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Clinically, CFTD patients show generalized muscle hypotonia and weak-
ness from infancy, multiple joint contractures, scoliosis, long thin face,
and high arched palate. Approximately 30% of individuals with CFTD
have mild-to-severe respiratory involvement. Cardiac involvement is
seen in less than 10% of affected individuals [6,7]. Six causative genes
for CFTD have been identified: ACTAT [8], TPM3 [9], RYR1 [10], TPM2
[11], MYH7 [12] and SEPNI [13] encoding w«-skeletal actin, o-
tropomyosin slow, ryanodine receptor type 1, 3-tropomyosin, slow [>-
myosin heavy chain and selenoprotein N1, respectively.

In this study, we genetically screened CFTD patients for mutations in
LMNA. We also re-evaluated clinical and pathological findings in pa-
tients previously diagnosed as having LMNA-myopathy to ascertain
whether these patients have features similar to those of CFID.

2. Materials and methods

All clinical materials used in this study were obtained for diagnostic
purposes with written informed consent. This work was approved by
the Ethics Committee of the National Center of Neurology and Psychia-
try (NCNP).

2.1. Patients

We examined 80 unrelated muscle biopsies from the NCNP muscle
repository. All specimens were from patients who had been diagnosed
as having CFTD based on pathological findings as well as clinical fea-
tures. All cases satisfied the pathological criteria for CFTD; mean type
1 fiber diameter is at least 12% smaller than the mean type 2 fiber diam-
eter, with no structural abnormalities such as nemaline bodies, cores,
and increased number of fibers with internal nuclei. In addition, we
re-evaluated muscle pathology findings from 23 unrelated patients
who had previously been diagnosed as having LMNA-myopathy. We

chose genetically confirmed CFTD patients including 7 with ACTAT mu-
tation and 2 with TPM3 mutation for comparison of clinicopathological
features. Clinically, all of the patients including in this study had muscle
weakness and/or hypotonia from the preschool years (onset age;
<6 years).

2.2. Mutation analysis

Genomic DNA was extracted from peripheral lymphocytes or frozen
muscle specimens using standard techniques. For mutation screening of
LMNA, ACTAT and TPM3, all exons and their flanking intronic regions
were amplified by PCR and directly sequenced using an ABI PRISM
3100 automated sequencer (PE Applied Biosystems, Foster City, CA).
Primer sequences are available on request.

2.3. Histochemical analysis of biopsied muscles

Biopsied skeletal muscles were frozen with isopentane cooled in lig-
uid nitrogen. Serial frozen sections, 10 pm in thickness, were stained
employing histochemical methods including hematoxylin and eosin
(H&E), modified Gomori-trichrome (mGT), NADH-tetrazolium reduc-
tase (NADH-TR), and ATPases (pH 10.6, pH 4.6 and pH 4.3). For each
muscle specimen, the mean fiber diameter was calculated by obtaining
the shortest anteroposterior diameters of 100 type 1 and type 2 (A + B)
fibers each using ATPase stains. Fiber size disproportion (FSD) was com-
puted as; difference between type 2 fiber diameter (mean) and type 1
fiber diameter (mean) divided by type 2 fiber diameter (mean) x 100%.
To obtain muscle fiber size information for age-matched controls, a total
of 18 muscle specimens with minimal pathological changes from each
age were examined.

Fig. 1. Muscle biopsy from Patient 1 taken at age 4 years. (A) H&E stain shows marked variation in fiber size with neither fiber necrosis nor regeneration. (B) No nemaline bodies or cy-
toplasmic inclusions are revealed by mGT stain. On NADH-TR, intermyofibrillar networks are well organized. (D) On ATPase (pH 4.6), type 2A (A) and 2B (B) fibers are larger than type 1

