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Introduction

This thesis deals with Charcot-Marie-Tooth type 1A (CMT1A), also known as the 
hereditary motor and sensory neuropathy type Ia (HMSN Ia). CMT1A is the most 
prevalent subtype of the group of hereditary neuropathies, known as Charcot-Marie-
Tooth disease. In this introduction, a short description of the peripheral nervous 
system is given, together with some details on its electrophysiological properties 
and the techniques to assess these electrophysiological features. Then the position 
of Charcot-Marie-Tooth disease within the polyneuropathies is outlined, and more 
detailed information is provided about the different forms and subtypes of CMT. 
Finally, the aims and the outline of this thesis are given.

The peripheral nervous system

The peripheral nervous system consists of the primary motor and sensory neurons, 
the peripheral motor and sensory nerves, the neuromuscular junctions and the 
skeletal muscles (figure 1-1). 

Figure 1-1. The peripheral nervous system includes the peripheral motor and sensory fibres; their primary neu-

rons, the anterior horn cells and dorsal root ganglia; the neuromuscular junctions; and muscles. 

The primary motor neurons in the spinal cord, the anterior horn cells, are located in the 
ventral gray matter. The axons of these cells first form the ventral motor roots and then 
become the motor fibres in the peripheral nerves. The primary sensory neurons, the dorsal 
root ganglia, are bipolar cells that lie outside the spinal cord with two separate axonal 
projections. The central projections form the dorsal sensory nerve roots. The sensory roots 
enter the spinal cord on the dorsal side. The peripheral projections become the sensory 
fibres in the peripheral nerves. During development, Schwann cell precursors migrate from 
the neural crest and contact the developing peripheral axons. The immature Schwann cell 
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then ensheath bundles of developing axons, and further differentiate into myelinating or 
non-myelinating Schwann cells. Myelinated fibres have myelin around their axons (figure 
1-2). Myelin is composed of concentric spirals of Schwann cell membranes. 
 

Figure 1-2. Schematic representation of a peripheral nerve. The proteins which are most frequently mutated in 

Charcot-Marie-Tooth type 1 are shown. Peripheral myelin protein 22 is part of the compact myelin and may be 

important for its stability. It is regulated during the cell cycle. Mutations in myelin protein zero disturb myelina-

tion during development or the interaction between Schwann cell and axon. Mutations in connexin 32 lead to 

improperly functioning pores in the non-compact myelin (the paranodal regions and the Schmidt-Lanterman 

incisures), which are important for communication between cells. Reprinted with permission (Nederlands tijd-

schrift voor geneeskunde; Verhamme et al, 2005).

The Schwann cell and the myelin have a pivotal role in increasing the conduction 
velocity of axons and in maintaining axonal integrity (Nave and Trapp, 2008; Salzer 
et al., 2008). 

