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Abstract

We reviewed the neural mechanisms underlying some postictal behaviors that are induced or disrupted by temporal lobe seizures in
humans and animals. It is proposed that the psychomotor behaviors and automatisms induced by temporal lobe seizures are mediated by the
nucleus accumbens. A non-convulsive hippocampal afterdischarge in rats induced an increase in locomotor activity, which was suppressed
by the injection of dopamine Deceptor antagonist in the nucleus accumbens, and blocked by inactivation of the medial septum. In contrast,

a convulsive hippocampal or amygdala seizure induced behavioral hypoactivity, perhaps by the spread of the seizure into the frontal cortex
and opiate-mediated postictal depression. Mechanisms underlying postictal psychosis, memory disruption and other long-term behavioral
alterations after temporal lobe seizures, are discussed. In conclusion, many of the changes of postictal behaviors observed after temporal lobe
seizures in humans may be found in animals, and the basis of the behavioral change may be explained as a change in neural processing in th
temporal lobe and the connecting subcortical structu@®2000 Elsevier Science Ltd. All rights reserved.
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1. Behavioral alterations following seizures hippocampus-nucleus accumbens pathway and others by a
amygdala-hypothalamus pathway.
Behavioral alteration is a symptom of an epileptic
seizure. During a convulsive seizure, clonic and tonic 1 1 postictal behaviors following temporal lobe seizures in
contractions of different musculature are observed. In humans
absence seizure, a brief loss of awareness is detected.
Auras that precede a focal seizure have been given particu- Epilepsy affects up to 0.8% of the population [73]. About
lar emphasis in the hope of locating the origin of the seizure 25% of epilepsy patients suffer from complex partial
in the brain. In contrast, there has been little discussion in seizures of temporal lobe origin. The latter seizures are
the literature about the behavioral alterations after a seizureparticularly intractable to anticonvulsant treatment [47].
[45]. Thus, it is not surprising that the neural mechanisms  Various types of alteration of postictal behavior, of
underlying the behavioral alterations after seizures are different durations, may follow a complex partial
mainly unknown. seizure of temporal lobe origin (Table 1). A typical
In this paper, we will review some of the behaviors that behavior is automatism, the performance of non-reflex
follow seizures (postictal behaviors), focusing on complex movements without conscious volition [59,126], which
partial seizures that induce particularly debilitating beha- usually lasts for several minutes. Automatisms take
viors. A complex partial seizure originates focally or locally various forms such as chewing, swallowing or lip
in the brain (“partial”) and results in a decrease or loss of smacking (oral automatisms), rubbing or picking move-
awareness (“complex”). First, we will review briefly the ments of the hands, and walking or running (ambulatory
behaviors observed after temporal lobe seizures in humansautomatisms). They can be quite dramatic and poten-
Then, we will review the postictal behaviors observed after tially dangerous when patients exhibit an impulsive
experimental seizures in animals. We will show that some tendency to wander (poriomania), at times out of the
postictal behaviors in animals, which may be analogous house or into the street [112]. Such patients often actively
to those in humans, are mediated by the medial septum-resist attempts to restrain them by pushing, grimacing
with an angry expression or even hitting (reactive auto-
matisms). Some automatisms are lateralized and involve
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Table 1
Suggested neural mechanisms underlying postictal behaviors induced by temporal lobe seizures

Behavioral symptoms Duration Suggested mechanisms
(postictal)
Automatisms Minutes Increased dopaminergic function in nucleus accumbens
Hypoactivity Minutes to hours Opiate-mediated behavioral suppression
Drowsiness Hours Cortical mediated suppression of arousal mechanisms
Memory dysfunction Minutes and hours Postictal depression of neurons in the temporal lobe
Memory dysfunction Days and weeks Long-term changes in temporal lobe circuits
Altered emotional behaviors Minutes and hours Postictal depression of temporal cortical neurons
Altered emotional behaviors Days and weeks Long-term changes in limbic circuit, e.g. amygdala-hypothalamic pathway
Increased anxiety Days and weeks Amygdala/accumbens dysfunction
Altered social interactions Days and weeks Limbic system alteration
Postictal psychosis Days to weeks Nucleus accumbens/dopaminergic hyperfunction, perhaps with temporal lobe malfunction

