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Abstract.
Background: Skeletal muscle ion channelopathies include non-dystrophic myotonias (NDM), periodic paralyses (PP), congenital myasthenic syndrome, and recently identified congenital myopathies. The treatment of these diseases is mainly
symptomatic, aimed at reducing muscle excitability in NDM or modifying triggers of attacks in PP.
Objective: This systematic review collected the evidences regarding effects of pharmacological treatment on muscle ion
channelopathies, focusing on the possible link between treatments and genetic background.
Methods: We searched databases for randomized clinical trials (RCT) and other human studies reporting pharmacological
treatments. Preclinical studies were considered to gain further information regarding mutation-dependent drug effects. All
steps were performed by two independent investigators, while two others critically reviewed the entire process.
Results: For NMD, RCT showed therapeutic benefits of mexiletine and lamotrigine, while other human studies suggest some
efficacy of various sodium channel blockers and of the carbonic anhydrase inhibitor (CAI) acetazolamide. Preclinical studies
suggest that mutations may alter sensitivity of the channel to sodium channel blockers in vitro, which has been translated
to humans in some cases. For hyperkalemic and hypokalemic PP, RCT showed efficacy of the CAI dichlorphenamide in
preventing paralysis. However, hypokalemic PP patients carrying sodium channel mutations may have fewer benefits from
CAI compared to those carrying calcium channel mutations. Few data are available for treatment of congenital myopathies.
Conclusions: These studies provided limited information about the response to treatments of individual mutations or groups
of mutations. A major effort is needed to perform human studies for designing a mutation-driven precision medicine in muscle
ion channelopathies.
Keywords: Non-dystrophic myotonia, periodic paralysis, congenital myopathy, congenital myasthenic syndrome, sodium
channel, calcium channel, chloride channel, targeted therapy, precision medicine
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Skeletal muscle ion channelopathies are a genetically heterogeneous family of skeletal muscle
diseases due to mutations in ion channel genes [1, 2].
On one hand, mutations in different genes induce diseases with overlapping symptoms, which may render
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Fig. 1. Schematic description of current knowledge regarding skeletal muscle ion channelopathies considered in this systematic review. First
line: mutated gene. Second line: mode of inheritance (AR, autosomal recessive; AD: autosomal dominant). Third line: disease names. Fourth
line: main effect of mutations on channel function. Fifth line: main symptom. Sixth line: currently preferred symptomatic drugs. Seventh
line: second choice drugs.

difficult the exact diagnosis. On the other hand, mutations in the same gene may result in diseases with
opposite symptoms. These simple and general observations are sufficient to formulate the hypothesis that
mutation driven pharmacological therapies may have
great benefits to the affected patients. Up to now,
most of the drugs used in ion channelopathies were
tested in an empirical manner [3]. Only recently, a few
randomized controlled trials have been performed
eventually leading to the designation of orphan drugs
and marketing authorization. These drugs however
only address the symptoms, without considering the
genetic background of the disease. We performed a
systematic review to report the state of the art and
verify whether literature data may support the future
development of precision medicine in skeletal muscle
ion channelopathies.
In skeletal muscle fibers, ion channels are critical
for the modulation of muscle excitability, excitationcontraction coupling, and contraction. Gene mutations of these channels may have various impacts
on muscle function, which span from sarcolemma
inexcitability (flaccid paralysis, muscle weakness,
fatigue) to over-excitability (myotonia, muscle stiffness, cramps), and on muscle integrity with various
myopathic traits (Fig. 1). The current review is
focused on the non-dystrophic myotonias (NDM) and
periodic paralyses (PP), for which muscle wasting, if
present, is not predominant (Table 1). In addition,
the congenital myasthenic syndromes or congenital

myopathies due to mutations in voltage-gated sodium
and calcium channels have been investigated, because
these diseases may present with symptoms overlapping myotonia or periodic paralysis in the adult life.
The treatment of these diseases is mainly symptomatic, aimed at reducing muscle excitability in
NDM or modifying triggers of paralytic attacks.
In most countries, the sodium channel blocker,
mexiletine, is considered the first drug choice for
treatment of myotonia, whatever the culprit gene
[4]. Other sodium channel blockers were reported
efficient. Inhibition of sodium channels reduces the
abnormal firing of action potentials responsible for
sarcolemma over-excitability and muscle stiffness [5,
6]. A Cochrane review published in 2006 assessing
drug treatment in myotonia reported the insufficiency
of good quality data to draw any conclusion about
safety and efficacy of drugs [7]. Since then, however,
placebo-controlled, randomized clinical trials (RCT)
confirmed the benefits of mexiletine [8].
In PP, the carbonic anhydrase inhibitors (CAI),
acetazolamide and dichlorphenamide, are frequently
used to reduce weakness attack frequency [9]. In
2008, a Cochrane review of treatment for periodic paralysis reported one large study suggesting
that dichlorphenamide is effective in the prevention of episodic weakness in both hypokalemic and
hyperkalemic periodic paralyses [10]. The actual
mechanism of action of the CAI in PP is unclear. In
addition, thiazide diuretics can be used to maintain a
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Table 1
Names of the diseases considered in the systematic review
Group of diseases

Disease names

Nondystrophic myotonias

myotonia congenita, autosomal recessive;
Becker’s disease
myotonia congenita, autosomal dominant;
Thomsen’s disease
K+ -aggravated myotonia;
acetazolamide-responsive myotonia; sodium
channel myotonia
paramyotonia congenita von Eulenburg
hyperkalemic periodic paralysis; adynamia
episodica hereditaria; Gamstorp disease
hypokalemic periodic paralysis, type 2
(normokalemic periodic paralysis included)
hypokalemic periodic paralysis, type 1
congenital myasthenic syndrome, type 16
congenital myopathy
congenital myopathy

Periodic paralyses

Congenital myopathies

Phenotype
MIM number

Mutated gene [MIM number] (protein)

255700

CLCN1 [118425] (ClC-1)

160800

CLCN1 [118425] (ClC-1)

608390

SCN4A [603967] (Nav1.4)

168300
170500

SCN4A [603967] (Nav1.4)
SCN4A [603967] (Nav1.4)

613345

SCN4A [603967] (Nav1.4)

170400
614198
n.a.
n.a.

CACNA1S [114208] (Cav1.1)
SCN4A [603967] (Nav1.4)
SCN4A [603967] (Nav1.4)
CACNA1S [114208] (Cav1.1)

n.a.: not available; MIM: Mendelian Inheritance in Man (https://omim.org/).

low blood K + concentration to prevent hyperkalemic
periodic paralysis. Conversely, potassium-sparing
diuretics (e.g. eplerenone or spironolactone) can be
used in hypokalemic periodic paralysis [8].
Congenital myasthenia and myopathy due to ion
channel mutations are very rare diseases and there is
little information regarding treatment [11].
The objectives of this systematic review were to
identify the available evidence regarding the effects
of pharmacological treatment of skeletal muscle
ion channelopathies taking care of assessing the
strength of the evidence, and to link treatments to
genetic background whatever possible. This study
was designed to open the way for defining a link
between genotype and treatment, and to collect solid
information that might stimulate the launch of clinical
trials specifically addressing pharmacogenomics.
METHODS
The systematic review was performed following
the guidelines of the Treatabolome methodology
designed for writing FAIR-compliant systematic
reviews of rare diseases’ treatments [12]. All steps
were performed by two independent researchers
(C.A. and S.V.). Two other researchers (J.F.D and
B.F.) critically reviewed all the process and resolved
disparities.
Types of studies and diseases considered
All types of human studies dealing with drug treatment of genetically diagnosed adults and children
affected by NDM, PP, or Cav/Nav-related congenital