Electrophysiology of the peripheral nerve

The axonal membrane is electrically active. If current is injected onto the axon, 
depolarisation occurs, which may result in an action potential. Action potentials 
are always all-or-none responses, which propagate away from the initial site of 
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depolarisation. The conduction velocity of the action potential depends on the 
diameter of the axon and on the presence of myelin. The larger the axon, the faster 
the conduction velocity. Unmyelinated axons typically have conduction velocities 
of 3 to 5 m/s. Myelinated fibres have a much faster conduction velocity. Successive 
segments are myelinated by single Schwann cells (figure 1-2). The small uninsulated 
gaps between adjacent Schwann cells are known as the nodes of Ranvier. In 
myelinated fibres depolarisation occurs only at these nodes, so that current jumps 
from node to node. This is known as saltatory conduction. Although more current is 
needed for saltatory conduction, much less nerve membrane has to be depolarized, 
less time is required, and therefore conduction velocity dramatically increases. 
Myelinated human peripheral nerve fibres typically conduct in the range from 35 
to 75 m/s. The large-diameter myelinated fibres have the most myelin and the least 
electrical resistance. In standard neurography, motor and sensory nerve conduction 
velocity measurements are derived from these largest and fastest fibres (figure 1-3). 
The motor axon divides distally into many twigs, each of which goes to an individual 
muscle fibre. A motor unit consists of an anterior horn cell, its motor axon, and 
all muscle fibres with which it is connected. The motor unit potential (MUP) is 
the electrical potential which is generated after activation and depolarisation 
of all the muscle fibres in a motor unit. The compound muscle action potential 
(CMAP) represents the summation of all underlying MUPs, which is reached after 
supramaximal stimulation of a nerve (figure 1-3). The CMAP is a biphasic potential 
with an initial negative, upward deflection from baseline. CMAP amplitude, most 
commonly measured from baseline to negative peak, and CMAP area, most 
commonly measured between baseline and negative peak, in essence both reflect 
the number of muscle fibres that depolarize, and thus indirectly give an indication for 
axonal function. Motor unit number estimation (MUNE) techniques are complicated 
and more specialized approaches to assess the number of functioning motor axons. 
With these techniques a representative sample of individual MUPs is acquired, and 
based on this sample a mean MUP is calculated. Then, the supramaximal CMAP is 
divided by this mean MUP to calculate a MUNE value. 
After supramaximal stimulation of a sensory nerve a sensory nerve action potential 
(SNAP) can be recording over the same nerve. This is a compound potential, usually 
biphasic or triphasic, that represents the summation of all the individual sensory 
fibre action potentials, and may thus give an indication of axonal function. The 
SNAP amplitude is most commonly measured from baseline to negative peak. 
The needle EMG assesses the activity in a resting muscle and during voluntary 
contraction. In a resting muscle abnormal spontaneous muscle activity (fibrillations 
and positive sharp waves) is a sign of denervation. During voluntary contraction 
long-duration MUPs, which may be polyphasic, indicate reinnervation.
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Figure 1-3. Motor conduction study of the median nerve. The median nerve is stimulated supramaximally at the 

wrist and at the elbow. The compound muscle action potential (CMAP) of the abductor pollicis brevis muscle is 

recorded. The CMAP is a biphasic potential with an initial negative, upward deflection from baseline and repre-

sents the summation of all underlying motor unit potentials. The CMAP amplitude, most commonly measured 

from baseline to negative peak, in essence reflects the number of muscle fibres that depolarize, and thus indi-

rectly gives an indication for axonal function. Motor nerve conduction velocity (MNCV) is a measure of the speed 

of the fastest conducting fibres, which is calculated by dividing the distance travelled by the nerve conduction 

time. This is an example of a Charcot-Marie-Tooth type 1A patient, with a slow motor nerve conduction velocity 

and normal CMAP amplitudes. 

Polyneuropathies

Polyneuropathy is a disease of multiple peripheral nerves, which is characterized by 
motor and sensory symptoms and signs, in which the legs are usually more involved 
than the arms, distally more than proximally. The temporal course often is chronic, and 
the pattern usually symmetric. Common causes are diabetes mellitus, alcohol abuse and 
renal failure. The family history may direct to an inherited polyneuropathy. However, 
one should bear in mind that a de novo mutation or large phenotypic variability may 
distract from the hereditary nature of the polyneuropathy.
The underlying pathology in the vast majority of polyneuropathies is ‘axonal’: the 
axons primarily degenerate. The hallmarks in neurography are low CMAP and SNAP 
amplitudes in a distal to proximal gradient, while nerve conduction velocities are normal 
or only slightly slowed. The needle EMG may show signs of de- and reinnervation. A 
nerve biopsy would show signs of active and chronic axonal loss, of both small and 
large diameter fibres. 
A smaller number of polyneuropathies is associated with abnormal myelin as the primary 
pathologic process; this is often referred to in clinical practice, but also in the literature, 
as ‘demyelinating’. However, the abnormal myelin may be due to demyelination, 
dysmyelination, or both. Demyelination implies that normal myelin has been present 



