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ABSTRACT

Background: This study aimed to determine the role of five new rare SCN4A variants suspected to cause paramyotonia or my-
otonic disorder.

Methods: Ten patients from seven families underwent clinical, neurophysiological, imaging, and muscle biopsy examinations.
Genetic studies were performed with targeted sequencing of all known myopathy genes. Functional changes resulting from these
variants were studied with HEK293T cells, by using a whole-cell patch clamp.

Results: Five SCN4A variants were identified: c.662 T > C p.(F221S), ¢.2143G > A p.(A715T), c.4352G > A p.(R1451H), c.3610
A > G p.(N1204D), and ¢.4255 T > C, p.(F1419L). Patients had exercise- and/or cold-induced myalgia, muscle stiffness or cramp-
ing, and varying degrees of muscle weakness. On examination, some but not all patients had percussion myotonia or findings
compatible with paramyotonia. One patient with the A715T variant also had eyelid myotonia. The patient with the F221S variant
had ptosis, weakness in hip flexion, and mild muscle hypertrophy in the calves. EMG showed myotonic discharges in all the
patients examined except for the patient with N1204D. Electrophysiological exercise tests demonstrated results compatible with
the Fournier pattern in six patients. All but the N1204D variant showed gain-of-function features upon functional expression.
Conclusions: The clinical and genetic findings suggested that all five variants were pathogenic, whereas functional data did not
confirm association with myotonia for N1204D. Our results expand the mutational spectrum of the SCN4A gene. The reported
variants should be considered in patients with paramyotonia, or in patients with exercise-induced myalgia or muscle cramping

and who demonstrate myotonia in EMG.

1 | Introduction

The SCN4A gene encodes the pore-forming a-subunit of the
voltage-gated Na 1.4 channel expressed in skeletal muscle cells
[1]. It locates on the muscle cell membrane and on the mem-
branes of T-tubules [2]. Muscle depolarization activates these
channels, which triggers action potentials in the muscle cells.

Voltage-gated sodium channels are composed of four homol-
ogous repeats, each composed of a voltage-sensing domain
(VSD) and a pore domain. The four pore domains join to form
a single central sodium-conducting pore. Depolarization trig-
gers activation of VSDs that leads to the opening of the ion-
conducting pore. The most C-terminal VSD activates slower
than the other VSDs and drives fast inactivation that follows
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channel opening. Inactivation limits sodium inflow and the
action potential [3].

Skeletal muscle channelopathies are caused by gene variants
that alter the function of encoded ion channels expressed in
muscle cells. They result in changes in cell membrane excitabil-
ity, causing various clinical symptoms [4]. The reported number
of such causative SCN4A variants is over 70 [5] and increasing.
Sodium channel channelopathies affecting skeletal muscle in-
clude hypokalemic [6] and hyperkalemic periodic paralyzes [7],
paramyotonia congenita [8], sodium channel myotonia [9], and
myalgic stiffness without significant myotonia [10]. These con-
ditions are dominantly inherited. Na 1.4 variants found in the
patients show gain-of-function (GoF) features that may result in
increased excitability and myotonia or persistent depolarization
and paralysis. Recently, and more rarely, recessive Na 1.4 loss-
of-function (LoF) variants have been associated with congenital
myasthenia [11] and congenital myopathy [12].

Musculoskeletal pain is a frequent complaint [13]. Myalgia may
be a presenting symptom in skeletal muscle diseases as well.
Myalgia is a major complaint in myotonic dystrophy type 2
(DM2) [14]. Patients with myotonia congenita or sodium chan-
nel myotonia may suffer from painful myotonia [15, 16]. A
specific SCN4A variant p.(A1156T) causes myalgic syndrome
together with muscle stiffness and muscle cramping [10, 17]. A
rare CACNA1S variant p.(E965Q) was associated with a myop-
athy with severe myalgia and unusual muscle hypertrophy [18].

