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Introduction
Charcot–Marie–Tooth disease (CMT)
encompasses a group of mostly non-
syndromic inherited peripheral motor
and sensory neuropathies, which are
genetically heterogeneous and have a
prevalence of �17– 40:100,000 world-
wide— one of the most common neuro-
genetic disorders (Martyn and Hughes,
1997). The X-linked form of CMT
(CMT1X) is the second most common
form among all CMT patients with a fre-
quency of 7–18% (average 12% interna-
tionally) (Nicolaou et al., 2010; Braathen
et al., 2011). CMT1X is caused by �400
different mutations in the GJB1 gene that
encodes the gap junction (GJ) protein
connexin32 (Cx32). Cx32 forms both in-
tercellular (between adjacent cells), as well
as intracellular, “reflexive” (between lay-
ers of the same cell) GJs in both peripheral
and central myelinating cells that play an
important role in the homeostasis of my-
elinated axons. In vitro and in vivo models
of the disease have demonstrated im-
paired formation of GJs by mutant Cx32
and that loss of Cx32 function accounts
for the peripheral neuropathy. An effec-
tive therapy for CMT1X remains to be
developed.

Clinical and pathological features
of CMT1X
The clinical phenotype of CMT1X is char-
acterized by slowly progressive weakness
and atrophy starting in distal leg mus-
cles. Difficulty running and frequently
sprained ankles may be reported as initial
symptoms, typically beginning by 10 years
of age or earlier in most affected males
(Birouk et al., 1998; Shy et al., 2007; Yiu et
al., 2011). Hands may be affected later on,
particularly the thenar muscles. Sensory
loss in distal limbs, sometimes combined
with painful sensory paresthesias may also
develop. Compared with affected males,
heterozygous females may be asymptom-
atic, or may develop milder clinical man-
ifestations at an older age, or at least have
electrophysiological evidence or subtle
clinical findings of peripheral neuropathy.
However, exceptionally severe and early
neuropathy phenotypes have been re-
ported also in female CMT1X patients
(Wicklein et al., 1997; Dubourg et al.,
2001; Kuntzer et al., 2003; Karadima et
al., 2004; Liang et al., 2005). Thus,
CMT1X is best described as an X-linked
dominant disease (Kleopa and Scherer,
2006). The variable phenotype in women
may be explained by the random X-chro-
mosome inactivation in each myelinating
cell (Siskind et al., 2011), so that different
fractions of myelinating Schwann cells ex-
press the mutant GJB1 allele in each case
(Scherer et al., 1998).

Electrophysiological studies typically
show intermediate or only mild slowing of
motor nerve conduction velocities in the
majority of CMT1X patients as well as dis-
tal axonal loss which progresses with age
(Rozear et al., 1987; Hahn et al., 1990,
1999; Nicholson and Nash, 1993; Rouger

et al., 1997; Birouk et al., 1998; Senderek et
al., 1999), but can be found even in young
children (Yiu et al., 2011). Thus, CMT1X
is distinct from most other forms of de-
myelinating CMT1 that are caused by mu-
tations in myelin-related genes expressed
by Schwann cells.

Pathologically, sural nerve biopsy
shows early axonal alterations and less
prominent demyelination in CMT1X
compared with other CMT1 types (Send-
erek et al., 1999; Hahn et al., 2001; Hattori
et al., 2003). Typical features include age-
related loss of myelinated fibers and, in
parallel, an increasing number of regener-
ated axon clusters (Rozear et al., 1987;
Hahn et al., 1990, 1999; Nicholson and
Nash, 1993; Birouk et al., 1998; Sander et
al., 1998; Senderek et al., 1998, 1999;
Tabaraud et al., 1999; Gutierrez et al.,
2000; Vital et al., 2001; Kleopa et al.,
2006). Many myelin sheaths are inappro-
priately thin for the axonal diameter, sug-
gesting chronic segmental demyelination
and remyelination or remyelination after
axonal regeneration (Sander et al., 1998;
Hahn et al., 2001; Vital et al., 2001; Hattori
et al., 2003; Kleopa et al., 2006). Ultrastruc-
tural studies have shown enlargement and
widening of the adaxonal Schwann cell cy-
toplasm, myelin discompaction, and vesicle
formation between degenerating innermost
myelin layers (Senderek et al., 1999; Hahn et
al., 2001; Kuntzer et al., 2003; Kleopa et al.,
2006), as well as increased packing density of
axonal neurofilaments (Hahn et al., 2001).
Thus, CMT1X shows more prominent ax-
onal pathology and not the obvious changes
of demyelination and remyelination that are
typical for other demyelinating neuropa-
thies, indicating that GJs formed by Cx32
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are crucial for the axon itself as much as for
its myelin sheath.