14

Ch
ap

te
r

1

but is broken down. Dysmyelination implies that myelin formation is delayed and that 
normal myelin is not reached during nerve maturation. For the acquired neuropathies, 
the definition of demyelination fits. For the inherited neuropathies, it depends on the 
mutated gene and its role in the myelination process, whether the term dysmyelination 
or demyelination or both is appropriate. In both forms, nerve conduction studies are often 
markedly slowed (figure 1-3). In patients with an inherited neuropathy, all myelin tends to 
be equally affected; thus, symmetric and uniform slowing of nerve conduction velocities 
occurs. In contrast to acquired, mostly inflammatory neuropathies, which are associated 
with patchy, often multifocal demyelination, resulting in asymmetry on nerve conduction 
studies, along with evidence for conduction block and temporal dispersion. 
In both the hereditary and acquired demyelinating neuropathies, CMAP and 
SNAP amplitudes may be reduced, and the needle EMG may show signs of de- and 
reinnervation. This indicates that also axonal function may be decreased, probably as a 
secondary process to the affected myelin. 

Table 1-1. Classification of the Charcot-Marie-Tooth diseases or hereditary motor and sensory neuropathies

Locus Gene

De/dysmyelinating

  CMT1 autosomal dominant 

    CMT1A 17p11.2-p12 PMP22  1.5 Mb duplication / point mutation

    CMT1B 1q22-q23 MPZ

    CMT1C 16p13.1-p12.3 LITAF

    CMT1D 10q21-q22 EGR2

    CMT1E 8p21 NEFL

  Dejerine-Sottas syndrome  /   Congenital hypomyelinating neuropathy

    DSS/CHN AD/AR 17p11.2-p12 PMP22

    DSS/CHN AD/AR 1q22-q23 MPZ

    DSS/CHN AD/AR 10q21-q22 EGR2

  CMT4 autosomal recessive 

    CMT4A 8q13 - q21.1 GDAP1

    CMT4B1 11q22 MTMR2

    CMT4B2 11p15 MTMR13

    CMT4C 5q23-q33 SH3TC2

    CMT4D/HMSNL 8q24 NDRG1

    CMT4E 10q21-q22 EGR2

    CMT4F 19q13.1-13.3 PRX

    CCFDN 18q23-qter CTDP1

    CMT4G/HMSNR 10q23.2

    CMT4H 12p11.21-q13.11 FGD4

    CMT4J 6q21 FIG4

 Hereditary neuropathy with liability to pressure palsies
    HNPP 17p11.2-p12 PMP-22 1.5 Mb deletion / point mutation 
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Table 1-1. Continued

Locus Gene
Axonal
  CMT2 autosomal dominant

    CMT2A 1p35-p36 MFN2

    CMT2B 3q13-q22 RAB7

    CMT2C 12q23-q24 TRPV4

    CMT2D 7p14 GARS

    CMT2E 8p21 NEFL

    CMT2F 7q11-q21 HSP27

    CMT2G 12q12-q13.3

    CMT2I and J 1q22-q23 MPZ 

    CMT2L 12q24 HSP22

    CMT2 11q13 BSCL2

  CMT2 autosomal recessive

    AR-CMT2A ‘CMT2B1’ 1q21.2-21.3 LMNA

    AR-CMT2B 19q13.3 

    AR-CMT2 8q21.3

    AR-CMT2 ‘CMT2H/K’ 8q13-q21.1 GDAP1

Demyelinating / axonal

  CMTX X-linked

    CMT(1)X Xq13.1 GJB1 (Cx32)

  CMT-Intermediate autosomal dominant

    DI-CMTA 10q24.1-q25.1

    DI-CMTB 19p12-p13 DNM2

    DI-CMTC 1p34-p35 YARS
    DI-CMTD 1q22-q23 MPZ 

Abbreviations (alphabetical): AD: autosomal dominant; AR: autosomal recessive; BSCL2: Bernardinelli-Seip con-

genital lipodystrophy 2 (seipin); CCFDN: congenital cataracts facial dysmorphism neuropathy; CHN: congenital 

hypomyelinating neuropathy; CMT: Charcot-Marie-Tooth; CTDP1: C-terminal-domain phosphatase of RNA poly-

merase II, subunit 1; Cx32: connexin 32; DI: autosomal dominant intermediate; DNM2: dynamin 2; DSS: Dejeri-

ne-Sottas syndrome; EGR2: early growth response 2; FIG4: Sac (suppressor of actin) domain-containing inositol 

phosphatase 3; FGD4: FYVE, RhoGEF and PH domain containing 4, coding for fabrin; GARS: glycyl-tRNA synthe-

tase; GDAP1: ganglioside-induced differentiation associated protein-1; GJB1: gap junction protein β1; HMSNR: 

