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Perspective of the project

Charcot-Marie-Tooth disease type 1A (CMT1A) is the most prevalent form of the 
hereditary neuropathies (approximately 1:5000 people) (Nelis et al., 1996) and in 
due course it may lead to considerable disability. Until now, therapy is symptomatic 
and aims at maintaining functional abilities and adjusting by learning compensation 
mechanisms. A detailed delineation of the natural course of CMT1A is essential to 
understand the relationship between the disease process and the development 
of clinical impairments and disability. This is of paramount importance now that 
clinical trials are being undertaken. In addition, it may have major implications for 
the timing of treatment. This thesis is comprised of several studies in CMT1A patients 
and in animal models for CMT1A. The aims of these studies were to determine the 
natural course of CMT1A and to investigate the role of the axon in this disease. The 
results of these studies will be discussed in relation to the current knowledge on 
CMT1A. As CMT1A is a neuropathy in which the myelin is considered to be primarily 
affected, the current views on myelin pathology will be discussed. Subsequently, 
axon pathology and the relation between axon and myelin pathology will be dealt 
with. This will be followed by a discussion about clinical disease severity and clinical 
disease progression, especially in relation to axonal dysfunction and axonal loss. 
Finally, some therapeutic approaches and our views on directions for future studies 
are given.

The myelin sheath: demyelination, remyelination and dysmyelination

CMT1A has been considered a primary demyelinating neuropathy with low NCVs, 
the electrophysiological surrogate marker for myelin status (Dyck 1975; Dyck and 
Lambert, 1968; Harding and Thomas, 1980). Indeed, morphological studies of the 
sural nerve showed signs of de- and remyelination, manifesting as onion bulb 
formation in the group of HMSN type I or CMT1 and also in later studies specifically 
addressing CMT1A, albeit with considerable variation between patients (Gabreëls-
Festen et al., 1995; Gabreëls-Festen et al., 1992; Hattori et al., 2003). However, de- 
and remyelination may not explain all myelin pathology in CMT1A. Demyelination 
indicates that normally formed myelin is broken down. Evidence is accumulating 
that dysmyelination, which indicates that myelin formation is delayed and normal 
myelination is never reached during nerve maturation, may well be the initial culprit 
pathomechanism (Robaglia-Schlupp et al., 2002; Nodera et al., 2004; Yiu et al., 2008; 
Saporta et al., 2009; Verhamme et al.,submitted)
Our follow-up study showed that in adult patients NCVs are uniformly low and do 
not deteriorate with age, indicating that the myelin status is fairly stable in adult 
CMT1A patients (Verhamme et al., 2009). These results are in line with other recent 
longitudinal studies (Shy et al., 2008) and suggest that the myelin is not progressively 
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deteriorating, as may be the case with continuing active demyelination. Signs of 
demyelination as seen in acquired demyelinating neuropathies, such as conduction 
blocks and increased temporal dispersion, were not found in CMT1A (Verhamme et 
al., 2004; Verhamme et al., 2009). Other studies showed that NCVs in young children 
with CMT1A are too low for age and never reach normal adult values, suggesting 
that the myelination process is hampered and a normal myelin status is not reached 
in these young patients (Killian et al., 1996; Roy et al., 1989; Yiu et al., 2008). Recently, 
it was shown that myelinated internodes are uniformly shortened in human skin 
biopsies of adult patients, which also suggests that CMT1A is a dysmyelinating 
disorder (Saporta et al., 2009). It is of interest that onion bulbs, which are indicative 
for de- and remyelination, were not found in these dermal myelinated fibres 
(Saporta et al., 2009). 
Animal models have the major advantage that morphology and morphometry 
studies can be performed. We studied the course of the disease over a period of 1.5 
years in the C22 model with 7 extra copies of the human PMP22 gene, and in the 
C3-PMP model with 3 to 4 extra copies (Verhamme et al., submitted). The former 
shows a clinical picture which is much more severe than the human phenotype 
whereas the latter bears more resemblance to human CMT1A. Both PMP22 over-
expressing mouse models had numerous inappropriately thinly myelinated and 
amyelinated fibres at very young age. The numbers of normally myelinated fibres 
increased afterwards, but normal numbers were never reached. This indicates that 
myelination was delayed and normal myelination was never reached. The degree 
of dysmyelination was considerably more prominent in the C22 mice than in the 
C3-PMP mice. Severe dysmyelination was reported previously in C22 mice: during 
the myelin formation process in the first 2 weeks after birth the percentages of 
myelinated versus unmyelinated fibres were lower and when myelinated, the myelin 
sheaths were thinner than in the control mice (Robaglia-Schlupp et al., 2002). We 
occasionally identified demyelinated axons accompanied by myelin debris in the 
associated Schwann cell in C22 mice and more rarely in C3-PMP mice at all ages; 
a proportion of the thinly myelinated fibres were probably the result of de- and 
remyelination. Onion bulb formation in these, but also in other mouse models 
(Robertson et al., 2002), were rarely observed. These sparse signs of demyelination 
and remyelination are in contrast with the higher, but variable, frequencies of 
these findings in human CMT1A (Gabreëls-Festen et al., 1995; Hattori et al., 2003). 
This indicates that in this respect the models differ from human CMT1A, which may 
be related to the shorter lifespan of mice, or some other difference between mice 
and men. However, the mouse models did show that dysmyelination, without the 
interference of major demyelination, do lead to a relatively stable, but abnormal, 
myelin status in adulthood, as reflected by the stable low NCVs. Adult C3-PMP mice 
had similar NCVs as adult CMT1A patients, while C22 mice had much lower NCVs.
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The axon: axonal dysfunction and axonal loss

