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Abstract

Kainic acid-induced multifocal status epilepticus in the rat is a model of medically intractable complex partia seizures and
neurotoxicity. The exact mechanisms of kainic acid epileptogenic and neurotoxic effects are unknown, but enhanced glutamate release
seems to be an important factor. PNU-151774E ((S)-(+ )-2-(4-(3-fluorobenzyloxy) benzylamino) propanamide, methanesulfonate) is a
broad-spectrum new anticonvulsant with Na* channel-blocking and glutamate release inhibiting properties. We have examined the effect
of pretreatment with this compound on both seizure activity and hippocampal neuronal damage induced by systemic injection of kainic
acid in rats. Lamotrigine, a recently developed anticonvulsant with similar glutamate release inhibitory properties, was tested for
comparison, together with diazepam as reference standard, on the basis of its anticonvulsant and neuroprotectant properties in this animal
model. PNU-151774E, lamotrigine (10, 30 mg/kg;i.p.) and diazepam (20 mg/kg; i.p.) were administered 15 min before kainic acid (10
mg,/kg; i.p.). In the vehicle-treated group, kainic acid injection caused status epilepticus in 86% of animals. Hippocampal neuronal cell
loss was 66% in the CA4 hippocampal area at 7 days after kainic acid administration. Diazepam inhibited both seizures and neurotoxicity.
Lamotrigine reduced hippocampal neuronal cell loss at both doses, even when it did not protect from seizures, athough it showed a trend
toward protection. On the other hand PNU-151774E protected from both hippocampal neurodegeneration and status epilepticus. Thus,
these data support the concept that seizure prevention and neuroprotection might not be tightly coupled. Glutamate release inhibition may
play a maor role in neuroprotection, but an additional mechanism(s) of action might be relevant for the anticonvulsant activity of
PNU-151774E in this model. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Seizure; Complex; Partial; Kainic acid; Status epilepticus, Neuroprotection

1. Introduction

Epilepsy is a collection of disease states currently af-
fecting about 2 million people in the US and about 50
million people worldwide (Shorvon, 1990). Despite opti-
mal use of available antiepileptic drugs, 20—30% of people
suffering from epilepsy are resistant to treatment (Brodie
and Dichter, 1996). Complex partial seizures, which origi-
nate from limbic structures are the most frequent type of
epilepsy in humans (Gastaut et a., 1975) and are the
seizure type with the highest percentage of drug resistance.
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About 70% of affected patients fail to experience seizure
control with standard antiepileptic drugs (Ldscher and
Schmidt, 1994), and if not amenable to destructive surgery
(Engel, 1996), become chronicaly invaid. Therefore the
discovery of novel antiepileptic drugs with efficacy in
drug-resistant patients is strongly needed.

Experimentally, kainic acid has been extensively used
as amodel of limbic seizures (McGeer and McGeer, 1988;
Ben-Ari, 1985; Sperk, 1994). Kainic acid is a structural
analogue of glutamic acid displaying potent neurotoxic
properties (Coyle, 1983; Nadler, 1979). In addition to
producing local cell death, kainic acid produces lesions in
brain areas distant from the site of administration even
when administered intracerebrally. The brain areas mainly
affected by these distant lesions are the olfactory cortex,
amygdaloid complex and hippocampus (Nadler et al., 1978;
Lothman and Collins, 1981). In addition to neuronal dam-
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age, kainic acid €licits a complex behavioural pattern of
wet-dog shakes, convulsions and limbic automatisms ac-
companied by electroencephal ographic (EEG) seizures and
status epilepticus (Nadler, 1981). This syndrome is repro-
ducible, albeit with some differences in pattern and sensi-
tivity, between species and also between strains within the
same species (Golden et a., 1991). The type of lesions,
brain areas involved, and characteristics of the
seizure/convulsive activity produced by kainic acid injec-
tion in the rat are bases for the validity of a mode of
medically intractable complex partial seizures (Ben-Ari,
1985), and multifocal limbic status epilepticus (Fariello
and Golden, 1985).

