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Abstract
Paramyotoniacongenita is an autosomal-dominant muscle disease caused by missense mutations in SCN4A, the
gene enconding the alpha subunit of skeletal muscle sodium channel. It is clinically characterized by paradoxical
myotonia, an attack of muscle stiffness that is aggravated by repeated activity, as well by cold-induced muscle
stiffness. We describe the clinical and genetic features of a Japanese family with Paramyotoniacongenita. Five
members of this family (four generations) were affected. Treatment with mexiletine, an antiarrhythmic drug that
inhibits inward sodium current, relieved their symptoms. We identified a novel SCN4A mutation (c.3470T>A,
p.Ile1157Asn) in the affected individuals. This mutation is located on the cytoplasmic loop connecting the transmembrane segments S4 and S5 of domain 3 of the sodium channel, the site for docking with its inactivation particle.
This mutation may cause the defective inactivation of the channel. Our observation provides a new insight into the
genotype-phenotype correlation in sodium channel opathies.
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Introduction
Skeletal muscle sodium channelopathies are rare autosomaldominant diseases characterized by episodic abnormalities of muscle
membrane excitability [1]. The predominant clinical symptoms are
either myotonia or muscle weakness, which are caused by an increase
or decrease in muscle membrane excitability. Myotonia is the result of
uncontrolled repetitive muscle fiber discharges, which is a
consequence of increased membrane excitability. The sodium
channelopathies include five allelic disorders: paramyotoniacongenita
(PMC), potassium-aggravated myotonia, hyperkalemic periodic
paralysis, hypokalemic periodic paralysis, and a form of congenital
myasthenic syndrome [1-3]. PMC is distinct from other forms of
myotonia. It is characterized by paradoxical myotonia, defined as
increased muscle stiffness upon repeated muscle contractions, in
which the symptoms usually worsen in cold environments. All of these
conditions are caused by missense mutations in the gene SCN4A that
encodes the pore-forming alpha subunit of the skeletal muscle sodium
channel (Nav1.4) [1,4]. The SCN4A gene is located on chromosome
17q 23.1-25.3 and comprises 24 exons with a 5.5-kb open reading
frame [5,6]. To date, more than 50 different SCN4A mutations have
been reported in patients with sodium channelopathies (The Human
Gene Mutation Database, HGMD; http://www.hgmd.org). The
relation between genotype and phenotype is complex and is not always
consistent. We report here a family with PMC in which a novel
missense mutation in SCN4A was identified.
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Case Report
A Japanese family spanning four generations is described in this
study (Figure 1). A detailed family history was obtained by
interviewing the mother (III-5) of the proband. Five members of this
family suffered from paramyotoniacongenita (I-1, II-2, II-6, III-5, and
IV-2).
The proband (IV-2) was a 12-year-old girl who was diagnosed as
having PMC. She was born to non-consanguineous parents. The
pregnancy and delivery were not eventful. Her growth and
developmental milestones were normal. Since the age of 7 years she
had complained of muscle stiffness that affected her face and limbs in
cold environments. When she was swimming in cold pool, she had
had a life-threatening experience: her eyes could not be opened and
her upper limbs could not be moved. This was accompanied by a
cramping sensation in the lower limbs. Also, she found it difficult to
release tightly gripped objects and to open her eyes following sneezing.
When she played the flute, the movement of fingers tended to worsen
with ongoing performance. There was no exacerbation of these
symptoms after eating potassium-rich food such as fruits or meal. She
had no apparent muscle weakness or paralysis after she recovered
from a myotonia attack. On examination, she showed grip myotonia
that was further exacerbated by ongoing exercise. Eyelid myotonia
after repeated forceful closure of the eyes was also present. There was
no muscle atrophy or hypertrophy. Serum levels of sodium, potassium,
and chloride were normal, and serum creatine kinase was 134 U/L
(normal range, 25-220 U/L). Treatment with mexiletine (150 mg daily
in three divided oral doses) was sufficient to relieve her symptoms.
The 38-year-old mother (III-5) of the proband had similar
symptoms of cold-induced muscle stiffness that began in early
childhood. Face and upper limb muscles were predominantly affected.
In a cold environment or even in cool wind, her eyes could not be
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opened for several seconds and she could not speak clearly due to
muscle stiffness of the tongue. She had experienced muscle stiffness in
her upper limbsduring exercise in the cold, whereas these symptoms
did not occur in a warm condition. These clinical features were not
triggered or exacerbated by eating fruits or any other food. She had
never experienced episodes of generalized flaccid weakness. The
neurological examination disclosed paradoxical eyelid myotonia after
repeated forceful closure of the eyes.Muscle hypertrophy and weakness
were absent. The creatine kinase level as well as other routine blood
parameters was normal. Treatment with mexiletine relieved her
symptoms while having eyelid myotonia elicited at room temperature.
In addition to the proband and her mother, 3 other members of this
family (I-1, II-2 and II-6) were thought to have cold-induced muscle
stiffness with onsets in childhood based on the information obtained
from the mother (III-5). The frequency of attacks gradually appeared
to decrease with age.