myasthenia or congenital myopathies were considered for inclusion in the systematic review. The
studies were classified by level of evidence and
analyzed separately, giving emphasis to randomized
controlled trials. Due to scarcity of data for rare
diseases in general, nonrandomized trials, observational studies, cohort, series and case studies were
then considered even when only qualitative outcomes
were available. In addition, we analyzed preclinical
studies, performed both in vivo or in vitro, which
may add significant information related to mutationdependent drug effects and may provide experimental
support for the design of future human studies.
Therapeutic interventions other than pharmacological interventions were not considered.
Outcome measures demonstrating positive or
negative response to treatment were all considered, including measures of muscle function and
performance (strength, ability and endurance), electromyography, clinical examination, frequency and
severity of events, and patients filled-in questionnaires for quality of Life. For in vitro studies, we
considered effects of drugs on ion currents generated
by mutant channels and compared to wild-type.
Search methods for identification of studies
An electronic search of the literature was performed using the following databases:
– Pubmed (https://pubmed.ncbi.nlm.nih.gov/)
– The Cochrane Central Register of Controlled
Trials (https://www.cochranelibrary.com/
central)
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– ClinicalTrials.gov (https://clinicaltrials.gov/)
– WHO International Clinical Trials Registry Platform (https://apps.who.int/trialsearch/default.
aspx)
– European Clinical Trials Database (EudraCT)
(https://eudract.ema.europa.eu)
The search was completed with an inspection of
the personal databases of the authors. Finally, further
relevant articles were extracted from the reference
sections of the reviewed articles. Last search was performed on September 4, 2020. Only studies published
in English, French or Italian language were included
in the review.
The authors independently screened titles of the
publications identified through the searches, excluding those irrelevant. After this preliminary screening,
the abstract and/or full-text was examined to assess
further eligibility for inclusion. Search terms and
database search results are presented in Fig. 2.
Data extraction and analysis
Data from each included study were collected in
a standardized form including study characteristics
and design, genotype and clinical phenotype of study
participants, number of participants, age distribution, treatment characteristics (dose, frequency, and
duration), outcome measures, response to treatment
(positive response, partial response, non-responsive,
and side effects). Regarding preclinical studies, collected data included study characteristics and design,
gene variant, treatment characteristics (dose in vivo
or concentration in vitro), outcome measures, and
response to treatment.
RESULTS AND DISCUSSION
Non-dystrophic Myotonia
The non-dystrophic myotonias (NDM) are genetic
disorders characterized by skeletal muscle stiffness
after voluntary contraction [1, 4, 13–15]. Disease
onset typically occurs in the first two decades of life,
with a few patients showing severe neonatal symptoms causing respiratory distress. Muscle stiffness
occurs generally in absence of fixed weakness and
wasting, but the disease can severely affect quality
of life due to movement impairment, myalgia, or frequent falls. Prevalence is likely less than 1/100,000
[16]. The NDM encompass several disorders with
distinct features but clinical overlap, which are

myotonia congenita (MC), paramyotonia congenita
(PMC), and sodium-channel myotonia (SCM)
(Fig. 1).
MC is due to mutations in the CLCN1 gene encoding the chloride channel ClC-1 [17, 18]. The autosomal dominant form (Thomsen’s disease) is moderate
to severe. The recessive form (Becker’s disease) is
typically more severe and may present with transient weakness. Myotonia is often triggered by rapid
movements after a period of rest, and is improved
with exercise (warm-up phenomenon). Patients may
develop muscle hypertrophy (herculean body), due
to sustained involuntary muscle contraction. More
than 250 CLCN1 mutations have been found in MC
patients [19].
PMC and SCM are dominantly inherited allelic
disorders caused by mutations in SCN4A gene encoding the voltage-dependent sodium channel Nav1.4
[20–22]. PMC is characterized by paradoxical
myotonia (worsening with exercise) and sensitivity
to cold and fasting. Some patients may present prolonged muscle weakness lasting several hours after
sustained exercise, which is similar to that observed
in the allelic disorder hyperkalemic periodic paralysis. In SCM, the symptoms are highly variable
but prolonged weakness never occurs (pure myotonia). Some SCM can cause severe neonatal episodic
laryngospasm (SNEL), which can eventually lead to
death by respiratory arrest during an apnea episode
[23–28]. Recently, myotonic SCN4A mutations have
been associated with an increased risk of Sudden
Infant Death Syndrome (SIDS), underscoring the lifethreatening effects of myotonia in babies [29].
The NDM have been empirically treated with
sodium channel blockers including mostly antiarrhythmics (e.g. quinidine, tocainide, mexiletine, flecainide) and anticonvulsants (e.g. phenytoin, carbamazepine) [30]. The mechanism of action of
these drugs is merely symptomatic, consisting in the
use-dependent inhibition of skeletal muscle sodium
channels to reduce abnormal action potential firing.
Indeed, the same drugs are used in both chloride and
sodium channel myotonia. The antiarrhythmic mexiletine is the preferred drug today, because it has been
more carefully studied in RCTs and observational
studies, although no comparative test has never been
published; it was recently appointed as orphan drug
in NDM and was granted marketing authorization in
2019 by the European Medicine Agency [4]. In addition, the carbonic anhydrase inhibitor acetazolamide
has been used in NDM and is often considered as a
second choice after sodium channel blockers [31].
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Fig. 2. Flowchart of search strategy and filtering steps. (A) Non-dystrophic myotonias. (B) Periodic paralyses. (C) Congenital myopathies
related to SCN4A/CACNA1S genes.

Randomized clinical trials (Class of Evidence I)
In 2012, the results of an international randomized, double-blind, placebo-controlled clinical
trial of mexiletine in nondystrophic myotonia were

published [8]. This RCT received much attention in
the scientific community for having overcome many
difficulties related to the orphan diseases with clinical
and genetic heterogeneity [32]. Fifty-nine participants of both sex were enrolled. All had clinical
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myotonia but were genetically heterogeneous (34 had
chloride channel mutations, 21 had sodium channel
mutations, and 4 had no mutation identified). Mutations for dystrophic myotonia were excluded. The
patients were randomized to receive either mexiletine or placebo for 4 weeks, followed by a week
of washout, and then crossover to the other treatment for another 4 weeks. The mexiletine dose was
200 mg three times a day. Outcome measurements,
including clinical assessment of eyelid and handgrip
myotonia, electromyography, and SF-36 and INQOL
questionnaires, were performed at baseline and at the
end of each treatment period. In addition, an interactive voice response (IVR) diary was used to evaluate
patient’s symptoms and adherence to treatment. The
primary end-point was the severity score of stiffness
reported by the patients via the IVR diary. Fifty-seven
participants were included in the modified intentionto-treat analysis, whereas two were excluded for
having failed to call the IVR system. Adherence to
pills was very good, >90%. Significant improvement
of the primary end-point and many secondary endpoints was obtained with mexiletine. Two dropouts
due to side effects occurred during mexiletine treatment. The most common side effect associated with
mexiletine was gastrointestinal discomfort. One limitation of the RCT was the inclusion of participants
with both chloride and sodium channel mutations to
obtain necessary study power. A secondary analysis suggested major improvement in chloride-channel
mutation carriers, but statistical power was not adequate.
Efficacy of mexiletine in NDM was further supported by aggregated N-of-1 trials conducted in
a single Dutch center but involving international
collaborations [33]. The aims of this study were
to investigate effectiveness of mexiletine and to
compare the results with the previous RCT. To
allow comparison, drug regimen and outcome measures were similar. Thus, thirty genetically-confirmed
myotonic patients were enrolled to receive 600 mg
mexiletine daily and placebo for 4 weeks each, in
randomized crossover periods with 1 week washout
in between. By the end of the treatment sequence,
a Bayesian analysis of the IVR scores allowed the
calculation of the posterior probability (pp) of mexiletine to produce a meaningful improvement in each
patient. If the value of pp was greater than 0.8, the
patients were advised to abandon the trial and to
start regular treatment with mexiletine; If pp was
less than 0.2, the patient should discontinue the
trial and mexiletine treatment; with pp in between

