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causes of mortality, the clinical characteristics at the time of
death, and the risk factors related to mortality. The results

may help provide information that prevents mortality for the ..

families of children with this disorder and for health care
professionals. :

- METHODS

In July 2009, a questionnaire was delivered to the epi-
lepsy training hospitals that were authorized by the Japanese
Society of Epilepsy, to hospitals/institutions that were
authorized to train specmhsts from the Society of Pediatric
Neurology, and to university hospitals (total: 246 hospitals).
This survey allowed us to collect information about the total
number of past and present patients with Dravet syndrome,
the number of patients who died, and the number of patients
with serious sequelae. A secondary questionnaire was sent
by mail to the 26 hospitals that reported mortality cases to
obtain information on the following itéms for each patient:
(1) gender; (2) age at the onset of epilepsy (in months); (3)
clinical type (typical or borderline groups) (Fujiwara et al.,
2003; Oguni et al., 2005); (4) presence or absence of an
SCNIA gene test and its results; (5) age at death; (6) Causes
of mortality; (7) presence or absence of risk factors at death,
such as fever/infection, bathing, seizures, and the child’s
state (sleep or awake); (8) frequency of seizures and of SE
before death; (9) treatment regimen; (10) neurological con-
dition; (11) electroencephalographic and neuroxmagmg
findings; and (12) autopsy findings.

The time from the onset of epilepsy to death and the age
at death were very close because of the early onset of the
epilepsy; therefore, we compared the age at death between
the typical and borderline groups and among the causes of
death.

Prior to this study, the protocol was approved by the
Tokyo Women’s Medical University Ethics Review Board
and by the Dravet Syndrome Prognosis Survey/Study Group
Ethics Review Board.

Statistical analyses

Statistical analyses were performed using SPSS 15.07
(SPSS Japan, Tokyo, Japan) for Windows. The chi-square
test, z-test, and Mann-Whitney U-test were employed to
compare the results between two variables. A comparison
among more than three variables was performed using the
chi-square test with cross tabulation. The Bonferroni correc-
tion was added to the statistics when multiple statistical
comparisons were performed between several groups. A
p-value of <0.05 was regarded as significant,

RESuLTS

Subjects
Responses were collected from 147 of the 246 hospitals
(response rate: 59.8%). In 91 of the 147 hospitals, a total of

623 patients with Dravet syndrome were treated (median:
two patients/hospital; range 1-109/hospital). In addition,
data on 63 patients who died were collected from 26 hospi-
tals (438 patients). Of these patients, the data from 59,
* ‘excluding 4 for whom the information at the time of death
was msufﬁcxent were analyzed

Clinical characteristics of the patients who died

In the 59 patients included in the analyses, the male-to-
female ratio was 26:33. The ages of the patients at the onset
of epllepsy ranged from 2-10 months, with a mean of
5.1 months. Of the 59 patients included in the analyses, 20
patients comprised the borderline group without myoclonic
or atypical absence seizures, and 39 patients comprised the
typical group (Table 1). No significant differences were
observed between the two groups for the age at the onset of
epilepsy, the age at death, the causes of mortality, the fre-
quency of seizures before death, or the number of antiepi-
leptic dmgs {p > 0.05). In the typical group, the frequency
of seizures before death was slightly higher than that in the
borderhne group, and the rates of mental retardation were
shghﬂy higher; however, there were no significant differ-
ences in the rates of severe mental retardation between the
two groups (p > 0.05). The number of antiepileptic drugs,
the frequency of seizures, and the grade of mental retarda-
tion were unclear or not described for three patients, three
patients, and one patient, respectively.

Mortahty ‘ ‘ '

For the 26 hospitals that reported at least one patient who
died for this nationwide survey, mortality accounted for
14.4% of their patlents with Dravet syndrome (63 of 438
patients). When using the 91 hospitals (623 patients) as a
denominator population, the prevalence of death was
10.1%.

Causes of mortality and age distribution

The patients’ ages at the time of death ranged from
13 months to 24 years and 11 months, with a median
age of 6 years and 8 months. The ages were distributed
most frequently between 13 months and approximately
12 years and were rarely older in both the typical and bor-
derline groups (Fig. 1). The distribution of the time between
the two groups did not differ mgmﬁcantiy (p=288>
0.035).

The causes of mortality were largely classxﬁed into three
groups: sudden death (n = 31, 53%), acute encephalopathy
with SE (n = 21, 36%), and drowning (n = 6, 10%). The
remaining one patient died of fulminant hepatitis B (1%).
When reviewing the age distribution with respect to the
causes of mortality, two characteristic patterns were
observed (Fig. 2). Briefly, the prevalence of sudden death
reached a first peak at 1-3 years of age and a second small
peak at 18 years and older. In contrast, the prevalence of
acute encephalopathy with SE was prevalent between
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Figure |.

Dot plots shawing the distribution of age at death in the typical
and borderline groups (n = 59). The age at death appeared pre-
valent between 13 and 140 months of age and sparse thereafter
in both typical and borderline groups. No significant difference
was observed between these two groups (p > 0.05).
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Figure 2.

Distribution of ages at death with respect to the causes of mor-
tality. The incidence of sudden death reached a first peak at |-
3 years old and a second small peak at 18 years and older. In
contrast, the acute encephalopathy-related mortality rate
reached a sharp peak at 6 years old, All patients were 7 years
old or older in the drowning group.
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approximately 3 and § years of age with a sharp peak at
age 6. ’

Causes of mortality and clinical features '
The causes of mortality were associated with fever and
the age at death (Table 2). In the sudden death group, the
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median age at death was 43 months, which was lower than
that (72 months) in the acute encephalopathy group. These
two groups exhibited characteristic age distributions with
different peaks (p < 0.05), that is, the sudden death group
was more likely to die at an age <47 months and after
168 months, whereas the acute encephalopathy group was
more likely to experience death between 48 and 167 months
(Table 2). In 81% of the patients who died of acute encepha-
lopathy with SE, fever was noted at the time of death. In
addition, fever was observed in 26% of the patients who
died suddenly (p < 0.05). Twenty (65%) and eight (26%) of
the 31 patients in the sudden death group were found to have
died during sleep (or in the early morning) and during the
daytime, respectively. For the remaining three patients,
information about the exact time at their deaths was not
available. )

In 6 of the 31 patients in the sudden death group, rigid
limbs and trace amounts of vomit suggested that epileptic
seizures or suffocation was involved in their deaths. How-
ever, an autopsy was not performed for any of these six
patients who showed the rigid limbs and trace amounts of
vomit; therefore, the cause of death was not specified. In
14 patients (67%) in the acute encephalopathy group, sys-
temic involvements, such as multiple organ failure and dis-
seminated intravascular coagulation (DIC), became evident
during or after the snccessful treatment of SE. Therefore,
the clinical response and features of SE differed from those
that the children had repeatedly experienced before. This
lethal febrile SE developed suddenly at a peak age of
6 years, when the seizure or SE frequency was abated, and
led to coma and multiple organ failure despite vigorous
treatment. The interval of time from the onset of SE until
death was 24 h or less in five patients (24%), 1 week or
less in six patients (29%), more than 1 week in six patients
(29%), and not known for the remaining four patients
(18%).

An antopsy was performed for only 6 (10%) of the 59
patients: one who died suddenly, 4 who died of acute
encephalopathy with SE, and one who died of fulminant
hepatitis B. For these six patients, the causes of mortality
were identified as Reye syndrome for two patients and ful-
minant hepatitis for one patient. However, for the remaining
three patients, no cause of mortality was identified, despite
the autopsy.

In the six patients who died from drowning, accidents
occurred while bathing at home or in the hospital. All
patients were 7 years old or older, including two patients
older than 18 years of age; as a result, these patients were
permaitted to bathe alone.

