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SNP was not affected by the deletion of HSPG2, as shown
in Figure 1B, indicating that the sensitivity of vascular
smooth muscle to exogenous nitric oxide donors is well
preserved, even in HSPG2™/~-Tg aortas.

We explored the mechanisms underlying the reduction
of endothelium-dependent relaxation by measuring RNA
expression levels of both eNOS and von Willebrand fac-
tor (YWF), an endothelial cell specific gene, using gPCR.
RNA was extracted from aortic tissue from control and
from HSPG2™/~-Tg animals. The VWF expression level
in the control and in the HSPG2™/~-Tg aortas was not
significantly different (Fig. 2A). However, qPCR analysis
revealed that eNOS mRNA expression was significantly
reduced in the HSPGZ’/’—Tg aortas (Fig. 2B). We also
measured protein expression levels of eNOS in the con-
trol and in the HSPG2™/~-Tg aortas by Western blot-
ting. The protein level of eNOS was significantly
decreased in the HSPG2™/~-Tg aortas compared with
that of the control aortas (Fig. 2C). These results indi-
cated that eNOS expression was decreased in the perlec-
an-deficient aortas.
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We examined the relationship between eNOS expression
and perlecan expression by creating perlecan knockdown
HAECs in culture using Perlecan siRNA treatment. We
measured the RNA expression levels by qPCR using RNA
extracted from HAECs treated with control or Perlecan
siRNA. We confirmed that perlecan mRNA expression
levels in HAECs were significantly decreased by approxi-
mately 90% following treatment with both 20 and
40 nmol of Perlecan siRNA (Fig. 3A). The eNOS mRNA
expression was significantly decreased by approximately
50% following Perlecan siRNA treatment (Fig. 3B). These
results indicated that reduced perlecan expression decreases
eNOS expression in HAECs.

We performed enzymatic depletion of the heparan sulfate
chains of perlecan on HAECs to explore whether heparan
sulfate chains are critical for eNOS expression. The time
course of the experimental protocol is shown in Fig-
ure 4A. First, we confirmed the depletion of heparan
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Figure 2. Expression of endothelial nitric oxide synthase (eNOS) in the HSPG27=-Tg aorta. RNA expression levels of von Willebrand factor and
eNOS in the aortic tissues of 10 week control and HSPG2~/~-Tg mice were analyzed using gPCR. (A) The expression of von Willebrand factor
was not significantly different, while (B) eNOS expression was significantly reduced in the HSPG2~/~-Tg animals (n = 6 per genatype. The bars
indicate the mean + SEM). RNA expressions levels were normalized to that of g-actin and were indicated as relative to B-actin. (C) The protein
expression levels of eNOS and f-actin in the aortic tissues were evaluated, using Western blotting. Each band was quantified using image)
software and is shown as relative to f-actin. The protein expression levels of eNOS were significantly decreased in the HSPG2~/~-Tg mice
compared to that in the control mice (n = 4 per genotype. The bars indicate the mean = SEM). *P < 0.05 versus control mice.
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Figure 3. RNA expression of eNOS in human aortic endothelial
cells (HAECs) treated with HSPG2 siRNA. Analyses of perlecan and
eNOS RNA expression levels in the HAECs treated with or without
control siRNA and 20 or 40 nmol of Perlecan SIRNA using gPCR.
RNA expressions were normalized to that of GAPDH and are
indicated as relative to GAPDH. (A) Perlecan expression in HAECs
was significantly decreased by approximately 90% following
Perlecan siRNA treatment. (B) eNOS expression showed a significant
decrease of approximately 50% following treatment with Perlecan
siRNA. The bars indicate the mean £ SEM (n = 3), **¥%P < 0.001
versus control cells.