In addition to peripheral neuropathy,
CMT1X patients often have asymptom-
atic evidence of CNS involvement, such
as abnormal brainstem auditory evoked po-
tentials (Nicholson and Corbett, 1996;
Nicholson et al., 1998). Moreover, CMT1X
mutations have been increasingly associ-
ated with clinical CNS phenotypes. Signs
of chronic corticospinal tract dysfunction
such as spasticity, extensor plantar re-
sponses and hyperactive reflexes have
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) muta-
tions. Duplication of amino acids 55– 61 is
associated with progressive cerebellar
ataxia, dysarthria, and delayed central so-
matosensory responses (Kawakami et al.,
2002).

Acute transient encephalopathy syn-
dromes associated with brain MRI changes
have been described in CMT1X patients
with the T55I, R75W, E102del, R142W,
R164W and C168Y mutations (Panas et al.,
2001; Paulson et al., 2002; Schelhaas et al.,
2002; Hanemann et al., 2003; Taylor et
al., 2003). In most patients encephalopathy
developed under conditions of metabolic
stress caused by travel to high altitudes
(Paulson et al., 2002), febrile illness (Schel-
haas et al., 2002; Hanemann et al., 2003),
hyperventilation (Srinivasan et al., 2008), or
concussion (Halbrich et al., 2008). CNS dys-
function caused by GJB1 mutations has
even been reported in childhood as early as 5
years of age (Siskind et al., 2009) and overall

does not appear to correlate with the stage
and severity of the peripheral neuropathy: in
some cases it was the first manifestation of
CMT1X, while in others with exceptionally
severe neuropathy, no clinical CNS pheno-
types were present.

Although many cell types express Cx32,
peripheral neuropathy is usually the sole
clinical manifestation of GJB1 mutations
except for the occasional CNS phenotypes
described above. The coexpression of other
connexins in other tissues appears to pro-
vide at least partial functional redundancy
that protects against the loss of Cx32. Oligo-
dendrocytes, for example, coexpress Cx47,
and at least in rodents, the loss of both Cx32
and Cx47 is far more deleterious than the
loss of either one alone (Menichella et
al., 2003; Odermatt et al., 2003). How-
ever, loss-of-function mutations in GJC2
encoding Cx47 in humans cause Pelizeaus-
Merzbacher-like disease (Uhlenberg et al.,
2004; Tress et al., 2011). Thus, in humans
and not in mice the loss of Cx47 alone pro-
duces a severe leukodystrophy. Although
myelinating Schwann cells in rodents also
express Cx29 (the human orthologue is
Cx31.3), Cx29/Cx31.3 does not prevent the
development of demyelinating neuropathy,
likely because it does not form functional
GJs (Ahn et al., 2008; Sargiannidou et al.,
2008).

Genetic and neurobiological basis
of CMT1X
GJs are cell membrane channels found in
most tissues, connecting adjacent cells or,
in the case of the myelin sheath, different
layers of the same cell (Bruzzone et al.,
1996; White and Paul, 1999). Channels
are composed of two apposed connexons

(or hemichannels) and each connexon is
composed of a hexamer of connexin mol-
ecules arranged around a central pore.
The GJ channel of �1.2 nm diameter al-
lows the transfer of molecules smaller that
1000 Da, including ions and second mes-
sengers, enabling metabolic cooperation,
spatial buffering, and electrical coupling
(Bruzzone et al., 1996). Connexins belong
to a family of �20 highly conserved inte-
gral membrane proteins that are usually
named according to their predicted mo-
lecular mass (Willecke et al., 2002). They
are highly homologous with the same
overall topology: a cytoplasmic N termi-
nus, four transmembrane domains with �
helix structure, one intracellular and two
extracellular loops, and a cytoplasmic C
terminus (Bruzzone et al., 1996; Unger et
al., 1999; White and Paul, 1999). The first
transmembrane domain forms the central
pore (Maeda et al., 2009). The intracellu-
lar loop and C-terminal domain are the
most divergent parts of the connexins and
determine the differences in their mo-
lecular mass (Willecke et al., 2002). The
extracellular loops regulate the connexon–
connexon interactions via disulfide bonds
formed by conserved cysteine residues.