Hereditary motor and sensory neuropathy/Russe; HNPP: hereditary neuropathy with liability to pressure palsies; 

HSP27: small heat shock protein 27; HSP22: small heat shock protein 22; LITAF: lipopolysaccharide-induced TNF: 

factor, small integral membrane protein of lysosome/late endosome; LMNA: lamin A/C; MFN2: mitofusin; MPZ: 

myelin protein zero; MTMR2: myotubularin-related protein-2; MTMR13: myotubularin-related protein-13; NDRG1: 

N-myc downstream regulated gene 1; NEFL: neurofilament-light chain; PRX: periaxin; PMP22: peripheral myelin 

protein 22; RAB7: member RAS oncogene family - small, RAS-related GTP-binding proteins; SH3TC2: SH3 domain 

and tetratricopeptide repeats 2; TRPV: transient receptor potential cation channel, subfamily V, member 4.

Predominantly based on The Mutation Database of Inherited Peripheral Neuropathies (http://www.molgen.

ua.ac.be/CMTMutations/)
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Charcot-Marie-Tooth disease

Charcot-Marie-Tooth disease is a clinically and genetically heterogeneous group of 
inherited neuropathies. The prevalence of CMT is between 10 and 40 per 100.000 
(Skre, 1974); for the Netherlands the number of CMT patients is thus estimated to be 
at least 1600. 
In 1886, Charcot and Marie in France described a distinct entity of progressive muscular 
atrophy, often hereditary, with slowly progressive wasting and weakness of especially the 
feet and (lower) legs, which may be followed by involvement of the hands and forearms 
(Charcot and Marie, 1886). They described that sensory signs and symptoms may 
occur in the same distribution, but were less prominent or absent. Skeletal deformities, 
such as pes cavus, were emphasized. Muscles tendon reflexes were often decreased 
or absent. The onset was commonly in childhood. Tooth in England later in the same 
year described the disease under the title ‘the peroneal type of progressive muscular 
atrophy’ or in short ‘peroneal muscular atrophy’ due to the evident involvement of 
muscles innervated by the peroneal nerve (Tooth, 1886). He suggested that it was a 
peripheral neuropathy. Thus, the entity also became known as Charcot-Marie-Tooth 
disease. Around 1970, Dyck and Lambert coined the main entity as hereditary motor and 
sensory neuropathy (HMSN) and proposed a classification with seven types based on 
clinical features, nerve conduction studies and pathological studies (Dyck and Lambert, 
1968a; Dyck, 1975). The two major types were HMSN type I, which was considered to be 
a primary demyelinating neuropathy with reduced nerve conduction velocities. HMSN 
type II was the ‘neuronal type’ with relatively preserved nerve conduction velocities. 
Forearm motor conduction velocities of less than 38 m/s were proposed to separate 
HSMN type I from type II (Harding and Thomas, 1980). Advances in molecular genetics 
made it possible to find the genes related to the several types. Since then it became 
clear that the HMSN-classification was not appropriate anymore, and a new CMT-
classification based on genetic data was established. 
What remains is that CMT consists of two main forms: a demyelinating form 
and an axonal form (table 1-1), which are distinguished based on the above 
electrophysiological criteria. This distinction is sometimes equivocal and therefore, 
a mixed, intermediate group has been added to the classification. In families with 
intermediate CMT different affected individuals have motor conduction velocities 
in both the demyelinating and axonal CMT ranges (i.e., above and below 38 m/s) 
(Nicholson and Myers, 2006). Hereditary neuropathy with liability to pressure palsies 
(HNPP) is often included in the classification, but has a different clinical presentation 
(Mouton et al., 1999). The inheritance pattern of the demyelinating form is mostly 
autosomal dominant (CMT1) or X-linked (CMT1X), but there is also a group with 
autosomal recessive inheritance (CMT4). The same holds true for the axonal form 
(CMT2 and AR-CMT2, respectively) (table 1-1). The intermediate forms and HNPP 
follow an autosomal dominant mode of inheritance.
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Figure 1-4. Examples of clinical signs in CMT. Atrophy of calf muscles (A), atrophy of thenar and hypothenar 

muscles and clawing, most prominently of fourth and fifth fingers (B), pes cavus and varus with hammer toes (C). 

