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SUMMARY
Kainic acid (KA) was injected systemically, intracerebroventricularly (i.c.v.) and
focally in the amygdala and other deep brain structures in the rat. EEG and behavioral
changes were studied in relation to the neuropathology which developed subsequently.
Following intra-amygdaloid KA injection, diazepam blocked the epileptic
events induced by the toxin, and abolished the neuronal loss usually seen in the lateral
septum, claustrum, and contralateral cortex and hippocampus. The lesions in medial
thalamic structures and ipsilateral hippocampus were also reduced by diazepam. Prior
transection of the perforant path ipsilateral to the KA injection also decreased the
severity of the electrographic and motor effects of the toxin and similarly reduced the
extent of distant ('remote') pathological brain damage. Neither diazepam nor perforant path transection reduced the damage at the site of KA injection.
Kainic acid (0.4-2/~g) injected into the bed nucleus of the stria terminalis (BST)
or the medial septum produced seizures with a longer latency and little brain damage
outside the injection site. In contrast, intrastriatal KA injections were followed by
ipsilateral hippocampal lesions.
i.c.v. Injection of KA (0.4-1.6/zg) produced a complex syndrome which included
bilateral exophthalmos, mydriasis, foaming, tremor of the vibrissae, and paw and
body tremor. The pattern of brain damage resembled that seen following intraamygdaloid administration of the toxin. In addition, however, there was a bilateral
necrosis of the pyriform and prepyriform cortices up to the rhinal fissure. Systemic
administration of diazepam (i.p.) reduced the extent of the damage and in particular
completely prevented the cortical damage.
* Present address: Department of Neurology, Institute of Psychiatry, De Crespigny Park, London,
U.K.
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Systemic administration of KA (9-15 mg/kg i.p.) readily produced motor and
EEG seizures similar to those seen after intra-amygdatoid injection of the toxin. The
pattern of brain damage was however more symmetrical than that which followed
focal i.c.v, injection of the toxin and included necrosis of the pyriform cortex.
It is concluded that spread of seizure activity from the injection site plays a
crucial role in the induction of 'remote' brain damage after focal intracerebral
injections.

INTRODUCTION
Hippocampal lesions have been frequently observed following the injection of
kainic acid (KA) into one lateral cerebral ventricle or into the amygdala or striatum s,
9,aT,sa. These lesions show a distinctive regional selectivity with pyramidal neurons in
the CA3 field being most vulnerable, followed by CA4 and then CA1, CA2 pyramidal
neurons and dentate granules are particularly resistant. A similar pattern of vulnerability is observed in man and experimental primates following sustained generalized
seizures or cerebral hypoxia or ischemia1~,1a.
Kainic acid is a rigid structural analogue of glutamic acid 5~ which has proved to
be an extremely potent excitatory49 and neurotoxicaa, a9,46 agent. Olneya9 has suggested that the excitatory and toxic properties of KA and similar compounds are
intimately related, hence the term 'excitotoxic amino acids'. There is some evidence
that these agents may act on glutamate receptors, since neurons receiving a glutaminergic input appear to be more susceptible to damage induced by KA ~0,al,36. An
important putative glutaminergicZ2,~9,54,57 pathway from the entorhinal cortex, i.e. the
perforant path 42, impinges on hippocampal neuronsa°,aa. It is thus possible that
hippocampal pyramidal neurons are directly vulnerable to KA, with a maximal
sensitivity in CA3 (and minimal in CA2 and dentate granules) and that this
phenomenon explains the selective effects of intracerebroventricular (i.c.v.) injections
of KA. However, a direct action of very small quantities of KA diffusing from a focal
injection in the amygdala appears less probable. Previously, Ben-Ari et al. ~,s have
shown by multiple EEG recordings that focal injections of KA give rise to sustained
hippocampal seizure discharges. Since there is good clinical and experimental (see ref.
19) correlation between seizure duration and incidence and severity of pathological
sequelae, the possibility that these discharges themselves provoke the hippocampal
lesions requires investigation. It is also possible that local or systemic changes
associated with the generalized seizure modify the hippocampal blood flow or oxygen
supply and contribute to the hippocampal pathology.
We have therefore studied the hippocampal pathology occurring under circumstances that will modify these factors. First, the systemic administration of diazepam
blocks the hippocampal discharges that follow intraamygdaloid injection of KA.
Secondly, we have tested the effects of sectioning the perforant path (i.e. blocking the
glutaminergic afferents to CA3) on EEG changes and on lesions induced by intraamygdaloid injection of KA. Thirdly, we have tested the effects of other sites of
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injection of the toxin, including i.c.v, and systemic administration. Parts of these
results have been presented in brief elsewhere s,6,9.
MATERIALS A N D METHODS