Cx32 is a myelin-related protein local-
ized to non-compact myelin of incisures
and paranodes. GJ-like structures were
first observed by freeze-fracture electron
microscopy at these areas (Schnapp and
Mugnaini, 1978; Sandri et al., 1982; Tet-
zlaff, 1982). The localization of Cx32 in
the same areas by immunohistochemistry
(Bergoffen et al., 1993; Scherer et al.,
1995) suggested that Cx32 forms these GJs
between the layers of the Schwann cell my-
elin sheath (Fig. 1). This localization has

Figure 1. Expression of Cx32 in PNS and CNS myelinated fibers. Schematic diagram showing the localization of Cx32 and other GJ proteins in myelinating Schwann cells in the PNS (left) and in
the CNS (right) oligodendrocytes (O) as well as astrocytes (A). In Schwann cells Cx32 forms GJs through the non-compact myelin areas including the paranodes and Schmidt-Lantermann incisures.
Coexpressed Cx29 likely forms hemichannels in the innermost aspect of these areas adjacent to the axonal membrane and apposing voltage-gated potassium channels (VGKC). In the CNS, all
oligodendrocytes express Cx47 in cell bodies and proximal processes, and Cx47 forms most O:A GJs, while both Cx47 and Cx32 form O:O GJs. In large myelinated fibers they coexpress Cx32, and in small
myelinated fibers (data not shown), Cx29. Astrocytes connect with oligodendrocytes and other astrocytes mainly with Cx43 and Cx30. NF, Neurofilaments; MT, microtubule; N, node; P, paranode;
J, juxtaparanode; VGNaC, voltage-gated sodium channels.
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been confirmed by freeze-fracture replica
immunogold labeling (Meier et al., 2004).
Diffusion of low molecular mass fluorescent
dyes across the myelin sheath has been doc-
umented by fluorescence microscopy fol-
lowing injection in the perinuclear region of
living myelinating Schwann cells (Balice-
Gordon et al., 1998). This radial pathway
formed by GJs at these locations would be
up to a 1000-fold shorter than the circum-
ferential pathway following the Schwann
cell cytoplasm (Scherer et al., 1995).
Whether this shortcut is disrupted in
CMT1X and how this disturbs the homeo-
stasis of myelinated axons has not been fully
elucidated.

Following the first report by Bergof-
fen et al. (1993), �400 mutations in
GJB1 have been described, predicted to
affect all regions of the Cx32 protein
(listed in http://www.molgen.ua.ac.be/
cmtmutations/). Only one of the reported
amino acid changes is a polymorphism
(Brozková et al., 2010), indicating that most
affected residues are highly conserved and
indeed required for the normal function of
Cx32. Many of the mutations have been
reported more than once, either repre-
senting founder effects or mutational “hot
spots” in GJB1. In a few CMT1X kindreds
the entire coding region of GJB1 is deleted
(Gonzaga-Jauregui et al., 2010). In addi-
tion, several mutations in the noncoding
5�-untranslated region of the GJB1 gene
likely abolish the expression of Cx32 by
affecting the promoter or the translation
of Cx32 mRNA (Murphy et al., 2011).

Clinical studies of a large number of
CMT1X patients with different GJB1
mutations have shown that disability in-
creases with age, and that the degree of dis-
ability was comparable to that observed in
patients with a documented GJB1 deletion
(Shy et al., 2007). Thus, different GJB1
mutations, including deletions and frame
shift mutations, appear to cause a similar
degree of neuropathy (Shy et al., 2007;
Lin et al., 2010), indicating that most
GJB1 mutations cause loss of function.
The results of clinical studies are in
agreement with pathological studies
showing that the severity of changes in
CMT1X nerve biopsies are not associ-
ated with particular GJB1 mutations
(Hahn et al., 2000; Nakagawa et al.,
2001; Hattori et al., 2003). Moreover, a
GJB1 frameshift mutation caused a CNS
phenotype similar to those caused by
missense mutations (Sakaguchi et al.,
2011), suggesting that CNS phenotypes
in CMT1X also lack any consistent
genotype-phenotype correlation.

