NeuroMolecular Medicine

Copyright © 2006 Humana Press Inc.

All rights of any nature whatsoever reserved.
ISSN0895-8696/06/08:255-278 /$30.00 (Online) 1559-1174
doi: 10.1385/NMM:8:1-2:255

REVIEW ARTICLE

Therapeutic Strategies for the Inherited Neuropathies

Michael E. Shy*

Department of Neurology and Center for Molecular Medicine and Genetics, Wayne State University
School of Medicine, Detroit Ml 48201, USA

Received August 29, 2005; Revised November 21, 2005; Accepted November 30, 2005

Abstract

More than 30 genetic causes have been identified for the inherited neuropathies collectively
referred to as Charcot-Marie-Tooth (CMT) disease. Previous therapies for CMT were limited to
traditional approaches such as rehabilitation medicine, ambulation aids, and pain management.
Identification of the genes causing CMT has led to improved genetic counseling and assistance
in family planning. Identification of these genes is beginning to delineate common molecular
pathways in multiple forms of CMT that can be exploited in future molecular therapies.
Scientifically based clinical trials for CMT are currently being implemented. Techniques of gene
therapy are advancing to the point that they may become feasible options for patients with

CMT and other neurodegenerative diseases.
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Index Entries: Charcot-Marie-Tooth disease; neuropathy; genetics; therapy; disease mecha-
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Introduction

Inherited neuropathies, often known as Charcot-
Marie-Tooth (CMT) diseases, were described by
Charcot and Marie in France and, independently,
by Toothin England in the 1886 (Charcotand Marie,
1886; Tooth, 1886). Early investigators recognized
the weakness and atrophy of muscles innervated
by the peroneal nerve, the characteristic footabnor-
malities, and the familial nature of the disease.
However, advances in understanding causes and
disease mechanisms for the inherited neuropathies

did not come rapidly. Dejerine and Sottas (1893)
described cases that were more severe and had an
onsetininfancy; Roussy and Levy (1926) described
cases associated with tremor, ataxia, areflexia, and
pes cavus. Studies beginning in the 1960s suggested
that most CMT patients had autosomal-dominant
disorders that could be divided into one group with
slow nerve conduction velocities and pathological
evidence of a hypertrophic demyelinating neu-
ropathy (CMT type 1), and a second group with
relatively normal nerve conduction velocities and
axonal degeneration (CMT type 2) (Dyck and
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Lambert, 1968; Harding and Thomas, 1980). Most
patients were found to have weakness and sensory
loss predominantly in the distal legs, and muscle
wasting in the distribution of weakened muscles;
most of them had also developed clinical evidence
of disease within the first two decades of life. Link-
age studies designed to identify the causal genes
in CMT also began during this period (Bird et al.,
1982).

However, it was not until 1991 that two groups
independently identified the first genetic cause of
CMT (Lupski et al., 1991; Raeymaekers et al., 1991).
As is now well known, both groups demonstrated
that CMT1A, the most common form of CMT1, is
caused by a1.4-Mb duplication within chromosome
17p11.2, in the region containing the PMP22 gene.
Reports of other genetic defects associated with
hereditary neuropathies soon followed. CMT1B,
linked to chromosome 1, was found to be caused by
mutations in the gene encoding myelin protein zero
(MPZ) glycoprotein (Hayasaka et al., 1993), and the
X-linked neuropathy, CMTX1, was shown to be
caused by mutations in the gap-junction B1 (GJB1)
gene that encodes the protein connexin (Cx) 32
(Bergoffen et al., 1993). Deletion, instead of dupli-
cation of the CMT1A 1.4 Mb region on chromosome
17, was found to cause hereditary neuropathy with
liability to pressure palsies (HNPP) (Chance et al.,
1993). At present, mutations in more than 30 genes
have been identified that cause inherited neu-
ropathies (http://www.molgen.ua.ac.be/ CMT-
Mutations/).

The dramatic progress in CMT-related research
over the past 15 yr is a result of the recent revolu-
tion in the field of molecular genetics. Fortunately,
we are also in the midst of a revolution in molecu-
lar biology. Investigators have now generated
“knockout mice,” in which the causal genes for
many forms of CMT have been deleted, to deter-
mine the function of the gene in question. Simi-
larly, animal models are being made in which
particular mutations have been “knocked in” to
provide disease models to investigate. Advances
have been made in physiology, tissue culture, and
patient evaluations. These recent advances allow
us to realistically consider therapeutic strategies
to treat and eventually cure patients with CMT.
The remainder of this chapter will be directed
toward evaluating these strategies. However, to
place the strategies in a biological context, we need
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to briefly review the cellular and molecular biol-
ogy of the peripheral nervous system (PNS).

Biological Background

Most peripheral nerves are mixed, containing
both motor and sensory axons that are ensheathed
along their length by Schwann cells. During devel-
opment, Schwann cell precursors from the neural
crest migrate outand contact the developing periph-
eral axons (Harrison, 1924; Le Douarin and Dupin,
1993). These “immature” Schwann cells then
ensheath bundles of developing axons, a process
called “radial sorting,” and further differentiate
into myelinating or nonmyelinating Schwann cells
(Webster, 1993). Schwann cells that establish a one-
to-one association with an axon, called the
“promyelinating stage” of Schwann cell develop-
ment, initiate the program of myelination and
become myelinating Schwann cells (Webster, 1993;
Scherer, 1997). In contrast, Schwann cells that do
not establish this relationship with an axon do not
activate the program of myelin gene expression, and
become nonmyelinating Schwann cells (Webster,
1993; Mirsky and Jessen, 1996). Interestingly, this
decision process is directed by axons, so that all
immature Schwann cells have the potential to
become either myelinating or nonmyelinating cells.

The primary function of myelin is to increase
axonal conduction velocity without a significant
increase in axonal diameter. This is accomplished
by the process of saltatory conduction, in which
nerve impulses jump between electrically excitable
regions of the axon, called nodes of Ranvier, located
between the electrically insulated areas ensheathed
by myelinating Schwann cells. Because most periph-
eral nerves are mixed, however, with bundles of
both large- and small-diameter myelinated axons,
their conduction velocity is determined mainly by
the speed of theirlargest diameter myelinated fibers.

Recent investigations of myelinated axons and
their nodes of Ranvier have demonstrated a sur-
prising structural complexity. As can be seen in the
cartoon from Suter and Scherer (2003) (Fig. 1), the
myelin sheath has two regions, compact and non-
compact, each of which contains a unique nonover-
lapping set of protein constituents. The compact
region contains the myelin structural proteins,
PMP22 and MPZ, both of which are associated with
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Fig. 1. Schematic overview of the molecular organization of peripheral nervous system-myelinated axons high-
lighting many of the proteins affected in Charcot-Marie-Tooth disease (CMT). The figure depicts the location of the
wild-type proteins accorded by the genes that are mutated nCMT. Cx, connexn; EGR, early growth response; ER,
endoplasmic reticulum; Ext, extracellular; GDAP, ganglioside-induced differentiation associated protein; Int, intra-
cellular; KF, kinesin family member; LITAF, lipopolyscaccharide-induced tumor necrosis factor (TNF); MTMR,
myotubularin-related protein; NDRG, N-myc downstream-regulated gene; PMP, peripheral myelin protein. (With

permission from Suter and Scherer, 2003.)

CMT1, as well as myelin basic protein. All of these
participate in forming the highly organized myelin
sheathand inelectrically insulating axons. The non-
compact region is made up of two subdomains, the
paranode and the juxtaparanode. The paranodal
region, the loops of Schwann cell membrane and
interacting axonal membrane adjacent to the node
of Ranvier, contains the Schwann cell proteins Cx
32 (the cause of CMTX1), MAG, Neurofascin 155,
and the axonal proteins Caspr and Contactin. These
proteins participate in Schwann cell-axonal or

NeuroMolecular Medicine

Schwann cell-Schwann cell interactions, and act to
electrically isolate the nodal region. The juxtapara-
nodal region, the portion of Schwann cell and inter-
acting axonal membrane adjacent to the paranode,
contains potassium channels and Caspr 2, both
expressed by axons (see also references in Arroyo
and Scherer, 2000; Salzer, 2003). The complex cellu-
lar structures formed by myelinating Schwann cells
and their axons are thus analogous in many respects
to the neuromuscular junction formed between
motor axons and muscle cells: both are highly
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ordered, multicomponent systems formed by the
interaction of two distinct cell typesin order to carry
out a specific biological function related to nerve
transmission.

