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Abstract

In this study, we assessed the effects of the acute administration of various 5-HT receptor antagonists on hippocampal partial seizures
generated by low-frequency electrical stimulation in male Wistar rats. The seizure threshold and severity were determined by measuring
the pulse number threshold and primary and secondary afterdischarges, respectively, and the latency of secondary discharge was also
determined. The administration of either the selective 5-HT,, receptor antagonist N-[2-[4-(2-methoxypheny!)-1-piperazineyl]ethyl]-N-
(pyridinyl)-cyclohexanecarboximimde 3 HCl (WAY 100635, 0.1-1 mg/kg i.p.), the selective 5-HT; receptor antagonist granisetron
(0.3-3 mg/kg i.p.), the selective 5-HT,, receptor antagonist R-(+ )-a-(2,3-dimethoxyphenyl)-1-[2-(4-fluorophenyl) ethyl]-4-piperidine-
methanol (MDL 100907, 0.3-3 mg/kg i.p.) or the 5-HT,5 - receptor antagonist antagonist N-(1-methyl-5-indolyl)-N'"-(3-pyridyl) urea
HCI (SKB 200646A, 5-50 mg/kg i.p.) did not alter the pulse number threshold compared to vehicle-treated animals. However, the acute
administration of WAY 100635 (0.3 mg/kg) and M100907 (1 mg/kg) significantly increased, whereas granisetron (1 mg/kg) decreased,
the primary afterdischarge duration compared to vehicle-treated animals. The latency of secondary after discharge was significantly
decreased by WAY 100635 (1 mg/kg) and granisetron (3 mg,/kg) compared to vehicle-treated animals. These results suggest that in this
model, the antagonism of 5-HT,,, 5-HT,s, 5-HT; or 5-HT5 receptors do not lower or raise seizure threshold. However, the

antagonism of 5-HT,, receptors may increase or augment seizure severity. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

There is an accumulating evidence indicating that ex-
perimental manipulations that attenuate serotonergic neuro-
transmission can induce and /or augment epileptic seizures.
Indeed, the depletion of brain 5-hydroxytryptamine (5-HT)
levels by p-chlorophenylalanine and the serotonergic neu-
rotoxin 5,7-dihydroxytrpytamine appears to exacerbate
seizures that are chemically-induced and seizures in ge-
netic models of epilepsy (Browning et al., 1978; Jobe et
al., 1973; Racine and Coscing, 1979; Statnik et d., 1996).
Furthermore, it has been postulated that the etiology of
seizures experienced by a certain subset of epileptic pa-
tients may be related to a deficit in serotonergic neuro-
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transmission (Giroud et al., 1990; Pranzatelli et a., 1995;
Shaywitz et a., 1975; Verma et a., 1984). In contrast,
manipulations that augment serotonin function, including
fluoxetine, 5-HTP, certain anticonvulsants (Dailey et al.,
1996; De La Torre et a., 1970; Laird and Jobe, 1987,
Leander, 1992; Wada et a., 1993ab; Yan et a., 1992,
1994) and dorsal raphe (Kovacs and Zoll, 1974; Lazarova
et al., 1983, 1984) stimulation generally attenuate or sup-
press epileptic seizures in animals.

Evidence obtained from pharmacological, binding and
molecular biological studies have demonstrated the pres-
ence of multiple receptors for 5-HT in the mammalian
brain (Hoyer et a., 1994; Zifa and Fillion, 1992) and a
number of selective 5-HT receptor subtype antagonists
have been synthesized and pharmacologically character-
ized. However, at this time, no studies have examined the
effect of selective 5-HT receptor antagonists on seizure
threshold and/or severity in various animal models of
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epilepsy. Therefore, in this study, we examined the effect
of the acute systemic administration of 5-HT,, recep-
tor antagonist N-[2-[4-(2-methoxyphenyl)-1-piperazineyl]-
ethyl] - N - (pyridinyl) - cyclohexanecarboximimde 3 HCI
(WAY 100635; Forster et al., 1995), the 5-HT,, receptor
antagonist R-(+)-a-(2,3-dimethoxyphenyl)-1-[2-(4-fluoro-
phenyl) ethyl]-4-piperidine-methanol (M100907, Kehne et
a., 1996; Schmidt et a., 1995), the 5-HT,; o receptor
antagonist N-(1-methyl-5-indolyl)-N'-(3-pyridyl) urea HCI
(SKB 200646A, Forbes et a., 1993) and the 5-HT, recep-
tor antagonist granisetron (Sanger and Nelson, 1989) on
hippocampally-generated partial seizures, elicited by low
frequency stimulation in freely moving male Wistar rats.
The seizure threshold and severity of the seizures was
determined by measuring the pulse number threshold and
the afterdischarge duration (primary and secondary), re-
spectively. This model was chosen since (1) it has behav-
ioral similarities to temporal lobe epilepsy in humans; (2)
the hippocampus is believed to be one of the sites of origin
of partial complex seizures in humans; (3) the hippocam-
pus has a moderate to high density of 5-HT,, (Pompeiano
et al., 1992; Pazos and Palacios, 1985), 5-HT,, (Pompeiano
et a., 1994; Pazos et a., 1985) and 5-HT,. (Mengod et
al., 1990) and has functional 5-HT, receptors; and (4) we
have shown that in our model, the pulse number threshold
is raised by carbamazepine (Watanabe et a., 1997; Kat-
sumori et a., 1998), a first-line drug in the treatment of
partial complex seizures in humans (McNamara, 1996).

