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Charcot–Marie–Tooth (CMT) disease is a
heterogeneous group of inherited disor-
ders affecting the peripheral nervous sys-
tem and characterized by distal motor and
sensory dysfunction (Charcot and Marie,
1886; Tooth, 1886). Type 2 axonal CMT
(CMT2) accounts for �20% of all CMT
cases, and it causes progressive muscle
weakness and wasting, with sensory defi-
cits in distal limbs resulting from periph-
eral axon degeneration (Murakami et al.,
1996; Fledrich et al., 2012). Because of its
phenotypic and genetic heterogeneity, the
pathogenesis of CMT remains poorly un-
derstood. Despite first being described
more than a century ago, there is still no
effective treatment for the disease.

The study by Spaulding et al. (2016) fo-
cused on axonal type 2D CMT (CMT2D),
which is caused by dominant mutations in
the Glycyl tRNA synthetase (GARS) gene
(Antonellis et al., 2003; Griffin et al., 2014).
Although several attempts have been made
to correlate specific genotypes with pheno-
types observed in CMT2D, how a ubiqui-

tously expressed protein necessary for
protein translation results selectively in ax-
onal neuropathy remains unclear. To un-
derstand the cellular and molecular
mechanism linking GARS to CMT2D,
Spaulding et al. (2016) used two mouse
models with Gars mutations, GarsP278KY

and GarsC201R, both of which have motor
and sensory deficits of varied severity similar
to those observed in patients. Mice carrying
the GarsC201R allele (GARSC157R in humans),
exhibits the same traits as GarsP278KY mice,
but with less severity (Achilli et al., 2009).
Spaulding et al. (2016) found that both mu-
tant strains displayed a loss of neuromuscu-
lar junction (NMJ) integrity, which was
attributed to presynaptic deficits. Although
previous research has identified the NMJ as
an early and important site in neuropathol-
ogy, it has not been considered a major site
of CMT pathology (Sleigh et al., 2014). Nev-
ertheless, NMJ loss has also been reported in
type 1 CMT mouse models (Ang et al.,
2010), indicating that this may be a com-
mon mechanism of disease. The presence of
NMJ abnormalities suggests that more de-
tailed study of the pathological events oc-
curring at these sites will provide a greater
understanding of the mechanisms underly-
ing CMT, possibly identifying new thera-
peutic targets.

To address whether weakened synaptic
transmission at NMJ contributes to
CMT2D, Spaulding et al. (2016) analyzed
the relatively mildly affected proximal le-

vator auris longus (LAL) muscles on the
dorsal surface of the head. Notably, the
authors did not use muscles in the distal
limb region that are normally affected in
CMT and commonly studied in similar
mouse strains (Seburn et al., 2006; Achilli
et al., 2009; Sleigh et al., 2014), thus
hindering comparisons between proximal
and distal pathologies. Given that distal
limb muscles showed a significantly
higher severity of neuropathy and axonal
loss than proximal muscles in GarsP278KY

mice (Seburn et al., 2006) the use of only
proximal muscles may not provide the
best representation of CMT2D patho-
physiology. Because patients rarely pres-
ent with muscle atrophy and weakness in
the dorsal head regions, it is difficult to
correlate the observed NMJ dysmorphol-
ogy in the LAL muscles of the mutant
mouse with the absence of pathological
symptoms in the human equivalent
muscles. To justify the use of proximal
muscles for studying CMT2D, it would be
important to compare the pathophysiol-
ogy of both types of muscles before pro-
ceeding to focus on just the proximal
muscles.

Nevertheless, within these limitations,
Spaulding et al. (2016) compared NMJ
synaptic properties and treatment re-
sponses in two CMT2D mouse models.
They found that synaptic defects in prox-
imal LAL muscles varied with disease
severity (GarsP278KY more severe than

Received May 9, 2016; revised June 19, 2016; accepted June 23, 2016.
We thank Dr. Brent Neumann for his advice on the paper.
The authors declare no competing financial interests.
*G.C. and M.S.S. contributed equally to this work.
Correspondence should be addressed to Dr. Gursimran Chandhok, Neu-

roscience Program, Monash Biomedicine Discovery Institute, and Depart-
ment of Anatomy and Developmental Biology, Monash University, Clayton,
Victoria 3800, Australia. E-mail: gursimran.chandhok@gmail.com.

