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Abstract

The effects of immobilization stress on anticonvulsant actions and pharmacokinetics of zonisamide were investigated in mice. Oral
administrations of zonisamide (10, 20, and 50 mg/kg) dose-dependently reduced incidence of tonic extension (TE) induced by maximal
electroshock seizure (MES). Immobilization stress for 2 h immediately after the administration of zonisamide further enhanced the
anticonvulsive actions of it. On the other hand, the serum zonisamide concentrations in stressed group were lower during the first 30 min
after the administration compared with that in nonstressed control group. Thereafter, there were no significant differences in the serum
concentrations between two groups. The brain zonisamide concentration and the concentration ratio of brain/serum at 2 h after
administration of zonisamide (50 mg/kg) were significantly higher in stressed group, rather than that in the nonstressed control group
without changing the serum concentration. These results suggest that immobilization stress enhances anticonvulsant actions of zonisamide,
and that increases of brain zonisamide concentration by immobilization stress may be related with this phenomenon. © 2001 Elsevier

Science Inc. All rights reserved.
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1. Introduction

In clinical, the seizure frequency in epileptic patients is
often exacerbated by emotional stress, such as change of
circumstance (Neufeld et al., 1994), increasing fatigue
(Grant, 1985), and sleeplessness (Konishi et al., 1992).
Under such stressed conditions, the epileptic patients are
treated with additional antiepileptic drugs or antianxiety
drugs having anticonvulsive actions. In general, the varia-
tion in a drug’s effect may be due to changes in the
sensitivity of the site of drug action and/or the pharmaco-
kinetics. Our previous study suggested that the pharmaco-
kinetics of theophylline, nicorandil, and isosorbide dinitrate
were markedly altered following various stressed condition,
such as immobilization stress, footshock stress, and psy-
chological stress in rats (Okazaki et al., 1995; Yamori et al.,
1991). These phenomena are attributed to change of
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process, such as absorption, distribution volume, excretion,
and metabolism of drugs. However, the relationship
between the anticonvulsant action of antiepileptic drugs
and their brain concentrations in animals exposed to stress
still remains obscure.

Zonisamide is a sulfonamide derivative that is effective in
treating patients with generalized tonic—clonic seizures,
secondary generalized seizures, complex partial seizures,
and simple partial seizures (Sackellares et al., 1985; Seino
et al.,, 1991). The mechanism of anticonvulsant action of
zonisamide is the blockade of sustained repetitive firing
through an action via voltage-sensitive sodium channel,
reduction voltage-dependent calcium channels, and suppres-
sion and slow-wave discharge. It also has been demonstrated
that zonisamide effectively treats electroconvulsive seizure
in rodents (Masuda et al., 1980). Thus, in the present study,
we investigated that the effects of immobilization stress on
anticonvulsive actions of zonisamide to maximal electro-
shock seizure (MES), and examined the pharmacokinetics in
serum and brain under the stress condition in mice.
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2. Materials and methods

2.1. Animals

Male ddY strain mice (6 weeks of age) were obtained
from Japan SLC. An adaptational period (minimum of
1 week) was allowed before the experiments. The
animals were housed in five per plastic-walled cages (30 x
20 x 15 cm), and in a temperature-controlled environ-
ment (22+2°C), under a 12-h light/dark cycle (lights on
at 0700 h). Food and water were given ad libitum,
except for 12 h before and during the experiment, to
prevent absorption and gastric emptying rate of drug from
gastric contents.

2.2. Drug and drug administration

Zonisamide sodium obtained from Dainippon Pharma-
ceutical (Osaka, Japan) was suspended in 0.5% sodium
carboxymethylcellulose. It was administered orally in a
volume of 0.1 ml/10 g body weight using gastric tube.
Drug dose was expressed in terms of the free base.

2.3. Procedure for experiments

In pharmacodynamics study, mice were divided into two
groups, immobilization stress and nonexposed control
groups. They were administered zonisamide orally at doses
of 10, 20, and 50 mg/kg, and then animals were applied to
MES 2 h after administration of zonisamide.

In pharmacokinetics study, we conducted three experi-
ments. At first, chronological changes of serum zonisamide
concentrations after administration at a dose of 50 mg/kg in
control and immobilized groups were examined. Mice were
decapitated and blood samples were collected 0.25, 0.5, 1,
2, 4, 6, and 8 h after administration of zonisamide. Second,
we measured concentrations of zonisamide in serum and
brain at 2 h after administration at doses of 10, 20, and 50
mg/kg. Finally, effect of immobilization stress on concen-
trations of zonisamide in serum and brain were also exam-
ined in mice 2 h after oral administration of zonisamide at
50 mg/kg.