(1) fibers. Bar = 50 pm.
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Table 1
Histological features of LMNA-myopathy patients with FTD, CFTD patients with ACTAT and TPM3 mutations.
Patient Muscle Age at Biopsy Type 1 Type 2A Type 2B Type 2C %FSD  Mutation
No. Biopsied % MeanDiameter SD %  MeanDiameter SD %  Mean Diameter SD
(1M) (1M) (HM)
LMNA mutation
1 Biceps 4y 52 165 50 30 391 53 18 3741 75 0 57 ¢367._369del AAG (p.K123del)
2 Quadriceps 2y 48 208 37 33 241 42 19 238 48 0 13 €99_101delGGA (p.E33del)
3 NA 2y 38 286 7.7 50 363 44 7 313 105 5 15 ¢.1583C>A (p.T528K)
4 Biceps 4y 32 221 59 52 312 52 15 282 53 1 25 c.1357C>T (p.R453W)
5 Biceps 4y 56 216 56 32 400 58 10 340 84 2 42 ¢.1357C>T (p.R453W)
6 Biceps 5y 60 275 74 28 332 79 8 298 63 4 15 ¢.907T>C (p.S303P)
ACTAT mutation
1 Biceps 4y 73 145 37 26 178 37 1 - - 0 18 C16G>A (p.E6K)
2 Quadriceps  Oy6m 60 119 31 10 180 28 20 188 28 10 35 ¢.143G>T (p.G48C)
3 Quadriceps  Oy7m 60 6.8 1.6 29 115 21 3 - - 8 44 c.143G>T (p.G48C)
4 NA Oyim 52 56 1.5 28 144 20 12 10 28 8 57 ¢.668 T>C (p.L223P)
5 Biceps 10y 70 119 23 27 172 32 2 - - 1 31 ¢.682G>C (p.E228Q)
6 Biceps Oy9m 62 105 28 23 172 28 10 188 28 5 42 c981T>A (p.M326K)
7 Biceps Oy10m 72 120 1.8 22 195 35 3 - - 3 36 ¢.1000C>T (p.P332S)
TPM3 mutation
1 Biceps Oy5m 56 9.0 24 44 244 32 0 - - 0 63 ¢502C>T (p.R168C)
2 Biceps Oy6m 58 97 20 20 179 25 16 171 24 6 45 ¢.502C>T (p.R168C)
SD = standard deviation; NA = data not available; dash = not applicable.
2.4. Electron microscopic observation 1.5% lanthanum nitrate, and 0.2 M s-collidine for 2-3 h, samples were

embedded in epoxy resin. Semi-thin sections (1 um-thickness) were
Muscle specimens were fixed with 2% glutaraldehyde in 0.1 M stained with toluidine blue. Ultrathin sections, 50 nm in thickness,
cacodylate buffer. After shaking with a mixture of 4% osmium tetroxide, were stained with uranyl acetate and lead citrate, and then examined
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Fig. 2. Composition of mean muscle fiber diameter in each patient. (A) Mean diameters of type 1 fibers, (B) Mean diameters of type 2 fibers, Filled squares represent LMNA-myopathy with
FTD, open triangles show CFTD with ACTA! or TPM3 mutations, and the solid line indicates the mean fiber diameter of age-matched controls for children at various ages taken from biopsies
classified as normal. CFTD with ACTAT and TPM3 mutations show type 1 fiber atrophy whereas LMNA-myopathy with FTD shows type 2 fiber hypertrophy.
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Table 2
Clinical and pathological summary of LMNA-myopathy patients with FTD,
Patient Sex Age at Age at  Pathological Age at walk  Hypotonia High Respiratory  Cardiac Other presenting CK( FsSD
No " Diagnosis biopsy  diagnose (mo) arched palate involvement symptoms signs/Symptoms IUL) (%)
(yr) (yr) (age/yr)
1 M 16 4 CFTD 12 Yes No No AV-b, ICRBBB (16 yr)  Joint contractures (4) 330 57
2 M 4 2 CFID 14 Yes No No No Joint contractures (2) 367 13
Dropped head (4) Rigid spine (4)
3 M 10 2 MD 15 Yes No No No Joint contractures (2) 1098 15
Rigid spine (8)
4 F 4 4 MD 12 Yes No No No No 1408 25
5 F 13 4 MD 14 No No No No Lordosis (4) 1985 42
' Joint contracture {6)
Rigid spine (10)
6 F 5 5 MD 18 No No No No No 303 15

MD; muscular dystrophy, AV-b; atrioventricular block, IRBBB; incomplete right bundle-branch block, PAF; paroxysmal atrial fibrillation.
Patients 1 and 2 were initially diagnosed as having CFTD. Patients 3 to 7 were genetically confirmed to have LMNA-myopathy with FID. None of the patients had a high arched palate and/

or respiratory involvement. Serum creatine kinase (CK) was mildly elevated in all patients.

under a tecnai spirit transmission electron microscope (FEI Japan) at
120 kV.

2.5. Statistical analysis

All data are presented as means -+ SD. Comparisons among groups
were made using Student's ¢ test and analysis of variance (ANOVA). A
difference was considered to be statistically significant at a p value less
than 0.05.

3. Results
3.1. Mutation analysis

Among the 80 unrelated patients who were diagnosed as having
CFTD based on clinical and pathological findings, a heterozygous
LMNA mutation was identified in two; a previously reported
¢.367_369delAAG (p.Lys123del) in Patient 1 and a novel ¢.99_101delGGA
(p.Glu33del) in Patient 2 [14]. ACTAI mutations found in the 7 CFTD pa-
tients were ¢.16G>A (p.Glu6lys), c.142G>T (p.Gly48Cys), c.668T>C
(p.Leu223Pro), c.682G>C (p.Glu228GlIn), c.980T>A (p.Met327Lys), and
¢.1000C>T (p.Pro334Ser). Two CFTD patients had the same heterozygous
¢.502C>T (p.Arg168Cys) mutation in TPM3. The novel mutations of LMNA
¢.99_101delGGA (p.Glu33del) and ACTAT c.980T>A (p.Met327Lys), were
not found in either 100 Japanese control chromosomes or the dbSNP and
1000 Genomes databases.