Several cross-sectional human and animal studies showed axon pathology in CMT1A 
(de Waegh and Brady, 1990; de Waegh et al., 1992; Hoogendijk et al., 1994; Gabreëls-
Festen et al., 1995; Sahenk et al., 1999; Sancho et al., 1999). However, long-term, and 
preferably longitudinal studies, investigating the changes over time were lacking.
In our 5-years follow-up study in adult CMT1A patients we showed that CMAP 
amplitudes were lower in adult patients than in age-matched healthy controls. 
As CMAP amplitude is a surrogate marker for axon function, this indicates axonal 
dysfunction in CMT1A patients (Verhamme et al., 2004; Verhamme et al., 2009). 
However, the decline of CMAP amplitudes over 5 years did not differ between adult 
patients and controls, indicating that the deterioration in axonal function in adult 
CMT1A patients is in the range of normal ageing (Verhamme et al., 2009). 
Subsequently, in a cross-sectional study, we evaluated the number of axons in 
adult patients and age-matched controls with a motor unit number estimation 
(MUNE) technique. This technique is supposed to be more accurate in determining 
the number of axons than the measurement of CMAP amplitudes as MUNE is not 
disturbed by the effect of possible reinnervation (van Dijk et al., 2010). MUNE values 
were lower in adult patients than controls, but the age-dependent decrease did not 
differ between CMT1A patients and controls (van Dijk et al., 2010), again supporting 
the notion that deterioration in axonal function in adult CMT1A patients is limited 
and in the range of normal ageing. These results are in concordance with another 
cross-sectional study also showing low CMAP amplitudes and MUNE values in 
adult CMT1A patients (Krajewski et al., 2000). Recently, another longitudinal study 
reported CMAP reductions in adult patients (Shy et al., 2008). The authors suggested 
that their findings indicated that the disease process is still active in adults (Shy et al., 
2008), but they did not take normal ageing in a healthy control group into account.
We also studied changes in axonal function and in axonal numbers in animal 
models. In adult C3-PMP mice, CMAP amplitudes and axonal numbers were lower 
then in wild type (WT) mice (Verhamme et al., submitted). Adult C3-PMP and WT 
mice did not show a decrease in CMAP amplitudes and axonal numbers during 
ageing. Due to the design of the experiment, which in essence was cross-sectional, 
small changes over time may have been missed. In contrast, adult C22 mice with 
very severely affected myelin, had lower numbers of axons already early in life and 
these numbers clearly decreased further over time. 
As our studies in adult CMT1A patients, including young adults, show a relatively 
steady axonal dysfunction with a limited progression during adulthood, this 
indicates that the major part of axonal dysfunction must have been reached in 
childhood. Several explanations why axonal dysfunction presents in childhood 
can be put forward. The first explanation is that during nerve maturation a normal 
axonal function with a normal number of axons may not be reached. In our PMP22 
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over-expressing mouse models we found support that axonal function and axonal 
numbers may be predominantly affected during nerve maturation (Verhamme et 
al., submitted). Already at 3 weeks of age, so still during nerve maturation, CMAP 
amplitudes and axonal numbers are already low and remain so. We found no 
pathological evidence for early degeneration and loss of dysmyelinated axons. 
Electrophysiological studies in young children also support this explanation: distal 
arm surface CMAP amplitudes are often lower from early age onwards, without 
any indication of the normal physiologic increase with ageing (Yiu et al., 2008). The 
second explanation is that there is loss of functionally active axons in childhood. 
Evidence in the literature gives support to this: follow-up studies in children showed 
that CMAP amplitudes recorded from distal leg muscles were initially relatively 
normal, while they absolutely reduced over time, together with the appearance 
of muscle atrophy (Berciano et al., 2000; Berciano et al., 2003; Garcia et al., 1998). 
Moreover, there are signs of axonal loss in sural nerves of children (Gabreëls-Festen 
et al., 1995). It may be hypothesized that during childhood growth and extension 
of the longest axons, with the highest energy and transport requirements, is most 
demanding, so that loss of axons may appear especially in the longest nerves 
innervating distal leg muscles and sensory areas. 