2.4. Loading of immobilization stress and MES

Immediately after the oral administration of zonisamide
(10, 20, and 50 mg/kg) or vehicle, mice were immobi-
lized with metal wire for 2 h or returned to their home
cages. The animals were applied a 60-Hz AC current of
50 mA, for 0.2 s, through corneal electrodes using
Woodbury and Davenport’s apparatus. The incidence of
tonic hindlimb extension (TE) following maximal electro-
shock was measured.

2.5. Determination of zonisamide concentrations in serum
and brain

Serum samples were obtained after centrifugation of
blood at 3000 g for 10 min. For the determination of brain
zonisamide concentration, whole brain was homogenated in
5 ml physiological saline and centrifuged at 3000 g for 10
min, and the supernatant was centrifuged again at 10,000 g
for 20 min. A total of 20 pl of serum or 200 pl of the
supernatant of brain samples plus 200 pg of N,N-dimethyl
zonisamide, as the internal standard, were passed through a
Bond Elut cartridge (C18), which had previously been
washed with 2 ml of 99.5% methanol and 2 ml of distilled
water. After washing with 1 ml of distilled water and 1 ml
of 8% methanol, the substances to be determined were
eluted with 200 pl of 99.5% methanol. A 30-pl aliquot of
the elute was injected into a high-performance liquid
chromatography (HPLC) system with UV spectrophoto-
metric detection. The HPLC system consisted of a pump
(model 510, Waters), a reversed phase column LiChro-
CART, superspher RP(e) 4 pm), autosampler (WISP,
710B, Waters), and UV detector (Lambda-Max Model
418, Waters). The detection of zonisamide was performed
at 246 nm. The mobile phase was 40% methanol and the
flow rate was 1 ml/min.

2.6. Statistical analysis

Incidence of tonic extensor induced by MES was analyzed
by x test. Zonisamide concentration of serum and brain was
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Fig. 1. Effect of immobilization stress on incidence of tonic extensor
induced by maximal electroshock in mice treated with zonisamide. Mice
were immobilized (closed column) for 2 h immediately or returned to
home cage (open column) after oral administration of zonisamide (10, 20,
and 50 mg/kg) or vehicle. Each column represents incidence of tonic
extensor after maximal electroshock (n=10—15 mice per group).
*P<.05, **P<.01 significantly different from immobilized vehicle
group, 'P<.05, TP<.01 significantly different from nonimmobilized
control group at same dose.
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Fig. 2. Time course of the changes in serum zonisamide concentration after
the administration in mice loaded (closed circle) or nonloaded immobiliza-
tion stress (open circle). Mice were immobilized for 2 h immediately after
oral administration of zonisamide at 50 mg/kg. Each point represents the
mean+S.E.M. of five mice. *P<.05, **P<.01 significantly different
from nonimmobilized control.

evaluated by Student’s ¢ test. Probability values less than .05
were considered to show a significant difference.

3. Results

3.1. Effect of immobilization stress on anticonvulsant action
of zonisamide

Fig. 1 shows incidence of MES-induced TE in mice
loaded or nonloaded with immobilization stress for 2 h after
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Fig. 3. Serum (open circle) and brain (closed circle) concentrations of
zonisamide at 2 h after the administration in mice. Various doses of
zonisamide were administered orally. Each point represents the mean -
S.E.M. of five mice.

Table 1
Effect of immobilization stress on serum zonisamide concentrations in mice

Zonisamide doses (mg/kg) Serum concentration (jug/ml)

Control Immobilization
10 5.59+0.34 4.55+0.17
20 9.46+0.22 8.88+£0.37
50 34.29+1.23 3441+1.47

Mice were immobilized for 2 h immediately after oral administration of
zonisamide. Each value represents the mean+S.E.M. (n=10-15).

administration of zonisamide. The incidence of TE in the
stress nonloaded group was slightly but not significantly
suppressed by zonisamide at 50 mg/kg (73.3%). In the
stress loaded group, zonisamide, at doses of 20 and 50
mg/kg, suppressed the incidence of TE dose-dependently
and significantly (P<.05 and P<.01, respectively). The
inhibitory effect of zonisamide on MES-induced TE was
more marked in immobilized group compared with non-
immobilized control group, and there were significant
differences in doses of 20 and 50 mg/kg (P<.05 and
P<.01, respectively).