Reprinted and edited with permission (Nederlands tijdschrift voor geneeskunde; Verhamme et al, 2005).

Clinical phenotype

In general, CMT is characterized clinically by distal muscle weakness and wasting, 
legs more than arms, impaired distal sensation, and reduced or absent reflexes. Foot 
deformities (pes cavus) and hand deformities (claw hands) are often encountered 
(figure 1-4). Patients may feel unstable and may have difficulties walking and running. 
They may have difficulties manipulating small objects such as coins and buttons or 
with grasping larger objects. Depending on the causative gene, other additional 
symptoms and signs may be present, providing pointers to a correct diagnosis. This 
is especially the case in the axonal forms (table 1-2). It is of note that the severity 
of clinical signs and symptoms may vary widely, partly depending on the causative 
gene mutation, but also between and within families with the same gene mutation. 
Some people do not experience any complaints, while others need a wheelchair 
due to proximal muscle weakness. Most forms are known as slowly progressive but 
proper longitudinal studies are scarce. Recently, some longitudinal studies were 
published mainly for the most common form: CMT1A (Padua et al., 2008; Shy et al.,
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Table 1-2. Additional clinical signs and symptoms (Bienfait et al., 2007)

Demyelinating

CMT1B (MPZ) Pupillary abnormalities, deafness, lancinating pain in the legs in some patients

Axonal

CMT2A (MFN2)
Pyramidal tract signs (previously part of HMSN V), sometimes optic atrophy 
(previously HMSN VI)

CMT2B (RAB7) Severe sensory loss, foot ulcers

CMT2C 
Involvement of vocal cords, diaphragm and intercostal muscles, shortened 
life expectancy

CMT2D (GARS)
Predominant hand weakness; clinically resembling distal spinal muscular 
atrophy type V, but with sensory symptoms; both GARS mutation 

CMT2E (NEFL) Wide range of NCV, occasional patients with hyperkeratosis

CMT2F (HSP27) Trophic alterations of the feet and knees

CMT2I / J (MPZ) Pupillary abnormalities in some patients

CMT2L (HSP22) Proximal leg weakness in some patients

CMT2 (BSCL2)

Pyramidal tract signs (previously part of HMSN V), mutation in BSCL2 involved 
in several motor neuron diseases like distal hereditary motor neuropathy 
type V and spastic paraplegia type 17 also known as Silver spastic paraplegia 
syndrome

AR-CMT2A (LMNA) Proximal weakness in the legs

AR-CMT ‘CMT2H/K’ (GDAP1) Pyramidal tract signs, hoarseness

Abbreviations: see table 1-1.

2008; Verhamme et al., 2009). Superimposed immune-mediated disease or neurotoxic 
medication is known to cause a (relatively) sudden progression (Graf et al., 1996; 
Ginsberg et al., 2004; Nishikawa et al., 2008). In general, lifespan is normal, with some 
exceptions like the forms with hypo/amyelination which may be lethal in days to 
months (Gabreëls-Festen et al., 1993). 
HNPP is an episodic, recurrent, multifocal neuropathy. The typical clinical presentation 
is that of recurrent transient pressure palsies without pain but with focal sensory/
motor symptoms in the territory of a single nerve (most often ulnar, radial, or peroneal 
nerve) (Mouton et al., 1999), or in the territory of the brachial plexus. Over time the 
presentation may resemble a generalised polyneuropathy, which in advanced cases 
can mimic a ‘classical’ CMT. 
Patients with severe forms of CMT with early and severe symptoms (hypotonia after 
birth, (severe) muscle weakness, contractures and early scoliosis) and very slow nerve 
conduction velocities (less than 10 m/s) were previously classified as Dejerine-Sottas 
syndrome and congenital hypomyelinating neuropathy (Plante-Bordeneuve and 
Said, 2002). Now it appears that these severe forms of CMT most often are due to 



19

Introduction

1
dominant and recessive mutations in the genes which are responsible for CMT1A and 
B (see ‘The genes’), and are now classified as such (Scherer and Wrabetz, 2008). 