0.2 and 0.8, the patients were encouraged to continue the trial by repeating the randomized treatment
sequence. At the completion of the trial, a Bayesian
hierarchical model was used to analyze aggregated
data. Twenty-seven participants completed the trial,
while 3 dropouts were due to non-adherence to
the protocol and one serious urticaria-like rash
related to mexiletine. Effectiveness of mexiletine
was statistically confirmed for the primary end-point
(IVR-reported stiffness) and many secondary endpoints. In average, patients with chloride channel
genotype showed a better response to mexiletine
than carriers of sodium channel mutations regarding the primary end-point and several secondary
end-points. Very common side effects were gastrointestinal disorders. Altogether, these results confirmed
the results of the previous RCT and the value of
N-of-1 trials for evaluating drugs in rare diseases.
Three participants did not respond to mexiletine
and discontinued the trial. Interestingly, all three
non-responders carried sodium channel mutations
(p.G1306V, p.R1448C, and p.L703P, Table 2). Noteworthy, patient with p.R1148C mutation had serum
mexiletine levels in subtherapeutic range (0.17 g/ml
compared to reference antiarrhythmic therapeutic
range: 0.5–2.0 g/ml), which might explain the lack
of response.
Following the first RCT, mexiletine has received
orphan drug designation for the treatment of nondystrophic myotonia by the European Medicine Agency.
Its use is however challenged by high costs or
limited availability in some countries, side effects,
and contraindications. This led a Danish group to
perform a RCT of lamotrigine in NDM [34]. Lamotrigine is a sodium channel blocker indicated for
treatment of epileptic seizures and bipolar disorder.
The phase II randomized, double-blind, placebocontrolled, crossover-study of lamotrigine resembled
that of mexiletine. The adult patients from the Danish registry with genetically confirmed NDM were all
considered. Fifty-seven were excluded and 26 were
finally included in the trial (14 with MC and 12 with
PMC). They were randomized to receive either lamotrigine at increasing dose (from 0 to 300 mg a day) or
placebo for 8 weeks, followed by a wash-out period
of 1–3 weeks, and crossover period for 8 weeks.
The primary outcome measure was the Myotonic
Behavior Scale diary, a validated self-assessed questionnaire that consists in six statement to describe
severity of stiffness, completed before treatment and
during the treatment with 150 and 300 mg lamotrigine. Secondary outcome measures included eyelid
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Table 2
Clinical reports of drug response in myotonic SCN4A mutation carriers
Mutation
p.Ile215Thr (c.644T>C)

Reference
[46]

p.Gly241Val (c.722G>T)

[46]

p.Asn440Lys (c.1320T>G)

[47]

p.Val445Met (c.1333G>A)

[48]

[49]

p.Ile693Leu (c.2077A>C)

[50]
[36]
[51]
[52]
[52]
[53]
[54]
[55]

p.Ile693Thr (c.2078T>C)

[56]

p.Leu703Pro (c. 2108T>C)

[57]
[53]

p.Thr704Met (c. 2111C>T)

[33]
[58]

p.Glu452Lys (nd)
p.Phe671Ser (nd)
p.Leu689Phe (c.2065C>T)

p.Leu796Val (c. 2389C>G)
p.Arg1148Cys (nd)
p.Pro1158Leu (c. 3473C>T)

[59]
[60]
[33]
[61]

p.Pro1158Ser (c. 3472C>T)

[62]

p.Ile1160Val (c. 3478A>G)
p.Gly1292Asp (c.3875A>G)
p.Val1293Ile (c. 3877G>A)

[50]
[63]
[64]
[50]
[65]

p.Asn1297Lys (c.3891C>A)

[23]

p.Phe1298Cys (c.3893T>G)
p.Gly1306Ala (c.3917G>C)

[65]
[33]
[66]
[67]

p.Gly1306Glu (c.3917G>A)

[24]
[68]

Response to drug (dose/day)

Number of individuals and other information

NR to PHE (nd), USE to QUI (nd), positive
to MEX (nd)
positive to MEX (400 mg)
positive to MEX (nd)
NR to MEX (nd), PHE (nd), ACZ (nd), and
CBZ (nd)
positive to ACZ (nd) and HCT (nd)

(n = 1)

NR or USE with MEX (600 mg), QUI
(975 mg), PHE (400 mg), CBZ (1,200 mg),
TOC (1,200 mg), ACZ (500 mg), diazepam
(10 mg), baclofen (80 mg), and
cyclobenzaprine (40 mg)
positive to FLE (nd)
positive to MEX (600 mg)
positive to PRC (3,000 mg)
positive to QUI (600 mg)
positive to MEX (300 mg)
positive to RAN (2,000 mg)
positive to MEX (nd)
NR to GAB (nd), positive to PHE (400 mg)
NR to PHE (nd), positive to CBZ (nd)
positive to ACZ (250–500 mg)
positive to PHE (nd) and ACZ (nd)
NR to CBZ (nd), positive to PHE, MEX, or
ACZ (nd)
positive to Mg2+ (3,600 mg)
USE with ACZ (5 mg/kg)
NR to CBZ (800 mg), positive to ACZ
(250–1,000 mg)
NR to MEX (600 mg)
NR to ACZ (1,000 mg)
NR to ACZ (1,000 mg) and HCT (500 mg)
NR to ACZ (1,000 mg) and SLB (6 mg p.o.
or 200 g nasally)
positive to CBZ (36 mg/kg)
positive to CBZ (20 mg/kg)
NR to MEX (600 mg)
NR to CBZ (nd), USE with MEX (200 mg),
positive to FLE (70 mg)
positive to ACZ (nd)
positive to ACZ (500 mg)
NR to MEX (300 mg)
positive to MEX (400 mg)
positive to MEX (600 mg)
USE with MEX (200 mg)
positive to MEX (400 mg)
NR to CBZ (20 mg/kg), positive but
unstained to MEX (17 mg/kg)
USE with MEX (400 mg)
positive to MEX (600 mg)
NR to MEX, ACZ, and CBZ (nd)
NR to MEX (720 mg), oxcarbazepine (nd),
and thiazide diuretics (nd), positive to ACZ
(500 mg)
positive to CBZ (40 mg/kg)
positive to MEX (15 mg/kg)
PR to CBZ (600 mg), HQD (600 mg), TOC
(1,200 mg), and MEX (800 mg), positive to
FLE (200 mg)

(n = 1)
(n = 1)
(n = 1)
(n = 10, 1 kindred), myotonia with exercise
induced weakness
(several individuals from 1 kindred)

(n = 1 from the kindred as above)
(n = 1)
(n = 1)
(n = 1)
(n = 1) moderate improvement
(n = 3)
(n = 1)
(n = 1)
(n = 1)
(n = 1)
(n = 1)
(n = 1)
(n = 1), aggravated symptoms with
hypomagnesemia and hypocalcemia
(n = 1)
(n = 1), headache at the highest ACZ doses
(n = 1)
(n = 2), hyperPP+PMC
(n = 1), hyperPP+PMC
(n = 1), hyperPP+PMC
(n = 1), respiratory failure
(n = 1), myotonic myopathy
(n = 1), subtherapeutic plasma concentration
(n = 1), myotonia permanens
(n = 1), myotonia improvement but weakness
worsening
(n = 1), significant improvement
(n = 1)
(n = 1)
(n = 1), significant improvement
(n = 1)
(n = 1)
(n = 1), SNEL, dies at 20 months from
cardiorespiratory arrest
(n = 1), moderate improvement
(n = 2)
(n = 1)
(n = 1)

(n = 1), SNEL
(n = 1), SNEL
(n = 2, mother and son), myotonia permanens
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Table 2
Continued

Mutation

Reference
[69]
[70]
[26]

[71]
[57]

p.Gly1306Val (c.3917G>T)

[33]

p.Thr1313Met (c.3938C>T)

[36]
[72]
[73]
[74]
[75]
[50]
[76]
[77]

p.Leu1436Pro (nd)

[78]

p.Arg1448Cys (c.4342G>A)

[79]
[80]
[81]

p.Ile1462Met (c.4386C>G)
p.Met1476Ile (c.4428G>A)

[36]
[82]
[36]
[83]

p.Ala1481Asp (c.4442C>A)
p.Val1485Phe (nd)
p.Val1589Met (c.4765G>A)

[84]
[33]
[85]

p.Met1592Val (c.4774A>G)

[36]
[86]

p.Gln1633Glu (c.4897C>G)
p.Phe1705Ile (c.5113T>A)

[87]
[88]

Response to drug (dose/day)