Figure 2A: A novel missense mutation in exon 19 of SCN4A was
identified in the patients with paramyotoniacongenita. A
substitution of thymine with adenine at position 3470 changes the
codon for isoleucine at position 1157 into asparagine. B: Amino
acid sequences of Nav1.4 channels from various species are aligned.
Isoleucine residue at position 1157 (black arrowhead), which is
mutated in the patients, is conserved across the various species. C:
Schematic representation of the alpha subunit of Nav1.4 channel
showing the six trans-membrane segments (S1-S6) of each of the
four domains (D1-D4) and the location of the p.Ile1157Asn
mutation (black dot). This mutation is located on the cytoplasmic
link between S4 and S5 of D3.

Discussion

Figure 1: The pedigree of this family is shown. Affection status for
paramyotoniacongenita is as noted. Filled squares and circles
indicate affected male and female individuals,respectively; open
symbols, unaffected. The proband is indicated by an arrow.
After obtaining written informed consent from the participants,
genomic DNA was extracted from the peripheral blood leukocytes of
the proband (IV-2) and her mother (III-5), and was used as the
template for polymerase chain reaction (PCR). The compatible
primers were used to yield DNA fragments spanning the entire coding
region and intron–exon boundaries of SCN4A. The PCR fragments
were analyzed using automated sequencing. We identified a SCN4A
missense mutation (c.3470T>A, p.Ile1157Asn) in both the patients
(Figure 2A). This missense mutation alters an amino acid residue in
the cytoplasmic link between the trans-membrane segments 4 (S4) and
5 (S5) of domain 3 (D3) of the alpha subunit of Nav1.4 channel that is
highly conserved in different species (Figure 2B and 2C).This
mutation was not detected in 100 control DNAs.
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A familial case is reported with autosomal dominant myotonia in
which we identified a novel missense mutation in SCN4A. Diagnosis
of PMC was made on the basis of the following clinical features: coldand exercise-induced myotonia affecting muscles of the face and upper
limbs, with early childhood onset, along with the absence of a warmup phenomenon (repeated muscle contractions exacerbated myotonia
instead of alleviating the symptoms), and no effect of eating
potassium-rich food on myotonia.
The missense mutation identified in this family exhibits
characteristics that suggest that it is the cause of the disease. First, it
causes the substitution of the isoleucine residue at a position 1157 of
the Nav1.4 channel protein that is highly conserved in different
species, suggesting functional importance. Second, it was absent in 100
healthy Japanese individuals tested, indicating that it is unlikely to
represent a common polymorphism. Third, it segregates with the
paramyotonia phenotype in this family. These observations strongly
support the idea that this mutation is pathogenic. Although mutations
in SCN4A have been identified in various forms of sodium
channelopathies, this mutation has never been reported (HGMD,
http://www.hgmd.org). Our observation provides an important insight
into the genotype-phenotype correlation of sodium channelopathies.
The voltage-gated sodium channel is composed of four structurally
homologous domains (D1–D4), with six membrane-spanning
segments (S1–S6) within each domain [2]. The channel is designed to
open and close in response to an electrical potential change in the cell
membrane [4]. The occlusion of the channel occurs on the cytoplasmic
side through folding of the linker between D3 and D4 into the pore
[7]. The S4–S5 cytoplasmic loops of D3 and D4 are short sequences of
15-20 amino acids and are thought to contribute to the formation of a
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receptor site for the inactivation particle, a conserved hydrophobic
cluster of three amino acids IFM (isoleucine, phenylalanine, and
methionine) in the D3-D4 cytoplasmic linker [8,9]. According to the
functional studies, PMC-associated mutations have been shown to
disrupt fast inactivation of the sodium channel, resulting in a
prolonged Na+ influx that promotes excessive membrane
depolarization [10,11]. Moreover, cooling aggravates mutant channel
defects by further slowing channel gating [12]. The mutation identified
in this family is located on the cytoplasmic loop between S4 and S5 of
D3, the site for association with the inactivation particle. It may cause
the defective inactivation of the sodium channel, resulting in
depolarization of muscle fibers. The degree of depolarization may
determine the clinical phenotype. Slight depolarization causes
membrane hyper-excitability and myotonia, whereas sustained
depolarization induces membrane inexcitability and muscle paralysis
[13]. The affected individuals in this family usually presented with
cold- and exercise-induced myotonia, but never reported episodes of
muscle paralysis. Therefore, this mutation may cause slight
depolarization with myotonia, most likely due to an impairment of fast
inactivation of the mutant sodium channel.
The aim of drug therapy in myotonia is to reduce the involuntary
depolarization. Mexiletine is a class 1b antiarrhythmic drug used for
ventricular arrhythmias but is also found to be effective for PMC [14].
The in vivo efficacy of mexiletine is most likely due to the openchannel blockage of persistent Na+ currents [15]. An in vitro study
confirmed the beneficial effect of mexiletine in the pathological
condition: mexiletine could prevent persistent Na+ currents through
the inactivation-deficient mutant sodium channels with SCN4A
mutation [16]. Treatment with mexiletine was effective for relieving
the symptoms in our patients. Genetic testing for SCN4A could
confirm the clinical diagnosis of PMC and provide the chance for
successful treatment based on the pathophysiology.
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