The process of nerve development and associ-
ated Schwann cell differentiation, myelination, and
establishment of an electrically insulated node of
Ranvier capable of saltatory conduction provides
the biological framework for understanding the
pathogenesis of all types of peripheral neuropathy;,
including CMT. In fact, one might anticipate that
inherited peripheral neuropathies would be caused
by mutations that alter crucial aspects of this bio-
logical process, such as the critical interactions
between Schwann cells and their axons at the para-
nodal region, or the process of myelin compaction.
For the purpose of developing rational treatments,
each of these sites are potential targets.

Biologically Based Treatment
Strategies

Evaluation of the more than 30 mutant genes
and proteins that cause inherited neuropathies has
identified a number of molecular processes and
pathways that are involved in the pathogenesis of
CMT as well as in many other neurodegenerative
diseases. Manipulation of these processes and
pathways will provide the basis for future thera-
peutic strategies.

Gene Dosage and Regulating Myelination:
Therapy for CMT1A

The most common form of CMT, CMT1A, is
caused by a 1.4-Mb duplication on chromosome 17
in the region carrying the gene encoding PMP22
(Lupski et al., 1991; Raeymaekers et al., 1991).
Patients withCMT1Adevelop a progressivelength-
dependent sensorimotor neuropathy with an onset
usually in the first two decades of life (Thomas etal.,
1997). Duplication of the PMP22 gene within the
regionis the likely cause of the disease because mice
and rats with extra transgenic copies of the Pmp22
gene develop a similar demyelinating neuropathy
(Huxley etal., 1996; Magyaretal., 1996; Seredaetal.,
1996), as do some patients with PMP22 point muta-
tions (Roa et al., 1993; Vallat et al., 1996). In contrast,
deletion of the same 1.4 Mb region on chromosome
17 that is duplicated in CMT1A causes HNPP

NeuroMolecular Medicine

Shy

(Chance et al., 1993), a distinct disorder character-
ized by focal episodes of weakness and/or sensory
loss (Lietal.,2004). Decreased expression of PMP22
is the cause of HNPP. (Chance et al., 1993). Thus,
alterations in PMP22 dosage cause two distinct dis-
orders depending on whether there is too much or
too little PMP22 in myelin. The situation is some-
what more complicated because up to 90% of trans-
lated PMP22 is targeted for lysosomal degradation
before reaching the myelin sheath (Pareek et al.,
1997). Nevertheless, treatment strategies are cur-
rently being devised to regulate PMP22 mRNA
levels as a method of treating CMT1A. Some
approaches, such as the use of siRNA or antisense
oligonucleotides, will be discussed in the section
on gene therapy. However, in the current absence
of effective gene therapy, investigators are turning
toward currently available agents that have
demonstrated ability to manipulate PMP22 mRNA
levels. One of these compounds is the hormone,
progesterone.

A Progesterone Antagonist Improves
Neuropathy in CMT1A Rats

Sereda and his colleagues (2003) in Klaus Nave’s
laboratory have taken advantage of the known prop-
erty of progesterone toincrease expression of PMP22
and MPZ mRNA levels in cultured Schwann cells.
Previously, these same investigators have generated
a CMT1A rat by specific overexpression of a Pmp22
cDNA. Heterozygous animals develop a progres-
sive, demyelinating neuropathy with clinical,
neurophysiological, and pathological features that
resemble CMT1A (Seredaetal., 1996). Daily admini-
stration of progesterone to these CMT1A rats ele-
vated the steady-state levels of Pmp22 and Mpz
mRNA in sciatic nerves, resulting in enhanced
Schwann cell pathology and a more severe clini-
cal neuropathy. In contrast, administration of the
selective progesterone receptor antagonist, onapri-
stone, reduced overexpression of Pmp22 mRNA,
and improved the CMT phenotype, without obvi-
ous side effects, in treated rats. Taken together,
these data provide proof of principle that the prog-
esteronereceptor of myelin-forming Schwann cells
is a promising pharmacological target for therapy
of CMT1A. Unfortunately, onapristone has been
shown to be toxic to humans so that it will prob-
ably not be used in clinical trials. However, cur-
rent research is underway to develop a less toxic
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progesterone antagonist that can be used in clin-
ical trials of CMT1A.

Ascorbic Acid and CMT1A

Richard and Mary Bunge utilized rat Schwann
cells cocultured with neurons derived from dorsal
root ganglia to investigate PNS myelination in a
number of classic studies (Bunge etal., 1980; Bunge,
1987). In these cocultures, Schwann cells first
ensheath axons when the cultures are maintained
in defined media. They then form a myelin sheath
around axons when serum and ascorbic acid are
added to the culture media. Ascorbic acid is critical
to this process, presumably by linking hydroxy-
proline residues in the extracellular matrix (Bunge
etal., 1980). In the absence of ascorbicacid, the cocul-
tures willnot myelinate (Bungeetal., 1980). Because
of the critical role of ascorbic acid in myelinating
cocultures and because ascorbic acid (vitamin C) is
routinely ingested by humans without harm, Fontes
and his colleagues treated their YAC mouse model
of CMT1A with ascorbic acid and demonstrated an
improvement in myelination and performance on
tasks such as a Rotarod. They also demonstrated a
reduction of Pmp22 mRNA levels to levels below
those necessary to induce the disease phenotype
(Passage et al., 2004). Planning for clinical trials of
ascorbic acid for CMT1A is now underway on sev-
eral continents.

Both of the above treatment approaches are non-
specific because neither ascorbic acid or proges-
terone antagonists have been shown to target
expression of a single myelin gene. Both therapies
are directed toward regulating the overall program
of myelination. For CMT1A, this may be appro-
priate because decreasing overall myelin mRNA
levels by progesterone antagonists may reduce
PMP22 mRNA levels without significantly
decreasing mRNA levels of other myelin genes in
a fashion that would cause disability. Whether
progesterone antagonists or ascorbic acid would
be candidates for treating additional forms of
CMT1 is not currently known and has not yet been
investigated in animal models.

Trophic Factors and CMT

Three families of trophic factors, or growth fac-
tors, have been extensively used in recent years to
treat neurodegenerative diseases, including CMT.
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(reviewed in Massicotte and Scherer, 2004). The first
is the neurotrophin family consisting, in mammals,
of nerve growth factor (NGF), brain-derived neu-
rotrophic factor (BDNF), neurotrophin-3 (NT3),and
neurotrophin-4/5 (NT4/5). Each of these is secreted
as a homodimer and is cleaved by a protease to its
mature form. All neurotrophins bind to a protein
tyrosine kinase (Trk) receptor that in turn activates
downstream signaling pathways in the target cell.
All neurotrophins also interact with the low affin-
ity p75 receptor that can signal independently of
the Trks. The second family of trophic factors is the
glial cell line-derived neurotrophic factor (GDNF)
family, which is part of the transforming growth
factor (TGF)-B superfamily. GDNF family mem-
bers include GDNF itself as well as neurturin,
artemin, and persephin. GDNF family members
bind to at least one of a group of glycosyl phos-
phatidylinositol (GPI)-linked proteins known as
GFRo1-4, which then bind to a common signal-
transducing subunit, c-ret, whichis a protein kinase
receptor. The third family is the cililiary neuro-
trophic factor (CNTF) family of cytokines that
includes CNTF, leukemia inhibitory factor (LIF),
cardiotrophin 1 (CT-1), cardiotrophin-like cytokine
(CLC), and interleukins (IL)-6 and -7. All members
share a common set of receptors that have the
intrinsic membrane protein, gp130, as a common
signal transducing subunit. Areview of these fam-
ilies with their neuronal targets is provided in
Table 1.