SCNIA mutation analysis

An SCNIA gene test was performed for only 10 of the 59
patients. Gene mutations were detected for 7 of these 10
patients. The mutation sites were scattered in the SCNIA
gene tests that were previously reported; as a result, no
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Typical (N = 39) Borderline (N = 20) All cases (N = 59) p-Valug*

Gender (M/F) 17/22 ol 26133 399
Ageat onset {mo.) 49+ 1.7 55+20 5118 2.04
Ageat death (mo.) 80.7 £ 73.1 795 £ 70.5 804 %716 2.88
Cause of death 2171513 10/6/3 31216 2.80
Sudden/status/drowning
Seizure frequency 13/16/8 247110 15/23/18 0.567
Daily/weekly/monthly
Number of AED polytherapy (<4)/2-3 15/21 6/12 23/33 4.788
Mental retardation 18/14/6 4/9/7 222313 0.980
Severe/maderate/mild

M, male; F, female, mo., menths; AEDs, antiepileptic drugs.

*The Bonferroni collection was added to p-values.

Sudden Acute
death  encephalopathy
(N=31) (N =21) p-Value*

Gender (M/F) 18/13 5116 0.42
Phenotype (typicai/borderting)  21/10 1546 8.0
Ageat death (mo.) 2219 5/16 0.01*
<47 or 168/48-167
Fever at death (%) 258 81.0 0.00*
Seizure frequency 81147 7/5/9 3.69
Daily/weekly/monthly
Mental retardation 12/10/9 71914 2ié
Severe/moderate/mitd
AED palytherapy <4 (%) 323 38.1 4.86
Epileptic EEG abnormality (%) 567 42.1 4.50
Neuroimaging abnormality (%) 29.0 . 333 5.13

M, male; F, female, mo., months; AED, antiepileptic drug.

*The Bonferroni coliection was added to p vajues.

mutation site that was characteristic of mortality was
detected (Depienne et al., 2009; Lossin, 2009).

DiscussionN

In this nationwide survey, data were collected for 63
patients with Dravet syndrome who died, and data from 59
of these patients were used for the analyses. The result
showed that the risk of mortality remained high up to the
age of approximately 12 years of age, regardless of the clin-
ical type, and sharply declined thereafter. The causes of
mortality were classified into three types: sudden death,
acute encephalopathy with SE, and accidents (mostly
drowning). In particular, sudden death and acute encepha-
lopathy with SE accounted for 53% and 31% of the causes
of death, respectively.

The incidence of sudden death reached a first peak at 1—
3 years of age and reached a second small peak at 18 years
and older. Sudden unexpected death in epilepsy (SUDEP)

has been reported to account for approximately 2-18% of
all epilepsy-related deaths. Therefore, the incidence of
SUDEP in this disorder is high (Gaitatzis & Sander, 2004,
Tomson et al., 2008). During infancy, patients with Dravet
syndrome experience recurrent febrile/afebrile SE despite
vigorous antiepileptic drug (AED) treatments (Claes et al.,
2001; Dravet et al., 2005). In the present study, neither the
number of AEDs nor the frequency of the seizures was
abnormally high immediately before death; however, no
control group was established. The epileptic seizures associ-
ated with Dravet syndrome are presumably generated by
epileptogenic pyramidal newrons because of an SCNIA
mutation-mediated dysfunction of inhibitory interneurons
(Yu et al., 2006; Ogiwara et al., 2007). The involvement of
this channelopathy in epilepsy suggests that cardiac arrhyth-
mia is a complication that is involved in the episodes of sud-
den death. Both arthythmia and respiratory hypoventilation
have been considered to be causes of SUDEP (Gaitatzis &
Sander, 2004; Tomson et al., 2008). Most patients with
Dravet syndrome who died suddenly were found in bed
early in the morning or after sleeping in the afternoon. This
result is consistent with common-type SUDEP. Neither
electrocardiographic abnormalities nor heart/respiratory
dysfunction has been reported in any children with this
disorder. Unfortunately, no study has demonstrated any
other arthythmia-associated gene mutations in patients with
Dravet syndrome. More work is needed to clarify whether
the SCNIA mutation site is associated with sudden death in
Dravet syndrome.

"The mortality rate resulting from acute encephalopathy
with SE reached a sharp peak at 6 years old (prevalent
between 4 and 8 years of age). In these cases, coma or multi-
ple organ failure led to a fatal outcome despite seizure con-
trol. Recently, catastrophic SE that led to severe neurologic
sequelae has been reported in infants with Dravet syndrome
(Chipaux et al., 2010; Takayanagi et al., 2010). The cata-
strophic SE did not seem to be related 1o a delay in seizure
treatment or to insufficient treatment. This SE was always
associated with fever and was resistant to conventional SE
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treatment, requiring high doses of barbiturates or short-act-
ing barbiturates to control the SE, which may have contrib-
uted to cerebral damage resulting from a reduction of
cerebral blood flow (Chipaux et al., 2010). Although barbi-
turates are often chosen to treat refractory SE in the inten-
sive care unit (JCU) setting, it may be beneficial to consider
an alternative treatment such as propofol or a combination
of hypothermia therapies in these cases (Munakata et al.,
2000). The frequency of .SE or of prolonged seizures
decreases markedly in children with Dravet syndrome who
are older than 4 years of age. Therefore, mortality related to
acute encephalopathy with SE at this age was an unexpected
event for the families of these patients and for the health
care professionals (Oguni et al., 2001; Dravet et al., 2005).
In Japan, fulminant acute encephalopathy associated with
SE in children has recently been identified as a complication
of an influenza infection. The individual genetic factors that
contribute to the susceptibility to acute encephalopathy may
suggest an important role in its pathogenesis (Mizuguchi
et al., 2007). For patients with Dravet syndrome, SCNIA
mutations are related to seizures that are markedly sensitive
to elevated temperature. In an SCNJA-knockout mouse
model, a rise in body temperature markedly decreased the
threshold of the seizures; therefore, the complication of
acute encephalopathy with SE may be associated with
SCNIA mutations (Oakley et al., 2009). A previous study
indicated that Dravet syndrome was present in most patients
who had been diagnosed with vaccine encephalopathy
(Berkovic et al, 2006). This disorder frequently causes
acute encephalopathy; however, the peak incidence of fatal
acute encephalopathy with SE at approximately 6 years of
age should be clarified.

All of the patients who had accidental deaths drowned
while bathing. Drowning-related mortality is avoidable in
patients with Dravet syndrome and in patients with other
types of epilepsy (Gaitatzis & Sander, 2004). Because sei-
zures that are hypersensitive to elevated body temperature
continue through adulthood in most patients with this disor-
der, the Japanese-style bathing that raises body temperature
is a potential risk factor (Oguni et al., 2001). Therefore, it is
necessary to train caregivers to be vigilant when the patients
take a bath. : .

The prevalence of mortality in patients with Dravet syn-
drome has been shown to range from 5-20%, which is mark-
edly higher than in patients with other types of epilepsy
(Oguni et al,, 2001; Dravet et al., 2005). In the present
study, the statistical analyses involving the 91 hospitals
showed a mortality rate of 10.1%. The data from the 26 hos-
pitals that reported mortality cases indicated that the mortal-
ity rate was 14.4%. However, a limitation of this study was
that the survey period differed among the hospitals, leading
to difficulty in accurately evaluating the population (as a
denominator). In addition, the lack of detailed information
on the population did not permit us to create a survival
curve. Other limitations of this study included a 60%
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respouse rate to the questionnaire, retrospective case ascer-
tainment, a very low autopsy rate, and a low incidence of
SCNIA mutation analyses, all of which lowered the validity
of this study. However, even if these limitations are consid-
ered, the prevalence of early death would be estimated to be
10-15%, which is still markedly higher than the rate in
patients with other types of epilepsies.

