displaying presence or absence of regenerative
clusters (I), tomacula (J), uncompacted myelin (K), focally folded myelin (L), and basal lamina onion bulbs (M). One-way ANOVA with Tukey’s
multiple comparison test was used as statistical test, also for numerical data on the density of regenerative clusters, tomacula, focally folded myelin
BLOB, shown in graph I, J and L, M. For K and M, Fisher exact test was used. Groups for analyses were: controls, CHN, CMT1, CMTi combined
with CMT2. For CHN case #1, two nerve biopsies were available, taken 6 years apart from each other, at 1 and 6 years of age, labeled with 1 and
2, respectively. Data points of clinically defined CMT1 case #3 are shown in brackets. Numbers of analyzed biopsies are displayed below the graph or
in the bars.
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ultrastructural difference in CMTi/CMT2 patients
compared to controls. In line with previous observations,
we observed that basal lamina onion bulb formations are
especially frequent in CHN (Figure 2C,M). In addition,
classical onion bulb formations composed of redundant
Schwann cell processes and their basal laminae were abun-
dant in one of the two CHN patients (Figure 2G).

We frequently observed uncompacted myelin lamellae
in both, CHN (2 of 2) and in 5 out of 11 CMT1 patients,
but not in CMTi/CMT2 (Figure 2D,K). Uncompacted
myelin lamellae have been described previously in nerve
biopsies of patients harboring the p.R98C and p.R98H
mutations [31, 46, 47]. We observed uncompacted myelin
lamellae in two CMT1 patients with the p.R98C muta-
tion, but not in those with p.R98H mutation. In addition,
we observed myelin uncompaction in one of the CMT1
patients with a frame shifting mutation (#13), one with
p.Y181X (#12), and in one of the two patients with the

p.D134E mutation (#9). Focal thickenings of the myelin
sheath (tomacula and focally folded myelin; Figure 2E,F)
were significantly increased in the group of MPZ muta-
tion patients as a whole (11 of 21 patients in MPZ neu-
ropathy versus 2 of 16 in controls, p = 0.017), but in
contrast to previous observations [18], there was no sig-
nificant difference between CMT types. The low num-
ber of CMTi and CMT2 cases limits our study and
may for example obscure the clear delineation of cer-
tain morphological alteration between groups, for
example, density of denervated Schwann cells, for
which there is a non-significant trend to a lower value
in CMT2 compared to CMTi.

We did not observe lymphocytic infiltrates or other
overt signs of inflammation in any case. Endoneurial
macrophages were infrequent in all patients. No amyloid
deposits were found. Eight of 19 CMT patients (42%)
showed moderate to marked microangiopathic changes

F I GURE 2 (Continued)
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of endoneurial blood vessels (as described in Section 2
and in [37, 38]) - significantly more than in the controls (1 of
16; 6.3%, p = 0.022). None of the two patients with CHN
showed signs of microangiopathy. In the CMT1 group, 4 of
11 patients (36.4%) and in the CMTi and CMT2 group
4 of 8 patients (50%) had moderate to severe microan-
giopathic changes. Hence, microangiopathy coincided
with the manifestation of MPZ neuropathy, in particu-
lar in the late-onset CMTi/CMT2 group.

3.3 | Involvement of spinal nerve roots and
meninges in a patient with MPZ mutation

Patient #4 (Figure 3) with early onset CMT1 died at the
age of 49 years due to global respiratory insufficiency,

infection-induced exacerbation of bronchial asthma, and
thoracic deformities due to severe scoliosis (Figure 3A).
During his childhood, a combination of meningitis and
poliomyelitis had been discussed, but at the age of
41 years, a severe sensorimotor neuropathy of unknown
origin was diagnosed. Sural nerve biopsy revealed a
severe demyelinating process with prominent onion bulb
formation (Figure 3B). Postmortem molecular genetic
investigation revealed the known pathogenic heterozy-
gous mutation in exon 3 c.292C > T (p.R98C) of the
MPZ gene. Neuropathological autopsy showed an
advanced degree of demyelinating disease with numerous
onion bulb formations in dorsal and ventral roots of the
spinal cord and in peripheral nerves (Figure 3C). There
was marked concentric thickening of perineurial cell
layers of the nerve fascicles and Renaut-body formation

