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Abstract

A new model of status epilepticus (SE), which was induced by intermittent electrical stimula-
tion (20 Hz for 20 sec every min for 180 min) of the deep prepyriform cortex, has been developed
in the conscious rat. SE was induced in 9 of 16 rats in the drug-free group. The number of stimu-
lation trains required to induce SE in this status subgroup was 125.6 +/- 12.7 (mean +/- SEM) and
the mean duration of self-sustained seizure activity (SSSA) occurring after cessation of the stim-
ulation session was 295.4 +/- 111.4 min. Some animals showed secondary generalized seizures.
Significant cell loss was observed in the hippocampal CA3 pyramidal cell layer ipsilateral to the
stimulation site and bilateral CA1 areas in the status subgroup compared with the group subjected
to sham operation. In addition, there was a significant negative correlation between the duration
of SSSA subsequent to the stimulation session and the total number of intact pyramidal neurons
observed in the bilateral CA1 and ipsilateral CA3 subfields of the status subgroup. There were
significant differences between the status and non-status subgroups with respect to the number of
afterdischarges (ADs) and the total AD duration during the stimulation session. Pretreatment with
phenobarbital (30 mg/kg) prevented the development of SE and hippocampal cell loss completely.
Pretreatment with MK-801, a non-competitive N-methyl-D-aspartate (NMDA) receptor antagonist
(0.25 or 1 mg/kg), also prevented hippocampal cell loss, although it did not block SE generation
completely, which suggests dissociation of the mechanisms underlying the development of SE and
hippocampal damage. These results indicate that prolonged SSSA actually causes hippocampal
damage and it is critically dependent upon NMDA receptor participation.

KEYWORDS: status epilepticus, deep prepyriform cortex, electrical stimulation, hippcampus,
N-methl-D-aspartate(NMDA), ??-aminobutyric acid(GABA)
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Mechanisms in the Development of Limbic Status Epilepticus and Hippocampal
Neuron Loss: An Experimental Study in a Model of Status Epilepticus Induced by
Kindling-Like Electrical Stimulation of the Deep Prepyriform Cortex in Rats

Koutaro Inoue*, Kiyoshi Morimoto, Keiko Sato, Norihito Yamada and Saburo Otsuki

Department of Neuropsychiatry, Okayama University Medical School, Okayama 700, Japan

A new model of status epilepticus (SE), which was induced by intermittent electri-
cal stimulation (20 Hz for 20sec every min for 180 min) of the deep prepyriform cortex,
has been developed in the conscious rat. SE was induced in 9 of 16 rats in the drug-free
group. The number of stimulation trains required to induce SE in this status subgroup
was 125.6 = 12.7 (mean = SEM) and the mean duration of self-sustained seizure activity
(SSSA) occurring after cessation of the stimulation session was 295.4 + 111.4min.
Some animals showed secondary generalized seizures. Significant cell loss was obser-
ved in the hippocampal CA3 pyramidal cell layer ipsilateral to the stimulation site and
bilateral CA1 areas in the status subgroup compared with the group subjected to sham
operation. In addition, there was a significant negative correlation between the
duration of SSSA subsequent to the stimulation session and the total number of intact
pyramidal neurons observed in the bilateral CA1 and ipsilateral CA3 subfields of the
status subgroup. There were significant differences between the status and non-status
subgroups with respect to the number of afterdischarges (ADs) and the total AD
duration during the stimulation session. Pretreatment with phenobarbital (30mg/kg)
prevented the development of SE and hippocampal cell loss completely. Pretreatment
with MK-801, a non-competitive N-methyl-D-aspartate (NMDA) receptor antagonist
(0.25 or 1mg/kg), also prevented hippocampal cell loss, although it did not block SE
generation completely, which suggests dissociation of the mechanisms underlying the
development of SE and hippocampal damage. These results indicate that prolonged
SSSA actually causes hippocampal damage and it is critically dependent upon NMDA
receptor participation.