2. Materials and methods

2.1. Animals

Male Wistar rats (Clea, Tokyo, Japan; n = 82), weigh-
ing 280 g at the time of surgery, were used in al experi-
ments. The animals were housed in plastic cages with
wood chip bedding in the animal care facility under con-
stant temperature (23—25°C) and humidity (50-60%) on a
12 h light/12 h dark cycle (lights on at 0800 h). The
animals were permitted access to food and water ad libi-
tum. All experiments were conducted between 0900 and
1100 h.

2.2. Implantation of electrodes

The animals were anesthetized with sodium pento-
barbital (50 mg/kg i.p.) and placed in a stereotaxic frame
under an electronically controlled heating pad to maintain
the body temperature at 37—-38°C. Tripolar electrodes (three
twisted, 0.2 mm diameter polyurethane-coated stainless
steel lines) were implanted bilaterally, with the tips placed
in the dentate gyrus of the dorsal hippocampus (posterior
3.5 mm from bregma, latera 2.0 mm from the sagittal
sinus and ventral 4.0 mm from the cortical surface, accord-

ing to the atlas of Paxinos and Watson, 1986). Stainless
steel screws were placed in the skull and served as anchors
and the reference electrodes. The electrodes were attached
to the skull by dental acrylic cement and connected with a
socket.

2.3. Simulation procedure

After a post-operative period of 1 week, the animals
received electrical stimulation pulses of 2 Hz for 125 s
(biphasic square-wave pulses, 1 msin duration at 500—800
1A, base-to-peak), using an automated, computer-assisted
stimulation system (Nihon Koden, Sen-7103) and constant
current units to dlicit seizures. The stimulation frequency
of 2 Hz was used because frequencies of 3 Hz or greater
did not always permit us to determine the definitive onset
of the afterdischarge due to the presence of stimulation
artifacts on the electroencephaogram (EEG) recordings.
All rats were stimulated once daily for 10 consecutive days
without drug treatment. After determining that the seizure
parameters were stable, the pharmacological experiments
were conducted.

It is known that dentate gyrus kindling requires a
greater number of electrical stimulations to progress than
amygdaloid kindling and the behavioral seizure stage dis-
plays instability (Grace et al., 1990). However, we have
previously shown (Katsumori et al., 1996, 1998) that with
our stimulation parameters, the seizure parameters, such as
afterdischarge duration and pulse number threshold, were
stable during the period showing stage-1 seizures (i.e,
immobility, facial grooming, wet-dog shake behavior or
locomotion without a clonic component, based on the
classification of Racine (1972)). Therefore, in this study,
we only used animals that showed stage-1 partial seizures.

The afterdischarge duration, which is indicative of
Seizure severity, was determined by measuring the tota
time of epileptic discharges (with an amplitude that is at
least equivalent to the height of the pre-stimulation back-
ground on the EEG), i.e, the primary and secondary
afterdischarges, present on the EEG (see Fig. 1). The
interval between the end of the primary afterdischarge and
the beginning of the secondary afterdischarge is the la-
tency of secondary afterdischarge. The pulse number
threshold, defined as the number of stimulating pulses,
required to elicit an afterdischarge, i.e., seizure threshold,
was also measured (see Fig. 1). The behavior of the
animals was videotaped using an EEG-VTR system (Nihon
Koden, VY-440A).