F I GURE 3 Biopsy and autopsy findings in a CMT1 patient with p.R98C mutation. (A) X-ray (a.p.) of the chest: severe scoliosis of the thoracic
vertebral column. Marked chest deformation. (B) Sural nerve biopsy in 1998 revealed severe demyelinating neuropathy and angiopathy of
endoneurial capillaries; scale bar = 100 μm. (Semithin section: toluidine blue staining) (C) Sciatic nerve, taken in 2006 during autopsy, showing
advanced stage of severe neuropathy with only few remaining thinly myelinated axons (semithin section: toluidine blue staining). (D, E) Post mortem
investigation of median nerve: HE (D) and EMA immunohistochemistry (E) show marked concentric thickening of the perineurium of a nerve
fascicle (between arrowheads). Renaut body in the center of the nerve fascicle (arrows). Scale bars = 100 μm. (F) Leptomeningeal neuromatous
sprouting observed in autopsy material: Neurofilament-positive axons (F) surrounded by S100-positive Schwann cells (insert in F; 2.5-fold zoomed)
forming minifascicles. Nerve root showing surplus perineurial septae (G–J): neurofilament (G), S100 (H), GLUT1 (I), and EMA (J). Scale
bars = 100 μm.
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F I GURE 4 Skeletal muscle pathology in patients with MPZ neuropathies. Neurogenic atrophy with groups of atrophic fibers, angular atrophic
fibers, and targetoid fibers in CMT1 patient #4 in trichrome stained cryo cross sections (A) and mild Z-band streaming in CMT1 patient #13 (B).
CMTi patient #15 showed massive accumulation of altered autophagic material. This material showed the predominantly membranous, myelin-like
morphology and was surrounded by partially membrane-bound vacuolar structures together with degraded organelles including mitochondria, which
is typical for autophagic vacuoles (C). Paracrystalline inclusions, so called “parking lots” in mitochondria of CMT1 patients #6 (D) and #5 (E) seen
in electron microscopy (EM) images. CMTi patient #15 also showed paracrystalline inclusions in mitochondria (F). EM image of a cross section of
skeletal muscle of CMT patient (#20) showing accumulation of structurally altered mitochondria with concentric christae formation (G).
Paraphenylendiamine-stained semithin longitudinal section of skeletal muscle of the same patient #20 showing accumulation of numerous large
diameter lipid droplets within muscle fibers (H). Scale bars are: 100 μm in A, 2 μm in B–G, and 20 μm in H.
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in the center of a median nerve fascicle (Figure 3D,E).
The cauda equina was partially ossified. In addition,
thickening of the meninges of the spinal cord associated
with neuromatous sprouting of small nerve fascicles in
the leptomeninges, resembling findings reported for mul-
tiple endocrine neoplasia, type 2b MEN2b [48] and sur-
plus of perineurial septae in spinal nerve roots were
observed (Figure 3F–J).

3.4 | Involvement of skeletal muscle in
patients with MPZ mutations

As a direct target organ, skeletal muscle is known to be
affected in motor neuron diseases and peripheral neurop-
athies. Typically, skeletal muscle displays signs of
grouped neurogenic atrophy with flattened and angular
fibers and fiber type grouping. Further changes include
altered autophagy and proteostasis, myofibrillar disinte-
gration and focally diminished mitochondrial oxidation
activities, resulting in target and targetoid fiber pheno-
types [49–52]. In six patients (#4, 5, 6, 13, 15, 20) muscle
biopsies from combined nerve-muscle biopsies were avail-
able (Figure 4). One patient showed typical signs of neu-
rogenic atrophy (#4, Figure 4A) and there was mild,
probably neurogenic Z-band streaming in another case
(#13, Figure 4B). CMTi patient #15 displayed massive
accumulation of autophagic material (Figure 4C) beyond
the levels normally encountered in in neurogenic muscular
atrophy. This might be due to the denervation exaggerated
by an additional genetic predisposition independent from
the MPZ mutation. Interestingly, four of the patients who
underwent muscle biopsy, two with CMT1 (#5 and
6, Figure 4D,E), one with CMTi (#15, Figure 4F) and one
with CMT2 (#20, Figure 4G), showed marked structural
mitochondrial alterations in muscle fibers, including para-
crystalline inclusions and concentric layering of cristae
membranes, both of which are typical signs of mitochon-
drial myopathies [53]. While patient #5 and #15 showed
signs of neurogenic atrophy, patient #20 showed some not
clear neurogenically atrophic fibers. Instead, patient #20
displayed some necrotic fibers, several ragged red fibers,
carnitine deficiency, and massive accumulation of lipid
droplets (Figure 4H). This led to the suspicion of a concom-
itant lipid storage myopathy in this case. However, respira-
tory chain activities were normal in this patient. In contrast
to alterations in the skeletal muscle, none of these patients
displayed mitochondrial alterations in the nerve fibers.