Key words : status epilepticus, deep prepyriform cortex, electrical stimulation, hippocampus,
N-methyl-D-aspartate (NMDA), y-aminobutyric acid (GABA)

It has been well documented that the tological description of hippocampal damage, and
hippocampus is a particularly susceptible site for  several subsequent studies have yielded further
brain damage in epileptic patients. Over 100 information about patterns of hippocampal cell
years ago, Sommer (1) provided the first his- loss in patients with epilepsy (2, 3). The associa-

tion of seizures and temporal lobe epilepsy with
* To whom correspondence shold be addressed. the lesion of hippocampal sclerosis has been
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recognized for many years (4, 5), but there has
been considerable debate as to whether
hippocampal sclerosis is a cause or an effect of
seizures. In one study, the severity of neuronal
loss appeared to be related to the duration of the
seizure disorder and to the frequency of general-
ized tonic-clonic seizures (3), a finding which
supports the view that the lesion is an effect of
seizures. However, other quantitative studies
have failed to establish a clear relationship
between neuronal loss and seizure history (2).

As human material can provide only limited
information about the pathogenesis of brain
changes associated with epilepsy, several
attempts have been made to create animal models
of status epilepticus (SE) with self-sustained
seizure activity (SSSA).

The SE models used most often are produced
by administering convulsive agents, such as
kainic acid (KA) (6), glutamic acid (7), bicucul-
line (8) and lithium-pilocarpine (9) to experimental
animals. However, these models present several
interpretive problems. It is difficult to exclude
direct neurotoxic effects of the convulsant per se
on the central nervous system, and determination
of its regional distribution may be difficult. Also,
the neuronal pathways involved in the initiation
and propagation of the seizure cannot be specified
precisely. Some of these interpretive problems
can be circumvented by models of SE induced by
electrical  stimulation. However, only a few
studies using electrical stimulation-induced SE
model have been reported (10-14).

We have been investigating the excitatory role
of N-methyl-D-aspartate (NMDA) receptors and
the inhibitory role of <y-aminobutyric acid
(GABA) receptors in the kindling model of epi-
lepsy (15-18). Our results indicate that the col-
lapse of GABA-mediated inhibition and subsegent
activation of NMDA receptors are essential for
kindling. It also has been hypothesized that a loss
of GABA-containing cells (19) or a functional
loss of the hippocampal GABAergic inhibitory
system (13, 20) causes an excitatory-inhibitory
imbalance, which leads to seizure activity.

http://escholarship.lib.okayama-u.ac.jp/amo/vol 46/iss2/10
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Recent experimental evidence suggests that
overactivation of NMDA receptors contributes to
the process underlying the hippocampal damage
observed in epilepsy (21-24) and other pathologi-
cal conditions, such as ischemia-hypoxia (25-28),
hypoglycemia (29) and mechanical trauma (30).
Therefore, NMDA receptor antagonists, which
are potent antiepileptogenic agents, may be
expected to block both SE and seizure-related
hippocampal damage. However, the relationship
between SE and hippocampal neuronal damage is
still unclear, because some recent noteworthy
studies have shown that the neuroprotective effect
of NMDA receptor antagonists is not always
associated with an antiepileptic effect (21, 22,
31).

In this study, we have developed a new rat
model of SE, in which the deep prepyriform
cortex (DPC) was stimulated electrically, in a
manner similar to that which induces kindling.
The DPC has been shown to be one of the most
crucial epileptogenic sites by Piredda and Gale
(32). Furthermore, in order to investigate the
mechanisms underlying SE and hippocampal
damage, we have studied the effects of a non-
competitive NMDA receptor antagonist, (+)-5-
methyl-10, 11-dihydro-5H-dibenzo (a, d)
cyclohepten-5, 10-imine maleate (MK-801), and
a GABA, receptor effector, phenobarbital (PB),
in this model.

Materials and Methods

Forty-four male Sprague-Dawley rats, weighing 280
-340g at the time of surgery, were used. They were
housed in a temperature-controlled colony with a 12h
light-12h dark cycle and allowed free access to food and
water. They were anesthetized with pentobarbital sodium
(50mg/kg, ip.) and tripolar stimulation-recording elec-
trodes, fashioned from twisted (0.18mm diameter)
Diamel-insulated Nichrome wire, were implanted ster-
eotaxically into the left DPC (4.0 mm anterior and 3.3mm
lateral to bregma and 6.8mm below the dura with the
incisor bar 5.0mm above the interaural plane). A screw
electrode placed on the right frontal skull served as a
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recording indifference. The electrode leads were mounted
in a miniature connecotor and fixed to the skull with
dental acrylic.