The relation between the myelin and the axon

An association between the degree of abnormal myelin and the extent of axonal 
dysfunction has been suggested in many studies (de Waegh and Brady, 1990; de 
Waegh et al., 1992; Hoogendijk et al., 1994; Gabreëls-Festen et al., 1995; Sahenk et al., 
1999; Sancho et al., 1999). 
Our follow-up data strongly support the hypothesis that the severity of the disturbance 
of the myelination process is one of the factors that eventually determines the extent 
of axonal dysfunction during the first two decades of life (Verhamme et al., 2004; 
Verhamme et al., 2009). After the nerves have reached their final length, a stable 
interaction between Schwann cells and axons may be reached in adult CMT1A 
patients. The intimate interaction between developing axons and myelin was shown 
in several studies (Feltri et al., 2008; Kaplan et al., 2009; Woodhooand Sommer, 2008). 
It may be hypothesized that the abnormal Schwann cell-axon interaction during 
development early in life reduces the number of axons that become large enough to 
be myelinated, resulting in lower than normal numbers of myelinated fibres. 
Our results from the mouse models suggest that more severe dysmyelination leads 
to more axonal dysfunction and lower numbers of axons, which is also nerve length 
dependent (Verhamme et al., submitted). The results in C3-PMP mice indicate that 
after nerve maturation a delicate balance is reached between dysmyelination and a 
lower number of axons. In the more severely affected C22 mice, the number of axons 
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is much lower as compared to that found in the C3-PMP mice after nerve maturation 
and decreases over time in adult mice which might be the result of the severe 
dysmyelination impairing a steady state. 