The genes

Mutations in genes encoding for proteins expressed in Schwann cells and the axons 
they ensheath cause Charcot-Marie-Tooth disease (table 1-1). Due to the identification 
of causative gene defects it became clear that the earlier division between axonal and 
demyelinating forms still holds true for the majority of patients but several important 
exceptions were found. Mutations in genes encoding for Schwann cell proteins most 
often give rise to a dys/demyelinating form (Scherer and Wrabetz, 2008). Peripheral 
myelin protein 22 (PMP22) is expressed in many different cell types with the highest 
expression in the myelin producing Schwann cells. The protein is part of the compact 
myelin and may be important for its stability. The role of PMP22 in non-myelinating 
cells is unclear. It is regulated during the cell cycle. Despite its widespread expression, 
PMP22 mutations only result in a neuronal phenotype. CMT1A is the most common 
form of CMT (prevalence 1:5000, 70% of the CMT1 patients) and is most often due 
to a 1.5 Mb duplication of chromosome 17, giving rise to three copies of the PMP22 
gene (figure 1-2). Point mutations in this gene are a rare cause of CMT1A (Valentijn et 
al., 1992). The majority of probands with CMT1A have inherited the disease-causing 
mutation but around 10% have a de novo gene mutation (Blair et al., 1996). HNPP is 
caused by a deletion of the same 1.5 Mb portion of chromosome 17 that is duplicated 
in CMT1A (Chance et al., 1993). Point mutations in the PMP22 gene which result in loss 
of function of PMP22 can also cause HNPP (Nicholson et al., 1994). Myelin protein zero 
(MPZ) is an adhesion molecule in the Schwann cell membranes and has an important 
role in myelin compaction (figure 1-2). Certain point mutations in the MPZ gene 
mainly disturb myelination during development (CMT1B, 5-10% of CMT1), and other 
mutations lead to more subtle changes in the myelin structure in which a disturbance 
of the Schwann cell-axon interaction mainly leads to axonal degeneration (CMT2I and J) 
(Shy et al., 2004). The non-compact myelin, the paranodal regions and the Schmidt-
Lanterman incisures, contain connexin 32 (Cx32) (Suter and Scherer, 2003) (figure 
1-2). Cx32 is a pore forming protein, which is important for communication between 
cells. The GJB1 (gap junction protein β1) gene encodes Cx32 and point mutations in 
this gene cause X-linked CMT (5-10%). In males this often leads to a demyelinating 
neuropathy with a relatively severe disease course, while females with one normal 
copy of the gene more often have an axonal form, which clinically is less severe and 
sometimes asymptomatic (Dubourg et al., 2001). 
The CMT2-associated genes encode proteins that are involved in vital cellular 
processes, including mitochondrial function, endosomal trafficking and RNA 
processing (Zuchner and Vance, 2006). Several CMT-associated genes have recently 
been identified that reside in the nuclear genome but encode proteins that play a 
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role in mitochondria, like mitofusin 2 (MFN2; CMT2A, 20% of CMT2 patients), heat 
shock proteins 22 (HSP22; CMT2L) and 27 (HSP27; CMTF) and ganglioside-induced 
differentiation associated protein-1 (GDAP1; CMT4A, CMT2H and K). It is unclear 
why these mutations primarily manifest with peripheral nerve disorders, but it 
seems probable that this is related to the extraordinary length of axons, and their 
energy and transport requirements. Other genes are involved in trafficking of 
vesicles, mitochondria and other membrane-encased organelles, which depend on 
regulators like the RAB7 protein (CMT2B), and an intact neuronal cytoskeleton, of 
which neurofilament light chain (NEFL; CMT2E) is one of the components (Zuchner 
and Vance, 2006). Remarkably, mutations in the ubiquitously expressed glycyl-tRNA 
synthetase (GARS) gene, involved in RNA processing, specifically disturb neuronal 
functioning (CMT2D and distal spinal muscular atrophy type V). 
As shown in table 1-1, many other genes may be involved in the different subtypes 
of CMT, albeit mostly found in only a few or single families. A disease-causing gene 
is not found yet in around half of the patients, and this especially accounts for CMT2. 
The number of loci and genes is still increasing with recent updates in the Online 
database of Mendelian Inheritance in Man (OMIM); and the Mutation Database of 
Inherited Peripheral Neuropathies (http://www.molgen.ua.ac.be/CMTMutations/). 