The material and methods, including the surgical manipulations, the clinical and
electrographic observations and the post-mortem histological procedures have been
described in detail previously 8. In brief, KA was intracerebraUy injected in male
Wistar rats, in various brain structures in acute or chronic conditions.
In the 'acute series', the neurotoxin (0.4-2 pg diluted in 0.1-0.4 #1 phosphate
buffer solution, pH 7.4) was unilaterally injected under stereotaxic guidance, via a 1/~1
Hamilton syringe in the anesthetized animal. The injection was aimed at the amygdala
(n : 71 rats), the caudate-putamen (n ---- 5) or globus pallidus (n : 7), the bed nucleus
of the stria terminalis (BST; n -- 10) or the septum (n = 2). Furthermore, i.c.v.
injections were made in 11 animals; the neurotoxin (0.4-1.6 #g) was injected
unilaterally in the lateral ventricle in a total volume of 1 #1 in 30 min duration as
described by Nadler et al. aT.
In the 'chronic series', KA was injected into the unanesthetized animal via a
chronically implanted, stainless steel guide cannula. The cannula was stereotaxically
placed 1 mm above the amygdala (n ---- 19 rats) or the BST (n = 1). In addition, several
electrodes were implanted in order to record the activity at the site of injection, in both
hippocampi or in the ipsilateral hippocampus and contralateral amygdala and the
EEG (see ref. 8). In an additional series (n ---- 7 rats), a perforant path transection
(PPT) was made unilaterally by means of a spatula 5a and the neurotoxin injected
10-15 days later, in the ipsilateral amygdala in similar conditions.
The neurotoxin was administered systematically (0.4-15 mg/kg i.p.) in an
additional series (n ---- 24 rats), in 2 of them, recording electrodes were also chronically
implanted (see above).
Following KA injections (intracerebral or systemic), the clinical signs were noted
and the electrographic activity (in the chronically implanted rats) continuously
monitored on a EEG pen-recorder for periods varying from 2 h to 6 days. In two of the
systemic injected rats, the survival time was two months.
A large dose of diazepam (Valium, Roche, 20 mg/kg i.p.) was usually given after
a few hours of generalized convulsive seizures to avoid death of the rat due to status
epilepticus. Following various survival times, all experimental animals were intracardially perfused with saline followed by a 10% formalin solution. Conventional
histological procedures were then performed on the frontal sections obtained from the
entire brain; these included alternate Nissl and Fink-Heimer 26 staining of the
sections. To eliminate bias, damage was estimated in a blind fashion by one of us
(O.P.O.).
RESULTS

Effects of diazepam administration on the electrographic, clinical and pathological events
induced by intra-amygdaloid injections of KA
The epileptiform activity and clinical signs induced by intra-amygdaloid
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Fig. 1. Electrographic records to illustrate the effects of diazepam (D) administration (20 mg/kg, i.p.)
on the seizure discharges induced by the injection of kainic acid (KA) in the right amygdaloid complex
in case EAK 16 (for a more detailed description of the effects of KA in this case, see Figs. 1 and 2 of
ref. 8). In this and following figures, derivation of the records are indicated only for the initial tracings :
rA, right amygdala; rH, right hippocampus; 1H, left hippocampus; Cx, cortical EEG. Diazepam was
given 5 h after intra-amygdaloid KA, spike activity was present in the records (A). The boxed area in
A is enlarged in B and illustrates the short-term effects of diazepam; note the depression of the spikes
in particular in the hippocampus ipsilateral to the KA injected amygdala. The latter effect persisted for
more than 2 h (see A).