Clinical disease severity and clinical disease progression

Several cross-sectional studies reported a variable degree of impairment, like muscle 
weakness, sensory dysfunction, and foot deformities, and in general mild disability in 
CMT1A (Hoogendijk et al., 1994; Birouk et al., 1997; Thomas et al., 1997). Onset of the 
first manifestations was before the age of 20 years in around 70% of cases (Birouk et 
al., 1997). Disagreement existed about the natural course of CMT1A. It was considered 
a clinically progressive disorder in adult patients by some (Birouk et al., 1997; Dyck et 
al., 1997; Thomas et al., 1997), while others refuted this idea (Hoogendijk et al., 1994, 
Killian et al., 1996). The relation between clinical disease severity and progression on 
the one hand and abnormal myelin and axonal dysfunction on the other was not 
clear. Properly conducted, longitudinal studies in CMT1A were lacking (Verhamme et 
al., 2004). 
Our studies in adult CMT1A patients support the hypothesis that clinical disease 
severity in CMT1A is determined by axonal dysfunction (Verhamme et al., 2004; 
Bienfait et al., 2006; Verhamme et al., 2009; van Dijk et al., 2010). Muscle weakness, 
sensory dysfunction and physical disability were more pronounced in patients with 
more severe axonal dysfunction. This is in line with the findings in other cross-sectional 
studies in CMT1A (Krajewski et al., 2000; Hattori et al., 2003), and shows similarities to 
the pivotal role of the axon in other disorders in which the myelin is primarily affected 
like multiple sclerosis and multifocal motor neuropathy (Silber and Sharief, 1999; Van 
Asseldonk et al., 2006). 
Our longitudinal data on muscle strength in 5 children with CMT1A showed that 
during childhood predominantly distal weakness develops over time in the legs 
more than in the arms (unpublished data). Interestingly, absolute three-point grip 
strength increased in children, but compared to normal values children became 
weaker. Due to the small number of children, these findings were not included in the 
natural history data (Verhamme et al., 2009). However, our findings are in line with 
other longitudinal studies in children with CMT1A showing progressive symptoms 
and signs of predominantly distal loss of strength in the legs over time (Berciano et 
al., 2000; Berciano et al., 2003; Garcia et al., 1998). In these studies the loss of strength 
was found to be associated with CMAP amplitude reductions, indicating increased 
axonal dysfunction over time. A large cross-sectional study in children aged 2 to 
16 years revealed that strength in distal leg and arm muscles, as well as distal arm 
CMAP amplitudes, are lower from early age onwards, without any indication for the 
normal physiologic increase with ageing (Burns et al., 2008; Yiu et al., 2008; Burns et 
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al., 2009b). This study also found that foot structure evolved towards pes cavus from 
early childhood to adolescence, although a subgroup with normal and planus feet 
remained (Burns et al., 2009b).
In our follow-up study in adult CMT1A patients we showed that at baseline strength 
and CMAP amplitudes were lower in patients than in age-matched controls 
(Verhamme et al., 2004; Verhamme et al., 2009). Adult CMT1A patients and age-
matched controls had a similar decline of strength and of CMAP amplitudes over time 
(Verhamme et al., 2009). This suggests that in CMT1A the decline in adulthood may, to 
a considerable extent, reflect a process of normal ageing rather than ongoing active 
disease. As adult patients initially have lower values, they will have fewer reserves in 
axonal function and strength in comparison to healthy controls, which hinders them 
in using compensatory mechanisms. Moreover, skeletal deformations due to muscle 
weakness may progress. These factors may explain why we found that physical 
disability slowly increased over time in adult patients, and why also others found 
clinical progression in longitudinal studies with a follow-up of 2 to 3 years on average 
(Padua et al., 2008; Shy et al., 2008). 
With regard to the development of clinical signs in the PMP22 over-expressing mice, 
the C3-PMP more closely resembled human CMT1A than did the C22 mice. The 
C3-PMP mice showed no overt clinical signs early in life and later developed mild 
neuromuscular impairment, which is similar to human CMT1A. The C22 mice already 
showed signs early in life which progressed to severe impairment. In both PMP22 
over-expressing mouse models, impairment was more pronounced in mice with 
more axonal dysfunction and lower axonal numbers (Verhamme et al., submitted). 