postictal nose wiping with one hand, which reliably loca- (anterograde amnesia), particularly if the seizure arises from
lizes the seizure to the ipsilateral temporal lobe in 97% of the language-dominant left side. Left temporal lobe seizures
patients [102]. It is unlikely that, automatisms represent a are also associated with postictal dysphasia or difficulty
spread of seizure to the frontal lobe, since these complexin processing language, most commonly in the form of
automatic movements do not resemble the more primitive word-finding difficulty, which can last up to 30 min. Post-
tonic or clonic movements seen with frontal lobe ictal cognitive alterations typically correlate with a
seizures. We propose that automatisms may represent geriod of suppression and slowing of the EEG, which
subcortical spread of neural activity, e.g. to the nucleus is maximal in the temporal lobe from which the seizure
accumbens (below). originates.

Automatisms also occur during the ictal state and thus, Postictal confusion is another common behavior follow-
postictal automatisms are often mistakenly described asing many types of seizures. Following seizures, confusion
part of the seizure when, in fact, they are occurring can be difficult to distinguish from memory impairment,
minutes after the paroxysmal, high-amplitude activity in speech dysfunction and emotional lability. Postictal
the EEG has subsided. Only simultaneous recording of confusion is typically accompanied by a diffuse and wide-
behavior and the EEG will distinguish ictal from postictal spread change in the EEG. A focal seizure is less likely to
automatisms. induce a confusional state, unless it becomes secondarily

A less common behavior that can follow complex partial generalized as a tonic clonic seizure. On the other hand,
seizures is postictal psychosis [103], particularly when there lethargy and hypomobility can appear after either focal or
is evidence of bilateral temporal lobe dysfunction [146]. generalized seizure. These symptoms may reflect the
The psychotic episodes often start several years after thedepressed function of the neocortex after seizures, or
onset of seizures [150,164]. Typically, after a “lucid inter- they may result from the spread of seizures to the thala-
val” of 2—72 h following the seizure, the person develops mus, basal forebrain and the reticular activating system in
delusions, paranoia and other symptoms of acute psychosisthe brainstem (below).
often in association with agitation and an altered emotional Long-term deficits (duration of weeks) in memory after
state [111,146,150]. Symptoms resolve in a matter of daysseizures are difficult to document, but they have
to weeks but usually require some type of antipsychotic been reported by Halgren et al. [72]. Many patients with
drug treatment. There is some evidence suggesting thatcomplex partial epilepsy of temporal origin have a
males with right temporal lobe epilepsy may be more chronic impairment of memory mechanisms [161]. The
prone to this disorder [111]. During the period of psychosis, latter is usually labelled as an interictal deficit, but in
the interictal scalp EEG may appear normal, thus the term part, it may be caused by seizures, i.e. a prolonged post-
“forced” or “paradoxical normalization” of the EEG ictal disruption of memory. This could explain why
[91,171]. patients describe an improvement in their memory if

Focal ictal activity may result in postictal symptoms by their complex partial seizures have been controlled for
disrupting the brain area where the seizure occurred. several months.