The mortality rate in childhood epilepsy has been esti-
mated to be 37 times higher than that in the general popula-
tion (Berg et al., 2004; Autry et al.,, 2010). The risk factors
for mortality were considered to be symptomatic etiology,
epileptic encephalopathy, especially West and Lennox-Gas-
taut syndromes, and severe comorbid neurologic disorders.
The death rate for the epileptic syndromes was highest for
symptomatic generalized epilepsy, which was 15-16% and
was almost equivalent to that of Dravet syndrome. How-
ever, the causes of death for generalized epilepsy were
markedly different from those for Dravet syndrome and
were mostly related to the complications of severe neuro-
logic deficits (infections and accidents, among others), not
to the occurrences of seizures or sudden death,

In conclusion, this study identifies the high-risk age peri-
ods with respect to the specific causes of mortality; however,
no other prognostic factors, including SCNIA mutations,
could be discerned. Since the 1980s, there has beén a strong
medical/social interest in SUDEP in patients with patients
(Nilsson et al., 1999; Gaitatzis & Sander, 2004; Tomson
et al., 2008). According to a report that was published by a
collaborative special committee of the American Society of
Epilepsy and the Foundation of Epilepsy, future endeavors
should emphasize the importance of talking with patients’

- families about SUDEP, facilitating physicians’ and commu-

nity members’ understanding of SUDEP, and planning
nationwide/international prospective studies (So et al.,
2009). It is necessary to provide the information obtained in
this nationwide survey regarding the causes of mortality and
the high-risk age periods to the hospitals that are involved in
the treatment of this disorder and to the patients’ families,
despite objections that have been raised concerning the diffi-
culty of SUDEP prediction and families’ anxiety levels. A
worldwide multiinstitutional study needs to be performed to
identify the risk factors at a molecular level and to prevent
catastrophic events associated with this syndrome.
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{Osaka City Medical Center), Toru Konishi (Nagaoka Reha-
bilitation Center for Disabled Children), Nobuzo Shimizu
(Gunma Institute for Children with Physical Disabilities),
Takashi Soga (Epilepsy Center Bethel), Tomoyuki Takano
(Shiga University of Medical Science Hospital), .Jun
Toyama (Nishi-Niigata Chuo National Hospital), Shinichiro
Hamano (Saitama Children's Medical Center), Tatsuya
Fukasawa (Nagoya University Hospital), Katsuyuki
Fukushima (Fukushima Neuro Clinic), Mitsunari Fukuda
(Ehime University Hospital), Naomi Fukuyo (Tohoku
University Hospital), Hirofumi Fujita (Hirosaki University
School of Medicine & Hospital), Shinji Fujimoto
(Tsutsujigaoka Children’s Clinic), Kimio Minagawa
{Hokkaido Medical Center for Child Health and Rehabilita-
tion), Susumu Miyake (Kagawa Prefectural Central Hospi-
tal), Nobuko Moriyama (fbaraki Children’s Hospital), and
Keiichi Yamamoto (Isehara Kyodo Hospital).
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Abstract

Sncmmc semnldchy(ie dchydro gcnase (SSADH) deﬁcxency is a rare autosoma} Tecessive dxsorder aﬁ’ectmg ~{-ammobutyr1c amd
degradation. We describe here a boy with a severe phenotype of SSADH deficiency, He was referred because of a developmental
delay at 4 months of age. At the age of § months, severe seizures developed. The diagnosis of SSADH deficiency was confirmed
by an increase in 4- hydroxybutym acid and heteroallelic mutation in the 4LDH5A41 gene. His seizures were successfully treated
with high-dose phenobarbital, and the electroencephalogram (EEG) abnonnahtles were ameliorated. However, the patient showed
a degenerative clinical course with severe néurological deficits. A maonetxc resonatice imaging (MRI) scan revealed abriormal high
intensities in the putamina and caudate nuclel on T2-weighted images, followed by marked atrophrc changes. The clinical manifes-
tation of our patient indicates the wide variety of SSADH deficiency phenotypes.
© 2011 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved

1. Introduction

Succinic semialdehyde dehydrogenase (SSADH) defi- -

ciency is a rare autosomal recessive disorder affecting the
degradation of y-aminobutyric acid {GABA). SSADH
works with GABA transaminase to converts GABA to
succinate. In the absence of SSADH, GABA is not
broken down into succinic acid, but is converted into
y-hydroxybutyric acid (GHB). It is unclear whether
elevated GABA, GHB, or another neurometabolic
change accounts for the phenotype, but the primary
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metabolic abnormality is an excessive concentration of
GHB in the physiological fluids, with elevations up to
800-fold in the plasma and 1200-fold in the cerebrospi-
nal fluid [{]. The SSADH gene (ALDHS5AI) has been
mapped to chromosome 6p22. More than 350 patients
with SSADH deficiency have been identified worldwide.
In Japan, Ishiguro et al. [2] reported the first patient in
2001, and since then, only a few patients have been

reported.

SSADH deficiency often presents in childhood with
non-specific clinical manifestations. The most common
neurological symptoms include langnage delay, ataxia,
hypotonia, and mental retardation. Seizures are less
common, occurring in about half of all patients [3].
Although SSADH deficiency does not generally mani-
fest as a degenerative condition, developmental regres-
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sion”has' been: occasionally reported. Moreover, some
patients may have a more fulminant clinical course, with
the early.onset of clinical symptoms, seizures, choreo-
athetosis, myoclonus, and optic atrophy, resulting in
death in infancy (3]

We describe here a boy with SSADH deficiency who -

had a severe phenotype with severe seizures, marked

neuroimaging abnormalities, and a degenerative clinical.
course. His seizures were successfully treated using high-
dose phenobarbital (PB). We also describe the magnetic

resonance imaging (MRI) and amplitude-integrated

2. Patient report

A 4-month-0ld boy was referred to our hospital for

an evaluation of developmental delay. He was the third® ~
child of non-consanguineous healthy parents. His elder

sisters were healthy and had achieved normal develop-

ment. On the first presentation, the patient’s visnal

tracking and head control were insufficient. Neurologi-
cal examination revealed generalized hypotonia with
normal deep tendon reflexes. No external anomaly was
observed. Blood tests including blood gas analysis,
blood chemistry, thyroid function, lactic and pyruvic

acids, and karyotypic chromosome analysis were unre-" -
markable. No abnormal findings were seen in the cranial”

MRI or EEG. '

The patient had had repetitive aspiration prenmonia o
since the age of 7 months. He was diagnosed as having
gastro-esophageal reflux on. the basis of 24-h pH
monitoring and a barium esophagram. He required an
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esophagoduodenal tube to prevent aspiration pneumo-
nia. A deterioration in psychomotor development was
noted when the patient was 8 months old, along with
the development of intractable seizures. The diagnosis
of SSADH deficiency was made on the basis of urine
organic acid analysis using gas chromatography-mass
spectrometry. A marked increase in 4-hydroxybutyric

- acid, which is crucial for.the diagnosis of SSADH defi-
 clency, was found. Analysis of the ALDHS5A4I gene
- encoding ' SSADH - revealed: compound heterozygous

mutations with ¢, 366 del G (W112fsX112) and ¢.1294

electroencephalogram (aEEG) findings for this ’pgtient:., . A>C(M432L).

" The patient’s seizures were characterized by loss of

" consciousness followed by clonic convulsion of the left

upper and lower extremities lasting for several minutes.

Carbamazepine, zonisamide, and vitamin B6 were inef-

fective in controlling the seizures, Although continuous
infusion of midazolam was effective, the seizures
recurred. High-dose PB treatment was started at 10
months of age. PB in a dose of 20 mg/kg/day was given
rectally for the first two days and then orally in a dose of
10 mg/kg/day from the third day. The patient’s seizures
were controlled after the initiation of high-dose PB
treatment, and the midazolam infusion was discontin-
ued. The EEG conducted prior to the administration
of - high-dose PB showed markedly disorganized

" background activity and frequent high-voltage slow
~ ‘waves, sharp waves, and spikes (Fig. 1). However, after
. .the high-dose PB treatment, the frequency and voltage
. of the sharp waves and spikes were significantly reduced,
' angi_nq:higﬁjvoltage slow waves were observed (Fig. 1).