sulfate chains in HAECs by immunostaining using 10E4
and 3G10 antibodies. After heparinase III treatment for
1 h (time point 0), the staining by 10E4 antbody (green),
which is directed against heparan sulfate chains, was not
detected (Fig. 4Ba and Bc) and the staining by 3G10 anti-
body (green), which is directed against heparinase-gener-
ated HS stubs, was detected in the treated but not
untreated HAECs (Fig. 4Bb and Bd). Similar results were
obtained after 24 h (time point 24 h) (Fig. 4Be-Bh). In
these conditions, we analyzed eNOS expression by qPCR
at 1, 12, and 24 h after heparinase III treatment for 1 h.
The eNOS expression levels in the heparinase treated
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HAECs were not different compared with that of the
non-treated MAECs at any time point (Fig. 4C). These
results suggest that the decrease of eNOS expression in
perlecan-deficient aortas is not due to the heparan sulfate
chains.

can protein is necessary for eNG

In order to explore whether perlecan protein is critical for
eNQOS expression, we performed perlecan rescue experi-
ments using recombinant perlecan protein (rPerlecan).
HAECs treated with Perlecan siRNA or Control siRNA
were seeded on plates coated with or without rPerlecan.
After 36 h, the eNOS expression level was analyzed by
qPCR. First, we confirmed that the eNOS expression level
in HAECs treated with Perlecan siRNA was significantly
decreased compared with that of Control siRNA. How-
ever, the eNOS expression level in HAECs treated with
Perlecan siRNA was restored to the level almost similar to
that in HAECs treated with Control siRNA by rPerlecan
(Fig. 5). These results suggest that perlecan is responsible
for the decrease in eNOS expression in perlecan-deficient
aortas.

Discussion

In the present study, we showed that a deficiency of
perlecan results in the impairment of endothelium-
dependent vascular relaxation in mice aorta, whereas
endothelium-independent relaxation in response to the
nitric oxide donor SNP remained well preserved. We
investigated the mechanism(s) underlying the reduction
in endothelium-dependent relaxation by examining the
eNOS expression levels in aortic tissue and found that
both eNOS mRNA and protein levels were decreased in
the perlecan-null aortas. We further examined the rela-
tionship between perlecan deficiency and a decreased
eNOS expression by treating HAECs with perlecan siR-
NA and found that a reduction in the perlecan gene
expression induced a decrease in eNOS gene expression.
This is the first report to show that perlecan deficiency
results in a reduction in endothelium-dependent relaxa-
tion due, at least partly, to a decrease in eNOS expres-
sion. Although perlecan has been implicated in vascular
development, the function of VSMCs with respect to
relaxation is not affected by the deletion of the perlecan
gene, suggesting a lesser contribution of perlecan in
VSMCs than in endothelial cells.

NO is a gaseous lipophilic free radical generated by
constitutively expressed eNOS in vascular endothelial cells
(Braam and Verhaar 2007). The expression levels of eNOS
are altered in patients with various pathophysiological
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Figure 4. RNA expression levels of eNOS in HAECs treated with heparinase lll. (A) A time course of experimental protcol using heparitinase ll.
(B) The heparan sulfate chains were removed from HAECs using heparinase lil. After a 1 h treatment with or without heparinase i, the cells
were fixed immediately (time point 0) or 24 h later (time point 24 h), and immunostaining was performed with 10E4 or 3G10 (Green), and
perlecan (Red) antibodies. Successful heparinase lii digestion is indicated by negative staining of 10E4 (c and g) and positive staining of 3G10

(d and h). At 24 h culture after heparinase lll treatment, heparan sulfate chains were not detected (g and h). (C) Analysis of eNOS RNA
expression levels in HAECs treated with or without heparinase IIf using gPCR. eNOS RNA expressions was normalized to that of GAPDH and it is
indicated as relative to GAPDH. eNQS expression levels in the heparinase Il treated HAECs was not significantly different compared with that of
the non-treated HAECs at 1, 12, and 24 h later. The bars indicate the mean £+ SEM (n = 3)
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Figure 5. RNA expression level of eNOS in Perlecan knockdown
HAECs on perlecan recombinant protein. gPCR analysis of eNOS
RNA expression level in HAECs treated with Perlecan or Control
siRNA and seeded on a plate coated with or without perlecan
recombinant protein (rPerlecan). The level of the eNOS RNA
expression was normalized to that of GAPDH and it is indicated as
relative to GAPDH. The eNOS expression level in HAECs treated
with Perlecan siRNA was significantly decreased compared to that
of Control siRNA treated HAECs. HAECs treated with Perlecan
siRNA and plated on rPerlecan was no significantly different
compared with that of Control siRNA treated HAECs. The bars
indicate the mean - SEM (n = 4) ***#P < 0.001 versus Control
SIRNA treated HAECs without rPerlecan, **'P < 0.001 versus
Perlecan siRNA treated HAECs without rPerlecan.