Models of CMT1X and the molecular
mechanisms of Cx32 mutants
When expressed in Xenopus oocytes,
many Cx32 mutants that cause CMT1X
fail to form functional channels and some
of them also exert dominant-negative ef-
fects on the coexpressed WT Cx32 (Bruz-
zone et al., 1994). Other mutants form
functional channels with altered biophys-
ical characteristics, such as reduced pore
diameter that may prevent the diffusion of
second messengers like IP3, cAMP, and
Ca 2� (Oh et al., 1997). The position of the
Cx32 mutation alone does not necessarily
predict the molecular and functional con-
sequences, as the R15Q and H94Q mu-
tants form normal functional channels,
whereas R15W and H94Y do not (Abrams
et al., 2001). When expressed in mamma-
lian cells with more stringent protein traf-
ficking requirements, Cx32 mutants are
often retained intracellularly, even if they
form rare GJ-like plaques (Omori et al.,
1996; Yoshimura et al., 1998; Yum et al.,
2002). They are localized predominately
in the ER or Golgi (Deschênes et al., 1997;
Oh et al., 1997; Martin et al., 2000; Mat-
suyama et al., 2001; Kleopa et al., 2002,
2006; Yum et al., 2002) and are degraded
via endosomal and proteasomal pathways
(VanSlyke et al., 2000; Kleopa et al., 2002).
Several mutants, the majority of which oc-
cur in the C-terminal domain, were
mainly localized on the cell membrane
and show no significant difference from
WT protein (Kleopa et al., 2002; Yum et
al., 2002), but they may be less stable or
have abnormal biophysical properties
(Rabadan-Diehl et al., 1994; Castro et al.,
1999; Abrams et al., 2000). In one case
they form leaky hemichannels with severe
phenotype (Liang et al., 2005).

The cellular effects of Cx32 mutants in
vitro highlight some structure–function
correlations for Cx32 (Abrams et al.,
2000). N-terminal mutations result in al-
tered biophysical properties and may
cause reversal of gating polarity by nega-
tive charge substitutions. This is in keep-
ing with the role of this domain in the
insertion of the nascent polypeptide chain
into the ER, and along with the first
transmembrane domain in the regula-
tion of voltage gating (Maeda et al., 2009).
Shifted voltage gating and abnormally in-
creased opening have been shown for sev-
eral mutants affecting the first and second
transmembrane domain, which cause
conformational changes (Abrams et al.,
2002). Mutations affecting the cysteine
residues in the two extracellular loops,
which mediate the interactions between
apposed connexons, lead to a loss of func-

tional channels. Mutations of the intracel-
lular loop and C-terminal domain may
affect pH gating (Castro et al., 1999). Two
mutations that affect a consensus prenyla-
tion motif of Cx32 (C280G and S281X)
abolish prenylation, a lipid modification
(Huang et al., 2005).

Several animal models have provided
further insights into CMT1X pathogene-
sis. Mice with targeted deletion of the
Gjb1/cx32 gene develop a progressive,
predominantly motor demyelinating pe-
ripheral neuropathy beginning at �3
months of age (Anzini et al., 1997; Scherer
et al., 1998). Heterozygous females have
fewer demyelinated and remyelinated ax-
ons than age-matched Gjb1/cx32-null fe-
males or males (Scherer et al., 1998), in
keeping with the clinical phenotype of af-
fected women who are obligate carriers of
CMT1X. Expression of wild-type human
Cx32 protein driven by the rat Mpz pro-
moter prevents demyelination in Gjb1/
cx32-null mice (Scherer et al., 2005),
confirming that the loss of Schwann cell-
autonomous expression of Cx32 is suffi-
cient to account for CMT1X pathology.

In addition, Cx32 KO mice show sub-
tle CNS myelin defects, including dimin-
ished myelinated fiber and myelin volume
density, particularly in white matter tracts
with prominent Cx32 expression, such as
the ventral and dorsal funiculus of the spi-
nal cord (Sargiannidou et al., 2009), but
also in the neocortex (Sutor et al., 2000).
Optic nerves, which do not significantly
express Cx32 (Kleopa et al., 2004), are free
of pathology (Scherer et al., 1998; Sargian-
nidou et al., 2009).

