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Abstract

To clarify the antiepileptic and neuroprotective actions of zonisamide (ZNS), we determined acute effects of ZNS on exocytosis
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of GABA and glutamate associated with ryanodine-receptor (Ryr) in rat hippocampus using microdialysis. ZNS increase
GABA release concentration-dependently without affecting basal glutamate release; however, K+-evoked glutamate and GABA
releases were reduced by ZNS concentration-dependently. Inhibition of Ryr reduced K+-evoked GABA and glutamate releases
without affecting their basal releases. Ryanodine affected GABA and glutamate releases biphasic concentration-depe
lower concentration of ryanodine increased both basal and K+-evoked releases of GABA and glutamate, whereas higher co
centration reduced them. The therapeutically relevant concentration of ZNS inhibited ryanodine-induced GABA and glu
releases, and abolished the inflection point in concentration–response curve for ryanodine on neurotransmitter exocytos
data suggest that ZNS elevates seizure threshold via enhancement of GABAergic transmission during resting stage. ZNS
propagation of epileptic hyperexcitability and Ryr-associated neuronal damage during neuronal hyperexcitable stage
demonstrations indicate that the indirect inhibition of Ryr activities by ZNS during neuronal hyperexcitability appear
involved in the mechanisms of action of antiepileptic and neuroprotective actions of ZNS.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The novel antiepileptic drug (AED), zonisamide
(ZNS) has a wide clinical spectrum of use in epilepti
(Cramer et al., 2001; Bialer et al., 2004; Brodie, 2004
Seino, 2004; Willmore, 2004; Wilfong and Schultz
2005), mood (Kanba et al., 1994; McElroy et al.,
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2005) disorders and Parkinson’s disease (Murata et al.,
2001; Murata, 2004). Especially, ZNS has been well
established as a highly effective first-line AED against
both simple, complex partial and generalized seizures
in Japan (Cramer et al., 2001; Bialer et al., 2004;
Brodie, 2004; Seino, 2004; Willmore, 2004; Wilfong
and Schultz, 2005). The antiepileptic mechanisms of
ZNS were considered to be their inhibitory effects
on voltage-gated Na+ channel, voltage-sensitive Ca2+

channel (Suzuki et al., 1992; Kito et al., 1996) and other
neurotransmission systems (Okada et al., 1995, 1998,
1999; Kawata et al., 1999). In spite of these efforts, the
mechanism of clinical action of ZNS has remained to
be clarified.

The intraneuronal Ca2+ mobilization plays an
important role in numerous neuronal events, including
excitability, transmitter exocytosis, synaptic plastic-
ity, gene expression and neurotoxicity (Berridge et al.,
1989; Berridge, 1998). The intraneuronal Ca2+ mobi-
lization is composed of both Ca2+ influx via voltage-
sensitive Ca2+ channels and ligand-gated ion chan-
nels, as well as output from intracellular Ca2+ store
associated with endoplasmic reticulum, namely Ca2+-
induced Ca2+-release system (CICR) (Berridge et al.,
1989; Berridge, 1998). Recently, several studies have
indicated that the functional abnormalities of CICR,
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2. Materials and methods

All of the experiments described in this report con-
formed to the specifications of the Animal Research
Committee and international guidelines on the ethi-
cal use of animals. Effort was made to minimize the
number of animals used and their suffering. Male Wis-
tar rats (Clea, Tokyo, Japan), weighing 250–300 g,
were housed under conditions of constant temperature
22± 2◦C with a 12 h light/dark cycle.

2.1. Chemical agents

The chemical agents used in this study included:
the ryanodine receptor (Ryr) agonist, ryanodine (Cal-
biochem, San Diego, CA, USA); the Ryr antago-
nist, ruthenium red (RR: Tokyo Chemicals, Tokyo,
Japan) and zonisamide (ZNS: Dainippon Pharmaceu-
tical, Osaka, Japan).

