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Abstract.
Background: The nondystrophic myotonias are rare muscle hyperexcitability disorders caused by gain-of-function mutations
in the SCN4A gene or loss-of-function mutations in the CLCN1 gene. Clinically, they are characterized by myotonia, defined
as delayed muscle relaxation after voluntary contraction, which leads to symptoms of muscle stiffness, pain, fatigue, and
weakness. Diagnosis is based on history and examination findings, the presence of electrical myotonia on electromyography,
and genetic confirmation.
Methods: Next-generation sequencing including the CLCN1 and SCN4A genes was performed in patients with clinical neuro-
muscular disorders. Electromyography, Short Exercise Test, in vivo and in vitro electrophysiology, site-directed mutagenesis
and heterologous expression were collected.
Results: A heterozygous point mutation (c.1775C > T, p.Thr592Ile) of muscle voltage-gated sodium channel � subunit gene
(SCN4A) has been identified in five female patients over three generations, in a family with non-dystrophic myotonia. The
muscle stiffness and myotonia involve mainly the face and hands, but also affect walking and running, appearing early after
birth and presenting a clear cold sensitivity. Very hot temperatures, menstruation and pregnancy also exacerbate the symptoms;
muscle pain and a warm-up phenomenon are variable features. Neither paralytic attacks nor post-exercise weakness has been
reported. Muscle hypertrophy with cramp-like pain and increased stiffness developed during pregnancy. The symptoms were
controlled with both mexiletine and acetazolamide. The Short Exercise Test after muscle cooling revealed two different
patterns, with moderate absolute changes of compound muscle action potential amplitude.

1Contributed equally.
∗Correspondence to: R. Brugnoni, Fondazione IRCCS Isti-

tuto Neurologico Carlo Besta, Milan 20133, Italy. Tel.: +39
02 23944587; Fax: +39 02 23944714; E-mail: raffaella.
brugnoni@istituto-besta.it.

ISSN 2214-3599 © 2024 – The authors. Published by IOS Press. This is an Open Access article distributed under the terms
of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0).

CORRECTED PROOF

mailto:raffaella.{penalty -@M }brugnoni@istituto-besta.it
https://creativecommons.org/licenses/by-nc/4.0/


2 C. Campanale et al. / The p.T592I-SCN4A Mutation in Sardinian Family

Conclusions: The p.Thr592Ile mutation in the SCN4A gene identified in this Sardinian family was responsible of clinical
phenotype of myotonia.
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INTRODUCTION

Autosomal dominant point mutations in the gene
coding for the � subunit of the muscle voltage-
gated sodium channel (SCN4A gene) cause the
phenotypes of paramyotonia congenita (PMC, MIM
#168300), periodic paralysis (HYPP, MIM #170500;
HOKPP2, MIM #613345), and sodium channel
myotonias (SCM: PAM - potassium-aggravated
myotonia, myotonia fluctuans and myotonia perma-
nens, MIM #608390) [1, 2]. The main symptoms
of these channelopathies, i.e. muscle stiffness and
myotonia, episodic weakness and cold sensitivity,
may variably combine to result in one of the three
phenotypes; however, there are several reports of
mutations causing mild, incomplete, or overlapping
phenotypes, as well as unusual heat sensitivity or
warm-up phenomenon, a feature typical of chlo-
ride channel (CLCN1 gene) myotonia [3–10] but
increasingly seen in sodium channel myotonia. The
electrophysiological behavior of mutated channels
has been analyzed in detail for a number of muta-
tions [11–15], disclosing impaired inactivation and/or
enhanced activation as the main gating mechanisms
causing the channel overactivity that determines
hyperexcitability and muscle stiffness. The specific
biophysical defect may also constitute a basis for a
more selective therapeutic approach [16–18].

This study reports the clinical and electrophysio-
logical phenotype of a point mutation in SCN4A gene
(c.1775C > T, p.Thr592Ile) identified in five affected
individuals of a three-generation family. In vitro func-
tional characterization of the mutated channel was
performed to confirm the pathogenicity of the muta-
tion.