We encountered seven families whose members complained
of myalgia and muscle stiffness provoked by physical exercise
or cold, or both. They also reported varying muscle weakness.
Extensive investigations revealed four previously unreported
SCN4A variants. One variant was already reported in the litera-
ture [19] and was suspected to cause skeletal muscle channelo-
pathy at the time. This study aimed to determine whether these
five SCN4A variants were responsible for the suspected channel-
opathy in these studied patients.

2 | Patients and Methods
2.1 | Clinical Examinations

The study comprised ten patients from seven families (Figure 1).
Family history and medical records were reviewed. Clinical neuro-
muscular examination included detailed manual muscle strength
assessment and myotonia testing by muscle percussion, handgrip,
and eyelid closure. F2 II:1 lived in Finland but was originally from
Kosovo. F7 II:1 was British. All other study patients were Finnish.

2.2 | Neurophysiological Studies
Standard neurography and needle electromyography (EMG)

were conducted on all study patients. The proximal and distal
parts of at least one upper and one lower limb were examined.
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FIGURE1 | Pedigrees. Pedigrees of the study families. Affected individuals are represented with shaded symbols. F5 I:2 was the only individual

who underwent genetic testing and did not have a pathogenic SCN4A variant. He is marked with an asterisk. All others who were tested had a patho-

genic variant. These variants are superimposed in the figure. F1 IV:1 and F1 I'V:2 were underage. Their sex is not specified here.
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Electrophysiological exercise testing was performed by using a
protocol described by Fournier, consisting of short (10-12 s) and
long (5 min) exercise tests [19, 20]. Abductor digiti minimi (ADM)
and extensor digitorum brevis (EDB) muscles were examined in
the short exercise test (SET), and the ADM muscle in the long ex-
ercise test (LET). SET was also performed after cold exposure. The
ADM muscle was cooled by applying an ice bag on the muscle for
7 minutes. The temperature of the skin after cooling was usually
18°C-20°C. The target temperature was achieved in all cooling
tests. Compound muscle action potential (CMAP) amplitude was
the parameter measured in the exercise tests. Normal ranges and
EMG patterns described by Fournier and colleagues were applied
when interpreting the results of SET, LET, and SET with cold prov-
ocation [19, 20]. Percentages regarding CM AP exercise test results
refer to pre-exercise values. The exercise testing, always compris-
ing SET, LET, and SET with cold provocation, was performed in
F11III:1, F31II:1, F4 11:1, F5 1I:1, F5 I1:2, and F7 1I:1.

2.3 | Muscle Biopsy and Histology

At least one muscle biopsy was obtained from probands of the
families F1, F2, and F6. The target muscle of F1 III:1 was m.
vastus lateralis, of F5 II:1 m. deltoideus, and of F3 III:1 both
m. vastus lateralis and m. deltoideus. Standard histology and
histochemical stainings [21] were performed, including hema-
toxylin and eosin, modified Gomori trichrome, periodic acid
Schiff (PAS), nicotinamide adenine dehydrogenase (NADH),
combined succinate dehydrogenase-cytochrome oxidase, and
myosin heavy chain double staining [22].

2.4 | Muscle Imaging

Axial MRI sections of the lower limbs included T1- and T2-
weighted sequences, and short tau inversion recovery (STIR)
sequence. Probands F1 III:1, F3 I1I:1, and F5 II:1 were examined
by MRIL

2.5 | Molecular Genetics

Genomic DNA was isolated from peripheral blood samples by
using standard methods. The genetic analysis was performed by
using a targeted next-generation sequencing (NGS) gene panel
MYOcap v5 or MYOcap v6 targeting the exons and intronic bor-
ders of 328 and 339 myopathy genes [23]. The genetic analysis of
F7 II:1 was also performed by using a targeted NGS gene panel
used in the trip UK.

