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Abstract
The X-linked form of Charcot-Marie-Tooth disease (CMT1X) is the second most common form of
hereditary motor and sensory neuropathy. The clinical phenotype is characterized by progressive
weakness, atrophy, and sensory abnormalities that are most pronounced in the distal extremities.
Some patients have CNS manifestations. Affected males have moderate to severe symptoms,
whereas heterozygous females are usually less affected. Neurophysiology shows intermediate
slowing of conduction and length-dependent axonal loss. Nerve biopsies show more prominent
axonal degeneration than de/remyelination. Mutations in GJB1, the gene that encodes the gap
junction (GJ) protein connexin32 (Cx32) cause CMT1X; more than 400 different mutations have
been described. Many Cx32 mutants fail to form functional GJs, or form GJs with abnormal
biophysical properties. Schwann cells and oligodendrocytes express Cx32, and the GJs formed by
Cx32 play an important role in the homeostasis of myelinated axons. Animal models of CMT1X
demonstrate that loss of Cx32 in myelinating Schwann cells causes a demyelinating neuropathy.
Effective therapies remain to be developed.
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Neuromsuscular manifestations of CMT1X
Shortly after Charcot, Marie, and Tooth published their descriptions of families with
autosomal dominant inherited neuropathy that was later given their names (CMT),
Herringham (Herringham, 1888) recognized a family in which males were selectively
affected. This was well before Morgan’s demonstration of X-linked inheritance in 1910.
Over the next 100 years, X-linked inherited neuropathy (CMT1X) was reported
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occasionally, and its existence was briefly questioned (Harding and Thomas, 1980), but
CMT1X has emerged as the second most common form of CMT1 (Latour et al., 2006;
Saporta et al., 2011).

Most males are clinically affected by 10 years of age (Birouk et al., 1998; Shy et al., 2007).
The initial symptoms include difficulty running and frequent sprained ankles. The distal
weakness progresses to involve the gastrocnemius and soleus muscles, eventually requiring
assistive devices for ambulation. Weakness and atrophy also develop in the hands,
particularly in thenar muscles. Thenar atrophy, positive sensory phenomena, and sensory
loss may be more prominent in CMT1X than in CMT1A.

Men with CMT1X typically have “;intermediate” slowing of nerve conduction velocities
(NCVs), as well as mildly prolonged distal motor and F-wave latencies. Forearm motor
NCVs are typically 30-40 m/s in affected males, and 30-50 m/s in affected females (Birouk
et al., 1998; Nicholson and Nash, 1993; Shy et al., 2007) -faster than what is typically seen
in patients with the demyelinating forms of CMT (CMT1) and slower than what is typically
seen in patients with the axonal/neuronal forms of CMT (CMT2). This intermediate slowing
is characteristic of CMT1X and should raise the consideration of this diagnosis in an
appropriate clinical setting. Compared to CMT1A (the most common form of CMT1),
conduction slowing in CMT1X is less uniform among different nerves and dispersion is
more pronounced (Gutierrez et al., 2000; Tabaraud et al., 1999). There is electrophysiologic
evidence of distally accentuated axonal loss: the peroneal and tibial motor responses are
frequently absent, while the median and ulnar motor amplitudes are reduced. Needle
electromyography confirms the length-dependent loss of motor units as a result of axonal
degeneration, which progresses with age (Birouk et al., 1998; Hahn et al., 1990; Hahn et al.,
1999; Nicholson and Nash, 1993; Rouger et al., 1997; Rozear et al., 1987; Senderek et al.,
1999). Even children have prominent axonal loss, while NCVs are normal or intermediate
(Yiu et al., 2011).

Age-related loss of myelinated fibers, and an increasing numbers of regenerated axon
clusters are the most prominent pathological finding in nerve biopsies (Hahn et al., 2001;
Senderek et al., 1999). Many myelin sheaths are inappropriately thin for the axonal diameter
(suggesting segmental demyelination and remyelination, or remyelination after axonal
regeneration), although this is less prominent than in biopsies from other kinds of CMT1.