conditions, such as cardiovascular disease, atherosclerosis,
diabetes mellitus, and hypertension (Chatterjee et al.
2008). The transcriptional activation of the eNOS gene
is stimulated by shear stress (Papapetropoulos et al.
1999), exercise (Sessa et al. 1994), and the action of
lysophosphatidyicholine (Zembowicz et al. 1995) and sev-
eral growth factors, including VEGF (Bouloumie et al.
1999), bFGF, and epidermal growth factor (EGF) (Braam
and Verhaar 2007). Conversely, eNOS expression is
down-regulated by tumor necrosis factor-alpha (TNF-o)
(Nishida et al. 1992), hypoxia (McQuillan et al. 1994),
and high concentrations of low-density lipoprotein (LDL)
(Laufs et al. 1998). eNOS activity at the post-translational
level is regulated by several mechanisms, including inter-
actions with other proteins, acylation, phosphorylation,
and cellular localization (Braam and Verhaar 2007). In
the present study, we demonstrated that perlecan plays a
role in endothelium-dependent vascular relaxation, acting
in part through maintenance of the eNOS expression
levels.

Proliferation of endothelial cells requires multiple
growth factors, including VEGF and FGF-2 (Carmeliet
2000; Iozzo and San Antonio 2001), which elicit their
activities by binding to HSPGs in the vascular wall (Iozzo
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and San Antonio 2001). These growth factors must bind
to MSPGs in the vascular wall in order to function stably
(lozzo and San Antonio 2001). These growth factors also
upregulate eNOS expression (Braam and Verhaar 2007),
therefore it is conceivable that perlecan deficiency results
in reduced binding of growth factors to the vessel wall,
thereby reducing eNOS expression. The expression of
vWF, another marker of endothelial cells, was not affected
by perlecan deficiency in this study, suggesting that the
reduction in eNOS expression is rather specific to perlec-
an deficiency. Perlecan binds to several growth factors,
including VEGF and FGF-2, via its HS chains (Zocller
et al. 2009). Perlecan from endothelial cells and the
recombinant endorepellin protein, a C-terminal fragment
of perlecan, binds to VEGFR-1 and -2, and modulate the
VEGF-VEGFR signaling pathway in endothelial cells (Go-
yal et al. 2011; Ishijima et al. 2012). In this study, we
showed that the depletion of heparan sulfate chains did
not affect the eNOS expression level in HAECs. On the
other hand, the eNOS expression level of HAECs treated
with Perlecan siRNA was restored to the similar level of
Control siRNA in the presence of recombinant perlecan
protein. These results suggest that the decrease in the
eNOS expression level in perlecan knockout aorta is due
to the deficiency of the perlecan core protein. The precise
mechanisms that underlie this reduced eNOS expression
induced by perlecan deficiency remain to be elucidated.
However, this study is the first, to our knowledge, to
show a direct relationship between perlecan deficiency
and a reduction in eNOS mRNA expression.

We previously reported that heterozygous deficiency of
perlecan results in a reduced rate of atherosclerosis in
apoE null mice (Vikramadithyan et al. 2004), suggesting
that perlecan possesses pro-atherosclerotic properties. In
addition, perlecan heparan sulfate (HS) chains promote
atherosclerosis, as the depletion of endogenous perlecan
HS was associated with a reduced frequency of athero-
sclerosis in apoE null mice (Tran-Lundmark et al. 2008),
again suggesting that perlecan is pro-atherosclerotic. In
contrary, our results suggest that the perlecan protein
plays an atheroprotective role by activating the expres-
sion of eNOS during the normal growth process. The
discrepancy in these results may be due to the differ-
ences in the animal models used and the time points of
observation in each study, as the formation of athero-
sclerotic lesions is a chronic process that includes
multiple steps of progression over several weeks. In the
present study, we examined the role of perlecan in
normal growth, not in animals exposed to atherosclerotic
stimuli.