Number of individuals and other information

positive to MEX+ACZ (nd)
positive to CBZ (12 mg(kg)
positive to CBZ (20 mg/kg)
NR to CBZ (20 mg/kg), MEX (15 mg/kg),
and ACZ (125 mg), positive to FLE
(100 mg)
USE with FLE (200 mg) and HQD (300 mg),
positive to MEX (1,200 mg)
positive to CBZ (200 mg∗ )
USE with CBZ (200 mg∗ )
positive to ACZ (250 mg∗ )
USE with ACZ (250 mg∗ )
positive to PHE (nd)
positive to MEX (400 mg)
positive to MEX (600 mg)
NR to MEX (600 mg)
NR to RAN (2,000 mg)
NR to ACZ (250 mg), positive to MEX
(850 mg)
positive to MEX (600–1,200 mg)
NR to MEX (200 mg), USE with higher
doses
USE with MEX (400 mg), positive to PRO
(325 mg)
USE with MEX (nd)
USE with MEX (400 mg), positive to FLE
(200 mg)
positive to ACZ (500 mg)

(n = 1), SNEL
(n = 1), SNEL
(n = 3), SNEL
(n = 1), SNEL

NR to ACZ (250 mg)
NR to MEX (150 mg)
NR to ACZ (nd)
PR and USE to ACZ (nd)
PR to CBZ (600 mg)+AMI (50 mg)
positive on weakness, NR on stiffness ACZ
(250 mg)
NR to ACZ (500 mg), PR to MEX (400 mg)
positive to PYR (180 mg) and PHE (300 mg)

positive to RAN (2,000 mg)
PR and USE with ACZ (500 mg)
positive to RAN (2,000 mg)
NR to QUI, PHE, CBZ, AMI, GAB, and
ACZ
positive to MEX (400 mg)
NR to ACZ (1,000 mg) and PR to MEX (nd)
positive to MEX (600 mg)
NR to CBZ and PHE (nd), positive to ACZ
(500 mg)
positive to RAN (2,000 mg)
NR to ACZ (nd), PR with PHE i.v. (nd),
positive to MEX (nd)
positive to MEX (nd)
PR to MEX (nd)

(n = 1), SNEL Brugada syndrome with FLE
and diarrhea with HQD
(n = 7/8)
(n = 1/8)
(n = 4/6)
(n = 2/6)
(n = 1)
(n = 1)
(n = 5)
(n = 1), concomitant stable angina pectoris
(n = 2)
(n = 2, 1 kindred)
(n = 3, 1 kindred)
(n = 1)
(n = 1)
(n = 1)
(n = 8, 1 kindred)
(n = 1), paramyotonia improved but not
persistent weakness
(n = 1)
(n = 1)
(n = 2)
(n = 1), allergic rash with ACZ
(n = 3), some improvement
(n = 1)
(n = 1)
(n = 1), PYR resolved exercise-induced
weakness and PHE reduced cold-induced
stiffness
(n = 3)
(n = 1), PMC with HypoPP
(n = 1)
(n unknown)
(n = 1)
(n = 1)
(n = 1)
(n = 1)
(n = 1)
(n = 1)
(n = 3, 1 kindred), myotonia permanens
(n = 1)

ACZ: acetazolamide; AMI: amitriptyline; CBZ: carbamazepine; FLE: flecainide; GAB: gabapentin; HCT: hydrochlorothiazide; HQD: hydroquinidine; hyperPP: hyperkalemic periodic paralysis; MEX: mexiletine; nd: not defined; NR: non responder; PHE: phenytoin; QUI: quinine;
PMC: paramyotonia congenita; PR: partial response; PRC: procainamide; PRO: propafenone; PYR: pyridostigmine; RAN: ranolazine;
SNEL: severe neonatal episodic laryngospasm; TOC: tocainide; USE: untolerated side effects; ∗ mean value.

J.-F. Desaphy et al. / Targeted Therapy for Muscle Channelopathies

and handgrip myotonia, leg myotonia assessed by
the time-up-and-go test and the 14-Step-Stair test,
the short form (SF-36) questionnaire, the creatine
kinase level, and the use of escape medication (mexiletine). At the end, 5 participants were excluded from
analysis due to loss of follow-up; notably, 1 patient
developed reversible allergic reaction to lamotrigine.
The most common side effect of lamotrigine was
headache. Lamotrigine had significant effects on primary and many secondary outcomes. The estimated
standardized effect sizes in the two RCT suggest
similar efficacies of mexiletine and lamotrigine in
NDM. There was no attempt to correlate drug effect
with the specific mutations. In conclusion, the authors
suggested that lamotrigine might be considered firstline in treatment-naive NDM patients and in patients
intolerant to mexiletine.
Other human studies (class of evidence II-to-IV)
A number of studies have reported the effects
of drugs on NDM patients with defined genotype,
including open-label trials, retrospective case-series
studies, and case report.
Two open-label studies (class IV level of evidence)
were performed in a single center to test ranolazine
on participants with genetically diagnosed PMC or
myotonia congenita [35, 36]. Ranolazine is a sodium
channel blocker indicated for angina pectoris. The
rationale for its use in myotonia is based on the preferential inhibition of persistent sodium currents and
the enhancement of sodium channel slow inactivation exerted by the drug [37–39]. Like mexiletine,
ranolazine exerts frequency-dependent inhibition of
sodium channels [40]. In addition, it is provided with
more potential targets, including potassium channels.
Experimental design was the same in both clinical
studies, consisting in 4 weeks treatment with 500 mg
bid for the two first weeks, and 1,000 mg bid the last
two weeks. Thirteen participants had chloride channel mutations (12 with Thomsen’s disease, 1 with
Becker’s disease), whereas 10 patients with sodium
channel mutations were enrolled in the second study.
Two patients did not take the highest dose, because of
unpleasant side effects (migraine in one and insomnia, constipation, mental fog, and malaise in the
other). The most common side effects were constipation and transient lightheadedness. In both studies,
ranolazine improved subjective symptoms of stiffness, weakness, and pain, as well as clinical myotonia
(Time Up-and-Go, eyelid and handgrip myotonia). There was only limited improvement of EMG
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myotonia. Although these studies lack of blinding and
placebo controls, and do not compare ranolazine to
any other drug, the authors suggested that ranolazine
might be useful to patients not responding or intolerant to mexiletine and warrants investigation in a
RCT.
One observational study performed in a single UK
center included 63 patients, including 40 CLCN1
mutation carriers, 21 SCN4A mutation carriers, and 2
with mutations in both genes, who received mexiletine (up to 600 mg a day) for at least 6 months (up to
∼18 years) [41]. Efficacy was assessed from patient
report and any possible side effects were collected.
Available electrocardiograms were re-analyzed. The
main information was occurrence of side effects in
about half of the patients; the most common being
dyspepsia (35 %) often requiring dyspeptic therapy
and eventually leading to treatment withdraw. No
serious adverse event was reported. Regarding efficacy, 12 patients were refractory to the drug, most of
them carrying chloride channel mutations. In addition, CLCN1 mutation carriers required in average
higher mexiletine doses compared to SCN4A mutations carriers, suggesting that the former are less
sensitive to the drug. Such a result may appear in
contrast to the observations made during the two
mexiletine RCTs.
Another observational study was performed in two
Italian centers [42]. Of the 112 NDM patients followed, 59 began mexiletine therapy, according to
severity and individual needs and concerns (11 with
SCN4A mutations and 48 with CLCN1 mutations).
The patients affected by recessive myotonia congenita were the most prone to treatment (72%); 42%
of the patients suffering from sodium channel myotonia required mexiletine; and only 5% of patients
with dominant myotonia congenita require treatment. Patients under 12 took mexiletine at 8 mg/kg,
while older patients took between 200 and 600 mg
according to clinical severity and individual needs.
Treatment efficacy was quantitatively assessed in 8
patients carrying CLCN1 mutations, showing significant benefit of mexiletine in reducing the transient
CMAP depression and improving the chair test. Efficacy of treatment was not formally assessed in the
other patients, but of the 59 patients who accepted to
take mexiletine, 46 continued treatment, suggesting
improvement of symptoms in 82 % of patients. Thirteen patients discontinued mexiletine because of side
effects (n = 4), personal motivations (n = 6), or shift
to flecainide (n = 3). The shift to flecainide was motivated by the hope to obtain better benefits, suggesting
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limited response to mexiletine in those patients, all
three carrying a SCN4A mutation (see below). Again,
dyspepsia was the most common side effect of mexiletine (42 %, requiring dose adjustment in 4 and
dropout in other 4). A previous study by the same
authors also demonstrated the efficacy of mexiletine
in reducing not only muscle stiffness but also the transitory weakness characteristic of recessive myotonia
congenita [43]. The latter was further confirmed in
an independent study [44].
Recently a retrospective cohort study included
42 individuals with non-dystrophic myotonia followed in a large tertiary center in Ohio [45]. They
reported that patients taking at least one medication
for myotonia were ∼52% in CLCN1 mutation carriers
and 80 % (n = 12) in SCN4A mutation carriers. The
most common medication was mexiletine followed
by ranolazine, then by acetazolamide and lamotrigine, with similar proportions in between SCN4A and
CLCN1 mutation carriers. The study also evidenced
that more than half of the patients have trialed several
drugs before to find a satisfactory one, due to lack of
response or untolerated side effects.
Altogether, these studies confirmed efficacy and
safety of long-term use of mexiletine in NDM
patients. However, they also point out to the occurrence of unpleasant side effects, side effect-related
dropouts, and non-responders. There is no consensus
as whether mexiletine would provide more benefits
for CLCN1 or SCN4A mutation carriers, and specific RCTs with sufficient statistical power should be
designed to test the hypothesis of a different response
between the two genotypes. In addition, there are a
number of evidences suggesting a further level of
complexity, with some SCN4A mutations altering the
sodium channel sensibility to mexiletine, which may
influence the patient response (see below). Therefore,
the type of mutation is likely to have an important
impact on the choice of therapy in the precision
medicine era.
Regarding the side effects, there is little information allowing a correlation with the genotype.
Suetterlin and collaborators provided a table reporting the distribution of adverse events by genotype
(SCN4A mutation carriers versus various subgroups
of CLCN1 mutation carriers), suggesting little difference between the genotypes, although the limited
number of patients does not allow drawing a definitive
conclusion [41].
Non-responders may occur due to either pharmacokinetic mechanisms, such as altered drug metabolism or excretion, or pharmacodynamic mechanisms