2.2. Microdialysis system preparation

Each rat was placed in a stereotaxic frame and kept
under halothane anesthesia (1.5% mixture of halothane
and O2 with N2O). A concentric I-type dialysis probe
(0.22 mm diameter; 3 mm exposed membrane; Eicom,
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hich is comprised of the ryanodine receptor (R
nd inositol 1,4,5-trisphosphate receptors (IP3-R),

ribute to the elevation of intraneuronal Ca2+ concen
ration associated with epileptic seizure (Matsumoto e
l., 1996; Matsumoto and Nagata, 1999; Pal et al., 1
000, 2001a; Raza et al., 2001; Mori et al., 2005). A Ryr

nhibitor, dantrolene, protects neurons against kain
nduced apoptosis in vitro and in vivo (Berg et al., 1995
opescu et al., 2002). Our resent studies have dem
trated that kainate administration produced tran
p-regulation of gene expression of both c-Fos and
in hippocampus (Mori et al., 2005), and that a nove
ED, topiramate, inhibited Ryr-associated neurotra
itter exocytosis (Okada et al., in press). On the basi
f these previous evidences, Ryr-associated proc
ave been hypothesized to be involved in the induc
f epilepsy and play a major role in seizure-trigge
euronal cell damage (Pal et al., 2001a; Mori et al.,
005). Therefore, to clarify the antiepileptic mech
isms of ZNS, the present study determined the ef
f ZNS on Ryr-associated neurotransmitter exocyt
sing in vivo microdialysis.
yoto, Japan) was implanted in the synaptic are
ippocampal Schaffer collateral/commissural path
A =−5.8 mm, L = 4.8 mm, V =−4.0 mm relative to
regma) (Okada et al., 1995, 1999), and the perfu
ion experiments were started 36 h after the rats
ecovered from anesthesia (Okada et al., 2001). The
erfusion rate was always 1�l/min, using MRS com
osed of (in mM): 145 Na+, 2.7 K+, 1.2 Ca2+, 1.0 Mg2+,
54.4 Cl− and buffered with 2 mM phosphate buf
nd 1.1 mM Tris buffer to adjust the pH to 7.40 (Okada
t al., 2001). To study the effects of an increase in
xtracellular K+ levels (K+-evoked stimulation) on th
xtracellular levels of glutamate and GABA in rat h
ocampus, MRS containing 50 mM K+ (HKMRS) was
erfused for 20 min (Okada et al., 1998, 2001). The

onic composition was modified and isotonicity w
aintained by an equimolar decrease of Na+ (Okada
t al., 1998, 2001). Each hippocampal dialysate w

njected every 20 min into a high performance liq
hromatograph (HPLC).

The concentrations of glutamate and GABA
ippocampal perfusate were determined by HP
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with o-phthalaldehyde-derived fluorescence detection
(Okada et al., 2003; Nakatsu et al., 2004). The
analytical column (100 mm× 3.0 mm internal diame-
ter) was packed with Mightysil RP-18 (particle size,
3�m) (gift from Kanto Chemicals, Tokyo, Japan)
by Masis Inc. (Hirosaki, Japan), and was main-
tained at 30◦C. The excitation and emission wave-
lengths of the fluorescence detector were set at 340
and 445 nm, respectively. A linear gradient elution
program was performed over 30 min with mobile
phase A (0.05 M phosphate buffer containing 25%
methanol, pH 6.0) and B (0.05 M phosphate buffer
containing 40% methanol, pH 3.5), at a flow rate of
400�l/min.

2.3. Determination of diffusion rates of ZNS and
ryanodine

In order to accurately measure the concentration
of each agent in the extracellular fluid perfused from
hippocampus, in vivo probe diffusion was determined
according to the “reverse dialysis” procedure (Le
Quellec et al., 1995; Okada et al., in press). Because
solute diffusion occurs in both directions across the
dialysis membrane, loss of solute from the perfusate
occurs at the same rate as recovery of solute into the
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3. Results

3.1. Diffusion of ZNS and ryanodine

The mean rate at which ryanodine diffused from the
dialysis probe (internal to external probes) was 11%
(mean± S.D., N = 24). Therefore, the estimated con-
centrations in extracellular space during perfusion with
1, 10, 100 and 1000�M ryanodine were 110 nM, 1.1,
11 and 110�M, respectively. On the other hand, the
concentrations of ryanodine in brain tissue during per-
fusion with 1, 10, 100 and 1000�M ryanodine were
5.1, 52 nmol/wet weight brain tissue (wwbt), 0.5 and
5.4�mol/wwbt, respectively.