MATERIALS AND METHODS

Genetics

The genomic DNA of the proband was analyzed
using a custom panel next generation sequencing
(NGS) including CLCN1 (chromosome 7q34) and
SCN4A genes (chromosome 17q23.3) as previously
described [19, 20]. DNA libraries were prepared
from 50 ng of genomic DNA by the HaloPlex
Target Enrichment System (Agilent Technologies,

Santa Clara, CA, USA), following the manu-
facturer’s instructions and were sequenced on
the MiSeq Illumina (Illumina, San Diego, CA,
USA). Validation of the variants identified by
NGS in the proband and the segregation in avail-
able family members were performed by Sanger
sequencing using the BigDye Terminator v3.1
Cycle Sequencing Kit on an Applied Biosystems
3130xl Genetic Analyzer (Thermo Fisher, Foster
City, CA, USA). The results were analyzed with
SeqScape v.3 software (Thermo Fisher Scientific,
Monza, Italy) and compared with a reference
wild-type sequence (GenBank accession numbers:
CLCN1:NM 000083.3 and SCN4A:NM 000334.4).
Public database of normal human variations, dbSNP
(https://www.ncbi.nlm.nih.gov/snp/), 1000Genome
(https://www.internationalgenome.org/1000-genomes-
browsers), EVS (https://evs.gs.washington.edu/
EVS/) and gnomAD databases (https://gnomad.
broadinstitute.org/blog/), were used to filter the data
to exclude variants with allele frequency higher than
1%.

The genomic DNA of the patient was also analyzed
to exclude myotonic dystrophy types 1 and 2 (DM1
and DM2).

In vivo electrophysiology

EMG was recorded with concentric needles in rest-
ing abductor pollicis brevis muscles of patients I-1
and II-1 and extensor digitorum communis of patient
II-1.

For the short Exercise Test (SET), the ulnar nerve
was stimulated at the wrist and the compound mus-
cle action potential (CMAP) was recorded from the
immobilized abductor digiti minimi (ADM) accord-
ing to the protocol by Fournier and collaborators
[21, 22]. First, a baseline recording of the CMAP
evoked by a single stimulus was performed in the
resting ADM after cutaneous temperature stabiliza-
tion. Thereafter, 10 seconds of maximal effort were
followed by a single stimulus applied every 8–10 sec-
onds for 50 seconds; this 1-minute short exercise test
was repeated three times at room temperature, with
hand skin temperature maintained at 32–33◦C. The
SET was then repeated in the contralateral hand after
cooling it to 20◦C with ice packs.
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Low-frequency (3 Hz) repetitive nerve stimulation
was performed in patient II-1.

The warm-up phenomenon was evaluated using the
protocol described by Trip and collaborators [6]. For
the face and hand-forearm muscles, the relaxation
time was measured with a stopwatch after a 10-
second maximal contraction of the orbicularis oculi
or fist clenching. For the lower limbs, the patient was
asked to rise from a chair, to walk around it and to sit
again. This contraction-relaxation cycle was repeated
ten times; the tenth relaxation times were compared
to the first ones using the Wilcoxon signed-rank test
for paired samples.

Site-directed mutagenesis and heterologous
expression

The p.T592I mutation was introduced in the
wild-type human SCN4A cDNA imbedded in the
pRc/CMV plasmid, as previously described [16, 17].
Transient expression of WT or T592I sodium chan-
nels was obtained in HEK293T cells, by transfecting
0.2 �g/mL of the corresponding pRC/CMC-SCN4A
plasmid and 0.1 �g/mL of the pCD8-IRES-h�1 plas-
mid, which contains the sodium channel auxiliary
�1 subunit and the CD8 receptor gene reporter. The
cells were used 48–72 hours after transfection for
patch-clamp experiments.