3.2. Effect of immobilization stress on pharmacokinetics of
zonisamide

Fig. 2 shows the effect of immobilization stress on
serum concentration of zonisamide. When nonimmobi-
lized mice were given 50 mg/kg of zonisamide orally,
the serum concentrations reached a maximum value of
approximately 46.1 pg/ml after 30 min, followed by a
gradual decrease to 8.9 pg/ml at 8 h after administration.
The serum concentrations in immobilized group were
significantly lower at 15 and 30 min after administration
of zonisamide, but there was no significant difference at
any time.

40 - 60 - 2.5 -
* *
50
2_
3041 I
= ,_\40— E T
é %‘2 EI.S'—-I—
3 20 o 3 30 =
£ g 17
2 £ 20 1 :
s 10 - ) =)
7] 10 4 0.5
0 0 0

Control Stress Control Stress Control Stress
Fig. 4. Effect of immobilization stress on serum and brain concentrations of
zonisamide. Mice were immobilized for 2 h immediately after oral
administration of zonisamide at 50 mg/kg. Each column represents the
mean+S.E.M. of five mice. *P<.05 significantly different from
nonimmobilized control.
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3.3. Effect of immobilization stress on brain zonisamide
concentration

The serum and brain concentrations of zonisamide at 2 h
after the administration were increased in proportion to the
larger dose of zonisamide (10, 20, and 50 mg/kg, po) with
high correlation (serum: »=.999, brain: =.999; Fig. 3).
Loading of immobilization stress for 2 h had any significant
effect on the serum concentrations of zonisamide at three
doses (Table 1). However, when zonisamide was given at a
dose of 50 mg/kg, brain zonisamide concentration and the
concentration ratio of brain/serum were significantly higher
in immobilized group compared with those in nonimmobi-
lized group (P <.05, respectively), without changing serum
zonisamide concentration (Fig. 4).

4. Discussion

It was reported that experimental stress, such as immo-
bilization stress (Oliverio et al., 1983), cold water stress
(Soubrie et al., 1980), restrain stress (De-Lima and Rae,
1988), footshock stress (Drugan et al., 1985; Soubrie et al.,
1980), revolving drum stress (Goldberg and Salama, 1970a),
and emotional stress (Soubrie et al., 1980) have protective
effect against convulsion induced by electroconvulsive
shock, bicuculline, picrotoxin, and pentylenetetrazol in rat
and mice. The protective effects against electroconvulsive
shock were shown in increase of electrical seizure threshold
(Oliverio et al., 1983) or prolonged seizure latency (De-
Lima and Rae, 1991). Furthermore, it was demonstrated that
the protective effects of stress are associated with endogen-
ous opioids (Pavone et al., 1986; Shavit et al., 1984) and
catecholamines (Goldberg and Salama, 1970b) in the central
nervous system. In the present study, immobilization stress
did not affect the incidence of convulsion by maximal
electroshock in mice untreated with zonisamide. However,
immobilization stress markedly enhanced anticonvulsant
action of zonisamide in mice.

It has been reported that, when rats are given sub-antic-
onvulsant doses of phenobarbitone and diphenylhydantoin,
restraint stress potentiates the anticonvulsive actions against
MES-induced seizures (Bhattacharya and Bhattacharya,
1982). Diphenylhydantoin, phenobarbitone, and zonisamide
have anticonvulsive effects via its Na channel-blocking
action, GABA receptor, and T-type Ca and Na channel-
blocking action, respectively (Honda, 1984; Macdonald and
Kelly, 1995; Nicoll et al., 1975; Suzuki et al., 1992). Thus,
these findings and our results indicate that these antiepilep-
tic drugs, which possess different pharmacological mechan-
isms, show anticonvulsant actions under stress condition.
Experimental stress, including immobilization stress, can
release a number of central neurotransmitters and hormones
including GABA, ACTH, and endogenous opioids, which
possess anticonvulsant action (Baram and Schultz, 1995;
Matsumoto et al., 1987). Thereby, the possibility exists that