Through this mechanism, an impairment in recent memory Altered emotional behavior is common following
immediately following a mesial temporal lobe seizure is temporal lobe seizures. This usually occurs as depression
expected [70,132]. Memory deficit (amnesia) generally with a flat affect or anxiety and associated agitation last-
lasts a few minutes, and it is characterized by an inability ing minutes to hours. Chronic emotional disturbances will
to recall events that occurred minutes to a few hours beforedevelop in a substantial number of people with temporal
the seizure (retrograde amnesia). Acquisition of new infor- lobe epilepsy. Actual postictal aggression or violence can
mation may also be impaired during and after the seizure occur but this is rare and appears usually in reaction to a
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stimulus, such as a relative trying to calm the individual may be induced by both animal and human seizures
[56]. Similarly, Gloor [60] concluded that temporal lobe [2,5,138,155]. Part of the similarities between animals and
seizure discharge rarely “induced a well-directed and humans, lie in the common neuro-anatomical connections of
coordinated aggressive act against another humanthe so-called limbic structures, which are present in all
being” but “reactive defensive behavior” may be quite mammals [110].
common “during the postictal confusional state—when We may use a quasi-theoretical approach to study the
well-meaning people interfere with the patient’s freedom behavioral consequences of experimental seizures. This
of action”. approach is based on the knowledge of neuro-anatomy,
seizure spread and localization of functions in the brain.
We expect that, the seizure will spread from one area to
2. Approaches to the study of behavioral alterations in other areas in the brain by means of known neuro-anatomi-
animals cal pathways. Then, if we know the behavioral functions of
the brain areas involved, specific disturbance in behavioral
Study of experimental seizures in animals offers the functions may be hypothesized.
possibility of revealing the mechanisms underlying In the following, we will review briefly the fundamentals
the behaviors in humans after temporal lobe seizures.of temporal lobe seizure and behavior, which includes
Studies of postictal behavior in epileptic patients are neuro-anatomy, seizure physiology and behavioral func-
complicated by the presence of pathological and other tions. Only two structures in the temporal lobe, the hippo-
conditions that are associated with the seizures, such asampus and the amygdala will be emphasized, since these
mesial temporal lobe sclerosis, infectious disease or trau-are the most epileptogenic areas in the temporal lobe in
matic brain damage. Also, postictal and interictal conse- humans [47,59].
guences may be difficult to distinguish in patients. Most
difficult of all are the neurobiological bases of behavioral 2 1 Neuro-anatomical connections of the hippocampus and
alteration in humans cannot be fully studied by experimen- gmygdala
tal manipulations for ethical reasons. Thus, studies in
animals are essential. The hippocampus receives highly processed sensory
Most of the animal literature reviewed is derived from signals from the association neocortices (Fig. 1; see Refs.
the kindling model of seizures. Kindling is defined to be the [8,104,160] for a detailed review). These signals funnel
process whereby repeated (electrical or chemical) elicitationthrough the perirhinal and postrhinal cortices into the
of afterdischarges (ADs) in the brain, results in a progres- entorhinal cortex. The entorhinal cortex excites a multisy-
sion of clinical signs of epilepsy including generalized naptic pathway in the hippocampus through the perforant
seizures [62,117,139]. This definition of kindling empha- path, involving the dentate gyrus, CA3, CA1 and subiculum
sizes the development of generalized seizures. It has beer9,104]. CA1 and subiculum in turn, project back to the
argued that human complex partial seizures do not result inentorhinal cortex, completing a closed loop. The strong
kindling, or the development of a secondary epileptic focus excitatory characteristics of this hippocampus—entorhinal
[48,63,124]. In another view, kindling is regarded as a cortex circuit, is in all likelihood a critical factor in its
model of seizures that progressively induces long-lasting seizure susceptibility. A large projection from the perirhinal
changes in the brain. Some of these changes may relate taortex to the frontal cortex [27,116], may play a role in
the generation of seizures, while others may relate to secondary generalization (convulsion) induced by temporal
changes in neural circuits that mediate behavior. lobe seizure. The perirhinal area has also been focused as
There appears to be good correspondence betweercritical for object recognition memory in monkeys
animals and humans on the manifestation of seizures and119,153]. The hippocampus projects to the subcortical
behavior, using kindling of the amygdala and hippocampus areas through the fimbria-fornix [104]. Among the targets
as a model of seizures of temporal lobe origin. In terms of are the lateral septal nucleus, the nucleus accumbens and
electrophysiology, the phenomena of ictus, postictal neural parts of the hypothalamus [8,104,160].
depression and interictal spikes are common between In addition to the neocortical association cortices, the
kindled animals and epileptic patients [117]. It is inferred amygdala also receives inputs from the olfactory cortex
that both animal and human seizures may involve local and[10]. The amygdala is directly connected to the temporal
distant, transynaptic changes [49]. At a finer level, similar hippocampus and indirectly connected to all septotemporal
changes in paired-pulse responses have been found in the rdevels of the hippocampus via the entorhinal cortex and
hippocampus after kindling [101] and in the presumed subiculum [90,136]. The outputs of the amygdala are direc-
epileptogenic human hippocampus [169]. The basic ted towards many areas of the brain. The basolateral nucleus
mechanisms underlying cortical circuitry and synaptic plas- of the amygdala projects to the medial and orbital surfaces
ticity are common across laboratory animals and humans. Inof the frontal cortex [89]. The lateral nuclei have more
terms of behavioral changes induced by kindled seizures in prominent reciprocal connections to the perirhinal and insu-
animals, some have emphasized the long-term changes thafar cortices. Subcortically, the amygdala complex projects
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Fig. 1. Schematic diagram of the main connections of the limbic structures, which may be important to mediate behaviors. Solid lines mainly indicate
excitatory projections. Dotted lines indicate modulation by basal forebrain nucleus (medial septum, basal nucleus of Meynert) and venabhtegmént
reciprocal connection is indicated by arrowheads at both ends of a connection, e.g., between frontal cortex and perirhinal/postrhinal cortex.