We previously investigated the effects of perlecan dele-
tion on several adult organs in mice, including skeletal
muscle (Xu et al. 2010), corneal epithelial tissues (Inomata
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et al. 2012), endochondral bone formation (Ishijima et al.
2012), and synovial joints in the setting of knee osteoar-
thritis (Kaneko et al. 2013). Taken together, the results
suggested that perlecan plays diverse roles in supporting
tissues and homeostasis of tissue functions. In the present
study, we found that the deletion of perlecan resulted in
endothelial dysfunction, which is a new and rather unex-
pected finding, despite previous reports indicating that
perlecan plays a role in the development of the cardiovas-
cular system (Costell et al. 2002). This finding may indi-
cate a potential cardiovascular risk in patients with
Schwartz—Jampel syndrome, a disease caused by mutations
in the perlecan gene in humans (Nicole et al. 2000; Arika-
wa-Hirasawa et al. 2002; Stum et al. 2006).

In conclusion, we showed that deficiency of perlecan
led to endothelial dysfunction, as represented by a reduc-
tion in endothelium-dependent relaxation, which is
thought to constitute the very early phase of atherosclero-
sis (Vanhoutte 2009). This dysfunction was due, at least
partly, to a reduction in eNOS expression, indicating that
perlecan plays a role in the activation of eNOS gene
expression during normal growth.
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ABSTRACT

BACKGROUND: Mutations of the SCN4A gene cause several skeletal muscle channelopathies and overlapping forms
of these disorders. However, the variability of the clinical presentation in childhood is confusing and not fully
understood among pediatric neurologists. PATIENTS: We found three different mutations (p.V445M, p.I693L, and a
novel mutation, p.V1149L) in SCN4A but not in the CLCN1 gene. The patient with p.V445M showed the clinical
phenotype of sodium channel myotonia, but her clear symptoms did not appear until 11 years of age. Her younger
sister and mother, who have the same mutation, displayed marked intrafamilial phenotypic heterogeneity from
mild to severe painful myotonia with persistent weakness. The patient with p.I693L exhibited various symptoms
that evolved with age, including apneic episodes, tonic muscular contractions during sleep, fluctuating severe
episodic myotonia, and finally episodic paralyses. The patient with the novel p.V1149L mutation exhibited episodic
paralyses starting at 3 years of age, and myotonic discharges were detected at 11 years of age for the first time.
CONCLUSION: The present cohort reveals the complexity, variability, and overlapping nature of the clinical features
of skeletal muscle sodium channelopathies. These are basically treatable disorders, so it is essential to consider
genetic testing before the full development of a patient’s condition.

Keywords: sodium channelopathy, SCN4A, mutation, myotonia, periodic paralysis, electromyography, genetic testing
Pediatr Neurol 2015; m: 1-5
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Introduction

Mutations of the SCN4A gene, which encodes the skeletal
muscle voltage-gated sodium channel Na, 1.4, cause various
skeletal muscle disorders. Paramyotonia congenita, sodium
channel myotonia (SCM), hyperkalemic periodic paralysis
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(hyperPP), and hypokalemic periodic paralysis are repre-
sentatives of these disorders. To date, more than 60 muta-
tions of SCN4A have been reported.” However, these
disorders are not described adequately in the field of
pediatric neurology because of phenotypic heterogeneityf
and the complicated pathophysiology of ion channels."
Recently, electrophysiological protocols for the diagnosis
of muscle channelopathies have became 4p_revalent and
prompted the application of genetic testing.™”

Over the past decade, we encountered five patients with
three underlying genetic bases for their skeletal muscle
sodium channelopathies. They exhibited various phenotypes
because of the different heterozygous point mutations. The
diagnostic process for each patient was difficult because of the
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phenotypic variability in childhood. These patients provide
some clues that will yield a better understanding and diag-
nosis of skeletal muscle sodium channelopathies.