The minimum effective plasma concentration of
ZNS against maximum electroshock seizure test in
rats is 10�g/ml (about 47�M), while neurotoxic
plasma concentrations are higher than 70�g/ml (about
330�M) (Masuda et al., 1979). The rate at which
ZNS diffused from the dialysis probe (internal to exter-
nal probes) was 20± 2 (mean± S.D.,N = 24), respec-
tively. Therefore, during perfusion which ranged from
250 to 1000�M ZNS, the estimated concentration
of ZNS in hippocampus ranged from 50 to 200�M
(within therapeutically relevant concentration range);
however, during perfusion with more than 2500�M
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onal tissue, after the perfusion with ryanodine for
he brain tissue around the dialysis probe (2 mm d
ter× 5 mm depth) (Dykstra et al., 1992) was punche
ut.

The concentrations of ZNS and ryanodine w
easured by HPLC equipped with gradient pu

ystem (PU-2089, Jusco, Tokyo, Japan), ultra-v
etector (UV-2070, Jusco) and analytical colu
150 mm× 3 mm internal diameter) packed by Ma
ith Mightysil RP-18 (particle size 3�m: Kanto
hemicals). The mobile phase for determination

yanodine concentration consisted of 0.01 M phosp
uffer (pH 6.0) containing 50% methanol and mo
ored at 254 nm. The mobile phase for determina
f ryanodine concentration consisted of 0.01 M ph
hate buffer (pH 6.0) containing 50% methanol
onitored at 254 nm. The detailed method for dete
ation of ZNS was according to the published meth
Juergens, 1987).
NS, the estimated concentration of ZNS in hippoc
us was more than 500�M (supratherapeutic range

.2. Effects of ZNS and Ryr agents on releases of
ABA and glutamate in hippocampus

The concentration-dependent effects of ryanod
R and ZNS on basal hippocampal releases of

amate and GABA are shown inFig. 1a–c, respec
ively. The perfusion with the Ryr agonist, ryanod
from 1 to 1000�M, estimated concentrations in h
ocampal tissue were ranged from 5.1 nmol/wwb
.4�mol/wwbt) increased hippocampal extracellu
lutamate level concentration-dependently (P < 0.01)
Fig. 1a). The perfusion with ryanodine increas
ippocampal extracellular GABA level concentrati
ependently (P < 0.01) over the concentration ran

rom 1 to 100�M, whereas the perfusion with 1000�M
y did not affect extracellular GABA level (Fig. 1a).
either hippocampal extracellular levels of glutam
or GABA were affected by the Ryr inhibitor, R
hich ranged from 5 to 500�M (Fig. 1b); however
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Fig. 1. Concentration-dependent effects of Ryr agents and ZNS on basal releases of glutamate and GABA in rat hippocampus. The concentration-
dependent effects of ryanodine, RR and ZNS on basal releases of glutamate (Glu:�) and GABA (©) are represented in (a)–(c), respectively.
The right and left ordinates indicate the mean± S.D. (N = 6) of extracellular levels of glutamate and GABA (pmol/sample), respectively. The
abscissas show the concentration of ryanodine, RR and ZNS (�M). The concentration-dependent effects of Ryr agents and ZNS on basal releases
were analyzed using one-way ANOVA with Dunnett’s multiple comparison test (* P < 0.05;** P < 0.01).

the perfusion with 50�M RR reduced the ryanodine-
induced releases of GABA and glutamate (data not
shown). The perfusion with ZNS (ranged from 100
to 2500�M, estimated concentrations ranging from
20 and 500�M) increased hippocampal extracellu-
lar GABA level concentration-dependently (P < 0.01)
(Fig. 1c), whereas the hippocampal extracellular glu-
tamate level was not affected by ZNS (Fig. 1c).