3.2. Histological findings

Histologically, type 1 fiber predominance (more than 55% of type 1
fibers) and type 2B fiber deficiency (less than 5% of type 2B fibers)
were observed in 61% and 28%, respectively, of our 80 CFTD cohort.
These results are consistent with those of a previous report [7].

Two patients with LMNA mutations showed a marked difference in
the sizes of type 1 and type 2 fibers, resulting in FSD of 57% and 13%, re-
spectively (Fig. 1). Neither type 1 fiber predominance nor type 2B fiber
deficiency was seen (Table 1).

Re-evaluation of genetically confirmed LMNA-myopathy revealed
that 4 of 23 patients (17%) had fiber type disproportion (FTD). Their
FSD was ranged from 15 to 42%. All 4 patients with FTD also showed
some necrotic and/or regenerating fibers in their muscle biopsy and
had a diagnosed of muscular dystrophy. These 4 patients with FTD
had 3 different mutations. Two mutations of ¢.1583C>A (p.Thr528Lys)
and ¢.1357C>T (p.Arg453Trp) have already been reported [15,16],
whereas the ¢.907 T>C (p.Ser303Pro) mutation was not reported previ-
ously. These mutations were distributed in both central rod and tail do-
mains, but not in the head domain (Table 1).

To clarify whether LMNA-myopathy patients with FTD have specific
pathological findings different from those affecting CFTD muscles with
known gene mutations, we carefully re-evaluated the muscle patholo-
gies of the 6 LMNA-myopathy patients with FTD, 7 CFTD patients with
ACTAT mutations, and 2 CFTD patients with TPM3 mutations. FSD in
LMNA-myopathy with FID, and in CFTD with ACTAT and TPM3 muta-
tions were calculated to be 27.8 4 17.9% (mean =+ SD), 37.7 £ 12.1%,
and 54.1 + 13.1%, respectively. No significant differences were seen in
FSD among the 3 groups. We also compared fiber sizes among LMNA-
myopathy with FTD, CFTD with ACTAT or TPM3 mutations and age-
matched controls. Surprisingly, CFTD with ACTAT and TPM3 mutations
showed type 1 fiber atrophy, whereas LMNA-myopathy with FTD
showed type 2 fiber hypertrophy with lack of type 1 fiber atrophy
(Fig. 2).

In this study, type 1 fiber predominance was seen in 86% of CFTD pa-
tients with ACTAT mutations and in 100% of those with TPM3 mutations,
but in only 33% of LMNA-myopathy patients with FTD. The percentage
of type 1 fibers in LMNA-myopathy was calculated to be 44.6 4 12.8
(mean = SD), which was significantly lower than that in CFTD with
ACTA1 mutations (64.1 4 7.1%) and that with TPM3 mutations (57.0 +
1.4%) (p <0.05). Type 2B fiber deficiency was not seen in LMNA-
myopathy with FTD (Tables 1, 3), whereas 4 of 7 (57%) patients with
ACTAT mutations and one (50%) with TPM3 mutation showed type 2B
fiber deficiency.

On electron microscopic (EM) observations, nuclear changes are im-
portant pathological findings in skeletal muscles of LMNA-myopathy
[4]. We examined the nuclear changes in Patients 2, 4 and 5 on EM,
and found a few myonuclei showing abnormal shapes and chromatin
disorganization (Fig. 3). Smaller nuclei arranged in a row, giving the ap-
pearance of a ‘nuclear chain’, were also seen (data not shown). Howev-
er, nuclear abnormalities in patients who had LMNA-myopathy with

Table 3 .
Comparison of clinical and pathological information between LMNA-myopathy with FTD
and CFTD with ACTAT and TPM3 mutations.

Gene mutation LMNA ACTAT PM3
Number of patients 6 7 2

Onset Infantile at birth <2 months
Hypotonia 67% (4/6) 100% (7/7) 100% (2/2)
High arched palate 0% (0/6) 57% (4/7) 50% (1/2)
Respiratory involvement 0% (0/6) 57% (4/7) 0% (0/2)
Joint contracture 67% (4/6) 14% (1/7) 0% (0/2)
CK level (IU/L) 963 + 662 53+ 15 42 + 16
Type 1 fiber predominance 33% (2/6) 86% (6/7) 100% (2/2)
Type 2B fiber deficiency 0% (0/6) 57% (4/7) 50% (1/2)

Type 1 fiber predominance and absence of type 2B fibers were common in CFTD caused by
ACTAT or TMP3 mutations. Type 2B fiber deficiency was not seen in LMNA-myopathy with
FTD. Serum creatine kinase (CK) levels were significantly higher in LMNA-myopathy than
in CFTD with ACTAT and TPM3 mutations (p < 0.05).
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Fig. 3. Myonuclear shape changes in patient 2. Nuclear contours are irregular with a serpentine appearance. Bar = 1 um.