Methods
DNA analysis

We analyzed the nucleotide sequences ol SCN4A and the skeletal
muscle chloride channel CLONT genes of the patients and their parents
with the Sanger method. A CLCN1 mutation causes myotonia congenita,
the phenotype that is often similar to SCM. Written informed consent
was obtained from the parents for the mutation screening. This study
was approved by the ethics committee of Kagoshima University Grad-
uate School of Medical and Dental Sciences.

Electrophysiological analysis

We performed needle electromyography to check for myotonic dis-
charges. Then we analyzed the compound muscle action potential
(CMAP) amplitude in response to a short (10-12 seconds) exercise test
with/without muscle cooling and a long (5-minute) exercise test,
following the protocols proposed by Fournier et al.™

Patient descriptions

Clinical and electrophysiological features of all patients
are summarized in Table 1.

Patient I-1

The proband was a 13-year-old girl who visited us in 2011
with myotonic symptoms. She was delivered by Cesarean
section and showed intellectual disability with speech delay
at 1 year of age. By 3 years of age, she had developed walking
difficulties and was diagnosed with paroxysmal kinesigenic

choreoathetosis, Carbamazepine failed to relieve her symp-
toms. She developed grip and eyelid myotonia at 11 years of
age. Then, molecular genetic analysis revealed no expansion
of the repeat length at the DM1 locus. Her symptoms were
induced by exercise, but she never showed paradoxical
myotonia. Herleg stiffness occurred during the initial 20 m of
a 100-mrun. At 12 years of age, she experienced a respiratory
problem following a difficult extubation after surgery with
general anesthesia and was referred to us for further exam-
ination. She was short in height, with a short neck and
scoliosis. Her 1Q was 57. Percussion of her tongue and palms
easily elicited her myotonia. She exhibited dysarthria
because of her myotonia. Her myotonia occurred not only
immediately after movement initiation, but also with a
delayed onset after a brief rest following long exercise. Her
myotonia showed warm-up phenomenon and cold insensi-
tivity. Cold temperature was a precipitating factor for her
myotonia, along with fatigue, lack of sleep, and emotional
stress. Her muscle consistency was increased, and her
extremities and buttocks were hypertrophic. Serum creatine
kinase and electrolytes were normal, Needle electromyog-
raphy revealed myotonic discharges. CMAP amplitude did
not change during short and long exercise tests. DNA
sequencing revealed a ¢.1333G>A (p.V445M) mutation in
SCN4A but not in the CLCN1T gene. Her younger sister (patient
1-2) and her mother (patient I-3) also showed myotonia, the
severity of which was remarkably different. An identical
mutation was found in both the mother and sister. All three
patients in this family were diagnosed with SCM.

Patient I-2

This is the younger sister of the proband. This patient has
autism, and her myotonia was the mildest of the three

TABLE 1.
Clinical and Electrophysiological Features of the Five Patients
Patient I-1 -2 1-3 1l 1
SCN4A mutation p.v445 M p.vV445 M p.v445 M p.l693 L p.V1149 L
Diagnosis SCM SCM SCM SCM with PP HyperPP with myotonia
Gender F F F M M
Age at onset 3 years 2 years 3 years 7 days 3 years
Age at diagnosis 14 years 12 years 41 years 7 years 12 years
Clinical myotonia + + + + -
Severity Moderate Mild Severe Mild to severe, fluctuating /
Warm-up + - + - /
Paradoxical myotonia - - - - /
Cold sensitivity - - - - /
Delayed myotonia + - -+ - /
Painful myotonia - - + + /
Episodic weakness - - - + +
Persistent weakness - - + + -
Muscle hypertrophy + - -+ -+ -
Muscle atrophy - - + + -
Potassium sensitivity / / / / -
Myotonic discharge + / / + +
Short exercise test No change / / No change No change
Long exercise test No change / / No change Initial increase
Delayed decrease
Fournier pattern [-V 11 / / 11 Unclassified

Abbreviations:
/ Not examined, or not applicable

HyperPP = Hyperkalemic periodic paralysis
PP = Periodic paralysis
SCM = Sodium channel myotonia
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affected family members and she sometimes would go full
days without any myotonia. Electrophysiological analysis
was impossible because of her intellectual disability.
Myotonia occurred just after initiation of movement, and
dysarthria was only observed upon speech initiation.
Myotonia could be induced by percussion of tongue and
thumbs. Cold and sleep deprivation were precipitating
factors. Mexiletine was partially effective for her myotonia.

