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Zonisamide at clinically relevant concentrations inhibits field
EPSP but not presynaptic fiber volley in rat frontal cortex
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Abstract

We investigated the effect of Zonisamide (ZNS), a newer anti-epileptic drug, on field potentials and neuropropagation in rat
frontal cortex, with the aid of the 64-channel multi-electrode dish (MED64) system. The amplitude and propagation of field
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potentials were expressed dimensionally in the MED64 system. ZNS (3–100�M) inhibited the amplitude and propagation
field excitatory postsynaptic potentials (fEPSP) in a concentration dependent manner. In contrast, ZNS could not su
amplitude and propagation of the presynaptic fiber volley (PrV) at clinically relevant concentrations (10–30�M). Stimulating
dependency with reduction fEPSP was seen in the presence of ZNS at clinically relevant concentrations, but not with
reduction of fEPSP amplitude was not accompanied by a change in paired-pulse facilitation. These data suggest that
relevant concentrations of ZNS, the suppression of neuronal propagation is at least partially due to the postsynaptic m
probably through�-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Zonisamide (ZNS), 3-sulfamoylmethyl-1,2-benzi-
soxazole, as one of the novel anti-epileptic drugs
(AED), has been extensively studied for its clin-
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ical efficacy, pharmacokinetics and adverse eff
(Kondo et al., 1996; Leppik, 2004). ZNS is effec
tive in the treatment of partial seizures and, t
variable extent, in generalized tonic-clonic seizu
generalized (including Lennox-Gastaut syndro
West syndrome and absence seizure) and
pound/combination seizures (Seino and Ito, 1997
Wilfong, 2005). Chemically distinct from other AED
ZNS has been shown to be effective in patie
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whose seizures are resistant to other AEDs (Wilfong,
2005). Studies with cultured neurons indicate that ZNS
blocks repetitive firing of voltage-sensitive sodium
channels and reduces voltage-sensitive T-type calcium
currents without affecting L-type calcium currents
(Leppik, 2004). Our previous studies have also demon-
strated that ZNS reduces P-type voltage-sensitive cal-
cium channels/synaptobrevin-related exocytosis mech-
anisms during the depolarization stage (Okada et al.,
2002). ZNS also exerts the ability to increase extra- and
intracellular striatal levels of dopamine, which has been
considered as an adjuvant therapy in Parkinson’s dis-
ease (Okada et al., 1995; Gluck et al., 2004). The anti-
convulsant and adverse neurological effects of ZNS are
not ascribable to the modulation of�-aminobutyric acid
(GABA) (Kaneko et al., 1993; Rock et al., 1989). There
have been few reports concerning the effects of ZNS
on field potential (Seino and Ito, 1997; Leppik, 2004)
and synaptic activity. As a result, the effect of ZNS on
neuronal propagation remains elusive.

The investigations regarding the effects of ZNS on
neurotransmitter release have been primarily confined
to the hippocampus (Okada et al., 1995, 1999; Kaneko
et al., 1993; Kawata et al., 1999). There have been
few reports concerning the effect of ZNS in the frontal
cortex (Zhu et al., 2002). With the increasingly impor-
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temperature at 22± 2◦C with a 12 h light cycle. Then
they were sacrificed by decapitation after halothane
anesthesia. A block of the rat brain including the whole
primary frontal cortex was rapidly removed. Coronal
slices of frontal cortex (400�M in thickness) were pre-
pared by a vibrating tissue slicer (DTK-100, Dosaka,
Japan). This was performed in artificial cerebrospinal
fluid (ACSF), with a composition of (mM) NaCl 124,
KCl 3, NaHCO3 26, CaCl2 2, MgSO4 1, KH2PO4 1.25
and d-glucose 10, saturated with 95%O2/5%CO2 at
pH 7.4 at 4◦C. Slices were then hemisected with a
cut down the midline and then transferred to an ACSF
holding chamber for equilibration at room temperature.
Electrophysiological recordings were started at least
1 h after the recovery of the slices.

2.2. Preparation of the multi-electrode dish system

The 64-channel multi-electrode dish (MED64) sys-
tem (Alpha MED Sciences, Tokyo, Japan), a novel
two-dimensional neuronal electroactivity monitoring
technique based on the methods described byOka
et al. (1999)andShimono et al. (2000)was employed.
We used MED-P530A probes (Alpha MED Sciences)
with a 300�M interpolar distance for the electrodes,
a chamber depth of 10 mm, and 64 planar microelec-
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ant role of ZNS in frontal lobe epilepsy (Ito et al.,
000; Kurokawa, 2001) and the increasing awarene
f frontal lobe epilepsy syndrome (Kellinghaus and
uders, 2004; Oguni, 2004), it will be necessary to fu

her delineate the relationships between field pote
roperties and ZNS in the frontal cortex. Therefore
ttempted to investigate the effect of ZNS on the fi
otential as well as propagation properties in the fro
ortex.