To clarify the effects of Ryr and ZNS on releases
of glutamate and GABA induced by neuronal hyper-
excitation, the present study determined the effects of
ryanodine, RR and ZNS on 50 mM K+-evoked hip-
pocampal releases of glutamate and GABA. The per-
fusion medium was commenced with MRS with or
without ryanodine, RR or ZNS. After confirming stabi-
lization of extracellular levels of glutamate and GABA,
the perfusion medium was switched to HK-MRS con-
taining the same agent for 20 min. The concentration-
dependent effects of ryanodine, RR and ZNS on 50 mM
K+-evoked hippocampal releases of glutamate and
GABA are shown inFig. 2a–c, respectively. The K+-
evoked release was calculated by subtracting the basal
release level from extracellular level during K+-evoked
stimulation. The perfusion with ryanodine (range from
1 to 10�M) increased K+-evoked GABA release
concentration-dependently (P < 0.01), whereas at con-

centrations higher than 10�M, the stimulatory effect
of ryanodine on K+-evoked GABA release was atten-
uated concentration-dependently (P < 0.05) (Fig. 2a).
Especially, K+-evoked GABA release was reduced
by perfusion with 1000�M ryanodine (P < 0.01)
(Fig. 2a). The perfusion with ryanodine (range from
1 to 100�M) increased K+-evoked glutamate release
concentration-dependently (P < 0.01), whereas at con-
centrations 1000�M, the stimulatory effect of ryan-
odine on K+-evoked glutamate release was attenu-
ated (P < 0.05) (Fig. 2a). Both K+-evoked releases of
GABA and glutamate were reduced by perfusion with
RR in a concentration-dependent manner (P < 0.01)
(Fig. 2b). The perfusion with ZNS also reduced the
hippocampal K+-evoked releases of GABA and gluta-
mate concentration-dependently (P < 0.01) (Fig. 2c).

3.3. Interaction between ZNS and Ryr on releases
of GABA and glutamate

To clarify the effects of therapeutically relevant
concentration of ZNS on Ryr, the present study deter-
mined the interaction between ZNS and ryanodine on
basal releases of glutamate and GABA (Fig. 3a and
b). The perfusion medium was commenced with MRS
with (add-ZNS) or without (non-ZNS) 1000�M ZNS
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Fig. 2. Concentration-dependent effects of Ryr agents and ZNS on K+-evoked releases of glutamate and GABA in rat hippocampus. The
concentration-dependent effects of ryanodine, RR and ZNS on K+-evoked releases of glutamate (Glu:�) and GABA (©) are represented in
(a)–(c), respectively. The right and left ordinates indicate the mean± S.D. (N = 6) of K+-evoked releases of glutamate and GABA (pmol/sample),
respectively. The level of K+-evoked release was defined as the basal extracellular level subtracted from the maximal extracellular level during
K+-evoked stimulation (Okada et al., 2001). The abscissas show the concentration of ryanodine, RR and ZNS (�M). The concentration-dependent
effects of Ryr agents and ZNS on K+-evoked releases were analyzed using one-way ANOVA with Dunnett’s multiple comparison test (* P < 0.05;
** P < 0.01).

Fig. 3. Effects of ZNS on ryanodine-induced elevation of basal releases of glutamate and GABA in rat hippocampus. The effects of pre-perfusion
with therapeutically relevant concentration of ZNS (1000�M: estimated concentration is 200�M) on ryanodine -induced elevation of basal
releases of glutamate and GABA are represented in (a) and (b), respectively. The perfusion medium was commenced with MRS with (add-ZNS)
or without (non-ZNS) 1000�M ZNS. After confirming stabilization of extracellular levels of glutamate and GABA, the perfusion medium was
switched to the same perfusion medium containing ryanodine (add-Ry: from 1 to 1000�M). The ordinates indicate the mean± S.D. (N = 6)
of extracellular levels of glutamate and GABA (pmol/sample). The abscissas show the concentration of ryanodine (�M). The concentration-
dependent effects of ryanodine on basal releases were analyzed using two-way ANOVA with Tukey’s multiple comparison test (non-ZNS/add-Ry
vs. add-ZNS/add-Ry) (* P < 0.05;** P < 0.01).
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(estimated concentration of ZNS in hippocampus was
200�M). After confirming stabilization of extracel-
lular levels of glutamate and GABA, the perfusion
medium was switched to the same perfusion medium
containing ryanodine (add-Ry: from 1 to 1000�M).
The stimulatory effects of ryanodine on basal glu-
tamate release were reduced by pre-treatment with
1000�M ZNS (P < 0.01) (Fig. 3a). The stimulatory
effects of ryanodine, ranged from 1 to 100�M, on basal
GABA release were also reduced by pre-treatment
with 1000�M ZNS (P < 0.05) (Fig. 3b); however sur-
prisingly, the perfusion with 1000�M ZNS produced
1000�M ryanodine-induced elevation of basal GABA
release (P < 0.01) (Fig. 3b). Thus, the pre-perfusion
with 1000�M ZNS abolished the inflection point in the
concentration–response curve for ryanodine on basal
GABA release. In other words, under the condition
of perfusion with therapeutically relevant concentra-
tion of ZNS, ryanodine can enhance the basal GABA
release concentration-dependently rather than gluta-
mate release.