CMT1X is considered to be an X-linked dominant trait because it affects female carriers.
Affected women usually have a later onset than men, and at every age the phenotype is
milder. X-inactivation is the likely explanation for reduced severity in humans (Siskind et
al., 2011) and has been documented in mice (Scherer et al., 1998). Women may be
completely asymptomatic; thus a few kindreds have been reported to have “;recessive”
CMT1X. Even in these kindreds, however, at least some obligate carriers have
electrophysiological evidence of peripheral neuropathy. Furthermore, severe and early onset
neuropathy may occur in some affected women (Dubourg et al., 2001; Karadima et al.,
2004; Kuntzer et al., 2003; Liang et al., 2005; Wicklein et al., 1997), either because the
random X-chromosome inactivation in each myelinating cell (Siskind et al., 2011) may be
exceptionally skewed towards expression of the one carrying the mutation, or due to unusual
gain-of-function mechanisms of certain mutants (Liang et al., 2005), discussed below.

GJB1 mutations cause CMT1X
Connexins belong to a multigene family encoding ~20 highly homologous proteins
(Willecke et al., 2002). Connexins are predicted to have the same overall topology (Fig. 1).
Six connexins form a hemichannel (or connexon), arranged around a central pore
(Nakagawa et al., 2010). Two apposed hemichannels form a functional channel that provides
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a contiguous pathway between the adjacent cells or cell compartments. The channel
diameter is too small to allow transfer of proteins and nucleic acids, but large enough to
allow the diffusion of ions and other small molecules (<1000 Da). Tens to thousands of
channels connexin channels are localized to the cell membrane, in large aggregates called
gap junction (GJ) plaques.

Mutations in GJB1, the gene that encodes Cx32, cause CMT1X. Since the first report
(Bergoffen et al., 1993), more than 400 GJB1 mutations, predicted to affect all regions of the
Cx32 protein (Fig. 1), have been described .(www.molgen.ua.ac.be/CMTMutations/). Only
one of the reported amino acid changes is a polymorphism, indicating that all of the other
affected residues are required for the normal function of Cx32. Many of the mutations have
been reported more than once; some probably represent founder effects, whereas others may
represent mutational “;hot spots” in GJB1.

Many mutations would be predicted to cause loss-of-function. For example, nonsense or
frameshift mutations that affect the N-terminus of Cx32 would not be expected to produce
any functional channels. In addition, a few mutations likely abolish the expression of Cx32
by affecting the GJB1 promoter or the translation of Cx32 mRNA (Beauvais et al., 2006;
Flagiello et al., 1998; Houlden et al., 2004; Ionasescu et al., 1996). Finally, the entire coding
region of GJB1 is deleted in several CMT1X kindreds (Ainsworth et al., 1998; Gonzaga-
Jauregui et al., 2010; Lin et al., 1999; Nakagawa et al., 2001). Because different GJB1
mutations, including deletions, appear to cause similar degree of neuropathy, most or all
GJB1 mutations likely cause loss of function in myelinating Schwann cells (Shy et al.,
2007).