Fig. 1. Conventional EEG, Top: EEG before high-dose phenobarbital treatment. Markedly disorganized background EEG activity and frequent
appearance of high-voltage slow waves, sharp waves, and spikes were observed. Bottom: EEG after high-dose phenobarbital treatment. The
frequency and voltage of the sharp waves and spikes were markedly reduced. High-voltage slow waves were not present. Calibration, 100 gV, 1s.
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Fig. 2. Amplitude-integrated EEG. Top: ‘Amplitude-integrated EEG (2EEG) béfore highidosé phenobarbital treatment. The upper bordér of the
aEEG trace was constantly beyond 50 pV. This indicates that high amplitude EEG activities were present throughout aEEG recording. The raw EEG
also showed frequent appearance of high-voltage sharp waves and spikes. Middle: A seizure detected on the aEEG. A transient rise in the lower
border suggested ictal EEG changes (arrow). Ictal EEG changes were confirmed by the raw EEG showing repetitive and rhyth:mc sharp waves
during the same period. Bottom: The aEEG after hzgh—dose phenobarbital treatment. The tpper bordér of the'aEEG triide was 25-50 uV., This
indicated the reduction in amplitude'of backnround EEG activities: The raw EEG aIsc dcmonstrafed sporachc appearance of paroxysmal discharges
with reduced amplitude. Coeta S . S
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4 months of age

& months of age
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Figure 3. MRI findings. Top: Tl-weighted images, Bottom: T2-weighted images. Left: at 4 months of age, no remarkable abnormalities were
observed. Middle: at 8 months of age, abnormal high intensities were observed in the bilateral putamina and caudate nuclei on T2-weighted images.
Right: at 17 months of age, severe caudate nuclei atrophy, high intensities on T2-weighted images in the bilateral putamina, and marked

ventriculomegaly and enlargement of extra-axiai SPACE WEre Seen.

putamina, and marked ventriculomegaly and enlarge-
ment of the extra-axial space, indicating severe reduc-

tion of brain volume (Fig. 3). No significant alteration -~

in the signal intensity of the globus pallidus was
observed during the clinical course, and no atrophy or
change in the signal intensity of the cerebellum was
found.

A regression in psychomotor development was

observed even after the seizures were conirolled. At 23

months of age, the patient remained . bed-ridden, with
poor eye fixation and head control and ren arkab
eralized hypotonia, however, seizures did no oeccur for
several months.

3. Discussion

The clinical features of ounr patient differed from the
typical manifestations of SSADH deficiency: our patient

showed a degenerative course with a poor prognosis and’
had MRI lesions in the putamina and caudate nuclei,
together with severe atrophy of the cerebrum and severe' e

EEG abnormalities,

SSADH deﬁc1ency is typically a siowly progressive or :" )
static encephalopathy with late infantile to early child-

hood onset {4]. In contrast, our patient had an obvious

progressive course with mid-infantile onset resulting in
severe neurological deficits with marked brain atrophy.
The difference in phenotype may be related to genotype;
however, following a functional analysis of 27 disease-
causing mutations in patients with SSADH deficiency,
Akaboshi et al. [5] concluded that the residual expres-
sion of SSADH did not significantly contribute to the
large differences in phenotype and suggested that other
modifying factors underlie the disease pathology. The

.results of our; case study suggest that the effectiveness

gh-dose PB on seizures is related to the difference
n phenotype PB is thought to act as an anticonvulsant
mainly by prolonging the opening of the postsynaptic

. cell-membrane chloride channel [6], PB potentiates the

inhibitory effect of GABA by binding to the GABA-A
receptor. This may affect the turnover of GABA in the
synaptic cleft, although it is unclear whether PB
increases the concentration of GABA and its metabo-
lites in the brain [6]. In view of the rapid cessation of sei-

- zures, we conclude that the PB treatment was beneficial
" to our patient. -

The characteristic neuroimaging abnormahtxes in

_ patients with SSADH deficiency include increased signal

intensity in the globus pallidus, subcortical white matter,
cerebellar dentate nucleus, and brainstem on T2-
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weighted images [7]. Other neuroimaging abnormalities
are cerebral atrophy, delayed myelination, and a pattern
of dentate-pallidal hyperintensity [8,9]. The putamina
and caudate nuclei were predominantly involved in
our patient, whereas the globus pallidus and cerebellar
dentate nuclei were almost completely spared. In -our
patient, homogeneous hyperintensity was observed in
the putamina at 8 and 17 month§ of age. The caudate
nuclei showed increased T2 signals at 8 months of age
and marked atrophy at 17 months of age. To our knowl-
edge, no reports have described this pattern of lesions on
MRI scans in patients with SSADH deficiency. Pearl
et al. [10} reported that MRI scans showed predominant
changes in the thalamus and basal ganglia of epileptic
infants treated with a relatively high dose of vigabatrin,
an irreversible GABA transaminase inhibitor, suggest-
ing that this treatment may also affect brain lesions in
children with SSADH deficiency.

Epilepsy is present in nearly half of the patients with
SSADH deficiency [4]. EEG abnormalities in patients
with SSADH deficiency include generalized and focal
epileptiform discharges, photosensitivity, background
slowing, and sleep spindle asynchrony [4] Compared
with children who have a typical SSADH deficiency,
our patient had more frequent seizures and more severe
abnormalities in background EEG activity, with fre-
quent epileptiform discharges. No standard therapy
for SSADH deficiency exists, although vigabatrin is con-
sidered to be a logical choice because it inhibits the con-
version of GABA-GHB [11]. However, the laboratory
and clinical reports of the effect of vigabatrin have been
inconsistent [12]. Moreover, vigabatrin is not currently
available in Japan; thus, we administered PB to control
severe seizures in our patient. Although PB effectively
stopped the seizures in our patient, its effects on the clin-
ical course of SSADH are unclear. Further studies are
necessary to clarify the optimal treatment for SSADH
deficiency.

The continuous EEG monitoring of our patient using
aEEG was useful because aEEG monitoring can show
seizure burden objectively and quantitatively. Precise
evaluation of the seizure burden is difficult using direct
observation because the clinical symptoms of seizures
in children can be subtle and may be overlooked. Ishik-
awa et al. performed aBEG monitoring combined with
conventional EEG during clusters of seizures in a child
with frontal lobe epilepsy [13]. A total of 197 seizures
were recorded during the first 24 h and the decrease
and disappearance of seizures were confirmed using
aEEG monitoring. Stewart et al. evaluated the diagnos-
tic accuracy of color density spectral array and aEEG
for seizure identification in the intensive care unit [14],
The median sensitivity for seizure identification was
83.3% using color density spectral array and 81.5%
using aEEG. These results suggest usefulness of aBEG
for seizure identification. In addition, aEEG monitoring

showed the changes in background EEG activity, reveal-
ing the efficacy of the antiepileptic treatment in our
patient. The lower border of the aEEG trace was
markedly reduced after administration of high-dose
PB, indicating that the EEG abnormalities were anelio-
rated. These findings suggest that aBEG is useful for
monitoring the effect of treatment in children with fre-
quent seizures and/or severe EEG abnormalities as well
as in children with acute encephalopathy [15].

In summary, the present paper presents the case of a
boy with a severe phenotype of SSADH deficiency char-
acterized by obviously progressive clinical course with
severe neurological deficits. His clinical features
included a degenerative course, characteristic MRI
lesions in the putamina and caudate nuclei, which has
not been previously reported in patients with SSADH,
and seizures that were controlled by PB administration.
The clinical manifestations of our patient indicate the
wide variety of SSADH deficiency phenotypes.