2.6 | Functional Studies

Mutations were introduced to SCN4A by using the QuikChange
Mutagenesis Kit (Agilent) and confirmed by sequencing of the
whole gene. SCN4A plasmids were transfected into HEK293T
cells by using Lipofectamine2000 together with a plasmid encod-
ing green fluorescent protein as a transfection reporter. Single
cells with green fluorescence were patched with electrodes filled
with intracellular solution containing (in mM) NacCl (5), CsCl
(145), EGTA (10), and HEPES (10) with pH 7.4. The extracellular

solution contained (in mM) NaCl (145), KCl (4), MgCl, (1), CaCl,
(2), and HEPES (10) with pH 7.4. Following the obtaining of
whole-cell configuration, the cell was allowed to settle for 10 min
while observing the stabilization of the currents. Currents were
sampled at 10 kHz by using Clampex software, Digidata 1550A
converter, and amplified by using Axopatch 200B Amplifier (all
Molecular Devices). Series resistance was compensated >75%
keeping the voltage error below 5 mV. Voltage protocols are de-
scribed in legends and in Luo et al. 2018 [24]. The —P/4 protocol
was used to subtract leak and capacitive currents in all but slow
inactivation protocols. The holding voltage was —80 mV except
for the closed state inactivation protocol where it was —100 mV.
Voltage dependence of activation and inactivation was fit with the
Boltzmann equation, and the time course of onset and recovery
from inactivation with the exponential equation. Variants were
expressed at different timepoints with wild-type channels ex-
pressed in each transfection to control for expression and chan-
nel properties. Data are expressed as mean =+ standard error of
mean. Statistical comparisons were performed by using one-way
or Kruskal-Wallis ANOVA, with Bonferroni or Dunn tests, re-
spectively, to compare the means.

2.7 | Standard Protocol Approvals, Registrations,
and Patient Consents

This study was approved by the Research Ethics Committee of
the Wellbeing Services County of Pirkanmaa. The study was
performed according to the Declaration of Helsinki. Written
informed consent from all participants was obtained since the
study was performed in the context of research.

3 | Results
3.1 | Family1

3.1.1 | F1III:1

The proband (Table 1) was in her late twenties. She had muscle
stiffness in her fingers and lower limbs during her first preg-
nancy several years earlier. She also had myalgia and muscle
weakness in her lower limbs. Stiffness and myalgia were pro-
voked by cold and physical exercise, and occasional muscle
cramping occurred. Symptoms diminished substantially after
her pregnancy but exacerbated again during her second preg-
nancy and persisted after delivery. She required occasional sick
leave. Her mother, uncle, and grandfather complained of muscle
stiffness and myalgia. Muscle weakness was not recorded. The
patient had two asymptomatic children.

On examination, her calves were mildly hypertrophic. There
was no clinical myotonia. The margin of the left upper eyelid was
lower compared to the right. Hip flexion was 4/5, but otherwise,
muscle strength was normal. EMG demonstrated increased in-
sertional activity, myotonic discharges, and polyphasic motor
unit potentials. Electrophysiological exercise tests showed a
95% increase in amplitude in the long exercise test before slowly
decreasing. These findings were compatible with Fournier pat-
tern IV. The muscle biopsy and CK values were normal. Muscle
MRI of the lower limbs was normal. Genetic testing of myotonic
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dystrophy Type 1 (DM1) and DM2, and myotonia congenita were
negative. MYOcap gene panel revealed a previously unreported
heterozygous SCN4A variant ¢.662 T > C p.(F221S).

31.2 | F1II:1

The mother complained of muscle weakness in her lower
limbs and had difficulty climbing stairs. Symptoms began
during her pregnancy in her early adulthood. Symptoms ex-
acerbated when hormone therapy after menopause began.
She had myalgia and muscle stiffness in her lower limbs, and
muscle stiffness in her fingers. Stiffness and myalgia were
provoked by cold and physical exercise. CK was normal. EMG
showed myotonic discharges. Genetic testing of DM1 was
negative. Segregation studies revealed a heterozygous SCN4A
variant c.662 T > C p.(F221S).

3.2 | Family2
3.21 | F2II:1

A middle-aged female had muscle cramping in her calves when
she approached middle age. Cramping was provoked by physical
exercise, and possibly by cold. For years she had muscle aching,
which had led to a diagnosis of fibromyalgia. Clinical examination
was unremarkable. EMG showed myotonic discharges. Her par-
ents were asymptomatic, although her mother had weakness in
her lower limbs at advanced age. A previously unreported hetero-
zygous SCN4A variant c.4352G > A p.(R1451H) was discovered.