Patient I-3

This is the mother of proband. She suffered from severe
myotonia with pain and was the most severe case in her
family. External ocular muscles and swallowing muscles
were involved. During her pregnancies, she used a wheel-
chair because of exacerbation of myotonia. She gradually
developed muscle atrophy in her distal extremities. Severe
pain was reported in the left hand and right soleus. Manual
muscle testing revealed weakness in all tested muscles.
Various drugs, including mexiletine, acetazolamide, and
phenytoin, failed to ameliorate her symptoms.

Patient I

This is a 13-year-old boy harboring the SCN4A mutation
€.2077A>C (p.I693L) whom we reported in 2012.° Seven
days after birth, he experienced apneic episodes with
generalized muscle stiffness while crying. He often exhibi-
ted tonic muscle contraction of the extremities during sleep
starting at 11 months of age. At 2 years of age, severe
episodic myotonia with daily fluctuation began. After age 7,
he began to suffer from paralytic episodes several times per
year. Episodic weakness lasted from hours to several days
with loss of muscle consistency in both thighs. He also had
several physical characteristics resembling Schwartz-
Jampel syndrome.” But causative HSPG2 gene analysis and
immunohistochemical staining of perlecan in biopsied
muscle, which is encoded by HSPG2, were normal. Func-
tional analyses of p.I693L mutated Nav1.4 heterologously
expressed in vitro revealed enhanced activation and
disruption of slow inactivation, which were consistent with
an overlapping form of SCM and periodic paralysis. Acet-
azolamide, mexiletine, and phenytoin had some beneficial
effects on his severe episodic myotonia.

Patient III

This 14-year-old boy was 9 years old when he was
referred to us for paralytic episodes. His mother had had
two episodes of sudden paralysis of the extremities
accompanied by elevated serum creatine kinase during her
pregnancies. His perinatal and developmental history was
normal. At 3 years of age, paralysis of extremities suddenly
appeared on the morning of the day following a febrile
episode. Then, elevated serum creatine kinase and normal
potassium levels suggested normokalemic periodic paraly-
sis, His paralytic episode resolved within a week without
residual muscle weakness. At age 9, he suffered from sud-
den, painful muscle paralysis of the extremities after a
soccer game. His creatine kinase level was transiently
elevated to 3685 U/L. At a later date, physical and neuro-
logical examinations, including electrophysiological tests,

glucose plus insulin or potassium loading tests, were all
normal. At age 11, reexamination via needle electromyog-
raphy revealed weak myotonic discharges. Therefore, we
retried all the examinations. The short exercise test revealed
no change in CMAP amplitude. However, during the long
exercise test, an early increase (22.7%) and delayed decrease
in CMAP amplitude after 5 minutes of isometric exercise
were observed. DNA sequence analysis revealed a novel
heterozygous mutation of ¢.3445G>T (p.V1149L) in SCN4A.
This mutation was also detected in his mother. His final
diagnosis was hyperPP with myotonia. His paralytic symp-
toms disappeared completely upon administration of
carbamazepine.