Enthusiasm for the use of trophic factors to treat
CMT and other degenerative diseases results from
(1) the ability of the factors to promote the develop-
ment and maintenance of both neurons and glia, (2)
the demonstrated ability of several of these factors
to rescue or ameliorate animal or tissue culture
models of degenerative disease, and (3) axonal
degeneration being a common feature of both
demyelinating and axonal CMT. Many of the trophic
factors cited here are already expressed in Schawnn
cells or neurons, and expression levels are often
endogenously altered in nerveinjury (Massicotteand
Scherer, 2004). Exogenous NGF, BDNEF, NT-3, and
NT-4, a pan engineered neurotrophin, CNTE, IGF-1,
and IL-6 have all been shown to promote nerve
regeneration (Graveletal., 1997). Thereis target speci-
ficity for neurotrophic factors based on the locali-
zation of their receptors (see Table 1). For example,
NT-3 has been shown to reduce neuropathy caused
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Table 1
Trophic Factors and Their Neuronal Targets
Family Trophic factor Receptor Neuronal target
Neurotrophins NGF trk A Sympathetic, trk A nociceptive
BDNF Trk B Motoneurons
NT-3 trk C Motoneurons, muscle spindle afferents,
mechanoreceptors
NT-4 Trk B Motoneurons, preganglionic autonomic
GDNF GDNF GFRol + ret Motoneurons, preganglionic autonomic,
IB4 nociceptive, enteric
Neurturin GFRo2 + ret Motoneurons, parasympathetic, enteric
TGF-B Types 1 and 2 Autonomic
CNTF CNTF CNTFRo_+ gp130 Motoneurons
LIF LIFBR + gp130 Motoneurons
CT-1 LIFBR + gp130 Motoneurons

Table modified from Massicotte and Scherer (2004).

by B6/pyridoxine and cisplatin that effect large
sensory neurons that express the trk C receptor,
whereas NGF has demonstrated potential benefit in
aphaselltrial for HIV-related neuropathy (McArthur
et al., 2000). Results with NGF in the treatment of
painful diabetic neuropathies, however, have not
demonstrated such positive results (Apfel, 2002;
Pradat,2003). Trophicfactors have alsodemonstrated
effectiveness in several animal models of axonal,
and even demyelinating neuropathies. Treatments
with GDNF have prolonged survival and function
of the superoxide dismutase 1 (SOD1) mutant model
of familial amyotrophic lateral sclerosis (FALS)
(Acsadi et al., 2002; Manabe et al., 2002) and insulin-
like growth factor (IGF)1 (Kaspar et al., 2003).

The use of trophic factors to treat models of
neurodegenerative diseases has not been limited to
members of the three families discussed earlier.
Vascular endothelial growth factor (VEGF), which
isessentialin angiogenesis, slowed progressionand
prolonged life in the SOD1 mouse mutant form of
FALS (Azzouz et al., 2004). The cytokine hormone,
erythropoietin, proved effective in promoting nerve
regenerationinanimal models of nerveinjury (Kretz
etal.,2005) and itsreceptoris expressed by Schwann
cells (Li et al., 2005). The potential use of Neuregulin
(Nrg) 1 to promote myelin thickness is discussed
later in this review.

Despite the therapeutic promise of trophic factors,
results of treatment studies in human patients have
been disappointing. Attempts to halt the progres-
sion of FALS with CNTE, BDNEF, IGF-1, and NT-3
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have been unsuccessful in phase II or III clinical
trials (Apfel, 2002). Trials of GDNF in FALS were
halted afteradversereactionsin phaselItrials (Yuen,
2001). Part of the reasons for disappointing results
with these proteins may relate to methods of delivery.
For example, the half-lives of many trophic factors
are only several minutes and they have frequently
been administered to patients by subcutaneous
injection. It is debatable whether the trophic factor
would have adequate time to reach its target and
affect neurons or Schwann cells within this limited
period of activity.

Neurotrophin-3 Treatment of CMT1A

Inarecentreport, Sahenk and colleagues used sub-
cutaneous injections of NT3 to treat sciatic nerves of
Trembler J (Tr!) mice, a naturally occurring mouse-
demyelinating mutant caused by a missense muta-
tion in the Pmp-22 gene. Similar injections were also
givento xenografts of CMT1A patientnervesinnude
mice. Myelinated fibers and Schwann cell numbers
were evaluated. NT3 appeared to augment axonal
regeneration in both models. In the same publica-
tion, the investigators reported their results from a
6-mo comparison between four CMT1A patients
treated with NT3 injections (three times a week) and
four CMT1A patients treated with placebo. The
results from this pilot study showed an increase in
the mean number of small myelinated fibers within
nerve regeneration clusters and an increase in soli-
tary myelinated fibers in treated but not placebo
groups. Clinically, improvements in the Neuropathy
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Table 2
Future Molecular Targets
Disrupted process Disorder Gene
Axonal transport CMT2A MFN2
Giant axonal neuropathy GAN
HMN dynactin Dynactin
SPG10 KIF5A
Mitochondrial function CMT2A MEFN2
CMT4A GDAP1
Familial ALS SOD 1
Membrane fusion/fission =~ CMTIC LITAF/Simple
DI-CMT DNM2
SMA/ALS VAPB
Protein misfolding CMT1A PMP22
CMT1B MPZ
DNA/RNA processing CMT2D/HMNV GARS
ALS4 SETX
SMARD1 IGHMB2
SMA SMN
SC-axonal interactions Demyelinating CMT PMP22, MPZ, Cx32, LITAEF/
Simple, EGR2, MTMR?2,

MTMR13, GDAP1, and others

Impairment Score (NIS) were obtained in treated
patients for pinprick sensation, vibration sensation,
and cold temperature sensation in distal limbs. The
authors concluded that NT3 improved sensory
modalitiesin CMT1A after 6 mo (Sahenk et al., 2005).
Although these results need to be interpreted with
caution, given the small sample size and short dura-
tion period, they suggest that NT3 may prove bene-
ficial in treating CMT1A in the future and the trophic
factor is likely to be investigated in future CMT1A
clinical trials with larger numbers of patients.

Future Molecular Targets

The increasing number of genes causing CMT
serve as an “in vivo microarray” of genes that are
light necessary for the normal functioning of the
Schwann cells and neurons. More than 30 of these
genes presently identified also provide clues into
cellular pathways that contribute to the pathogenesis
of CMT. These cellular pathways are shown in Fig. 1
and summarized in Table 2.

Disruption of Axonal Transport

Neurons transport proteins, cytoskeletal ele-
ments, synaptic vesicle precursors, mitochondria,
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and other organelles along axons that can be more
than a meter in length. Orthograde transport, from
the perikaryon down the axon, is mediated by mol-
ecular motors known as kinesins, a gene family,
that carry specific cargoes down tracks of micro-
tubules. Fast retrograde transport in motor axons
is carried out by dynein-dynactin complexes that
serve as motors to return materials to the cell body
from nerve terminals, for restoration and reuse. Dis-
ruption in both of these systems has caused neuro-
degenerative diseases including CMT. Kinesin
KIF5A mutations cause a dominantly inherited
spastic paraparesis (Reid et al., 2002), possibly by
disrupting microtubule-dependent axonal trans-
port of neurofilament (Xia et al., 2003). Mutations
in the dynactin gene cause a chronic motor neuron
disease (Puls et al., 2003). In this latter disorder, a
single base-pair change, resulting in an amino acid
substitution, is predicted to distort the folding of
the dynactin domain responsible for binding to the
microtubules. This domain is necessary for retro-
grade transport. In another disorder, recessive
mutationsin the gigaxonin gene cause “giantaxonal
neuropathy” (Bomontetal.,2000). Gigaxonin binds
to microtubule-associated protein (MAP) 1B to
enhance microtubule stability (Ding et al., 2002).
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Presumably, a disruption in microtubule stability
in giantaxonal neuropathy contributes to the patho-
genesis of this unusual disorder. Finally, axonal
transport of mitochondrial is probably disrupted
in CMT2A, the most common form of CMT2
(http: //www.ncbi.nlm.nih.gov/entrez/query.fcgi?
cmd=Retrieve&amp;db=PubMed&amp;dopt=Cita
tion&amp;list_uids=15064763) (Zuchner et al.,
2004). CMT2Ais caused by mutations in the nuclear
encoded mitochondrial gene mitofusin (MFN) 2,
and is cited in the next section. Mitochondria need
to fuse into chains before being transported by
kinesin KIF1B. Several MFN2 mutations appear to
prevent mitochondrial fusion (Zuchner et al.,
2004). Taken together, these results suggest that
disrupted axonal transport of mitochondria may
contribute to the pathogenesis of CMT2A. It has
been proposed that disruptions in axonal trans-
port are responsible for length-dependent axonal
degeneration in many neurodegenerative disor-
ders (Griffin and Watson, 1988). Repairing axonal
transport is an attractive therapeutic approach to
treating many forms of CMT.

Mitochondprial Function in CMT

Mitochondrial abnormalities have been found in
a number of neurodegenerative disorders, includ-
ing Alzheimer’s disease, Parkinson’s disease, and
spastic paraplegia (reviewed in Zuchner and Vance,
2005). They have also been identified in an increas-
ing number of inherited neuropathies. MFN2, the
cause of CMT2A, is a dynamin-like GTPase that
spans the outer mitochondrial membrane where it
helps mediate mitochondrial fusion. Mitochondria
exist in a dynamic state, alternating between fusion
and fission. As noted earlier, mitochondria need to
fuse in order to be carried by kinesins in orthograde
axonal transport. In addition, MFN2 mutations are
likely to disrupt normal mitochondrial functions
such as supplying energy to the cell or participating
in apoptosis pathways.