3.3 | Family3
3.3.1 | F3III:1

A male in his early middle age presented with exercise-induced
myalgia, muscle stiffness, muscle weakness, and muscle cramp-
ing. Symptoms were more prominent in the lower limbs. He was
able to walk only 200-300 m without pausing. Clinical exam-
ination and CK were normal. EMG showed unspecific polypha-
sic motor unit potentials. Electrophysiological exercise testing
demonstrated progressive decrement in SET with m. ADM.
Decrement was up to 37% and more severe with cold provoca-
tion, being up to 59%. Muscle biopsy demonstrated basophilic
degeneration in some fibers and vacuoles apparent on modified
Gomori trichrome staining. MRI of the lower limbs showed a
reduction in the subcutaneous adipose tissue. Genetic studies
identified a previously unreported heterozygous SCN4A vari-
ant ¢.3610A > G p.(N1204D). The patient was diagnosed with
paramyotonia congenita. His mother also had muscle stiffness
and exertional muscle cramping since early adulthood.

3.4 | Family4

3.4.1 | F4IL1

A young male presented with cold-induced muscle stiffness in
the upper limbs and facial muscles. He had difficulty opening

his eyes in the cold. Exercise repetition provoked muscle cramp-
ing and difficulty in opening his hands after clenching his
fists. The symptoms began already in childhood. Neurological
examination was normal without clinical myotonia. EMG
demonstrated myotonic discharges in all the muscles exam-
ined. Electrophysiological exercise testing was compatible with
Fournier pattern III. Short exercise test with m. EDB induced
immediate increments up to 53% after the first and second ex-
ercises. These increases quickly resolved. In LET, immediate
increment of +33% was followed by almost complete recovery
10 min after exercise. CMAP amplitude slowly and steadily de-
creased, being —10% compared with the pre-exercise value at the
end of the examination, and a 32% decrease from the peak value.
The patient was diagnosed with paramyotonia congenita. A pre-
viously unreported heterozygous SCN4A gene variant c.4255 T
> C p.(F1419L) was discovered. His mother had similar symp-
toms and the same heterozygous SCN4A variant.

3.5 | Family5
3.51 | F5IL:1

The proband (Table 2) in his late twenties was never able to do
push-ups properly. He had muscle aching and muscle stiffness
in the upper limbs already in adolescence, both provoked by
physical exercise and cold. He was examined complaining of
muscle weakness in the upper limbs when he was a younger
adult. At the time, burning myalgia occurred when he kept
his arms lifted. Gradually, muscle weakness resolved sponta-
neously and the more prominent muscle weakness disappeared
after some weeks.

Percussion myotonia was elicited on clinical examination.
CK was normal. EMG showed myotonic discharges in all
muscles examined, both in the proximal and distal muscles.
Electrophysiological exercise testing showed an increase in
amplitude by 39% in LET. The findings were interpreted to be
compatible with Fournier pattern III. Muscle biopsy from m.
deltoideus showed a slightly increased number of internal nu-
clei. Muscle MRI of the lower limbs demonstrated marginally
increased fatty degeneration in soleus muscles. Brain MRI was
normal. Genetic testing excluded facioscapulohumeral mus-
cular dystrophy (FSHD) and myotonic dystrophies, as well as
pathologic variants in ANO5 and SGCA. MYOcap gene panel
revealed a heterozygous SCN4A variant ¢.2143G > A p.(A715T)
which has been previously reported once [19]. Regular lamotrig-
ine medication had a positive effect.

3.5.2 | F5I1I:2

The sister had myalgia and muscle stiffness, both provoked
by physical exercise and cold. Cold also caused difficulties to
speak properly. Repeated clenching of fists provoked stiffness,
and the motion became slow, consistent with paramyotonia.
Percussion myotonia was elicited in both thenar eminences.
CK was normal. EMG showed myotonic discharges in m. ex-
tensor digitorum and increased insertional activity in the mus-
cles of the upper limbs. Electrophysiological exercise testing
with cold provocation induced up to —43% decrement, being
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compatible with Fournier pattern II. Segregation studies iden-
tified a heterozygous SCN4A variant ¢.2143G > A (p.A715T).
The third sibling and the father of all the siblings were asymp-
tomatic. The father was negative for SCN4A variant c.2143G
> A p.(A715T).