injections of KA, were readily blocked by i.p. administration of diazepam. When a
large dose o f diazepam was given after a few hours of generalized convulsive seizures
(see Methods), a preferential blockade of spike discharge in the ipsilateral hippocampus (Fig. 1) and contralateral amygdala (not illustrated) was c o m m o n l y observed.
Thus, as shown in Fig. 1B, the spikes present in the ipsilateral hippocampus were
already reduced 1.5 min after the injection; a complete blockade was apparent a few
minutes later, this blockade persisted for more than 2 h (Fig. IA). In spite of these
effects on the epileptiform activity, when diazepam was given after 2 h or more of
generalized seizures, there was no reduction in the brain damage occurring in the
various sites.
To investigate the relationship between epileptiform activity and distant brain
damage, repeated doses of diazepam (3-5 mg/kg i.p.) were administered starting from
the onset of epileptiform activity induced by intra-amygdaioid injection of K A (n
7). The E E G epileptiform activity was readily blocked, only occasional brief synchronous discharges were seen in the records; the epileptiform activity at the site of
injection was often also reduced (Fig. 2). This treatment, repeated approximately every
0.5 h during 6 h also completely blocked the clinical seizures (the animal was spastic,
see ref. 43). In an additional 'acute' series (n = 4), similar effects were noted following
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F r o m top to b o t t o m : 7 ('chronic') cases received repeated (R) injections o f diazepam (3-5 m g / k g i.p. every 30 min approximately for 6 h) starting f r o m
the onset of epileptiform activity; 4 ('acute') cases received a single (S) injection of diazepam (20 m g / k g i.p.) a few minutes after the injection of K A in the
amygdala, the remaining 5 cases were used as controls, i.e. diazepam (20 mg/kg i.p.) was administered after 4-6 h o f generalized convulsive activity. The
survival time and K A a m o u n t s injected are also noted. Abbreviations: I, ipsilateral to the K A injection;C, contralateral; T, medial thalamus (mainly
medio-dorsal, reuniens, and parataenial nuclei (see ref. 8)); CA3, CA1, CA4, hippocampal fields (see ref. 33); Cx, cortex; C1, claustrum; sl, s e p t u m ; BST,
bed nucleus of the stria terminalis; A, amygdaloid complex (contralateral); Cing., cingulate cortex; + , extensive neuronal loss; ± , restricted neuronal loss;
- - , normal appearance as reflected by Nissl and F i n k - H e i m e r 28 stains.

