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Fig. 1. Brain MRI performed on admission showing a high-intensity lesion on FLAIR images of the bilateral medial temporal lobes (A); some MS plaques (ovoid lesions) are
noted around the lateral ventricle (B and C); an image obtained with gadolinium enhancement (D) is also shown.

3. Literature review

The coexistence of ON or neuromyelitis optica (NMO) with anti-
NMDAR or anti-GluR antibody positive encephalitis has attracted
attention recently. Four previously reported cases [2-5] and the
present case are summarized in Table 1. Among these 5 patients,
2 were diagnosed with NMO, 2 with ON and 1 with MS. All 5
patients were female, and this predominance fits the clinical char-
acteristics of their respective diseases. In all cases, anti-NMDAR or
anti-GluR antibodies were detected in the CSF. The symptoms of
the 3 patients with ON or MS preceded the development of anti-
NMDAR encephalitis. Interestingly, no patient developed tumours
and showed poor clinical prognoses.

4. Discussion
The early clinical course of this patient was typical of MS

and the later course was compatible with anti-NMDAR encephali-
tis. The patient’s fulminant neuropsychiatric manifestations and

seizures, including the lesions that were present in the bilateral
medial temporal lobes on MRI and positivity for the anti-GluRe2
antibody in the CSF, are atypical of MS, which encouraged
the diagnosis of anti-NMDAR encephalitis with overlapping MS.
GluRe2 (NR2B) is a subunit of NMDAR that is predominantly
expressed in the hippocampus and forebrain and is involved
in memory function. The mild cognitive impairment of the
present case appears to have been caused by lesions in these
areas.

Antibodies against NR1/NR2B heteromers are specific to
NMDAR-associated encephalitis, with or without ovarian teratoma,
whereas GluRe2 antibodies are also found in some other disor-
ders, such as Rasmussen’s encephalitis and progressive epilepsia
partialis continua, and may lack syndrome specificity. Hence, the
detection of anti-GluRe2 antibodies in the present patient’s CSF
may be related to her epilepsy or the destruction of her central ner-
vous system. However, an activated autoimmune system in such
patients may be related to the production of anti-NMDA antibod-
ies; previous cases [4,5] and present case have manifested ON or
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Table 1

Characteristics of patients with presenting with NMO, ON or MS with anti-NMDA or anti-GluR receptor antibody positive encephalitis.
Authors Age/sex Disease  Onset Anti-NMDAR Epilepsy NMO-IgG/ Spinal lesion  Optic nerve Tumour  Prognosis

Ab in CSF anti-AQP4 Ab lesion

Honda 2] 39years/F NMOSD NA Anti-GluRe2 Absent  Anti-AQP4 Ab (+) +(>3VL) - - Good
Kruer [3] 15years/F  NMO NMDA -~ NMO  Anti-NMDAR Present NMO-IgG (-) +(>3VL) + - Good
Motoyama [4] 10years/fF ON ON - NMDA Anti-NMDAR Present  Anti-AQP4 Ab(-) - + NA Good
Ishikawa [5] 12years/fF ON ON-- NMDA Anti-GluRe2 Present  NA - + NA Good
Our case 34years/fF MS MS -~ NMDA Anti-GluRe2 Present  Anti-AQP4 Ab(-) +(<3VL) + - Good

NMO: neuromyelitis optica; NMOSD: neuromyelitis optica spectrum disorder; MS: multiple sclerosis; ON: optic neuritis; NMDAR: N-methyl p-aspartate receptor; GluR:

glutamate receptor; Ab: antibody: AQP4: aquaporin 4; NA: not available; VL: vertebral segments in length.

MS before the development of anti-NMDAR encephalitis. A previ-
ous review reported that 59% of anti-NMDAR encephalitis patients
have tumours and 36% of patients without tumours showed severe
deficits or died [1]. Most noteworthy were the facts that all reported
cases [2-5] and present case who presented with ON, NMO or MS
with anti-NMDAR encephalitis did not present with tumours, and
that those cases demonstrated good recoveries. Positive outcomes
may be possible following the use of intensive immune-modulating
therapies.

5. Conclusion

We reported the first case of a patient who developed anti-
NMDA glutamate receptor antibody-positive encephalitis with
good recovery during the course of MS. There may be a possi-
ble linkage between these diseases, and concurrent autoimmune
responses may be important for the development of autoimmune
encephalitis. Anti-NMDAR encephalitis should be recognized as a

rare manifestation that can occur in MS patients who develop psy-
chiatric symptoms and seizures. However, further investigation of
patients with related disorders and analysis is needed.
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1. Introduction

In recent years, increasing attention has been given to acute and
subacute encephalitis related to glutamate receptors (GluR). GluRs
are involved in eXcitatory neurotransmission on cell membrane
surfaces of the'spinous processes i dentdrites of mammalian cen-
tral nervous systems. Abnormal activity of GluR channels is thought
to contribute to the neuronal death observed in acute and chronic
encephalitis. GluRs have two types: ionotropic and metabotropic
(Table 1). lonotropic GluRs are classified pharmacologically
as N-methyl-p-aspartate (NMDA)-type, non-NMDA-type (alpha-
amino-3-hydroxy-5-methyl-4-isoxXazolepropionic acid {AMPA}-
type, kainate-type); and-§<type withunknownligands. NMPA-type
GluR £2 antibody is frequently found in acute limbic encephalitis
or widespread encephalitis [1]. Moreover, NMDA receptor-related
encephalitis is well known to be associated with ovarian teratoma.
Mauch remains unknown regarding the pharmacological properties
of the GluR 82 subunit that is localized in the forebrain after birth,
but it is known to be selectively expressed in cerebellar Purkinje
eells:

Several recent reports [2-5] have revealed anti-GluR 82 anti-
bodies in the serum and cerebrospinal fluid of patients with
autoimmune encephalitis.
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We report herein a rare case involving a 42-year-old woman
with anti-glutamate receptor 82 antibody-positive encephalitis
and migrating focal lesions mainly in the cerebral cortex.

2. Casereport

A 42-year-old worman presented with loss of consciousness and
convulsions after catching a cold. She was examined by a fam-
ily physician the following day. No cbvious abnormalities were
apparent on brain computed tomography, but magnetic resonance
imaging (MRI) with fluid-attenuated inversion recovery (FLAIR)
showed high-intensity areas in bilateral frontal cortices, the left
parietal cortex, and the cortex and subcortex of bilateral occipital
lobes, and she was referred to our hospital for emergency hospital-
ization. On admission, body temperature was 37.4°C and she was
in a stupor. No cranial nerve or motor system abnormalities were
identified, and nuchal rigidity was identified.