. Methods

.1. Preparation of frontal coronal slices

All the experiments described in this report w
erformed in accordance with the specifications

he Ethical Committee of Hirosaki University, me
ng the guidelines of the responsible governme
gency. Two to 3-week-old Sprague–Dawley male
Hirosaki, Japan) were used for all experiments. T
ere originally housed under the conditions of cons
rodes in an 8× 8 array for determination of the front
ortical evoked field potentials, including presyna
ber volley (PrV), an indicator of presynaptic int
euronal response and field excitatory postsyn
otentials (fEPSP), an indicator of postsynaptic�-
mino-3-hydroxy-5-methyl-4-isoxazolepropionic a
AMPA)/glutamate receptor response. During elec
hysiological recording, the individual frontal cortic
lice was positioned on the MED64 probe where it
dded on a fine mesh net and an adequate an
ge. The probe was composed of transparent l
rystal materials except for the electrodes, the
llowing the localization of the electrodes in the s
nder a microscope. The relative position of the m
lectrodes on the motor cortex of the frontal sl

s shown inFig. 1A. The probe was superfused w
CSF at 32◦C at a flow rate of 2 ml/min. One si
le planar microelectrode with bipolar constant cur
ulses (60�A, 0.1 ms) was used for stimulation on t

rontal slice. Stimulation patterns were designed u
ata acquisition software (Panasonic: MED conduc
nd delivered through the isolator (BSI-2: Alpha M
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Sciences Co., Tokyo, Japan). These procedures of
electro-evoked stimulation were controlled by a com-
puter running Windows NT. When the signal-to-noise
(S/N ratio) was more than 3, detectable responses were
recorded. The parameter of “propagation” indicated
the total number of electrodes, which monitored the
detectable responses (the responsive electrodes). The
parameter of “amplitude” indicated the total amount
of amplitude of each PrV and fEPSP recorded by all
electrodes, which monitored the detectable responses.
The propagation area and amplitude of PrV and fEPSP
were recorded with all 64 microelectrodes (Okada
et al., 2003), as demonstrated inFig. 1B and C.
Drugs used were ZNS (donated by Dainippon pharma-
ceuticals company), 6,7-dinitroquinoxaline-2,3-dione
(DNQX, an AMPA/glutamate receptor inhibitor),
phenytoin (PHT) and glutamate purchased from Sigma
Chemical, St. Louis, MO, USA. ZNS was applied to
the bath by dissolving them to the desired final con-
centration. DNQX was dissolved in dimethyl sulfoxide
(DMSO) before it was added to the bath. All EPSPs
were verified by addition of DNQX.

2.3. Data acquisition and statistical analysis

ana-
l the

Origin 6.0 software package (Microcal Software Inc.,
Northampton, MA, USA) and custom-made macros
in Excel (Microsoft, Redmont, WA, USA). Data were
expressed as mean± S.E.M. The effects of ZNS on
total amplitude of PrV and fEPSP responses were
analyzed by repeated measurements of ANOVA. The
effects of ZNS on total propagation responses of
PrV and fEPSP were analyzed by non-parametric
Kruskal–Wallis tests. The concentration of ZNS
required to inhibit 50% of total fEPSP amplitude was
fitted to a non-linear regression. The Solver subroutine
built into Excel (Microsoft) was also used to fit data by
a least-squares minimization procedure. AP value less
than 0.05 denoted statistical significance.