To clarify the stimulatory effects of ZNS on basal
GABA release, the present study determined the inter-
action between ZNS and RR on basal GABA release
(Fig. 4). The perfusion medium was commenced with
MRS with (add-RR) or without (non-RR) 50�M RR.
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Fig. 4. Effects of Ryr antagonist on ZNS-induced elevation of basal
GABA release in rat hippocampus. The effects of pre-perfusion with
Ryr antagonist, 50�M RR, on concentration-dependent elevation of
basal GABA release induced by ZNS (ranged from 100 to 2500�M:
estimated concentrations are 20–500�M) are represented. The per-
fusion medium was commenced with MRS with (add-RR) or without
(non-RR) 50�M RRS. After confirming stabilization of extracellular
GABA level, the perfusion medium was switched to the same perfu-
sion medium containing ZNS (add-ZNS). The ordinates indicate the
mean± S.D. (N = 6) of extracellular GABA level (pmol/sample). The
abscissas show the concentration of ZNS (�M). The concentration-
dependent effects of RR on ZNS-induced elevation of basal GABA
release were analyzed using two-way ANOVA with Tukey’s multiple
comparison test.

ZNS (P < 0.05) (Fig. 5a). Especially, the inflection
point in the concentration–response curve for ryan-
odine on K+-evoked glutamate release was abolished
by the pre-treatment of 1000�M ZNS. The stimula-
tory effects of ryanodine, ranged lower than 100�M,
on K+-evoked glutamate release were reduced by pre-
treatment with 1000�M ZNS (P < 0.05) (Fig. 5a); how-
ever, under the condition of perfusion with 1000�M
ZNS, ryanodine, ranged from 1 to 1000�M, could
enhance the K+-evoked GABA release concentration-
dependently. Similar to glutamate, the inflection point
in the concentration–response curve for ryanodine on
K+-evoked GABA release (10�M) was abolished by
the pre-treatment of 1000�M ZNS. Therefore, under
the condition of perfusion with therapeutically rele-
vant concentration of ZNS, ryanodine could enhance
fter confirming stabilization of extracellular GAB
evel, the perfusion medium was switched to the s
erfusion medium containing ZNS (add-ZNS: fr
00 to 2500�M). The stimulatory effect of ZNS o
asal GABA release was not affected by pre-treatm
ith 50�M RR (Fig. 4).
To clarify the effects of therapeutically relevant c

entration of ZNS on ryanodine-associated K+-evoked
eleases of glutamate and GABA, the present s
etermined the interaction between ZNS and ryano
n K+-evoked releases of glutamate and GABA (Fig. 5a
nd b). The perfusion medium was commenced
RS with (add-ZNS) or without (non-ZNS) 1000�M
NS. After confirming stabilization of extracellul

evels of glutamate and GABA, the perfusion med
as switched to the same perfusion medium c

aining ryanodine (from 1 to 1000�M). After con-
rming stabilization of extracellular levels of glut
ate and GABA, the perfusion medium was switc