Effect o f diazepam administration on the remote brain damage induced by an injection o f KA in the amygdaloid complex
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Fig. 2. Electrographic records to illustrate the effects of repeated administration of diazepam on the
seizure discharges induced by the injection of K A in the right amygdaloid complex in case EAK 23.
The first injection of diazepam (D ; 3 mg/kg) was made 20 rain after KA, immediately after the first
generalized convulsive seizure was recorded (A; $4 refers to seizure stage 4, see refs. 8 and 41). Nine
similar injections of diazepam were made in the following 6 h. Samples of records to illustrate the almost
complete blockade of seizure activity ; regular spike activity was only occasionally present (B). There
was no motor manifestation, the animal being spastic. Note that after longer delays spike activity was
present, in particular at the site of injection (C).
Fig. 3. Photomontage, the right half illustrating the histological appearance of the injection site and
ipsilateral hippocampus in an animal in which diazepam was repeatedly administered after the KA
injection in the right amygdala (case EAK 23,6 days survival). The left half shows ipsilateral hippocampal pathology in a case not treated with diazepam (KAu, 9, 2 days survival). A and B : Nissl-stained
CA3 pyramidal cells of cases KAu9 and E A K 23 respectively. In A, the neurons are shrunken and
distorted; in B they have a normal appearance. C : low power view of the rostral hippocampus in case
KAu 9 showing loss of CA3 and CA4 pyramidal neurons; cresyl violet stain. D : low power view of the
rostral hippocampus in case E A K 23, normal histological appearance; cresyl violet stain. E: F i n k Heimer staining of pyramidal neurons in an adjacent section to that shown in C; note argyrophilia
of apical dendrites in stratum lacunosum moleculare (LM). F : amygdaloid injection site in case EAK
23, note that the lesion in the amygdala (A) is also surrounded by intense glial proliferation. The cannula
track is indicated by the arrow. Other abbreviations: CP, caudate putamen; FD, fascia dentata; R,
stratum radiatum; TO, optic tract ; V, lateral ventricle. Fields of hippocampus are according to Lorente
de N6 s3. Magnification bar = 35 # m (A and B), 700 # m (C and D), 70/~m in E and 1200 # m in F.
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administration of one large dose of diazepam (20 mg/kg, i.p.) a few minutes after the
local injection of KA in the amygdala.
In animals which had been pretreated with diazepam (repeated or single
administration, see Table I), the morphological appearance of the lesion at the
injection site was similar to that seen in the KA injected 'control' animal (see Fig. 3F).
In contrast, the extensive neuronal damage usually observed in areas distant to the
injection site (see Fig. 3A, C, E) was considerably reduced. Thus, in none of the cases
were pathological alterations seen in the septum, cingulate cortex claustrum or BST.
Similarly, degeneration was usually absent from the contralateral amygdala, neocortex
or hippocampal formation (Table I). In medial thalamic nuclei necrosis was either
completely absent (3/11) or considerably reduced (4/11). The damage in ipsilateral
Ammon's horn was completely absent from CAI field (11/11), and absent or
considerably reduced from CA4 and CA3 field in 4 and 5 cases, respectively (also in
Fig. 3B, D). Since the cannula track was often situated in close proximity to the wall of
the lateral ventricle, a possible direct effect of KA on ipsilateral CA3 pyramidal
neurons cannot be completely excluded.

Effects of transections of the perforant path on the electrographie, motor and
pathological events induced by intra-amygdaloid injections of KA
Perforant path transection diminished the severity of the epileptic consequences
of intra-amygdaloid injections of KA; thus in 3 cases (El, EAK 18 and 19) KA
injections produced little or no epileptic manifestations. In the 4 remaining cases, a
series of motor convulsions was seen in the first 3 h; these, however, were brief in
duration and partly aborted (Fig. 4A, also see ref. 8). There alternated with various
seizure patterns without concomitant motor manifestations (Fig. 4B).
A quantitative evaluation of the epileptiform and clinical events was performed
on the perforant path-transected animals. As described in detail previously 8, every
second of the tracing was classified in 5 categories, i.e. normal EEG, post-ictal
depressions, electroencephalographic seizures with (Fig. 4A) or without (Fig. 4B)
motor events and EEG with regular (Figs. IA and 2B) or irregular (Fig. 2A(2 h))
spikes. In Fig. 5, each of these patterns is indicated for 3 cases as a per cent of the
records obtained during the first 3-5 h after intra-amygdaloid injections of KA. It is
worth noting the decrease in electrographic seizures associated with motor events (Fig.
5B, hatched columns) in comparison with the control cases (ref. 8, Fig. 6). The
transection also induced a reduction in post-ictal depressions - - which are good
reflections of the severity of the seizures - - in 6 out 7 cases; a high percentage of
depression was only present in case EAK 17 in which the perforant path had not been
completely transected (see below).
In the perforant path-transected animals, the damage at the injection site was
similar in both its extent and localization to that seen in the control group. Relying on
both the localization of the spatula cut and the distribution of terminal degeneration in
the target area of the perforant path 30, the transection was considered complete in all
but one case (EAK 17). In the perforant path-transected group, the brain damage
distant to the injection site was either eliminated or considerably reduced as compared
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Fig. 4. Electrographic records to illustrate the effects of perforant path transection on the seizures
elicited by intra-amygdaloid injection of KA. The transection was performed unilaterally in the right
hemisphere using the method described by Storm-Mathisen 5a and the guide cannula and recording
electrodes chronically implanted I0 days later. KA (1.2 #g dissolved in 0.3 pl phosphate buffer) was
applied to the right amygdala in the unanesthetized animal 5 days later. $2 and $4: amygdaloid motor
seizures classified according to the scale of 5 stages described by Racine 41. A and B : various electrographic patterns present 1-7 h after intraamygdaloid KA. In A, motor seizures are accompanied by
different EEG patterns; in B, intense epileptiform activity without any motor sign. C. after longer
periods, regular spikes are still present in the records. D: diazepam injection (20 mg/kg i.p.).