including alteration of molecular target or cellular
signaling pathways. Altered metabolism or excretion
of the drug may result in a subtherapeutic plasma
drug concentration, which is rarely measured in the
published studies. As said above, in the N-of-1 RCT,
a non-responder had subtherapeutic mexiletine concentration, which might have caused the lack of
response [33]. However, in the same study, another
patient with subtherapeutic mexiletine concentration
apparently responded to treatment. It is noteworthy
that reference therapeutic concentration range has not
been defined for any drug in myotonia; that of mexiletine refers to its use as a cardiac antiarrhythmic.
Regarding chloride channel myotonia, treatment
with mexiletine and other sodium channel blockers is
symptomatic. Inhibition of sodium currents reduces
the propensity of myofibers to elicit action potentials, thereby contrasting myotonic runs of action
potentials and muscle stiffness. The situation is more
complex in sodium channel myotonia, because the
myotonic mutations might influence the response
of the channel to the drugs. This has been clearly
demonstrated in vitro, as detailed in the next chapter.
Whether this may be relevant to the clinical setting is
less easy to demonstrate.
In Table 2, we collected all the information available from RCT, case-series, and case reports, regarding the response to treatment of specific SCN4A
mutation carriers. In most cases, the response was
positive. It should be noted however that not always
the various treatment attempts before to reach the
positive response are reported in the studies. Regarding the non-responders, two mutations captured our
attention, p.G1306E and p.T1313M (Table 2).
The p.G1306E mutation is generally associated
with a severe phenotype, called myotonia permanens,
characterized by continuous stiffness associated with
persistent myotonic activity, especially in facial, bulbar, neck and shoulder muscles [27, 67]. The mutation
may also cause symptoms in early life, including stridor and severe laryngospasm, eventually leading to
life-threatening acute hypoventilation and cyanosis
[27, 28]. The p.G1306E carriers present an unusual
response to treatment. Some of them, but not all,
responded well to carbamazepine that is often used in
the pediatric setting [24, 69, 70]. Yet, refractoriness
to mexiletine and other drugs have been reported in
various independent studies and it appeared that flecainide might be a better option for these patients [26,
27, 68].
The p.T1313M mutation is associated with PMC
with or without episodes of hyperkalemic paralysis.
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Several independent studies reported non-tolerated
side effects of mexiletine, which led to shift therapy
to other sodium channel blockers, especially the class
IC antiarrhythmics propafenone and flecainide [50,
75, 76]. Another T1313M carrier had only a partial
response to 400 mg mexiletine [72]; Myotonia completely resolved with 850 mg a day, but such a dose
also determined frequent fasciculation in limb and
facial muscles.
Besides sodium channel blockers, the carbonic
anhydrase inhibitor acetazolamide has been reported
efficient in small cohorts of myotonic patients with
sodium or chloride channel mutations [31, 53,
89–91]. A number of non-responders have been also
reported (Table 2). Available data do not allow drawing a correlation with genotype.
It is worthy to note that reports have been published
regarding patients carrying both CLCN1 and SCN4A
mutations or in concomitance with myotonic dystrophy nucleotide repeats, which may increase further
the complexity of treatment [3, 92–99].
Preclinical studies
Because sodium channel blockers are the preferred drugs against myotonia, one may expect that
myotonic mutations in SCN4A may modify the sensibility of the channel to treatment. First evidence
was provided by Fan and collaborators, who reported
the different sensibility of PMC mutants to lidocaine
[100]. Although lidocaine is not used in myotonia
(because of intravenous way of administration), its
orally-available derivatives tocainide and mexiletine
have been largely used and, today, mexiletine remains
the first choice. Further studies have reported altered
sensitivity to mexiletine for a number of sodium channel variants (Table 3). In a few cases, the mutation
may modify channel affinity by interacting directly
or allosterically with the local anesthetic binding site
situated in the channel pore [101]. However, in most
cases, the altered sensitivity of the channel mutant
is secondary to gating defects, due to the channel
state-dependent affinity of the drugs; binding affinity of mexiletine for inactivated channels is by far
greater than for resting channels [102, 103]. Thus, by
modifying the relative time that the channel lasts in
a determined state, a mutation may modify channel
sensitivity to the drug. A gating defect that critically influences mexiletine effects is the shift of
the voltage-dependence of fast inactivation; yet it
is worth to note that other gating defects may contribute to altered drug sensitivity [65]. Interestingly,
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alteration of effects is rather specific to each individual drugs. Thus, p.G1306E and p.T1313M were both
less sensitive to mexiletine compared to wild-type,
but showed unaltered or even increased sensitivity to
flecainide and propafenone [65, 103]. This offers a
great opportunity for exploring other sodium channel blockers ready for repurposing in myotonia [37,
104–110].
Importantly, some studies suggest that in vitro
results may be translated to the clinical setting. For
instance, it is noteworthy that carriers of p.R1448
mutations generally respond very well to mexiletine
treatment, in accord with the increased sensitivity of
these mutants to mexiletine in vitro [112]. A probable explanation is that, in the heterozygous myotonic
patient, effects of mexiletine would rely essentially
on the inhibition of R1448 channel mutants and leave
wild-type channels quite undisturbed, thereby allowing a selective and safe therapeutic effect. Regarding
the p.M1476I, carriers had little benefit from many
sodium channel blockers except mexiletine [83], and
this effect was attributed to the specific capacity
of the drug to inhibit the conspicuous persistent
sodium currents generated by the mutant channel
[113]. Conversely, carriers of p.P1158L, p.G1306E,
and p.T1313M mutations often obtained unsatisfactory response to mexiletine but responded well to
flecainide or propafenone [26, 27, 61, 68, 75, 76],
again in perfect line with the in vitro results. In these
patients, effects of mexiletine would rely mainly on
inhibition of wild-type channels with limited efficacy; increasing the dose to inhibit mutant channels
would expose the patients to increased propensity of
unpleasant and limiting side effects, which gives a
plausible explanation for the unsatisfactory response
in most of these patients.
Mexiletine is also the first choice in myotonia congenita, although it has no effect on chloride channels.
More than 250 mutations are known in CLCN1 to
cause myotonia by reducing the chloride conductance in sarcolemma, thereby favoring exacerbated
excitability. Most of the mutations functionally characterized so far are predicted to reduce ClC-1 channel
expression by defective cell trafficking or to reduce
channel function through various gating defects [19,
114, 115]. Unfortunately, no direct activator of ClC-1
channel is known. Some studies aimed at deciphering the molecular interaction of known inhibitors
with ClC-1 channels might provide some hints for
the discovery of activators (gating modifiers) or
pharmacological chaperones (trafficking correctors)
[116–119]. Recently, two small molecules inhibiting
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Table 3
In vitro sensibility of SCN4A mutants to sodium channel blockers