3.53 | F5I11

The mother reported similar symptoms as her two symptom-
atic children EMG showed myotonia. She had a heterozygous
SCN4A variant ¢.2143G > A p.(A7157).

3.6 | Family6

3.6.1 | F6II:1

A male approaching his middle age complained of myalgia
and numbness in his arms. He had difficulty releasing his grip
and speaking properly when cold and showed large muscles on
inspection. EMG revealed increased insertional activity and
myotonic discharges. CK was normal. His mother had similar
symptoms. Genetic testing identified a heterozygous SCN4A
variant ¢.2143G > A p.(A715T).

3.7 | Family7

3.71 | F71II1

A male in his early thirties had an episode of mild muscle weak-
ness after sports activity. This resolved spontaneously in a few
hours. A few years earlier, he developed an episode of severe
arm and leg weakness after a viral infection. Potassium level
was 2.4 TU/L. He received intravenous potassium, which im-
proved his state. He noticed stiffness when rising from a chair.
Examination revealed eyelid myotonia and muscle hypertro-
phy. EMG demonstrated myotonic discharges. SET was normal
at room temperature, but SET with cold provocation induced a
marked decrement. The LET induced a decrease in amplitude
by 49% from the peak value. Genetic testing identified a hetero-
zygous SCN4A variant c¢.2143G > A p.(A715T). The father had
hypokalemia with associated muscle weakness as well but was
not available for genetic testing.

3.8 | Functional Analysis

The variants identified in this study affect residues conserved
among Na 1 isoforms and Na 1.4 channels in different species
(Figure 2A). F2218S affects the fourth transmembrane a-helix of
the first VSD of Na 1.4, A715T affects the first a-helix of the pore
domain in the DII, whereas F1419L and R1451H affect VSD-IV
(Figure 2B,C). N1204D affects a pore-loop between a-helices of
the pore domain III. Functional analysis showed that two vari-
ants, F221S and A715T, enhanced channel activation by shifting
the voltage dependence of activation to more hyperpolarized
voltages compared to the wild-type channel (Figure 3A-C,
Table 3). Both variants affecting VSD-IV, F1419L and R1451H,
accelerated the recovery from inactivation and the onset of

closed state inactivation while slowing the open state inactiva-
tion and reducing the steepness of the slope of the voltage de-
pendence of fast inactivation (Figure 3A,D-G, Table 3). Variant
N1204D did not alter voltage dependencies or rates of state tran-
sitions but reduced current density (Figure 3A,B).

4 | Discussion

We report five SCN4A variants identified in patients present-
ing with various combinations of myotonia, myalgia, and mus-
cle weakness, as well as myotonic discharges on EMG in most
cases. Myalgia was absent only in patient F4 I1:1 (F1419L). The
symptoms were typically aggravated by physical exercise and/or
cold, except for patient F7 1I:1 (A715T). The findings are com-
mon in patients reported with other pathogenic SCN4A variants.
Four of the variants showed GoF features strongly supporting
the pathogenicity of the variants. N1204D was the only variant
without myotonic discharges on EMG or enhanced channel
function.

In general, symptoms were mild in all study patients resem-
bling the phenotype resulting from SCN4A A1156T previously
reported [10]. The facial muscles and the muscles in the upper
limbs were more affected than the muscles in the lower limbs.
This feature is common for patients with pathogenic SCN4A
variants and myotonia [25, 26]. The condition of the female pa-
tients with the F221S variant deteriorated during pregnancies.
This phenomenon has been reported in nondystrophic myotonic
syndromes, also in conjunction with pathogenic SCN4A vari-
ants and in DM2 [14, 27, 28] (Trip, Drost, et al., 2009; Trivedi
et al., 2013; Udd et al. 2012).