4 | DISCUSSION

4.1 | Schwann cell changes in MPZ
neuropathies

To date, diagnosis of inherited peripheral neuropathies is
usually achieved by molecular genetic methods without

the need for nerve biopsy. Thus, only few mostly archival
nerve biopsies from MPZ neuropathy patients are avail-
able. However, correlation of molecular genetic findings
with the morphological phenotype provides useful infor-
mation about the consequences of the respective muta-
tions and about the normal and disturbed functions of
MPZ. Therefore, we collected a series of 21 patients with
MPZ mutation in which nerve biopsies were available at
two central European centers for systematic analysis. To
our knowledge, this is the largest systematic investigation
of the morphological alterations in different forms of
inherited peripheral neuropathies due to MPZ mutations.
As expected, we confirmed previous observations of
de- and re-myelination and Schwann cell onion bulb for-
mation combined with decreased myelinated nerve fiber
density in CMT1, but not in CMT2. Axonal regeneration
was significantly increased in the group of CMTi/CMT2
patients in line with previous reports [18–20]. Even
though density of unmyelinated axons did not differ
between CMT groups in line with previous reports [18],
we observed a significant increase in collagen pockets
and a decreased number of unmyelinated axons per
nucleated Schwann cell unit specifically in CMT1
patients, suggesting that unmyelinated fibers are also
affected in CMT1. This result is in line with the clinical
finding that pupillary reaction, which is controlled by
unmyelinated postganglionic autonomic nerve fibers [54],
can be affected in patients with MPZ neuropathies. For
the most part, such abnormalities have been reported in
CMT2 patients with p.T124M mutation [25], except for
one patient with demyelinating neuropathy due to
p.I112T mutation [55]. In our cohort, five of 21 patients
showed pupillary abnormalities: three patients with
CMT1 due to p.D134N, p.R98H, and p.G163R muta-
tion and two patients with p.T124M (one CMTi and one
with CMT2). Hence, our data support the conclusion
that pupillary abnormality is rather frequent in MPZ-
CMT1 and demonstrate a clinical involvement of unmy-
elinated fibers in these patients. We also observed signifi-
cantly more denervated Schwann cells in all CMT groups
compared to controls, especially in CMT1. Together,
these data suggest a myelination-independent function of
MPZ in non-myelinating Schwann cells. This is in accor-
dance with the MPZ expression demonstrated in multipo-
tent glial precursor cells in the developing PNS before the
onset of myelination [21], the activation of the MPZ pro-
motor in non-myelinating Schwann cells [56] and the
reported broad alteration in Schwann cell gene expres-
sion in mice lacking MPZ [4].

We observed an increased density in Schwann cell
nuclei in CMT1 and CHN patients. In CMT1, this
increase was mostly due to an increase of non-
myelinating Schwann cells, while in CHN patients, the
density of myelinating Schwann cells was also increased.
Since we did not observe an obvious shrinkage of the
examined nerves, this was most likely due to an actual
increase in the number of Schwann cells, possibly by
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Schwann cell proliferation. An increase in the number
of Schwann cells along with a stable overall number of
unmyelinated axons also explains the smaller number of
unmyelinated axons per nucleated Schwann cell unit,
the increase of denervated Schwann cells and possibly
even the increase of collagen pockets as proliferated
Schwann cells may start to enclose collagen bundles
instead of axons. This combination of findings (higher
density of Schwann cells, fewer unmyelinated axons per
Schwann cell unit) is reminiscent to CMT1A due to
PMP22 duplication, a condition in which Schwann cell
proliferation is well established [57], suggesting that
Schwann cells also proliferate in MPZ neuropathies.
Schwann cells may be stimulated to proliferate in
response to the degeneration of myelinated axons, which
has been reported to produce signals that are mitogenic
for non-myelinating Schwann cells [58]. Non-
myelinating Schwann cells have not been implicated in
the pathogenesis of MPZ-related peripheral neuropa-
thies so far, because mature non-myelinating Schwann
cells were not found to express MPZ. Nevertheless, non-
myelinating Schwann cells might be crucially involved
as they might transdifferentiate to an immature state
and hyperproliferate. Hyperproliferation could be com-
pensatory, or alternatively, Schwann cells with MPZ
mutation might fail to differentiate fully and remain in
an immature state prone to hyperproliferation. Insuffi-
cient maturation and predisposition to hyperprolifera-
tion might contribute to the development of
neuropathy. In fact, Schwann cell proliferation has been
suggested as the cause of axonal degeneration and neu-
ropathy in neurofibromatosis-2 [59].