Mutation

Ref

Drug

Sensitivity∗

Likely main mechanism / comments

MEX
MEX
MEX
MEX
MEX
MEX
FLE
MEX
FLE
MEX
FLE
MEX
FLE
PIL
MEX
FLE
LID

increased
unchanged
unchanged
reduced
unchanged
reduced
unchanged
reduced
unchanged
reduced
unchanged
reduced
unchanged
reduced
reduced
increased
reduced

increased inactivated state affinity

MEX
FLE
PRO
MEX
LID
MEX
FLE
PIL
RAN
MEX
RAN
RAN
MEX
MEX

reduced
increased
unchanged
unchanged
increased
increased
increased
increased
increased
increased
unchanged
increased
reduced
reduced

MEX
MEX

reduced
reduced

p.Val445Met
p.Ser804Phe
p.Ala1156Thr
p.Pro1158Leu
p.Val1293Ile
p.Asn1297Ser

c.1333G>A
c.2411C>T
c.3466G>A
c.3473C>T
c.3877G>A
c.3890A>G

[101]
[101]
[102]
[61]
[65, 101]
[65]

p.Asn1297Lys

c.3891C>A

[65]

p.Phe1298Cys

c.3893T>G

[65]

p.Gly1306Glu

c.3917G>A

p.Ile1310Asn

c.3929T>A

[102, 111]
[103]
[105]
[65]

p.Thr1313Met

c.3938C>T

[100]
[65]

p.Met1360Val
p.Arg1448Cys

nd
c.4342G>A

p.Arg1448His

c.4343G>A

p.Arg1448Pro
p.Phe1473Ser
p.Met1476Ile

nd
nd
c.4428G>A

[112]
[100]
[102]
[103]
[105]
[37]
[112]
[37]
[37]
[111]
[113]

p.Val1589Met
p.Met1592Val

c.4765G>A
c.4774A>G

[101]
[101]

∗ compared

hyperPP phenotype
Probably due to gating defect
Probably due to gating defect
Probably due to gating defect
Probably due to gating defect
Probably due to gating defect
Probably due to gating defect
Probably due to gating defect
nd
Right-shifted inactivation voltage dependence; reduced
inactivated state affinity
Probably due to gating defect
nd

Probably due to gating defect
Probably due to gating defect
Probably due to gating defect
Probably due to gating defect
Probably due to gating defect
Probably due to gating defect
Probably due to gating defect
Probably due to gating defect
slower onset of mexiletine block and/or faster recovery
from mexiletine block
Reduced inactivated state affinity
Reduced inactivated state affinity

to wild-type. FLE: flecainide; LID: lidocaine; MEX: mexiletine; nd: not defined; PIL: pilsicainide; PRO: propafenone; RAN:

ranolazine.

ClC-1 ubiquitination showed in vitro effectiveness
in correcting the impaired trafficking of misfolded
ClC-1 protein [120, 121]. In addition, acetazolamide,
which is used empirically in myotonia, was shown to
increase chloride currents in cultured cells expressing
wild-type ClC-1 channels, likely through intracellular pH modulation [122]. Whether this occurs in
skeletal muscle fibers and in vivo remains to be
demonstrated. Moreover, it appeared that myotonic
CLCN1 mutations might abolish this effect [123].
Thus, much more efforts are needed to identify useful
drugs acting on ClC-1 channels.
Animal models of rare diseases are invaluable
tools for a better understanding of the pathogenesis
and the discovery of new drugs. Regarding chloride
channel myotonia, studies on the genetic models,
such as the myotonic goat and adr mouse, and the
pharmacologically-induced myotonic rat, have paved