2.4. Evaluation of drug treatments

Animals received intraperitoneal injections of either
vehicle (40% w /v of 2-hydroxypropyl-betacyclodextrin, 1
ml /kg) WAY 100635 (0.1, 0.3 or 1 mg/kg), M100907
(0.3, 1 or 3 mg/kg), SKB 200646A (5, 15 or 50 mg/kg)
or granisetron (0.3, 1 or 3 mg/kg) intraperitoneally 1 h
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Fig. 1. (A), (B) Bilatera, intracranial EEG recording from the dentate
gyrus during the 2-Hz kindling stimulation. Consecutive tracings are
shown from top to bottom. (A) Ipsilatera recording of stimulated side;
(B) contraateral recording; (@) beginning of kindling stimulation; (b)
triggering of primary afterdischarge (primary AD); (c) termination of
stimulation; (d), (e) termination of primary AD.

In this recording, the pulse number threshold is 14 (the number of
stimulating pulses from (@) to (b)). The afterdischarge duration is the
interval from (b) to (d).

(O) Bilateral, interictal EEG recording from the dentate gyrus. (e) Trig-
gering of secondary afterdischarge (secondary AD); (f) termination of
secondary afterdischarge.

In this recording, the secondary afterdischarge duration is the interval
between (e) and (f). The interval between the end of the primary
afterdischarge (d) and the beginning of the secondary afterdischarge (e) is
the latency of secondary afterdischarge.

before each stimulation. The doses of WAY 100635, MDL
100907, SKB 200646A and granisetron used were based
on previous studies indicating that the doses chosen will
significantly antagonize the central effects of agonists at
the 8-hydroxy-2-(di-n-propylamino)tetralin or 8-OH-DPAT
(5-HT,,; Fletcher et al., 1996; Cryan et al., 1999), [+ ]-1-
(2,5-dimethoxy)-4-iodophenyl-2-aminopropane or DOI (5-
HT,,, a5-HT,, - agonist; Kehne et a., 1996), meta-chlo-
rophenylpiperazine (mCPP)-induced hypophagia (5-HT,¢;
Forbes et al., 1993, 1995), and 2-methylserotonin (5-HT,
receptors; Ashby et al., 1991), respectively. The control
recordings were done 2 days before (pre-drug controls)
and 2 days after each drug treatment (post-drug controls).
The effect of each treatment was evaluated by measuring
the pulse number threshold, primary and secondary after-
discharge duration and the latency of secondary afterdis-
charge. If an afterdischarge was not identified after a

low-frequency stimulation, twenty-five 10-Hz stimulations
were delivered to trigger an afterdischarge. In these cases,
only the duration and latency were measured and the pulse
number threshold was recorded as 25, i.e., the maximum
number of stimulating pulses. If the same rat was used
repeatedly in this experiment, at least 7 days were allowed
to elapse between the injection of different drugs in order
to avoid problems related to drug accumulation or drug—
drug interactions.

2.5. Satistics

All of the seizure parameter data were expressed as the
mean + S.E.M. The data from the pre-drug controls was
compared to the post-drug controls using Wilcoxon’'s sign
rank test for paired replicates.

2.6. Drugs

The compounds granisetron and SKB 200646A were
obtained from SmithKline and Beecham Pharmaceuticals
(Ware, UK), WAY 100635 from Wyeth—Ayerst (Prince-
ton, NJ) and MDL 100907 from Hoechst Marion Roussel
(Cincinnati, OH).

3. Results

The injection of vehicle did not significantly alter any
of the seizure parameters (data not shown). Furthermore,
there were no significant differences between the pre-drug
and post-drug controls following the 48-h wash-out or
withdrawal period.

3.1. The effects of WAY 100635 on seizure threshold and
severity

The intraperitoneal administration of either 0.1, 0.3 or 1
mg/kg of WAY 100635 did not significantly ater the
pulse number threshold compared to the pre-drug controls
(Table 1). However, the 0.3 mg/kg dose produced a
significant increase in the primary afterdischarge duration,
whereas the 1.0 mg/kg dose significantly decreased and
increased the latency of the secondary afterdischarge and
the secondary afterdischarge duration, respectively, com-
pared to pre-drug controls (Table 1).

3.2. The effects of MDL 100907 on seizure threshold and
severity

The intraperitoneal administration of either 0.3, 1 or 3
mg/kg of MDL 100907 did not alter pulse number thresh-
old, latency of secondary afterdischarge or secondary after-
discharge duration compared to the pre-drug controls (Ta
ble 1). In contrast, the acute administration of 1 mg/kg of
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as opposed to the missing 5-HT,. receptors themselves,
may have produced the observed seizures. Finally, it should
be pointed out that SB 200646A has high affinity for
5-HT g receptors (Forbes et al., 1995), and one cannot rule
out the possibility that the antagonism of 5-HT,; receptors
counterbalances any detrimental actions produced by 5-
HT,. receptor antagonism. However, this can only be
ascertained by examining the effect of a 5-HT,g receptor
antagonist on seizure threshold and severity in our model.