In vitro electrophysiology

The whole-cell sodium currents were recorded at
room temperature (∼22◦C) in transfected HEK293T
cells using the Axopatch 200B patch-clamp amplifier
and Digidata 1550B AD/DA converter (Axon instru-
ments). The pipette solution contained in mM: 120
CsF, 10 CsCl, 10 NaCl, 5 EGTA, and 5 Cs-HEPES
(pH 7.2). The extracellular solution contained in mM:
150 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 5 Na-HEPES,
and 5 mM glucose (pH 7.4). In these conditions, the
pipette resistance was within 1.5 and 3.0 M�. The
voltage clamp protocols are described in the Results
section. Data were analyzed using pCLAMP 10.3
(Axon Instruments) and SigmaPlot 8.02 (Systat Soft-
ware GmbH).

RESULTS

Clinical presentation

The proband, (patient III-1, Fig. 1A), was referred
for neurologic examination during pregnancy at 32-

year-old following a genetic counselling outpatient
service as part of a beta-thalassemia prevention
program. Since early infancy, the patient had com-
plained of non-painful muscle stiffness that worsened
with cold, fasting and during intermediate seasons,
although very hot temperatures also caused some
worsening; the stiffness involving limbs and face,
was exacerbated during menstruation, and definitely
increased during pregnancy. The patient did not com-
plain of muscle pain, except for mild muscle soreness
at times, which she described as being similar to
that following muscle cramps. She reported a slight
warm-up phenomenon and did not experience spon-
taneous or provoked paralytic attacks or weakness
following muscle efforts. The patient’s shoulder gir-
dle, arms and lower limbs muscles were hypertrophic,
although this was in part attributable to her work
as a masseuse in a beauty center; on examination,
she had an athletic appearance and presented hand-
grip, eyelid and percussion myotonia. Since she was
pregnant, a potassium challenge was not performed.
At the end of a normal pregnancy, she gave birth
to a child bearing no symptoms of the disease; the
proband’s mother, who was experienced in recog-
nizing the myotonic symptoms in the daughter since
her birth, correctly predicted that the baby would be
healthy. When examined in the following years, the
athletic appearance of the patient gradually waned.
Nowadays the disease is stable, with somewhat fluc-
tuating symptoms, as the patient can stop treatment
for several days without complaining of disturbing
myotonia.

The proband’s mother (Patient II-1) at age 56
reported muscle stiffness and pain that worsened with
cold and hot temperatures (e.g., on the beach during
summer; the family lives in an area where in the sum-
mer temperatures can easily reach 35◦C or more),
as well during menstruation and pregnancy. Myoto-
nia had been present since her early infancy and,
after some falls, the patient was limited in her phys-
ical activities because of her mother’s caution rather
than due to an actual impairment. She also reported
exacerbations during fasting or after alcoholic drinks.
Clinical myotonia was evident in the orbicularis oculi
but absent in the hand muscles. Neither warm-up nor
periodic paralysis was reported.

Patient III-2 is a 26-year-old woman, who pre-
sented symptoms similar to those of her cousin
(Patient III-1). While at the time of the first exam-
ination her muscle bulk was not increased, recently
during a pregnancy she experienced a marked wors-
ening of the symptoms and an overt increase in
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Fig. 1. (A) Family pedigree: patient I-2 and his father (grey symbols) are possible cases, based on the information provided. (B) Left
panel. The mutation p.T592I identified in the affected patients is shown in the secondary structure of human Nav1.4. The position has been
established using NextProt (https://www.nextprot. org/entry/NX P35499/sequence). Right panel. The T592I mutation is shown in light green
in the 3D plot of hNav1.4. The principal � subunit (green) of hNav1.4 and the auxiliary �1 subunit (orange) were obtained from RCSB
Protein Data Bank (https://www.rcsb.org/).

muscle bulk. During pregnancy, muscle stiffness and
cramp-like pain extended to involve the hands and
abdominal muscles. Since she already had laboratory
confirmation of the disease, she obtained a prenatal
molecular genetics examination and, at the end of a
normal pregnancy, she gave birth to a healthy baby.