3. Results

3.1. Concentration effects of ZNS on fEPSPs on
rat frontal slices

The concentration effect of ZNS on the total ampli-
tudes and propagation of fEPSPs were elicited. ZNS
was applied into the bath by dissolving them to the
desired final concentrations of 3, 10, 30 and 100�M,
u y of
6 ve

F motor c ation area
a icroele
Data recorded during these experiments were
yzed by statistical software (MED Conductor),

ig. 1. (A) The relative position of the multi-electrodes on the
nd amplitude of fEPSP (B) and PrV (C) recorded with all 64 m
nder the bipolar current pulse (stimulation intensit
0�A, 0.1 ms;n = 8).Fig. 2A shows the representati

ortex of the frontal slices. The representative figure of propag
ctrodes.
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Fig. 1. (Continued ).
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inhibitory effect of fEPSP by 10�M ZNS. Fig. 3A
shows the relationship between the concentration of
ZNS and the percentage of inhibition of total fEPSP
amplitude. The percentage of inhibition corresponding
to the control and ZNS concentrations of 3, 10, 30 and
100�M were 0, 16.4, 43.5, 64.7 and 81.6. The ini-
tial slope of fEPSP was also reduced by 40± 8% in the
presence of 10�M ZNS (Fig. 2A). The IC50 for inhibi-
tion of fEPSP amplitudes was 13.25�M. Fig. 3B shows
the relationship between the concentration of ZNS and
the percentage of inhibition of fEPSP propagation (total
responsive electrodes,n = 8). The average responsive

electrodes corresponding to control and ZNS 3, 10, 30
and 100�M were 31, 27.5, 23.5, 19.5 and 12.5. These
results indicate that ZNS has a significant action on
the fEPSP of the frontal cortex, both in amplitude and
propagation.

3.2. Concentration effects of ZNS on PrV on rat
frontal slices

The concentration effect of ZNS on the total ampli-
tudes and propagation of PrV were elicited. ZNS was
applied into the bath by dissolving them to the desired

F
t

ig. 2. Representative figure of the effect of zonisamide (ZNS) on fiel
he presence of ZNS 10�M. (B) PrV amplitude recorded under control s
d potentials. (A) fEPSP amplitude recorded under control solution and in
olution and in the presence of ZNS 100�M.
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Fig. 3. (A) Concentration-dependent inhibition of total fEPSP ampli-
tude by Zonisamide (ZNS) in rat frontal cortical slices. The IC50

value was 13.25�M. (B) Concentration-dependent inhibition of fEP-
SPs propagation by ZNS in rat frontal cortical slices. Each point
represents the mean± S.E.M. (n = 8). The smooth line represents
the best logistic fit. The vertical ordinates indicate the propagation
area (number of responsive electrodes).

final concentrations of 3, 10, 30 and 100�M, under the
bipolar current pulse stimulation (stimulation intensity
of 60�A, 0.1 ms;n = 8). Fig. 4A and B demonstrates
that there was a lack of significant effect on PrV, both
in amplitude and propagation, under the concentra-
tions of 3, 10 and 30�M of ZNS. Fig. 2B shows the
inhibitory effect on PrV in the presence of 100�M
ZNS. The total amplitude corresponding to control
and the ZNS concentrations 3, 10, 30 and 100 were
0.96, 0.92, 0.93, 0.88 and 0.43 mV. Only high concen-

Fig. 4. (A) Concentration effect of ZNS on total presynaptic fiber vol-
ley (PrV) amplitude. High concentration (100�M) of ZNS exerted
obvious inhibitory effects on total amplitude of PrV. ZNS (3, 10,
30�M), exterting no obvious effects on PrV amplitude. (B) Con-
centration effect of ZNS on PrV propagation. High concentration
(100�M) of ZNS exerted obvious inhibitory effects on propaga-
tion of PrV. ZNS (3, 10 and 30 M) exerting no obvious effects on
PrV propagation. Each point represented the mean± S.E.M. (n = 8).
Asterisk (**) significant difference atp < 0.01.

trations (100�M) of ZNS exerted obvious inhibitory
effects on amplitude of PrV. The total propagation
effect (responsive electrodes) corresponding to control
and the ZNS concentrations of 3, 10, 30 and 100�M
were 17.6, 17.5, 17.4, 17.4 and 11.8. This also indi-
cated that only high concentrations (100�M) of ZNS
exerted obvious inhibitory effect on the propagation of
PrV.
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3.3. Stimulating amplitude dependency of total
fEPSP amplitudes and propagation

Stimulating amplitudes with bipolar current of 20,
40, 60 and 80�A versus total fEPSP amplitudes and
propagation in control and presence of ZNS 15�M
were elicited. The presence of clinically relevant con-
centration of ZNS (15�M) caused stimulating depen-
dency versus total fEPSP curves in a rightward shift
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(Fig. 5A and B), both on amplitudes and propagation,
respectively (n = 8).