to the mediodorsal thalamus, nucleus accumbens, substantiactivity [36,47,149]. In addition, transient changes in the
innominata, many parts of the hypothalamus and a few brain may determine whether seizures are generated.
nuclei in the brainstem [10]. The amygdala projection These transient changes include short-term neuronal plasti-
to the hypothalamus and brainstem may serve to mediatecity [179] such as presynaptic facilitation, frequency poten-
endocrine and autonomic functions. tiation/depression [41], local accumulation of ions and

Cholinergic and GABAergic afferents from the basal neurotransmitters, and activity-dependent loss of inhibition
forebrain, which are known to mediate an arousal pattern [16,43,121].
in the EEG [54,166], project to both the hippocampus and  Seizures spread through the brain by means of existing
the amygdala. The hippocampal and entorhinal afferents areneuro-anatomical connections. A seizure in the temporal
derived from the medial septum and the diagonal band of lobe may spread to other brain structures through the exci-
Broca [104], while the amygdala and temporal neocortex tatory projections of the pyramidal cells. It is, however,
afferents are derived from substantia innominata and the possible that seizures may spread by means of devious
basal nucleus of Meynert [10]. routes, using mechanisms different from those during
normal transmission. The universality or importance of
these abnormal routes of neural transmission in the spread
of seizures, in vivo, is not known. In some models of

The balance between excitation and inhibition has long seizures, axon terminals are depolarized by the high K
been proposed as a central concept in the generation ofconcentration in the extracellular medium (resulting from
seizures. We may emphasize that this interaction betweenK ™ efflux during a seizure), such that an action potential
excitation and inhibition is dynamic, and in a dynamical Starts at the axon terminal and propagates back to the
system, instability (or seizure) may result from transient soma [69]. Back propagating action potentials, will spread
changes of either excitation or inhibition. In partial seizures, the seizure in the opposite direction of the normal signal
paroxysmal activity is presumed to arise locally and then flow. In in vitro models of seizures, it has been shown that
spread to other parts of the brain. seizure may spread through the hippocampus by non-synap-

Different types of inhibitory interneurons, using gamma- tic means, probably through electrical and/or gap
amino-butyric acid (GABA) as the neurotransmitter, control junctions [134], or by changes in the chemical medium
the excitability of the soma and the dendrites of hippocam- [81] surrounding the neurons and glial cells.
pal pyramidal cells [54]. These inhibitory interneurons are,
in all likelihood, tonically active in the brain and a loss of 5 3 cell |oss after seizures
inhibition will increase seizure susceptibility.