with control animals with corresponding survival times (Table II). Thus, in 4 cases
both hippocampi were quite normal (not illustrated, see ref. 8). In the remaining cases,
the contralateral hippocampus was unaltered whereas ipsilateral pyramidal neurons o f
CA3, CAI and CA4 fields showed moderate changes similar to those seen following
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very short survival times in the c o n t r o l series (see ref. 8). E x t r a - h i p p o c a m p a l d i s t a n t
b r a i n lesions were p r e s e n t in the 3 cases w h i c h s h o w e d h i p p o c a m p a l d e g e n e r a t i o n ,
a l t h o u g h the lesions were ipsilateral a n d limited to m e d i a l t h a l a m i c structures a n d
layers III, V a n d VI o f n e o c o r t e x ( T a b l e II).
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motor seizures during this period is then noted. B: histogram indicates duration (in per cent of 1 h
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Thalamus (PV, RE, MD), cortex (2)

Thalamus (PV, RE, MD, RT), cortex (2)

None

None
None
None

Other lesions

From top to bottom: 7 'chronic' cases received intra-amygdaioid injections of KA 10-15 days after a unilateral transection of the perforant path, the remaining cases were used as controls. The extent and localization of local and distant brain damage was made relying on Nissl and Fink-Heimer2estains.
The fibers from both the medial and lateral parts of the entorhinal cortices 80 were transected in 6 eases, in case EAK 17 fibers of the medial entorhinal
cortex were partially intact. 1, pyramidal cells only partly damaged, i.e. brownish in Fink-Heimer stain and shrunken appearance in Nissl stain; 2, only
ipsilateral partial damage; 3, neuronal loss; 4, bilateral neuronal loss. Abbreviations: LP, lateroposterior complex; MD, mediodorsal; MV, medioventral;
MGm, medial division of the medial geniculate; PF, parafascicular; PT, parataenial; PV, paraventricular, Vmb, basal nucleus of the ventromedial complex. See legend to Table I for other abbreviations.

Effect of perforant path transection on the pathological alterations induced by intra-amygdaloid injections of KA

TABLE II

OO

Fig. 6. Photomicrographs of cerebral pathological alterations following extraamygdaloid injections of
KA. A : neuronal loss in the ipsilateral prepyriform cortex (CPF) following an i.c.v. injection of KA
(case 1438,4 days survival). Note that sharp border between normal and pathological tissue dorsal to
the rhinal sulcus (SR, arrovv), cresyl violet stain. B: larger magnification of area within the rectangle in
A to show the total loss of neurons and glia in the affected area; some normal looking neurons are seen
in the upper part of the picture. C: normal appearance of the ipsilateral prepyriformcortex
in case 1440
(4 days survival) to which diazepam was administered after an i.c.v. injection of KA ; cresyl violet stain.
D: ‘scar’ in the prepyriform cortex in a case submitted to an intraperitoneal injection of KA (case 1340,
2 months survival); Fink-Heimer stain. E: injection site involving the BST and the peoptic region in
case 1418; thereisacomplete
loss of neuronsandgliaat
thecenter of injection; cresyl violet stain. Other
abbreviations: CA, anterior commissure; CAP, anterior commissure (posterior part); CP, caudate
700 ,,rn in A. C and E; 40 /tm
putamen; PO, preoptic area; SL, lateral septum. Magnification bar
in B and 300 pm in D.