Discussion

Myotonia is the cardinal symptom in paramyotonia
congenita, SCM, and the overlapping forms of paramyotonia
congemta and hyperPP (paramyotonia congenita/
hyperPP).” But myotonia is limited or absent in hyperPP and
essentially absent in hypokalemic periodic paralysis.” The
overlapping forms of sodium channelopathies are not
unheard of, whereas paramyotonia congenita/hyperPP is
relatively common.”'¥ As for normokalemic periodic
paralysis, which was initially suggested in patient I1I, it has
been argued that normokalemic periodic paralysis is iden-
tical to hyperPP, because the underlying mutations of nor-
mokalemic periodic paralysis are the same as for
hyperPP.”*! Moreover, hypotonia, stridor, and laryngospasm
among neonates were found to be the symptoms of sodium
channelopathies by genetic testing.'>"'* Skeletal muscle
sodium channelopathies are basically treatable disorders,
but can be fatal, as in patient II, who experienced a life-
threatening episode at 7 days after birth. Thus, early diag-
nosis may improve the outcome of affected neonates.
Clinical and electrophysiological characteristics of skeletal
muscle sodium and ch]orlde channel myotonia are sum-
marized in Table 215510

In our experience, the difficulty with the clinical diag-
nosis of skeletal muscle sodium channelopathy lies in the
phenotypic variability during a patient’s development. It
took quite some time to arrive at a definitive diagnosis in
patients I-1 and Il because clear symptoms did not appear
until 11 years of age. The grip and eyelid myotonias of
patient I-1 appeared at 11 years of age, which easily sug-
gested myotonic disorders. The subclinical myotonia of
patient 1Il was suddenly detected as myotonic discharges at
age 11, which strongly suggested hyperPP.” Patient Il was an
uncommon case with resemblance to Schwartz-Jampel
syndrome. We originally excluded Schwartz-Jampel syn-
drome by immunohistochemical and genetic analyses;
thereafter, the exploration of pathogenesis was directed to
sodium channel myotonias.

The electrophysiological protocols published by Fournier
et al. are useful.*” These authors investigated the relation-
ship between electromyographic findings and specific
channel protein mutations and identified five different
electromyographic patterns that correspond to the sub-
groups of mutations and clinical categories of muscle
channelopathy.

Electrophysiological analysis of patients I-1, II, and III,
and all patients showed myotonic discharges. Flat patterns
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TABLE 2.

Clinical and Electrophysiological Characteristics of Skeletal Muscle Sodium and Chloride Channel Myotonias
Disorder RMC DMC SCM PMC HyperPP/PMC HyperPP
Gene mutation CLCN1 CLCN1 SCN4A SCN4A SCN4A SCN4A
Age at onset (years) <10, late <10, early <10 <10, early <10 <10
Clinical myotonia + + 4 - - +/-
Severity Moderate to severe Mild to moderate  Mild to severe Mild to moderate  Mild to severe Mild
Warm up e + - - - +
Paradoxical myotonia - - - - + /-
Cold sensitivity )= +f- o= + + +/-
Delayed myotonia - - [~ - - .
Painful myotonia oo - /- - - -
Episodic weakness = - - + e o+
Persistent weakness /- - - - - +/-
Muscle hypertrophy -+ - + /- ] +}- -
Muscle atrophy - +[- - - - -
Potassium sensitivity - - -+ +/- + -
Myotonic discharge 4 + o+ - - +/-
Short exercise test Initial decrease No change or No change Decrease Increase Increase

initial decrease .

Long exercise test No change or No change or No change Decrease Changes similar to PMC Initial increase

initial decrease initial decrease

or SCM or hyperPP Delayed decrease
1 / \%

Fournier pattern I-V 1 iy 1
Abbreviations:
4~ = Plus or minus
DMC = Dominant myotonia congenita (Thomsen disease)
HyperPP = Hyperkalemic periodic paralysis
HyperPP/PMC = Overlapping form of hyperkalemic periodic paralysis and paramyotonia congenita
PMC = Paramyotonia congenita
RMC = Recessive myotonia congenita (Becker discase)
SCM = Sodium channel myotonia

+ Data from reference 14,
* Data from reference 15.

of CMAP amplitude in both short and long exercise tests
were observed in patients I-1 and II, which corresponded to
Fournier pattern Il and suggested SCM for both patients.
Although patient IlI was not classified into any Fournier
patterns because of the conflict of the flat pattern in the
short exercise test and the initial increase and delayed
decrease pattern in the long exercise test. However, SCM or
hyperPP was suggested for this patient. In addition to
delayed myotonia, patient I-1 had myotonia immediately
after movement initiation, which showed warm-up phe-
nomenon and cold insensitivity. This type of myotonia is
usually observed after rest in chloride channel myotonia
(i.e., myotonia congenita caused by CLCN1). For this reason,
CLCN1 should be considered another candidate gene for
mutation analysis in such a case. Nevertheless, this elec-
trophysiological analysis can only be performed on children
who are willing to be cooperative during the examination.