After a postoperative recovery period of at least 7
days, the rats were divided into 4 groups (drug-free, n=
16; MK, n=12; PB, n=7; sham, n=9). The drug-
free rats were placed in an electriacally screened recording
chamber and the electrodes were connected to an
amplifier (Nihonkoden AB-621G), an EEG polygraph
(Nihonkoden WI-621GS) and a microcomputer-
controlled stimulator system (microcomputer: Fujitsu
FM16B-FD1; stimulator: Physio-Tech DS-503;
isolator: Physio-Tech 1S-500B). The DPC of each rat
was stimulated by a train of biphasic square pulses at 20
Hz, with a pulse duration of 250 xsec and pulse intensity
of 200 uA, for 20sec every minute for 180 min via two
poles of the tripolar electrode. The EEG was recorded
from the remaining pole and skull screw electrode both
during and after cessation of the electrical stimulation
period. For quantitative analyses, we measured both the
total duration of seizure activity during the period of
stimulation and the duration of continuous seizure activity
occurring after the stimulation session had finished.
These measurements only included the periods of
synchronized spikes or spike-wave complexes with ampli-
tudes that exceeded twice that of the baseline EEG,
which demonstrated frequencies greater than 1Hz. When
uninterrupted seizure activity persisted for more than 30
min we considered that the animal had developed SE.
The behavioral seizure manifestation also was assessed,
using a modified Racine’s classification (33), as follows:
stage 0, no response or behavioral arrest; stage 1,
rhythmic mouth and facial movements; stage 2, rhythmic
head nodding; stage 3, unilateral forelimb clonus; stage
4, bilateral forelimb clonus with rearing; stage 5, rearing
and falling. The MK and PB group rats received (i.p.) an
NMDA receptor antagonist, MK-801 (0.25mg/kg, n=6;
1mg/kg, n=6) and a GABA, receptor effector PB (30
mg/kg, n=7) respectively 2 h prior to being subjected to
the stimulation protocol, as described for the drug-free
group. The sham group rats were subjected to sham
operation only and did not undergo electrical stimulation.

Seven days after the SE-induction experiments, the
animals were anesthetized with an overdose of pentobar-
bital and perfused transcardially with 0.9 % (w/v) saline
followed by 10% (w/v) formalin. The formalin-fixed
brains were cut into blocks, which comprised the rostral
(including the DPC) or caudal (including the
hippocampus) parts, and paraffin  embedding was
performed. In order to verify the electrode positions,
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serial coronal slices 8 um-thick were cut from the blocks
every 160 ym and stained with hematoxylin-eosin. For
histopathological examination of the hippocampus, 8 um-
thick sections, including the dorsal hippocampus, which
was located 2.4-2.8mm posterior to the bregma (34),
were prepared on a sliding microtome and stained with
cresyl violet. Three sections, 40-80um apart, from
each animal were used for cell counting. The number of
pyramidal neurons was counted by one of us, who, at the
time of counting, was unaware of the experimental
manipulation. The number of intact neurons per 250 #m
linear length of the stratum pyramidale within the CA1 or
CA3 subfields on each side was counted at a
magnification of X 400; using a microscope (Nikon
LURE 1). Neurons which had shrunken cell bodies with
surrounding empty spaces were excluded. Three different
sections from each rat were examined and the average of
the three values obtained was taken as the neuronal
density.

All data obtained were expressed as means T SEM.
Statistical analyses were performed using the Mann-
Whitney’s U-test to compare the electrobehavioral and
histological parameters and Fisher’s exact probability test
to compare the differences between the treatment groups.
Differences at p values of less than 0.05 were considered
to be significant. The correlation between the hippo-
campal cell loss and SSSA duration was calculated using
simple regression analysis.