Blood tests showed a leukocyte count of 11,810/ul (neu-
trophils, 90.0%) and C-reactive protein level was 1.28 mg/dL.
Thyroid function was normal, free T3, 223pg/ml, free Ty,
1.34ng/dl, TSH, 097 wIU/ml. Anti-thyroglobulin antibody-RIA was
<0.3 Ufml, Anti-thyroid receptor antibody <1.0[U/ml, Antinuclear
antibody <5 I.C., Anti-cardiolipin antibody IgG <8.0 U/ml, NSE-RIA
6.9ng/ml, Anti-aquaporin 4 antibody, anti-Hu antibody, anti-
Yo antibody were negative. Tumor markers did not show any
abnormalities (CEA; 2.6ng/ml, AFP 4.5ng/ml, CA19-9 17.9U/ml).
Immune system findings showed an activated' immune sta-
tus. Immunoglobulin (Ig)M was mildly elevated to 275mg/dl
and among peripheral blood cells, the T lymphocyte subset
of CD4/interleukin-2 receptor antibody-positive cells comprised
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Table 1
Subunit of glutamate receptor channel.
Subtype Subfamily Subunit
ANMPA type EGluRT-4{GluRa) GluRT{GluRA; GluRoet)
GIuR2(GIuRB, GluRu2)
GluR3(GIuRC)
GluR4(GIuRD)
Kainic adid type GluR5-7(GluRB) GluR5
GIuR6(GIuRB2)
GluR7
KAtl,2 KIt
K2(ClRy2)
3 type GluR3 GluR31
GluR32
NMDA type GluRe GluRe1
GluRe2
GluRe3
GluRe4
NRI{GIuRLL) NMDARL{GIuRE T, NR1)
GluRy GluRy(NR3A)
NR3B

AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate; KA, kainic acid, GluR,
glutamnate receptors, NMDA, N-tnethyl-p-aspartate.

reighted image. -

23.1% (normal: 6.3-19.5%), CD4/CD29-positive cells comprised
27.3% (9.0-27.2%), and suppressor—effector cells comprised 1.02%
(1.3-9.42%). Cerebrospinal fluid (CSF) examination showed ele-
vated protein levels (61 mg/dl) and polynuclear cell-dominant
cytosis (cell count, 54fwl; mononuclear cells, 12/pl; polynuclear
cells, 42/p.1), but glucose level was normal (72 mg/dl). Herpes sim-~
plex virus 1gG 0.3 EIA, EB virus anti-EBNA 1gG antibody <1 ClJ, EB
virus anti-VCA IgM antibody <1 C.IL. Antibody titers against herpes
simplex virus and Epstein-Barr virus in cerebrospinal fluid were
negative. Oligoclonal bands was negative. All cultures of blood and
cerebrospinal fluid likewise yielded negative results, Results for
anti-GluR IgG-32 antibody were positive in serum, but negative
results were obtained for [gG-£2, IgM-£2, and IgM-32 subtypes.
Blood and CSF levels of lactate were normal. Whole body CT includ-
ing enhanced did not show any abnormality.

Brain MRI findings on admission are shown in Fig. 1. High-
intensity areas on T2-weighting image, FLAIR, and (apparent
diffsioii” coefficient) ADC maps, iso- or hyperintense areas on
diffusion-weighted imaging (DWI), and hypointense areas on T1-
weighted imaging were seen in bilateral frontal and parietal lobes
and the left occipital lobe. No gadolinium enhancement was seen.
Meningoencephalitis was suspected at the time of admission, and

Fig. 1. Brain MRI on admission: bilateral cortex of the frontal, parietal and left occipital lobe showed high-intensity areas on T2-weighted, FLAIR and ADC images, iso- or
hyperintense areas on DWI, but low-intensity areas o Ti-weighted image. In contrast image, lesion was not enhanced.
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Fig. 2. Fluid-attenuated inversion recovery (FLAIR) MRI of the brain. High-intensity areas showed various changes with time after onset.

antibiotics (panipenem/betamiprom, 3 g/day), an anfiviral agent
(acyclovir, 1500 mg/day), and an antiedematous agent for cere-
bral edema (glycerol, 800 ml/day) were administered. Steroid pulse
therapy (methylprednisolone 1000 mg/day) was performed for
5days, followed by oral prednisolone at 40 mg/day. On day 2,

@
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the patient regained consciousnous, She was performed the neu-
ropsychological test during day 7. Mini-mental state examination
{(MMSE) yielded a score of 27/30, digit span was 6 digits forward
and 5 digits backward and Frontal Assessment Battery was 18/18.
Cognitive behavior testing yielded a high score of 32 on the Frontal
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Fig. 3. Paroxysms and slow waves were seen with left dominance in the central and parietal regions.
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Behavioral Inventory. Chronological changes on MRI FLAIR images
are shown in Fig, 2. Paroxysms and slow waves were seen with
left dominance in the central and parietal regions on Day 8 (Fig. 3).
Qvarian teratorna was nat found by pelvic MRL

On Day 23, when the dose of prednisolone was tapered to
20mg/day, motor aphasia and right-sided hemiplegia occurred for
about 30min. MRI revealed new lesions showing hyperintense
areas in the left temporal and frontoparietal lobes on FLAIR imag-
ing. Prednisolone was therefore increased again to 40 mg/day. No
neurological symptoms appeared in the subsequent course. On Day
32, those lesions had disappeared, and new lesions had appeared
in the left occipital and frontal lobes. On Day 39, when the dose was
20 mg/day, new lesions in the right temporal and left occipital areas
were seen on MRI, and the dose of prednisolone was again increased
to 40 mg/day and tapered gradually. On Day 53, MRI findings had
nearly normalized, and normal results were also obtained on mag-
netic resonance angiography and magnetic resonance venography
following this increase in prednisolone dose. At 34 months later,
no neurological symptoms have appeared and there have been no
abnormal MRI findings.

3. Discussion

Characteristics of the present case were as follows: (1) clinical
features of meningoencephalitis and CSF pleocytosis; (2) localized
cortical lesions were frequently seen in various sites over time on
MRI; (3) both clinical symptoms and MRI lesions responded well
to steroid therapy; and (4) positive results were obtained for anti-
GluR 82 antibody in the serum. '

From the perspective of clinical feature and MR! findings,
differential diagnoses included multiple scleraosis, acute dissem-
inated encephalomyelitis (ADEM), posterior reversible leucoen-
cephalopathy syndrome (PRES), Hashimoto’s encephalopathy, and
mitochondrial encephalopathies. In the present case, the lesions
were mainly in the cortex, in contrast to the white matter lesions
seen in those disorders. Hashimoto’s encephalopathy was also
thought to be unlikely due to negative findings for anti-thyroid
antibody. Mitochondrial encephalopathies were ruled out based on
lactate levels.

Anti-GluR 82 antibody in the serum and CSF has occasionally
been detected in patients with acute cerebellitis or acute lim-
bic encephalitis {2,4]. However, Tomicka et al. [4] and Hirano
et al. [5] presented two cases of anti-GluR 82 antibody-positive
autoimmune encephalitis with cerebral cortical lesions. The case

described by Tomioka et al. [4] involved a 16-year-old bay who
showed meningitis-like symptoms and seizures, Brain MRI showed
only mild hyperintensity in the parietal cortex on FLAIR and clin-
ical symptoms were monophasic. The case described by Hirana
et al. [5] involved a 17-year-old boy who presented with right
hemiplegia, aphasia, and seizures. Brain MRI showed a hyperin-
tense lesion in the left parietal cortex on T2-weighted imaging.
That case responded to steroids and showed repeated episodes
of encephalitis without new lesions on MRI. Our case resembles
these in terms of cerebral cortical lesions. However, the migration
of cerebral cortical lesions over time as verified by MRI represents
a highly unusual finding.

Cortical lesions in the present case were considered to repre-
sent extracellular edema based on MRI findings. Although the role
of anti~-GluR 82 antibody in the pathogenesis of this autoimmune
migrating cortical-dominant localized encephalitis is unclear, cel-
lular immunity that had been activated as a result of an antecedent
infection was thought to have caused a cross-reaction in the cen~
tral nervous system, giving rise to autcimmune encephalitis as a
result of anti-GluR antibody production and cytokine release. It is
unclear whether anti-GluR antibodies themselves were involved in
the encephalitis or whether antibodies were produced as a result
of cell destruction from encephalitis.
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SUMMARY

mg a severe myoclonic epilepsy in infancy (SME/) muta-
tion in Scnla. In this study, we examined the susceptibility
to hyperthermia-induced seizures of heterozygous Scnla
mutant mice (Scnla™™ and wild-type (Senla*™) mice.
Then we assessed the efficacy of stiripentol (STP) mono-
therapy versus STP and clobazam (CLB) combination
therapy to prevent hyperthermia-induced seizures in
Scni aRx’+ mice.