Patient II-2 had symptoms and physical status
similar to her sister (patient II-1); muscle stiffness
involved her face, limbs and hand muscles and was
more severe with cold, during pregnancy and, to
a lesser extent, with hot temperatures. She did not
report muscle pain, except for some cramps during
pregnancy.

Since childhood, the proband’s 77-year-old grand-
mother (Patient I-1) was limited by muscle stiffness,
particularly during quick movements. For this rea-
son, in her youth, she avoided moving quickly due to

the fear of falling. Her myotonia worsened both with
cold and hot weather and could involve her face and
tongue and affect swallowing.

From the anamnestic information, it was deter-
mined that two other family members, the father and
a brother (I-2) of patient I-1, both deceased, were also
possibly affected (Fig. 1A).

As a whole, the patients complained of a mild
to moderate myotonic disorder that partially limited
their physical activity but did not perturb daily activ-
ities. Myotonia was visible since birth and involved
the lower limbs, hands and face. It worsened with
cold and very hot temperatures, with muscle pain
varying from a mild soreness to a cramp-like aching.
The patients were uncertain about whether they expe-
rienced a clear-cut warm-up phenomenon in their
lower limbs or hands, but two of them reported it to
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be present to some extent. Pregnancy and menstrua-
tion exacerbated the symptoms. No patient ever had a
paralytic attack or reported significant post-exercise
weakness; no paradoxical worsening of myotonia
was reported.

Four patients were initially treated with mexiletine
200 mg tid, except during pregnancy, but all of them
had gastric intolerance and were eventually switched
to acetazolamide 250 to 500 mg/day. According to
their assessment, both drugs were effective, but mex-
iletine was slightly superior in attenuating symptoms.
More recently, patient III-2 has started treatment, first
with acetazolamide and later with mexiletine, but
stopped both drugs because of side effects; further tri-
als with class I anti-arrhythmic or anti-epileptic drugs
are planned.

Genetic testing

The NGS revealed a previously unreported het-
erozygous point mutation (c.1775C > T) in exon 11 of
the SCN4A gene, which codes for p.Thr592Ile located
in the transmembrane S1 segment of domain II of the
Nav1.4 sodium channel (Fig. 1B). This mutation is
not included in mutation databases [23, 24]; dbSNP
(https://www.ncbi.nlm.nih.gov/snp/), 1000Genome
(https://www.internationalgenome.org/1000-genomes-
browsers), EVS (https://evs.gs.washington.edu/
EVS/) and gnomAD databases (https://gnomad.
broadinstitute.org/blog/), but was reported on
ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/
variation) as “uncertain significance variant”,
but without functional evidence or citations. The
pathogenicity of the variant was further evaluated
in silico using UMD-Predictor [25], PROVEAN
[26], Mutation Taster [27], PolyPhen-2 [28] and
VarSome [29]. All the mentioned tools predicted the
variant as pathogenic (UMD-Predictor), deleterious
(PROVEAN), disease-causing (Mutation Taster),
probably damaging (PolyPhen2) and pathogenic
strong (VarSome). We submitted the p.The592Ile
variant to the Leiden Open Variation Database
(DB-ID: SCN4A 000288).

The variant p.Thr592Ile was found in all the five
related patients and was absent in one asymptomatic
family member (a brother of patients II-1 and II-2),
in 100 unrelated sex- and age-matched healthy Italian
blood volunteers (200 alleles) and in more than 300
patients affected by non-dystrophic myotonia inves-
tigated in our laboratory, suggesting that this variant
might be responsible for the disease phenotype.