FTD were milder and less frequent than previously reported for AD-
EDMD and LGMD1B muscles [4].

3.3. Clinical findings

Table 2 summarizes the characteristics of the 6 LMNA-myopathy pa-
tients with FTD. Patients 1 and 2 were initially diagnosed as having
CFTD, and the 4 remaining patients (patients 3 to 6) showed FTD to-
gether with dystrophic changes on muscle pathology. All patients had
normal antenatal courses and uneventful births. All patients had started
walking without delay, but showed a waddling gait and muscle weak-
ness and/or hypotonia from the preschool years. None had a high
arched palate or respiratory dysfunction. Four of the 6 (67%) patients
had contractures of the ankles and/or elbows which had not been pres-
ent at birth but appeared with age. Serum creatine kinase (CK) was
mildly elevated in all patients.

Sixteen of the 78 (21%) CFTD patients with unknown cause had high
CK levels (>200 IU/1), and four of these 16 showed a high arched palate
and respiratory involvement.

4, Discussion

FTD can be seen in a single muscle biopsy from patients with several
diseases including congenital myotonic dystrophy and centronuclear
myopathy [17-20]. Here we identified 2 LMNA-myopathy among pa-
tients diagnosed as CFTD. We also found FTD in 17% of muscular dystro-
phy patients with LMNA mutations. These results suggest that FTD may
not be rare in LMNA-myopathy. None of these patients had either a high
arched palate or respiratory insufficiency, and serum CK levels were
mildly elevated. Pathologically, FTD in LMNA-myopathy is assaciated
with type 2 fiber hypertrophy with lack of type 1 fiber atrophy, whereas
type 1 fiber atrophy is seen in CFTD with ACTA1 or TPM3 mutations. Un-
like CFTD due to ACTA1 or TPM3 mutations, type 1 fiber predominance
and type 2B fiber deficiency are absent in LMNA-myopathy. These re-
sults suggest that LMNA analysis should be performed in CFTD patients
who has the clinical features such as no high arched palate, no respira-
tory insufficiency and high CKemia, and has pathological features such
as type 2 fiber hypertrophy and lack of type 1 fiber atrophy, type 1
fiber predominance, and type 2B fiber deficiency. )

LMNA-myopathy is categorized as muscular dystrophy, and mild ne-
crotic and regenerating processes are usually seen. However, no dystro-
phic features can be seen as reported herein. Higher CK levels raise the
possibility of LMNA-myopathy being dystrophic in nature. On the other
hand, in our series, 16 of the 78 (21%) CFTD patients with unknown
cause had high CKemia. This result suggests a difficulty in making a dif-
ferential diagnosis between congenital myopathy and muscular dystro-
phy in some cases.

Clinically, respiratory insufficiency is common, reportedly being
seen in 30% of CFTD patients [7], and in 73% of L-CMD patients [4]. How-
ever, 2 CFTD patients with LMNA mutations in this study showed no re-
spiratory involvement. Furthermore, in CFTD associated with LMNA

mutations, FTD is the only pathological abnormality, while prominent
dystrophic and/or inflammatory changes are seen in L-CMD. There re-
sults suggest that CFID is the milder form of early onset LMNA-
myopathy.
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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 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

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 heterogenelty
and the complicated pathophysiology of ion channels."?
Recently, electrophysiological protocols for the dlagnosw
of muscle channelopathies have became Feva lent and
prompted the application of genetic testing.

Over the past decade, we experienced five patients with
three underlying genetic bases for their skeletal muscle
sodium channelopathies. They exhibited various pheno-
types because of the different heterozygous point mutations.
The diagnostic process for each patient was difficult

FLA 5.2.0 DTD m PNU8580_proof m 10 February 2015 m 11:50 pm M ce

- 166 -



2 H. Yoshinaga et al. / Pediatric Neurology xxx (2015) 1-5

because of the phenotypic variability in childhood. These
patients provide some clues that will yield a better under-
standing and diagnosis of skeletal muscle sodium
channelopathies.