the way for human studies [6, 38, 39, 105–108,
124–131]. Regarding sodium channel myotonia, two
mouse models carrying human mutations associated
with myotonia and hyperPP are available [132, 133].
Up to now, no study has been performed to compare
effects of drugs between chloride and sodium channel
myotonia models.
Periodic paralysis
The primary periodic paralyses (PP) are genetically heterogeneous disorders characterized by
episodes of flaccid paralysis [9] (Fig. 1). Hyperkalemic PP (hyperPP) and hypokalemic PP type 2
(hypoPP2) are due to mutations in SCN4A gene
encoding the Nav1.4 sodium channel [134–138].
Hypokalemic PP type 1 (hypoPP1) is due to mutations in CACNA1S encoding the Cav1.1 calcium
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channel [139–141]. Andersen-Tawil syndrome (ATS)
is a multisystem disorder due to mutations in KCNJ2
encoding the inwardly-rectifying Kir2.1 potassium
channel [142, 143]. It should be noted that a number of patients presenting with primary PP have
no mutation in these genes. Attacks of weakness
can also occur in paramyotonia congenita. Cases
of normokalemic PP have been reported and usually attributed to SCN4A mutations [144]. Besides
the familial cases, a number of periodic paralysis
syndromes have also established genetic risk, including sporadic periodic paralysis (SPP) and thyrotoxic
periodic paralysis (TPP). Thyrotoxic hypokalemic
periodic paralysis present with weakness attacks
resembling to hypoPP [145]. A few cases have
been linked to mutations in KCNJ18 gene or single nucleotide polymorphisms in various genes,
including CACNA1S. Symptoms generally resolved
with treatment of hyperthyroidism. Sporadic periodic paralysis is defined by the lack of mutation in
CACNA1S, SCN4A, or KCNJ2 genes, together with
normal thyroid function. Yet, it appears more and
more evident that TPP and SPP are closely related diseases, sharing genetic susceptibility [146, 147]. ATS,
SPP, and TPP were not considered in the systematic
review.
Treatment options of primary PP include adaptation of lifestyle and diet to avoid triggers of attacks
[1, 9]. Pharmacological treatment can be used to
abort attacks or to reduce the frequency of attacks.
In hypokalemic PP, oral or intravenous potassium
supplementation may abort the attack. To reduce
attack frequency, the carbonic anhydrase inhibitors
(CAI), acetazolamide and dichlorphenamide, are
the preferred drugs. Potassium-sparing diuretics
(eplerenone or spironolactone) can be a useful additional therapy to a CAI or may be used as an
alternative in non-responders or patients intolerant
to CAI. Regarding hyperkalemic PP, acute treatment
of severe attacks traditionally aims at normalizing the
serum potassium concentration, using for instance an
infusion of glucose and insulin [148, 149]. A small
number of case studies also suggested that inhaled
salbutamol may abort acute attack [150, 151]. The
mechanism of action of both insulin and salbutamol
likely involves stimulation of the Na+ /K+ pump that,
in turn, increases uptake of K+, decreases intracellular Na+ , and hyperpolarizes muscle membrane [152,
153]. In addition, although no controlled trial has
been published, a few case studies reported mixed
results regarding the empiric use of intravenous
calcium gluconate to abort paralysis in hyperPP
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[154, 155]. A case report reported that hypocalcemia
induced by chemotherapy worsened paralytic attacks
in a hyperPP patient [156]. Only a very few studies
reported hypocalcemia during an attack in hyperPP
patients [157], so it is unclear whether hypocalcemia is a common feature of hyperPP. Thus, further
investigation is needed to elucidate the role of calcium supplementation in hyperPP. Chronic therapy
consists in the use of CAI or thiazide diuretics.
In ATS, the pharmacotherapy is mainly aimed at
the prevention of cardiac events, while treatment
of flaccid paralysis follows the recommendations
for hypokalemic or hyperkalemic PP, depending on
the blood level of potassium during attacks. Today,
dichlorphenamide is the sole FDA-approved treatment for both hypokalemic and hyperkalemic PP (see
below), whereas all other options are based on individual clinical expertise.
Randomized clinical trials (class of evidence I)
Although acetazolamide (ACZ) has long been used
in PP [158, 159], there is no documented randomized trial. In a single-blind study, the more potent
CAI dichlorphenamide (DCP) was shown effective
in reducing persistent interattack weakness in patents
refractory to acetazolamide [160]. Thus, multicenter, randomized, double blind, placebo-controlled,
crossover trials of DCP have been performed in
cohorts of hypokalemic and hyperkalemic PP. In the
first two studies, patients received either DCP (50 mg
bid) or placebo for 9 weeks, followed by 9 weeks
washout, then shifted to the other treatment for a further 9 weeks [161]. The patients were provided home
diaries for recording the severity and duration of the
paralytic attacks.
Because most of hypoPP patients were already
under treatment before the trial, a worsening of
attacks was expected during the placebo period. Thus,
the primary outcome variable was withdrawal of
patients from the treatment phase due to an intolerable
increase in attack frequency or severity. Secondary
outcome variables were the rate of attack (average
number per week), the severity-weighted attack rate,
and the patients self-reported treatment phase. From
the 39 hypoPP patients entering the treatment phase,
34 completed the study, due to loss of follow-up
(n = 1), individual requests (n = 2), or side effects
under DCP treatment (n = 2, dizziness and concentrating difficulty). The most common side effect
occurring with DCP was paresthesia (42 %). More
than 10 % of patients receiving DCP complained
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anorexia, diarrhea, dizziness, cognitive impairment,
pruritus, or skin rash. The DCP treatment improved
all the primary and secondary outcome measures.
In the hyperPP trial, the primary outcome measure
was the rate of attack and secondary outcome variables were the severity-weighted attack rate and the
preferred treatment phase. Thirty patients entered the
treatment phase and 24 completed the study, due to
loss of follow-up (n = 2), individual request (n = 2), or
side effects during DCP treatment (n = 2, skin rash or
memory loss). The side effects observed during DCP
treatment were similar to the hypoPP trial. All the
primary and secondary outcome measures improved
with DCP.
A post-hoc analysis of this RCT concluded that
DCP was similarly effective and tolerated in a small
number of adolescents and in adults, although different types of adverse events occurred in the two groups
[162].
Thus, these studies clearly demonstrated the effectiveness of DCP in reducing the rate and severity of
paralytic attacks in both hypoPP and hyperPP. As outlined by the authors, the trials however did not address
interattack weakness and a number of patients were
not genetically diagnosed.
More recently, two other RCT were performed in
parallel to assess short-term and long-term effects of
DCP in hypoPP and hyperPP [163]. Thus, the trials
were subdivided in two phases: the first one comparing DCP to placebo effects upon 9 weeks treatment
and the second phase assessing long-term effects of
DCP alone upon one-year follow-up. Records of paralytic attacks were collected through an interactive
voice response diary. During the placebo-controlled,
double-blinded phase, the primary outcome variable was the average number of attacks per week.
Secondary outcome measures included severityweighted attack rate, total attack duration per week,
changes in muscle strength, lean body mass, and
quality of life assessed with the short-form 36 questionnaire. In addition, the endpoint of eventual acute
worsening was measured in hypoPP. Similar outcome
measures were performed in various periods during
the one-year uncontrolled extension phase.
In the hypoPP trial, 44 patients started the shortterm phase. Three dropouts were due to misdiagnosis
(n = 1), noncompliance (n = 1), and side effects in the
DCP arm (n = 1, mental fog). Significant improvement of median attack rate, severity-weighted attack
rate, and attack duration was measured in the DCP
arm. From the short-term 36, physical function, rolephysical, bodily pain, vitality, and social functioning

were significantly improved with DCP. Dropouts due
to acute worsening was observed only in the placebo
arm (n = 5). Then, 41 patients started the one-year
follow-up phase, of whom 10 withdrew due to side
effects (n = 8) or disease worsening (n = 2). Thirtyone patients maintained the benefits of first phase
DCP or improved compared to first-phase placebo.
In the hyperPP study, of the 21 patients starting
the first phase, 3 dropouts occurred in the DCP arm
due to individual request (n = 1) or skin rash (n = 2).
A significant effect of DCP was obtained only for
the median severity-weighted attack rate. Seventeen
patients started the one-year follow-up; one withdrew
due to adverse event. Compared to the first phase
(both DCP and placebo arms), positive effects of
DCP were significant on median attack rate, severityweighted attack rate, and total weekly attack duration.
In the two phases of both trials, paresthesia was the
most common side effect. In conclusion, these studies
confirmed the benefits of DCP in hypoPP in the shortterm (class I evidence) and suggested beneficial longterm effects over side effects (Class II evidence). The
demonstration of DCP benefits in hyperPP was less
evident, likely due to insufficient patient recruitment.
Even more so, it was not possible to correlate DCP
effectiveness to genetic background.
Other human studies (class of evidence II-to-IV)
HypoPP is genetically heterogeneous; about 60–70
% of patients carry mutations in the calcium channel (hypoPP1), while 10–20 % have sodium channel
mutations (hypoPP2). Based on case reports, it has
been hypothesized that hypoPP2 patients may not
respond to acetazolamide [164, 165]. Yet, other studies report positive response in hypoPP2 [137, 166,
167]. Interestingly, a retrospective study was performed to evaluate the rate of response to ACZ in
hypoPP and looked at a possible correlation with
genotype [168]. The study included three cohorts, one
at a UK center (n = 14), one at a Chinese center (n = 4),
and one from literature review (n = 56). Considering
the three cohorts together, statistical analysis suggested that carriers of CACN1AS mutations are more
likely to respond positively to the drug compared to
SCN4A mutation carriers. The response rate was 56
% in the former, compared to only 16 % in the later.
In addition, most of the refractory hypoPP2 patients
had a clinical worsening with the drug. The authors
further observed that all the patients with substitutions of a voltage-sensor arginine residue by a glycine
residue, whether in CACN1AS or SCN4A, were the
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less responsive to acetazolamide. This suggests that
response to acetazolamide may not be gene specific
(i.e. not CACNA1S vs SCN4A) but mutation specific
(i.e. R to H substitutions respond more favorably than
R to other amino acid substitutions). These observations advocate the design of specific randomized
controlled trials to verify the sensibility of individual
hypoPP mutations to CAI.
Preclinical studies
The mechanism of action of CAI in PP is not clearly
defined. It was proposed that acidosis might mediate
CAI effects through modulation of various metabolic
processes [169]. The drugs can also induce kaliuresis, which might theoretically be especially helpful
in hyperPP but counterproductive in hypoPP. Both
ACZ and DCP were shown to open directly calciumactivated potassium channels in skeletal muscle,
thereby favoring sarcolemma repolarization, which
may contribute to their beneficial effects in PP [170].
Finally, ACZ was found to increase chloride currents in ClC-1 transfected channels [122, 123], which
might play a role in preventing paralytic attacks.
Most of the hypoPP mutations correspond to substitution of an arginine residue in the S4 helices
of the sodium or calcium channels [171]. These
positively charged amino acids are critical to sense
voltage changes and their substitution by non-charged
residues cause various gating defects corresponding
to a loss of function [138, 172–177]. Interestingly,
a low pH is able to correct the molecular defect of
SCN4A mutants when mutations substitute histidine
for arginine, likely because histidine side chain will
“recover” a positive charge at low pH [176]. Such
result provides a molecular rationale for the more
favorable response of patients carrying R-H mutations to CAI-induced acidosis, as reported above
[168]. However, studies aimed at tested direct effects
of CAI on voltage-gated calcium or sodium channels
have not been reported.
In addition, another mechanism is likely involved
in the pathogenesis of hypoPP, which is the creation
of an aberrant gating pore [178–180]. Such gating
pore has been found to occur in most hypoPP channel mutants [99, 181–186], and allows small leakage
cationic currents at resting membrane potential that
facilitates the paradoxical depolarization at low [K + ]
causing muscle weakness [15].
One possibility to increase treatment effectiveness
would be to identify drugs able to inhibit the gating
pore currents. Sokolov and collaborators showed that

