Figure 5 X-gal staining of the liver in a treated mouse at the 30th day.
Many positive-staining cells were spread diffusely in the whole organ.
Scale bar=100 pm.

blood-brain barrier would be definitely different be-
tween at 24h and at 48h because the brain of the
newborn mouse develops very rapidly.

The activities of [}-galactosidase were very much
increased in the liver, lung, and the heart (Table 1),
where the high vascularity and abundant bleed flow
may give predominance of adenovirus infection.
Moreover, large deviations of activity among the treated
mice would suggest that the activity resulted from
the infectious efficiency. The primary source of
P-galactosidase activity is speculated to be direct
infection by adenovirus, not cross-correction by secreted
enzyme. This hypothesis is supported by the fact that
the activities in each organ in treated mice were not
parallel among the organs (Figure 1). In other words, the
mouse having the highest activity in the liver did
not necessarily have the highest activity in the brain,
and vice versa.

Although the direct infection of tissues by adenovirus
vector seems to be the primary source of B-galactosidase
activity, interorgan and intraorgan cross-correction by
circulating enzyme must also be a factor. The interorgan
cross-correction might play a major role in the early stage
of infection when high levels of serum activity are
present. Since the blood-brain barrier is not fully intact
until 10-14 days of life in rodents,* it would be possible
for the proteins to enter from biood flow into the brain, as
well as for the virus particles. The evidence of intraorgan
cross-corrections was shown both in the brain and in the
liver of this study. The remarkable attenuation of gang-
lioside GM1 accumulation in the brain and the liver was
shown in some treated mice by biochemical analysis,
while only a small number of cells (less than 1 and 10%
of the cells in the brain and in the liver, respectively)
were positive with X-gal staining (Figures 3 and 5). Since
the infected cells are the only source of the B-galactosi-
dase activity in the brain after the closure of the blood-
brain barrier, the vector expressing the enzyme activity
constitutively is needed for the successful prevention of
the disease. As the maturation of blood~brain barrier in
the human, which is completed by birth, is definitely
different from that in the mouse, intrauterine treatment
may be needed for human patients. However, the
treatment before the massive accumulation occurs is
important definitely, and it would be possible that the
low level but persisting activity of the enzyme could
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prevent the further accumulation and the disease
development throughout life.

Materials and methods

GM1-gangliosidosis mouse model (f-galactosidase-
adeficient mouse)
Mouse model of GM1 gangliosidosis was generated by
targeting of B-galactosidase gene in ES cells as previously
described. 2% Newborn mice were obtained by mating
the heterozygous female mice with the homozygous
male mice. Identification of newborn mutants was
accomplished by quantitative analysis of B-galactosidase
activity in the tail tip homogenates on the day of birth.
Age-matched wild-type mice of C57BL/6 strain were
used as the control.

All surgical and care procedures were carried out
according to the Guidelines for Use and Care of
Experimental Animals approved by the Animal Com-

- mittee of Osaka City University School of Medicine.

Construction of adenovirus vector with f-galactosidase
cDNA

AdEasy system,? the system for constructing adenovirus
vector, was kindly provided by Dr. Vogestein at Johns
Hopkins Cncology Center. Mouse B-galactosidase cDINA
was cloned and constructed as previously reported.®
Construction of adenovirus vector carrying mouse -
galactosidase ¢DNA was performed by the protocol
described at http://www.coloncancer.org/adeasy/pro-
tocol.htm. Mouse p-galactosidase cDNA was cloned into
the shuttle vector pAdTrackCMV having GFP gene as a
reporter, linearized by digesting with Pmel, and cotrans-
formed by electroporation with an adenoviral backbone
plasmid pAdEasy-1 into E. coli BJ5183 cells. Recombi-
nants were selected for kanamycin resistance, and
linearized by digesting with Pacl, then transfected by

- Lipofectamine (GIBCO BRL, Rockville, MD, USA) into

the 293 adenovirus packaging cells. Recombinant ade-
noviruses were generated within 7-12 days. The recom-
binant virus solution was obtained by removing the host
cells by sonicaton and centrifugation. The virus was
amplified by repeating the infection with the wviral
supernatant. The concentration of viral solution was
achieved finally at 3.93 x 10° PFU/ml.

To confirm the virus activity, infection to Hela cells
was performed at an MOI of 40. The infection and the
protein formation by the recombinant virus were
determined by GFP fluorescence on microscope and the
analysis of B-galactosidase activity in the cell homo-
genate and in the culture medium.

Administration of adenovirus vector and the
preparation of tissues
Each mouse received a single intravenous injection of
100! of viral suspension with 4x10° PFU via the
superficial temporal vein from 24 to 43 h after birth.
Mice were examined on the 30th and the 60th days after
birth. One hemisphere of the brain was used for
biochemical analyses, and the other was used for
histological examinations in each mouse.

For the biochemical analysis, mice were anesthetized
with diethylether and the blood was washed out with
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normal saline by perfusing through the heart, and each
organ was wrapped with Parafilm and kept at —80°C
until use. For the histological studies, the organs were
fixed by perfusing through the heart with 4% parafor-
maldehyde in 0.1M phosphate buffer pH 7.4 {PB) for
20 min, after washing out the blood with normal saline.
The organs were placed in the same fixing mixture
overnight for paraffin sections. For the use of frozen
sections, the tissues were placed in 0.1 M phosphate
buffer pH 7.4 containing 30% sucrose, then frozen in
liquid nitrogen.

B-Galactosidase assay

B-Galactosidase activity was analyzed in the tissue
homogenate with the artificial substrate of 2mM 4-
methylumbelliferyl B-galactoside at pH 4.0 in 0.1M
sodium citrate-phosphate buffer according to the method
described by Suzuki?® The protein was analyzed by
using Bio-Rad protein assay system (Bio-Rad Labora-
tories, Hercules, CA, USA) of Bradford.”

Ganglioside analysis

Lipid extraction, ganglioside isolation, and lipid quanti-
fication were performed as described by Fujita ef 2*® and
Hahn et a*°. Total lipids were extracted from tissue
homogenate in chloroform-methanol (1:2, v/v). Neutral
and acidic fractions were separated by reverse-phase
column of Varian Bond Elute C-18 (GL Sciences Inc,
Tokyo, Japan). The column was preconditioned with
chloroform—methano! (1:2, v/v) and 99.5% metharol.
The lipids extracted from 100 to 200 mg in wet weight of
each tissue were applied onto the column, and the
column was washed with methanol-0.9% saline (1:1, v/
v). Ganglioside/acidic lipids were eluted with metha-
nol-water (12:1, v/v) and collected for the study. The
content of sialic acid in the ganglioside/acidic lipid
fraction was analyzed by the colorimetric assay by the
resorcinol method®® with N-acetylneuraminic acid as the
standard. Lipids were separated by TLC with high-
performance thin-layer plates (Merck High-Performance
TLC 60; Merck KGaA, Darmstadt, Germany) and
developed in the solvent of chloroform-methanol-0.2%
CaCl, (55:45:10; v/v/v). Gangliosides were visualized by
resorcinol spray and heating. Each sample was applied
in two lanes and repeated twice to show the reliability of
the TLC technique. Densitometric quantification of
gangliosides was performed using Kodak Digital Scien-
ce™ EDAS 120 system with 1D Image Analysis software
{(Eastman Kodak Company, NY, USA). The analysis was
carried out within the linear range with respect to the
quantity of the lipid using commercially purchased
ganglioside GM1 (Sigma G7641, Sigma, MO, USA) as
the standard.

Histopathological study

"Paraffin sections (10 pm thick) were processed and used

for hematoxylin/eosin staining. Frozen sections (15 pm
thick) were reacted with X-gal by B-Gal staining Kit
(Invitrogen Corp., Carlsbad, CA, USA) to visualize -
galactosidase activity. Ganglioside GM1 accumulated in
the brain was visualized in frozen sections by immuno-
staining of avidin:biotinylated enzyme complex method
with anti-GM1 ganglioside monoclonal antibody con-
jugated with biotin (Seikagaku Corp., Tokyo, Japan) and
VECTASTAIN™ ABC Kit (Vector Laboratories, CA,

ene Therapy

USA). The staining procedures were carried out accord-
ing to the instructions of the company.