Methods
DNA analysis

We analyzed the nucleotide sequences of SCN4A and the skeletal
muscle chloride channel CLCNT 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. Her leg stiffness occurred during the initial 20 m of
a100-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 IQ 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 notin the CLCN1 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 -3 11 11
SCN4A mutation p.v445 M - pV445 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 / / I Unclassified

Abbreviations:

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 -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 1l

This patient is a 13-year-old boy harboring the SCN4A
mutatlon €.2077A>C (p.1693L) and who we reported on in
2012.5 At 7 days after birth, he experienced apnelc episodes
with generalized muscle stiffness while crying. He often
exhibited tonic muscle contraction of the extremities. dur-
ing sleep starting at 11 months of age. At 2 years of age,
severe episodic myotonia with daily fluctuation began. After
age 7, he started to suffer from paralytic episodes several
times a 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 Il

This 14-year-old boy was age 9 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 paralysis. His
paralytic episode resolved within a week without residual
muscle weakness. At age 9, he suffered from sudden, 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 neurologic examinations,
including electrophysiological tests, glucose plus insulin or

potassium loading tests, were all normal. At age 11, reex-
amination via needle electromyography revealed weak
myotonic discharges. Therefore, we retried all the exami-
nations. 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 symptoms 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 weak or absent in hyperPP and
essentially absent in hypokalemic periodic paralysis.” The
overlapping forms of sodium channelopathies are not
unheard of, whereas garamyotonia congenita/hyperPP is
relatively common.”!” As for normokalemic periodic
paralysis, which was suggested in patient Il at disease
onset, it has been argued that normokalemic periodic
paralysis is identical to hyperPP, because the underlying
mutations of normokalemtc periodic paralysis are the same
as for hyperPP.”!! Moreover, hypotonia, stridor, and lar-
yngospasm among neonates were found to be the symp-
toms of sodium channelopathies by genetic testing.!*"'4
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 diagnosis is essential to ensure good outcomes
of affected neonates. Clinical and electrophysiological
characteristics of skeletal muscle sodium and chloride
channel myotonia are summarized in Table 2.128-10.15

In our experience, the difficulty in clinical diagnosis of
skeletal muscle sodium channelopathy lies in the pheno-
typic 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 Il was suddenly detected as myotomc 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.

We would like to refer to usefulness of the electrophys-
iological protocols published by Fournier et al*® They
investigated the relationship between electromyographic
findings and specific channel protein mutations and iden-
tified five different electromyographic patterns that corre-
spond to the subgroups of mutations and clinical categories
of muscle channelopathy.

Electrophysiological analysis was performed on patients
[-1, II, and 1II, and all patients showed myotonic discharges.
Flat patterns of CMAP amplitude in both short and long
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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 + + + + + +-
Severity Moderate to severe Mild to moderate Mild to severe Mild to moderate Mild to severe Mild
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 [nitial decrease No change or No change Decrease Increase” Increase

initial decrease

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

Fournier pattern [-V

initial decrease
11

initial decrease
1y

it

Decrease

I

or SCM or hyperPP!
/

Delayed decrease
\%

Abbreviations:

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 disease)

SCM = Sodium channel myotonia

= Data from reference 14.
t Data from reference 15.

exercise tests were observed in patients I-1 and II, which
corresponded to Fournier pattern IIl and suggested SCM for
both patients. Although patient Il 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 a-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

significant intrafamilial phenotypic heterogeneity and
provided a key to understand the complexity of sodium
channelopathy.

Concerning p.I693L of patient II, another substitution at
the same site (p.I693T) has already been reported and could

a-subunit of Na 1.4

I i 1 I\%

HN

Patient I

2077A>C pl693L
SCM with PP S PMC
® scM
Patient I-1, 1-2 and 1-3 Patient 11l @ HyperPP
¢.1333G>A p.VA4SM ¢3445G>T p.VII4IL © HypoPP
sCM HyperPP with myotonia © NommoPP

FIGURE.

Schematic representation of the u-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.1693L,
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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generate various phenotyPeS, including cold-induced
weakness without stiffness,'” muscle 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 Pol-
yPhen2 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 causa-
tive in this family.

Herein, we have highlighted the complexity, variability,
and overlapping nature of the clinical features of several
skeletal muscle sodium channelopathies. A definite diag-
nosis is necessary for physicians 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 and a Research Grant for Intractable Disease and the
Research Committee for Applying Health and Technology of the Ministry of Health,
Welfare and Labor of Japan.
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Abstract  In the adult subventricular zone (neurogenic niche), neural stem cells double-positive for two markers of subsets of
neural stem cells in the adult central nervous system, glial fibrillary acidic protein and CD133, lie in proximity to fractones and
to blood vessel basement membranes, which contain the heparan sulfate proteoglycan perlecan. Here, we demonstrate that
perlecan deficiency reduces the number of both GFAP/CD133-positive neural stem cells in the subventricular zone and new
neurons integrating into the olfactory bulb. We also show that FGF-2 treatment induces the expression of cyclin D2 through the
activation of the Akt and Erk1/2 pathways and promotes neurosphere formation in vitro. However, in the absence of perlecan,
FGF-2 fails to promote neurosphere formation. These results suggest that perlecan is a component of the neurogenic niche that
regulates FGF-2 signaling and acts by promoting neural stem cell self-renewal and neurogenesis.
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Introduction