3.4. Stimulating amplitude versus total PrV
amplitude and propagation

Stimulating amplitudes of bipolar current of 20,
40, 60 and 80�A versus total PrV amplitudes and
ig. 5. (A) Stimulating amplitude dependency of total fEPSP ampli-
udes in control and presence of ZNS 15�M. The presence of
linically relevant concentrations of ZNS (15�M) caused stimulat-
ng dependency vs. total fEPSP amplitude curve with a rightward
hift. (B) Stimulating amplitude dependency of fEPSP propagation in
ontrol and presence of ZNS 15�M. ZNS caused stimulating depen-
ency vs. fEPSP propagation curve with a rightward shift. Each point
epresents the mean± S.E.M. (n = 8) (�, control;�, ZNS 15�M;
*, significant difference from controls).
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ig. 6. (A) Stimulating amplitude dependency of total PrV amplitude
n controls and the presence of ZNS 30 and 100�M. Only in the
resence of high concentrations of ZNS (100�M) was stimulating
ependency cased vs. total PrV amplitude curve with a rightward
hift. (B) Stimulating amplitude dependency of PrV propagation in
ontrols and in the presence of ZNS 30 and 100�M. Only in the
resence of high concentrations of ZNS (100�M) was stimulating
ependency caused vs. PrV propagation curve with a rightward shift.
ach point represented the mean± S.E.M. (n = 8) (�, ZNS 100�M;
, ZNS 30�M; �, control; *, significant difference from controls
< 0.05; **, p < 0.01).
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propagation in control and presence of ZNS 15�M
were elicited. There was a lack of significant effect
of ZNS 10 and 30�M on total PrV amplitude and
propagation. Only in the presence of high concentra-
tions of ZNS (100�M) was stimulating dependency
caused versus total PrV amplitude and propagation
curves making a rightward shift (Fig. 6A and B;n = 8).

3.5. Paired-pulse facilitation

We further examined whether ZNS-induced inhi-
bition of fEPSP involved a presynaptic mechanism
that could be detected with the paradigm of paired-

F
3
(

pulse facilitation (PPF). This stimulus pattern, which
has been used to differentiate the site of induction and
expression of long-term potentiation (Manabe et al.,
1993; Schulz et al., 1994), induces for a short time an
increase in transmitter release resulting from the resid-
ual presynaptic free Ca2+ levels. A pair of synaptic
responses was elicited with an inter-stimulus inter-
val of 60 ms, and the ratio of the second response to
the first one was monitored continuously during the
experiment.Fig. 7 shows that the reduction of fEPSP
amplitude induced by ZNS was not accompanied by the
change of PPF. ZNS reduces both responses of the pair
to the same extent. The ratio of PPF was 1.22± 0.07
before and 1.20± 0.08 (n = 8) during the application of
ZNS.

3.6. Effects of phenytoin on presynaptic fiber
volleys and field EPSP

We then compared the effects of ZNS and the
sodium channel-acting anti-epileptic drug-phenytoin
on field potentials with the MED64 system. With the
addition of phenytoin (30�M), the PrV decreased
along with the reduction of fEPSP.Fig. 8demonstrates
the relative comparison of the effects of phenytoin
( l
s

ig. 7. The ratio of paired-pulse facilitation was not changed by ZNS
0�M-induced inhibition. fEPSPs were evoked by paired stimuli
60 ms interval).

F
a x.
T
d . In
c li-
t
c

30�M), ZNS (30�M), ZNS (100�M) and contro
olution on total PrV amplitude.

ig. 8. Comparison between the effects of ZNS 30�M, ZNS 100�M
nd phenytoin 30�M on the amplitude of PrV in the frontal corte
he total PrV amplitude in control solution was 0.91 mV; ZNS 30�M
id not reduce the total PrV amplitude significantly (0.85 mV)
ontrast, ZNS 100�M and PHT 30�M reduced the total PrV amp
ude to 0.42 and 0.51 mV, respectively (mean± S.E.M., (*) signifi-
ance atp < 0.05).



C.-W. Huang et al. / Epilepsy Research 67 (2005) 51–60 59

4. Discussion

The characteristics of ZNS on field potentials and
propagation were described in this study. The major
findings are as follows: (1) ZNS inhibits fEPSPs in
a concentration-dependent manner in both amplitude
and propagation; (2) ZNS inhibits PrV in both ampli-
tude and propagation only in high concentrations; (3)
ZNS exerts stimulating amplitude dependency of total
fEPSP amplitude and propagation in clinically rele-
vant concentrations; (4) ZNS does not exert stimulating
amplitude dependency of total PrV amplitude and prop-
agation in clinically relevant concentrations and (5)
ZNS acts as a postsynaptic mechanism in clinically rel-
evant (lower) concentrations, probably through AMPA
receptors. To our knowledge, this is the first report
to clearly demonstrate the effect of ZNS on the field
potentials and propagation in the frontal cortex.