Acknowledgments

We would like to thank Dr. Masaki Takayanagi and
Dr. Xei Murayama from the Department of Metabo-
lism, Chiba Children’s Hospital for their useful advice,

References

{1] Gibson KM, Aramaki S, Sweetman L, Nyhan WL, DeVivo DC,
Hodson AK, et al. Stable isotope dilution analysis of 4-hydroxy-
butyric acid: an accurate method for quantification in physiolog-
ical fluids and the prenatal diagnosis of 4-hydroxybutyric
aciduria, Biomed Environ Mass Spectrom 1990;19:89-93.

{2] Ishiguro Y, Kajita M, Aoshima T, Watanabe K, Kimura M,
Yamaguchi S. The first case of 4-hydrexybutyric aciduria in
Japan. Brain Dev 2001;23:128-30.

[31 Rahbeeni Z, Ozand PT, Rashed M, Gascon GG, Nasser M,
Odaib A, et al. 4-Hydroxybutyric aciduria. Brain Dev
1994;16:64-71.

[4} Peart PL, Gibson KM, Acosta MT, Vezina LG, Theodore WH,
Rogawski MA, et al. Clinica! spectrum of succinic semialdehyde
dehydrogenase deficiency. Neurology 2003;60:1413-7.

{51 Akaboshi S, Hogema BM, Novelletto A, Malaspina P, Salomons
GS, Maropoulos GD, et al. Mutational spectrum of the succinate
sernialdehyde dehydrogenase (ALDHSAL) gene and functional
analysis of 27 novel disease-causing mutations in patients with
SSADH deficiency. Hum Mutat 2003;22:442-50.

6] Barker JL, McBumey RN. Phenobarbitone modulation of
postsynaptic GABA receptor function on cultured mammalian
neurons. Proc R Soc Lond B Biol Sci 1979;206;319-27.

[7] Pearl PL, Jakobs C, Gibson KM. Disorders of beta- and gamma-
amino acids in free and peptide-linked forms. In: Scrive CR et al.,
editors. Online molecular and metabolic bases of inherited
disease, chapter 91, online: hitp://www.ommbid.com.

[8] Yalginkaya C, Gibson KM, Giindiiz E, Koger N, Figicioglu C,
Kigiikercan I. MRI findings in succinic semialdehyde dehydro-
genase deficiency. Neuropediatrics 2000;31:45-6.

[9] Ziyeh S, Berlis A, Korinthenberg R, Spreer J, Schumacher M.
Selective involvement of the globus pallidus and dentate nucleus

— 145 —



112 Y. Yamakawa et al. { Brain & Development 34 (2012) 107-112

in - succinic semialdehyde dehydrogenase de‘imenuy - Pediatr
Radiol 2002;32:598-600. .

{10] Pearl PL, Vezina LG, Saneto RP’ McCarter R Moi!oy~WeLs E
Hefiron A, et al. Cerebral MRI dbnormdhm.s assocmted thh
vigabatrin therapy. Epilepsia 2009;50:184-94. = -

[11] Pearl PL, Gibson KM, Cortez MA, Wu'Y, Carter Snead O, Knerr
I, et al. Succinic semialdehyde dehydrogenase deficiency: lessons
from mice and men, J Inherit Metab Dis 2009,32:343-52. .

[12] Gibson KM, Christensen E, Jakobs C, Fowler B, Clarke MA,
Hammersen G, et al. The clinical phenotype of succinic semial-
dehyde dehydrogenase deficiency (4—hydmxybutyrlc a.ciduna}

© case reports of 23 new patieats: Pediatrics 1997;99:567-74.

{13] Ishikawa N, Kobayashi Y, Kobayashi M. A case of frontal fobe
... epilepsy in which. amplitude-integrated EEG combined with
' : conventional EEG was useful for evaluating clusters of seizures.
" Epilepsy Behay 2010;18:485-7.
{14] Stewart CP, Otsubo H, Ochi A, Sharma R, Hutchison IS, Hahn
' CD, Seizure identification in the ICU using quantitative EEG
. displays. Neurology 2010;75:1501-8.
[15} Komatsu M, Okemura A, Matsui K, Kitamura T, Saio T,
" Shimizu T, et al. Clustered subclinical seizures in a patient with
acute encephalopathy with blphaszc seizures and latc reduced
dxﬁusmn Bra;n Dev 2010 37 472»6 S ‘

— 146 —



BRAINRESEARCH 138% (2011)61-70

ELSEVIER

Research Report

BRAIN
RESFARCH

The developmental changes of Na,1.1 and Na,1.2 expression
in the human hippocampus and temporal lobe

Wenze Wang®®, Sachio Takashima® Yoshte Segawa®?, Masayukz Itoh®, Xiuyu Shi®,
Su-Kyeong Hwang Kazuki Nabeshzma , Morishige Takeshlm Shinichi Hirose®*

“Department of Pediatrics, School of Medicine, Fukuoka University, Fukuoka, Japan

*Department of Pathology, Peking Union Medical College Hospital, Chinese Academy of Medical Science, Beijing, PR China
“Yanagawa Institute for Developmental Disabilities, International University of Health and Welfare, Fukuoka, Japan
Department of Pathology, School of Medicine, Fukuoka University, Fukuoka, Japan

“National Institute of Neuroscience, National Center of Neurology and Psychiatry, Tokyo, Japan

ARTICLEINFO

ABSTRACT

Article history:
Accepted 25 February 2011
Available online 4 March 2011

Keywords:

Voltage-gated sodium channel
Na,1.1

Na,1.2

Brain development
Double-staining
immunohistochemistry

Alterations of the genes encoding «1 and «2 subunits of voltage-gated sodium channels
(SCN1A, SCN2A) have been reported as causes of various types of epilepsy, most of which
occur during the first year of life; as yet, however, the detailed mechanisms are unclear. We
suppose that developmental changes of SCN1IA and SCN24A in the human brain, which are
unknown yet, may play an important role. So here, we studied the developmental changes
of their corresponding protems (Nay1.1 and Na,1.2) in the human hippocampus and
temporal lobe in 28 autopsy cases, which age from 13 weeks of gestation (GW) to 63 years of
age (Y). Using comparative microscopic immunohistochemical (IHC) analysis, we found that
Na,1.1 and Na,1.2 immunoreactivity first appeared at 19GW, simultaneously in the
hippocampus and the white matter of temporal lobe. In nearly all age groups, Na,1.1
immunoreactivity was weak and relatively homogeneous. In general, Na,1.1
immunoreactive {IR) neurons and neurites increased during the late fetal and postnatal
periods, reached their peaks 7-9 months after birth (M), then decreased and remained stable
at a relatively low level during childhood and adulthood. On the other hand, Na,1.2
immunoreactivity was strong and heterogeneous. In the hippocampus, Na,1.2 IR neurons
increased gradually during the late fetal period, reached their peaks at 7-9M, sustained this
high level during chiidhood, and then decreased slightly at adulthood. In the temporal lobe,
Na,1.2 IR neurons reached a high level during the late fetal period, and maintained that level
during subsequent developmental stages; Na,1.2 IR neurites also increased to a relatively
high level during the late fetal period and continued to increase up to and during adulthood.
Using double-staining IHC, we found that Na,1.1 and Na,1.2 had a relatively high
colocalization rate with parvalbumin and showed distinct developmental changes. These
findings extend our previous understanding of sodium channels and may help us discover
the pathomechanisms of sodium channel-related age-dependent epilepsy.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Voltage-gated sodium channels play an important role in
neuronal excitability and are significant therapeutic targets in
epilepsy, pain and local anesthesia, and are currently under
investigation for stroke, bipolar disorder, and other disorders
{Clare et al, 2000). Our previous and other related studies have
proven that abnormalities of the genes encoding «1 and «2
subunits of voltage-gated sodium channels (SCN1A, SCN2A) are
associated with a variety of epilepsies: Dravet syndrome;
intractable childhood epilepsy with generalized tonic-clonic
seizures (ICEGTC); generalized epilepsy with febrile seizures
phus (GEFS+); and some other rare early onset epileptic
encephalopathies, most of which usually occur in the first
year of life (Fukuma et al., 2004; Kumakura et al., 2009; Shi et al,,
2009; Sugawara et al,, 2001; Wang et al., 2008). Still, how these
sodium channels cause these age-dependent onset epilepsies is
unclear. In animal brains, there have been many reports of the
expression and developmental changes of SCN1A and SCN2A’s
corresponding proteins (Na,1.1 and Na,1.2), and these have
indicated some possible correlation between the expression,
developmental changes, and onset of epileptic symptoms {Liao
et al,, 2010; Ogiwara et al, 2007; Vacher et al, 2008). For the
human brain, however, there are few studies and these contain
only adults and do notinclude developmental changes (Luetal,,
1992; Whitaker et al., 2000, 2001a, 2001b).