Mutationsin the putative glutathione transferase
protein GDAP1 cause CMT4A. GDAPI, also
encoded inthenucleus, is predominantly expressed
in neurons where it associates with mitochondria.
Mammalian glutathione transferase families are
involved in the inactivation of endogenous
hydroperoxides formed as secondary metabolites
during oxidative stress. GDAP1 has been found to
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colocalize with mitochondria in a series of in vitro
transfection assays (Pedrola et al., 2005). Its func-
tion in mitochondria is at present unknown.

Mutations in SOD1 cause approx 20% of cases of
FALS. SOD1islocalized tomitochondrial membranes
and it has been proposed that alterations in mito-
chondrial function are involved in the pathogenesis
of FALS (Pasinelli et al., 2004). Recently, it has been
found that small heat-shock proteins such as HSP27,
the cause of CMT2F and a form of distal hereditary
motor neuronopathy (dHMN), block the uptake of
mutant SOD1 into mitochondria, although not that
of wild-type SOD1 (Okado-Matsumoto and
Fridovich, 2001). It is hypothesized that this binding
would make heat-shock proteins unavailable for
theirapoptotic function, which would ultimately lead
to motor neuron death.

Taken together, these CMT models suggest that
manipulating mitochondrial function is an area of
potential therapeutic research into at least some
forms of CMT.

Membrane Fusion, Fission, and Protein
Transport

Fusion and fission are important cellular
processes in other areas of the cell besides mito-
chondria. In addition to MFN2, several forms of
CMT and related disorders appear to be caused by
abnormalities in the fusion and fission of other cel-
lular membranes. The GTPase dynamin (DNM) 2
mutations cause dominant intermediate CMT (DI-
CMT). The role of DNM2 appears to be in aiding
the separation of newly formed endosomes from
the cell membrane (Gurunathan et al., 2002; Bhat-
tacharya et al., 2005). Additionally, the vesicle-
associated protein B (VAPB) participates in
membrane fusion and has recently been shown to
cause ALS in several Brazilian families (Nishimura
et al., 2004). VAPB contains a v-SNARE domain.
SNARE refers to soluble NSF-attachment protein
receptor proteins. Membrane proteins from vesicles
(v-SNARES) and proteins from target membranes
(t-SNARES) govern the specificity of vesicle tar-
geting and docking through mutual recognition.
However, members of the vesicle-associated protein
family also associate with microtubules and function
in membrane transport (reviewed in Zuchner and
Vance, 2005).
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Mutations in the putative protein degradation
protein LITAF/SIMPLE cause the demyelinating
autosomal-dominant disorder CMT1C (Streetetal.,
2003). Initial patients with CMT1C have had pheno-
types that strongly resemble those with CMT1A.
Although the precise function of SIMPLE is
unknown, its murine orthologue interacts with
Nedd4, an E3 ubiquitonligase. Monoubiquitination
of plasma proteins by Nedd4 family members serve
as internalization signals that are recognized by
protein TSG101 that facilitate the sorting of mem-
brane proteins to the lysosome for degradation
(Bennettetal.,2004). Although SIMPLEis expressed
in many cell types, when mutated it seems to cause
only ademyelinating neuropathy. This suggests that
the disease specificity may come from impaired tar-
geted degradation of specific Schwann cell proteins
such as PMP22.

Protein Misfolding and ER Retention

PMP22 missense mutations Leul6Pro (Valentijn
etal.,1992) and Leul47Arg (Navonetal., 1996) cause
ademyelinating neuropathy in humans and the nat-
urally occurring demyelinating trembler J (Tr))
(Suter et al., 1992) and Tr (Suter et al., 1992) mouse
mutants. Because both of these mutations are more
severein humans than HNPP (also more severe than
CMT1A caused by PMP22duplication), they are
likely to cause disability by causing an abnormal
gain of function by the mutant PMP22, rather than
by a simple loss of PMP22 function. When epitope-
tagged Tr, Tr/, and wild-type Pmp22 were microin-
jected into sciatic nerves of rats and analyzed by
immunohistochemistry, wild-type Pmp22 was
transported to compact myelin, but both Tr and Tr
and Pmp22 were retained in a cytoplasmic com-
partment that colocalized with the endoplasmic
reticulum (ER) (Colby et al., 2000). Other studies
have also shown that mutant Tr and Tr/ proteins
aggregate abnormally in transfected cells (Tobler
etal., 1999). In fact, aggresome-like structures have
been identified in sciatic nerves of Tr! mice, sur-
rounded by chaperones and lysosomes, suggesting
that abnormalities in intracellular degradation of
mutant PMP22 contributed to the pathogenesis of
the neuropathy (Fortun et al., 2003). More recent
studies have shown that there are abnormalities of
proteosome function resulting in the accumulation
of ubiquitinated substrates in the Tr model (Fortun
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et al., 2005). Recent cell-based studies showed that
mutant MPZ could accumulatein the ER and induce
apoptosis. Thisaggregation-induced apoptosis was
abrogated by pretreatment with curcumin (Khajavi
et al., 2005). Whether curcumin will have similar
effects in whole animal studies remains to be deter-
mined. Transfection studies have also demonstrated
that other PMP22 and MPZ mutations result in
mutant proteins being retained in intracellular com-
partments (Shamesetal.,2003). Whether these other
mutations also disrupt proteosome activity or cause
abnormal gain of function by other mechanisms
such as activating the unfolded protein response
(UPR) (Southwood et al., 2002) are areas of active
investigation that may lead to future treatments.

RNA Processing

Extensive RNA processing occurs following tran-
scription before the formation of proteins in the
process of translation. Nascent RNA transcripts
undergo splicing, add a cap to their 5-end and a
polyalanine tail to their 3"-end before leaving the
nucleus for the ribosome. Transfer RNAs specifi-
cally add their cognate amino acid to the develop-
ing protein on the ribosome. One might expect that
abnormalities in all of these processes would seri-
ously disrupt all cells, not just those of the PNS.
Interestingly, however, mutations in a number of
genes involved in these processes appear to cause
primarily CMT or a similar disorder. GARS is a
glycyl-tRNA transferase thatis responsible for plac-
ing a glycine on the appropriate tRNA in both the
cytoplasm and mitochondria. This is an essential
process in all cells. However, missense mutations
in GARS appear to cause only CMT2D and dHMN
type V (Antonellis et al., 2003).

Senataxin contains a DNA/RNA helicase that
causes ALS4 and dHMN. It has been proposed to
participate in DNA repair (Chen et al., 2004). Muta-
tions in senataxin have also caused ataxia-ocular
apraxia type 2 (Moreira et al., 2004). Senataxin also
is homologous to immunoglobulin u-binding pro-
tein IGHMB) 2, another DNA/RNA helicase that
has a putativerolein transcriptional regulation and
splicing. Mutations in IGHMB2 cause a variant of
infantile spinal muscular atrophy (SMA) called
SMARDI1 (Pitt et al., 2003).

Werdnig-Hoffman, Kugelberg-Welander, and the
other classic forms (I-IV) of SMA are caused by
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mutations in the survival motor neuron (SMN) pro-
tein, which is part of a complex of proteins, that par-
ticipates in the assembly of spliceosomal small
nuclear ribonuclear ribonucleoproteins (snRNPs)
The SMN complex binds to specific sequences in
the snRNAs and facilitates snRNP assembly.

Schwann Cell-Axonal Interactions

Schwann cell-axonal interactions are necessary for
normal axonal function and are often disrupted in
demyelinating inherited neuropathies causing sig-
nificant changes in axonal physiology. Consequences
of these disruptions include changes in the phos-
phorylation status and packing density of neurofila-
ments and abnormal axonal transport (de Waegh and
Brady, 1990). Ultimately, axonal degeneration occurs,
which may contribute more to disability than the ini-
tial demyelination (Krajewski et al., 2000). Therefore
strategies directed toward preserving Schwann cell
interactions may play animportantrolein future ther-
apies for the demyelinating forms of CMT. Currently,
these strategies are focusing on three areas, one of
which is to provide trophic factor support that has
been previously discussed.