Several biophysical alterations lead to partial loss-of-function in model systems. For
example, a mutant connexin may lead to disease through partial loss-of-function if the
minimal luminal dimension is reduced, as has been inferred for the S26L (Bicego et al.,
2006; Oh et al., 1997) and for the del 111-116 and R220stop (Bicego et al., 2006) mutants.
Reduction in minimal luminal diameter may lead to reductions in biologically important
small molecules such as glucose, lactate, cAMP, cGMP, IP3, and Ca2+. A second potential
alteration is increased sensitivity to acidification-induced closure (Abrams et al., 2003;
Ressot et al., 1998). Third, some mutations appear to stabilize the closed state of the channel
(Abrams et al., 2001; Oh et al., 1997; Ri et al., 1999), leading to large shifts in the
hemichannel conductance-voltage relation. In these cases, the very low junctional
conductance for the some of the homotypically paired mutants can be explained on the basis
of a reduced open probability (Po). Because of these shifts, Po may be not start to
significantly increase until the voltage with respect to the apposed cell is +20 mV or more. If
two such hemichannels are paired head to head, at least one hemichannel will be closed at
all junctional voltages, leading to very low junctional conductances. Heterotypic pairing of
Cx32 mutants with wild type Cx26 allows for the direct examination of the conductance
voltage relation of the shifted mutant hemichannels, because the Cx26 hemichannel has a
positive gating polarity and is fully open at voltages more negative than ~+60 mV with
respect to the cell in which it is expressed (see Fig. 2 for examples). Such heterotypic
pairings of the R15W and H94Y mutants with Cx26WT reveal markedly shifted
conductance-voltage relations, so that the vast majority of homotypic channels formed by
these mutants would be predicted to be fully closed at all transjunctional voltages. Fourth,
some mutants, such as V181A (Abrams et al., 2003), may have reduced junctional coupling
without alterations in channel properties, owing to reduced steady state levels of the protein.

We (Abrams et al., 2003; Deschênes et al., 1997; Kleopa et al., 2002; Yum et al., 2002) and
others (Martin et al., 2000; Matsuyama et al., 2001; Omori et al., 1996) have shown that
many Cx32 mutants show abnormal trafficking when expressed by transfection in
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mammalian cell lines (Figure 3). Some mutants appear to be retained in the endoplasmic
reticulum or Golgi, and some show a mixed picture of normally and abnormally distributed
protein (Yum et al., 2002). Some missense mutations, however, particularly in the C-
terminus, form GJ plaques that are indistinguishable from wild type Cx32 (Yum et al.,
2002), and, furthermore, have electrophysiological features in Xenopus oocytes that are also
indistinguishable from wild type Cx32 (Castro et al., 1999). Two of these C-terminal
mutations, C280G and S281x, abolish the prenylation of Cx32 (Huang et al., 2005) – a lipid
modification that is usually found in cytosolic proteins such as ras, and rarely in intrinsic
membrane proteins. Prenylation would be expected to cause the C-terminus to be associated
with the plasma membrane; Cx32 is the only connexin with this prenylation motif, which is
conserved in Cx32 orthologs of some non-mammalian vertebrates (Huang et al., 2005).
Thus, the relative contribution of abnormalities of trafficking and alterations of channel
properties to the pathogenesis in patients carrying these mutations remains to be elucidated.

Similar studies have provided possible evidence that a gain-of-function of some Cx32
mutants contributes to their pathogenesis. Although the abnormal trafficking of mutants
leads to accumulation of protein in the ER and Golgi (Deschênes et al., 1997; Kleopa et al.,
2002), there is no evidence that this produces an abnormal effect (VanSlyke et al., 2000)
including an unfolded protein response (Orthmann-Murphy et al., 2007), as has been
documented for other myelin proteins (Scherer and Wrabetz, 2008). However, some Cx32
mutants can have dominant-negative effects on Cx32 or Cx26 (Bruzzone et al., 1994) and
for at least two of them (R142W and R75W) a dominant effect on co-expressed wild type
Cx32 in myelinating cells (Jeng et al., 2006; Sargiannidou et al., 2009) -discussed below. A
third possibility is that some Cx32 mutants -S85C (Abrams et al., 2002) and F235C (Liang
et al., 2005) -form functional hemichannels, which would likely have detrimental
consequences in myelinating Schwann cells, such as collapse of ionic gradients, loss of
metabolites, and influx of Ca2+. The F235C mutation was found in a girl with an unusually
severe neuropathy suggesting that abnormal hemichannel activity may be a mechanism of
gain of function in CMTX, accounting for the unusual severity of this girl’s illness (Liang et
al., 2005).