Therapeutic approaches

During the past decade, data on several potential drugs for CMT1A became available, 
i.e., progesterone antagonists in the transgenic rat model (Sereda et al., 2003), 
neurotrophin-3 in nude mice with CMT1A xenografts, in TremblerJ mice with a Pmp22 
point mutation, and in human CMT1A patients (Sahenk et al., 2005), and ascorbic acid 
in a human PMP22 over-expressing mouse model (Passage et al., 2004). The results 
of the last study were promising: PMP22 over-expressing C22 mice, aged two to four 
months were treated with orally administered high doses of ascorbic acid once a week 
during three months. These mice showed remyelination and improved locomotor 
functioning (Passage et al., 2004). As ascorbic acid is easily available and well-tolerated 
in humans, this provided an excellent opportunity to start a translational proof-of-
principle study. 
We performed a single-centre, randomised, double-blinded, phase II study 
comparing a high dose ascorbic acid with a placebo during one year to assess the 
effects of ascorbic acid on myelination and its safety in young CMT1A patients 
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(Verhamme et al., 2009b). Therapy directed at restoration of myelination is expected 
to be most beneficial in young patients, as axonal dysfunction can be expected to 
be less advanced than in older patients (Verhamme et al., 2009). This may in turn also 
have a positive effect on the prevention of clinical impairments and disability. Our 
trial showed that high dose ascorbic acid given to young CMT1A patients during 
one year did not lead to a positive predefined effect on myelination, assessed as 
a difference of the change in MNCV of the median nerve of 10 m/s between the 
ascorbic acid- and placebo-treated patients. We found a non-significant difference 
in mean MNCV change scores between ascorbic acid as opposed to placebo 
treatment of 1.3 m/s with an upper limit of the 95% confidence interval of 3 m/s. In 
our opinion this non-significant difference was too little to have enough potential 
clinical relevance to initiate studies with larger numbers of patients. Other larger 
phase II and III studies in children and adults also did not show a positive effect of 
high dose ascorbic acid (Burns et al., 2009a; Micallef et al., 2009), and results of two 
large international trials are underway (Pareyson et al., 2006). 

Future studies

The recent studies suggesting that CMT1A may be categorized as a developmental 
disorder in which dysmyelination causes impaired axonal maturation leading to 
lower numbers of axons and axonal dysfunction need further confirmation (Robaglia-
Schlupp et al., 2002; Burns et al., 2008; Yiu et al., 2008; Burns et al., 2009b; Saporta et 
al., 2009; Verhamme et al., submitted). Furthermore, the contribution of de- and 
remyelination and of axonal degeneration encountered in the long leg nerves in 
childhood need to be clarified (Berciano et al., 2000; Berciano et al., 2003; Gabreëls-
Festen et al., 1995; Garcia et al., 1998). To this end, natural history studies in newborns, 
infants and children are essential. This will be a real challenge, especially in very young 
children. Some studies have recently been initiated. The studies on Schwann cell-axon 
interaction in the very early stages of development are not feasible in humans, but 
animal studies may fill this gap. The new C3-PMP mice that we found, more closely 
resembles human CMT1A than the C22 mice, and may be an appropriate model for 
these studies.
There remain many unanswered questions which need further investigation in adult 
patients. All CMT1A patients have a duplication of a 1.5 Mb region on chromosome 
17 which includes the PMP22 gene, but there is a large variability in the degree in 
which myelin and axon are affected and in clinical disease severity. This indicates that 
external, acquired or genetic modifiers may play a role. Examples of these modifiers 
are superimposed acquired inflammatory neuropathies (Ginsberg et al., 2004), but 
this does not seem to be a frequent phenomenon. Mutations in other CMT associated 
genes, as was shown in some severe cases (Hodapp et al., 2006; Meggouh et al., 2005), 
or genetic modifiers which may render a patient more sensitive to axonal dysfunction, 
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could explain some of the variability. These questions may be elucidated in a large 
cross-sectional study in The Netherlands, which recently has been initiated. 
Therapeutic drug interventions in CMT1A may be directed at normalization of the 
myelination process aiming to restore myelin as a first step, but improvement of 
the axonal function should be the ultimate goal. Drugs targeted at improving the 
development of axons should start early in life, to be most beneficial. Drugs targeted 
at preventing axonal deterioration and/or on restoring axonal function may also be 
beneficial later in life. New compounds should first be tested thoroughly in an animal 
model most closely resembling human CMT1A before moving to properly designed 
phase I and phase II studies. Only after these steps have been shown to be successful, 
one should proceed to a phase III study. Clinically relevant improvements, preferably 
(the prevention of ) life changing events, should be defined in advance. 