We also illustrated the location of the mutations asso-
ciated with skeletal muscle sodium channelopathies and
the three mutations of our patients on a schematic diagram
of the o-subunit of Na,1.4 (Figure)."” From this diagram, it is
clear that mutations are abundant at the inner side of the
sarcoplasmic membrane, and several hotspots were
observed that corresponded to the disorders.

In a previous report,'® the patients with p.V445M
exhibited severe painful myotonias, especially in the chest.
The region of pain was different from that in the present
cohort: patient I-3 had pain in the extremities, whereas the
myotonias of patient I-1 and [-2 were painless. Patient I-3's
muscle atrophy and persistent weakness are signs that are
rarely observed in SCM. It is unclear whether her muscle

weakness resulted from severe myotonia or age-dependent
myopathy. However, the family of patient 1 exhibited sig-
nificant intrafamilial phenotypic heterogeneity and pro-
vided a key to understand the complexity of sodium
channelopathy.

a-subunit of Na 1.4

HN

Patient I
¢ 2077A>C pl6ao3L
SCM with PP

S pMe

® SCM
Patient I-1, 1-2 and I-3 Patient 11 © HyperPP
133368 p.V4ISM ©3445GHT p.V149L © HypoPP
SCM HyperPP with myotonia © NommoPP

FIGURE.

Schematic representation of the ¢-subunit of Na,1.4 showing the location
of the mutations associated with paramyotonia congenita, sodium channel
myotonia, hyperkalemic periodic paralysis, hypokalemic periodic paralysis,
and normokalemic periodic paralysis'~ in addition to p.v445M, p.I693L,
and p.V1149L of our patients. HyperPP = hyperkalemic periodic paralysis;
hypoPP = hypokalemic periodic paralysis; normoPP = normokalemic
periodic paralysis; PMC = paramyotonia congenita; PP = periodic
paralysisSCM = sodium channel myotonia.
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Concerning p.I693L of patient II, another substitution at
the same site (p.1693T) has already been reported and could
generate various phenotypes, including cold-induced
weakness w1th0ut stiffness,’” rnuscle stiffness and episodic
weakness neonatal hypotonia,”“ paramyotonia con-
genita,”® and hyperPP."’ Patient Il was diagnosed with SCM
with periodic paralysis.

Although p.V1149L in patient IIl was a novel mutation, it
was located in a highly conserved mutation hotspot region.
This mutation was absent in the Single Nucleotide Poly-
morphism database or 1000 Genomes Project database and
was not found in 200 control DNA samples. Moreover, it was
predicted to be possibly damaging and deleterious in Poly-
Phen2 and SIFT, respectively. In addition, this patient’s mother,
who harbors the same mutation, also experienced prolonged
paralytic attacks twice during her pregnancies. Taken together,
this mutation was considered to be causative in this family.

Our experience highlights the complexity, variability,
and overlapping nature of the clinical features of several
skeletal muscle sodium channelopathies. A definite diag-
nosis is necessary if physicians are to alleviate symptoms or
even to save lives. A genetic study based on careful clinical
examination and accurate electromyography tests is rec-
ommended. Special attention should also be paid to the
evolution of clinical phenotypes. We hope our experiences
will help pediatric neurologists better understand this
group of disorders.

This study was supported in part by an Intramural Research Grant on the Nervous
and Mental Disorders of NCNP (26-08) and a Research Grant for Intractable Disease
(H26-079) and the Research Committee for Applying Health and Technology of the
Ministry of Health, Welfare and Labor of Japan.
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