Results

Electrical stimulation of the DPC induced SE
in 9 of 16 conscious freely moving rats in the
drug-free group, which we divided into two sub-
groups; one consisting of rats in which SE was
induced (status subgroup: n=9) and the other of
those in which it was not (non-status subgroup: n
=7). Animals from the status subgroup typically
showed stimulus-induced afterdischarges (ADs)
(Figs. 1 A and B) that eventually exceeded the
intertrain interval (Fig. 1 C) and ultimately result-
ed in prolonged SSSA (Figs. 1 D and E). They
also showed various stages of motor seizures, the
type of which are usually observed during kin-
dling. After cessation of stimulation, SSSA
continued for some time (90-1140min), during
which intermittent limbic seizures occurred (Fig.
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1 D).

For the status subgroup, the mean number of
trains required to produce SE was 125.6 = 12.7,
the mean duration of SSSA subsequent to the
stimulation session was 295.4 * 111.4min, and
post-stimulation secondary generalized seizures
occurred in 3 of the 9 rats.

Quantitative analysis of the electrographic data
revealed significant differences between the status
and non-status subgroups with respect to both the
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number of ADs (p <0.01) and the total AD
duration (p < 0.01) during the stimulation session
(Table 1). However, the number of generalized
seizures occurring during the stimulation session
in the two subgroups did not differ significantly
(Table 1).

We examined the distribution of the electrode
tips, but there was no systematic difference
between the status and the non-status subgroups

(Fig. 2).

Baseline

Train 1 ~ Stagel Train 2
| SS—
B \
; — Stage 0
Train 60 Stage 2 Train 61

o a1 e RN

Train 133

5.5 hours after train 180

Train 134 Stage 3 |

F = bt f
24 h after train 18!

1mV0L__
10 sec

Fig. 1 An example of an EEG recorded from the DPC of a rat in the status subgroup at various times during and after the stimulation
session. The DPC was stimulated at 20Hz, for 20sec, at intervals of 40sec (indicated by underlining and the train numbers). The first
stimulus train elicited an AD and a stage 1 behavioral seizure (A). Although kindling-like progress of behavioral seizures was observed,
some trains failed to induce an AD (B). Further stimulation eventually led to an AD that outlasted the stimulation interval (C), at which
point the seizune activity became self-sustaining. After cessation of stimulation, this seizune activity, which satisfied the criterion of
exceeding twice the baseline EEG amplitude and a frquency in excess of 1Hz, continued uninterrupted for 10h (E). In addition, a
spontaneous secondary generalized seizure associated with high frequency discharge occurred (D). The EEG recorded 24 h after train 180
did not differ markedly from the baseline EEG (F).

http://escholarship.lib.okayama-u.ac.jp/amo/vol 46/iss2/10
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Table 1 Electrobehavioral parameters of the rats from the status and non-status subgroups
Number of Number of Total afterdischarge
generalized seizures afterdischarges duration (sec)
Status 316+ 139 140.7 £ 6.7** 3565.0 & 382.5**
Non-status 110+ 29 846193 1246.7 + 1445

Status: n=9, Non-status: n=7, Value: mean = SEM, ** p < 0.01, Mann-Whitney’s U test compared with non-status subgroup

Fig. 2 Loci of the elecirode tip centers estimated by his-
tological examination. This diagram was produced, according to
the Atlas of Pellegrino and Cushman (34). The numbers indicate
the rostrocaudal levels of the sections in mm anterior to bregma.
All the electrodes were located within the targeted sites. @, status
subgroup; C, non-status subgroup; M, sham group; V, MK
group; ¥, PB group. AC, anterior commissure; C, claustrum;
CC, corpus callosum; CP, caudate-putamen; NA, nucleus ac-
cumbens; OT, lateral offactory tract; PC, pyriform cortex.