Scnla™7* mice and age-matched Scnla*”* mice were com-
pared in three age groups (Il month, 3-5 months,
> 6 months). Then STP, CLB, or STP + CLB was adminis-
tered intraperitoneally to Scnla™“* mice of two age
groups (plM, aged | month; p5M, aged 5-10 months).
The efficacy of medications was assessed by comparing
the seizure-inducing body temperature and the duration
of seizures.

Key Findings: The selzure-mducmg body temperature
was significantly lower in Scn1a™“* than in Senla*™ mice
for all age groups (p < 0.01). The seizure-inducing body
temperature was significantly elevated after administra-
tion of STP in pIM (p < 0.05) but not in p5M (p > 0.05),
and it was significantly elevated after administration of
CLB in both age groups (p < 0.05). The seizure-inducing
body temperature was significantly higher after adminis-
tration of STP + CLB than after administration of CLB in
p5M (p < 0.05).

Significance: Scnl a™* mice have increased susceptibility
to hyperthermia-induced seizure in all age groups. STP
monotherapy is effective in preventing hyperthermia-
induced seizures in Scnla™/* mice aged | month, but not
in those aged 5 months and older. When used in combina-
tion therapy with CLB, STP inhibits the metabolism of
CLB and probably synergistically enhances the anticonvul-
sant effect in mice aged | month.

KEY WORDS: Stiripentol, Severe myoclonic epilepsy in
infancy, Mouse model, Clobazam, Efficacy.

Severe myoclonic epilepsy in infancy (SMEI), or Dravet
syndrome, is one of the most severe forms of epileptic
encephalopathy. It is characterized by fever-sensitive and
refractory generalized clonic or tonic—clonic seizures or uni-
lateral seizures beginning in the first year of life. De novo
mutation in the neuronal voltage-gated sodium-channel o
subunit type 1 (SCNIA) gene is a major cause of this
syndrome (Claes et al., 2003).

We succeeded to produce mice carrying an Scnla gene
mutation (Ogiwara et al., 2007). This knock-in mouse line
carries a premature stop codon R1407X in exon 21 of mouse
Scnla, which is identical to the pathogenic mutation found
in three unrelated patients with SMEI. Because SMEI
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patients and Scnla knockout (KO) mice (Oakley et al.,
2009) have fever-sensitive seizures, our first aim was to
confirm the increased susceptibility to hypenhermia—
induced seizures in this mouse model.

The seizures of Dravet syndrome are known to be resis-
tant to therapy (Dravet et al., 2005). In general, conven-
tional treatment is disappointing, and introduction of newer
antiepileptic drugs (AEDs) including stiripentol (STP) has
been recommended (Chiron et al., 2000; Ceulemans et al.,
2004; Chiron, 2005). STP is an AED derived from phenyl-
1-pentanol, which was first described in 1978 (Astoin et al.,
1978). STP has been shown to efficiently reduce the meta-
bolic degradation of several cytochrome P450 (CYP)-sensi-
tive AEDs (Finnell et al., 1995; Levy et al., 1984, 1990).
Accordingly, clinical studies have highlighted the useful-
ness of STP as adjunctive therapy in pediatric epilepsies,
notably in Dravet syndrome (Perez et al., 1999; Chiron
et al., 2000; Cazali et al., 2003). The striking efficacy of
STP has raised the possibility that it may have a direct
antiepileptic action. Some data recently showed that STP itself

1140
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enhances central y-aminobutyric acid (GABA) transmission
(Quilichini et al., 2006; Fisher, 2009). However, we are not
able to perform clinical trials to verify the efficacy of STP
monotherapy for Dravet syndrome because of limitation of
licensed indication. In this animal study, we examined the
efficacy of STP when given as monotherapy and in combi-
nation therapy in a mouse model.

METHODS

All experiments were performed in accordance with the
animal experiment committees of Shizuoka Institute of
Epilepsy and Neurological Disorders and RIKEN Brain
Science Institute.

Generation of the mice carrying an Scnla gene mutation

A mutant mouse line carrying a nonsense mutation,
R1407X, in Scnla has been described previously (Ogiwara
et al., 2007). This RX mutation is located within a loop
between segments 5 and 6 of domain III and could lead to
production of truncated mutant Na, 1.1 missing segment 6
of domain III, domain IV, and C-terminus. All experiments
with heterozygous (Scnla®**) mice were done on a
C57BL/6 genetic background. Study animals were gener-
ated by breeding Scnla™** males with wild-type (WT)
(Scnla™*) females. The Scnla™**mice were distinguished
by genotyping using a 4-oligonucleotide multiplex poly-
merase chain reaction (PCR) of genomic DNA samples iso-
lated from mouse tails. PCR was performed with 1-100 ng
of total genomic DNA, 0.2 mM deoxyribonucleotide tripho-
sphates (dNTPs), and 2.5 U of Blend Taqg-plus polymerase
(Toyobo, Osaka, Japan) under the following conditions: 40
cycles of 94°C for 30 s and 60°C for 1 min. The nucleotide
sequences of the 5’, RX, and WT primers were 5-AT-
GATTCCTAGGGGGATGTC-3, 5-TTTACTTTCACATT
TTTCCATCA-3, and 5-CTTTCACATTTITTCCACCG-3,
respectively.

Scnla™" mice were maintained on a C57BL/6J back-
ground (Japan SLC, Hamamatsu, Japan). We used Scnla™*
mice (n=28) and age-matched WT mice (Scnla*™;
n = 27) for the analysis. Mice were kept on a 12 h light/dark
schedule with unlimited food and water.

Procedure of seizure induction and recording of
electroencephalography

Procedures to provoke hyperthermia-induced seizures,
modified from Oakley et al., 2009, were used. To elevate
the body temperature, each mouse was put into a small box
and heated by a hot plate from below and by electric light
bulb from above. Rectal temperature was measured with a
temperature probe (Nihon Kohden, Tokyo, Japan) at base-
line and at seizure onset. We gradually elevated the body
temperature by 0.1°C per 10 s. Each seizure was identified
by EEG recording. When a seizure was induced, or when
the rectal temperature reached 45°C, the heating bulb was

turned off and the mouse was promptly put into another hya-
line box with a room temperature environment. After the
seizure stopped, the mouse was rescued by cooling with ice
cubes. Video and electroencephalography (EEG) were
recorded simultaneously when the heating procedure began.
The body temperature threshold at which seizure was
induced and the duration of seizure were recorded. EEG
electrodes were implanted 224 h before first seizure was
induced under isoflurane anesthesia with oxygen ventila-
tion. Stainless-steel screws (1.1 mm in diameter) served as
EEG electrodes, and were secured to the skull and dura over
the right somatosensory cortex (1.5 mm lateral to midline,
1.0 mm posterior to bregma) and at the cerebellum (at mid-
line, 2.0 mm posterior to lambda) as reference electrode.

Confirmation of the increased susceptibility to
hyperthermia-induced seizures

We used Scnla®™’* mice (n=28) and age-matched
Scnla™ mice (n = 27) for this analysis. We divided these
mice into three groups according to age: 1, 3—5 months, and
over 6 months. We induced seizure and recorded the body
temperature threshold in each group.

To confirm the reproducibility of the hyperthermia-
induced seizure of Scnla™* mice, we induced seizure
again after 24-48 h from the first induced seizure (n = 17,
including all age groups). We compared each seizure-induc-
ing body temperature (first seizure: BT;; second seizure:
BT,) and duration of seizure (first seizure: D;; second
seizure: D5).