Eflects of KA administration in various other brain sites
(a) Bed nucleus of the stria terminalis (BST). Injections

of KA in the BST
produced focal epileptiform
activity which rapidly propagated to other sites. During
the first 2 h, the animal exhibited wet shakes, circling behavior,
salivation
and
exophthalmos,
lacrimation,
tail rigidity and vibrissae tremor. Convulsive seizures with
clinical signs similar to those observed following intra-amygdaloid
injections occurred
but with a lower frequency and a longer delay (33.5 h after the injection,
not
illustrated).
One week later, extensive necrosis was present at the site of injection,
this
included in several cases the adjacent preoptic area (Fig. 6E). In spite of this necrosis,
the animals submitted to KA injections in BST displayed much less extensive distant
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brain damage than the rats which had received intra-amygdaloid KA, in particular
hippocampal necrosis was seldom present.
(b) Medial septum. KA injections in the septum produced clinical signs similar
to those present after injection of the neurotoxin in the BST (in particular salivation,
vibrissae tremor, tail rigidity, mydriasis and a few generalized motor seizures);
however, as for BST injections, there was little or no secondary damage in the
hippocampus.
(c) Striatum. Injections of KA into the caudate putamen or globus pallidus
produced motor seizures often with severe barrel rotation (see ref. 8), general agitation
and leaping attempts to escape from the cage ('jumping') similar to those observed
during severe morphine withdrawal (see ref. 17). Motor seizures resembling those seen
after intra-amygdaloid KA were also noted. In agreement with a previous report 5s, a
week after the injection a considerable degeneration was noted in the ipsilateral
CA3-CA4 fields of the ipsilateral hippocampus.
(d) Intra-cerebro-ventricular (i.c.v.). i.c.v. Injections of KA produced a complex
syndrome which included intense bilateral exophthalmos (which started a few seconds
after the introduction of the Hamilton syringe in the ventricle), foaming, mydriasis,
vibrissae and paw tremors alternating with tremor of the whole body for several hours.
Histological examination revealed pathological alterations which were broadly similar
to those seen after intra-amygdaloid injections. However, two notable differences were
consistently seen. First, the lesions, in particular the hippocampal, were more
symmetrical than following intraamygdaloid KA. Secondly, in the i.c.v, injected
animals, the entire pyriform and prepyriform cortices (bilaterally) as well as the
contiguous entorhinal cortex displayed severe neuronal loss without gliosis extending
through all cell layers (Fig. 6A, B). Pretreatment with diazepam reduced the motor
disturbance (in contrast to the exophthalmos and mydriasis which were not modified).
Histological examination (3 cases) revealed a considerable decrease in brain damage;
in particular, in none of the 3 cases was any damage in the pyriform-entorhinal
cortices found (Fig. 6C). The hippocampal damage was also reduced; thus following
diazepam pretreatment, an i.c.v, injection of 1.6/~g KA (which in control animals
produced a complete disruption of the hippocampal fields, see 37) only produced
damage limited bilaterally to the CA3 field.

Effects of systemic administration of KA
Systemic administration of KA (9-15 mg/kg i.p.) readily produced motor and
EEG seizures similar to those seen after intra-amygdaloid KA (not illustrated). The
epileptiform activity appeared first and was more sustained in the amygdaloid
complex. During the first hours, in addition to this epileptiform discharge, exophthalmos (17 out of 17 rats), wet shakes (12/17) and diarrhea (3/17) were present as well
as irregular respiration. The first generalized convulsive seizure appeared after
approximately 1 h (17/17). Subsequent convulsions were frequent (often 1 every 5 rain)
and alternated with various epileptiform patterns which were continuous during 2-3 h.
The spikes were subsequently reduced in frequency. They could be promptly abolished
by diazepam administration (amygdaloid and cortical spike discharges reappeared
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after a few minutes, whereas several hours elapsed before spikes reappeared in the
hippocampi). Spikes and occasionally generalized convulsions were present in the
following days. A normal EEG was recorded only after 90-100 h.
Neuronal necrosis after systemic KA was found bilaterally in the neocortex
(layers III, V and VI) and in the thalamus (mediodorsal and reuniens nuclei) as well as
other brain sites (see ref. 44). After very long survival times (i.e. 2 months) there was
also a bilateral neuronal loss (with gliosis) in the pyriform and entorhinal cortices,
similar to that seen in the i.c.v, injected cases (see Fig. 6D). The hippocampal
degeneration was symmetrical and involved mainly CA4, CA3c and CA 1fields; in only
2 cases did CA3a and b, display degenerated neurons.
DISCUSSION