In vivo electrophysiology

In patients I-1 and II-1, the needle EMG exami-
nation of abductor pollicis brevis (both patients) and
extensor digitorum communis (patient II-1) showed
typical myotonic runs of positive waves. Neither
fasciculations nor spontaneous denervation activity
were recorded. The short exercise test (SET) was
performed at normal temperature (hand skin temper-
ature > 32◦C). A normal pattern was observed in all
the patients, consisting of a slight amplitude increase
(mean: +3%) within the first 10 seconds after exer-
cise, a return to pre-exercise values in the following
40 seconds, and no cumulative changes at the end of
the three repetitions (see cumulated data of 11 exam-
inations on five subjects in Fig. 2A). This pattern was
consistent across patients and in the follow-up exam-
inations performed over three years. After cooling to
20◦C, exercise caused a transient amplitude decrease
that partially recovered within 50-seconds (Fig. 2A);
there was some test-retest variability in a given sub-
ject when examined several months apart (data not
shown). Two different patterns could be identified
in the five patients: in patients II-1, II-2 and III-2,
a slight gradual amplitude decrease followed by par-
tial recovery was observed (Fig. 2B); on the contrary,
in patients I-1 and III-1, a mild progressive amplitude
increase occurred with the three repeated contrac-
tions (Fig. 2C). However, extreme amplitude change
values stood between –35% and +9% at any time
point, and four out of five patients always presented
an increase or decrease of the CMAP amplitude
within ± 20%, which have been considered normal
limits in previous studies [22, 30, 31]. No post-
exercise myotonic potentials (PEMP) [21, 22] were
recorded, either at room temperature or after cool-
ing. Repetitive (3 Hz) nerve stimulation revealed no
decrement or late potentials.

Muscle relaxation times were clearly affected by
exercise in the orbicularis oculi and, less consistently,
in the forearm-hand muscles, which presented a high
variability across subjects (Table 1 and Fig. 3). No
definite warm-up could be demonstrated in the lower
limb muscles. Despite the contribution of the lower
limb figures to this small dataset, the tenth-to-first
trial difference was significant (p = 0.0039, Wilcoxon
matched-pairs signed-rank test).

In vitro electrophysiology

Sodium currents generated by p.T592I mutant in
transfected HEK cells were similar to wild type
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Fig. 2. Short Exercise Test. (A) cumulated data (mean ± SEM
bars): 11 examinations in five patients at room temperature (room
T; hand skin temperature >32◦C) and after cooling (cold; hand
skin temperature 20◦C) (B) findings in patients II-1, II-2 and III-2
(C) findings in patients III-1 and I-1 The grey bars on the x-axis
represent the three 10-seconds maximal efforts.

hNav1.4 currents (Fig. 4A), showing rapid activation
followed by complete inactivation. The exponential
fit of sodium current decay between –40 and +20 mV
indicates no difference in the rate of entry into fast
inactivation (Fig. 4B). The current-voltage relation-
ships were similar (Fig. 4C). The average maximal
current was –4208 ± 588 pA (n = 26) for T592I and

Fig. 3. Warm-up testing in four patients. Boxplot of warm-up test
data. Wilcoxon signed-rank test for paired data p < 0.0039.

–3638 ± 594 (n = 15) for WT (not significant with
unpaired Student’s t test). The voltage of maximal
current was –32.8 ± 1.9 (n = 26) and –31.3 ± 1.2 mV
for T592I and WT, respectively (not significant). Yet,
T592I currents were activated at more negative volt-
ages, which was confirmed by a significant, ∼5-mV
negative shift of the voltage-dependence of activation
(Fig. 4D, Table 2). The voltage dependence of fast
inactivation was unaltered by the mutation (Fig. 4D,
Table 2). The likelihood to open was greater for
T592I compared to wild-type, especially at nega-
tive voltages, as evidenced by the window currents
determined by the intersection of activation and fast
inactivation voltage dependences (Fig. 4E, Table 2).
The voltage dependence of slow inactivation was
unaffected by the mutation (Fig. 4F, Table 2).