Administration of STP and clobazam (CLB)

Two age groups, pIM (n = 18, aged 4 weeks) and pSM
(n =18, aged 5-10 months), of Scnla™* mice were
assigned in this experiment. Both groups were divided ran-
domly into three subgroups (n = 6), and each subgroup was
administered STP (300 mg/kg) alone, CLB (6.62 mg/kg)
alone, or a combination of STP (p1M; 150 mg/kg, p5M;
300 mg/kg) and CLB (6.62 mg/kg). The dosages of STP
and CLB were set according to previous studies (Shen et al.,
1990; Trojnar et al., 2005; Nakajima, 2001). When STP
(300 mg/kg) combined with CLB was administered to four
Scnla®™* mice aged 1 month, all mice developed severe
hypothermia (around 20°C) and died within 1 h. The reason
could be that 1-month-old mice could not tolerate the high
concentration of STP and CLB or that the intraperitoneal
space was too narrow and the intraperitoneal contents com-
pressed the thorax and obstructed breathing. Therefore, we
reduced the dose of STP to 150 mg/kg in combination ther-
apy in these younger mice. We induced seizures before
administration of medication to determine the pretreatment
seizure-inducing body temperature (BT;) and duration of
seizures (Dy) as baseline data. All drugs were administered
by intraperitoneal injection (i.p.) after a 48-h recovery from
baseline seizure study. STP was suspended in saline solution
(0.9% NaCl) containing 1% Tween 80 (v/v) and CLB was
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suspended in saline solution (0.9% NaCl). We induced
seizure again at 1 h after administration of medication to
determine the posttreatment seizure-inducing body temper-
ature (BT,) and duration of seizures (D,). Blood samples
were collected at 1 h and 20 min after administration of
CLB or STP + CLB for measurement of plasma concentra-
tions of CLB and N-desmethylclobazam (NCLB, a metabo-
lite of CLB) (p1M; n =5, pSM; n = 6, respectively). In
pSM mice, blood samples were equally collected after
administration of STP for measurement of plasma concen-
tration of STP (n = 6).

Statistical analysis

Data are expressed as mean + standard deviation (SD).
Differences were considered statistically significant if
p-value was <0.05 using paired or unpaired Student’s z-test.
The ¢ value is noted when there is a statistically significant
difference.

ResvuLTs

Confirmation of increased and sustained susceptibility
to hyperthermia-induced seizures in Scnl a®** mice

Scnla®* mice manifested clonic tonic—clonic or clonic
seizures as body temperature was elevated and all mice
manifested seizures at body temperatures below 45°C,
whereas approximately 20% (5/27) of Scnla™* mice did not
manifest seizures even when body temperature was elevated
to 45°C. The data of the mice that did not experience seizure
were excluded from average value. The seizure-inducing
body temperature of Scnlad®™* mice was significantly
lower than that of Scnla™ mice in each age group
(Table 1).

Ictal EEG patterns of Scnla mice and those of
Scnla*™ mice were similar, and composed of continuous
spike-waves (Fig. 1). Seizure durations tended to be longer
in Scnla™¥* mice than in Senla™ mice in all groups, but

RX/+

the differences did not reach statistical significance
(Table 1). Approximately 90% (25 of 28) of Scnla®**

Body temperature (°C)  Seizure duration (s)

Age | month

Senld®™*(n = 9) 40.19 + 0.92* 3132 £ 992

Senia*™ 43.18 + 0.45% 2344 £ 993
Age 3-5 months

Senla™* (n = 9) 40.00 * 0.77* 36.03 £ 13.95

Scnla*™ 43.08 + 0.62* 25.96 + 11.95
Age over 6 months

Senla™* (n = 10) 39.78 £ 1.07* 32.68 + 14.89

Senla™’* 43.04 £ 0.44* 3243 + 10.78

Values represent means + SD.

*p < 0.05.

Epilepsia, 53(7):1140-1145, 2012
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mice showed abnormal EEG patterns (spike, spike-waves,
and/or, polyspike-waves) before seizure onset. On the other

hand, no abnormal EEG patterns were observed in Scnl/ a’*

mice before seizure onset. In the heating process, we
observed myoclonic seizures, which were confirmed by
video recording accompanied by polyspike waves on EEG
in approximately 60% (17 of 28) of Scnla®*/* mice.

With regard to reproducibility of the hyperthermia-
induced seizure, there was no significant difference between
BT; (40.15 £ 0.90°C) and BT, (40.48 = 0.78°C) and
between D, (32.65 = 14.87 s)and D, (37.01 = 12.07 s).

Assessment of efficacy of STP in monotherapy and
combination therapy with CLB in Scnl ™ mice

pIM group
In mice treated with STP monotherapy, the difference

~ between BT (39.67 = 1.09°C) and BT, (41.32 + 1.05°C)

reached statistical significance (¢ = 3.097, p < 0.05); In
mice treated with CLB monotherapy, the difference
between BT, (40.10 = 1.35°C) and BT, (42.58 + 0.55°C)
also reached statistical significance (r = 5.381, p < 0.01)
(see Table 2). The difference in BT, between STP mono-
therapy and CLB monotherapy was statistically significant
(t=2.615, p <0.05). In mice treated with STP + CLB
combination therapy, the difference between BT,
(40.18 = 0.58°C) and BT, (43.03 + 0.49°C) reached statis-
tical significance (¢ = 10.44, p < 0.01). The difference in
BT, between CLB therapy and combination therapy did not
reach statistical significance (¢ =1.49, p > 0.05). The
differences between D; and D, for all three treatment
modalities were not statistically significant (p > 0.05).

pSM group

One Scnla mouse did not develop hyperthermia-
induced seizures after administration of combination ther-
apy. In mice treated with STP monotherapy, the difference
between BT; (40.82 + 0.32°C) and BT, (40.98 + 0.50°C)
did not reach statistical significance (t = 0.966, p > 0.05).
In mice treated with CLB monotherapy, the difference
between BT; (40.67 + 0.67°C) and BT, (42.85 + 0.74°C)
reached statistical significance (t = 4.364, p < 0.01). In
mice treated with combination therapy, the difference
between BT; (40.18 + 0.56°C) and BT, (43.82 + 0.75°C)
was statistically significant (t = 16.508, p < 0.01). The
difference in BT, between CLB monotherapy and combina-
tion therapy was statistically significant (r =2.241, p <
0.05) (Table 3). The differences between D; and D, for all
three treatment therapies did not reach statistical signifi-
cance (p > 0.05).

We measured the plasma concentrations of STP and CLB
after seizures (1 h 20 min after administration). The con-
centration of CLB was higher in combination therapy (p1M;
887.6 + 211.60 ng/ml, p5SM; 779.83 = 262.53 ng/ml) than
in CLB monotherapy (p1M; 54.00 % 27.39 ng/ml, p5M;

RX/+
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Onset of seizure

Figure |.

EEG pattern. lctal EEG pattern of
Scn1a™* mice and that of wild-type
mice were similar and composed of a
crescendo and decrescendo
frequency of spike-waves.

Epilepsia © ILAE

Group Age (week) BT, (°C) D (s) BT, (°C) Dy (s)
STP(n = 6) 4 39.67 £ 1.09 39.75 = 10.84 41.32 £ 1.05* 33.17 £ 6.86
CLB(n = 6) 4 40.10 £ 1.35 24.95 £ 11.06 42.58 + 0.55* 36.29 + 20.30
STP + CLB (n = 6) 4 40.18 £ 0.58 3257 £ 6.12 43.03 £ 0.49* 23.51 £ 8.10

Values represent means + SD.

*BT, is significantly higher than BT, (p < 0.05).

Group Age (month) BT, (°C) D (s) BT, (°C) D, (s)
STP(n = 6) 7.62 £ 1.74 40.82 + 0.32 22.50 + 6.29 40.98 + 0.50 27.67 £ 6.71
CLB(n =6) 753 +1.82 40.67 + 0.67 28.00 + 4.33 42.85 + 0.74% 25.50 + 4.51
STP + CLB(n = 6) 8.05 + 1.74 40.18 £ 0.56 22.60 + 4.62 43.82 = 0.75% 30.90 + 6.56
Values represent means + SD.
*BT, is significantly higher than BT, (p < 0.05).