The mechanisms of kainic acid epileptogenic and neuro-
toxic effects in the rat are multifactorial and include direct
stimulation of kainic acid receptors, changesin metabolism,
hypoxia, hypoglycaemia and oedema (Ben-Ari, 1985).
However, enhanced neuronal excitation and/or reduced
inhibitory control have a primary role (Ben-Ari, 1985).
The glutamate-releasing property of kainic acid is consid-
ered to be an important contributing factor (Sperk, 1994).
Conseguently, compounds with glutamate release inhibit-
ing properties such as the adenosine analogue, 2-chloro-
adenosine (Phillis and Wu, 1981), lamotrigine (Miller et
al., 1986), and the GABA receptor agonist, baclofen
(Kato et a., 1982), have been shown to protect rats from
kainic acid lesions (Arvin et al., 1988; McGeer and Zhu,
1990; Ault et al., 1986). However, both the 2-cloroadeno-
sine and lamotrigine studies have been limited to histologi-
ca and neurochemical features of kainic acid-induced
neurctoxicity in the striatum. The anticonvulsant potential
of lamotrigine in particular (Leach et al., 1991) was not
considered in this model.

PNU-151774E ((S)-(+ )-2-(4-(3-fluorobenzyloxy) ben-
zylamino) propanamide, methanesulfonate, former FCE
26743) is a novel, broad spectrum anticonvulsant active in
avariety of electrically and chemically induced seizures in
mice and rats, with a high therapeutic safety window
(Pevarello et a., 1998, Faridllo et a., 1998). Among
biochemical properties of PNU-151774E is inhibition of
the release of glutamate evoked by the Na' channel

activator, veratridine, as well as of the release induced by
KCl in rat hippocampal slices (Vaghi et al., 1997). PNU-
151774E has dso shown potential for the treatment of
complex partial seizures in the amygdala fully-kindled rat
model (Mg et al., 1995) and electrically induced limbic
after discharges in primates (Salvati et al., 1996).

The primary aims of this study were to assess the
antiepileptic properties of PNU-151774E in the kainic acid
model of complex partial seizures in the rat and to com-
pare its effects to those of lamotrigine. A secondary aim of
this study was to compare the effects of both PNU-151774E
and lamotrigine on hippocampal neuronal damage induced
by kainic acid administration. Diazepam was used as a
reference positive control, as this compound has been
shown to have both anticonvulsant and neuroprotectant
properties in this model (Ben-Ari et al., 1979; Worms et
al., 1981; Fuller and Olney, 1981).

2. Materials and methods
2.1. Experimental procedures

Male Wistar rats (Charles River, Italy) weighing 225-
250 g were used. The rats were housed individually in
plastic cages in a room with controlled temperature (21 +
1°C) and relative humidity (60%). This room was illumi-
nated on a 12-h light—dark cycle (lights on: 06:00 to 18:00
h).

Rats were anaesthetised with Na pentobarbital (50
mg,/kg; i.p.). They were implanted extradurally with elec-
trodes over the frontal and parietal cortex and with a
reference electrode on the cerebellum. Caution was taken
not to break the inner table of the diploe. All the electrodes
were connected to plugs (U Danuso, Milan, Italy) and held
to the skull with dental acrylic cement. At least 7 days
after surgery, rats were treated with either saline, PNU-
151774E (10, 30 mg/kg; i.p.), lamotrigine (10, 30 mg/kg;
i.p.) or diazepam (20 mg/kg; i.p.), according to an inde-
pendent-group design. Fifteen min later the animals re-
ceived a single i.p. dose of kainic acid (10 mg/kg). The

Table 1

Effects of diazepam, lamotrigine and PNU-151774E on the onset and duration of EEG status epilepticus

Compound Dose Number of % of rats SE latency SE duration
(mg/kg; i.p.) rats treated showing SE (min) (min)

Vehicle - 29 86 104.8 + 12.5 135.2 + 125

Diazepam 20 16 19° 215.1 + 13.8¢ 222+ 1531

Lamotrigine 10 22 59 139.7 + 185 98.3+ 20.5

Lamotrigine 30 24 79 103.8 + 16.9 136.2 +£ 16.9

PNU-151774E 10 21 572 149.3 + 18.2 89.7+ 178

PNU-151774E 30 21 47° 166.6 + 16.6 70.4 £+ 15.7°

Data are expressed as mean + S.E.M.
°P < 0.05.