o HK-MRS containing the same agents. The sti
atory effects of ryanodine on K+-evoked glutamat
elease were reduced by pre-treatment with 1000�M
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Fig. 5. Effects of ZNS on ryanodine-induced elevation of K+-evoked releases of glutamate and GABA in rat hippocampus. The effects of pre-
perfusion with therapeutically relevant concentration of ZNS (1000�M: estimated concentration is 200�M) on ryanodine-induced elevation of
K+-evoked releases of glutamate and GABA are represented in (a) and (b), respectively. The perfusion medium was commenced with MRS with
(add-ZNS) or without (non-ZNS) 1000�M ZNS. After confirming stabilization of extracellular levels of glutamate and GABA, the perfusion
medium was switched to the same perfusion medium containing ryanodine (from 1 to 1000�M). After confirming stabilization of extracellular
levels of glutamate and GABA, the perfusion medium was switched to HK-MRS containing the same agents. The level of K+-evoked release was
defined as the basal extracellular level subtracted from the maximal extracellular level during K+-evoked stimulation (Okada et al., 2001). The
ordinates indicate the mean± S.D. (N = 6) of K+-evoked releases of glutamate and GABA (pmol/sample). The abscissas show the concentration
of ryanodine (�M). The concentration-dependent effects of ryanodine on basal releases were analyzed using two-way ANOVA with Tukey’s
multiple comparison test (non-ZNS vs. add-ZNS) (* P < 0.05;** P < 0.01).

the K+-evoked releases of glutamate and GABA
concentration-dependently.

4. Discussion

4.1. Ryr-associated transmission

Neuronal Ca2+ mobilization, including the voltage-
sensitive Ca2+ channel, ligand-gated ion channels,
Mg2+/Ca2+ ATPase and CICR, plays an important role
in a wide variety of neuronal events including the Ca2+-
dependent neurotransmitter exocytosis (Berridge et al.,
1989; Berridge, 1998; Rettig and Neher, 2002). Fur-
thermore, the intraneuronal Ca2+ regulating system,
CICR and Mg2+/Ca2+ ATPase, are affected by neuronal
hyperexcitability associated with epileptic seizure (Pal
et al., 1999, 2000, 2001a; Raza et al., 2001; Mori
et al., 2005). The study using hippocampal neuronal
culture model of epilepsy has demonstrated that activ-
ities of Mg2+/Ca2+ ATPase and IP3-R were chron-
ically reduced and increased, respectively; however,
Ryr activity was not changed (Pal et al., 2001a,b).

Ryr activity plays an important role in kainate-induced
apoptosis and seizure-triggered neuronal cell damage
(Berg et al., 1995; Popescu et al., 2002). We have
recently demonstrated the up-regulation of mRNA
expression of Ryr-3 and c-Fos in rat hippocampus fol-
lowing kainate-induced seizures (Mori et al., 2005).
Indeed, dantrolene, a Ryr inhibitor, protects neurons
against kainate-induced apoptosis in vitro and in vivo
(Berg et al., 1995; Popescu et al., 2002). Therefore, the
inhibition of Ryr-3 activity contributes to the inhibi-
tion of neuronal cell damage associated with epileptic
seizures.

Although the present study suggests that Ryr tends
to be nonfunctional during resting stage; however,
the potential of the Ryr system in neurotransmit-
ter exocytosis could conceivably be promoted dur-
ing the neuronal hyperexcitable stage. Ryanodine
enhanced releases of hippocampal glutamate and
GABA, although the enhancement of GABA and
glutamate releases by ryanodine was biphasic in a
concentration-dependent manner. The inflection points
in the concentration–response curves for ryanodine
on releases of GABA and glutamate were shifted to
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the left by K+-evoked neuronal hyperactivation. This
shift is similar to that observed for frontal and stri-
atal monoamine release (Zhu et al., 2004b; Okada et
al., in press). The noteworthy result is that the inflec-
tion point in the concentration–response curves for
ryanodine on GABA release is lower than that on gluta-
mate release in both resting and K+-evoked conditions.
Thus, these observations suggest that hyperactivation
of ryanodine-sensitive CICR produces an imbalance
between GABAergic and glutamatergic transmission,
with a relative predominance of glutamatergic trans-
mission rather than GABAergic transmission.