In the adult mouse brain, neurogenesis occurs continuously in
at least two regions: the subventricular zone (SVZ) of the
lateral ventricle (Altman, 1963, 1969; Doetsch et al., 1997) and
the subgranular zone of the hippocampal dentate gyrus (Seki
and Arai, 1993; Eriksson et al., 1998). In the adult SVZ, subsets
of glial fibrillary acidic protein positive (GFAP*) cells (type B
cells) function as quiescent neural stem cells (Doetsch et al.,
1999), although a portion of these cells are slowly dividing at
any given time. These quiescent cells qualify as being activated
when they begin to co-express the epidermal growth factor
receptor (EGF-R) and come into contact with the ventricle
(Pastrana et al., 2009). Then, they give rise to rapidly
proliferating cells called “transit-amplifying cells” (type C
cells), which stop expressing GFAP but still express EGF-R. The
cells then differentiate into doublecortin (DCX)-expressing
neurablasts (type A cells) that migrate along the rostral
migratory stream (RMS) towards the olfactory bulb (Lois and
Alvarez-Buylla, 1994; Petreanu and Alvarez-Buylla, 2002).
They finally integrate into both the granule cell layer (GCL)
and glomerular layer (GL) of the olfactory bulb, where they
express mature neuronal markers, such as NeuN (Winner et al.,
2002).

The early signaling cues promoting the proliferation and
differentiation of the neural stem and progenitor cells (NSPCs)
are yet to be elucidated. Recent studies have proposed that
blood vessels are critical elements of the neurogenic niches in
both the hippocampus (Palmer et al., 2000) and the SVZ
(Mercier et al., 2002; Shen et al., 2008; Tavazoie et al., 2008).
In addition, Mercier et al. (2002) previously characterized basal
lamina-like structures, termed fractones, in the vicinity of
NSPCs in the adult SVZ. Fractones present extracellular
branched fractal structures in direct contact with NSPCs in
the adult neurogenic niche, thereby suggesting fractones' role
in neurogenesis (Altman, 1963, 1969; Doetsch et al., 1997;
Mercier et al., 2002, 2003).

Fractones are composed of different extracellular
matrix (ECM) molecules, such as laminin (31 and 1 but
not «1), collagen IV, nidogen, and perlecan (Mercier et al.,
2002; Kerever et al., 2007). They are able to capture/bind
the neurogenic growth factor FGF-2 from the extracellular
environment. This trapping of FGF-2 involves binding to
heparan sulfate chains (Kerever et al., 2007; Douet et al.,
2012). Furthermore, FGF-2 promotes neurogenesis in
developing (Raballo et al., 2000; Maric et al., 2007;
Pastrana et al., 2009) and adult brains (Lois and
Alvarez-Buylla, 1994; Palmer et al., 1995; Petreanu and
Alvarez-Buylla, 2002).

We previously showed that perlecan (HSPG2), a major
heparan sulfate proteoglycan (HSPG) in basement mem-
branes, is present in both blood vessel walls and fractones
in the neurogenic niche (Kerever et al., 2007). Perlecan
interacts with extracellular molecules, growth factors, and
cell surface receptors (Rapraeger, 1995; Winner et al., 2002;
Chan et al., 2009), and is implicated in many biological
functions in tissue development, homeostasis, and diseases
(Arikawa-Hirasawa et al., 1995, 1999; Palmer et al., 2000;
Arikawa-Hirasawa et al., 2001, 2002a, 2002b; Xu et al., 2010).
Perlecan promotes growth factor receptor binding, such as
FGF-2, to stimulate mitogenesis and angiogenesis (Yayon et
al., 1991; Aviezer et al., 1994; Mercier et al., 2002; Shen et

al., 2008; Tavazoie et al., 2008). A perlecan analog in
Drosophila has also been implicated in the reactivation of
proliferation in quiescent neural stem cells (NSCs) (Voigt et
al., 2002).

Perlecan deficiency causes perinatal lethal chondrodysplasia
in mice and in humans (Arikawa-Hirasawa et al., 1999; Costell
et al., 1999; Arikawa-Hirasawa et al., 2001), and perlecan
knockout (HSPG2™/) mice present impaired indian hedgehog
expression and FGF-1 signaling and abnormal cephalic develop-
ment (Arikawa-Hirasawa et al., 1999). HSPG2™/~ mice die at
or just before birth due to defects in tracheal cartilage.
Furthermore, Giros and colleagues reported a disrupted
distribution of sonic hedgehog (Shh) and impaired forebrain
development in perlecan-null mice (Girés et al., 2007). We
previously created perinatal lethality rescued (Hspg2™/~-Tg)
mice by expressing recombinant perlecan specifically in the
cartilage of the perlecan-null (HSPG2/~) genetic background,
in order to study the role of perlecan in tissue homeostasis in
adult mice. We used these HSPG2/~-Tg mice to show that
perlecan is critical for maintaining fast muscle mass and fiber
composition, through regulation of myostatin signaling (Xu et
al., 2010).