Animal models for CMT 

Animal models are specifically useful to study phenomena which cannot be 
(readily) studied in humans. There are several spontaneous and transgenic animal 
models for different forms of CMT (Scherer and Wrabetz, 2008). For CMT1A, rat and 
mouse models exist that over-express murine Pmp22 (Sereda et al., 1996; Magyar 
et al., 1996; Perea et al., 2001; Robertson et al., 2002) or human PMP22 (Huxley et al., 
1996; Huxley et al., 1998). Mouse models also exist for Pmp22 point mutations, like 
the Trembler and TremblerJ mice carrying the Gly150Asp and Lys16Pro mutations, 
respectively. Pathologically, all the CMT1A models show different degrees of delay 
in myelination (dysmyelination), myelin breakdown (demyelination) and myelin 
restoration (remyelination) (Robertson et al., 2002; Scherer and Wrabetz, 2008; 
Verhamme et al., submitted). These animal models may help in understanding the 
disease mechanisms, in delineating disease progression, in finding environmental 
risk factors that aggravate the disease and are useful to test treatment strategies 
(Passage et al., 2004; Scherer and Wrabetz, 2008). As mentioned above, human nerve 
biopsies are seldomly taken nowadays. A major advantage of the mouse models is 
that nerve pathology can be studied and related to signs of the disease, also at very 
young ages during nerve maturation. Other techniques, like human skin biopsies 
(Li et al., 2005) and cultured cell lines (Pareek et al., 1997), may also be very valuable, 
depending on the research question.
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Clinical disease severity in CMT1A: the role of axonal dysfunction and axonal loss

In all forms of CMT the extent of axonal dysfunction determines clinical disease 
severity. This may be straightforward for the axonal forms of CMT, but not for 
the demyelinating forms of CMT. At the start of this project, there was laboratory-
supported evidence that demyelinating Schwann cells cause abnormalities in axonal 
structure and function. Mouse axons regenerating through nerve grafts from patients 

with CMT1A had a reduced calibre compared with surrounding nerves (Sahenk et al., 
1999). Trembler nerve transplants gave rise to local biochemical changes, i.e. alterations 
in neurofilament phosphorylation associated with increased neurofilament density 
and decreased axonal transport in regenerated axons (de Waegh and Brady, 1990; 
de Waegh et al., 1992). Studies in children with CMT1 showed slow nerve conduction 
velocities before the onset of symptoms, and the velocities did not change appreciably 
as the disease progressed; thus, demyelination in itself does not seem to be sufficient 
to cause neurological signs and symptoms (Gutmann et al., 1983; Killian et al., 1996; 
Garcia et al., 1998). Pathological studies in humans with CMT1A show signs of axonal 
loss and a tendency to reduction of axonal numbers (Gabreëls-Festen et al., 1995). 