Transgenic mice expressing the 175fs,
T55I, R75W, R142W, C280G, and S281X
Cx32 mutations have also been generated.
No Cx32 protein could be detected in
175fs transgenic mice despite expression
of the transgenic mRNA (Abel et al.,
1999). In contrast, R142W transgenic
mice showed retention of the mutant pro-
tein in the perinuclear region and devel-
oped a mild demyelinating neuropathy
(Scherer et al., 1999). Moreover, the pres-
ence of the mutant Cx32 reduced the level
of the endogenous mouse Cx32, indicat-
ing that R142W may have dominant-
negative interactions with the WT protein.
However, this is not clinically relevant in
patients with CMT1X as only one GJB1
allele is expressed in each cell. The R142W
mutant did not affect the coexpressed
Cx29 in Schwann cells (Jeng et al., 2006).
The C280G and S281X mutants were
properly localized to incisures and paran-
odes of myelinating Schwann cells and
even prevented demyelination in Gjb1/
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cx32-null mice, indicating that they may
form functional channels in the myelin
sheath (Huang et al., 2005). How they
cause neuropathy in humans remains
unclear.

Transgenic mice that express the T55I
and R75W mutants in both Schwann cells
and oligodendrocytes were generated 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 and fail to
reach the membrane and to form GJ-like
plaques. The T55I mutant is localized in
the ER and the R75W mostly in the Golgi.
On a Gjb1-null background they cause a
progressive demyelinating neuropathy as
well as mild CNS myelination defects.
However, they do not appear to affect the
expression and localization of coex-
pressed Cx29 in Schwann cells or Cx29
and Cx47 in oligodendrocytes. Similar to
R142W, and without clinical relevance,
the Golgi-retained R75W mutant impairs
the expression of endogenous Cx32 on a
WT background. 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).

Together, the effects of Cx32 mutants
expressed in vivo correlate with their lo-
calization 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 mechanism in most CMT1X
mutants both in PNS and in CNS myeli-
nating cells.

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 primarily
demyelinating CMT types (Krajewski et
al., 2000). In the typical demyelinating
CMT1 forms, axonal pathology is thought
to be secondary to demyelination (Giese
et al., 1992; Martini et al., 1995; Sancho et
al., 1999). In contrast, the mixed axonal
and demyelinating clinicopathological
features of CMT1X (Hattori et al., 2003;
Yiu et al., 2011) suggest that axonal alter-
ations develop early, and even in the ab-
sence of demyelination. Experimentally,
mutant Schwann cells from CMT1X pa-
tients transplanted into sciatic nerves of
nude mice induced increased density
of axonal neurofilaments, depletion of
microtubules, and increased density of
vesicles and mitochondria without demyeli-
nation (Sahenk and Chen, 1998).

Although the initial characterization of
Gjb1-null mice showed that demyelina-
tion preceded axonal loss (Anzini et al.,
1997; Scherer et al., 1998; Sargiannidou et
al., 2009), we have recently reinvestigated
this issue in Gjb1-null mice at the ages of
2– 4 months, before the onset of demyeli-
nation (Vavlitou et al., 2010). At the age
of 4 months, only �5% of fibers are ab-
normally myelinated and only �1% are
completely demyelinated, whereas at 2
months, demyelination has not yet started

(Anzini et al., 1997; Sargiannidou et al.,
2009). This study showed that the diame-
ter of the myelinated axons was progres-
sively reduced in Gjb1-null mice while
neurofilaments were increasingly dephos-
phorylated and more densely packed.
These cytoskeletal alterations were associ-
ated with slowing of axonal transport
(Vavlitou et al., 2010). Thus, impaired
cytoskeletal organization and axonal trans-
port defects appear to precede demyelina-
tion in this mouse model, providing clues to
the mechanisms of early axonopathy in
CMT1X. Disturbed axon-glial signaling and
glial support of axon function (Nave and
Trapp, 2008) is likely to account for this ax-
onal pathology independent of myelination
(Fig. 2).

Future challenges and perspectives
in CMT1X
CMT1X, like other CMT forms, remains
an incurable disease. Both clinical studies
of large series of CMT1X patients as well
as established disease models (above) sug-
gest that most GJB1 mutations appear to
cause CMT1X through loss of normal
Cx32 function. Since CMT1X results
from cell-autonomous loss-of-function
Cx32 mutations (Scherer et al., 2005),
therapeutic gene delivery specifically to
Schwann cells is likely to succeed in pre-
venting the neuropathy and should be a
priority in future research efforts. There
have been previous attempts to deliver
therapeutic genes to intact Schwann cells
with adenovirus and adeno-associated vi-
rus, which did not provide significant re-
sults (Sørensen et al., 1998), mainly due to