In the present report, we studied the role of perlecan in the
maintenance and fate of NSCs, and in response to FGF-2
stimulation in the SVZ of Hspg2~/~-Tg mice. The absence of
perlecan resulted in the depletion of CD133* NSCs. In addition,
FGF-2 treatment failed to induce an increase in activation of
Akt and Erk1/2 pathways both in vivo and in vitro in the
absence of perlecan. Furthermore, FGF-2 failed to induce
cyclin D2 expression and to promote the formation of
neurospheres. Taken together, our results indicate that the
absence of perlecan is detrimental for CD133* NSC population
and for adult neurogenesis, suggesting that it is a critical
component of the adult neurogenic niche.

Materials and methods

Animals

Perlecan-null (Hspg2 /") mice die at birth because of premature
cartilage development (Arikawa-Hirasawa et al., 1999). To
restore cartilage abnormalities, we used a cartilage-specific
Col2a1 promoter/enhancer to generate a perlecan transgenic
mouse line (WT-Tg, Hspg2*/*; Col2al-Hspg2Tg/-), which
expressed recombinant perlecan in cartilage (Tsumaki et al.,
1999). We subsequently created lethality-rescued mice
(Hspg2~/~-Tg, Hspg2™'~; Col2al-Hspg2Tg/-) by mating the
transgenic mice with heterozygous Hspg2*/~ mice (Xu et al.,
2010). We maintained these mice on the mixed genetic
background of C57BL/6 and 129SvJ. In this study, WT-Tg mice
(control) and Hspg2~/~-Tg (perlecan knockout) mice were
used. All animal protocols were approved by the Animal Care
and Use Committee of Juntendo University.

BrdU incorporation and FGF-2 treatment assays

Mice that were 8-12 weeks old were used in this study.
Nine-week-old mice were sacrificed 48 h after intracerebro-
ventricular (ICV) injection of BrdU (1 pl of 40 mg/ml;
WT-Tg, n=5; Hspg2™/~-Tg, n=75). Eight-week-old mice
received daily intraperitoneal injections of BrdU (50 mg/kg
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of body weight) for 5 days. They were sacrificed 4 weeks after
the fifth and last injections (WT-Tg, n=5; Hspg2~/~-Tg,
n = 5). For FGF-2 stimulation in NSCs, 9-week-old mice were
injected ICV with FGF-2 (1 i, 0.075 pg/ul). Mice were
sacrificed 48 h after ICV injections.

Histology

Mice were deeply anesthetized and perfused transcardially
with cold paraformaldehyde (4%) in a 100 mM phosphate
buffer, pH 7.4. Brains were dissected, immersed overnight
in fixative, and transferred to 30% sucrose for at least 48 h.
Brains were frozen and cut into 25 um coronal sections with
a cryostat. For extracellular matrix staining, fresh brains
were frozen in isopentane. Sections were stored at —20 °C
until staining.

Immunofluorescence

Sections were post-fixed in cold paraformaldehyde for 10 min
and washed in PBS. Sections were then placed in a 0.5% Triton
X-100/PBS solution for 15 min, followed by 15 min of a
blocking solution (0.2% gelatin/PBS). Primary antibodies
were applied for either 2 h at room temperature or overnight
at 4 °C in blocking solution. The following primary antibody
dilutions were used: rat anti-perlecan (1:400, clone A7L6,
Chemicon, Temecula, CA), rabbit polyclonal anti-laminin
(1:1000, Sigma, St Louis, MO), rabbit polyclonal anti-agrin
(1:1000, kind gift of Dr. Sasaki, add his location), mouse
anti-heparan sulfate (10E4 epitope, 1:400, Seikagaku Corpo-
ration, Tokyo, Japan), mouse anti-heparan sulfate (JM403
epitope, 1:400, Seikagaku Corporation, Tokyo, Japan), mouse
anti-delta heparan sulfate (3G10 epitope, 1:400, Seikagaku
Corporation, Tokyo, Japan), mouse anti-chondroitin sulfate
(CS-56) (1:400, Abcam, Cambridge, MA), rat anti-CD133
(1:50, Chemicon, Temecula, CA), rabbit anti-GFAP (1:400,
Dako, Glostrup, Denmark), mouse anti-GFAP conjugated to
alexafluor 647 (1:400, Cell Signaling Tech, Boston, MA), rabbit
polyclonal anti-EGF-Receptor (1:200, Chemicon, Temecula,
CA), goat anti-doublecortin (DCX) (1:200, Santa Cruz
Biotechnology, Santa Cruz, USA), mouse anti-NeuN (1:200,
Chemicon, Temecula, CA) and rabbit anti-ssDNA (1:200,
Immuno-Biological Laboratories Co, Fujioka, Gunma, Japan).
Sections were then rinsed, and secondary antibodies were
applied for 40 min at room temperature. The following
fluorochrome-conjugated secondary antibody dilutions were
used: donkey anti-mouse-CY5, donkey anti-goat-FITC (1:400,
Jackson ImmunoResearch Laboratories, West Grove, USA),
goat anti-rabbit alexafluor-488, and goat anti-mouse-FITC
(1:400 Molecular probes, Invitrogen Corporation, Carlsbad,
USA). Sections were rinsed in PBS before being treated in 2 N
HCL for 30 min at 37 °C and then incubated for 10 min in a
0.1 M borate buffer (pH 8.5). Sections were rinsed before
overnight incubation in rat anti-BrdU (1:800, AbD Serotec,
MorphoSys AG, Planegg, Germany). Sections were rinsed and
then incubated for 1 h with donkey anti-rat-CY3 (1:400,
Jackson, ImmunoResearch Laboratories, West Grove, USA).
Sections were rinsed and then incubated for 10 min in
bis-benzimide (1:3000, Molecular Probes, Invitrogen Corpora-
tion, Carlsbad, CA). After extensive washes, sections were