66.00 + 29.17 ng/ml), with a significant difference (p1M,;
t = 8.74, pSM; t = 5.31, p < 0.05). The concentration of
NCLB was lower in combination therapy (p1M;
710.00 £ 144.44 ng/ml, p5M; 526.33 + 142.37 ng/ml) than
in CLB monotherapy (p1M; 1504.4 + 682.26 ng/ml, pSM;
1,371 + 267.36 ng/ml), also with a significant difference
(pIM; t = 2.54, p5M; t = 4.08, p < 0.05). The concentra-
tion of STP in STP monotherapy was 38.92 + 13.41 mg/l in
p5M mice.

Discussion

Increased and sustained susceptibility to hyperthermia-
induced seizures in Scnla™*

Dravet syndrome is characterized by fever-sensitive
seizures in infancy and childhood. We were interested in
how susceptibility to hyperthermia-induced seizures
changes with age. Recently, Oakley et al. (2009) reported

the age-dependent susceptibility to hyperthermia-induced
seizure in mice with heterozygous deletion of Na, 1.1, which
showed hyperthermia-induced seizures at postnatal days (P)
20-22 and P30-46, but not at P17-18. But they did not men-
tion the susceptibility at higher ages. In our study, we
observed increased and sustained susceptibility to hyper-
thermia-induced seizure in Scnla™*¥* mice at various ages
over 1 month. In patients with Dravet syndrome, febrile sei-
zure was reported to ameliorate or disappear as the patients
grew up (Ohtsuka et al., 1991), but this was not the case in
Scnla™* mice. We agree with Oguni et al. (2001) that
fever sensitivity may last throughout the clinical course also
in patients with Dravet syndrome, but due to the decreased
incidence of fever with age as a result of maturation, medi-
cation, or safe-bathing, the frequency of fever-sensitive
seizures may be reduced.

Senld®™"* mice had also spontaneous seizure (clonic
or clonic tonic—clonic seizure, or myoclonic seizure)

Epilepsia, 53(7):1140-1145,2012
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from the age of day 16. Spontaneous seizures occur fre-
quently before the third postnatal week, and tended to
occur in a bufsting manner. Many mice died immedi-
ately after seizure or died of starvation or whatever
caused emaciated state during this period. After the third
postnatal week, the frequency of spontaneous seizures
decreases and seizures become irregular. Therefore the
frequency of spontaneous seizure is not suitable as an
index for evaluating the effects of drugs. On the other
hand, hyperthermia-induced seizures can be recorded sta-
bly and the seizure-inducing body temperature is repro-
ducible in the same mouse. Therefore, we chose the
seizure-inducing body temperature as an index to evalu-
ate drug efficacy.

Efficacy of STP monotherapy in Senla®™* mice
Numerous animal experiments have revealed the anti-
convulsant action of STP in different models of experi-
mental seizures. The antiepileptic activity of STP was first
demonstrated in the early 1970s. The drug was found to
protect rats from seizures in the pentylenetetrazole (PTZ)
and supramaximal electroshock models (Shen et al., 1990;
Trojnar et al., 2005). In the experiments of PTZ-induced
seizures in rats, a significant elevation of seizure threshold
was observed after a single intraperitoneal injection of
STP (300 mg/kg), which corresponded to plasma concen-
trations above 35 mg/L. In our study, the plasma concen-
tration of STP was 38.92 + 13.41 mg/L, which is close to
that in the previous study (Shen et al., 1990). Quilichini
et al. (2006) examined the interactions of STP with GABA
transmission using patch-clamp methods in CA3 pyrami-
dal neurons in neonatal rats. They showed that STP
enhances GABA 4-receptor-mediated transmission in the
immature hippocampus, because this drug increases the
frequency and lengthens the decay time constant of minia-
ture inhibitory postsynaptic currents (mIPSCs). STP
enhances central GABA transmission through a barbitu-
rate-like effect, suggesting that STP should possess an an-
tiepileptic effect per se. Fisher (2009) reported that STP
acts as a direct allosteric modulator of the GABA, recep-
tor at a site distinct from many commonly used anticon-
vulsants, sedatives, and anxiolytic drugs. On the other
hand, no clinical data are available to verify the efficacy
of STP monotherapy in patients with Dravet syndrome.
Scnld®™* mice provide a good model to examine the effi-
cacy of STP when used as monotherapy. Our results indi-
cate that STP has some protective effects against
hyperthermia-induced - seizures in Scnla®* mice aged
1 month, but not in those aged 5 months or older. Accord-
ing to Fisher’s (2009) investigation, STP is effective in the
presence of the 3 subunit of GABA 4 receptor. In another
study, Laurie etal. (1992) found that the subunit of
GABA 4 receptor decreases in adult rodents. Therefore, we
speculate that decreased expression of the a3 subunit of

Epilepsia, 53(7):1140-1145, 2012
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GABA, receptor may account for the lack of efficacy of
STP in Scnla™* mice aged 5 months or older.

Efficacy of STP in combination therapy to Scnla™**

STP is an anticonvulsant agent, and its clinical efficacy as
an add-on treatment to CLB and valproate has been demon-
strated in patients with Dravet syndrome (Chiron et al.,
2000; Thanh et al., 2002; Inoue et al., 2009). Similarly, we
confirmed that STP has definite efficacy when given with
CLB as combination therapy in mice aged both 1 and
5 months or above.

STP is known to be an inhibitor of several CYPs (Tran
et al., 1997). STP is a potent inhibitor of CYP2C19 both in
vitro and in vivo (Giraud et al., 2006). It is known that CLB
can be demethylated to NCLB or hydroxylated to
4-hydroxyclobazam (OH-CLB), and both NCLB and
OH-CLB can be transformed to OH-NCLB (Volz et al.,
1979). STP can inhibit the demethylation of CLB, and
inhibit more potently the hydroxylation of NCLB (Giraud
et al., 2006). Giraud et al. (2004) found that CYP3A4 and
CYP2C19 are the main CYPs involved in the demethylation
of CLB, whereas CYP2C19 is mainly involved in the
hydroxylation of NCLB. Therefore, the patients’ plasma
concentrations of CLB and NCLB increase significantly
when STP is used together with CLB in a continuous
manner. The data for humans were obtained at steady state,
that is, 4 weeks after STP and CLB were taken continu-
ously, providing the time necessary for CLB to be demethy-
lated to NCLB and NCLB hydroxylated to OH-NCLB.
However, our study showed a significant increase in plasma
concentrations of CLB and a decrease in NCLB following a
single administration of STP together with CLB. We col-
lected blood samples at 1 h and 20 min after the administra-
tion of STP and CLB. With this timing STP might have
strongly inhibited the demethylation of CLB, whereas CLB
was still not demethylated to NCLB.

When used as monotherapy, STP was effective in sup-
pressing hyperthermia-induced seizures in 1-month-old
mice, but not in mice aged 5 months or older. The promi-
nent protective effect of STP was in combination therapy;
STP probably synergistically enhanced the anticonvulsant
effect of CLB and inhibited CYPs in 1-month-old mice,
whereas STP mainly contributed by inhibiting the metabo-
lism of CLB in mice aged 5 months or older.

In conclusion, our study demonstrates that mutant hetero-
zygous mice carrying R1407X nonsense mutation have
increased and sustained susceptibility to hyperthermia-
induced seizures from 1 month of age. Thus the Scnld®™*
mice have identical genotype and phenotype as Dravet syn-
drome, therefore serve as a useful tool to test the efficacy of
medications. Whether STP per se has an anticonvulsant effect
has been a clinical interest. Of course the present data were
obtained from a mouse model, and there is limitation in the
extrapolation to the clinical situation. However, the results of
this study could be translated to this clinical question.
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Summary Hyperammonemia is one of the side effects of treatment with valproic acid (VPA),
but the risk factors and mechanisms involved remain obscure. This study analyzed the risk
factors for hyperammonemia associated with VPA therapy in adult epilepsy patients.