4.2. M100907

The acute administration of 0.3, 1 or 3 mg/kg i.p. of
M100907, a selective 5-HT,, receptor antagonist, did not
significantly alter the pulse number threshold, secondary
afterdischarge duration or latency of secondary afterdis-
charge. However, the 1 mg/kg dose of M100907 signi-
ficantly increased the primary afterdischarge duration,
suggesting that at this dose, M100907 increased seizure
severity in our model. Nonetheless, this finding should be
considered with the fact that the 3 mg/kg dose did not
alter seizure severity, suggesting that M100907's action is
not dose-dependent. Furthermore, even though the absolute
vaues for the afterdischarge duration following 0.3 (70.6
s) and 3 mg/kg of M100907 (65.9 s) were greater than
that for the 1 mg/kg dose (60.4 s), the pre-drug control
value for this dose was lower. Thus, had a different control
group been examined, the 1 mg/kg data may not have
been significant.

Currently, the exact role of the 5-HT,, receptor in the
generation of seizures remains to be elucidated. To our
knowledge, no studies have been published regarding the
effect of selective 5-HT,, receptor antagonists alone on
seizure threshold and severity in kindled rats. It has been
shown that electroshock-induced seizures in female Wistar
rats are attenuated by 5-hydroxytryptophan and this effect
is blocked by the non-selective 5-HT,, receptor antagonist
ketanserin, suggesting that 5-HT,, receptors may be in-
volved in the increase in seizure threshold (Loscher and
Czuczwar, 1985). However, it is difficult to compare our
results to those obtained in the aforementioned study as (1)
ketanserin, in addition to binding to 5-HT,, receptors, also
has appreciable affinity for dopamine D,, receptors, o ;-
adrenoceptor and H, histaminergic receptors (Leysen et
al., 1981; Van Wijngaarden et al., 1990) and amine release
sites (Schotte and Leysen, 1988, 1989); (2) our method for
inducing seizures was different; and (3) we used male as
opposed to female rats. Interestingly, it has been shown
that the acute administration of the 5-HT,, . receptor
agonist DOI (1 mg/kg) significantly decreased, whereas
ketanserin increased the latency to generalized tonic-clonic
seizures in female cats with hippocampal-kindled seizures
(Wada et al., 1992). We have previously shown that the
acute administration of 3 mg/kg of DOI decreased the
latency of the secondary afterdischarge in male Wistar rats
compared to the pre-drug controls (Watanabe et al., 1997).

Thus, it appears that the administration of either a 5-HT,,
receptor antagonist, such as M100907, or a 5-HT,, recep-
tor agonist, produces similar actions, which seems con-
founding. However, it has been shown that DOI is a partia
agonist at 5-HT,. receptors (Hoyer et a., 1989), which
makes it difficult to interpret data obtained with DOI.

4.3. Granisetron

The acute administration of 0.3, 1 or 3 mg/kg i.p. of
the selective 5-HT, receptor antagonist granisetron (Sanger
and Nelson, 1989) did not significantly alter the pulse
number threshold, suggesting that antagonism of 5-HT,
receptors does not affect seizure threshold in partial seizures
in freely-moving Wistar rats. However, compared to pre-
drug controls, the 1 mg/kg dose of granisetron decreased
the primary afterdischarge duration, suggesting that at this
dose, granisetron decreased seizure severity. In contrast,
the 3 mg/kg dose of granisetron significantly decreased
the latency of secondary afterdischarge. Currently, it is
difficult to interpret our results as the role of the 5-HT,
receptor in the etiology of seizures is unknown and our
study is the first to examine the effect of a selective 5-HT,
receptor antagonist on partial hippocampal seizures. We
have previously reported that using the same seizure model
as this study, the acute administration (0.3—-3 mg/kg i.p.)
of the selective 5-HT, receptor agonist SR 57227A (Bachy
et a., 1993) did not alter seizure threshold or severity
(Watanabe et al., 1997). In contrast, the duration of the
afterdischarge of generalized seizures was increased after
the intracranial administration of the 5-HT, receptor ago-
nist 1-(m-chlorophenyl)-biguanide (m-CPBG) in amyg-
daloid-kindled male Wistar rats (Wada et al., 1997). How-
ever, it may be difficult to compare our results to the
aforementioned ones as our animals only displayed stage-1
seizures and we used another 5-HT, receptor agonist that
was given by a different route. Clearly, additional studies
are needed to clarify the role of the 5-HT; receptor in the
etiology of partial seizures.