Protective effects of diazepam on 'distant' brain damage
The regional pattern of selective vulnerability following intraamygdaloid injections of KA, i.e. hippocampus (CA3-CA4, CA1), contralateral amygdala, cortex
(layers HI, V and VI) and medial thalamic nuclei (see ref. 8) is closely similar to that
seen after status epilepticus in humans t9 or in animal experiments13,3L It is always
possible that neurons selectively vulnerable to epileptic brain damage are also
selectively vulnerable to KA. However, it is unlikely that injections given slowly, in
very small volumes, in one amygdala, can diffuse to the contralateral cortex, amygdala
and thalamus. These as well as other observations (see ref. 8 and below) suggest that
lesions remote from the site of injection are a consequence of the spread of epileptic
activity rather than diffusion of the toxin.
In that respect, the protective action of diazepam provides important evidence
on the spread of seizure activity. Thus diazepam only protects during the first 2-3 h,
i.e. when seizure activity is spreading to the opposite hemisphere and is at its most
intense. It is improbable that diazepam impairs the diffusion of KA or the possible
uptake and release of the toxin at distant sites (also see below). The protective effect of
diazepam is most marked for those regions that are most 'remote' in terms of the
spread of epileptic activity, i.e. contralateral amygdala, neocortex and hippocampus.
However, the EEG evidence indicates that diazepam usually provided substantial
protection against seizure activity in the ipsilateral hippocampus and yet occasional
damage was seen after diazepam. A partial contribution to ipsilateral hippocampus
damage from local diffusion of KA cannot be excluded.
The preferential effects of diazepam on limbic seizure activity are in keeping with
other similar electrophysiological experiments28,43. Also, several recent studies have
shown that cerebral cortex and hippocampus are particularly rich in benzodiazepine
binding sites34,sl. Although the mechanism of action of the benzodiazepines is not
known, several observations suggest that this action is mediated by an enhancement of
GABAergic transmission z°,21. This could counteract the blockade of inhibitory
processes which is often associated with convulsive activity7,5°. In that respect, it is
perhaps pertinent to note that a dense laminar distribution of GABAergic markers is
present in the hippocampus with a particularly high concentration in the fascia

93
dentata ~s,5~, an area known to be particularly resistant to epileptiform inducing agents
and procedure (see Introduction).

Protective effects of perforant path transection
The present study demonstrates that transection of the perforant path protects
against the severity of seizure manifestation as well as the hippocampal and extrahippocampal distant brain damage without affecting the toxic action of KA at the site
of injection. The possibility of a direct intra-axonal transport (and release) of KA from
the central amygdala to Ammon's horn - - which could be disrupted by the transection
can be excluded since there are no direct connections in either direction between
these structures. A trans-synaptic transport of the toxin cannot be excluded; however,
the considerable differences between the site of injection and remote lesions (including
the hippocampus) in terms of the gliotic reaction (see ref. 8) suggests that this is
unlikely. We can also eliminate an unspecific protective effect on hippocampal
integrity by the surgical intervention since in two control cases in which the dorsal
cortex alone was injured, the ordinary pattern of degeneration was present after an
intra-amygdaloid injection of the toxin. What cannot be excluded, however, is that the
sprouting of other fiber systems known to occur after perforant path transection 23
contribute to protect the hippocampus from pathological alteration. Furthermore,
even though the pathological changes first occur in the neuropil receiving input from
the perforant path directly or indirectly3°, we cannot exclude that other fiber systems
which have been interrupted together with the perforant path participate in the
pathogenesis of early hippocampal damage. Such fiber includes hippocampal afferents
from the contralateral entorhinal cortex 11,60, the pyriform cortexa0, olfactory tubercle24 or locus coeruleus47 and raphe nucleiSL
The amygdala projects heavily to the entorhinal cortexa2 from which originates
the perforant pathS0; the perforant path exerts a powerful excitatory action on CA3
neurons3, 27. This action is presumably both direct (on the distal part of the apical
dendrites, i.e. the stratum lacunosum moleculare) and indirect, via the granule cells
and their mossy fibers15,27. The mossy fibers terminate on the proximal part of the
pyramidal apical dendrites, i.e. stratum lucidumlL As mentioned in a previous report s
CA3 is the first hippocampal field to degenerate in the control animals, the
pathological alterations first being evident in the target zones of the perforant path and
mossy fibers. Various experiments suggest that glutamic acid may mediate the
excitatory effects in both fiber systems 54. Furthermore, stimulation of either pathway
is followed by long lasting potentiation1,4,25 reportedly associated with considerable
swelling of the post-synaptic dendritic spines14,as. However, to our knowledge, there
has been no attempt to see whether these morphological alterations can lead to
neuronal death after intense activation of the pathways involved.
It is therefore tempting to speculate that in the present model of status
epilepticus, the perforant path may play a significant role in the propagation of
epileptic discharge and its pathological consequences. In particular, the early lesions in
ipsilateral CA3 may be related to the intense excitatory activity present in both
perforant path and mossy fiber systems. From CA3 to CA 1, the epileptiform discharge
-