Recent mouse model studies show that the impairment of
interneuron sodium channel activity contributes to seizure
generation (Martin et al, 2010; Oakley et al, 2009; Ogiwara
et al, 2007; Tang et al, 2009; Yu et al., 2006). Among those,
Ogiwara shows that “Na,1.1 is clustered predominantly at the
axon inital segments of parvalbumin-positive interneurons”
(Ogiwara et al, 2007), indicating that such a colocalization
pattern may play an important role in the pathogenesis of
epilepsy. There are reports of similar colocalization pattern in
rats (Kaneko and Watanabe, 2007; Van Wart et al,, 2007). This
pattern, however, has not been reported in the human brain.
Such information, including the developmental changes, are
important not only for a basic understanding of Na,1.1 and
Na,1.2's functions in the human CNS but also for further insight
into their roles in different human disease states, especially in
age-dependent epilepsies.

The hippocampus and the temporal lobe are considered as the
most important regions for seizure generation and are the focus
of current epilepsy research. In this report, using comparative
microscopic IHC analysis, we studied the developmental changes
of Na,1.1 and Na,1.2 expression, and their colocalization with
parvalbumin in the human hippecampus and temporal lobe.

2. Results
2.1.  Mono-staining IHC

2.1.1. Distribution and developmiental changes of Ng,1.1
immunoreactivity

Na,1.11R neurons first appeared at 19GW, simultaneously in the
hippocampus and the white matier of the temporal lobe. The
Immunoreactivity was found solely in the nucleus of neurons,

and avoided from the cytoplasm and the neuropil. At 22GW, few
short IR neurites first appeared in the Comu Amimonis of the
hippocampus, connecting with IR neuronal somata, At 27GW,
such neurites could be found in each sub-region of the
hippocampus and the temporal lobe. Simultaneously, the IR
segment of neurites was longer and more delicate than before.
Since then, Na,1.1 IR signals were detected in both neuronal
somata and neurites in various shapes, while nuclei avoided.
After that, there were no obvious changes in cellular
distribution.

In the hippocampus, Na,1.1 IR neurons appeared simulta-
neously in the Cornu Ammonis {CA} and the Dentate Gyrus
{DG), increased gradually and reached their peaks 7-9 months
after birth (M), since then decreased and remained relatively
low level during childhood and adulthood (Fig. 1). The
pyramidal neurons of CA showed denser immunoreactivity
than the granular neurons of DG, and showed relatively
obvious developmental changes. The Na,1.1 IR neurites
scattered in the hippocampus, in various lengths and direc-
tons, and showed developmental changes similar to the
neurons.

In the white matter of the temporal lobe, Na,1.1 IR neurons
first appeared at 19GW, and then remained at this level during
the subsequent developmental stages. Those IR neurons were
in various shapes, such as oval, pyramidal and spindle shapes,
and showed obvious immunoreactivity in their neurites
(Fig. 2). In the cortex of the temporal lobe, Na,1.1 IR neurons
appeared in each layer by 27GW, increased gradually during
late fetal period and reached their peaks at 7-9M, then
decreased and sustained a relatively low level during child-
hood and adulthood. In nearly all age groups, the granular
neurons in layer IV showed much denser immunoreactivity
than other layers. In the cortex, Na,1.1 IR neurites showed
neatrly similar developmental changes to the neurons, without
obvious decrease (Table 1). These neurites were sparse,
delicate and in various lengths, scattered in each sub-region
of the temporal lobe. There was no obvious immunoreactivity
in neuropil (the background was clean) or fiber tracts.

2.1.2. Distribution and developmental changes of Na,1.2
immunoreactivity

Nay1.2 IR neurons first appeared at 19GW, simultaneously in
the hippocampus and the temporal lobe. The IR signals were
mainly in the nuclei of neurons, and mildly in the neuropil. At
27GW, Na,1.2 IR neurons appeared in each sub-region of the
hippocampus and the temporal lobe. Although the neuropil
immunoreactivity was strong, we could recognize the dense IR
neuronal somata and neurites, while the nuclei usually
avoided. After that, there were no obvious changes in cellular
distribution.

In the hippocampus, Na,1.2 IR neurons and neurites first
appeared at 19GW, simultanecusly in the CA and DG,
increased gradually with gestational and postnatal age,
pesked at 7-9M and. sustained such level during childhood.
Then the IR neurons slightly decreased to relatively low adult
level; the IR neurites sustained that high level during
adulthood (Fig. 1). The pyramidal neurons in CA showed
much denser immunoreactivity than the granular neurons in
DG; while the neuropil in CA showed much weaker immuno-
reactivity than those in DG.
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Fig. 1 - Developmental changes of Na,1.1 and Na,1.2 in the hippocampus. A and B from one 22GW fetus case. C and D from one
7M infant case. E and F from one adult case. Left column, Na, 1.1 immunoreactivity; right column, Na,1.2 immunoreactivity. Bar,
50 pm, Na,1.1 immunoreactivity is weak, increases with fetal age, reaches the peak at 7M and then decreases to relatively low
adult level. Na,1.2 immunereactivity is strong, especially in the neuropil. It increases with age and only decreases slightly

during adulthood,

In the temporal lobe, Na,1.2 IR neurons first appeared
simultaneously in the cortex and the white matter at
midgestation, increased with fetal age, reached their peaks
before birth for nearly all sub-regions and rernained at that
level. Nearly in all age groups, the pyramidal neurons in layer
IiI and layer V showed much denser immunoreactivity than
the granular neurons in layer II and layer IV. Interestingly, the
IR pyramidal neurons were continuous from the CA of the
hippocampus to layer V of the temporal lobe. Na,1.2 IR
neurites increased gradually during the entire human devel-
opmental stages, reached their peaks at different stages for
different layers respectively, and remained at those levels
since then.

2.2.  Double-staining IHC

2.2.1. Distribution and developmental changes of Na,1.1 and
parvatbumin double-staining

Nayl1.1 and parvalbumin double-stained neurons were first
detected since 22GW, simultaneously in the hippocampus and

white matter of the temporal lobe. In the hippocampus, the
most double-stained neurons were in the CA area, the
colocalization rate was 49.8% (105/211), and relatively obvious
in the CA3 sub-region, In the white matter of the temporal
lobe, the colocalization rate was 65.6% (21/32). Before 27GW, in
the double-stained neurons, Na,1.1 IR signals were denser in
the periphery while parvalbumin was denser in the central
part of the neurons. Before birth, double stained neurons could
be detected in the cortex of the temporal lobe. By 2M, the
double stained neurons turned into a relatively homogenous
“purple color”, representing that the immunoreactive signals
mixed more uniformly. In the CA area of the hippocampus, the
colocalization rate increased gradually, and the CAl sub-
region became more obvious than the CA3. At 7M, the
colocalization rate in the CA area of the hippocampus
increased to 80.3% (61/76). In the white matter of the temporal
lobe, the colocalization rate decreased and couldn’t detect
double-stained neurons after 2M. In the cortex of the temporal
lobe, the double-stained neurons were predominant in layer
IV—only few double-stained neurons scattered in other layers,
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Fig. 2~ Na,1.1 immunoreactivity in the white matter of the temporal lobe. A-H, Na,1.1 immunoreactivity in various shapes of
neurons. Both the somata and neurites are positive, while nuclei avoided. I, Na,1.1 immunoreactive delicate neurites are
dispersed, in different lengths and directions. Bar: A-F, 10 pm; G, H, 20 pm; 1, 50 pm.

so we only counted them in layer IV. The colocalization rate in
layer IV increased gradually and reached 98.6% (72/73) at 7M
{Fig. 3). Since then, the colocalization rate in the hippocampus
and temporal lobe sustained such level during childhood and
adulthood (Table 3).