mounted in fluoro-gel with tris buffer (Electron Microscopy
Sciences, Hatfield, USA).

Flow cytometry analysis

SVZs from 12-week-old WT-Tg and Hspg2~/~-Tg mice (n = 3)
were carefully dissected following the procedure described by
Fischer and colleagues (Fischer et al., 2011). SVZs were then
cut into small pieces and incubated for 15 min with a papain
neural tissue dissociation kit from Miltenyi (Auburn, CA, USA).
Cells were mechanically dissociated and passed through a
40 pm cell strainer. After washing in stain buffer (BD
Bioscience, San Jose, CA, USA), the cells were incubated for
30 min in 50 pl of stain buffer with anti CD133-PE (1:20,
eBioscience, San Diego, CA, USA) and with alexafluor-488-
conjugated EGF (1:20, Molecular probes, Eugene, OR, USA).
Cells were then fixed and permeabilized (BD Cytofix/
Cytoperm kit, BD Biosciences, San Jose, CA, USA) prior to
incubation with alexafluor-647 GFAP (1:40, Cell Signaling
Technology, Danvers, MA, USA). Cells were washed and
resuspended in 500 pl of stain buffer to perform flow
cytometry analysis. The analysis was performed using a BD
LSR Fortesa cell analyzer with the gate set using an
appropriate isotype control.

Neurosphere culture

The cortexes of E16.5 mice were dissected and mechanically
dissociated to single cell suspension. Cells were plated for
4 h to allow adherent cells to attach to the plate in DMEM/
F12 and B27. Cells in suspension were recovered, counted
and placed in 96 well plates at low density (300 cells/well)
in 200 ul of DMEM/F12 and B27 containing EGF 20 ng/ml
and different concentrations of FGF-2. Conditions were as
follows: no FGF-2, control (FGF-2 20 ng/ml), and 10X FGF-2
(FGF-2 200 ng/ml). After one week in culture, the number
and the size of neurospheres in each well were assessed.
For differentiation, primary neurospheres were cultured
for an additional 7 days on collagen-1 coated slide chambers
with DMEM/F12 and 10% fetal calf serum prior to fixation
in 10% PFA. Differentiated cells were then stained with
GFAP, Tuj-1, and O4. Whole neurospheres were fixed in
PFA (10 min) prior to immunocytochemistry as described
above.

Western blotting

Whole SVZ or neurospheres were lysed in RIPA buffer (0.5%
deoxycholate, 0.1% SDS, 250 mM NaCl, 25 mM Tris—HCl,
pH 8, Igepal CA630, 5 mM EDTA, protease inhibitor and
phosphostop; sonication 3 times 5 s). Lysates were boiled
in an LDS-sample buffer (Invitrogen) with DTT for 10 min.
The samples were loaded on 4-12% polyacrylamide Bis-Tris
gels (Invitrogen). After electrophoresis, the proteins were
transferred to a PYDF membrane (Invitrogen). The mem-
brane was blocked with 5% skim milk in Tris-buffered
saline-0.1% Tween 20, and incubated with the indicated
antibodies. Primary antibodies used in Western blotting were
Akt (rabbit polyclonal, Cell signaling), phospho-Akt (mouse IgG,
Cell signaling), Erk1/2 (rabbit polyclonal, Cell signaling),
phospho-Erk1/2 (rabbit polyclonal, Cell signaling). Secondary
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