Treatment strategies

As in other chronic diseases, patients should be referred to a rehabilitation physician 
for management of the disease which aims at maintaining functional abilities and 
learning compensatory mechanisms. Stance, balance, walking abilities and also 
hand function should be evaluated (Videler et al., 2009). Exercise training, shoe 
inlays, orthopaedic shoes and orthoses may be beneficial, and with severe skeletal 
deformities surgical correction may be considered. However, evidence is limited: 
methodologically sound trials are required for any of these physical interventions 
(Young et al., 2008; Sackley et al., 2009). Symptomatic drug treatment for positive 
sensory symptoms, although rarely prominent, and for muscle cramps may be useful, 
but has not been investigated specifically for CMT. 
Over the last few years several drug trials have been performed specifically in animal 
models for CMT1A, and some of them were also carried out in CMT1A patients. Since 
CMT1A is caused by over-expression of PMP22, a possible treatment would be aimed 
at reducing PMP22 expression. Onapristone, an anti-progestin, reduced PMP22 mRNA 
levels in nerves and improved motor function in a rat model of CMT1A (Sereda et 
al., 2003; Meyer zu et al., 2007). Clinical trials were not started in humans due to the 
known side effects of onapristone in humans (Robertson et al., 1999). Now there is a 
search for other anti-progestins as candidates for chronic therapy in CMT (Nave et al., 
2007). Ascorbic acid in a PMP22 over-expressing mouse model showed an improved 
myelination and an improved motor function (Passage et al., 2004). An in vitro study 
showed that high doses of ascorbic acid may repress PMP22 gene expression by 



22

Ch
ap

te
r

1

acting on intracellular cyclic adenosine monophosphate levels and adenylate 
cyclase activity (Kaya et al., 2007). Several clinical trials evaluating the effects of high 
dosages of ascorbic acid have been initiated.
Neurotrophin-3, a neurotrophic factor that promoted axonal growth, induced 
axonal regeneration in a xenograft model that involved axons of nude mice being 
ensheathed by human CMT1A Schwann cells, and enhanced regeneration after 
sciatic nerve crush in TremblerJ mice (Sahenk et al., 2005). In a small randomised 
controlled trial neurotrophin-3 increased the number of small-diameter solitary 
myelinated fibres (thought to be an index of axonal regeneration) in sural nerves 
and it improved sensory loss (Sahenk et al., 2005). 
Curcumin, a molecule derived from the curry spice turmeric, stimulates the 
translocation of misfolded proteins from the endoplasmic reticulum to the plasma 
membrane, thereby reducing cytotoxicity of the mutant proteins (Khajavi et al., 
2005). Studies of TremblerJ mice chronically treated with oral curcumin showed 
reduced apoptosis, increased axonal size, increased myelin thickness, and a dose-
dependent improvement in motor performance, with no side-effects (Khajavi et al., 
2007). The results of curcumin in the rat CMT1A model are under way. 

Aims and outline of the thesis

The aims of this thesis are to determine the natural course of CMT1A and to 
investigate the role of the axon in this disease. This knowledge is important to gain 
insight into the pathogenesis and for the proper design of treatment studies. 
Chapter 2 is a cross-sectional study and describes the clinical disease severity in 51 
CMT1A patients and investigates the association with axonal dysfunction. Chapter 
3 compares the clinical disease severity in these 51 CMT1A patients with that of 
61 patients with the axonal form of CMT (CMT2). Chapter 4 shows the results of a 
5-year follow-up study in 44 adult CMT1A patients from this cohort and compares 
those results to 26 healthy age-matched controls, thus delineating the natural 
history in CMT1A in adults. Age-related changes in motor unit number estimates 
in adult CMT1A patients are described in chapter 5. In chapter 6 a long-term study 
of PMP22 over-expressing mice with emphasis on the clinical disease severity, the 
natural history and myelin and axon pathology is presented. Moreover, we compare 
these mouse models with human CMT1A. Chapter 7 reports a proof-of-principle 
study with oral high dose ascorbic acid in young CMT1A patients. In a randomised, 
double-blind, placebo-controlled phase II trial we investigated whether the same 
substantial effects on myelination can be found as has been reported for a mouse 
model for CMT1A. The general discussion in chapter 8 focuses on our main findings, 
integrates these findings in the current knowledge about CMT1A, and discusses 
their implications. 
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Parts of this text were published previously in Dutch in Ned. Tijdschr. Geneeskd. 
2005;149:1505-9 (Verhamme and Baas, 2005) and in the syllabus belonging to the Prinses 
Beatrix Fonds Symposium neuromusculaire ziekten ‘Neuromusculaire aandoeningen: 
van ziekte naar gen naar genezing’, 2009.