2.2.2.  Distribution and developmental changes of Na,1.2 and
parvalbumin double-staining

Nay1.2 and parvalbumin double-stained neurons were also
first detected at 22GW, simultaneously in the CA area of the
hippocampus and the white matter of the temporal lobe. Inthe
CA area of the hippocampus, the colocalization rate was 81,5%
{154/189), relatively obvious in the CA3 sub-region; in the white
matter of the temporal lobe, the colacalization rate was 75.0%
(51/68) (Fig. 3). Before 27GW, in the double-stained neurons,
Nay1.2 IR signals were denser in the periphery while parvalbu-
min was denser in the central part of the neurons. Before birth,
the colocalization could be detected in the cortex of the
temporal lobe. By 2M, the double stained neurons turned into
a relatively homogenous “purple color”. In the CA area of the
hippocampus, the colocalization rate remained relatively
stable, while the CA1 sub-region became more obvious, instead
of the CA3. At 7M, in the CA area of the hippocampus, the
colocalization rate was 80.4% (189/235). In the white matter of
the temporal lobe, the colocalization rate decreased and

couldn’t detect double-stained neurons since 2M. In the cortex
of the temporal lobe, the overwhelming majority of double-
stained neurons were in the layer IV. At 7M, the colocalization
rate in layer IV reached 98.1% (153/156). Since then, the
colocalization rate in hippocampus and temporal lobe sus-
tained such level during childhood and adulthood {Table 4).

3. Discussion

Our analysis of the sub-regional and cellular distribution of
Na,1.1 and Na,1.2 in the human hippocampus and temporal
lobe extends previous understanding by demonstrating the
developmental changes of Na,1.1 and Na,1.2 and their
colocalization with parvalbumin.

Here, for the first time, the developmental changes of
Na,1.1 and Na,1.2 in the human brain were described. In
cellular distribution, Nay1.1 and Na,1.2 IR signals immigrated
from the nucleus to the cytoplasm and the neurites during
fetal development. In sub-regional distribution, Na,1.1 and
Na,1.2 IR signals also showed distinct developmental changes
{Tables 1 and 2}. In the hippocampus and the temporal lobe,
Na,1.1 immunoreactivity was weak and relatively homoge-
neous in all age groups. Na,1.1 IR neurons appeared in
midgestation, increased with gestational and postnatal ages,
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peaked at 7-9M, and then first decreased and stabilized during
childhood and adulthood. On the other hand, Na,1.2 immu-
noreactivity was strong, heterogeneous and diffusely dense in
the neuropil, providing a strong “background”. In the hippo-
campus, Na,1.2 IR neurons increased gradually from the late
fetal period, peaked at 7-9M, sustained their high level during
childhood, and then at adulthood decreased slightly. In the
temporal lobe, Na,1.2 IR neurons peaked at the late fetal stage,
and sustained that level during subsequent developmental
stages; while Na,1.2 IR neurites increased gradually over all
the subjects’ developmental stages.

There are a few papers that have reported that Na,1.1 and
Nay1.2 could be detected in the rodent and human brains on
the mRNA and protein level (Beckh et al., 1989; Black et al.,
1994; Felts et al., 1997; Gordon et al., 1987; Jamnot and Corbett,
2006; Westenbroek et al.,, 1989; Whitaker et al., 2000, 2001b),
indicating that they may have common functions across
species. For most of previous papers, they have only examined
the distribution of Na,1.1 and Na,1.2 on the mRNA level,
which are mainly consistent with our sub-regional distribu-
tion shown by IHC, and identified the distribution of Nav1.1
and Navl.2 in the hippocampus and temporal lobe. These
findings are common phenomenon in different species. In
Jamot’s paper, they report the same cellular distribution of
Nay1.2 with us—in both somata and neurites; but the sub-
regional distribution are different, they report that Na,1.2
predominately localized in unmyelinated fibers and only
localized in a cell body in a small brain region other than the
hippocampus in the rat brain (farnot and Corbett, 2006). We
found Na,1.2 localized in both somata and neurites in each
sub-region of the human hippocampus and temporal lobe.
These differences in sub-regional distribution may be for the
species variation. In Gordon’s paper, they compare the
expression of Navl.l and Nav1.2 in a different brain region,
and find that the expression of Nav1.2 is much higher than
Nav1l.1 in the hippocampus and cerebral cortex, well consis-
tent with our results {Gordon et al., 1987). This conservation of
the relative ratio of Na,1.1 and Na,1.2 between different
species may represent the common stable function in
different species. In the cortex of the temporal lobe, Na,1.1
was obvious in layer IV (the inhibitory layer) and Na,1.2 in
layers Il and V (the excitatory layers); this difference in
distribution may reflect their distinct roles in the human
brain. The developmental changes of Na,1.1 and Na,1.2 in the
human brain were somewhat different from previous rodent
findings (Beckh et al., 1989; Felts et al., 1997; Gazina et al., 2010;
Liao et al., 2010}, perhaps because of species variation.

There is a report that Na,1.7 has opposing functions in
different neuron types, and that these are determined by the
existence of ancther subtype of sodium channel, Na,1.8 (Rush
etal,, 2006). Similarly, if Na,1.1 or Na, 1.2 affect or are affected by
other channels, their developmental changes may have their
functions altered. Na,1.1 and Na,1.2 neuronal expressions
reached their peaks and varied most dramatically during our
subjects’ first year of life. This being so, Na,1.1 and Na,1.2 may
well play a very important role during this period. This could be
the reason most sodium channel related epilepsies begin during
the first year of life. Dravet syndrome, one of the most important
Na,1.1-related epilepsies, is well-known for its intractable
treatment. Knowing how critical the first year is, however, we
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Fig. 3 - The representative pictures of double-staining. A, Na,1.2 mono-staining in the hippocampus from one 22GW case.