DISCUSSION

The clinical picture in this family is consistent
with SCM, a non-dystrophic myotonia mostly affect-
ing the face and hand muscles but also involving
the lower limbs and abdominal or pharyngeal mus-
cles, without any episodic paralysis or post-exercise
weakness. Temperature sensitivity is obvious, since
cold and very hot temperatures can worsen the
symptoms. Several other physiological or external
factors, such as pregnancy, menstruation, fasting and
alcohol intake, can also increase muscle stiffness.
Particularly, pregnancy caused a severe limb muscles
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Fig. 4. Functional characterization of WT and T592I Nav1.4 channel variants expressed in HEK283T cells. (A) Representative sodium
current traces for T592I and WT. Sodium currents were elicited according the protocol shown inset. Interval between each pulse was 10 s.
(B) Time constants for sodium channel entry in fast inactivation calculated from current decay monoexponential fit. (C) Normalized current-
voltage (I-V) relationships were drawn from the sodium current traces recorded as shown in A. (D) Voltage dependence of activation and fast
inactivation. For activation, the conductance was calculated from I-V relationships using the equation gNa = INa/(V – ENa), where gNa is
the sodium conductance, INa is the peak sodium current, V is the membrane voltage, and ENa is the electrochemical gradient at equilibrium
for sodium ions calculated from Nernst equation (ENa = +68.4 mV). The relationships (in green and black) were fitted to the Boltzmann
equation gNa/gNa,max = 1/{1 + exp.((V-aV50)/Ka)}, where aV50 is the half-maximum activation voltage and Ka is the slope factor. Voltage
dependence of fast inactivation was studied using a two-pulse voltage clamp protocol shown inset. The relationships (in blue and red),
showing the normalized peak current amplitude recorded during the second pulse versus the first pulse membrane potential, were fitted to
the Boltzmann equation INa/INa,max = 1 / {1 + exp.((V-fV50)/Kf)}, where fV50 is the half-maximum inactivation voltage, and Kf is the
slope factor. (E) Window current resulting from the overlap of activation and fast inactivation relationships. (F) The voltage dependence of
slow inactivation was studied using a three-pulse voltage clamp protocol. The normalized peak current amplitude during the third pulse was
plotted versus the membrane potential of the first pulse. The relationships were fitted to the Boltzmann equation INa/INa,max = IR + (1 -
IR)/{1 + exp.((V-sV50)/Ks)}, where sV50 is the half-maximum inactivation voltage, Ks is the slope factor, and IR is the steady fraction of
non-inactivating channels. Data points in the relationships are mean ± SEM from n cells. The fit parameter values are given in Table 2.
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Table 1
Warm-up phenomenon in four patients, examined with the protocol of Trip and coll. (6); orbicularis oculi and handgrip relaxation time
(seconds) and time to walk around the chair (seconds) in the first and tenth trials. Wilcoxon matched-pairs signed-ranks test p = 0.0039 (total

time in 10th vs 1st trial)

Patient Trial II-1 II-2 III-1 III-2 Mean(median)

eyelid 1st 30.0 5.0 29.0 32.7 24.2(29.5) NS
10th 8.0 2.1 7.0 28.7 11.5(7.5)

hand 1st 2.0 3.5 8.0 4.7 4.6(4.1) 1.4 NS
10th 2.0 1.3 2.0 0.4 1.4(1.7) 5.5

legs 1st 6.8 3.8 5.4 5.8 5.5(5.6) NS
10th 6.9 3.8 4.3 4.6 4.9(4.5)

total time 1st 38.8 12.3 42.4 43.2 34.2(40.6) ∗∗p = 0.0039
10th 16.9 7.2 13.3 33.7 17.8(15.1)

Table 2
Parameters of WT and T592I Nav1.4 channel variants

Parameter p.T592I Wild-type

Activation voltage-dependence aV50 (mV) –45.5 ± 1.5 (n = 26) ∗ –40.9 ± 1.0 (n = 15)
Ka (mV) 3.8 ± 0.2 3.4 ± 0.4