these neurotransmitters and hormone are related with the
enhancement of anticonvulsive actions of zonisamide.
Previous studies indicated that loading of stress, such as
acoustic stress, immobilization stress, cold-restrain stress,
and wrap-restrain stress, delay gastric emptying and
decrease gastrointestinal motility (Gue et al., 1989; Koo et
al., 1986). We have already reported that immobilization
stress immediately after administration of theophylline, but
not prior to the drug administration, decreases the plasma
concentrations of it during the absorption phase by inhibi-
tion of its absorption from the gastrointestinal tract (Okazaki
et al., 1995). Thus, in this study, we examined the effect of
immobilization stress when mice were immobilized imme-
diately after zonisamide. The results of this study showed
that immobilization stress decreases serum zonisamide con-
centrations at 0.25 and 0.5 h after the administration, this
change was maybe due to inhibition of absorption of the
drug. However, there was no significant difference in serum
zonisamide concentrations between stressed and nonstressed
groups at 2 h after administration, when immobilization
stress enhanced the anticonvulsive effect of zonisamide. On
the other hand, Nagatomo et al. (1997) has reported that
chronic alcohol intake reduces anticonvulsant action of
zonisamide in the EL mouse, and that relates decreases in
brain zonisamide concentration but not the serum concen-
tration. In the present study, immobilization stress increases
brain zonisamide concentration without changing the serum
concentrations, suggesting involvement in enhanced antic-
onvulsive effect of zonisamide by immobilization stress.
Zonisamide has a long half-time, and equilibrates across
the blood—brain barrier in the course of a single transcapil-
lary transit but not carrier-mediated mechanisms (Cornford
and Landon, 1985). Nishiguchi et al. (1992) reported that
zonisamide concentration ratio of brain/serum exceed 1 after
oral administration of zonisamide 5, 20, and 80 mg/kg.
These findings also support our observation that the con-
centration of zonisamide in brain was higher than in serum.
Immobilization stress and forced-swimming stress have
been reported to increase blood—brain barrier permeability
to Evans blue and '*'I-sodium tracers in rats and mice
(Sharma and Dey, 1986; Sharma et al., 1995). It demon-
strated that enhancement of blood—brain barrier permeabil-
ity during loading of immobilization stress was mediated by
serotonin (Sharma and Dey, 1986) and noradrenaline
(Borges et al., 1994; Sarmento et al., 1991), which release
the stress conditions in the central nervous system. Actually,
pyridostigmine, which does not easily penetrate the brain, is
reported to inhibit brain acetylcholinesterase in mice
exposed to forced-swimming stress (Azevedo and Sar-
mento, 1997). Furthermore, experimental stress, including
immobilization (Buchel et al., 1972), has been reported to
potentiate barbiturate-induced hypnosis (Drugan et al.,
1992) and increase brain penetration of barbiturates in rats
(Wei and Wilson, 1971).
Clinically, the seizure frequency in epileptic patients is
often exacerbated by comparatively long-lasting stress, such
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as change of circumstance, increasing fatigue, and sleep-
lessness (Honda, 1984). Experimental animal studies indi-
cated that REM sleep deprivation for 12—140 h is more
susceptible to electroshock- and pentylenetetrazol-induced
convulsions in rats (Owen and Bliss, 1970; Vale and Leite,
1988). On the other hand, short-term experimental stress
have increased or decreased the seizure threshold dependent
on kind of stressor, intensity, and timepoint, given convul-
sive stimulant after stress. De-Lima and Rae (De-Lima and
Rae, 1988) showed that swim stress for 3 min increases
latency of pentylenetetrazol-induced the first myoclonic jerk
in mice pretreated with p-chlorophenylalanine, and Oliverio
et al. (1983) reported that loading of immobilization stress
for 2 h shows protecting effect against electroconvulsive
shock seizure in mice. Interestingly, Deutsch et al. (1990)
found that anticonvulsant action of flurazepam against an
incremental convulsive shock decreased 24 h after swim
stress. In addition, Drugan et al. (1985) reported that
electrical tail shock stress exhibits protective effect against
bicuculline-induced seizure immediately after the exposure
to the stress, but that the effect is not shown 2 h after the
stress in rats. The present study showed that the antic-
onvulsant actions of zonisamide is markedly enhanced by
immobilization stress for 2 h, and this phenomenon is
partially related to its increase of brain zonisamide concen-
tration without changing the serum concentration. To clarify
the effect of stress on the pharmacokinetics of antiepileptic
drugs in serum and brain, further studies, relating to the
influences of exposure to immobilization stress prior to drug
administration and long-term or repeated exposure of stress,
are necessary. The therapeutic blood concentration range of
zonisamide is narrow; high doses often cause side effects,
such as ataxia, drowsiness, and loss of appetite (Kumagai et
al., 1991; Shimizu et al., 1996). Thus, these suggest that
epileptic patients, who received antiepileptic drugs, warrant
further attention not enhanced anticonvulsant of zonisamide,
but occurred side effect by increase in brain zonisamide
concentration under stress condition.
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