A retrospective analysis of 2724 Japanese patients (1217 males and 1507 females aged from
16 to 76 years) treated with VPA between January 2006 and December 2010 were analyzed.

The ammonia level increased markedly in a VPA dose-dependent manner, and was signifi-
cantly elevated in patients who also used hepatic enzyme inducers such as phenytoin (PHT),
phenobarbital (PB), carbamazepine (CBZ), and combinations of these drugs. When a blood
ammonia level exceeding 200 pg/dl was defined as hyperammonemia, the risk factors for hyper-
ammonemia according to multiple regression analysis were a VPA dose >20mg/kg/day (odds
ratio (OR): 4.1; 95% confidence interval (Cl): 1.6—10.8) and concomitant use of PHT (OR: 11.0;
95% Cl: 3.1—38.7), concomitant PB (OR: 4.3; 95% Cl: 1.0—17.9), concomitant CBZ (OR: 2.8; 95%
Cl: 0.6-11.9), and concomitant topiramate (OR: 2.8; 95% Cl: 1.2—6.5). Regimens containing
multiple inducers were associated with an increased risk of hyperammonemia.

Identification of risk factors for hyperammonemia associated with VPA therapy can help to
minimize side effects during its clinical use.
© 2012 Elsevier B.V. All rights reserved.
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Introduction

Valproic acid (VPA) is widely used for the treatment of
seizure disorders, bipolar disorder, schizoaffective disor-
der, migraine, and neuropathic pain. However, VPA is known
to cause an increase of the blood ammonia level and
hyperammonemia can lead to vomiting, aggression, ataxia,
and more frequent seizures. It is also rarely associated
with disturbance of consciousness or fatal encephalopa-
thy. Furthermore, hyperammonemia can damage the central
nervous system, and is associated with an increased risk
of cortical atrophy, ventricular enlargement, and demyeli-
nation (Cagnon and Braissant, 2007). Unfortunately, the
mechanism by which VPA provokes hyperammonemia is
poorly understood and the risk factors remain obscure.

Ammonia is normally converted to urea, which is elim-
inated via the kidneys. As the first step of the urea cycle,
carbamoyl phosphate synthetase | (CPS-1) catalyzes the pro-
duction of carbamoyl from ammonia and bicarbonate ion.
CPS-1 activity is regulated by N-acetylglutamate (NAG),
which is synthesized from acetyl-coenzyme A (acetyl-CoA)
and glutamate by N-acetylglutamate synthetase (NAGS).
Valpronyl-CoA and propionate, which are metabolites of
VPA, reduce hepatocyte NAGS or CPS-1 activity, resulting in
an increase of the blood ammonia level (Aires et al., 2011;
Yagi et al., 2010; Verbiest et al., 1992). Another metabo-
lite of VPA, 2-propyl-4-pentenoate (4-en-VPA) reduces the
acetyl-CoA level, resulting in a decrease of NAG and an
increase of ammonia (Kondo et al., 1992). Furthermore,
carnitine is essential for the metabolism of VPA and it is
consumed during long-term administration, resulting in an
increased risk of blood ammonia elevation (Raskind and El-
Chaar, 2000; Hamed and Abdella, 2009).

Previous studies have identified diverse risk factors for
hyperammonemia associated with VPA therapy, including
age (Altunbasak et al., 1997), the VPA dose or blood con-
centration (Haidukewych et al., 1985; Verrotti et al., 1999),
nutritional status (Laub, 1986; Warter et al., 1984), lupus
erythematosus (Ichikawa et al., 1998), and concomitant
drugs such as phenytoin (PHT), phenobarbital (PB), topira-
mate (TPM), and risperidone (Kugoh et al., 1986; Ratnaike
et al., 1986; Hamer et al., 2000; Longin et al., 2002; Carlson
et al., 2007; Knudsen et al., 2008; Deutsch et al., 2009).
However, most of these previous investigations were case
reports or prospective or cross-sectional studies of around
100 subjects, and the results were discordant. For exam-
ple, Altunbagsak et al. (1997) reported that children younger
than 2 years had a higher risk of hyperammonemia, but other
authors have not found a relationship between age and the
ammonia level. Similarly, only two studies have found that
the VPA dose or blood concentration is positively correlated
with the ammonia level (Haidukewych et al., 1985; Verrotti
et al., 1999), while other studies have not identified any
such association.

Accordingly, the aim of the present study was to identify
clinical risk factors for hyperammonemia in adult Japanese
patients with epilepsy receiving VPA therapy.

Methods

The study protocol was approved by the ethics committee of the
National Epilepsy Center (Shizuoka, Japan) in March 2010. All

patients treated at our hospital from January 2006 to December
2010 were eligible. There were 2724 adult Japanese patients with
epilepsy who were on VPA therapy and underwent blood ammonia
measurement. Patients who showed noncompliance with therapy,
those with severe hepatic or renal dysfunction (aspartate amino-
transferase or alanine aminotransferase >500U/l and/or serum
creatinine >3.0mg/dl), those on a ketogenic diet, and those with
intercurrent infection were excluded. The items investigated were
the age, gender, body weight, blood ammonia level, liver function
tests, concomitant anti-epilepsy drugs (AEDs), VPA dose, plasma
concentration of VPA, and concentration to dose (CD) ratio of VPA
(ng/ml per mg/kg).

Venous blood was collected into a heparinized tube, which was
placed on ice as soon as possible. Then the blood ammonia level
was rapidly measured by a bromophenol blue colorimetric test
using a VITROS5600 autoanalyzer (Ortho Clinical Diagnostics, Tokyo,
Japan). At the same time, another blood sample was obtained for
measurement of the plasma VPA concentration. This sample was
centrifuged at 3000 rpm, after which VPA was measured by a latex
immunoagglutination assay using the same autoanalyzer.

If patients had multiple measurements during the study period,
the highest blood ammonia level was used. Blood samples were
obtained from the patients at 2 to 8 h after administration of VPA.

For analysis of the effect of concomitant AEDs, the other drugs
being used at the time of obtaining the data were examined. Hep-
atic enzyme inducers (inducers) were defined as PHT, PB, and
carbamazepine (CBZ). Primidone, which is converted to PB, was
considered to be equivalent to PB. All other AEDs were defined
as non-inducers. The VPA formulations used by the patients were
Depaken (Kyowa Hakko Kirin, Tokyo, Japan) or Selenica (Kowa Phar-
maceutical, Tokyo, Japan).

Statistical analysis

To assess the relationship between the blood ammonia level and
the VPA dose, patients were classified into three VPA dose groups:
<10mg/kg, >10 and <20 mg/kg, and >20mg/kg. These groups were
compared by analysis of variance (ANOVA) with a post hoc Scheffe’s
multiple comparison test. Patients taking VPA with one or more
inducers were analyzed in the same manner.

The relation between the blood ammonia level and various fac-
tors was examined by stepwise multiple regression analysis, with the
partial regression coefficient (B) and standardized partial regression
coefficient (8) being obtained. Multiple logistic regression analy-
sis was performed to investigate risk factors for hyperammonemia,
which was defined as a maximum blood ammonia level exceeding
150 or 200 p.g/dl and was used as the dependent variable. The inde-
pendent variables were factors that showed significance (p <0.05)
according to stepwise multiple regression analysis.

Results are expressed as the mean =+ standard error. The level of
significance was set at p < 0.05. Statistical analyses were conducted
using SPSS Ver 19.0 (IBM, Tokyo, Japan).