The percentage of the infected cells was analyzed in
the brain and the liver specimen stained with X-gal by
measuring the blue-stained areas in the pictures.
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Abstract Eight mutations of the « subunit of f-hex- Keywords GM2 gangliosidosis * Tay-Sachs disease -
osaminidase A gene (HEXA) were identified in eight Japanese - Infantile acute form - Late infantileform -
patients with GM?2 gangliosidosis variant B. They Juvenile form
were five missense mutations, two splice-site muta- ' .
tions, and one two-base deletion. Five of them, R252L
(CGT — CTT), N295S (AAT — AAC), W420C
(TGG — TGT), IVS 13, +2A - C, and del 265- |ntroduction
266AC (cxon 2), were novel mutations responsible for
infantile acute form of GM2 gangliosidosis. Two  Tay-Sachs disease, GM2 gangliosidosis variant B, is an
missense mutations, R499H and R495C, were found in  gytosomal recessive disorder primarily affecting the
one allele of two patients with attenuated phenotypes.  central nervous system. [t is caused by mutations in the
The patient with R499C showed a late infantile form, gepe encoding the o subunit of f-hexosaminidase A
and the other patient with R499H showed a juvenile (Hex A), a lysosomal enzyme composed of « and f
form. These two mutations have been reported previ-  polypeptides. Hex A requires the assistance of GM2
ously in the patients of other ethnic groups, and they activator protein for hydrolysis of the lipophilic gangli-
have been known to cause attenuated phenotypes. The  ogide GM2 in the hydrophilic environment of the lyso-
milder phenotypes of GM2 gangliosidosis variant B, gome. Mutations in the § subunit and GM2 activator
different from the infantile acute form, have not been protein respectively result in the two other GM2 gan-
reported so far in Japan, and this is the first report of  gliosidoses known as Sandhoff disease (variant O) and
Japanese patients with attenvated phenotypes and activator protein deficiency (variant AB). Deficient
their molecular analysis. catabolism and abnormal accumulation of ganglioside
GM?2 is a common feature in all GM2 gangliosidoses,
. and consequently they all exhibit similar clinical symp-
This work was supporte ti sak. {lowshi toms.
(AT, 283;) from Ié)l?szkad(:?tyy,u}z;‘aoxﬁn::dl?:eogl‘rgnt :T]:-TISEVTS&E About hundred mutations in HEXA have been
from the Ministry of Education, Culture, Sports, Science and  described in the literature (Gravel et.al., 2001) so far.
Technology of Japan. Some mutations are commonly found in ethnically or
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Department of Pediatrics, ) ' Jewish patients (Myerowitz and Costigan, 1988; Ar-
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1-4-3 Asahi-machi, Abeno-ku, 1988) or French Canadian patients (Myerowitz and
Osakg.545-85.85, Japan . Hogikyan, 1986). We previously reported two com-
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Okayama University School of Medicine, Okayama, Japan who show other clinical phenotypes than infantile
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acute form have not been reported so far in the Jap-
anese population.

We report here two patients with dlfferent attenuated
clinical phenotypes of GM2 gangliosidosis caused by the
different missense mutations in the same codon of
HEXA. This is the first report of Japanese patients with
attenuated phenotypes other than infantile acute form.
In addition, we report five novel mutations responsible
for infantile acute form of GM2 gangliosidosis variant
B.

Materials and methods

Molecular and biochemical analysis

Cultured skin fibroblasts obtained from the patients with GM2
gangliosidosis variant B were used for the study in patients 1-6.
Peripheral lymphocytes and chorionic villi were used in patients 7
and 8, respectively.

Genomic DNA was extracted from cells or tissue by the
standard method. In the first step, two common mutations (IVS
5, -1 G =T and del nt613C) were screened by the previously
reported method (Tanaka et al, 1999), and ecight patients (pa-
tients 1-8) who had unknown mutations were selected. In the
next step, PCRs and the sequencing were performed as described
previously (Tanaka et al., 1999) to apalyze the unknown muta-
tions.

Enzyme analysis was carried out in the tissue homogenates with
the substrates of 4-methylumbelliferyl-N-acety! B-glucosaminide
for the activity of hexosaminidase A plus B and 4-methylumbel-
liferyl-N-acetyl B-glucosamine-6-sulfate for the specific activity of
hexosaminidase A according to the method of Suzuki (1987). All
the patients gave their informed consent prior to their inclusion in
this study.

Patients’ reports

Patients 1, 2, 3, 5, 7, and 8 showed the typical phenotype of
infantile acute form of Tay-Sachs disease. The symptoms appeared
at around 6 months of age. They never walked and became bed-

ridden at about 1 year old. Patients 4 and 6 showed different
attenuated phenotypes as described following. All patients had no
records of consanguinities.

Patient 4, a 9-year-old boy: The patient developed normally
until 1 year old when he could walk and speak one-word sentences.
Mother noted that he showed no development after that, and
consulted a doctor when he was 1 year and 6 months. The doctor
found that he had hyperacusis and a cherry-red spot on the macula,
and the diagnosis of GM2 gangliosidosis was made. He could not
stand at age 2, and clonic seizures appeared at age 3. Nasal-tube
feeding was introduced when he was 3. He was bed-ridden, had no
social communications, and showed some myoclonic movements at
the age of 7 years.

Patient 6, an 8-year-old girl: She developed normally until 3
years of age. She showed dysphemiz at 3 years and 9 months. Then,
she gradually lost words. She had the first attack of generalized
seizure at § years and 10 menths. Her EEG showed spike dis-
charges at both temporal regions. The seizures appeared several
times a day, and they were intractable by oral administration of
anticonvulsants. She showed some difficulty with communication
at 6 years and 5 months, nystagmus at 7 years and | month, and
could not walk at 7 years and 2 months. At 7 years and 10 months,
she was bed-ridden and showed some chorea-like involuntary
movements. She could neither move nor communicate socially. She
had no macular cherry-red spot. The brain MRI showed severe
cortical atrophy. The diagnosis of GM2 gangliosidosis variant B
was made by enzyme analysis.

Results

The eight patients, who had unknown mutations in ei-
ther of the two alleles, were selected by the screening of
the two common mutations, as described previously.
These patients were examined enzymatically and
molecularly, and the results were summarized in Ta-
ble 1. All except patient 1 had IVS 5, -1 G — T in one
allele. Eight mutations were identified for 8 patients ,
which were five missense mutations, two splice-site
mutations, and one two-base deletion. Five, R252L
(CGT — CTT), N2958 (AAT — AAC), W420C
(TGG —» TGT), IVS 13, +2A - C, and del 265-

Table 1 Mutations in HEX A4 and hexosaminidase A (Hex A) activity in eight patients. Hex A activity was analyzed in the homogenate of
cultured skin fibroblasts with 4-MU-N-acetyl §-glucosamine-6-sulfate as the substrate

Patient Phenotype Allele 1 Allele 2 Hex-A activity
1 Infantile acute Vs 3, +1G > T* del 265, 266AC 0.76
2 Infantile acute IVS 5,-1G > T° Ivs 13, +2A 5 C 0.80
3 Infantile acute IVS S5, -1G 5 T° w420C 0.92
4 Late infantile VS 5,-1G 5 T° R499C° 2.02
5 Infantile acute IVS5,-1G - T° R252L 1.10
6 Juvenile IV 5, -1G - T° R49911¢ 7.46
7 Infantile acute IVS 5, -1G o T° IVS 6, +1G — A® 4.94*
8 Infantile acute vs s, -1G- 1 . N2958 2.05%*
Homozygous patient (n=10) Infantile acute IVS 5, -1G - T® IVS S, -1G » T® 1.14£0.31
Normal control
Fibroblast (n=7) Normal Wwild wild 5824135
Lymphocyte (n=10) 206 £ 37
396 +94

Cholicnice villi (n=10)

* Analyzed in the homogenate of peripheral lymphocytes
** Analyzed in the homogenate of chorionic villi. The activities are
shown in nanomoles per milligrams per hour
2 Mutatton originally reported by Tanaka et al. (1994)
» Mutation originally reported by Tanaka et al. (1993)

° The same mutation was previously reported by Mules et al.
{1992) and Akli et al. (1993}

4 The same mutation was previously reported by Paw et al. (1950),
Triggs-Raine et al. (1951), and Akk et al. (1993)

© The same mutation was previously reported by Akli et al. (1933)
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266AC (exon 2), were novel mutations responsible for
infantile acute form of GM2 gangliosidosis.

Two different missense mutations were found in the
same codon in two patients (patients 4 and 6), R449C
(CGT — TGT) and R449H (CGT — CAT), which
caused the attenuated clinical phenotypes. Both muta-
tions were generated at CpG spot. Patient 4 had R449C
and showed late infantile form, and patient 6 had
R449H and showed juvenile form. Hex A activity in
these patients seemed to be higher than in other patients
with infantile acute form, as shown in Table 1.

Discussion

A huge number of mutations of HEXA gene have been
reported previously. Most of them, about 90%, were
known to cause the infantile acute form, so called Tay-
Sachs disease, whose clinical phenotype is almost similar
among patients from different ethnic groups. However,
the clinical phenotypes of the chronic form are very
heterogeneous (Gravel et al., 2001). Sometimes they
show different phenotypes with the same mutation. The
reason of this phenomenon is still unclear. Interactions
between the mutant proteins from both alleles and the
balance of those proteins must play an important role,
which might be different among individuals even though
they have the same mutations. Moreover, unknown ef-
fect from other genes or other proteins might occur.