Histological study of the hippocampus
revealed that the status subgroup (an example is
illustrated in Fig. 4) underwent significant cell loss
compared with the sham group (p < 0.01, Mann-
Whitney’s U-test) (Fig. 3, Table 2). Interesting-
ly, the cell loss occurred in the hippocampal CA3
pyramidal cell layer ipsilateral to the stimulation

Produced by The Berkeley Electronic Press, 1992

site, whereas bilateral cell loss occurred in the
CA1 subfields. No significant neuronal damage
was observed in the CA3 subfield contralateral to
the stimulation site (Table 2). In addition, further
statistical analysis revealed significant differences
of neuronal cell density between the right and left
sides of the hippocampal CA1 and CA3 subfelds
(Table 2). Greater damage was observed in the
left (ipsilateral to the stimulation site) than the
right sides in both the CA1l and CA3 subfields.
The non-status subgroup (n=7) showed no
significant cell density changes of either CA1 or
CA3 neurons compared with the sham group
(Table 2).

For the status subgroup (n=9), a significant
negative correlation was found between the dura-
tion SSSA subsequent to the stimulation session
and the total number of intact pyramidal neurons
remaining in the bilateral CA1 and ipsilateral CA3
subfields (r=-0.834; p < 0.01, n=9).

Only 1 of the 6 and 2 of the 6 animals
pretreated with MK-801 (1 and 0.25mg/kg),
respectively and none of those from the PB group
(n=7) developed SE, whereas 9 of the 16 animals
in the drug-free group did, as described above
(Table 3). Fisher’s exact probability test revealed
that the establishment of SE was prevented
significantly by pretreatment with PB (30mg/kg,
p=0.0140), but not by pretreatment with MK-
801 (0.25mg/kg, p=0.3176; 1mg/kg, p=
0.1185).

In the PB group, the mean number of ADs
during the stimulation session was 819+ 14.3,
which did not differ significantly from that of the
non-status subgroup, the mean total AD duration
during the stimulation session was 558.0 £ 112.0
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Table 2 Neuronal cell density per 250 um linear length of the CAl and CA3 subfields

CAl CA3
n
Left Right Left Right
Sham 9 474104 469107 28.3+0.7 279+1.2
Drug-free (status) 9 188+ 317y 29.6 + 3.9%* 21.7 £ 277, 249+ 13
Drug-free (non-status) 7 449116 467+ 1.1 29.1+1.2 287108
MK-801 0.25mg/kg (status) 2 460+1.2 470105 285+ 0.1 29.3+0.9
MK-801 1mg/kg (status) 1 477100 46.0 0.0 3131 0.0 27.7+0.0

The status subgroup (n=9) showed significant cell loss in the bilateral CA1 and left (ipsilateral to the stimulation site) CA3subfields
compared with the sham group (n=9). In the non-status subgroup (n=7) no significant cell loss was observed at any of the sites
investigated. Value: mean + SEM, ** p < 0.01, Mann-Whitney’s U test compared with sham group, v p <0.01, v p <0.05,
Wilcoxon test compared with the contralateral side.

A e
Baseline — i Stage® —

Train 1 Train 2

e | a —_—
Train 39 Stage 1 Train 40 B

C il
Train 74 Stage 1 Train 75 Stage 1
L
D
|i1\ IR RN LR AR (R ld T Il
Train 180 Stage 0 Fig. 5  An example of the EEG recorded from the
left DPC of the rat pretreated with MK-801 (1 mg/kg) in
) which SE developed. In the early phase of the stimula-
E Rt 1 ; it . ‘ ‘ AT ] tion protocol, there was weak kindling-like progress of
‘ v ‘ " ‘ ‘ : behavioral seizures (A, B). From train 74 onwards the
12 hours after train 180 (- seizure activity became continuous (C) and after train
180 the SSSA continued for about 12h (D and E).
- , . | ; | adl Twenty-four hours after cessation of stimulation, the
24h after train 180 ' Al EEG was virtually the same as the baseline EEG (F).
1mV
10 sec

Fig. 3 Coronal cresyl violet-stained sections of the dorsal hippocampal CA1 (A, B) and CA3 (C, D) subfields from a rat in the sham
group. All photographs show the appearance of the pyramidal neurons to be normal. A, C: Left hippocampus. B, D: Right
hippocampus. Magnification (A-D): X 150.