DOI:10.1523/JNEUROSCI.1515-16.2016
Copyright © 2016 the authors 0270-6474/16/368067-03$15.00/0

The Journal of Neuroscience, August 3, 2016 • 36(31):8067– 8069 • 8067



GarsC201R). This study adds to accumulat-
ing evidence that functional NMJ changes
vary across genotype and age, indepen-
dent of the specific mutations. Although
spontaneous miniature endplate currents
were unperturbed in both strains regard-
less of age, the spontaneous neurotrans-
mitter release rate, quantal content, and
evoked endplate currents (EPCs) were
considerably reduced, more so in the se-
vere GarsP278KY animals than the milder
GarsC201R strain. The reduction in quantal
content was consistent with morphologi-
cal abnormalities of partial or complete
denervation of the terminals. These defi-
cits were attributed to a presynaptic rather
than a postsynaptic defect at NMJ in
CMT2D mice.

Next, Spaulding et al. (2016) assessed
whether modulating synaptic transmis-
sion could ameliorate the muscle weak-
ness observed in CMT2D mice. To this
end, the authors first tested 3,4-diami-
nopyridine (3,4-DAP), which modulates
presynaptic acetylcholine release. 3,4-
DAP effectively treats Lambert–Eaton
myasthenic syndrome (Sanders, 1998;
Lindquist and Stangel, 2011), another dis-
ease characterized by muscle weakness in
the limbs and autonomic dysfunctions.
3,4-DAP acts by blocking potassium
channels in nerve terminals, resulting in
an increase in acetylcholine release (Fig.
1A). Reduced quantal release of acetyl-
choline was observed in CMT2D mice and
hence, administration of 3,4-DAP was
expected to increase acetylcholine release,
thereby improving muscle strength.
Surprisingly however, 3,4-DAP did not
improve wire-hang time in 1- or
4-month-old GarsC201R mice, despite
improvements in the average presynap-
tic neurotransmitter release and EPCs
(Spaulding et al., 2016). Spaulding et al.
(2016) reasoned that these synaptic en-
hancements were short-lived, and there-
fore insufficient to compensate for the
synaptic deficits. Worse still, the presence
of 3,4-DAP during the final stimulus sig-
nificantly reduced both the quantal re-
lease and EPC in GarsC201R mice. This
deteriorating performance appeared in-
consistent with the mechanism of action
for 3,4-DAP at the given dose. The lack of
improvement for the CMT2D mutants’ in
their wire-hang performance suggests
that: (1) the presynaptic quantal release
deficit was not the underlying cause of
CMT2D muscle weakness; (2) there are
other factors in addition to presynaptic
deficits that contribute to the overall distal
muscle weakness, hence the administra-
tion of 3,4-DAP alone was insufficient or

detrimental; (3) 3,4-DAP could not bind
properly to K� channels at presynaptic
nerve terminals due to membrane struc-
ture defects; and/or (4) the 2.5 mg/kg 3,4-
DAP used in CMT2D mutant mice was
not therapeutically relevant. In fact, the
effective dose of 3,4-DAP approaches 8
mg/kg for other conditions involving def-
icits in presynaptic acetylcholine release
(Siegel et al., 1986). Thus, it would be use-
ful to perform dose–response studies of
3,4-DAP with increasing drug concentra-
tions before completely ruling out the ef-
fectiveness of the drug.