371

inorganic divalent (Ba2+ , Zn2+ ) and trivalent (Gd3+ ,
La3+ , and Yb3+ ) cations can exert voltage-dependent
or independent inhibition of the gating pore currents created by one hypoPP2 mutation [187]. In
addition, an aromatic guanidinium derivative, 1-(2,4xylyl)guanidine, also inhibited gating pore currents
without affecting the physiological sodium current,
providing proof of the concept that small organic
molecules may be selective for gating pore current
inhibition. Natural toxins targeting sodium-channel
voltage sensors may be useful tools to better understand gating pore function [188]. Recently, a spider
venom toxin was shown to inhibit gating pore currents generated by the hypoPP2 mutation p.R222G,
showing a way for drug discovery strategy [189].
In hyperPP, it is hypothesized that most SCN4A
mutations impair channel slow inactivation and produce a persistent sodium current that depolarizes
sarcolemma, which, in turn, inactivates sodium channels and renders the fiber inexcitable [190]. Thus, a
selective inhibitor of the late sodium current might
be useful in hyperPP, whereas more conventional
sodium channel blockers may appear counterproductive. Only a few case studies reported the lack of effect
of mexiletine or worsening with carbamazepine in
hyperPP [191, 192]. Up to now, effects of selective
late sodium current inhibitors in hyperPP have not
been published.
Mouse models have been generated for hyperPP
(carrying p.M1592V or p.I588V in SCN4A), hypo
PP2 (carrying p.R669H in SCN4A), and hypoPP1
(carrying p.R528H in CACNA1S). These models well
recapitulate the main symptoms of the diseases [132,
133, 193, 194]. Of note, studies in the hyperPP mouse
model showed that hypocalcemia exacerbates paralysis, as in humans [133, 195]. They showed that
in wild-type muscle fibers, hypocalcemia induced
depolarization and loss of force only when external K + was rised to 10 mM. In the hyperPP muscle
fibers, such effects occurred already in presence of
4.7 mM external K + . These results might provide
an explanation for the beneficial effects of calcium
supplementation in a subset of hyperPP individuals
[196].
Recently, the loop diuretic bumetanide was shown
to be effective at preventing paralytic attacks in the
mouse models of hypoPP1 and hypoPP2, and to abort
attacks in the hypoPP2 model [197, 198]. In contrast, no effect was found in the hyperPP mouse
model. By inhibiting the Na-K-2Cl transporter in
skeletal muscle fibers, bumetanide prevents intracellular accumulation of chloride ions and thus contrasts
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the paradoxical depolarization causing paralysis
[199]. Human trials are needed to verify whether
bumetanide may be effective in periodic paralysis,
also because the drug is known to induce pronounced
kaliuresis. A small cohort study showed limited effect
of bumetanide in rescuing from paralytic attacks in
hypoPP [200].
Congenital myopathies related to
SCN4A/CACNA1S
Myopathy is generally not a predominant trait of
gain-of-function muscle ion channelopathies, with
only some rare exceptions [60, 77, 84, 201, 202].
Non-dystrophic myotonias can be associated with
a Herculean appearance, due to continuous muscle
contractions. The exacerbation of muscle activity also
modifies the pattern of muscle fiber types, with a
reduced expression of fast-twitch type 2B muscle
fibers [203, 204]. Atrophy of specific muscles or
groups of muscles have been also reported, but the
causes are unknown.
Hyperkalemic and hypokalemic periodic paralyses can lead to late-onset permanent weakness with
vacuolar myopathy and/or tubular aggregate myopathy [165, 205, 206]. Interestingly, acetazolamide was
shown to prevent vacuolar myopathy in K+-depleted
rats, a model of hypoPP, but whether this occurs in
humans is unknown [207].
Loss-of-function mutations are rarer but generally
more severe (Fig. 1). Congenital myasthenic syndrome has been reported in a few patients carrying
two mutations in SCN4A [208–212]. The functional
study of the mutant channels showed partial loss
of function. Most patients did not respond to pyridostigmine treatment, while acetazolamide provided
benefits in some but not all the patients [11].
Recently, a new clinical phenotype with lifethreatening neonatal hypotonia and severe congenital
myopathy was described in patients harboring recessive loss-of-function mutations in SCN4A [213]. This
study reported 11 cases from 6 kindred, including
7 deaths during perinatal period and 4 adults presenting with congenital myopathy without myotonia.
Several patients with variable myopathic traits have
been since reported [214–216]. These cases likely
represent a continuum of congenital myasthenia with
the occurrence of more severe loss-of-function mutations with at least one null mutation (mutation that
does not produce any functional protein) [217].
More complicated phenotypes combining myotonia, periodic paralysis, myasthenia, and/or myopathy

have been described and expand the clinical spectrum of sodium channelopathies [60, 64, 77, 202,
218–220].
Whole exome sequencing of a cohort of congenital myopathic patients evidenced recessive mutations
in CACNA1S in one severely affected patient [221].
Congenital myopathy with perinatal hypotonia and
severe generalized permanent weakness was also
described in 11 carriers of CACNA1S mutations
determining reduced expression and/or abnormal
cell localization of calcium channels [222]. Mutations were inherited either dominantly or recessively.
Acetazolamide had positive effects on flaccid paralysis in one patient. Other cases have been since
reported [223–226]. In addition, Cav1.1 dysfunction
is the likely mechanism responsible for the disease
in Native American myopathy and other congenital
myopathies caused primarily by mutations in STAC3
[227–229]. Indeed, Stac3 protein (SH3 and cysteinerich domain 3) is an essential component of the
EC coupling apparatus and enhances Cav1.1 channel
expression [230–232].
Because these myopathic diseases are genetically
and phenotypically heterogeneous, they likely represent a big challenge for pharmacological treatment.
Their extreme rarity makes RCT quite impossible,
although there may be a possibility to perform N-of1 trials. Interestingly, a two-case study suggests that
acetazolamide may be beneficial in both SCN4A and
CACNA1S related myopathies [233].

CONCLUSION
In the recent years, evidence-class 1 RCT have
demonstrated the effectiveness of mexiletine and
lamotrigine in NDM and of dichlorphenamide in
hyperPP and hypoPP. However, these studies provided little information about the response to
treatments of individual mutations or groups of mutations. In most cases, the drugs address the symptoms
without interfering directly with the mutated channel
defect. Thus, high dosages may be required to obtain
full remission of the symptoms, exposing patients
to higher risks of side effects, little compliance, and
dropout. Second choice drugs are available, but they
are often tested by chance in an empirical manner.
In the case of myotonia due to sodium channel
mutations (SCM and PMC), some preclinical data
and translational studies support the possibility to
use a rational approach to choose a specific treatment for individual mutations or groups of mutations.
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For instance, flecainide may prove advantageous over
mexiletine in patients carrying SCN4A mutations
determining a left shift of inactivation voltage dependence, such as p.G1306E. Dedicated RCT comparing
exploratory drugs to mexiletine in determined genetic
background are needed to confirm such hypothesis.
In MC, much effort is needed in drug discovery
and preclinical studies to identify new drugs able to
correct the gating or trafficking defects induced by
CLCN1 mutations.
In hyperPP, since the ultimate step of cellular pathomechanism may be inactivation of sodium channels,
conventional sodium channel blockers may not be
recommended; yet, drugs acting on specific gating properties of the mutant sodium channel would
merit consideration. The RCT showed only a partial response to DCP compared to placebo. A trial
comparing effectiveness and safety of DCP versus
K+-wasting diuretics might be interesting.
In hypoPP, a major effort must be made to find
drugs able to inhibit the gating-pore current produced
by SCN4A and CACNA1S mutations.
Now that we have major information regarding the
molecular mechanisms by which mutations alter ion
channel function, the door is open to enter the new
era of precision medicine in skeletal muscle channelopathies.
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