Recurrent excitation among principal neurons may play a Temporal lobe sclerosis is a feature of human temporal
role in generating paroxysmal discharges, which may initi- lobe epilepsy [8,26]. In particular, principal cells in CA3,
ate a seizure [163]. Neurons or circuits that generate rhyth-CAl1 and the dentate gyrus are lost. Loss of entorhinal
mic activity may act to synchronize normal and paroxysmal neurons, in particular those in layer 1ll, and of amygdala

2.2. Seizure generation and spread
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neurons have also been documented. Similar findings haveof the memory, such as context-dependent, configural,
been found after repeated seizures in animals, like extendedspatial or working memory [128,131]. In one view, the
kindling to more than 30 generalized seizures [34] or hippocampus is responsible for the acquisition of new
seizures induced by kainic acid or pilocarpine. Axonal memory but not for storing old memory [153]. The proper-
sprouting may accompany neuronal cell death. More nota-ties of LTP, such as input-specificity, associativity and
bly, mossy fiber sprouting has been found after both human persistence, are consistent with a role of LTP as a cellular
and animal seizures [35]. Seizures in human apparently docorrelate of memory [22]. However, whether a disruption of
not kill many GABAergic interneurons [12] although hippocampal LTP affects memory is being disputed
animal literature indicate that the GABAergic interneurons [13,125,144].
may be functionally dormant [15,151]. Another function that has been ascribed to the hippocam-
It seems apparent that, neuronal cell death would contri- pus is sensorimotor integration [19]. Since memory of
bute to the behavioral disruptions after seizures. However, sensory events and their contexts is necessary for adaptive
the brain may undergo functional reorganization after motor behaviors, it may be argued that sensorimotor inte-
neuronal cell loss, which may compensate for possible gration is a part of “memory”. In most animals, motor or
behavioral disruptions. Cell loss or other neuropathology locomotor activity serves to procure food and water, to
is only one manifestation of neural plasticity. Physiological, avoid predation and to reproduce successfully.
biochemical and molecular biological studies indicate that In part, the participation of the hippocampus in voluntary
many functions of the brain may change after seizures, movements stems from the initial observation that the
which are not detected by morphological studies at the hippocampal theta rhythm of 4—12 Hz was correlated with

light microscopic level. voluntary movements of the rat [166]. The medial septal
] o . area drives the hippocampal theta rhythm [19,20,135]
2.4. Synaptic transmission changes after seizure through cholinergic and GABAergic afferents [54]. In addi-

tion, voluntary movements are associated with desynchro-
nization (reduction of amplitude of irregular slow EEG of
<20 Hz) and enhanced gamma (fast) activity of 30—100 Hz
C[94]. The behavioral-dependent desynchronization, theta
and gamma waves all require the integrity of the medial
septum [94]. Gamma waves are, in all likelihood, mediated
by intrinsic circuits within the hippocampus [23,82,94].

The importance of the septohippocampal system in loco-
motor activity has been confirmed by the recent work of
Oddie et al. [129]. Stimulation of the posterior hypothala-
mus, evoked locomotor activity in rats, which could be
blocked by inactivation of the medial septum with procaine
[129]. In our laboratory, we observed that the inactivation of
the medial septum blocked spontaneous, self-initiated loco-
motor behaviors, but the rat could walk, jump and attack if
provoked [107].

Long-term potentiation (LTP) is a persistent enhance-
ment of synaptic transmission, after repeated activity of a
synaptic pathway [22]. The flip side of LTP is long-term
depression [11,14,30], a persistent decrease in synapti
transmission. LTP or LTD is mediated by a Cainflux
into neurons [11,14,22]. G4 may flow through N-
methylp-aspartate (NMDA) receptors, non-NMDA gluta-
mate receptors and voltage-dependent'Ghannels. C&
may also be released from internal stores of the neurons.

Seizure activity is a type of repeated neural activity, and it
has been suggested to induce LTP [28,117,140]. Typically,
the same stimulating electrode was used to deliver tetanic
stimulation, which induced seizures, and then to test for
LTP. Thus, the LTP observed may have resulted from the
initial tetanic stimulation and not from the seizure (AD)
subsequently evoked. In stimulation of afferents to CA1,
we observed that tetanus of a low intensity evoked LTP of
60% (increase from baseline) at 2 h after tetanus [97]. A 2-6. The nucleus accumbens and mesolimbic dopaminergic
higher tetanic intensity evoked an AD averaging 28 s, System mediates behaviors
followed by about 5 min depression of synaptic transmis-
sion, and then 20% LTP at 2 h after tetanus. We inferred
that, along £15 s) AD suppressed LTP [97]. However, it is