9P < 0.01 as compared to vehicle group (Dunnett’s test).
Percentage data are analyzed by Fisher's exact test where P < 0.05 and P < 0.01.
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Fig. 1. Effects of PNU-151774E, lamotrigine and diazepam on kainic acid-induced damage in the CA4 hippocampal neurons. The dotted line represents the
number of viable CA4 hippocampal neurons of non-treated rats. Data are means+ SEM.; * P <0.05; * x P <0.01 as compared to vehicle group
(Mann-Whitney non-parametric test).

EEG and behavioural observations lasted up to 240 min min or longer without any interruption longer than 1 min
after kainic acid administration. The EEG tracing were (Fariello et a., 1989).
reviewed by a blinded investigator, who assessed time of Seven days later, the animals were killed, the brains

onset and duration of status epilepticus. Status epilepticus were removed and immersed for 48 h in 10% formalin
was defined as a sustained ictal EEG pattern lasting 20 (v/v) in 0.1 M phosphate buffer, pH 6.9. The brains were

(A), PNU-151774E 30 mg/kg (B), diazepam 20 mg/kg (C) and lamotrigine 30 mg,/kg (D) 15 min before kainic acid (10 mg/kg) injection. Note the
neurona loss of the vehicle-pretreated rat, while rats pretreated with PNU-151774E, diazepam and lamotrigine show little evidence of damage, as
witnessed by the abundance of normal healthy cells with clear cytoplasm.
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then mounted on paraffin blocks and processed for histol-
ogy. Coronal sections (4 pm) were cut with a RM2155
microtome (Leica, Milan, Italy), and stained with hema
toxylin/eosin. Hippocampal injury was assessed by count-
ing the number of histologically normal CA4 pyramidal
neurons. Three sections per animal were examined and the
neuronal counts averaged. All analysis were carried out by
a blinded investigator.

2.2. Drugs

PNU-151774E was synthesised in the Medicina Chem-
istry Dept. of Pharmacia and Upjohn (Nerviano, Italy).
Lamotrigine isothionate was synthesised by Pharmacia and
Upjohn according to the literature (Lee, 1996). Diazepam
was obtained from Fabbrica ltaliana Sintetici (Alte Mon-
tecchio, Italy). PNU-151774E and lamotrigine were dis-
solved in distilled water; diazepam was suspended in
methocel.

2.3. Satigtical analysis

The percentage of animals protected from status epilep-
ticus was analysed using Fisher’s exact test. For calcula
tion of the latency to status epilepticus (min) and duration
of status epilepticus (min), al animas were included re-
gardless of whether they showed status epilepticus or not.
The longest observation time (240 min) was assigned to
the rats not showing status epilepticus. The data were
evauated by analysis of variance (ANOVA) followed by
Dunnett’s test. Neuronal counts were analysed using the
Mann—-Whitney non-parametric test. Levels of statistical
significance are indicated as * P < 0.05 and = * P < 0.01.

3. Resaults

In the vehicle-treated group, kainic acid induced the
typical syndrome consisting of sustained seizures, status
epilepticus and destruction of neural elements in different
brain regions. In particular, status epilepticus was observed
in 86% of kainic acid-treated rats. Mean status epilepticus
latency was 104.8 min and mean status epilepticus dura-
tion was 135.2 min (Table 1). Pathological changes were
seen 7 days after kainic acid injection in the hippocampus,
prepyriform and pyriform cortex and amygdala. These
changes included massive edematous swelling of glia and
neuronal dendrites and either swelling or picnotic changes
with necrosis of many of the neurons involved. In particu-
lar, we found 66% reduction of normal appearing neurons
in the CA4 hippocampal area (Figs. 1 and 2).