GM2 gangliosidosis variant B in Japan is very un-
ique. -Most patients show infantile acute clinical pheno-
type and have the same mutation of IVS 5, -1G > T,
which is considered to originate in Japan (Tanaka et al.,
1994). Moreover, patients with milder forms have not
been reported so far in the Japanese population.

We reported two Japanese patients with different
attenuated phenotypes (late infantile and juvenite forms)
and identified the disease-causing mutations in each
patient. Both had the mutation of IVS 5, -1G > T in
one allele. The mutations in another allele were R4995C
for one patient (patient 4) and R499H for the other
(patient 6). Patient 4 showed a late infantile form, which
was more severe than patient 6 but milder than other
typical Japanese patients with GM2 gangliosidosis. Pa-
tient 6 showed a juvenile form.

Previously, R499C was reported in two patients—a
French patient and an Italian patient—with infantile
form (Akli et al., 1993), and one patient (Slavic/Irish)
with adult form (Mules et al, 1992). R499H was re-
ported in a Scottish/Irish patient (Paw et al., 1990) and
a Scottish/English patient (Triggs-Raine et al., 1991)
with juvenile form, and in a Dutch patient with adult
form (Akli et al., 1993). All four,. the two R499C pa-
tients with infantile form (a French patient and an
Italian patient) and the two R499H patients with
juvenile form (a Scottish/Irish patient and a Scottish/
English patient), had the same null mutation of 4-base
insertion in exon-11 in another allele. The -molecular
situation of the two patients in this report, who had
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R499C/H and a null mutation (IVS 5, -1G — T), is the
same as these four patients with R493C/H and 4-base
insertion. Patient 4 -(R499C/IVS 5, -1G — T) showed
less severe phenotype than the French and the Italian
patients (R499C/4-base insertion). Patient 6 (R499H/
IVS 5, -1G — T) showed a similar phenotype with the
Scottish/Irish and the Scottish/English  patients
(R499H/4-base insertion).

The reason R499H causes mild phenotypes was
previously studied biochemically (Paw et al., 1990). As
the a-chain generated from the mutant allele with
R499H would not be processed to the mature form, it
would be unstable and unable to exit endoplasmic
reticulum (ER). Some intracellular milieu might help to
exit ER and to reach into lysosomes and create a small
amount of mature polypeptide. In R499C, the cysteine
residue might create an illegitimate disulfide bridge in
the protein with a resultant disruption of the normal
three-dimensional structure, causing a more severe
clinical phenotype than in R499H (Akli et al, 1993).
Our study of the structural analysis by molecular
modeling software showed no drastic structural chan-
ges in o subunit polypeptides with R499C/H (Matsuz-
awa et al,, 2003), which was consistent with the mild
clinical phenotypes.

We also found six mutations in Japanese patients
with infantile acute form. One, IVS 6, +1G — A, was
reported previously in an American patient with sub-
acute form (Akli et al, 1993). The remaining five
mutations were novel. Two-base deletion (del 265,
266AC) would cause a flame shift and generate a stop
signal at the 16th codon downstream to make a trun-
cated polypeptide without biological function. As IVS
13, +2 A — C abolished the consensus sequence for the
splicing, the mutation would cause impairment of nor-
mal splicing. W420C was reported previously in an Irish/
German patient with infantile acute form. These two
patients, this Irish/German patient and the patient in
this report, had different nucleotide substitutions
resulting in the same amino acid substitution, TGG to
TGC and to TGT, respectively. R252L must be a dis-
ease-causing mutation because a different mutation in
the same codon (R252H) was previously reported in a
Portuguese patient (Ribeiro et al, 1996) who has
mutation of Bl variant (2 mutation for mild form) in
another allele, and the amino acid R255 would be
important for the protein structure. As N295 is one of
the N-linked glycosylation sites of the a-chain polypep-
tide (Myerowitz et al., 1985), the amino acid substitution
of N295S must cause a significant conformation change
of the protein, which was consistent with the severe
clinical phenotype of this patient.
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Magnetic Resonance
Imaging in Occipital
Lobe Epilepsy with
Frequeﬂt Seizures

Hideji Hattori, MD, Osamu Matsuoka, MD,

Hiroshi Ishida, MD, Saeri Hisatsune, MD,
and Tsunekazu Yamano, MD

Magnetic resonance imaging and single-photon emission
computed tomography provide useful informatien in the
evaluation of the pathophysiology of epileptic foci. Ictal
magnetic resonance imaging in a 7-year-old male with
occipital lobe epilepsy revealed mild swelling of the left
temporo-occipital region, with hyperintensity on T;-
weighted and fluid attenuated inversion recovery images.
This lesion, however, was not detected on diffusion-
weighted imaging. An ictal single-photon emission com-
puted tomography study using 99mTc-ECD demon-
strated left temporo-occipital hyperperfusion. To-
weighted and fluid attenuated i Yersion recovery images
revealed hyperintensity without atrophy 4 months after
control of his seizures, The focus in noncenvulsive status
epilepticus has been reporfed as showing hyperintensity
on T,-weighted, fluid attenuated inversion recovery and
diffusion-weighted images. Since hyperintensity on diffu-
sion-weighted imaging reflects cytotoxic intracellular
edema due to excitotoxicity, and:his ictal diffusion-

- weighted image exhibited no remarkable change, the

,Aesions in the left temporo-occipital region resulted from
vasogenic edema. Cytotoxic edema resulting from excito-
toxicity leads to neuronal death, causing cortical atrophy.
Thus, diffusion-weighted imaging is"a useful tool to
predict the prognosis of frequent seizures. © 2003 by
Elsevier Inc. All rights reserved.

Hattori H, Matsuoka O, Ishida H, Hisatsune S, Yamano T.
Magnetic resonance imaging in occipital lobe epilepsy
with frequent seizures. Pediatr Neurol 2003;28:216-218.

Introduction

There have been a number of studies concerning the
pathogenesis of epilepsy using experimental animals.
They have offered valuable information to help understand
the pathophysiology of human epilepsy. Neuroimaging
using magnetic resonance imaging (MRI) and single-
photon emission computed tomography (SPECT) also has
contributed to evaluating the pathophysiology of the pa-
tient with localization-related epilepsy [1-6]. We present a
male with occipital lobe epilepsy, who suffered from
frequent seizures, whose ictal MRI and SPECT helped us
to elucidate the pathophysiology of his epileptic focus.

Case Report

The male was delivered at 41 weeks gestation by cesarean section for
placenta previa. He was the mother’s first child. She had suffered from
occasional complex partial seizures 1 year before the pregnancy and had
taken antiepileptic drugs while pregnant. The amniotic fluid was slightly
turbid. Birth weight was 3,750 g, length 51.5 cm, and head circumference
35 cm. Apgar scores at 1 and 5 minutes were 6 and 9, respectively. His
developmental milestones were normal. He had his first seizure while
watching television when he was 7 years old. The seizure involved
transient nausea and headache with a sensation of glare. He had rapid,
abnormal eye movement. The episode lasted less than 30 seconds. The
seizures became increasingly frequent and were sometimes associated
with loss of consciousness and tonic posturing while walking. Postictally
he sometimes complained of fear, transient blindness, and visual distur-
bance such as the perception of rotatien of his mother’s face. He was
admitted to our hospital. .

On admission, he was having 20 to 30 seizures per day. His neurologic
examination was unremarkable. He underwent electroencephalogram
(EEG) examination, brain MRI, and SPECT. Interictal EEG revealed
continuous high-voltage slow wave bursts in the left occipital region and
spikes at the right central region on awakening. Seizure activity was not
induced by photic stimulation or sleep. Video-EEG recording during the
ictal state revealed rhythmic 2-2.5 Hz high voltage slow waves starting in
the bilateral frontal region that were associated with nystagmus. Subse-
quently, 20-25 Hz rhythms increasing in amplitude appeared at the left
occipital region, spreading to the left temporo-parietal region. MRI
demonstrated mild swelling of the left tempora-occipital region, which
revealed signal hyperintensity on T,-weighted and fluid attenuated
inversion recovery (FLAIR) images (Figs 1A.B). This lesion was not
detected by diffusion-weighted image (DWT) (Fig 1C). MRI also dem-
onstrated mild dilatation of the posterior horn of the left lateral ventricle.
Although we suspected this change might be the residue of old brain
damage, the exact eticlogy was unclear. Jctal SPECT study using
99mTc-ECD revealed left temporo-cecipital hyperperfusion (Fig 1D).