The second strategy is based on the hypothesis
that demyelination places increased energy
demands on the neuron to generate action poten-
tials and salutatory conduction velocity. Thinning
or absence of myelin reduces its ability to maintain
a charge separation that results in a leaking of
capacitance. Thinning of the axon, perhaps from
decreased neurofilament phosphorylation, leads to
increased electrical resistance along the axon. Taken
together, these factors make it more difficult for
depolarization to occur at nodes of Ranvier. This
“impedance mismatch” can even lead to conduc-
tion block at individual nodes of Ranvier (Waxman
and Bangalore, 2004). Italso placesincreased energy
demands on the neuron to propagate action poten-
tials by salutatory conduction. Voltage-gated potas-
sium channels (Kv1.1 and Kv1.2) are exposed on the
axolemma as a consequence of paranodal retrac-
tion, a common early feature of demyelination. As
a result, potassium ions can leak out of the axon,
down their concentration gradient, also making it
moredifficult for depolarization to occurat thenode
of Ranvier (Waxman and Bangalore, 2004). This has
led investigators to consider the use of potassium
channel blockers to treat demyelinating neuro-
pathies including CMT1. Preliminary studies with
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3,4-diaminopyridine did not demonstrate signifi-
cantimprovementina population of CMT patients,
most of whom had CMT1 (Russell et al., 1995).
However, more specific potassium channel blockers
are becoming available, including agents that are
capable of blocking the channels from inside the
axolemma. These may havebetter access to the chan-
nels than agents such as 4-aminopyridine that bind
to potassium channels at their extracellular surface.
Sodium channel blocking in order to protect the
neuron has also been proposed as a treatment in
chronic demyelinating neuropathies (Waxman and
Bangalore, 2004). This approach would not prevent
conductionblock or promotesalutatory conduction.
However, it would theoretically protect the neuron
from “overwork” because it would inhibit the abil-
ity of the sodium channels to depolarize the axon
in the generation of the action potential.

The third strategy to improve Schawnn cell-
axonal interactions is to identify and manipulate
specific signaling pathways between the Schwann
cell and the axon. Nave and his colleagues have
recently demonstrated that PNS myelin thickness
isregulated by Nrg1 signaling from axons (Baoetal.,
2003). Nrgl is the founding member of the Nrg
family that belongs to the epidermal growth factor
(EGF) superfamily (Lemke, 1996). Nrg1, like other
members of the EGF superfamily, binds to members
of the ErbB receptor tyrosine kinase family. ErbB2
and ErbB3 are neuregulin receptors expressed in
Schwann cells. Ligand binding to the receptors
results in their dimerization and activation of signal
transduction pathways including PI3-K and
rasIMAP kinase (reviewed in Massicotte and Scherer,
2004). Although Nrgl mutations have not been
shown to cause CMT, manipulations of this path-
way could theoretically be used to manipulate
myelin thicknessin the future as a treatment modal-
ity, particularly because, as the authors point out,
the Nrgl C-terminal domain can be cleaved to
become a signaling molecule itself (Bao et al., 2003).

Possible sites for other specific signaling inter-
actions between Schwann cells and axons include
the adaxonal internode, and the paranodal region
of the myelinating Schwann cell. The axolemma is
divided into a series of polarized domains in which
particular molecules are expressed in specific areas
such as the node of Ranvier, paranode, juxtaparan-
ode, and internode (Salzer, 2003). A similar organi-
zation occurs in regions of adaxonal myelin that
appose these domains. Further defining molecular
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Table 3
Gene Therapy Delivery Systems

Group Examples Cellular target
RNA viral vectors Retroviral vectors Dividing cells
Lentiviral vectors Nondividing cells
DNA viral vectors Herpes simplex Neurons (sensory)
Adenoviral Nondividing cells
Adeno-associated viral Nondividing cells
Nonviral Naked DNA Nondividing cells
Stem cells Cellular replacement

or trophic support

pathways through which the adaxonal myelin and
underlying axolemma interact may provide thera-
peutic targets to prevent or minimize axonal degen-
eration in demyelinating neuropathies. However,
no other specific signaling pathways between
Schwann cells and axons that might prevent axonal
degeneration have yet been identified.

Gene Therapy

Genetherapy canbedefined asastrategy to trans-
fer biologically relevant genetic material into
somatic cells to treat disease (Hendriks et al., 2004).
Gene therapy studies have been extensively carried
out for more than a decade to develop treatments
for neurodegenerative diseases. In general,
approaches in gene therapy have followed two
paths. The first is the development of delivery vec-
tors or systems to target therapeutic genes to dis-
eased Schwann cells or neurons. The second has
been the development of genetically engineered
cargoes to be carried by the constructs to treat the
neuropathy or neurodegenerative disorder.

Gene Therapy Delivery Systems

Most gene therapy delivery systems utilize repli-
cation defective viruses to act as “Trojan horses”
and carry therapeutic constructs to Schwann cells
or neurons. Some of these systems are discussed
below and are summarized in Table 3.

Retroviral Vectors

Retroviral vectors are derived from naturally
occurring single-stranded RN A viruses and are used
to insert genes into the genome of dividing cells.
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Most of the early generation retroviral vectors were
derived from the Maloney murine leukemia virus
that requires the host cell to enter the S phase of the
cell cycle for the integration of viral genes to enter
the host genome. Retroviral vectors are made repli-
cation deficient by removing viral structural genes
such as pol, gag, and env from the viral genome that
are then replaced with mRNA encoding the mini-
gene to be transduced by the vector. Dividing cells
to be infected are cultured with the vector along
with “packaging cells” that express the necessary
pol, gag, and env genes in trans to allow the vector
to infect the target cell. Following reverse tran-
scription in the host cell, the resultant DN A is incor-
porated into the host genome in which it is
transcribed from the chosen promoter. Because
retroviral vectors only infect dividing cells, they
will not ordinarily infect neurons or Schwann cells
invivo. They havebeen used tointroducealacZ gene
in cultured Schwann cells that were then success-
fully introduced into regenerating nerves in vivo
(Feltri et al., 1992).

Herpes Simplex Vectors

Herpes simplex vectors (HSV) were among the
first vectors used in gene therapy studies of the
nervous system because of their tropism for sensory
neurons and their life-long latency in neurons
following deletion of immediate early (IE) genes.
During the latency phase of HSV infection, the viral
genomeremainsinanepisomalstatein whichalmost
all of the viral genome is silenced. However, a portion
of the “long repeat” region of the viral genome is
transcribed during latency, generating a population
of RNA transcripts termed “latency-associated
transcripts” (LAT). Researchers have used the LAT
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promoter to drive inserted transgenes in gene
therapy approaches. The large cloning capacity of
theregion (152 Kb) is a particularly attractive feature
of the HSV as is the fact that the vectors can infect
postmitotic cells (reviewed in Hendriks et al., 2004).
HSV expressing Bcl2 and GDNF have prevented
motor neuron death following ventral root avulsion
inrodents (Yamadaetal.,2001). NGF-expressing HSV
have also demonstrated therapeutic effects on rat
superior cervical ganglia following axotomy
(Federoff et al., 1992). Concerns with HSV have
involved theirlimited tropism for neurons other than
sensory neurons, the transient nature of transgene
expression, and their toxicity to target cells.

Adenoviral Vectors

Recombinantadenoviral vectors (AdV), based on
naturally occurring DNA adenoviruses, have been
widely utilized for gene therapy approaches for
more than a decade. AdV can transiently express
transgene proteins (reviewed in Berkner 1992) but,
unlike retroviral vectors, they can also infect non-
dividing cells. This is important in the PNS because
the Schwann cells that ensheath axons arenolonger
dividing and neurons are postmitotic. Following
infection with AdV, the majority of the viral DNA
remains episomal in the nucleus, which avoids pos-
sible disruption of the host genome, although it
limits the use of AdV in proliferating cells. Early
“first-generation” and “second-generation” AdV
were generated by partially replacing portions of
the viral coding region with the appropriate trans-
gene. These early generation vectors proved capa-
ble of introducing transgenes directly into in vivo
Schwann cells following intraneural injection (Shy
etal., 1995;Sorensen etal., 1998; Guenard etal., 1999;
Janietal., 1999; Colby et al., 2000). In addition, AdV
vectors proved capable of introducing genes into
both muscle and neurons after intramuscular injec-
tion (Acsadi et al., 1995; Gravel et al., 1997; Boulis
etal.,, 1999), suggesting that adenovirus or its gene
products can be delivered to the motor neuron cell
body by retrograde axonal transport. However, the
potential use of early generation AdV has been
clearly limited by a marked cellular immune
response against viral proteins, leading to dimin-
ished levels of transgene expression, reduced dura-
tion of viral-mediated gene expression, and probably
also fatal complications in a patient.
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As aresult of these concerns, attempts have been
made to generate “gutted” AdV, in which adenovi-
ral genes have been entirely eliminated (reviewed
in Cao et al., 2004). These “gutted” AdVs, with all
viral sequences deleted, are not only able to acco-
mmodate larger size inserts, but the lack of viral
coding sequences leads to decreased host immune
response to viral proteins (neoantigens), lower cellu-
lar toxicity, and a prolonged transgene expression.
A great deal of effort has recently been directed
toward determining whether the “gutted” AdV can
provide long-term gene expression in muscle and
other tissues without the use of immunosup-
pression (Kochanek et al., 1996; Kumar-Singh and
Chamberlain, 1996).