Of the rats pretreated with diazepam (20 mg/kg; i.p.),
80% did not show status epilepticus (P < 0.01). This
protection from status epilepticus was reflected by the
increased latency as well as the shortened duration of
status epilepticus (Table 1). Diazepam also showed neuro-

protective effects by dramatically reducing the hippocam-
pal CA4 cell loss induced by kainic acid systemic adminis-
tration (Figs. 1 and 2).

After lamotrigine pretreatment (10 mg/kg) the number
of animals entering status epilepticus was reduced (59%)
and latency was dlightly increased, without the effect
reaching statistical significance (Table 1). Unexpectedly,
the higher dose (30 mg,/kg) produced results not dissimi-
lar from those for the controls. In contrast, lamotrigine
reduced hippocampa CA4 cell loss at both doses, although
statistical significance (P < 0.01) was reached only at 30
mg/kg (Figs. 1 and 2).

Both doses of PNU-151774E significantly decreased the
percentage of rats showing status epilepticus (57% and
47% at 10 and 30 mg/kg, respectively) (Table 1). More-
over, PNU-151774E significantly increased the latency of
status epilepticus) at 30 mg,/kg. The increase in latency
was paralleled by a significantly shorter duration of status
epilepticus. The protective effects of PNU-151774E were
also evident in terms of hippocampal neuron survival after
kainic acid administration (Figs. 1 and 2). Both doses of
PNU-151774E significantly (P < 0.05) protected neurons
in the CA4 hippocampal region.

4. Discussion

Kainic acid-induced convulsions is a model of excito-
toxin-induced complex partial seizures and status epilepti-
cus. We used this model to examine the effects of PNU-
151774E because it alows the advantage of simultaneous
assessment of the effects of a potentia anticonvulsant
compound on both occurrence of seizures and histological
damage. We now compared the effects of pretreatment
with PNU-151774E to those obtained with diazepam and
lamotrigine. The results can be summarized as follows: (1)
both PNU-151774E and diazepam were able to inhibit
kainic acid-induced status epilepticus; (2) both PNU-
151774E and diazepam reduced the hippocampal neuronal
loss induced by kainic acid; (3) lamotrigine was able to
reduce hippocampal neuronal death, but did not signifi-
cantly alter either the latency or the duration of status
epilepticus.

The ability of PNU-151774E to reduce status epilepti-
cus in this model of complex partial seizures suggests
clinical efficacy in the treatment of this type of epilepsy
(Fariello and Golden, 1985). Indeed, drugs considered as
first choice in the treatment of complex partial seizures,
such as carbamazepine and phenobarbital (Mattson, 1992;
Bruni and Albright, 1984), are also active in the kainic
acid model. Carbamazepine, for example, antagonizes in-
trahippocampal kainic acid-induced seizuresin rats (Zaczek
et a., 1978). Similar effects are observed with pheno-
barbital (Clifford et al., 1982). Phenytoin, another first line
antiepileptic drugs for complex partial seizures, is gener-
ally incapable of suppressing seizure activity or convul-
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sions induced by kainic acid in vivo (Zaczek et al., 1978;
Turski et a., 1980; Stone and Javid, 1980; Clifford et al.,
1982). Phenytoin, however, has been shown to suppress
kainic acid-induced paroxysms in vitro (Clifford et al.,
1982). Lamotrigine, clinically effective for the treatment of
complex partial seizures (Stolarek et al., 1994), was not
active in the present study. The anticonvulsant activity of
lamotrigine has not been, to the best of our knowledge,
previously studied in the kainic acid model; however,
lamotrigine is inactive in a model of status epilepticus in
rats lesioned with cortical cobalt lesions precipitated by
homocysteine thiolactone, another dicarboxylic excitotoxin
(Walton et al., 1996). On the other hand lamotrigine was
found active in the rat kindling model of complex partial
seizures (Dalby and Nielsen, 1997).