-
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may spread via the Sch~iffer collaterals a3 which, like the former fiber systems, are
excitatory '). It is of interest to note in that respect that in hippocampal slices, CA3
pyramidal neurons have a particularly low threshold for the induction of epileptic
activity by local application of penicillin, and that a cut between CA I and CA3 fields
abolished bursting in CA1 but not in CA345.
At the site of injection, neither perforant path transection nor administration of
diazepam, which on several occasions significantly reduced the epileptiform activity,
prevented the lesions induced by the toxin. Therefore, although some contribution by
the intense neuronal discharge to the local lesion cannot be excluded, our results, in
keeping with the observations of Seil et al. 4s, suggest that the focal lesion cannot be
explained solely by the excitant effects of the toxin.

Effects of systemic, i.c.v, and focal admintstration of KA in extra-arnygdaloid structures
The absence of significant remote lesions after injection into the bed nucleus of
the stria terminalis or in the medial septum appears to relate to the milder and more
delayed seizure activity (as compared with extraamygdaloid injection). In agreement
with a previous study 5s hippocampal lesions were consistently noted after striatal
injections. These may be attributable to the intense seizure activity observed.
Following i.c.v, administrations of the toxin, the brain damage resembled that
seen following intra-amygdala injections (with the exception of the pyriform-entorhinal cortices, see below). In particular, within the hippocampus, the CA3 field was the
most susceptible, in agreement with the previous studies of Nadler et al. aT. Other
limbic related structures were also highly vulnerable to i.c.v, injections of KA. This
could be interpreted either as consequences of epilepsy or as consequences of selective
neuronal vulnerability to KA. The protective effects of diazepam argue for a special
role for the epileptic activity; however, electrophysiological experiments have to be
performed to test this hypothesis.
In contrast, after systemic (i.p.) administration of the toxin, the brain damage,
which was more symmetrical, affected within the hippocampus primarily CAI and
CA4 fields rather than CA3 (but see ref. 44 for different observations). It is difficult to
explain this difference, since little is known concerning the routes of access of the toxin
to the brain following systemic administration.
An intense necrosis of the entire pyriform-prepyriform and entorhinal cortices
was seen after i.c.v. (and i.p.) KA. A similar necrosis had previously been described
following i.c.v. 37,4°, i.p. 4°, intradiencephalic 4° and striatal 4°,58 injections of KA. In
our hands, large injections of the toxin in the vicinity of these cortices (i.e. amygdala or
striatum) did not induce such a necrosis, suggesting that generalized or diffuse
mechanisms are responsible for this pattern of cortical necrosis. It is likely that the
damage seen previously following focal intracerebral injections is due to a diffusion of
the toxin into the ventricle. Also, the fact that the damage extended through all cell
layers and included glial elements may suggest that this necrosis is unlikely to be
associated with a specific 'pathway' but rather to a more global disturbance. Further
studies on the routes of access of KA - - as well as diazepam - - following i.c.v, and
systemic injections are warranted in order to gain better understanding of their
mechanisms of action.
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To conclude, the present study indicates that intense epileptic activity is
responsible for a large part of the remote neuronal loss or necrosis seen after focal KA
injections.
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