Adeno-Associated Viral Vectors

Adeno-associated virus serotype (AAV)-2
vectors were developed to overcome some of the
immunological and transient expression difficulties
associated with AdV. AAV-2 is a nonpathogenic,
noncytotoxic, replication-defective virus with a
broad host range (for review see Xiao et al. 1998;
Zolotukhinetal.,2002; Grimm etal.,2003). Itis capa-
ble of infecting both dividing and nondividing cells
of multiple tissue origin (muscle, liver, brain,
intestine, eye, and lung) (Chao et al., 2000; Kay
etal.,2000; Leoneetal.,2000; Sun, Li, and Xiao, 2000;
Duan et al., 2001; Grimm, 2002; Xiao, 2002; Kaspar
et al., 2003). It is easy to manipulate and grows to
hightitersasavector (Xiaoetal., 1998; Grimm, 2002;
Zolotukhin et al., 2002; Grimm et al., 2003) and can
lead to persistent gene transfer in the infected cell
as an integrated provirus or as an episomal form
(Rabinowitz et al., 2002; Grimm et al., 2003; Hoke
et al., 2003). These promising features made it pos-
sible to begin human clinical gene therapy trials for
hemophilia and Canavan disease with AAV-2 (Kay
etal.,2000; Leone et al.,2000). There were, however,
some limitations found with the use of AAV-2 vec-
tors for human application. First, transgene trans-
duction has been inefficient in certain clinically
relevant cell types such hepatocytes and some
hematopoietic cells (reviewed in Xiao, 2002). Second,
as aresult of prior exposure to wild-type virus, neu-
tralizing antibodies are prevalent in the majority of
the human population that will likely interfere with
efficient AAV-2 vector-mediated gene transfer
(Duan et al., 2001). Third, it has been shown in
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animal experiments that there are also antibodies
generated against the AAV-2 capsid protein that pre-
vent the repetitive administration of the virus that
may be required to either increase the level of trans-
gene expression or to deliver two or more genes to
the same recipient (Chao et al., 2000). Fourth, there
are size limitations on the packaging capacity of the
AAV (<4.7 kb) that has just been extended to genes
larger than 5kb (Sun etal., 2000). Finally, retrograde
transport has generally been poor with AAV-2
(Kaspar et al., 2003), which is a potential significant
problem for projects requiring retrograde transport.

For these reasons, newer AAV vectors have been
developed, based on alternative AAV serotypes.
Therearenow atleast eight well-characterized mem-
bers of the AAV family (Rutledge et al., 1998). AAV
type 5 (AAV-5) is grossly similar in genetic struc-
ture and biological properties to AAV2 (Chiorini et
al., 1999). However, its transduction efficiency in
muscle is greater and it does not appear to induce
neutralizing antibodies. It has also been shown to
be highly efficient for directly transducing neuronal
cells and expression was also observed at a distance
from the site of delivery. AAV-6 vectors, using vec-
tors pseudotyped with serotype 6 capsid proteins
have transduced skeletal muscle of mice at levels
greater than 500-fold higher than that achievable
with AAV-2 vectors following directinjection (Blank-
inship et al., 2004).

Lentiviral Vectors

Lentiviral vectors are derived fromretroviruses
but are able to infect and introduce genes into
nondividing cells. Original lentiviral vectors were
derived from HIV (Naldini et al., 1996). Subse-
quent vectors have been generated from simian
and feline immunodeficiency viruses (Mitro-
phanous et al., 1999; Trono 2000; Mazarakis et al.,
2001). Core viral particles are usually pseudo-
typed with vesicular stomatitis viral glycoprotein
G (VSVG) to permit infection of a larger number
of cell types (Naldini et al., 1996; Watson et al.,
2002). Particular attractive features of lentiviral
vectors are the long-term expression of their trans-
genes and the minimal immune response they
induce in the host. GDNF expression has been
detected 8 mo following injection of a lentiviral
vector into the basal ganglia of monkeys (Kor-
dower et al., 2000) and B-Gal expression was
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detected 6 mo following injection of a lentivirus
into rat brain (Blomer et al., 1997). Among other
studies, the trophic factor VEGF delivered by a
lentiviral vector prolonged the life of the SOD1
mouse model of FALS (Azzouz et al., 2004).

Naked DNA

A nonviral approach to gene therapy involves
introducing plasmids directly into tissue under the
control of a relevant promoter. Typically, this
involves physical receptor-mediated or cationic
liposome-mediated introduction of the plasmid
DNA into the target cells (Yang et al., 2001; Wang
et al., 2005). Advantages to the use of naked DNA
are the minimal host immune responses associated
with the treatment because there are no viral
proteins to be concerned with. Limiting factors to
the use of naked DNA have been poor delivery
efficiency and the transient nature of transgene
expression (Hendriks et al., 2004).

Stem Cells

Embryonic stem cells that could potentially
develop into Schwann cells or neurons have gen-
erated a great deal of excitement among families
with CMT, as well as among investigators in CMT
research. However, there are formidable challenges
totheuseof stem cellsin theinherited neuropathies.
It would be a difficult challenge for stem cells to
differentiate into neurons and then generate axons
that would travel down limbs more than a meter
before reaching their appropriate neuromuscular
junction or sensory endings. Similarly, it will be
difficult for stem cells to differentiate into Schwann
cells and then contact axons because many mutated
Schwann cells will still be ensheathing axons in
demyelinating forms of CMT, even if they are not
generating a normal myelin sheath. However,
another potential use of stem cells might be as a
source of trophicsupport forinherited neuropathies.
Stem cells could be engineered to differentiate rele-
vant trophic factors or other molecules and then
transplanted into the PNS (Liu et al., 1999; Himes
etal.,2001). For example, a clone of neural stem cells
genetically modified with a retroviral vector con-
tinued to produce NT3 for at least 2 mo after being
transplanted into rat spinal cord (Liu et al., 1999).
Subsequent injections of the NT3 expressing stem
cells partially prevented the loss of neurons in
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Clarke’s nucleus following transection of their axons
(Himes et al., 2001).

Gene Therapy Cargo Strategies

Gene Replacement

Mutant genes that cause neuropathy by a simple
loss of function of the normal gene are among the
most promising targets for gene therapy. This is
because the treatment should require simple gene
replacement rather than repair of an abnormal toxic
gain of function mechanism caused by the mutant
gene. Candidate disorders for “simple” gene
replacementinclude the autosomal-recessive forms
of CMT. As with other recessive diseases, most CMT4
cases are thought to result from loss-of-function of the
normal gene. Inaddition, a genereplacement would
appear an appropriate strategy for dominant forms
of CMT caused by clear loss-of-function mutations.
One obvious example is HNPP, caused by the dele-
tion of one of the two PMP22 alleles. Additional
targets for gene replacement are nonsense muta-
tions that cause premature termination of the mutant
protein, and “nonsense-mediated decay” in which
truncated mRNAs are degraded (Inoue et al., 2004).
Finally, CMTX1 may prove susceptible to simple
gene replacement. Despite the fact that there are
more than 300 distinct G/B1 mutations that cause
CMTX1, many of the phenotypes appear similar
to those expressed in families who have the entire
GJB1 gene deleted, suggesting that their neuro-
pathies are caused by simpleloss of function (Hahn
et al., 2005).

Gene Dosage Reduction

CMT1A, the most common form of CMT, is
caused by an increase rather than a decrease of
PMP22. As a result, a gene therapy approach to
CMT1A needs to reduce the amount of PMP22
mRNA and protein. An emerging strategy for this
is the field of posttranscriptional gene silencing.
Small double-stranded RNAs (dsRNA), of about
21 nucleotides, are used in plants and animals to
degrade mRNA in a sequence-specific manner.
Similar small inhibitory RNAs (siRNAs) can be
genetically engineered to reduce the expression of
target mRNAs such as PMP22 in patients with
CMT1A. Catalytic RNA molecules known as
ribozymes and antisense oligonucleotides, also
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have the potential to downregulate levels of
mRNAs in a sequence-specific manner (Scherer
and Rossi, 2004). In fact, an antisense oligonu-
cleotide to Pmp22 mRNA has been combined with
an inducible promoter to generate transgenic mice
in which Pmp22 mRNA levels, and peripheral neu-
ropathy, can be modulated by feeding the animals
tetracycline (Huxley etal., 1998). In theory, because
all of these approaches involve sequence speci-
ficity they could be utilized to reduce expression
of genes containing missense mutations causing
gain-of-function abnormalities.