Clinical manifestations and the EEG findings caused us to diagnose
occipital lobe epilepsy, and carbamazepine (CBZ) was prescribed. CBZ
was gradually increased in dosage from 3 mg/kg/day to 10 mg/kg/day in
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Figure 1. MRI revealed signal hyperintensity by Tp-
weighted (A) and FLAIR (B} images in the left temporo-
occipital region. DWI of MRI did not demonstrate abnor- .
mal intensity area (C). Simultaneously examined SPECT
showed hyperperfusion in the left temporo-occipital cortex
(D). The 4-month follow-up MRI exhibited no signal
abnormality or cortical atrophy by Ty-weighted (E) and
FLAIR (F) images. Both MRIs demonstrated mild dilata-
tion of the posterior homn of the left lateral ventricle. (A)
T,-weighted image: Fast spin echo, TR/TE 40007107 msec,
(8) FLAIR image: TRTE/TI 9002/1502200 msec, (C)
DWI: apparent diffusion constant (ADC) image, TR/TE
5000, 102.5 msec, b value=600, 800, 1000, (E) T,-
weighted image: Fast spin echo, TR/TE 4000/102 msec,
(F} FLAIR image: TR/TE/TI 10002/172/2200 msec. TR:
repetition time, TE: echo time, TI: inversion time.

12 days. The serum concentration of CBZ reached 6.5 to 7. pg/ml.
Acetazolamide (250 mg/day) was added to CBZ from 14 to 27 hospital
days, when signal hyperintensity by T,-weighted images in the left
temporo-occipital region resolved. As seizure activity persisted, CBZ
was increased to 12 mg/kg/day. The seizures decreased in frequency and
subsided completely by 32 days. At this time, SPECT revealed mild left
temporo-occipital hypoperfusion. Although MRI after 4 months of
seizure control demonstrated mild dilatation of the posterior horn of the
left lateral ventricle, it did not reveal any abnormalities such as cortical
atrophy or hyperintensity on T,-weighted and FLAIR images in the left
temporo-occipital area (Fig 1 E,F). The patient had no neurologic
sequelae.

Discussion

There have been several studies concerning MRI and
SPECT findings in localization-related status epilepticus
[1-6]. They reported that hyperintense signals in T,-
weighted and FLAIR images were observed in both
hippocampal and neocortical tissues [1-3]. Chu et al
described that DWI also revealed diffuse gyriform cortical
hyperintensity throughout the brain in nonconvulsive sta-
tus epilepticus [7]. It was known that ictal SPECT dem-
onstrated hyperperfusion at the epileptic focus. Our patient
suffered from frequent nonconvulsive seizures but did not
fit the definition of being in status epilepticus. His initial
MRI study exhibited swelling and hyperintensity of the
left temporo-occipital area in T,-weighted and FLAIR
images, but did not reveal any abnormal signal on DWIL.

Generally, hyperintensity on T,-weighted and FLAIR
images reflects vasogenic extracellular edema and/or cy-
totoxic intracellular edema, whereas hyperintensity on

DWI indicates only cytotoxic intracellular edema [7-8].

Thus, the MRI findings in our case revealed that the
frequent seizures induced vasogenic extracellular edema,
but did not cause neuronal cytotoxic intracellular edema in
‘the temporo-occipital region.

MRI findings regarding the epileptic focus in the ictal
state may be divided into three types according to the

intensity of seizures, (i.e., no significant findings, signal
hyperintensity on T,-weighted and FLAIR images, and
signal hyperintensity on T,-weighted, FLAIR and addi-
tional diffusion weighted images, respectively). Patho-
physiologically, hyperperfusion, vasogenic extracellular
edema, and then cytotoxic intracellular edema may be
chronologically induced in the epileptic focus in propor-
tion to the intensity of seizures.

The lesions demonstrating hyperintensity by DWI are
reported to result in gliosis with atrophy. In our case an
MRI examined after 4 months of seizure controf did not
reveal any atrophy of the epileptic focus, and the patient
did not have any neurologic sequelae. Vasogenic edema is
thought to depend on altered permeability of the vessels in
relation to frequent seizures, resulting in fluid accumula-
tion in the extracellular space [3]. The results obtained
from our patient indicate that vasogenic edema is repaired
without neurologic sequelae, if seizures do not develop
into status epilepticus. In status epilepticus, cytotoxic
edema is induced due to excitotoxicity, leading to neuronal
death, causing brain atrophy. Thus, DWI MRI imaging is
a useful tool to predict prognosis in patients with frequent
seizures.
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Regulatory Mechanisms and Physiological Relevance of a Voltage-Gated
H™* Channel in Murine Osteoclasts: Phorbol Myristate Acetate Induces Cell
Acidosis and the Channel Activation

HIROYUKI MORI,! HIROMU SAKAIL' HIROKAZU MORIHATA,! JUNKO KAWAWAKI?
HITOSHI AMANO,? TSUNEKAZU YAMANO,* and MIYUKI KUNO'

ABSTRACT

The voltage-gated H* channel is a powerful H* extruding mechanism of osteoclasts, but its functional roles
and regulatory mechanisms remain unclear. Electrophysiological recordings revealed that the H* channel
operated on activation of protein kinase C together with cell acidosis.

Introduction: H* is a key signaling ion in bone resorption. In addition to H* pumps and exchangers, osteoclasts are
equipped with H™ conductive pathways to compensate rapidly for pH imbalance. The H* channel is distinct in its
strong H* extrusion ability and voltage-dependent gatings. '
Methods: To investigate how and when the H* channel is available in functional osteoclasts, the effects of phorbol
12-myristate 13-acetate (PMA), an activator for protein kinase C, on the H* channel were examined in murine
osteoclasts generated in the presence of soluble RANKL (sRANKL) and macrophage-colony stimulating factor
(M-CSF).

Results and Conclusions: Whole cell recordings clearly showed that the H™ current was enhanced by increasing the pH
gradient across the plasma membrane (ApH), indicating that the H* channel changed its activity by sensing ApH. The
reversal potential (V,.,) was a valuable tool for the real-time monitoring of ApH in clamped cells. In the permeabilized
patch, PMA (10 nM-1.6 pM) increased the current density and the activation rate, slowed decay of tail currents, and
shifted the threshold toward more negative voltages. In addition, PMA caused a negative shift of V_,, suggesting that
intracellular acidification occurred. The PMA-induced cell acidosis was confirmed using a fluorescent pH indicator
(BCECF), which recovered quickly in a K*-rich atkaline solution, probably through the activated H* channel. Both cell
acidosis and activation of the H* channel by PMA were inhibited by staurosporine. In ~-80% of cells, the PMA-induced
augrnentation in the current activity remained after compensating for the ApH changes, implying that both ApH-dependent
and -independent mechanisms mediated the channel activation. Activation of the H* channel shifted the membrane
potential toward V.. These data suggest that the H* channel may contribute to regulation of the pH environments and
the membrane potential in osteoclasts activated by protein kinase C.

J Bone Miner Res 2003;18:2069-2076

Key words: osteoclast, proton channel, cell acidosis, pH homeostasis, phorbol ester

INTRODUCTION the primary mechanism responsible for H" secretion into

. _ the resorption pit formed between osteoclasts and the bone

IVERSE H-TRANSLOCATING MECHATISMS are involved in  gyrface. Na*-H™ exchangers are ubiquitous regulators for

" regulation of osteoclast functions.”” The vacuolar-type  jniracellular pH (pH;). Voltage-gated H* channels, which
H"-ATPase (V-ATPase) in the ruffled membrane may be 5 [+ conductive pathways, are expressed in many types
of macrophage-lineage cells including macrophages,** mi-
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their surprisingly high H* extrusion rate, ~100 times as
strong as the pumps and exchangers, and have been hypoth-
esized to compensate rapidly for pH imbalance across the
plasma membrane.® However, their physiological or
pathological relevance to osteoclast functions remains un-
clear because there has been no information about the
channel activity under possible functional states. Clarifying
how and when the H* chanrel is activated is crucial to
understanding the functional roles of the channel, which
may provide a new insight into the H" signaling system of
osteoclasts.

The H* channels are characterized by an extremely high
selectivity for H* (>10° times more permeable to HY than
to other ions), voltage- and time-dependent gating, strong
outward rectification, and blockage by Zn2*. There is not
yet consensus on the molecular identity of the channel,”
but it is considered to be a molecule with a distinct and
unidentified permeation mechanism.® The H* channel ac-
tivity is dynamic and responsive to changes in cell condi-
tions, such as, temperature, "' cell swelling,*® intracellu-
lar Ca?*,™® actions of NADPH oxidases,"2' and phorbol
esters.'>!4=1" Phorbol esters enhance bone resorption by
modifying various osteoclastic activities, such as organiza-
tion of the cytoskeletal network, [Ca?*] -sensing responses,
increases in calmodulin, and downregulation of CSF-1
binding sites."*-2" In this study, to reveal conditions under
which the H* channel is available in osteoclasts, we inves-
tigated the effects of phorbol ester on the channel activity.
A preliminary account has been made.®?