Figure 2. Pathomechanisms in CMT1X. This diagram illustrates the main molecular-pathological mechanisms occurring in myelinated fibers of CMT1X patients, which have also been reproduced
in animal models. Loss of GJs formed by Cx32 in non-compact myelin areas of myelinated fibers leads to impaired Schwann cell–axon interaction and primary axonal pathology. Major aspects of this
include impaired phosphorylation and increased packing density of neurofilaments (NF), slowing of axonal transport, and axonal de- and regeneration. In parallel, the myelin sheath shows
characteristic alterations including a gradient of pathology with discompaction of the innermost layers and vacuole formation (arrowheads), leading eventually to de- and remyelination. Electron
microscopy images of control and CMT1X nerve fibers illustrate these changes (m, myelin; a, axon). Immune cells may be recruited to the nerves following these pathological changes, and their action
may further exacerbate CMT1X pathological changes.
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inefficient transduction in the cells of in-
terest and host immune response. Alter-
native methods of gene delivery have also
failed, as transient expression limits the
nonviral gene delivery approach using na-
ked DNA, and the stem cell approach is
hampered by the difficulties of differenti-
ation into Schwann cells (Shy, 2006).

Lentiviral vectors may be a possible
tool for gene delivery to Schwann cells, as
they have reached the clinical trial stage
(Levine et al., 2006) and clinical transla-
tion of such vectors aimed at treating neu-
romuscular disorders may ultimately be
feasible. They combine the advantages of
long-term transgene expression (Kor-
dower et al., 2000; Azzouz et al., 2004),
minimal immunogenicity, ability to ac-
commodate larger transgenes, and the ca-
pacity to form pseudotypes with a wide
variety of different glycoproteins (Fed-
erici et al., 2009). Specific expression in
Schwann cells can be achieved under the
control of a myelin-related promoter such
as the myelin protein zero (MPZ) or even
the “glial promoter” of GJB1 itself.

One concern is the dominant effect on
endogenous WT Cx32 of Golgi-retained
mutants such as R75W (Sargiannidou et
al., 2009) or R142W (Jeng et al., 2006),
which have been expressed in vivo. While
this dominant-negative effect is not
clinically relevant for patients, since
only one GJB1 allele is expressed in each
cell, it may raise concerns for future
gene replacement therapies. In this sce-
nario, the endogenous mutant protein
could potentially attenuate the expression
and function of exogenously delivered
WT Cx32. Whether this possibility will
affect the outcome of such treatment
may also depend on the expression levels
achieved by the gene delivery methods,
and will need to be addressed and clarified
in future trials using the available CMT1X
mouse models.

Further questions on CMT1X patho-
genesis remain. We still have no exact
knowledge of the molecules transported
through Cx32 GJs in PNS and CNS and
how their impaired transport affects the
integrity of myelin and axon. The early
abnormalities in axonal cytoskeleton dy-
namics in Gjb1-null mice (Vavlitou et al.,
2010) suggest that signaling pathways that
regulate axonal cytoskeleton, for example
through phosphorylation, are impaired.
Perhaps the loss of a signal that depends
on these GJs initiates the axonal altera-
tions. The IP3-receptor-3 colocalizes with
Cx32 in the paranodal areas of Schwann
cells (Toews et al., 2007). During neural
activity, intracellular Ca 2� rises through

the IP3 signaling cascade and undergoes
rhyanodin-dependent released from ER
specifically at areas of non-compact my-
elin (Lev-Ram and Ellisman, 1995). Loss
of Cx32 GJs may impair the radial spread
of Ca 2� signals and second messengers
initiated during action potential propaga-
tion (Toews et al., 2007). In vitro studies
have shown that GJs allow the diffusion
of Ca 2�-mobilizing second messengers
across coupled cells (Anselmi et al., 2008)
and intracellular calcium concentration
regulates Cx32 hemichannel opening (De
Vuyst et al., 2006). It remains to be deter-
mined whether Cx32 GJs in non-compact
myelin areas of myelinated fibers serve as
conduits for the rapid radial spread of
these Ca 2� and IP3 signals required for
axonal integrity.

Impaired energy supply is another
possibility, since Schwann cell GJs play a
role in delivering glucose to the axons
(Véga et al., 2003). Finally, a number of
studies support the role of secondary im-
mune mechanisms in the pathological
changes observed in CMT1X mouse mod-
els (Kobsar et al., 2003; Groh et al., 2010).
This appears to be a more general phe-
nomenon shared by other inherited de-
myelinating neuropathies (Ip et al., 2006).
Whether immunomodulation could offer
additional therapeutic opportunities for
CMT patients and CMT1X in particular
requires further study.
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