Perspective

At the time of this review, no genetically
affected Schwann cell or neuron has been cured
of disease by gene therapy, although there have
been some successes with gene therapy in animal
models and in tissue culture studies. Neverthe-
less, it seems premature to conclude that the con-
cept of gene therapy is a failure. Gene therapy is
still a relatively new field. Newer vector systems
continue to be developed. New methods of intro-
ducing gene therapy vectors are continuously
emerging. For example, intravascular adminis-
tration of viral vectors in the presence of vasodila-
tors appears capable of transducing many more
cells than was previously possible (Arruda et al.,
2005). Moreover, it is difficult to imagine future
cures for genetic neurodegenerative disorders
such as CMT that will not require some form of
gene therapy.

Outcome Measures

Therapeutic trials in CMT require the use of out-
come measures as end points to evaluate the effec-
tiveness of theagentin question. Thisis particularly
challenging in CMT because disease progression
is often insidious and because little natural history
data on the various forms of CMT is available.
Presently, there are at least three composite scor-
ing systems that have been proposed to measure
disease progression in CMT. In addition, there are
a number of other measurements of disease sever-
ity, such as nerve conduction velocities, that have
been used in other disorders that are potential out-
come measures for CMT. Some of these outcome
measures are discussed below.
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CMT Neuropathy Score

The CMT Neuropathy Score (CMTNYS) is based
on the Total Neuropathy Score (Cornblath et al.,
1999) and consists of a combined scoring system of
neuropathy symptoms, signs, and neurophysio-
logical measurements. The CMTNS has a total of
36 points and patients can be separated into mild,
moderate, or severe disability depending on
whether the CMTNS is less than 10, between 10 and
20, or more than 20. The CMTNS has been validated
by investigators who care forlarge numbers of CMT
patients, and has been demonstrated to have excel-
lent inter- and intraexaminer reliability. There are
no published longitudinal studies demonstrating
the ability of the CMTNS to measure disease pro-
gression. However, preliminary studies have
suggested that the most common form of CMT,
CMT1A, progresses by about 1 point on the CMTNS
over a 2-yr period (Lewis et al., 2005).

Neuropathy Impairment Score

The NIS is a quantifiable, standardized neuro-
logical examination originally called the Neurology
Disability Score (Dyck et al., 1980). The NIS has a
more than 250 points and has been used in multi-
ple studies as a measure of weakness and sensory
loss in peripheral neuropathies (Dyck et al., 1995).
In a series of CMT1 patients published before the
identification of known genetic causes for CMT, the
NIS was shown to progress over a 15-yr period by
what, on the average, was about 1 point per year.
The NIS has also been shown to correlate with the
CMTNS (Shy etal., 2005). Preliminary studies have
also suggested that the NIS can identify statistically
significant disease progression in a 2-yr period
(Lewis et al., 2005).

Study Short Form-36 Quality-of-Life Scale

The Medical Outcome Study short form (SF)-36
is a quality-of-life (QoL) scale consisting of eight
subscales that are separated into physical (PCS-36)
and mental (MHC-36) scores. Because the SF-36 is
ageneric, as opposed toa disease-specificQoL scale,
itallows comparison of specific disease groups with
the population at large. Vinci and colleagues (2005)
recently demonstrated that CMT patients as a
group have significantly lower PCS-36 and MHC-
36 scores than the general Italian population. They
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also found differences between older and younger
patients, men and women, and patients in and out
of work, but not between patients with demyeli-
nating and axonal forms of CMT. Unlike the CMTNS
or NIS, which focus entirely on physical disability,
the SF-36, and potentially other QoL scales, pro-
vides insight into patients views of their disability.
The addition of QoL measures in clinical trials will
be essential to obtain trial participants’ views regard-
ing the effectiveness of an intervention, especially
in trialsin which the primary outcome measure may
be one that lacks obvious relevance for patients.
Examples of such outcomes include percentage
reduction in muscle strength scoring or changes in
sensory scores. QoL measures will also allow
assessment of cost-benefit ratios of an intervention.
This assessment will be important for interventions
that are invasive or have major side effects. Indeed,
in this light, QoL scores might prove to be the most
important outcome measure for many trials (Shy
and Rose, 2005).

Other Potential Outcome Measures

There are a number of other measurements of
disease severity that have been used or have been
proposed to be used in CMT clinical trials. Some
of these are listed here, however, this list is not
meant to be inclusive.

* Medianand ulnar compound muscle action poten-
tial (CMAP) amplitudes havebeen used as measures
of axonal loss. They have been used to demon-
strate that disability in CMT1A correlates more
with secondary axonal loss than with the primary
demyelination of the disorder (Krajewski et al.,
2000). In theory, therefore, CMAP amplitudes
could be used as a measure of disease progression
in both demyelinating and axonal forms of CMT.

e The 9-Hole Peg test is a timed test to extract and
replace pegs in a 9-hole platform. It has been used
extensivelyinliterature on multiplesclerosis (Cohen
et al., 2001) and has been shown to correlate with
disability in CMT1A (Krajewski et al., 2000).

* The Ambulation Index or timed walk is based on
the patient’s timed ability to walk a distance of
25 ft and whether the patient requires orthotics or
ambulation aids to walk this distance. The Ambu-
lation Index has been shown to correlate with
disability in CMT1A (Krajewski et al., 2000).
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e Thepinchtestisasmallhandheld device that mea-
sures the strength generated by squeezing the
device between the thumb and index finger or
between the thumb and the tips of both the index
and middle fingers. Two trials are performed for
each hand. It is being utilized because it measures
strength in intrinsic hand muscle groups particu-
larly affected in CMT.

e Grip testing is chosen because it is an easily per-
formed test that can be performed in either hand.
It has been particularly sensitive in evaluating
peripheral neuropathy weakness (Hahn, personal
communication).

Prenatal Genetic Diagnosis

Couplesatrisk for transmitting genetic disorders
areincreasingly interested inresearch advances that
can ensure that their children will not be born with
or develop significant phenotypic abnormalities.
Past options for these couples have included decid-
ing to remain childless, considering gamate dona-
tion or adoption, or having a prenatal diagnosis
followed by termination in case of an affected fetus
(reviewed in Ogilvie et al., 2005). There are obvi-
ously personal ethical considerations involved in
these and related issues designed to ensure that a
developing fetus is not born with a particular dis-
ease. However, recent advances in preimplantation
geneticdiagnosis (PGD) have given parentsanaddi-
tional option to reduce the likelihood of transmit-
ting inherited diseases such as CMT.

PGD utilizes standard techniques of in vitro
fertilization (IGF) and in vitro embryo culture. The
fertilized egg typically undergoes reductive cell
division and reaches the eight-cell stage around 3 d
postfertilization. By the time the embryo reaches
the blastocyst stage, the discrete clump of cells
destined to become the fetus is identifiable. PGD
requires the biopsy of either the oocyte or this devel-
oping embryo. The biopsied material is tested for
the genetic disorder, usually by a form of polymerase
chain reaction (PCR) or fluorescence in situ
hybridization (FISH), and unaffected embryos are
transferred to the uterus. As an alternative, firstand
second polar bodies are biopsied and results used
toinfer the genetic diagnosis although these results
may beless certain. The most widely used approach
is to biopsy single blastomeres from embryos on
day 3 (reviewed in Ogilvie et al., 2005).
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PGD has been used in CMT, although its use is
not widespread and there is only a little data avail-
able to judge its effectiveness. One recent report
documents the effective use of PGD in five couples
with CMT1A, caused by the duplication on chro-
mosome 17. Fluorescence-based PCR-based tests
were utilized to ensure that healthy, unaffected
embryos were transferred to the uterus (De Vosetal.,
2003). In theory, a multiplex PCR-based approach
should prove capable for detecting missense muta-
tions causing other forms of CMT, although data
supporting the effectiveness of such studiesin CMT
is not yet available.

Traditional Therapies

Patients, physicians, and scientists are under-
standably concerned with new and future treat-
ments directed at curing CMT and other genetic
neurodegenerative diseases. However, patients
need treatment that is currently available. Unfor-
tunately, an all too common experience is that
patients with CMT are told that there is nothing that
canbedone for them. Therapy thatis currently avail-
able can help patients ambulate independently for
many years, and plan for their families by knowing
who is at risk to develop CMT.