The nucleus accumbens is a major focus of this review. Also
known as the ventral striatum, the nucleus accumbens has a
. major role in movement, similar to that of the dorsal striatum
ible that the amount and the channel lux m ; .
possible that the amount and the channel of Gaflux may (caudate-putamen). In contrast to the dorsal striatum, which

determine the degree of LTP and LTD [97]. Postictal S
. i o receives inputs from the motor and other neocortex, the ventral
depression of synaptic responses may depend additionally

on the extracellular K concentration [24,152], or activation st'rlatum receives mput; from the limbic cortex, including thg
hippocampus, entorhinal cortex, amygdala and medial
of a type of K" channel [6].

prefrontal cortex (Fig. 1; [7,68,75,83]). In addition, the
2.5. Behavioral functions mediated by the hippocampus ~ nucleus accumbens receives dopaminergic afferents from
the ventral tegmental area (VTA). The nucleus accumbens

One function commonly ascribed to the hippocampus in projects massively to the ventral pallidum through a
humans is memory [120,153]. The hippocampus is also GABAergic pathway, the pallidum to the mesencephalic
shown to be important in memory functions in animals, locomotor region and subpallidum through another mainly

although different researchers emphasize different aspectsGABAergic pathway [67,123]. Mogenson et al. [122,123]



768 L.S. Leung et al. / Neuroscience and Biobehavioral Reviews 24 (2000) 763—-775

proposed that the nucleus accumbens serves as an interfac@ropose that, the change in dopamine function contributes to
to convert motivational signals from the limbic cortex to psychomotor behaviors and postictal psychosis.
action/ movement. In experimental models of seizures, metabolic measures
The physiological mechanisms, whereby behavior is indicated that the nucleus accumbens and substantia nigra
mediated by the nucleus accumbens are not known forwere activated following hippocampal seizures that induced
certain [123,133]. Presumably, both glutamatergic excita- behavioral convulsions [37,105]. When dentate gyrus
tion of accumbens neurons and a release of dopamine instimulation induced a stage 3 seizure and hippocampal
the nucleus accumbens [18,52] are necessary for an increas@&D of 10-30 s duration [157], an increase in dopamine
in locomotor behavior [25,123,174]. The main action release in the nucleus accumbens was found for 20 min
of dopamine may be to mediate the presynaptic inhibition after the AD. We suggest that a non-convulsive hippocam-
of glutamatergic terminals [173,175,176], in part by acting pal AD evoked by CA1 stimulation, of 15—-30 s duration,
on D, receptors in behaving rats [108,123]. Presynaptic would also induce dopamine release in the nucleus accum-
inhibition of GABAergic or dopamine (autoreceptor) term- bens and activate locomotor behavior (below). An increase
inals has also been documented, while a postsynaptic actiorin the density and expression of Beceptors in the nucleus
of dopamine has rarely been reported [133]. However, it is accumbens was found after hippocampal kindling [42,55].
difficult to account for the behavioral hyper or hypoactivity These results indicate that a temporal lobe seizure propa-
by massive excitation or inhibition of accumbens neurons; gates to the nucleus accumbens and enhances dopaminergic
Pennartz et al. [133] speculated that different spatiotemporalfunctions.
firing patterns of the accumbens neurons may cause We showed recently that a single electrographic seizure
different behavioral activity. or AD evoked from the hippocampus resulted in postictal
The mesolimbic dopaminergic system consists of hyperactivity [108]. The increase in postictal behaviors
the structures connected with the dopaminergic neurons inlasted more than 20 min [93] and was characterized by an
the VTA, including the nucleus accumbens and other parts increase in walking, rearing, face wash and wet-dog shakes.
of the limbic system. The mesolimbic dopaminergic system Local injection of a B, but not D, receptor antagonist in the
has long been known to be associated with motivation and nucleus accumbens suppressed the postictal increase in
reward [51,65,83,88,123,170]. Recent literature suggestslocomotion and rearing, without changing the duration of
that, the mesolimbic dopaminergic system is active during the hippocampal AD [108]. Infusion of a GABAreceptor
a particular environmental stimulus or situation. The system agonist, muscimol, in the ventral pallidum also suppressed
is activated by an object or situation of “motivational” qual- the postictal hyperactivity [108]. We [109] confirmed the
ity, independent of the reward [77,147,168]. Robinson and earlier studies by Mogenson et al. [123], which showed that
Berridge [143] proposed that, the nucleus accumbensinfusion of NMDA in the ventral hippocampus (subiculum)
actively assigns salience and attractiveness to a stimulusresulted in locomotor activity via the nucleus accumbens.
Altered dopaminergic functions in the nucleus accumbens In addition, we showed that hippocampal or subicular
were found in animals that have been behaviorally sensi- ADs were necessary for the induction of locomotor behavior
tized with addictive drugs, such as amphetamine and by NMDA, and little hyperactivity was induced by electrical
cocaine [83,88,143]. or chemical stimulations that did not evoke an AD
Excessive mesolimbic dopamine activity, especially in the [108,109].
nucleus accumbens, has been proposed as the major derange-Gamma waves in the hippocampus were enhanced
ment in schizophrenia [33]. Schizophrenia is a mental illness tenfold during the postictal behavioral hyperactivity
characterized by impoverished affect, nonsensical associationjnduced by a hippocampal AD [93]. Recently, we showed
autistic behavior and ambivalence, delusions and hallucina-that inactivation of the medial septum with muscimol,
tions [21]. The psychotic symptoms are ameliorated by suppressed both the AD-induced increase in hippocampal
dopamine receptor antagonists. Some drugs that enhancgamma waves and the locomotor behaviors [107]. Muscatri-
dopamine activity, e.g. amphetamine and phencyclidine, nic cholinergic antagonists also blocked the AD-induced
induce clinical symptoms in normal humans similar to increase in gamma waves and the locomotor behavior
those in schizophrenia [79]. In addition to the dopaminergic increase [93], suggesting that inactivation of cholinergic
neurons, recent studies emphasize the dysfunction of anafferents from the medial septum is sufficient to block the
integrated neural system in schizophrenia, and this neuralpostictal gamma waves and behavioral hyperactivity.
system includes the hippocampus and the prefrontal cortex The involvement of the medial septum in the media-
[64,66,74,106,127]. Functional studies suggest that thetion of locomotor behavior is a significant finding. It may
hippocampus is hyperactive and the frontal cortex hypoac- appear surprising that a cholinergic (or GABAergic) input