Fig. 4 Coronal cresyl violet-stained sections of the dorsal hippocampal CA1 (A, B) and CA3 (C, D) subfields from a rat in the
drug-free group. This rat experienced status epilepticus for 1140 min after the cessation of stimulation. Severe cell loss was observed in
the bilateral CA1 and left CA3 (C) subfields. A, C: Left hippocampus. B. D: Right hippocampus. Magnification (A-D): X 150.
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Fig. 6

Coronal cresyl violet-stained sections of the dorsal hippocampal CA1 (A, B) and CA3 (C, D) subfields from the same rat in

the MK (1mg/kg) group, for which the EEG is shown in Fig. 5. Although this rat experienced status epilepticus for 720min after
cessation of stimulation, no obvious pyramidal cell loss occurred. A, C: Left hippocampus. B, D: Right hippocampus. Magnification

(A~D): X 150.

Table 3 The numbers of animals with SE (status) and without
SE (non-status) in the drug-free, MK-801 (0.25 or 1mg/kg) and
PB (30mg/kg) groups

Status Non-status
Drug-free 9 7
MK-801 0.25mg/kg 2 4
1.0mg/kg 1 5
Phenobarbital 30mg/ke 0* 7

* p < 0.05, Fisher's exact probability test compared with drug-
free group.

sec which was significantly shorter than that of
the non-status subgroup (p<0.01), and no
generalized seizures were observed.

One animal pretreated with MK-801 (1mg/
kg) showed typical SE after the 74 th stimulation
and SSSA subsequent to stimulation that
continued for 720min (Fig. 5), although, his-

http://escholarship.lib.okayamaru.ac.jp/amo/vol 46/iss2/10

tological examination of the hippocampus from
this rat revealed no apparent pyramidal cell loss
(Fig. 6, Table 2). Two other rats pretreated with
MK-801 (0.25mg/kg) experienced SE  for
9970+ 2.1min after cessation of stimulation,
but no obvious pyramidal cell loss occurred in
these two rats (Table 2).

Discussion

Intermittent electrical stimulation of the DPC
for 3h resulted in SE in 9 of 16 conscious, freely
moving rats. In this status subgroup (n=9),
significant pyramidal cell loss was observed in the
bilateral CA1 and ipsilateral CA3 hippocampal
subfields. This pattern of pyramidal cell loss
agrees with ischemic brain damage, which is most
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severe in the CA1 region of the hippocampus (25
-28). In contrast, in rodents following adminis-
tration of KA CA3 region is preferentially
damaged (6). One possibility for these different
pattern of brain damage would be a correlation
between vulnerability and density of subtype of
glutamate receptors. In the hippocampus, high
affinity KA receptors are dense around CA3. In
contrast, NMDA receptors are absent in CA3
stratum lucidum whereas they are very dense in
the CA1 strata oriens and radiatum (35).
Several recent studies have shown that direct
electrical stimulation of hippocampal afferent
pathways can produce limbic SE with
hippocampal neuronal damage (13, 14, 23). In
this study, it appeared that electrical stimulation
to an other limbic structure (the DPC) which is
distant from the hippocampus, can induce SE
with hippocampal damage. In our preliminary
experiments, SE was induced in 2 of 8 and 1 of
10 rats when the amygdala and the dorsal
hippocampus respectively were subjected to the
same stimulation protocol used in this study.
Thus, the DPC tended to be more susceptible to
electrical stimulation-induced SE than these sites.
Because the DPC is fairly distant from the
hippocampus, stimulation of it should have some
advantage over other, nearer sites in that we
could exclude the possibility of a direct effect of
electrical stimulation of the hippocampus. Pired-
da and Gale (32) first reported that the DPC is
extremely sensitive to chemoconvulsants, and
there have been a few subsequent studies which
demonstrated that the DPC is as highly suscep-
tible to kindling as other limbic sites, such as the
amygdala (36-38), and the DPC is believed to be
one of the brain sites that can trigger electrically-
induced SE with secondary generalized seizures.
In this study, we employed a stimulation
protocol of 20Hz, 20sec trains at an intertrain
interval of 40sec. Vicedomini and Nadler (14)
reported that the synaptic response of CA3
hippocampal neurons generated by perforant path
stimulation was attenuated somewhat when the
stimulus frequency was increased to above 20 Hz.
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They also observed that even tetanic stimulation
for many hours failed to produce self-sustained
seizures when the intertrain interval exceeded 90
sec. From these results, the stimulation protocol
used in our study would appear to be for SE
induction. Sloviter (13) noted that intermittent
stimulation at 20Hz to the perforant path caused
an acute decrease in the GABAergic recurrent
inhibition of dentate granule cells associated with
seizure activity. This finding suggests that our
stimulation protocol may be suitable for inactivat-
ing the GABAergic recurrent inhibitory system.