ZNS can inhibit fEPSP amplitude and propagation
at relatively low concentrations (3�M). The PrV and
its propagation were depressed by ZNS only at higher
concentrations (100�M). It has been found that ZNS’s
effect on the propagation of seizure discharges involves
blocking the repetitive firing of voltage-sensitive
sodium channels and reducing voltage-sensitive T-type
calcium currents in cultured neurons (Leppik, 2004;
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concentrations, postsynaptic mechanisms are noted. In
addition, the lack of ZNS’s effect on presynaptic glu-
tamate release in central neurons was also found in a
recent study, in both basal and ischemic conditions,
though no definite reason was elicited (Hashimoto
et al., 2003). Combined with previously known ZNS
pharmacology, this evidence thus suggests that ZNS
exerts its anti-epileptic action by combined effects on
the sodium and calcium channel blockade together with
a postsynaptic, probably AMPA mechanism.

Higher concentrations of ZNS, which is frequently
encountered in clinical practice for treatment of neuro-
pathic pain and intractable seizures (Pappagallo, 2003;
Guay, 2003), inhibit more voltage-sensitive calcium
and sodium channels, leading to a greater extent of
presynaptic inhibition, in addition to a postsynaptic
inhibition. We suggest this might explain that, with
the increment of ZNS dosage in clinical practice, ZNS
exerts a broad spectrum of effects on neuronal excitabil-
ity in several neuropsychiatric disorders.

The effects of ZNS on propagation properties have
been well described in our study with the aid of multi-
electrode recording (MED64), since all electrodes
responsive for field potentials could be evaluated. ZNS
has been shown to prevent propagation of seizures
from the cortex to subcortical structures (Leppik, 2004;
S it
t om
t cor-
t rts
g uch
a d
M

put,
Z tim-
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w PA
r aving
b ist
(
A xert
n
r ult
f a-
b

n of
t rob-
a as
eino and Ito, 1997). Our study suggests that,
he frontal cortex, the presynaptic effect on volta
ensitive sodium and calcium channels, especiall
ffect on voltage-sensitive calcium channels wh
ay result in a decrease in glutamate release and t
ecrease in amplitude and propagation of field EP

s only seen at higher concentrations, partially bec
ost of the voltage-gated calcium channels (N-, P-

-type) are inhibited at higher concentrations (Zhu et
l., 2002). Furthermore, according to our previous st

es, ZNS also reduces P-type voltage-sensitive cal
hannel/synaptobrevin-related exocytosis mechan
uring the K+-evoked depolarization stage at hig
oncentrations (300�M) in the frontal cortex (Okada
t al., 2002; Zhu et al., 2002). In comparison to phen

oin, the traditional AED, which acts on sodium ch
els, our study suggests the possibility that ZNS
s a postsynaptic mechanism at lower concentrat
hough the relatively less obvious effects on prop

ion and amplitude in PrV in the presence of ZNS m
e due to being more heavily myelinated and havi

arger fiber diameter; these data suggest that, in l
eino and Ito, 1997). From our study, ZNS could inhib
he propagation activities bi-directionally either fr
he cortex to subcortical structures or from sub
ical structures to the cortex. Clinically, ZNS exe
ood controllability over generalized seizures, s
s absence epilepsy (Wilfong, 2005; Oommen an
athews, 1999).
In situations of moderate to severe excitatory in

NS exerts obvious suppression in fEPSPs with s
lating dependency. This phenomenon suggest
ide range of ZNS’s effect in clinical seizures. AM

eceptor anatagonists have been considered as h
etter anti-epileptic efficacy than NMDA antagon
Loscher, 1998; Yamashita et al., 2004). In addition,
MPA receptor antagonists have been shown to e
europrotective activity (Levi and Brimble, 2004). The
ole of ZNS in neuroprotection might partially res
rom inhibition of postsynaptic sodium influx, prob
ly through AMPA receptors (Czapinski et al., 2005).

This present study suggests that ZNS inhibitio
he fEPSP could be due to a postsynaptic effect, p
bly through AMPA receptors. This novel effect h
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not previously been described pharmacologically and
further confirmation by pharmacological and/or elec-
trophysiological studies would be required.
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