Excessive growth of peripheral nerve fibers/Schwann
cells was also observed in the autopsy case (# 4), that is,
we observed thickened spinal meninges containing neuro-
matous sprouting of small nerve fascicles resembling the
spinal neuroma described in patients with multiple endo-
crine neoplasia, type 2b MEN2b [48]. Neuromatous
sprouting has not been described in the few autopsies of
patients with MPZ -neuropathies that have previously
been reported [60–63]. Although we have never observed
such a phenomenon in any autopsy so far, we would like
to emphasize that this is at this point solely an observa-
tion in a single case of MPZ neuropathy. It might be
associated with the massive scoliosis in this patient. Scoli-
osis is often observed in CMT and particularly frequent
in patients associated with MPZ mutation [64]. Scoliosis
may have caused compression trauma of nerve roots [65],
a possible cause of neuromatous nerve fiber out-
growth [66]. The question remains unsolved whether neu-
roma formation was directly linked to the MPZ
mutation and associated hyperproliferation of Schwann
cells or whether it was a consequence of nerve trauma
due to the severe scoliosis; the two pathomechanisms
might actually have combined to produce this peculiar
phenotype.

4.2 | Microangiopathy and mitochondrial
myopathy in patients with MPZ mutation

Microangiopathy of endo- and epineurial blood vessels
was a prominent feature of several patients, particularly
in the CMTi/CMT2 group. The association with the pre-
dominantly late-onset forms, CMTi and CMT2 could
theoretically be explained by the overall higher incidence
of microangiopathy in aged people [67, 68]. However, the
incidence in CMT patients was higher than in our age-
matched controls, in line with previous findings of a
study on vascular changes in diabetic neuropathy, in
which nine non-genetically characterized CMT1 patients
served as disease controls and also displayed thickening
of the pericapillary basal lamina and endothelial cell
hyperplasia when compared to nerves of organ
donors [69]. Hence CMT, including MPZ neuropathy
may trigger manifestation of concomitant vascular dis-
ease, although repeated nerve fiber degeneration and
regeneration alone does not induced basement membrane
reduplication of endoneurial microvessels [70]. Alterna-
tively, vascular disease may favor the manifestation of
MPZ-related neuropathy, for example, by exposing
altered myelin to additional stress and/or because a com-
mon factor may favor manifestation of both diseases.
For example, disturbed lipid metabolism is a pathogenic
factor in microangiopathy and has also been suggested to
determine clinical variability in CMT1A [71].

Surprisingly, considerable mitochondrial abnormali-
ties were found in four of six MPZ neuropathy patients
for which skeletal muscle biopsies were available. There
was no CMT-type-specific association. At this point, this
remains an observation of unknown causal relation to
the MPZ neuropathy; mitochondrial abnormalities
are to our knowledge not an established feature of MPZ
neuropathy thus far. Nevertheless, mitochondrial alter-
ations were clearly more frequent than generally observed
in muscle biopsies and were in line with altered size, func-
tion, and distribution of axonal mitochondria in a mouse
model of MPZ neuropathy [72]. Furthermore, denervation
causes extensive muscle fiber changes including myofibrillar
disintegration (target phenomena) and remodeling of the
sarcoplasmic reticulum [49], which should also affect muscle
fiber mitochondria. This assumption is supported by experi-
mental evidence indicating that denervation can induce
mitochondrial dysfunction and mitophagy [73]. In patient
#20 carrying the p.G206X MPZ mutation, mitochondrial
alterations most likely reflect a concomitant disease due to
the additional muscle carnitine deficiency and excessive
lipid storage. Thus, chronic denervation and reinnervation
in the context of hereditary neuropathy might be a con-
founding factor in individuals predisposed to mitochondrial
abnormalities. In fact, hereditary neuropathies can be
accompanied by mitochondrial alterations, especially in the
context of mitofusin 2 (MFN2) mutations (CMT2A/
HMSNVI) [74–76].
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4.3 | Genotype–phenotype correlation