We have demonstrated that the duration of
SSSA oceurring after the cessation of stimulation
correlated significantly with the magnitude of
hippocampal cell loss. A similar correlation was
found by Vicedomini and Nadler (14), who studi-
ed the model of SE induced by electrical stimula-
tion of the hippocampal afferent pathways. Simi-
larly, the magnitude and distribution of brain
damage induced by intracerebroventricular admin-
istration of KA depended on the total seizure
duration (39). Taken together, these results sup-
port the hypothesis that the duration of SSSA is
the most critical factor in the pathogenesis of
epileptic brain damage and that the brain damage
is caused by SSSA. This hypothesis is consis-
tent with the results of a clinical study in which
the severity of neuronal loss appeared to be
related to the duration of the seizure disorder and
the frequency of generalized tonic-clonic seizures
(3).

It is difficult to interpret the finding that 7 rats
in the drug-free group subjected to electrical
stimulation of the DPC did not develop SE. This
result could not be attributed to differences in the
distribution of the electrode tips (see Fig. 2). One
possible explanation for this discrepancy Is a
heterogeneity in some intrinsic capability to coun-
teract the recurrence of seizure activity (40). In
fact, quantitative analysis revealed marked
differences between the status and non-status
subgroups with respect to the number of ADs
and total AD duration during the stimulation
session (Table 1). It is possible that some rats in
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this non-status subgroup may have required more
than 180 stimulations to develop SE, as
Vicedomini and Nadler (14) reported that as many
as 373 electrical stimulus trains to the perforant
path or fimbria were required to induce SE.

All the rats pretreated with PB failed to
develop SE and suffered no hippocampal damage,
which agrees with the results of Ault et al. (39),
who showed that pretreatment with 40mg/kg PB
prevented the development of KA-induced SE in
5 of 6 rats. These results indicate that failure of
GABAergic inhibition is involved in the mecha-
nism underlying the generation of SE. However,
in the study of Ault et al. (39) one rat, which
developed SE despite PB pretreatment, suffered
brain damage, which was indistinguishable from
that caused by KA alone. This finding suggests
that, in contrast to its potent antiepileptogenic
effect, this GABAergic agent may have a rela-
tively weaker neuroprotective effect.

In our study, MK-801 also tended to inhibit
the generation of SE, but this did not reach
statistical ~ significance. Surprisingly, one rat
pretreated with MK-801 (1mg/kg), which devel-
oped SE after 74 stimulation trains and experi-
enced continuous SSSA for about 12h demon-
strated no hippocampal pyramidal cell loss (see
Figs. 5 and 6). In addition, two rats pretreated
with MK-801 (0.25mg/kg), which experienced
SE for about 3h also demonstrated no
hippocampal pyramidal cell loss (Table 2). The
finding in these cases is in agreement with several
recent studies using KA, which have demonstrat-
ed that the neuronal protective effect of this
NMDA receptor antagonist was not necessarily
accompanied by an antiepileptogenic effect (21,
22, 31). Therefore, the epileptic activity and
neuronal damage may be subject to control by
different mechanisms. In contrast, although MK-
801 is considered to be an antiepileptogenic agent
(16, 17), its failure to suppress the development
of limbic SE raises questions about its potential
as an antiepileptogenic agent for treating refrac-
tory seizure disorders, such as complex partial
seizures or the SE syndrome. The NMDA rece-
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ptor antagonists, however, could be used, per-
haps, as neuroprotective agents in the interim
period whilst seizure activity is being brought
under control by other means, such as GABAer-
gic agents.

In conclusion, the DPC is a brain site that
can trigger electrically-induced SE with secondary
generalized seizures and seizure-related
hippocampal damage is caused by prolonged
SSSA, which depends critically upon NMDA

receptor participation.
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