MATERIALS AND METHODS
Cells

Osteoclasts were generated frormn murine bone marrow
cells in the presence of macrophage-colony stimulating
factor-1 (M-CSF-1; Peprotec, London, UK) and a soluble
form of RANKL (sRANKL; Peprotec).®*** After male, 5
to 8-week-old, C3H/HeN mice were killed by cervical dis-
location, bone marrow cells were obtained from the tibias
. and femurs, centrifuged at 700g for 7 minutes at 4°C, and
suspended in 1 ml of a-MEM supplemented with 15% fetal
calf serum (FCS), 0.1 mg/ml! streptomycin, and 100 U/ml
penicillin. The cell suspension was placed on a chromatog-
raphy column filled with 5§ ml of Sephadex G10 gel (Am-
ersham Pharmacia Biotech, Buckinghamshire, UK) and was
incubated at 37°C in a 95% air-5% CO, atmosphere for 45
minutes. After removing adherent cells by means of gel
filtration, nonadherent cells were centrifuged at 700g for 7
minutes at 4°C and plated on glass coverslips at 2 X 107
cells/ml in the fresh medium containing 10-20 ng/m!
M-CSF and 50-100 ng/ml sRANKL. Cells were fed on the
coverslips coated with M-CSF and/or RANKL. One-half of
the medium was changed every 2 days. Multinuclear cells
appeared within 5 days in culture and were maintained for
10-15 days. Osteoclasts were identified with the phase-
contrast microscopy as multinucleated cells with TRACP
activity.®®

MORI ET AL.

Solutions

In whole cell recordings, the external solution contained
(mM) 75 N-methyl D-glucamine (NMDG) aspartate, 1 CaCl,,
1 MgCl,, 10 glucose, 80-100 HEPES (pH = 6.8-7.8), and
0.1% bovine serum albumin (BSA). Generally, 100 uM of
4,4'diisothiocyanato-2,2’-stilbene sulfonate (DIDS) was
added to the bath to block C1™ channels.”*> The pipette
solutions contained (in mM) 65 NMDG aspartate or 75
Cs-methanesulfonate, 3 MgCl,, 1 BAPTA, 5 Na,ATF, 120
Mes, or 100 HEPES (pH = 5.5-7.8). The buffers, Mes and
HEPES, were used to make the pipette solutions of pH, <
7.0 and =7.0, respectively. The pH of the bath and pipette
solutions (pH, and pH,) was adjusted by CsOH. Osmolality
of the solutions was maintained between 280 and 300
mOsm. In the permeabilized-patch recordings, the same
pipette and bath solutions were used: pH, was maintained at
7.3 unless described otherwise. Amphotericin B (~3500 pg/
ml) was added to the pipette solutions. As pH,, could not
control] intracellular pH, there was no significant difference
in the reversal potential for the H* current (V) and the H*
current density under different pH,: V., and the current
density measured at the end of 2-s-long depolarization (100
mV) were 23 * 4 mV (n = 41) and 4.4 * 0.8 pASpF (n =
39) at pH, 5.5 and 19 = 4 mV (n = 14) and 34 = 04
pA/pF (n = 18) at 7.3-7.6. However, in some cases, the
current increased with a shift in V,_, before stimulation. We
discarded these cases where effects of pH, could not be
excluded. To evaluate H* channel activities under more
physiological conditions, the bath contained standard
Ringer solution (in mM) 145 NaCl, § KCl, 1 CaCl,, 1
MgCl,, and 10 HEPES (pH 7.3), and the pipette contained
(in mM) 150 K-gluconate, 3 MgCl,, 1 EGTA, and 10
HEPES (pH 7.3).

Electrophysiological recordings

Currents were recorded from osteoclasts at room temper-
ature (20-24°C). The borosilicate glass pipettes had a re-
sistance of 5—8 MJ{). The series resistance compensation
(60-80%) was conducted to reduce the voltage error. The
reference electrode was an Ag-AgCl wire connected to the
bath solution through a Ringer-agar bridge. The zero current
potential before formation of the gigaseal (1-5 G{1) was
taken as 0 mV. The H* current developed gradually in the
permeabilized patch, usvally for 10-20 minutes. Data were
obtained after the current activity and V., were stabilized.
Current signals were recorded with an amplifier (Axopatch
200A; Axon Instruments, Foster City, CA, USA), digitized
at 1-2 kHz with an analog-digital converter (Digidata 1200;
Axon Instruments), and analyzed using pCLAMP software
{Axon Instruments). Voltage steps were applied at a holding
potential of —60 mV every 10-60 s. The interval of stim-
ulation was determined to minimize decreases in ApH
caused by the preceding H efflux.7?® Leak current was
estimated from the linear portion of the current-voltage
(I-V) relation when either inward or outward current was
absent or eliminated by the blockers. After subtracting leak
currents, data were expressed as means * SE. Statistical
significance (p < 0.05) was tested using unpaired Student’s
t-test unless stated otherwise.
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FIG. 1. Whele cell, voltage-gated H* currents in murine osteoclasts. (A) H* cuments evoked by voltage steps applied at —60 mV. (B)
Current-voltage (I-V) relationships under different ApH (pH, — pH,). The current amplitude was measured at the end of 1-s-long voltage steps,
normalized by cell capacitance, and was plotted against the membrane potential (V“’z)' Data (means * SE) were obtained at pH /pH, of 5.5/7.8
(n=4),55M1.3(n=13),55/68 (n=4),7.0/7.8 (n = 5), and 7.0/6.8 (n = 2). (C} Zn** (100 pM) blocked the current reversibly. (D) H™* currents
recorded with 2 ramp-repolarization method. A 20-ms-long repolarizing voltage ramp from + 100 to —140 mV was applied following 250 ms-
(d1) or 20-ms-long (d2) prepotentials (+ 100 mV). (E) The I-V relation of the subtracted current (pH /pH, = 5.5/7.8). An arrow indicates the
reversal potential (V). (F) V,,, plotted against ApH. The line represents a least square’s fit for the data (r = 0.99). In A-F, the bath contained

NMDG aspartate and 100 pM DIDS. The pipette contained Cs-methanesulfonate.

Osteoclasts were stimulated by perfusing the bath solu-
tion containing PMA at about (.1 ml/s (volume of the
recording chamber; 2 ml). This perfusion was often accom-
panied by transient increase in temperature by 1-2°C. Be-
cause the H* channel has a strong temperature sensitiv-
ity,1®1} the effects of PMA were analyzed after
temperature returned to that before the perfusions.

Measurements of intracellular pH using 2',7"-bis-
(2-carboxyethyl)-5 (and -6) carboxyfluorescein

pH; of single nonclamped cells was determined with a
digital fluorescence microscopy (Attofluor; Atto Bio-
science, Rockville, MD, USA) using a pH-sensitive fluo-
rescent dye, 2',7'-bis-(2-carboxyethyl)-5 (and -6) carboxy-
fluorescein (BCECF). Cells were loaded with the
acetoxymethyl ester form of BCECF (BCECF-AM; 2-5
M) for 30 minutes at 37°C. After washing the dye, the
ratios of fluorescent images (emission wavelength = 3520
nm) excited at two wave lengths (488 and 460 nm) were
measured every 20 s with 30- to 100-ms exposures. Data
(80-120 pixels for each cell) for each illumination were
averaged and plotted against time. Calibration of pH,; was
carried out by dissipating ApH with 10 uM nigericin in a
K*-rich solution with known pH values.™

Chemicals

Mes, BAPTA, and BCECF-AM were purchased from
Dojindo Laboratories (Kumamoto, Japan). All other
chemicals were obtained from Sigma Chemical Co. (St
Louis, MO, USA). A condensed stock solution of
Na,ATP (500 mM) was prepared in 1 M Tris-Cl, stored
in a freezer, and added to the internal medium before use.
Stock solutions of PMA, DIDS, and diphenylene io-
dinium (DPI) were dissolved in dimethyl sulfoxide

(DMSQ) and nigericin in ethanol. The final concentration
of DMSO (=0.1%) or ethanol (=1%) did not affect the
membrane currents.

RESULTS
Voltage-gated H currents in murine osteoclasts

Figure 1A shows whole cell recordings of voltage-gated H*
currents in murine osteoclasts when other ion currents were
eliminated. The H™ currents were characterized by activation
on depolarization, slow activation kinetics, and outward recti-
fication.™ The current amplitude and the activation rate were
reduced by decreasing pH,,. The current-voltage (I-V) relation-
ships for the current density obtained under various combina-
tions of pH,, and pH,, showed that increases in the ApH shifted
the curve to more negative voltages (Fig. 1B). The membrane
potential was designated as V.. The H* current was reversibly
blocked by ZnCl, (Fig. 1C).