tive, in the resting state in schizophrenics [74]. from the basal forebrain may mediate behavior. However,
as reviewed above, the hippocampus serves an important
2.6.1. Seizures and dopaminergic functions role in sensorimotor functions, and the medial septum

Various studies indicate that a change in dopamine func-is the major determinant of hippocampal electrical
tion contributes little to seizure susceptibility [38,154]. We activity. These two facts together suggest that medial
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septum mediates adaptive locomotor behavior through the Frontal cortical AD was evoked at a relatively high
hippocampus. threshold of 34@ 92 uA (N = 6) compared to a hippo-
campal AD threshold of 103 31 pA [109], using a one-
2.7. Postictal behavioral depression after convulsive limbic second train of 200 Hz and 0.1 ms pulses. Short frontal
seizures is mediated by opiates and frontal cortical activity cortical AD was followed by postictal slow EEG of
<4 Hz and behavioral immobility. However, if the AD
During the early stage of hippocampal kindling, a non- spread to the hippocampus [95], typically after 5—6 frontal
convulsive hippocampal AD induced postictal behavioral cortical ADs, increased locomotor activity and increased
hyperactivity (above). However, as kindling progressed, a hippocampal gamma waves were observed in all the rats.

hippocampal AD would be accompanied by motor convul- |n summary, medial frontal ADs in rats induced brief bouts
sions, followed by behavioral hypoactivity. This behavioral of immobility accompanied by slow EEG.

depression that followed a convulsive seizure has been well

documented, following amygdala or hippocampal stimula- 2.8. Dopaminergic functions affected by repeated seizures/
tion [46,53]. The behavioral depression was pronounced for VTA stimulations

minutes after the seizure [32], but it was observed up to

2 days [40]. Opiate antagonists were effective in alleviating  Full kindling of the amygdala induced a long-lasting
postictal behavioral depression [32,40,46]. increase in stereotypic behaviors, induced by apomorphine