Results

Patient characteristics

A total of 2724 adult patients (1217 males and 1507 females
aged from 16 to 76 years) were analyzed (Table 1). Among
them, 922 patients (33.8%) were receiving VPA monother-
apy and 1402 patients (51.4%) were being treated with VPA
plus inducers. Of these, 700 patients (49.9%) receiving VPA
combined with both inducers and non-inducers. The mean
blood ammonia level was 80.7 + 1.0 (median: 69.0; range:
8-504) pg/dl (Fig. 1). Among the 2724 patients, there were

- 112 -



204

Y. Yamamoto et al.

81 patients (3.0%) who had blood ammonia levels exceeding
200 pg/dl, and 33 of these 81 patients (40.7%) treated for
hyperammonemia with carnitine rescue, intravenous ther-
apy, or VPA dose reduction. In contrast, 30 of these 81
patients (37.0%) suffered adverse effects such as lethargy,
vomiting, anorexia, ataxia, and more frequent seizures.
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Figure 1 Ammonia levels in 2724 patients receiving VPA.
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Figure 2 Blood ammonia level stratified by the number
of combined AEDs. Significance was determined by ANOVA
(p<0.001) and Scheffe’s multiple comparison test. *p<0.001
versus 1, 2, 3, 4, and 5 AEDs. **p<0.001 versus 2, 3, and 4
AEDs; p<0.05 versus 5 AEDs. ***p<0.001 versus 3 AEDs; p <0.01
versus 4 AEDs.

Influence of concomitant AEDs and the VPA dose or
plasma concentration

The relation between the blood ammonia level and the
number of concomitant AEDs is shown in Fig. 2. The mean
blood ammonia level was 55.7 1.0 pg/dl in the patients on
VPA monotherapy and the ammonia level showed a signifi-
cant increase as the number of concomitant AEDs increased
(ANOVA; p<0.001). Post hoc analysis showed significant dif-
ferences in relation to the concomitant use of 1, 2, 3, 4, and
5 AEDs compared with VPA monotherapy, but no difference
among the concomitant use of 3, 4, and 5 AEDs.

Fig. 3 displays a stratified analysis of blood ammo-
nia levels in the patients classified into three VPA dose
groups. In all three groups, concomitant use of inducers

150~ 23 veA +inducers or VPA + inducers + non-inducers
VPA + non-inducers
D VPA monotherapy "
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VPA dose (mg/kg/day)
Figure 3 Blood ammonia level stratified by the VPA dose

in patients on VPA monotherapy or combination therapy with
inducers and/or non-inducers. In all three VPA dose groups,
there were significant differences related to combined treat-
ment with inducers or non-inducers (ANOVA; p <0.001). Post hoc
Scheffe’s multiple comparison test. *p <0.05, **p <0.001.
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significantly increased the blood ammonia level in compari-
son with monotherapy or use of non-inducers (Scheffe’s test;
p<0.001). In the monotherapy group, the mean ammonia
level of patients receiving >20mg/kg of VPA was increased
by 1.4-fold over that in patients receiving <10mg/kg. There
was a weak positive correlation between the blood ammo-
nia level and the dose of VPA (r=0.23, p<0.001). In the
non-inducer group, patients receiving <20 mg/kg of VPA had
significantly higher blood ammonia levels in comparison with
those on VPA monotherapy. In contrast, at VPA doses above
20mg/kg, no significant difference of the ammonia level
was observed. In summary, the blood ammonia level was
markedly increased by concomitant treatment with inducers
regardless of the VPA dose.

Table 2 shows the blood ammonia level, VPA dose, and
CD ratio in patients receiving different inducers. Concomi-
tant use of PHT was associated with a significantly higher
blood ammonia level and VPA dose compared with use of PB
or CBZ (p<0.001). In contrast, use of PHT was associated
with a lower mean CD ratio of VPA in comparison with PB
and CBZ. All 4 poly-inducer regimens tended to be associ-
ated with higher blood ammonia levels than those seen with
mono-inducer regimens, but there was no significant differ-
ence except for the VPA+PHT +PB regimen. When a blood
ammonia level exceeding 150 or 200 p.g/dl was defined as
hyperammonemia, poly-inducer regimens were associated
with a higher incidence of hyperammonemia in comparison
with mono-inducer regimens.

Fig. 4 shows the correlations between the CD ratio for VPA
and the plasma concentrations of PHT, PB, and CBZ. There
were no significant correlation between the CD ratio for
LTG and the concentrations of inducers. Meanwhile, there
were weak, but significant, positive correlations between
the blood ammonia level and the plasma concentrations of
PHT, PB, and CBZ (Fig. 5).

Risk factors for hyperammonemia

Stepwise multiple regression analysis was conducted by
using the VPA dose, concomitant AEDs, antipsychotic drugs,
age, and gender as independent variables to identify factors
with an influence on the blood ammonia level. As shown
in Table 3, the dose of VPA and concomitant use of PHT
had the strongest positive correlations. In addition, gen-
der and concomitant use of PB, CBZ, zonisamide, clobazam,
TPM, acetazolamide, and antipsychotic drugs showed a sig-
nificant correlation (these items were used as independent
variables for multiple logistic regression analysis). No signif-
icant correlation was observed with age or concomitant use
of clonazepam, diazepam, gabapentine, and lamotrigine,
which were eliminated by the stepwise procedure.

Finally, multiple logistic regression analysis was per-
formed. When a blood ammonia level >150pg/dl was
defined as hyperammonemia, concomitant use of PB, CBZ,
clobazam, and acetazolamide were found to be significant
risk factors, but no significant factors were observed in rela-
tion to an ammonia level >200 pg/dl. In contrast, the  VPA
dose and the concomitant use of PHT, multiple inducers, and
TPM were significantly associated with hyperammonemia
(>200 ug/dl). Concomitant PHT was the most impor-
tant risk factor. The regimens VPA+PHT, VPA+PHT +PB,
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Figure 4 Correlation between the concentration to dose ratio for VPA and plasma concentrations of PHT, PB, and CBZ. r:
Spearman’s correlation.

400~ VPA+PHT 500 VPA+PB 400 o °  VPA+CBZ
r=0.31, p<0.001 o =033, p<0.001 7=0.10, p<0.05
[+]

3007 o 300~

g

1000,

Blood ammonia level (jug/dl)

o

{ T T T T 1} | T T T T T I
.0 10.0 20.0 30.0 400 .0 100 200 300 400 500 .0 5.0 10.0 15.0 200
Plasma PHT concentration (pg/mi) Plasma PB concentration (pg/ml) Plasma CBZ concentration (ug/ml)

Figure5 Correlation between the blood ammonia level and plasma concentrations of PHT, PB, and CBZ. r: Spearman’s correlation.
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VPA +PHT +CBZ, and VPA+ PHT + PB + CBZ increased the risk
of hyperammonemia by 10.6, 32.9, 8.8, and 32.5-fold,
respectively, in comparison with VPA alone or VPA plus non-
inducers.

Discussion

In this study, we investigated a large cohort of 2724 epilep-
tic adult patients receiving VPA to identify risk factors for
hyperammonemia. Chicharro and Kanner (2007) reported
that the mean prevalence of hyperammonemia caused
by VPA therapy was 90.3% (range: 71—100%) and 47.4%
(range: 16.2—100%) in prospective and cross-sectional stud-
ies, respectively. At our hospital, the normal range of blood
ammonia is 16—76 ug/dl, and 1171 of the 2724 patients
(43%) exceeded the upper limit of this range. Several studies
have suggested that hyperammonemia causes few symp-
toms. Interestingly, Williams et al. (1984) reported that
asymptomatic hyperammonemia was found in 58% of adult
patients with mental retardation. In this study, symptoms
were not investigated in all 2724 patients, but, 33 of the 81
patients (40.7%) with hyperammonemia exceeding 200 p.g/dl
had problems related to seizure control and additional costs
because of treatment such as carnitine rescue, intravenous
therapy, and VPA dose reduction. Lichter-Konecki (2008)
reported that acute hyperammonemia can cause cerebral
edema and severe brain damage, while chronic hyperam-
monemia in patients with congenital metabolic disorders is
associated with developmental delay and intellectual dis-
ability. In general, long-term therapy is needed by epileptic
patients using VPA. Therefore, it is important to identify risk
factors for an increase of ammonia and to conduct routine
measurement of ammonia irrespective of whether patients
are asymptomatic or symptomatic.