The reversal potential (V) for the H* curmrent was
determined by a ramp-repolarization method (Fig. 1D)7*7:
repolarization voltage ramps were applied following long
(d1) and short (d2) depolarizations. The latter protacol
generated only capacitative and leak currents, because open
H* channels may be few during the period. Subtraction
(d! — d2) yielded the net current flowing through the
channel during the voltage ramp. V., indicated by the
zero-current potential of the I-V curve for the net current
(Fig. 1E, arrow), had a linear correlation to ApH with a
slope of 47 mV per ApH of 1 (Fig. 1F). Because concen-
trations of ions other than H™ changed little during the
measurements, the HY ion was the major carrier for the
current.® Thus, V,., was a valuable tool for real-time mon-
itoring ApH in clamped cells,
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FIG. 2. PMA-activated H* currents in the permeabilized patch. (A)
H* cuments at various potentials before and after stimulation with
PMA (1.6 M) in a permeabilized patch. The bath contained NMDG
aspartate and 100 pM DIDS. The pipette contained Cs-
methanesulfonate, pH/pH, = 5.5/1.3. (B) Zn** (100 pM) blocked
both cutward and inward currents activated by PMA, (1 pM). (C) Mean
I-V relationships before (con) and afier addition of PMA (1 pM)
obtained from three cells. The current amplimde was measured at the
end of 2-s-long voltage steps. pH, was 7.3 and then changed to 8.3 (n =
3) and 6.3 (n = 2). B and C were obtained with the bath and pipette
solutions of physiological compositions (pH/pH, = 7.3/7.3).

PMA-induced potentiation of the H* current

In the whole cell recordings, the effects of PMA on the
H* current were inconsistent and small, if any. Therefore,
the permeabilized patch was used in further experiments to
preserve the cell machinery required for activating PKC."*
In addition, pH; was not controlled by pH-buffer molecules
in the pipette, because HEPES or Mes might be too large to
pass through amphotericin pores (see the Materials and
Methods section). This allowed pH; to change under actions
of intrinsic buffers. Application of PMA enhanced the H*
current in the permeabilized patch (Fig. 2A). The activated
currents shared the same electrophysiological properties
with the whole cell H currents, such as voltage- and
time-dependent activation, outward rectification, blockade
by ZnCl, (Fig. 2B), and pH dependence (Fig. 2C). Inward
tail currents, decay of which was slowed by PMA (Fig. 24),
were also sensitive to Zn?* (Fig. 2B). Figures 2B and 2C
were recorded from cells bathed in the standard Ringer
solution with a K*-rich pipette solution without DIDS,
indicating that PMA activated the H* current under the
physiological condition as well. The control current density
measured at the end of a 2-s-long depolarization (100 mV)
was 4.32 = 032 pA/pF (n = 11) in the physiological
conditions, which was not significantly different from that
in the solutions climinating K* and CI™ (3.72 £ 0.59
pA/pF, n = 26). In some cells, the H* cumrent was contam-
inated with outward C1~ or K* currents. Thus, in later
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FIG. 3. PMA-induced activation of the H* currents and electron
currents. (A) H* currents at 0, 7, 9, and 12 min after addition of 1.6 uM
PMA in the permeabilized patch. Inward currents were also generated
at —60 mV. (B and C) PMA-induced changes in the (B) current density
and (C) T, obtained from the currents evoked by 2- to B-s-long
depolarization steps (+40-100 mV) in 3-20 cells. The data (means *
SE) represent the maximal ratio to the controls within 10-15 min after
stirulation: =1000 represents 1000-1600 nM. Staurosporine (1 pM)
or DPI (10 uM) were coapplied with 1 uM PMA. (D) PMA-induced
currents at =60 mV. (E) currents at —60 mV in seven cells that were
perfused with the PMA (1 uM)- and DPIcontaining solutions sequen-
tally. Zero indicates the current Jevel before stimulation. *p < 0.05,
*45 < 0.01, and ***p < 0.001 compared with the values with no PMA.
InE, *p < 0,05 with paired t-test. The bath contained NMDG aspartate
and 100 M DIDS. The pipette contained Cs-methanesulfonate. pH/
pH, = 5.5-7.6/7.3.

experiments, the effects of PMA on the H" current were
examined in the absence of other channels unless described
otherwise.

The current amplitude and the activation rate began to
increase within 5 minutes after stimulation with PMA (Fig.
3A). The potentiation of the H* current lasted for >10-20
minutes and seldom reversed spontaneously. Figures 3B
and 3C summarize the maximal effects of PMA on the
current density and the activation time constant (7,,,) within
10-15 minutes of exposure to PMA. The current density
was increased by a factor of 1.4 = 0.5 (n = 4) at 10 nM
PMA, 26 = 0.7(n = 7)at 100 nM, and 4.8 = 0.8 (n = 20)
at 1-1.6 uM. Decreases in the 7,, by PMA were also
dose-dependent (0.71 = 0.20 for I0nM, n = 3;0.63 £ 0.12
for 100 0M, n = 4, 0.42 = 0.08 for 1-1.6 uM, n = 20). The
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pH of the pipette solutions did not affect these values
significantly, suggesting that the PMA-induced responses
were induced under actions of intrinsic pH buffers. A PKC
inhibitor, staurosporine (1 pMj), inhibited the effects of
PMA on both current density and 7, (7 < 0.01; Figs. 3B
and 3C). The deactivation time constant (7,,;), calculated
from the single exponential fit for the tail current, was
slowed by 1-1.6 uM PMA with a factor of 1.9 +x 03 (n =
7, Figs. 2A and 3A). Under the physiological solutions, a
factor of PMA (1 uM)-induced increase of the H* current
amplitude (2.4 * 0.4; n = 7) was smaller than that recorded
with the solutions omitting Na*, K*, and CI™ (p < 0.05).
The 1., was decreased by a factor of 0.53 = 0.10 (n = 9),
but there was no significant difference between the two
conditions.

PMA often induced inward currents at the holding poten-
tial {(—60 mV; Figs. 3A and 3D). The inward current was
reverted by diphenylene iodinium (DPI, 10 gM), an inhib-
itor for NADPH oxidases (Fig. 3E) and was therefore the
most likely electron current (f,) generated through activa-
tion of NADPH oxidases as reported in phagocytes.!'*
However, the I, was not essential to activate the H™ current,
because DPI had no significant effects on the PMA-induced
changes in the H™ cument density and 7, (Figs. 3B and
3C).

ApH-dependent and -independent mechanisms
responsible for PMA-induced potentiation of the H*
current

The I-V curve of the H™ current was shifted toward more
negative potentials by PAiA (Fig. 4A). The plot of the
average chord conductance (gy) for the steady-state current
shows that PMA shifted the voltage dependency for activa-
tion to a negative direction (Fig. 4B). The shift of half-
activation voltage (V,,) estimated from the Boltzmann
equation (lines) by 1-1.6 uM PMA was —35 £ 10mV (n =
11). In the permeabilized patch, voltage-gated inward cur-
rents were often recorded at potentials negative to V,,, (Fig.
44, inset), suggesting that H* could enter the cell. The V.,
was shifted to more negative voltages by PMA.

The negative V,,, shift implies increases in ApH, which
enhances the H* current. However, even when gy was
replotted against the driving force for HY (V, — V,_,), the
effects of PMA still remained (Fig. 4C): PMA increased the
current density (Fig. 4D) and decreased =, (Fig. 4E) sig-
nificantly. The potentiation ratio for the current density was
2.7 £ 0.5 (n = 13) with 1-1.6 uM PMA. Although the
amount varied among cells, this ApH-independent activa-
tion was observed in ~80% cells tested. These data suggest
that both ApH-dependent and -independent mechanisms
may participate in the PMA-induced activation of the H™
channel. .