The overload response of Ca2+ mobilization can
lead to a process that results in neuronal cell damage
directly (Pelletier et al., 1999a; Paschen and Frandsen,
2001; Zhu et al., 2004a,b; Mori et al., 2005; Okada
et al., in press). In particular, the abnormal activation
of Ryr-sensitive CICR contributes to the elevation of
intracellular Ca2+ level associated with neuronal cell
damage following epileptic seizures (Pelletier et al.,
1999a; Mori et al., 2005). Therefore, the inflection
point in the concentration–response curves for ryan-
odine on releases of GABA and glutamate indicates a
dysfunction of the exocytosis mechanism induced by
overload response of Ca2+ mobilization via hyperacti-
vation of Ryr.

4
n

rest-
i ase
c glu-
t nhib-
i BA
c sug-
g ring
r ilep-
t

NS
p m-
p ,
2
c eg-
u ntly,
a a
c ates
b 8,

1999; Murakami et al., 2001; Zhu et al., 2002). The
mechanisms of enhancement of basal GABA release by
therapeutically relevant concentration of ZNS might be
explained by our functional complex hypothesis. The
concentration-dependent inhibitory action of ZNS on
K+-evoked releases of glutamate and GABA are also
explained by the functional complex hypothesis with
inhibition of voltage-gated Na+ channel activity.

ZNS has been characterized as a broad-spectrum
antiepileptic and neuroprotective agent in Japan (Seino,
2004). We have already demonstrated that the eleva-
tion of intracellular free Ca2+ induced by neuronal
hyperactivation was inhibited by therapeutically rele-
vant concentration of ZNS (Kawata et al., 1999). Based
on both clinical and experimental evidence, to clarify
the antiepileptic and neuroprotective mechanisms of
ZNS, the present study determined the effects of Ryr-
associated neurotransmitter exocytosis of GABA and
glutamate. The ZNS-induced elevation of basal GABA
release was not affected by inhibition of Ryr; however,
ZNS inhibited the ryanodine-induced elevation of both
basal releases of glutamate and GABA. These results
suggest that therapeutically relevant concentration of
ZNS reduces the Ryr-associated transmission system.

In the present study, therapeutically relevant
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nduced release, abolished the inflection poin
he concentration–response curve for ryanodine
eleases of GABA and glutamate. This result indic
hat therapeutically relevant concentration of ZNS
ents the overload response of CICR induced by hy
ctivation of Ryr. The Ryr antagonist was without eff
n the induction or the persistence of epileptiform
harges, but prevented seizure-induced cell dam
Pelletier et al., 1999b; Pal et al., 2001b). On the basi
f these previous evidences, the present results
ide a hypothesis, that the abolishment of dysfunc
f Ryr-associated neurotransmitter exocytosis by
peutically relevant concentration of ZNS during b
esting and neuronal hyperactivation stages, at
artially, may be involved in the neuroprotective ac
f ZNS via inhibition of overload response of R
ssociated Ca2+ mobilization.

In conclusion, the present study demonstrated t
mportant pharmacological actions of ZNS. The firs
hat ZNS concentration-dependently increased GA
elease without affecting glutamate release during
ng stage; however, during neuronal hyperexcit
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stage, ZNS inhibited both releases of glutamate and
GABA concentration-dependently. The second is that
therapeutically relevant concentration of ZNS inhib-
ited Ryr-associated exocytosis mechanisms. The third
is that therapeutically relevant concentration of ZNS
prevented overload response induced by hyperactiva-
tion of Ryr. These data suggest that during resting
stage, ZNS elevates the seizure-threshold via enhance-
ment of GABAergic transmission without affecting
glutamatergic transmission. By contrast, during neu-
ronal hyperexcitable stage, ZNS inhibits propagation of
epileptic heperexcitation and the overload response of
Ryr-associated CICR. Therefore, these present demon-
strations indicate that the inhibition of Ryr-associated
CICR during neuronal hyperexcitability appears to be
involved in the mechanisms of action of neuroprotec-
tive action of ZNS.
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