The CMT phenotype and with this the CMT subtype
depends at least in part on location and type of the MPZ
mutation. In general, mutations associated with CHN
and CMT1 are regarded as (toxic) gain of function or
dominant-negative, while haploinsufficy/loss of function
mutations are typical for CMT2 [77]. Experiments
showed that certain CHN- and CMT1-associated MPZ
mutations either affect myelin compaction or lead to
retention of mutated protein in the ER, inducing the
unfolded protein response (UPR); both mechanisms con-
tribute to the severe demyelination neuropathy in mice
[41, 78–81]. Other MPZ mutations associated with
severe, early-onset neuropathies cause aberrant MPZ
trafficking to non-myelin plasma membranes or even
affect early developmental processes before myelination
such as radial sorting of axons by Schwann cells [82] or
hyperglycosylation and retention in the Golgi [83]. In
most CMT1 patients in the present study, we identified
MPZ mutations known to be associated with CMT1,
including those in the extracellular domain, p.R98C/H
and p.D134E/N; p.G163R in the transmembrane domain
as well as p.Y181X in the cytoplasmic domain
[40–42, 84]. Interestingly, although uncompacted myelin
and focally folded myelin had been reported to be mutu-
ally exclusive nerve pathologies in MPZ neuropathies
[85], patient #9 with p.D134E mutation displayed both
pathologies simultaneously. One CMT1 patient (#13)
displayed a novel c.678delC variant (p.S226RfsX26) that
is predicted to cause a frame shift from amino acid
226 on and to result in a protein that is two amino acids
longer than wild-type MPZ. The patient presented with
an early onset during early childhood, similar to a patient
with the c.661_662dupGC mutation of established patho-
genicity that is predicted to cause a similar frameshift,
just a few amino acids closer to the N-terminus
(p.Ala221fs) and to lead to an extension of the protein by
three amino acids [86]. The latter mutation was predicted
to result in a completely different conformation of the
intracellular part and to consequently interfere with
the formation of the myelin major dense line [86], which
likely occurs in c.678delC (p.S226RfsX26) as well. Frame
shifting mutations in MPZ were also observed in our two
CHN patients. Both lead to MPZ truncation; patient #1
displayed a novel four bases insertion after codon
189 in exon 4 of the MPZ gene (c.567_568insGGCC,
p.L190GfsX46) and patient #2 had a five base pair deletion
after codon 208 (c.626_630, p.A209EfsX24) [24]. The
severe disease course induced by the c.567_568insGGCC,
p.L190GfsX46 variant is in line with the early onset neurop-
athy and dominant negative effect described in a patient
with a single nucleotide deletion (c.570delG) that is causing
a frame shifting mutation starting at just one amino acid
closer to the C-terminus [87]. Basal lamina onion bulb
(BLOB) formation and uncompacted myelin were frequent

features in both CHN patients. However, in patient #1 with
the p.L190GfsX46 variant virtually no normally myelinated
axons were present, suggesting that myelin development
was affected at a very early stage. Patient #2 with
p.A209EfsX24 mutation displayed more mature onion
bulbs. BLOB formation has been suggested to be
caused by repeated loss and regeneration of non-
myelinating Schwann cells, while “classical” onion
bulbs are thought to result from de- and remyelina-
tion [88]. These differences might be due to the pres-
ence of the protein kinase C (PKC) target motif
between amino acids 193 and 206 of MPZ that is essen-
tial for its adhesive function [89] and preserved in
patient #2, but not in patient #1.