PMA-induced cell acidosis in clamped and
nonclamped cells

When pH, is maintained to be constant, pH; could be
estimated from V., from the linear correlation between V.,
and ApH (Fig. IF). In the permeabilized patch, V., at pH,
7.3 was 23 £ 4 mV (r = 41), indicating that the pH; was
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FIG. 4. PMA-induced shifis of the I-V relationship and V.. (A) The
I-V curves for the H* currents measured at 4 s of voltage steps applied
at =60 mV. PMA shifted V., to more negative potential (inset). Small
inward currents were recorded at voltages negative to V. (B) Aver-
aged chord conductance (gy), calculated by dividing the steady-state
currents by the driving force (V = V,..), are plotted against V. When
the H* current did not reach the steady state during depolarization, it
was estimated from the single exponential fit for the data. Data were
normalized by the maximum value in each cell. (C) PMA-induced
changes in g, plotted against V, — V.. A and C were obtained from
the same cell. (D and E) PMA-induced increased ratio of the (E) current
density and (F} decreased ratio of 7., at V., + 40 ~ 80 mV. The data
were compared at the same driving force in each cell. *p < 0.05, **p <
0.01, and ***p < 0.001 compared with the values with no PMA (paired
r-test), The bath contained NMDG aspartate and 100 uM DIDS. The
pipette contained Cs-methanesulfonate. pH/pH, = 5.5-7.6/1.3.

estimated to be 7.69 * 0.06 (n = 41). This alkaline pH;
coincided well with the resting pH, in intact cells measured
by a pH fluorescent dye, BCECF (7.5% = 0.03; mean = SE,
n = 45), and with that reported in rabbit osteoclasts. ¥
The PMA-induced V,,, shift to more negative potentials
suggested that pH; was decreased by PMA. The PMA-
induced cell acidosis was confirmed in intact cells with
BCECF in the Na*-containing standard Ringer solution
(Fig. 5A). The decrease in pH; at 10 minutes of perfusion
with 10, 100, and 1000 M PMA was —0.07 £ 0.05 (n =
12), —0.12 £ 0.03 (n = 20), and —0.25 £ 0.02 U (n = 20;
Fig. 5B). Staurosporine {1 pM) inhibited the cell acidosis
(Fig. 5B; p < 0.01), implying that PKC mediated the
PMA-induced cell acidosis. In the presence of Zn*, 1 uM

-PMA decreased pH; by 0.37 £ 0.06.U (n = 14), implying

that the H* channel was activated by the cell acidosis but
not vice versa. There was no significant effect of DPI (10
M) on either cell acidosis (Fig. 5B) or the V., shift (Fig.
5C).

With the pipette and bath solutions omitting other ions,
the V.., shift by 1-1.6 pM PMA (=23 £ 7TmV, n = 12;
Fig. 5C) conresponded to a decrease in pH; by 0.49 % (.14

* — 5502 —
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FIG. 5. PMA-induced cell acidosis. (A) PMA (1 pM)-induced
changes in the intracellular pH (pH,) measured with BCECF in single
nonclamped cells bathed in the standard Ringer solution (means = SE).
The pH recovered quickly by replacing the medium by a K*-rich,
alkaline solution (pH 8.0). (B) Changes in pH, at 10-min perfusion of
10, 100, and 1000 oM PMA in the Ringer solution. Staurosporine {1
uM) or DPI (10 M) were coapplied with 1 pM PMA. *p < 0.05,
w#p < (.01 compared with the values with no PMA. (C) PMA (1-1.6
pM)-induced V., shift in clamped cells in the presence and absence of
DPI (10 uM). The bath contained NMDG aspartate and 100 M DIDS.
The pipette contained Cs-methanesulfonate. pH/pH, = 5.5-1.61.3.

U, almost double the value obtained with BCECF. The V.,
shift was, however, —11.0 % 2.4 mV (# = 5} under phys-
jological conditions. This decrease in pH; (—0.23 £ 0.05 U,
n = 5) was identical to the values measured with BCECF.

- Progression of the PMA-induced acidosis was reverted
quickly in a Na*-free K*-rich alkaline medium that offered
a favorable condition for activating the H* channel (Fig.
5A). Although actions of PMA may be irreversible, activa-
tion of the H* channel could rescue cells from continued
acidosis.

Potentiation of the H" current activity moves the
membrane potential toward V,,,

A major resting conductance of murine osteoclasts is an
inwardly rectifying K* (IRy) current.?® The membrane
potential recorded in the permeabilized patch was —42 7
mV (n = 13) (min-max: —80 to —12 mV) under the
physiological condition and ~10 * 3 mV (n = 28) when
the IRy current was eliminated. Without the IRk current, the
resting V,, had a positive correlation with V,,, for the H*
current (Fig. 6A, closed circles). With the IR current, V,
deviated to negative voltages (open circles), and contribu-
tion of the H* current to V,,, was smaller. In the presence of

MORI ET AL.

>

Vi (MmV)

B of,, NMDG
=~ =20
£

40 w
S5 7| 107" Ringer

contrdl  PMA

FIG.6. Relationship between V., and V,,,. (A) Relationship between
V,., and V,, in the permeabilized patches before stimulation. Open (r =
16) and closed symbols (7 = 20) represent data with and without the
K* channel activity. The former was obtained from eight cells bathed
in Ringer solution with the pipette containing K-gluconate, and the
latter, from 20 cells in the NMDG aspartate solution with the pipette
containing Cs-methanesulfonate. (B) The membrane potential before
and after application of PMA (100-1000 nM) in the Ringer (open
circles) and NMDG aspartate (closed circles) solutions. **p < 0.01
(paired t-test). {C) No significant cffects of PMA (100-1000 oM) on
the K* current amp]jn]xde at —100 mV,

the IRy current, PMA (1001000 nM) induced depolariza-
tion from —42 * 6 10 —29 *+ 6 mV (n = 10; Fig. 6B, open
circles). However, PMA hyperpolarized cells from —4 = 7
to —18 £ 7 mV (n = 11} when the IRy current was
eliminated (Fig. 6B, closed circles). Therefore, V,, seemed
to move toward V,, for the H* current. PMA (1 uM) had
no significant effect on the IRy current (Fig. 6C) and in-
creased C1™ currents only slightly, by a factor of 1.2 = 1.0
(n =4).

DISCUSSION

In this study, cell acidosis and activation of the H*
channel were detected successfully using the permeabilized-
patch recordings that allowed pH changes and preserved
intracellular machinery in clamped cells. Phorbol ester
(PMA) could generate a favorable condition for the channel
activation by potentiating the H* channel activity and low-
ering the threshold, together with cell acidosis. The PMA-
induced responses were mediated mainly through PKC,
because they were inhibited by staurosporine.

PMA-induced activation of the H* channel of
osteoclasts

PMA increased the H* cumrent amplitude and the activa-
tion rate, slowed decay of tail currents, and shifted the
activation threshold to more megative potentials. These
PMA-induced changes were similar in different ionic envi-
ronments and in different cell-types,**'™ indicating that the
basic activating mechanisms are preserved. The channel
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activation shifted the membrane potential toward V.. The
direction of the shift depended on both the resting potential
and V,,. When the resting potential was lower than V.,
‘because of the K* conductance, PMA depolarized cells, and
when the resting potential was higher than V,.,, PMA hy-
perpolarized cells. In addition, PMA evoked DPI-sensitive
inward currents, presumably electron currents (£,) caused by
electron transport through NADPH oxidases."> In phago-
cytes, the H* channels have been implicated to mediate H™
efflux during respiratory bursts.>'>'® PMA is a strong
activator for the oxidase."* Osteoclasts, originating from
macrophage-lineage progenitors, -also express NADPH oxi-
dases.®3 The present data showed that PMA activated
NADPH oxidases in osteoclasts but that the oxidases were
not essential for the H* channel activation.

PMA-induced cell acidosis

Employing V.., as a real-time monitor for pH;, PMA-
induced cell acidosis was first confirmed in clamped cells.
The PMA-induced cell acidosis was seen in the presence of
DPI and much greater than the acidosis evoked by the
NADPH oxidases in neutrophils,®” suggesting that extru-
sion of electrons through the oxidase was not a major cause
for the acidosis. Time required for half-maximal effects of
PMA-induced potentiation of the H" current was often >5
minutes in osteoclasts, longer than that in eosinophils (2
minutes)'” or neutrophils (3.4 minutes})."* The gradual
progress in cell acidosis might underlie the long-lasting
channel activation in osteoclasts, because cell acidosis itself
enhances the H* channel activity. Under physiological con-
ditions, Na*-dependent mechanisms, such as the Na*-H*
exchangers, may operate to increase pH;. This may explain
why the cell acidosis and the channel activation were milder
than those obtained in the absence of extracellular Na*. The
Na*-dependent mechanisms, however, could not cease the
progression of the PMA-induced cell acidosis. It is noted
that the cell acidosis was recovered immediately on activa-
tion of the H™ channel.