Interestingly, despite strong evidence
supporting presynaptic defects in the
CMT2D models (Spaulding et al., 2016),
both mice strains performed better on ad-
ministration of the postsynaptically acting
drug physostigmine. Physostigmine is a re-
versible inhibitor of acetylcholinesterase,
the enzyme responsible for the breakdown
of acetylcholine in the synaptic cleft (Fig.
1B). Clinically, physostigmine is used to
treat cholinergic disorders and myasthenia
gravis, but has a short half-life and narrow
therapeutic index (Yu et al., 2010; Mehta et
al., 2012). Future investigations with other
acetylcholinesterase inhibitors (for instance
pyridostigmine and neostigmine) with bet-

ter potency and efficacy than physostigmine
might help translate the findings to patients
with CMT2D. Repeating the behavioral
studies with other similar compounds is
crucial to ensure the beneficial effect of ace-
tylcholinesterase inhibitors before proceed-
ing to therapeutic application in CMT2D
humans. It would also be valuable to study
the combination of presynaptically and
postsynaptically acting drugs in CMT2D
mouse models to determine whether there
is a synergistic effect of the drugs. In fact, the
combination of 3,4-DAP and the cholinest-
erase inhibitor pyridostigmine produced a
better therapeutic outcome in Lambert–
Eaton myasthenic syndrome than either
treatment alone (Lundh et al., 1984).

Together, although the work by Spauld-
ing et al. (2016) has provided insights into
the NMJ defects occurring in CMT2D, we
still lack a clear explanation for how the
GARS mutations lead to selective neuronal
pathology. Previous studies have demon-
strated that although the overexpression of
wild-type GARS could completely rescue
the embryonic lethality caused by mutant
GARS, the neuropathy could not be im-
proved. This suggests that neuropathy is the
result of a dominant and toxic gain-of-
function that cannot be compensated by the

Figure 1. Mechanisms of action for 3,4-DAP and physostigmine. A, 3,4-DAP blocks K � channel efflux in presynaptic nerve
terminals, resulting in an increased duration of presynaptic action potential. This increases the opening time of Ca 2� channels,
which induces greater acetylcholine release from presynaptic vesicles. However, 3,4-DAP failed to improve wire-hang times in
4-month Gars C201R NMJs. B, Physostigmine inhibits acetylcholinesterase, an enzyme that breaks down acetylcholine in the
synaptic cleft. Physostigmine improved wire-hang times in 4-month Gars C201R NMJs. Both physostigmine and 3,4-DAP can be
used to increase EPC amplitude in 4-month old Gars C201R NMJs.
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wild-type protein (Motley et al., 2011; Grice
et al., 2015). Furthermore, He et al. (2015)
found that several GARS mutants, including
GarsP278KY in mice, attained a neomorphic
ability to bind to the neuropilin 1 (Nrp1)
receptor, which prevented the binding of
Nrp1 to vascular endothelial growth factor
(VEGF). As the Nrp1 receptor is involved in
motor neuron axon pathfinding and stabi-
lization of neuronal cytoskeleton (Huber et
al., 2005; Moloney et al., 2014), and the im-
pairment of the VEGF-Nrp1 signaling
pathway causes selective motor neuron de-
generation in mice (Oosthuyse et al., 2001),
it is possible that GARS mutation can dis-
rupt proper axonal guiding and cause cyto-
skeletal destabilization in motor neurons.
Consequently, nerve terminals may be
weakly formed, resulting in presynaptic def-
icits and NMJ denervation. Overexpression
of VEGF has previously been shown to res-
cue the motor function in CMT2D mice
(He et al., 2015). However, treatment of pa-
tients with VEGF is not recommended be-
cause it can also promote tumorigenesis
(Goel and Mercurio, 2013). It will therefore
be intriguing to focus future investigations
on the relationship between the anomalous
gain-of-function by mutant synthetases,
NMJ defects, and role of acetylcholinest-
erase inhibitors in rescuing the motor func-
tion in CMT2D models. It will also be
worthwhile to explore the influence of
GARS mutations on Nrp1 signaling and
presynaptic deficits, and investigate whether
modulation of the Nrp-1-VEGF signaling
pathway can improve peripheral neuropa-
thy. The knowledge afforded by the current
study, especially motor defects reversal by
physostigmine, opens the door for future
investigations to develop new therapeutic
strategies for CMT2D. Overall, the work by
Spaulding et al. (2016) suggests a presynap-
tic defect at the NMJ and unearths new ave-
nues for the development of treatments for
CMT2D, and potentially other axonal
forms of CMT.
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