Myelinating Schwann cells express Cx32
Many cell types express Cx32, including hepatocytes, which express much higher levels of
Cx32 than do oligodendrocytes and Schwann cells. Despite this broad expression pattern,
peripheral neuropathy is usually the sole clinical manifestation of GJB1 mutations. The co-
expression of other connexins may “protect” some tissues against the loss of Cx32.
Oligodendrocytes, for example, also express Cx47, and the loss of both Cx32 and Cx47 is
far more deleterious to CNS myelin in mice than the loss of either one alone (Menichella et
al., 2003; Odermatt et al., 2003). Although myelinating Schwann cells in rodents express
Cx29 (the human orthologue is Cx31.3), Cx29/Cx31.3 does not prevent the development of
demyelinating neuropathy, perhaps because it does not form functional GJs (Ahn et al.,
2008; Sargiannidou et al., 2008).

Cx32 is localized to non-compact myelin of incisures and paranodes (Bergoffen et al.,
1993), where it likely forms these GJs between the layers of the Schwann cell myelin sheath
(Balice-Gordon et al., 1998). A radial pathway formed by GJs at these locations would be up
to a 300-fold shorter than the circumferential pathway within the Schwann cell cytoplasm. It
remains to be shown that GJB1 mutations disrupt this shortcut, as well as the exact role this
pathway plays in the homeostasis of myelinated axons.
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Animal models of CMT1X
Several animal models have provided further insights into CMT1X pathogenesis. Mice with
targeted deletion of the Gjb1 gene develop a progressive, predominantly motor
demyelinating peripheral neuropathy beginning at about three months of age (Anzini et al.,
1997; Scherer et al., 1998). Heterozygous females have fewer demyelinated and
remyelinated axons than do age-matched Gjb1-null females or males (Scherer et al., 1998),
in keeping with the clinical phenotype of affected women who are obligate carriers of
CMT1X. Expression of wild type human Cx32 protein driven by the rat Mpz promoter
(which is only expressed in myelinating Schwann cells) prevents demyelination in Gjb1-null
mice (Scherer et al., 2005), confirming that the loss of Schwann cell autonomous expression
of Cx32 is sufficient to account for CMT1X pathology. Gjb1-null mice show subtle CNS
myelin defects, including diminished myelinated fiber and myelin volume density,
particularly in white matter tracts with prominent Cx32 expression, such as the ventral and
dorsal funiculus of the spinal cord (Sargiannidou et al., 2009), but also in the neocortex
(Sutor et al., 2000).

Transgenic mice expressing the T55I, R75W, R142W, 175fs, C280G, and S281stop
mutations have been generated. No Cx32 protein could be detected in 175frameshift
transgenic mice despite expression of the transgenic mRNA, and there was no effect of this
transgene on the histology of myelinated axons in transgenic mice (Abel et al., 1999). In
contrast, R142W transgenic mice showed retention of the mutant protein in the Golgi and
developed a mild demyelinating neuropathy (Jeng et al., 2006). Moreover, the presence of
the mutant Cx32 reduced the level of the endogenous mouse Cx32, indicating that R142W
has a dominant-negative effect on wild type Cx32. Such an effect is not clinically relevant in
patients with CMT1X, however, as only one GJB1 allele is expressed in each cell, but
demonstrates the possibility that some Cx32 mutants could have trans-dominant-negative
effects on other connexins that are co-expressed in the same cell type, as previously found
for some Cx26 mutants (Yum et al., 2010). The R142W mutant did not affect the
localization of Cx29 in myelinating Schwann cells (Jeng et al., 2006), in keeping with the
finding that Cx29 and Cx32 do not interact in transfected cells (Ahn et al., 2008). The
C280G and S281stop mutants were properly localized to incisures and paranodes and
appeared to prevent demyelination in Gjb1-null mice, indicating that they may form
functional channels in the myelin sheath (Huang et al., 2005). How these mutants cause
neuropathy in humans remains unclear.