ApH-independent mechanisms of the H' channel
activation

Is cell acidosis the only mechanism for the PMA-induced
potentiation of the H* channel? We addressed the question
by comparing data at the same driving force for H* and
found that some of the increases in the current density and
the activation rate remained in ~80% of cells tested. The
pH-independent activation of the H* channel was reported
in neutrophils"* and eosinophils'” but the underlying
mechanisms remain unknown. Because the activity of
NADPH oxidases is potent in these cells, the activating
mechanisms might differ among cell types. In osteoclasts,
cell acidosis and ApH-independent pathways may #ctivaie
the H* channe! synergistically. An increase in the intracel-

lular Ca®*. concentration ([Ca®*],) is reported to augment
the H* current,™ but PMA (1 uM) did not elevate [Ca**];
in osteoclasts (preliminary observation). Thus, the PMA-
induced responses in osteoclasts were not mediated by arise
in {Ca®*];. Cell acidosis generates cell swelling that is a
potent activator for H* channels™® and also a second mes-
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sage regulating osteoclast functions.®*** Modification of
the cytoskeleion by PMAY® may contribute to the channe]
activation.

Physiological/pathological relevance

Calcitonin®**® and extracellular Ca* ([Ca®*],)®® are
physiologic factors that modulate PKC in osteoclasts. Be-
cause these factors inhibit bone resorption, the activated H*
channel would modulate the inhibition process. A rise in
[Ca?*], induces cell acidosis,®” cell swelling,***® and
depolarization by inhibiting the K* conductance.*® All

_these factors are activators for the H* channel. The acti-

vated H* channel can revert depolarization and acidosis.
Considering that cell acidosis evokes various responses in
osteoclasts, such as swelling and sensitization of the
[Ca®*],-sensing mechanisms,®***3* the H” channel might
contribute to maintain the resorbing activity, Otherwise, the
H™ channel may play a role as a H* -secreting apparatus in
certain situations, such as inflammatory bone resorption:
bone resorption is increased by interferon gamma, a stim-
ulant of the NADPH oxidases,®® which are potent activa-
tors for the H* channels in phagocytes. It is also noteworthy
that the H* channel could operate as a H* influx pathway.
When the resting potential is low from the K™ conductance
or when V., is high from exposure to acids, H" influx may
depolarize cells and transport H* from resorption pits. The
membrane potential may be crucial in determining [Ca**];
during bone resorption® and volume regulation.®**®

The H™ channel activity is probably more potent at phys-
jological temperature.“®!"? The channel contributes to H*
signaling in osteoclasts particularly at depolarization, but
PMA lowered the activation threshold greatly. K™ and CI~
channels are not essential to the PMA-induced activation of
the H* channel but possibly modulate the process by reg-
ulating the membrane potential and cell volume. Other
unidentified factors, either in physiological or pathological
conditions, may enable the H* channel to be available over
a wide range of the membrane potential of osteoclasts
(—60-0 mV).%?
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Reversible Altered
Consciousness With
Brain Atrophy
Caused by Valproic
Acid
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A S-year-old female developed alteration of conscious-
ness during 3 days of long-term treatment with val-
proic acid for localization-related epilepsy. Computed
tomography revealed cerebral atrophy, and electroen-
cephalography presented slow background activity.
Consciousness cleared only 12 hours after valproic acid
was discontinued, and normal electroencephalography
results were evident 1 week later, Cerebral atrophy
was nonexistent 2 months later. This rapidly develop-
ing but reversible alteration of consciousness in paral-
Iel with brain atrophy is recognized as a rare idiosyn-
cratic adverse effect of valproic acid. © 2003 by
Elsevier Inc. All rights reserved.

Yamanouchi H, Oka T, Imataka G, Nakagawa E, Eguchi
M. Reversible altered consciousness with brain atrophy
caused by valproic acid. Pediatr Neurol 2003;28:382-384.

Introduction

Stupor or coma induced by valproic acid may be
associated with hyperammonemia with or without hepatic
dysfunction [1,2]. Different from this category, reversible
cognitive and behavioral deterioration associated with a
radiologic finding of brain atrophy has been reported as a
rare adverse effect of valproic acid and is characterized by

a subacute or chronic course without hyperammonemia
[3-5]. Recovery occurs throughout weeks or months after
discontinuation of valproic acid therapy. Reported here is
valproic acid-related alteration of consciousness associ-
ated with brain atrophy that progressed throughout only 3
days and resolved within 12 hours after discontinuation of
valproic acid.

Case Report

This 5-year-old female was the product of a 39-week gestation and a
normal delivery. She manifested normal developmental milestones. She
remained healthy until aged 2 years, when she presented with drop
episodes followed by unconsciousness for several minutes. Electroen-
cephalogram (EEG) demonstrated normal background activity during the
wakeful state and bilateral intermittent focal spikes throughout anterior
temporal and central regions during sleep recording. She was diagnosed
with localization-related epilepsy. Valproic acid was introduced at 10
mg/kg/day and maintained at 15 mg/kg/day. Blood-screening tests,
including liver function tests, blood cell counts, and serum amylase
assays, performed at 2 weeks and 2 menths after valproic acid introduc-
tion, revealed normal findings. No seizures were observed at the above
dose of valproic acid until the patient was 5 years of age, when a brief
generalized clonic seizure occurred. Computed tomography (CT) dis-
closed normal findings (Fig 1A, B). Because the recurrent seizure was
associated with a low serum concentration of valproic acid (25.7 pg/mL},
the valproic acid dose was increased to 20 mg/kg/day, with a resulting
steady-state serum concentration of 76.4 pg/mL.

After 3 months, she was admitted to the hospital because of alteration
of consciousness, which developed throughout 3 days, Before this
disturbance, mental and motor development had been normal, even after
seizure onset. She could maintain arousal and was reactive to painful or
tactile stimuli but had difficulty stating her name. She demonstrated littie
interest in her surroundings and hardly talked with her mother. She was
not incontinent, agitated, or irritable. Physical and neurologic examina-
tion results were normal. Routine complete blood cell count was normal,
as were levels of serum electrolytes, glucose, calcium, phosphate, urea
nitrogen, creatinine, ammonia, lactate, and pyruvate; liver-function test
results were normal, and carnitine, amino acid, and organic acid analysis
yielded normal results. The serum valproic acid concentration was 107
pg/mL. CT indicated mild enlargement of cerebral sulci and pericerebral
spaces; ventricular size was normal and no cerebellar or brainstem
atrophy was observed {Fig IC, D). EEG during wakefulness revealed
diffuse slowing of background activity (Fig 2); a sleep recording depicted
normal background activity.

Valproic acid treatment was discontinued on admission because of
previous case reports linking it to reversible mental deterioration asso-
ciated with brain atrophy [3-5]. The next morning, approximately 12
hours after admission, her consciousness level became completely
normal. EEG repeated | week after valproic acid discontinuation mani-
fested normal background activity duning wakefulness, and no paroxys-
mal discharge was observed (Fig 3). Administration of phenobarbital was
begun 10 days afier the discontinuation of valproic acid. Serial CT
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Fignure 1. Seviad brain CT. (A, B) Two yews before
alteration in consciousness. (€. D) On admission. (E, F)
Tweo months after discontinuation of valproic acid. Observe
nermal findings in A and B, as well as E and F, contrasting
with mild atrophic changes in the cerebrum in C and D,

demonstrated improvement in the atrophic change of the cerebrum |
menth later, tollowed by a complete return to normal after 2 months (Fig
|E. F). Subsequent magnetic resonance imaging revealed no significant
change in the brain. On follow-up in the cutpatient department 5 months
atter discontinuation of valproic acid. she manifested no abnormalities.
and her parents described her behavior and mental function as entirely
normal.

Discussion

Rapidly developing altcration of consciousness associ-
ated with brain atrophy and its dramatic resolution after
discontinuation of valproic acid treatment characterizes
the clinical feature in this patient. EEG in the wakeful state
revealed slowing background activity when the patient
manifested altered consciousness, and EEG activity re-
turned to normal when she recovered consciousness.
Rapid depression of consciousness raises suspicion of
valproic acid-related encephalopathy with hyperammone-
mia, which may occur in isolation [2] or in association
with such underlying disorders as urea cycle enzyme

deficiency [1]. Mitochondrial disorders such as MELAS
(mitochondrial myopathy, encephalopathy, lactic acidosis,
and strokelike episodes) [6] and cytochrome ¢ deficiency
with hepatic failure {7] can be triggered by valproic acid.
Camitine deficiency may predispose patients to encepha-
lopathy upon initiation of valproic acid therapy [8].
Finally, paradoxic epileptogenic effects of valproic acid,
particularly induction of nonepileptic-status epilepticus,
also are part of the differential diagnosis {9].

This patient’s clinical features and course were similar
to those in previously reported pediatric cases [3-3] in
which valproic acid was associated with reversible cogni-
tive or behavioral deterioration and brain atrophy. Such
states often persist for months, with reduction or disap-
pearance of mental deterioration requiring weeks ([3];
patient 1 in [4]; [5]) or even months (patient 2 in [4]).
Compared with those described in these reports, this
patient appears to be unique in that clinical manifestations
developed throughout only 3 days and disappeared only {2
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Figure 2. Waking electroencephalography on admission,
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