While CMT1-associated mutations strongly per-
turbed intercellular adhesions or were retained in the
cytoplasm, CMT2-associated mutations only moderately
reduced intercellular adhesions in cultured cells [90] or
mainly affect axo-glial interactions [60, 72, 90, 91],
including axo-glial interactions to stabilize nodes and
paranodes [72, 92]. In line with a loss of function muta-
tion, CMT2 patient #17 with onset in the 3rd decade of
life had a novel c.73_74 delinsA (p.S25TfsX22) variant.
This could result in a shortened protein product due to
truncation or usage of an alternative start codon. Alter-
natively, nonsense-mediated decay could lead to very low
amounts or absent protein. The p.A237T variant
observed in CMT2 patient #21 with neuropathy onset at
40 years of age has not been associated with MPZ neu-
ropathy before. In fact, this sequence variant has been
classified as “apathogenic” by prediction tools (https://
www.med.nagoya-u.ac.jp/neurogenetics/InMeRF/main.
php) [45]. However, except for a moderate microangiopa-
thy that was not sufficient to explain the extent of nerve
fiber degeneration, no other potential cause of neuropa-
thy was found in this patient. Therefore, this MPZ
sequence variant might be considered to be mildly
pathogenic.

The other CMTi/CMT2 mutations in our cohort are
known from the literature to be associated with CMT2,
including p.D61G, p.Y119C, and p.T124M [20, 25, 43].
These defects are located in the extracellular domain.
This domain, in particular the region around D61, is
important for homophilic adhesion [78]. MPZ p.T124M
has been shown to be transported normally to the mem-
brane; there, it leads to moderate impairment of intercel-
lular adhesion, but does not delay myelination.
Intercellular adhesion requires glycosylation of amino
acid 122, which is unglycosylated in p.T124M [90]. In line
with this, our three patients with p.T124M had a late dis-
ease onset (36, 40, and 40 years of age) and we did not
observe myelin uncompaction in these patients. Never-
theless, based on NCV studies, of the three patients with
p.T124M mutation, one was classified as CMT1, one as
CMTi and one as CMT2 in line with previous observa-
tions that mutations at position 124 can cause both

16 of 20 BREMER ET AL.

https://www.med.nagoya-u.ac.jp/neurogenetics/InMeRF/main.php
https://www.med.nagoya-u.ac.jp/neurogenetics/InMeRF/main.php
https://www.med.nagoya-u.ac.jp/neurogenetics/InMeRF/main.php


demyelinating and axonal neuropathy [20, 25]. Reduced
hearing or deafness were observed in four patients, all
with late onset—three with p.T124M mutation and one
with p.D61G mutation—overall in four of 21 patient-
s = 19%). This was independent of the CMT type
(1 � CMT1, 2 � CMTi, and 1 � CMT2), but related to
the specific mutations/late onset cases in line with previ-
ous observations of hearing loss in late-onset MPZ neu-
ropathies [18, 93, 94]. The frequency of hearing loss in
our study was very similar to what has been observed
in the USA (20.4%) [43] and much higher than in the
East Asian population [95, 96], even when we directly
compared the frequency of hearing loss in patients with
p.T124M mutation (only one of four Asian patients [95]
but in all three patients described here). This suggests that
ethnical differences in genetics have an impact on these
genotype–phenotype correlations.

4.4 | Value of archival material and future
molecular assessment

As hereditary neuropathies are nowadays usually diag-
nosed genetically, morphological analysis of MPZ-
mutation pathology in human patients is restricted to
archival diagnostic material. Systematic assessment of
such cases allowed us to uncover involvement of unmy-
elinated fibers, especially their Schwann cells, as well as
concomitant mitochondrial abnormalities in skeletal
muscle and neuromatous sprouting in spinal meninges.
These findings highlight the relevance of such archival
material. It should be stored indefinitely to enable future
correlative pathoanatomical studies. Future molecular
workup of archival biopsies may include whole exome
sequencing or whole genome sequencing of hereditary
neuropathies with yet unresolved genetic cause. More-
over, in hereditary neuropathies with a known genetic
cause such as MPZ mutation these approaches would
allow to detect additional genetic alterations that, for
example, predispose to mitochondrial alterations, micro-
angiopathy or determine age at onset/CMT type, for
example, in families with MPZ pT124M mutation with
variable onset and CMT type.
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