While phenobarbital was shown to be active in this
kainic acid model (Clifford et al., 1982), its activity was
only seen at high doses, out of the therapeutic range
(40—200 mg/kg;i.v.). Even though the clinically effective
dose of PNU-151774E has yet to be established, PNU-
151774E reduced status epilepticus at doses comparable to
those seen to antagonize seizures in classical anticonvul-
sant tests such as the maximal electroshock seizure test
(EDg, = 6.9 mg/kg, i.p.), and well below doses producing
psychomotor impairment (TDg, = 626 mg/kg, p.o.;
Fariello et a., 1998). The differences between therapeutic
and active doses in various models are important features,
especialy when considering that most of the clinically
used antiepileptic drugs have undesirable side-effects, in
particular when therapeutic plasma concentrations are ex-
ceeded (Dodrill, 1975; Thompson and Trimble, 1983).
Diazepam, for example, is also active to reduce status
epilepticus in the kainic acid model, as shown by the
present data and literature reports (Ben-Ari et al., 1979;
Worms et al., 1981; Fuller and Olney, 1981). However, its
effects appear at a very high dose (10-20 mg/kg), roughly
10-20 fold higher than that required to suppress maximal
electroshock-induced convulsions (Fariello et a., 1998)
and much higher than those causing behavioural impair-
ment (Kalynchuk and Beck, 1992; Fariello et al., 1998).
Benzodiazepines in general, and other direct or indirect
GABA receptor agonists (Fariello et a., 1982; Clifford et
al., 1982) have been the first antiepileptic drugs to be
proven effective against kainic acid seizures. However, as
pointed out above, the doses required are well in the toxic
range. PNU-151774E has shown a very wide therapeutic
index in both electrical and chemical seizure models. This
compound has also a low potentia to induce psychomotor
side-effects (Fariello et al., 1998). This profile of PNU-
151774E as well as its ability to antagonize amygdala-kin-
died seizures, another model of complex partial seizures
(Mg et al., 1995) at doses similar to those used in this
study, further supports the hypothesis of clinical efficacy.
However, only clinical testing can definitely establish the
efficacy and tolerability of a new anticonvulsant agent in a
defined epilepsy syndrome.

The second major result of this study was that PNU
151774E shows neuroprotective properties, in that it was
able to counteract excitotoxin-induced hippocampal neu-
ronal death. A similar neuroprotective effect was observed
after diazepam administration, which is consistent with the
effect found by other investigators (Ben-Ari et a., 1979;
Fuller and Olney, 1981; Worms et al., 1981). The size of
the difference between doses that are neuroprotective and
the toxic doses for PNU-151774E and diazepam is clearly
in favour of PNU-151774E.

Notwithstanding lamotrigine's slight and not statisti-
caly significant anti-seizure activity, we found it to be
highly neuroprotective in this model. These results confirm
and extend the observation that lamotrigine prevents kainic
acid-induced striatal neuronal degeneration (McGeer and
Zhu, 1990). Even if neuroprotection may be a consequence
of antiseizure activity, these results also indicate a possible
dissociation between hippocampal neurodegeneration and
seizure activity, as previously reported by Fariello et al.
(1989), who used MK-801 in the kainic acid model in rats.
In that study, suppression of the kainic acid-induced be-
havioura seizures and reduction of neuronal damage were
not accompanied by reduced EEG seizure activity after
MK-801 treatment. PNU-151774E and lamotrigine may
therefore differ in their mechanism of anticonvulsant ac-
tion, while showing similar neuroprotective properties.

In conclusion, these results show that PNU-151774E
has anticonvul sant activity in amodel of intractable seizures
and status epilepticus, associated with neuroprotective ac-
tivity. PNU-151774E appears to prevent seizures, their
maintenance and spread. Lamotrigine, on the other hand,
showed only a trend toward prevention from status epilep-
ticus, in spite of providing neuroprotection. While gluta-
mate release inhibition may play a major role in neuropro-
tection, an additional mechanism(s) of action seems to be
related to the anticonvulsant activity of PNU-151774E.
Further studies are needed in order to elucidate this point.
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