According to multiple regression analysis, 28% of the
blood ammonia level was explained by factors such as gen-
der, the VPA dose concomitant AEDs, and antipsychotic drugs
(Table 3). In this model, the g value indicates the magnitude
of the influence on the blood ammonia level, so the VPA dose
and concomitant use of PHT had a strong influence on ele-
vation of ammonia. However, it was difficult to assess the
influence of each factor accurately. When a blood ammonia
level exceeding 200 ng/dl was defined as hyperammonemia,
the risk factors for hyperammonemia were the VPA dosage,
concomitant use of PHT, use of multiple inducers, and use
of TPM (Table 4).

Several studies have not found any association between
the VPA dose or blood concentration and the blood ammonia
level. In contrast, we found that the increase of ammonia
occurred in a VPA dose-dependent manner in adult epilepsy
patients. Hamed and Abdella (2009) reported a negative cor-
relation between the carnitine level and the VPA dosage
(r=-0.75, p<0.001), suggesting that a decrease of carnitine
may be associated with an increased risk of hyperammone-
mia. Another possible explanation is that valpronyl-CoA may
inhibit NAGS in a VPA dose-dependent manner, resulting in
a decrease of CPS-1 activity.

Our study demonstrated that concomitant use of one or
more inducers was an important risk factor for an increase
of the blood ammonia level. Since the 1980s, several stud-
ies have showed that combination therapy with VPA+PHT

and/or PB is associated with an increased blood ammo-
nia level (Haidukewych et al., 1985; Verrotti et al., 1999),
but the mechanisms involved remains to be identified. In
general, inducers such as PHT, PB, and CBZ increase the
activity of cytochrome P450 (CYP) enzymes, resulting in a
decrease of the serum concentration of VPA. This drug inter-
action means that the dose of VPA has to be increased to
maintain the optimum concentration, resulting in a higher
blood level of ammonia (Table 2). However, we found
that the blood ammonia level was significantly increased
by combined treatment with inducers regardless of the
VPA dose (i.e., in all three dose groups, ANOVA; p<0.001)
(Fig. 3). Another possible mechanism is that PHT, PB, and
CBZ induce CYP 2A6, 2C9, 2C19, and 3A4 (Patsalos et al.,
2002), resulting in more rapid metabolism of VPA to com-
pounds such as propionate and 4-en-VPA, which inhibit CPS-1
activity and thus cause an increase of the blood ammonia
level.

Among the three inducers, the blood ammonia level was
increased in the order of PHT, PB, and CBZ. PHT also signif-
icantly reduced the CD ratio of VPA in comparison with PB
and CBZ (Table 2; p<0.001, 0.005). Therefore, PHT strongly
induced VPA metabolism and thus increased the ammonia
level.

Treatment regimens containing multiple inducers could
be associated with enhanced interactions that increase the
risk of hyperammonemia (Table 2). In particular, despite
the lowest dosage of VPA, the incidence of hyperammone-
mia was the same in patients taking VPA+PB+CBZ as that
in patients receiving VPA + PHT. Moreover, The plasma con-
centration of PHT, PB and CBZ caused a modest increase in
blood ammonia level in a concentration-dependent manner,
but dose not affect VPA metabolism (Figs. 4 and 5). It is pos-
sible that these inducers might have different mechanisms
for increasing the ammonia level as well as induction of hep-
atic enzymes. Further studies will be necessary to evaluate
ammonia levels in patients receiving one or more inducers
without VPA.

Our study established the risk of hyperammonemia due to
concomitant use of TPM (OR: 2.8; 95% confidence interval:
1.2—6.5). Several cases of hyperammonemic encephalopa-
thy due to VPA and TPM therapy have been reported (Hamer
et al., 2000; Carlson et al., 2007; Knudsen et al., 2008).
Hamer et al. (2000) suggested that TPM inhibits carbonic
anhydrase and thus blocks bicarbonate reuptake. Therefore,
TPM-induced metabolic acidosis may lead to an increase of
the blood ammonia level.

Among the non-inducers, we found that acetazolamide
and clobazam had the potential to increase the ammo-
nia level. Kim et al. (2007) have reported a patient
with hyperammonemia due to acetazolamide monotherapy.
Acetazolamide is a carbonic anhydrase inhibitor like TPM and
the increase in blood ammonia would presumably be due to
the same mechanism. An increase of the blood ammonia
level due to clobazam has not been reported before and the
mechanism of hyperammonemia is unknown. It is possible
that clobazam influences the VPA concentration (Patsalos
et al., 2008) or it might indirectly affect urea cycle enzymes
in the liver, but further studies will be necessary to clarify
the mechanism involved. Concomitant use of VPA and TPM
and/or clobazam represents standard therapy for Dravet
syndrome, but we suggest that special care might need to
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be taken when a patient is treated with VPA in addition to
TPM and/or clobazam.

The blood ammonia levels in patients with non-inducers
were higher than those in patients with mono-therapy. Hung
et al. (2011) reported that transient hyperammonemia in
patients is significantly related to generalized tonic—clonic
seizures and acidosis. Seizure control was better in patients
on VPA monotherapy than in those on polytherapy, which
may have contributed to higher ammonia levels in the lat-
ter. Also, TPM, zonisamide and acetazolamide can cause
metabolic acidosis. However, seizure frequency and bicar-
bonate were not investigated in the present study. Further
studies will be necessary to evaluate whether higher seizure
frequency and acidosis are associated with one of the risk
factors for hyperammonemia in patients using VPA.

This study had several limitations. First, genetic polymor-
phisms that are important for ammonia metabolism could
not be confirmed because of its retrospective cross-sectional
design. It has been reported that CPS-1 polymorphism is
associated with an increase of the blood ammonia level
in Japanese patients on VPA therapy (Yagi et al., 2010),
although the VPA dose and use of inducers were not found
to be significant risk factors for hyperammonemia in that
study.

Furthermore, blood samples were not collected at a
specific time. The blood ammonia level is affected by fast-
ing, which may have contributed to the different results
obtained in previous studies. The VPA concentration also
fluctuates in the same patient depending on the blood sam-
pling time and trough levels were not measured. However,
despite the lack of trough levels, CD ratios for VPA showed

significant differences among the combinations of inducers
(Table 2).

Second, we showed that combining VPA with mul-
tiple inducers was linked to an increased risk of

hyperammonemia, but the 95% confidence inter-
vals were wide for regimens such as VPA+PHT+PB,
VPA +PHT +PB+CBZ, or VPA+PB+CBZ (Table 4), probably
because only 81 out of 2724 patients (3.0%) developed
hyperammonemia.

In conclusion, our study identified some risk factors for
hyperammonemia in a large cohort of Japanese patients
with epilepsy. We suggest that the blood ammonia level
should be monitored carefully when patients are receiv-
ing high-dose VPA, concomitant inducers, acetazolamide,
clobazam, and TPM. Furthermore, regimens containing mul-
tiple inducers can result in enhanced interactions that
increase the risk of hyperammonemia. Better identifica-
tion of risk factors for hyperammonemia in patients on
VPA therapy will help to minimize the side effects of this
drug.
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