Genetic Counseling

Competent genetic counseling is an extremely
important element in the management of patients
with inherited neuropathy and their families. Such
counseling requires knowledge of the genetic and
neurological features of the underlying disorder. It
is based on the concept that a nondirective coun-
seling approach is best for handling the complex
issues that can arise when the diagnosis of an inher-
ited condition is made. Patients with inherited con-
ditions often seek further information regarding
various decisions, including those concerning
family planning. All options available to the patient,
including prenatal testing, PGD, sperm and egg
donation, adoption, having children without any
testing, and having no children, can be explored.
Patients are aided in making decisions that best fit
their beliefs, values, culture, and lifestyle. This
approach can be difficult, especially when the
clinician faces theinevitable question, “What would
you do?” Although it is tempting to answer this
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question with an opinion, it is important to keep in
mind that the answer given may notbe the best solu-
tion for a given patient. Nondirective counseling is
based on the principle of autonomy and the belief
that an individual is the person who knows what
decisions are best for his or her life.

One mechanism for neurologists to deal with
these time-consuming issues is to extend the multi-
disciplinary approach for neuromuscular disease
to include a genetics professional. The need for a
multidisciplinary approach in the care of patients
with neuromuscular disease has been recognized
for some time. For example, psychiatry, physical
and occupational therapy, orthopedics, and pul-
monary support have greatly contributed to patient
care. Similarly, the presence of a geneticist or genetic
counselor can greatly enhance the ability of a neuro-
muscular clinic to provide quality care to patients
withinherited disease. Genetic counselors are spe-
cially trained to help individuals deal with the
complex issues that arise when the diagnosis of a
genetic disease is made or is being considered.

Physical Therapy and Exercise

Rehabilitation plays an essential role in preser-
ving the quality of life of CMT patients, but data on
which approaches should be standard is limited,
owing to the insufficient amount of scientific stud-
ies in this field. Weakness and wasting, involving
the foot intrinsic muscles and later the leg muscles,
are responsible for susceptibility to ankle sprains,
poor balance, pain, clumsy gait, stepping gait, and
foot deformities including high arch foot (pes cavus),
pes equinovarus, and hammer toes. Weaknesses of
proximalmuscles of thelower limbsarelesscommonly
observed. In the upper limbs, the impairment of the
intrinsic muscles of the hands starts later and is
almost never extreme, nonetheless many patients
complain of reduced dexterity. Therefore, a good
rehabilitation program should increase muscle
strength of those muscles that still function, improve
mobility, prevent joint deformities and falls, and
ameliorate hand function.

The role of exercise has been addressed in a few
studies in which CMT patients were included. In
one of these, a 12-wk moderate resistance (30% of
maximum isometric force) exercise program led to
animprovement of muscular strength ranging from
4 to 20% without any notable deleterious effects.
The same group of patients underwent a 12-wk
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high-resistance (training at the maximum weight a
subject could lift 12 times) exercise program, with-
out further benefit compared with the moderate
resistance program, and with evidence of overwork
weakness in some of the participants (Chetlin et al.,
2004a, 2004b). Overwork weakness is a potential
concernin CMT, asin other neuromuscular diseases.
In this respect, any exercise program that causes
muscles to feel weaker within 30 min after exercise,
or that causes excessive muscle soreness or severe
muscle cramping is discouraged. Certain low-
impact aerobic exercise such as walking and swim-
ming can improve cardiovascular performance,
increase muscle efficiency, and help control body
weight. Thus, these are useful with many patients
with CMT. Gentle stretching may help to fight
muscle contractures.

Assistive Devices

Depending on the level of muscle weakness and
wasting, different devices canbe recommended. An
initial footdrop with varus deformity and footinver-
sion can benefit fromalateral wedge toinduce ever-
sion and redistribute loading to a larger area of the
foot. Amore pronounced footdrop usually requires
ankle—foot orthoses (AFOs) that should be custom-
made and possibly of a lightweight material like
polypropylene, carbon-fiber resin, or sylicone, and
fit intimately to provide good stability and prevent
pressure sores. The older traditional double metal
upright AFOs built into the shoe may be too heavy.
Most patients require a short course of physical ther-
apy after the braces are made to help them use the
braces effectively.

Medications and CMT

Medications to Avoid

A common concern of CMT patients is whether
particular medications might exacerbate their
neuropathy. In general, medications that have clear
neurotoxic affects such as vincristine or cisplatin
should be avoided, if medically possible, in CMT
patients because they are likely to exacerbate the
already existing neuropathy. There have been
reports of severe, Guillain Barré-type weakness in
patients with CMT who were given vincristine. For
other medications the situation is less clear. The
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CMT Association publishes a list of medications on
its website and in its newsletter that may exacer-
bate CMT. The degree of risk varies with the indi-
vidual medication and in some cases, the risk may
be small compared with the medical need. Good
judgment by the physician on the risk—-benefit ratio
of a given medication can probably suffice asa useful
guide for the use of these medicines. The literature
of medications exacerbating CMT has been recently
reviewed (Weimer, in press).

Pain Management

Most patients with CMT do not develop neuro-
pathic pain, characterized by burning or painful
dysesthesias in their feet or hands. Nevertheless, a
minority of patients do experience these symptoms
and the subject is briefly addressed. Neuropathic
pain canbe quitedifficultto treatand usually requires
combination therapy in the opinion of this author.
Some of the more effective agents are listed here.

Topical Agents

Lidocaine and prilocaine emulsion are used top-
ically for the treatment of painful neuropathies and
are primarily effective on areas they are in direct
contact with, such as the surface of the feet.

Tricyclic Antidepressant

Amitriptyline, nortriptyline, and desipramine are
low-cost, efficacious medications. Amitriptyline is
the most frequently administered drug belonging
to this category. The dosage required for pain con-
trol may be significantly lower compared with the
doses normally used for antidepressive purposes.
Patients typically begin with lower doses, at bed-
time, which are decreased until they prove effective
or induce toxicity. The main side effects include
orthostatic hypotension, dry mouth, urinary reten-
tion, confusion, and somnolence. They may also
increase the risk of cardiac arrhythmias.

Antiepileptic Drugs

Gabapentinis an anticonvulsivant that has been
recently approved by the Food and Drug Admin-
istration for the treatment of neuropathic pain. The
mechanism of action of this molecule is not com-
pletely clear, but it was designed as a precursor of
y-aminobutyricacid and was shown toincrease the
y-aminobutyric acid content in brain synapses. It
is also supposed to decrease the influx of calcium
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ions into neurons. The main side effects of dizzi-
ness, gait problems, and somnolence usually dis-
appear after 10 d of treatment and may be
minimized by slow increases in dosage. The only
contraindication is renal failure.

Lamotrigine

Lamotrigineacts through theinhibition of voltage-
gated sodium channels and has been demonstrated
to be efficacious in the painful neuropathy associ-
ated with HIV. The usual dose is 200-500 mg/d
divided in two doses. The starting dose is 50 mg,
which should be incremented of 50 mg every 2 wk.
The reason for slow increments is to prevent hyper-
sensitivity. Side effectsinclude dizziness, ataxia, and
nausea. If a skin rash appears, the drug should be
discontinued because more serious allergic reac-
tions may develop. Multiorgan failure or blood
dyscrasias are rare but serious concerns.

Carbamazepine

Carbamazepine is mainly used for trigeminal
neuralgia, but has been proposed also for other
painful neuropathies. The dosage is 200-400 mg,
divided into two to three doses daily. The most
common side effects of carbamazepine are dizzi-
ness, ataxia, and dyspepsia and may be prevented
by slow increments. A complete blood count should
be carefully monitored to detect blood dyscrasias,
including agranulocytosis and aplastic anemia,
which may occur as a result of idiosyncrasy
(reviewed in Grandis and Shy, in press). Although
beyond the scope of this review, many CMT patients
develop chronic, aching pain in joints as a result of
arthritic damage exacerbated by their CMT. These
pains are typically treated with medications such
as nonsteroidal anti-inflammatory drugs that are
used to treat chronic osteoarthritis pain in patients
who do not have CMT.

Conclusions

All too often, patients with heritable neu-
ropathies have been told by their physicians that
nothing can be done for their neuropathies and that
they simply have to learn to live with their dis-
abilities. There may have been some truth to this
before 1991, when the first genetic cause of CMT
was identified. However, since then, advances in
molecular genetics and molecular biology have
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made this nihilistic advice clearly outdated. It is
now possible to offer precise genetic diagnosis to
many patients and to predict who in their families
are at risk for developing CMT. It is also now real-
istic to discuss with patients the possibilities of bio-
logically based strategies to treat and eventually
cure these neuropathies, if not for them than for
their children. If scientific advances over the next
15 yr, match those of the past 15 yr physicians will
hopefully begin to be able to offer effective, ratio-
nal treatments for not only CMT but for related neu-
rodegenerative diseases as well.
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