Common for all patients were myotonic discharges in EMG, ex-
cept for the patient with N1204D. Only F4 II:1 and F5 II:1 had
myotonic discharges in all the muscles examined. The findings
were more distinct than what resulted from the SCN4A variant
A1156T, although the phenotypes are similar [10].

Both F221S and A715T variants shifted the voltage dependence
of activation to the hyperpolarizing direction. This GoF feature
can account for the clinical manifestations and EMG findings
in pedigrees F1, F5, F6, and F7. A variant homologous to F221S
in Na 1.7 has been identified in patients with erythermalgia
(MichielsDrenth et al., 2005) [29]. Patch-clamp studies showed
that the F216S variant similarly hyperpolarized the voltage de-
pendence of activation (Choi et al., 2006) [30]. The same A715T
variant has been identified before in sodium channel myotonia
patients [19]. A different A715S variant in the same locus was
discovered in patients with paramyotonia [31].

The patient with N1204D had symptomatic relatives in three
consecutive generations. Symptoms were similar to those of the
patients with A1156T [10]. Electrophysiological exercise testing
was compatible with sodium channel disorder, although myo-
tonic discharges were absent. The variant did not display any
gain-of-function features but showed reduced current density.
The tendency towards accelerated recovery, the main GoF fea-
ture of A1156T, did not reach significance in multiple compari-
son tests. Na 1.4 loss-of-function variants have been associated
with congenital myasthenia and congenital myopathy. They
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FIGURE 2 | Conservation and location of the variants in this study. (A) Alignment of human Na,1 isoforms (top) and Na, 1.4 homologs across
species (bottom) with asterisks indicating full conservation among the channels shown. F221S is indicated in red, A715T in orange, N1204D in
gray, F1419L in blue, and R1451H in cyan boxes. Species include human, mouse, Chrysochloris asiatica (CHRAS) (Cape golden mole, Uniprot
AO0A9BOWHXS), Prolemur simus (PROSS) (Greater bamboo lemur, Uniprot AOA8C8ZD58), Rhinopithecus roxellana (RHIRO) (Golden snub-nosed
monkey, Uniprot AOA2K6Q5D5), Papio anubis (PAPN) (Olive baboon, Uniprot AOA096NTUO), Balaenoptera musculus (BALMU) (Blue whale,
Uniprot AOA8B8W847). (B-C) Location of the variants is indicated with filled circles in the topological scheme of Na,,1 channel (B) and in spheres in
the 3D structure of Na, 1.4 channel (C) seen from above (left panel) and within (right panel) the membrane plane. In (B) DI-DIV indicate the number

of the homologous repeat in Na, 1 structure. The repeats in (C) are color-coded as in (B) with voltage-sensing domains in the periphery and with the

central pore domain.

typically show recessive inheritance, as heterozygous carriers
are asymptomatic. The contribution of the loss-of-function fea-
tures to clinical manifestations in pedigree F3 is thus not ob-
vious and remains to be determined. Further genetic studies
in and outside F3 may help to confirm the association of the
N1204D variant with the condition.

Variants affecting VSD-1V, F1419L and R1451H, both showed
similar GoF features by accelerating recovery from inactiva-
tion and decelerating onset of open state inactivation. These
data are consistent with the clinical and EMG findings.
Functional features of R1451H are qualitatively similar to
those reported with the R1451L and R1451C variants found
in families whose members had myotonia or periodic paral-
ysis, while a homozygous carrier of R1451L experienced epi-
sodes of periodic paralysis triggered by hypokalemia [24, 32].
A different SCN4A variant c.4256 T > C p.(F1419S) has been
reported in a family in which two members had hyperkale-
mic periodic paralysis [33]. A homologous p.(F1419L) variant
causes equine hyperkalemic periodic paralysis in American

Quarter Horses [34]. The channel inactivation was shown to
be impaired, resulting in GoF feature [35].