Transgenic mice that express the T55I and R75W mutants in both Schwann cells and
oligodendrocytes were generated in order to clarify whether Cx32 mutants associated with
CNS phenotypes (Kleopa et al., 2002) could have gain-of-function effects in
oligodendrocytes. In myelinating cells, as in cultured cells, these Cx32 mutants are retained
intracellularly (T55I is localized in the ER and R75W is mostly found in the Golgi) and fail
to reach the membrane and form GJ-like plaques. On a wild type background, the expression
of endogenous Cx32 was partly impaired by R75W but not T55I. On a Gjb1-null
background, neither T55I nor R75W had a detectable gain-of-function effect and do not
appear to affect the localization of Cx29 in Schwann cells or Cx29 and Cx47 in
oligodendrocytes. Thus, the loss of Cx32 function appears to be the main effect of the T55I
and R75W mutants, in both the PNS and the CNS (Sargiannidou et al., 2009).

Taken together, these results show that all Cx32 mutants expressed in vivo have a
comparable localization in myelinating cells and in transfected cell lines (Deschênes et al.,
1997; Kleopa et al., 2002; Yum et al., 2002), and indicate that altered synthesis or
trafficking and loss of GJ function is the fundamental alteration of most CMT1X mutants.
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Axonal involvement in CMT1X
Axonal pathology in CMT patients is an important determinant of disability, and correlates
with clinical progression not only in axonal forms but also in demyelinating types of CMT
(Krajewski et al., 2000). The electrophysiological and pathological findings in nerves from
people with CMT1X (Hattori et al., 2003; Yiu et al., 2011) suggest that axonal pathology is
more prominent than in other forms of demyelinating CMT, in which axonal pathology is
thought to be secondary to demyelination (Giese et al., 1992; Martini et al., 1995; Sancho et
al., 1999). Axonal alterations have also been noted in a transplantation model: when nerve
segments from humans are transplanted into sciatic nerves of nude mice, mouse axons
regenerate into the transplanted segments and are ensheathed and remyelinated by human
Schwann cells. As compared to axons that regenerate into grafts of normal human nerve,
axons that regenerate into nerve-grafts from patients who have the E102G mutation have
increased density of axonal neurofilaments, decreased microtubules, and increased density
of vesicles and mitochondria (Sahenk and Chen, 1998). Nerve graft from humans with the
V181A mutation showed delayed axonal regeneration (Abrams et al., 2003).

The initial characterization of Gjb1-null mice showed that demyelination preceded axonal
loss (Anzini et al., 1997; Sargiannidou et al., 2009; Scherer et al., 1998). We have re-
investigated this issue in Gjb1-null mice before the onset of demyelination, and found that
the diameter of myelinated axons was progressively reduced in Gjb1-null mice, and that
neurofilaments, the main component of axonal cytoskeleton, were increasingly
dephosphorylated and more densely packed (Vavlitou et al., 2010). These cytoskeletal
alterations were associated with slowing of axonal transport. Thus, impaired cytoskeletal
organization and axonal transport defects appear to precede demyelination in this mouse
model, providing clues to the early axonopathy in CMT1X. Disturbed axon-glial signalling
and glial support of axon function (Nave and Trapp, 2008) is likely to account for this
axonal pathology independent of myelination.

CNS manifestations of CMT1X
Many GJB1 mutations appear to be associated with electrophysiological, clinical, and/or
MRI findings of CNS involvement (Nicholson and Corbett, 1996; Nicholson et al., 1998;
Senderek et al., 1999). Furthermore, patients with R22Q, T55I, R75W, E102del, V139M,
R142W, R164W, R164Q, C168Y, V177A, E186x mutations have developed the striking
picture of an acute, transient encephalopathy associated with MRI changes in CNS myelin,
often “triggered” by travel to high altitudes, intense physical activity, or acute infections.
Signs of chronic corticospinal tract dysfunction such as spasticity, extensor plantar
responses and hyperactive reflexes have also been reported in patients with the A39V
(Marques et al., 1999), T55I (Panas et al., 1998), M93V (Bell et al., 1996), R164Q (Panas et
al., 1998), R183H (Bort et al., 1997), T191 frameshift (Lee et al., 2002), and L143P (Kleopa
et al., 2006) mutations.