B, Na,1.2-parvalbumin double-staining using a serial section from the same case with A. The immunoreactivity of A and B are
mainly consistent; proving that the double-staining is reliable. C, Local magnification of B. Most Na, 1.2 mono-stained {red color)
neurons are overlapped with parvalbumin mono-stained {dark-black color) nenrons. Na,1.2 immunoreactivity seems more
intense in the periphery of the somata, while parvalbumin is in the center. D, Na,1.2-parvalbumin double-staining in the white
matter of the temporal lobe from the same case. The double-staining pattern is similar to the hippocampus, although the
staining is weak. E, Na,1.1-parvalbumin double-staining in the hippocampus of one 7M infant case. One Na,1.1 mono-stained
neuron (red) and two double-stained neurons (purple) are scattered. F, Na,1.1-parvalbumin double-staining in layer IV of the
temporal lobe, the same case with E. Several parvalbumin mono-stained neurons {dark blue) and three double-stained neurons
(purple) are in the cenizal part, scattered double-stained neurites (arrowhead) in the upper-left corer. Bar: A, B, E, 50 pm;

Others, 30 pm.

might do well to begin superactive treatment earlier for infants
suffering from Dravet syndrome. We might even use such
treatment for infants with SCN1A abnormalities before the
severe symptoms present, to help them pass through the critical
first year of life. This might alleviate the irreversible brain
injuries caused by Na,l.1-derived epilepsy. Such a strategy
could be explored using any of the several mouse models
currently available. If successful, the infants suffering from
Dravet syndrome may avoid facing the predetermined doom.
Using double-staining IHC, we studied Na,1.1 and Na,1.2’s
colocalization with parvalbumin. Parvalbumin is found in the

fast-firing inhibitory interneurons and is considered an
excellent chemical marker because of the high quality of its
immunoreactivity. Consistent with Ogiwara et al's. (2007)
report using a mouse model, our study showed that Navil.1
and Na,1.2 have high colocalization rates with parvalbumin.
Both support the hypothesis derived from mouse models in
suggesting that mutations of voltage-gated sodium channels
predominantly impair sodium channel activity in interneur-
ons and can cause epilepsy (Martin et al,, 2010; Ogiwara et al,,
2007; Yu et al,, 2006). Na,1.1 and Na,1.2 colocalization rates
show different developmental changes; for example, in the
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: Table3~The developmental éhanges of the colocalization
rate of Na,1.1 and parvalbumin double-staining in the
hippocampus and temporal lobe.

hippocampus, the colocalization rate of Na,1.1 and parvalbu-
min increased from 49.8% at 22GW to 80.4% at 7M, while the
colocalization rate of Na,1.2 and parvalbumin was nearly
stable during development. These differences may represent
variations between different sodium channel subtypes.

After 2M, both Na,1.1 and Na,1.2 showed homogeneous
colocalization with parvalbumin in cellular distribution. This
is different from Ogiwara et al's {2007) report, in which
“Navl.l is clustered predominantly at the axon initial
segments of parvalbumin-positive interneurons”. This may
be the true variation between species. Both Nay1.1 and Na,1.2
showed relatively obvious colocalization in layer IV of the
temporal lobe—where parvalbumin is predominantly
expressed ([ai and Takashima, 1999). At the same time, they
also showed coincidental developmental changes in cellular
distribution patterns, which are related to the characteristic
developmental changes of parvalbumin and sodium channels.

Most previcus papers suggest that Na,1.2 specifically loca-
lizes in axons and terminals (Beckh et al, 1989; Black et al., 1994;
Felts et al,, 1997; Gordon et al.,, 1987; Westenbroek et al,, 1989;
Whitaker et al., 2000, 2001b), although a few did indicate that
Na,1.2 expresses in neuronal somata in small regions of rat and
cat brains (Gong et al,, 1999; Jamot and Corbett, 2006). In this
study, we found similar somatic Na,1.2 expression in each sub-
region of the hippocampus and the temporal lobe. In addition,
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we detected scattered Na, 1.1 and Na,1.2 IR neurons in the white
matter of the temporal lobe. These neurons appeared very early
{at 19GW), showed no obvious developrental changes, and were
not described in the only previous human brain immunostain-
ing study (Whitaker et al,, 2001b). This indicates that sodium
channels may have a more complex and extensive distribution
pattern than previously thought. The double-staining showed
that these neurons were positive for Na,1.1 and Na,12, but
negative for parvalbumin after 2M, indicating that they maybe a
sub-population of excitatory neurons having particular func-
tions. In the future, it will be necessary to confirm their exact
localizations as well as functions in the human brain.

In conclusion, our study describes the distribution and
developmental changes of two sodium channels subtypes—
Na,1.1 and Na,1.2—and their colocalization with parvalbumin
in the human hippocampus and the temporal lobe. Qur results
revealed that Na,1.1 and Na,1.2 were heterogeneous in
distribution, and showed diverse developmental changes
and colocalization patterns with parvalbumin. These may
reflect the distinct functions of Nay1.1 and Na,1.2 in the
human brain and help us discover the pathomechanisms of
age-dependent epilepsies. Furthermore, a detailed study in
more human specimens is required and with a novel
improvement in the current methods of high-throughput
guantitative histological analysis.

4, Experimental procedures

4.1.  Patient samples

Human post-mortem brain tissues from 28 cases, ranging
from 13 weeks of gestation (GW) to 63 years of age (Y}, were
used. None of the cases had a history of neurological or
psychiatric disease. Neutral formalin fixed paraffin embedded
brain tissue blocks were cut into 4 pm-thick sections and
heated at 45 °C for 10h for next use. Informed consent was
provided in writing by the patients or their family representa-
tives in all cases. The experimental design was reviewed and
approved by the Ethics Committee of Fukuoka University.

To guarantee the quality, a neuropathologist reviewed all the
autopsy sections, confirmed that the morphology was normal
and that they were suitable for immunochistochemistry (IHC). As
an additional safeguard, most of the cases had been successfully
used in previous IHC research (Kanaurni et al,, 2006, 2008).

4.2.  Mono-staining IHC

The sections were deparaffinized and rehydrated as usual,
and then microwaved in 10 mM citrate acid, PH 6.0. for 10 min,
and next incubated in turn in 3% skim milk and in 3% H,0, for
10 min at roorn temperature (RT), rabbit anti-Na,1.1 (1:400;
Alomone Labs, Israel) antibody for 2 h RT or rabbit anti-Na,1.2
(1:500; Novus Biologicals, USA) antibody for overnight (O.N.} at
4°C. Then the sections were incubated with peroxidase-
labeled polymer-based universal secondary antibody-goat
anti-rabbit and mouse (Nichirei, Japan), 30 min RT, next
detected by 3, 3‘-diaminobenzidine tetrahydrochloride (DAB)
(Sigma, USA). During each change, sections were washed
carefully by TBS buffer. Finally the sections were counter-

stained with hematoxylin, and dehydrated, cleared and
mounted as usual.

4.3, Double-staining 1HC

We used the sequential method for double-staining, For the
first detection, after the same pretreatment as described
above, the sections were incubated with rabbit anti-Na,1.1 or
rabbit anti-Na,1.2 antibody, then incubated with biotinylated
goat anti-rabbit secondary antibody (1:200; Vector, USA) for
45 min RT, and then streptavidin/AP (1:100; Vector, USA) for
45 min RT, They were next detected by New Fuchsin solution
(Sigma, USA) (interact with Naphthol AS-BI Phosphate), and
then post-fixed in 10% neutral formalin solution for 20 min.

For the second detection, the sections were microwaved
again, and then incubated in tum in 3% skim milk, 3% H,0,,
parvalbumin (1:1000; LifeSpan Biosciences, USA), biotinylated
horse anti-mouse polyclonal secondary antibody (1:200; Vector,
USA), and streptavidin/HRF (1:100; Dako, USA), as before. Then
the sections were detected by DAB-Cobalt solution (Sigma, USA).
Finally these were dehydrated, cleared and mounted as usual.

Control experiments {including a block with a corresponding
inducing peptide, leaving out the primary antibody and the
secondary antibody respectively} were carefully designed and
tested to exclude the potential unspecific reaction(s).

4.4.  Microscopic semi-quantitative analysis

All the sections were viewed carefully under microscope
{BX50, Olympus) by two observers. The immunoreactive (IR)
neurons were semi-quantitatively evaluated for at least 20HPF
(high power field) for each sub-region and graded as negative
{~: no specific staining), uncertain (+: undefined staining), mild
(+: less than 50% neurons were well stained), moderate (24
more than 50% neurons were well stained), or marked (34
more than 50% neurons were markedly stained). The IR
neurites were graded semi-quantitatively as negative (— no
specific staining), uncertain (+: undefined staining), mild (+
few neurites were well stained), moderate (2+: some neurites
were well stained), or marked (3+ many neurites were
markedly stained). The concordance and reproducibility
were kept well between different observers. According to the
immunoreactivity and the human developmental stages, all
cases were divided into eight age groups.
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