4.4. WAY 100635

The acute administration of 0.1, 0.3 or 1 mg/kg i.p. of
WAY 100635 did not alter the pulse number threshold in
our model, suggesting that WAY 100635 does not ater the
seizure threshold. However, the 0.1 mg/kg dose signifi-
cantly increased the primary afterdischarge duration,
whereas the 0.3 and 1 mg/kg doses significantly increased
and decreased the latency of secondary discharge and the
secondary afterdischarge duration, respectively. Tenta
tively, these results suggest that seizure severity may be
increased in partial hippocampally kindled male Wistar
rats. However, in normal Wistar rats, doses as high as 10
mg/kg i.p. of WAY 100635 do not produce seizures
(unpublished data). The exact explanation for WAY
100635's action in our model is unknown. The search for
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an explanation is complicated by the fact that the exact
role of the 5-HT,, receptor in the etiology of seizures in
various animal models or in human is unknown. For
example, we have previously shown that the systemic
administration of the 5-HT,, receptor agonist 8-OH-DPAT
(0.1-1 mg/kg i.p.) did not alter the pulse number thresh-
old, primary or secondary afterdischarges or latency of
secondary afterdischarge compared to pre-drug controls in
male Wistar rats using the same model (Watanabe et al.,
1997, 1998), indicating that 8-OH-DPAT did not alter the
threshold or the severity of seizures. Similarly, it has been
reported that in female Wistar rats, the administration of
0.5 or 1 mg/kg s.c. of 8-OH-DPAT did not ater the
maximal electric shock threshold or amygdaloid-kindled
seizures induced by electrical stimulation, respectively
(Loscher and Czuczwar, 1985). Furthermore, 8-OH-DPAT
(0.5 or 1 mg/kg s.c.) did not alter seizure threshold in
gerbils (Loscher and Czuczwar, 1985). In contrast, there is
an evidence that 8-OH-DPAT produces a significant de-
crease in seizures generated by various experimental ma-
nipulations (Gariboldi et al., 1996; Wada et al., 1992,
1993c). Overal, it is difficult to compare the aforemen-
tioned studies as the discrepant results could be due to the
differences in experimental design such as the modd of
epilepsy, species used and route of drug administration.

Because WAY 100635 was given systemically, it is
impossible to determine whether it is producing its effects
by acting on pre- or postsynaptic 5-HT,, receptors. Fur-
thermore, since there is a high density of 5-HT,, receptors
in a number of brain areas, including the hippocampus
(Pazos and Palacios, 1985; Pompeiano et d., 1992), the
site(s) of action in the brain remains to be elucidated.
Previoudly, it has been shown that the iontophoresis of
8-OH-DPAT can suppress neurona activity in the hip-
pocampus and medial prefrontal cortex (Ashby et al.,
1991; Klancnik et al., 1991; Sprouse and Aghajanian,
1988). Therefore, it is possible that the stimulation of
5-HT,, receptors could inhibit epileptiform activity gener-
ated by a number of experimental manipulations. Indeed,
8-OH-DPAT produces a decrease in epileptiform activity
in hippocampal brain slicesinduced by bicuculline (Salgado
and Alkadhi, 1995). Furthermore, the systemic and in-
trahippocampal administration of 8-OH-DPAT inhibits the
number of seizures and delays the latency of the onset of
seizures generated by kainic acid in male Sprague—Dawley
rats, and this effect is antagonized by intrahippocampal
administration of WAY 100635 (Gariboldi et al., 1996).
Therefore, it is possible that in kindled animals, serotoner-
gic tone may be reduced and the administration of WAY
100635 may further diminish 5-HT tone. However, this
hypothesis must be verified by further experiments such as
microinjection studies into specific brain areas.

In conclusion, the results of this study obtained in rats
with stage 1 kindled seizures suggest that the antagonism
of 5-HTy,, 5HT,,, 5HT; or 5-HT,; - receptors do not
lower or raise seizure threshold. However, the antagonism

of 5-HT,, receptors may increase or augment seizure
severity. In addition, the lack of significant drug effects on
seizure threshold and severity may have been related to
using animals with stage 1 (mild) seizures, although this
remains to be verified.
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