CNS dysfunction caused by GJB1 mutations has even been reported in childhood as early as
5 years of age (Siskind et al., 2009), but does not appear to correlate with the stage and
severity of the peripheral neuropathy; in some cases it is the first manifestation of CMT1X,
while in others with exceptionally severe neuropathy no clinical CNS phenotypes are
present. Because these electrophysiological findings have not been found in patients with a
deleted GJB1 gene (Hahn et al., 2000), these mutants may cause an abnormal gain-of-
function. However, two of these mutants (T55I and R75W) had no apparent trans-dominant
effect on co-expressed Cx47 (Sargiannidou et al., 2009) when expressed in
oligodendrocytes. Elucidating the consequences of GJB1 mutations both in PNS and CNS is
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an important requirement for developing effective CMT1X treatments in the future, such as
gene replacement or gene deletion strategies.
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Figure 1. CMT1X mutants
This schematic shows the basic structure of Cx32, which has four transmembrane domains,
one intracellular and two extracellular loops, as well as an amino- and a carboxy-terminal
cytoplasmic tail. The GJB1 mutations of the coding region are indicated, more than 400
altogether (http://www.molgen.ua.ac.be/CMTMutations/Mutations/MutByGene.cfm).
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Figure 2. Representative current traces and average normalized junctional conductance-
junctional voltage (Gj-Vj) relations
Panels a, c, and e show the junctional current traces for wild type Cx32, R15W and H94Y
paired heterotypically with wild type Cx26; all expressed in Xenopus oocytes. For clarity,
only traces in 20 mV increments from +/−20 to +/−120 (or +/−10 to +/−110 for R15W) are
shown. Panels b, d, and f show the average Gj-Vj relations for these pairs, averaged and
plotted as mean +/− SEM as previously described (Abrams et al., 2001). The smooth curves
approximating the steady state data correspond to the curves generated by the Boltzmann
fits. Junctional voltages (Vj) were applied by varying the voltage applied to the cell
expressing Cx26, with the cell expressing the wild type or mutant form of Cx32 held at V=0.
Filled squares represent steady state conductances; hollow triangles represent instantaneous
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conductances. As show in 2b, the heterotypic Cx32/Cx26 conductance shows substantial
instantaneous rectification between −120 and +120 mV, with instantaneous current
increasing about 3 fold as the cell expressing Cx26 is made more positive with respect to the
cell expressing Cx32; however, because the Cx26 hemichannel closes only at positive Vj
and the Cx32 hemichannel closes on negative Vj, closure of these channels is seen only
when the cell expressing Cx26 is made more positive than 50 mV with respect to Cx32 (and
in turn the cell expressing Cx32 is 50 mV negative with respect to the cell expressing Cx26).
In the case of the R15W and H94Y mutants paired with Cx26, channels remain
predominantly closed until junctional voltage is more negative than +20 mV with respect to
the cell expressing Cx26 (and more positive than −20 mV with respect to the cell expressing
Cx32). Since the Cx26 hemichannel is predicted to be fully open at these voltages, the Gj-Vj
curves in figures 2d and 2f reflect the relationships between open probability and junctional
voltage for the mutant hemichannel. If two such hemichannels are placed head to head, as
the case in a homotypic channel, the resulting open probability of that channel would be
very low at all voltages.

Kleopa et al. Page 14

Brain Res. Author manuscript; available in PMC 2013 December 03.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 3. Different patterns of cellular expression characteristic of Cx32 mutants
These are images of HeLa cells that have been transfected to express the indicated mutants.
T55I is localized to the endoplasmic reticulum; M93V is localized to the Golgi; R219C
forms GJ-like plaques (arrowheads), similar to wild type (WT) Cx32.
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