The GoFs variants in this project showed small amplitude
changes in channel function. Variants F221S and A715T
showed a 4 mV change in voltage dependence of activation.
F1419L and R1451H variants compromised inactivation by
accelerating recovery and decelerating the onset of inactiva-
tion from the open state without effect on the voltage of half-
maximal inactivation observed for the previously reported
R1451L variant. These data align with mild clinical features
of the patients discussed above. The onset of closed state inac-
tivation was accelerated for both variants in VSD-IV. This is
a LoF feature that results in faster reduction of channel avail-
ability following small depolarizations that do not reach the
threshold of channel activation and may contribute to mild
clinical features.

The functional data are also consistent with the stereotypical
view of the effect pathogenic variants have on Na 1.4 function,
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FIGURE 3 | Functional features of the variants in this study. Ms = millisecond; mV = millivolt; SEM = standard error of mean; Wild-type =
WT. WT data is shown in black, F221S in red, A715T in orange, N1204D in gray, F1419L in blue, and R1451H in cyan. Data show mean + SEM.
Data with statistically significant differences to WT is shown in solid symbols (Table 3), and data with nonsignificant findings in open symbols. (A)
Representative traces of the variants in response to voltage steps to voltages from —40 mV to 10 mV increments. Red traces show the current in re-
sponse to the voltage step to —30 mV. Scale bars are 1 ms (x) and 1 nA (y). B-D. Peak current (B), peak conductance (C), and time constant of inactiva-
tion (D) in response to steps to indicated voltages are shown. Conductance was derived by dividing the current by V-V, where V  is the reversal
voltage of sodium. (E) Voltage dependence of fast inactivation is shown by plotting peak current in response to the voltage step to —10 mV following
150 ms prepulses to voltages indicated on the x-axis. (F) Representative currents (left panels) in response to two voltage pulses to 0 mV with currents
in response to the first (10 ms) shown on the left of the trace. Current in response to the second pulse following recovery periods of 0, 0.5, 2, 4.5, 7, 12,
and 19.5 ms at resting voltage is shown for WT (top) and F1419L (bottom). Scale bars are 10 ms (x) and 1 nA (y). The right panel plots peak current am-
plitude at the second pulse divided by the peak amplitude of the first pulse against the recovery time at holding voltage (A2/A1). (G) Representative
currents (left panels) in response to voltage pulses to 0 mV following prepulse steps of increasing duration to —60 mV. Shown are current responses
for 0, 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, and 22.5 ms prepulses. Peak current amplitude against prepulse duration is shown in the right panel. Data are
normalized to the amplitude of the first pulse (0 ms). (H) Voltage dependence of slow inactivation is shown by plotting peak current in response to the
voltage step to —10 mV following 10 s prepulses to voltages indicated on the x-axis. Between pre- and test pulses, a 20 ms pulse to —100 mV is applied
to allow recovery from fast inactivation. Data from individual cells were normalized to peak and bottom amplitudes of Boltzmann fit in (C and E) and
to peak amplitude of Boltzmann fit in (H) Lines in (C, E and H) show the fit of the Boltzmann equation to the mean data.
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as variants in the fourth repeat compromise channel inactiva-
tion, while variants in other domains predominantly enhance
channel activation. Our data also suggest that the type of GoF
feature, enhanced activation or attenuated inactivation, is not
a key determinant of the mild clinical outcome in the current
cohort. Finally, several voltage-gated sodium channel variants
that disrupt channel activity are reported in the pore loops
where N1204D is located [36], consistent with the reduced cur-
rent density found in cells expressing this variant.

In conclusion, the clinical and functional data of four SCN4A
variants described here suggest that they should be considered
with patients complaining of exercise- and cold-induced myalgia
and muscle stiffness, exertional myalgia, or exertional muscle
cramping. While clinical data for the N1204D variant suggest a
similar underlying mechanism, functional data indicate a dis-
tinct pathogenic mechanism. In cases without clinical myoto-
nia, EMG can prove useful as it may reveal electrical myotonia.
Electrophysiological exercise tests may also provide further evi-
dence to support the diagnosis of a skeletal muscle channelopa-
thy even if the genetic testing is unable to identify any previously
known pathogenic gene variant.
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