Fast inactivation voltage- dependence fV50 (mV) –73.3 ± 1.4 (n = 26) –72.6 ± 1.6 (n = 15)
Kf (mV) –6.1 ± 0.3 –5.7 ± 0.3

Open probability Window current 0.64 ± 0.09 (n = 26) ∗ 0.34 ± 0.07 (n = 15)
Slow inactivation voltage-dependence sV50 (mV) –69.7 ± 2.5 (n = 16) –68.7 ± 2.6 (n = 22)

Ks (mV) –8.6 ± 0.6 –9.3 ± 0.6
IR 0.21 ± 0.02 0.21 ± 0.01

The fit parameters were calculated as shown in Fig. 5, and reported as mean ± S.E.M. from n cells. Statistical analysis was performed using
unpaired Student’s t test. Significant differences were found between T592I and WT for activation voltage dependence midpoint (∗p < 0.05)
and window current (∗p < 0.02). The aV50, fV50, and sV50 are the half-maximum potentials; Ka, Kf, and Ks are the slope factors; IR is the
steady fraction of non-inactivating channels.

stiffness extending to the abdominal muscles (patient
III-2) and led to an overt muscle hypertrophy in both
younger patients (patients III-1 and III-2). Warm-
up phenomenon was a variable feature, reported by
three out of five patients, and involving different
muscle groups to a variable degree (Table 1); no
patient reported paradoxical myotonia, thus exclud-
ing paramyotonia congenita and suggesting a SCM
diagnosis.

The SET conducted at normal hand temperature
produced a normal pattern (Fournier pattern III),
which has also been reported for other SCM muta-
tions (A715T, I1310N, V445N, S804N, V1293I)
[22]. After cooling the hand to 20◦C, the repetition of
the exercises produced more variable patterns, resem-
bling those of A715T and I1310N mutations (Fig. 4D
of ref. 23) and G1306A/V mutation (Fig. 4E of ref.
22). These changes however were mild and restricted
to the –20% – +10% range in all but 1 test in 1 patient,
as reported in several pathogenic SCN4A mutations
[22].

The SCN4A sequencing disclosed a previously
unreported point mutation c.1775C > T in exon 11,
corresponding to Thr592Ile substitution. This region
codes for the transmembrane S1 segment of domain

II of the NaV1.4 sodium channel (DII-S1, Fig. 1B).
The mutation was present in all five of the symp-
tomatic patients and is predicted pathogenic by most
software. It is noteworthy that the majority of reported
pathogenic SCN4A mutations [32–34] are located in
the S4–S6 segments of the four domains, often in
domain IV or the intra- or extra-cytoplasmic loops.
The S1–S3 segments of domain II seem to be an
uncommon site for pathogenic mutations. To our
knowledge, only p.I588V from domain II segment
1, found in a patient with myotonia and episodes of
weakness, has been functionally characterized [35].
The mutation induced a hyperpolarization of shift of
activation voltage dependence. In addition, a vari-
ant at position 591 (p.N591K) has been reported in
the Ensembl database (www.ensembl.org) as delete-
rious/probably damaging, suggesting that this region
might have an effect on the normal physiology of the
channel. Interestingly, we found that T592I induced
a left shift of Nav1.4 activation voltage dependence
resulting in larger window currents, similarly to
I558V. The interaction between the S4–S6 and S1–S3
segments could be relevant for the correct function-
ing of the channel. Indeed, the crystal structure of the
bacterial NavAb channel revealed that the S1 and S4
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segments are very close to each other [36], and the
mutation p.I141V (domain I, segment 1) was demon-
strated to stabilize the open conformation of the
channel by modifying the interactions between the
S1 and S4 segments [37]. Thus the biophysical defect
identified in T592I likely accounts for the myotonia
phenotype. Such a defect was also recently observed
in another mutation K1302R associated with myoto-
nia [13].
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