The transition of the postictal behavior from hyper to ©F methamphetamine [2,138,145]. A single or repeated dose
hypoactivity is, in all likelihood, triggered by generalized ©f @mphetamine results in a persistent increase in dopami-
convulsions, typically stage 4 or 5 seizures of Racine [139]. N€rgic function [143]. There seems to be cross-sensitization
The mechanisms underlying the change in postictal beha-Petween amygdala kindling and amphetamine, in mediating
vior are not clear. A possible explanation is that generalized Pehavior through the nucleus accumbens. .
seizures that involved the frontal/motor cortex may activate _ Repeated stimulations of the VTA, induced psychotic-
opiate receptors in the striatum (nucleus accumbens!ike behaviors in cats [156] and rats [S8]. The change in
included) or VTA, which then mediate behavioral suppres- Pehavior may occur suddenly after repeated stimulation,
sion. It is not clear whether dopamine is still released in the 2nd a “gentle, friendly” animal became “fearful and with-
nucleus accumbens, following a limbic seizure followed by drawn and exhibited waxy flexibility, fixed posture, crouch-
generalized convulsions. ing, and hiding” for months after cessation of stimulation

In addition to opiates, adenosine released during an AD [156]. Glenthgj et al. [58] reported a decrease in male/male
may also contribute to postictal depression of both the EEG Social interactions in the VTA-stimulated animals.  ~
and behavior [17]. Repeated seizures may also alter the The significance of the VTA stimulation studies lies in
function of neuropeptide Y [167], presynaptic GABAuto- the persistent change in psycho_tlc behaviors, wh|(_:h may not
receptors [172] or metabotropic glutamate receptors [148]. relate to the rare seizure or AD induced by VTA stimulation

Behavioral consequences of the latter changes in receptod©8:156]. However, VTA may be activated transynaptically
function have not been studied. by each temporal lobe seizure via the nucleus accumbens
and the ventral pallidum [83]. Based on the results in
animals, it may be speculated that the development of post-
ictal psychosis in patients (reviewed above) may require
. .. VTA sensitization and perhaps the expression of increased
We have performed some recent experiments to clarify . . .

dopaminergic receptors in the nucleus accumbens [42].

the role of the frontal cortex in postictal behavior. The ; ; .
o i ) ; However, imaging studies in humans revealed a decrease
preliminary results are consistent with the suggestion that .

S . : L in D, receptor binding in the striatum of epileptic patients
limbic seizures invading into the frontal cortex would cause _ . - . )
with peri-ictal psychosis, as compared to those without

post[ctal behavioral deprqssmn. In thgse gxpenments, thepsychosis [141]. Thus, whether and how dopaminergic
medial frontal cortex was implanted with stimulating elec- h : . . L )
yperfunction underlies postictal psychosis in patients

trodes, and the behavior and EEG of the rat were observed, : :

. ) . remains to be studied.
following a one-second stimulus train of 3-200 Hz of
various intensities. Frontal cortex stimulations that were 3 g | ong-lasting changes in emotional behaviors after
just below the AD threshold induced behavioral immobility geizyres
for about 3 min. The immobility was accompanied by slow
waves in the cortical and hippocampal EEG, and suppres- Changes in heart rate, blood pressure, fear and aggression
sion of hippocampal gamma waves. The mechanism of can be elicited by amygdala stimulations in animals [86].
suppression of EEG and behavior is not known yet. It is Fear is the most common effect produced during a temporal
possible that the mesolimbic dopaminergic system is lobe seizure, and it can also be induced by stimulation of the
suppressed. In addition, activity of the basal forebrain human amygdala without inducing ADs [60,61]. Thus, post-
neurons that desynchronizes the cortex [166] may beictal changes in emotional behaviors after temporal lobe
suppressed. seizures may be expected.

2.7.1. Frontal cortex ADs induce behavioral immobility in
rats
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Mclnytre and Molino [113] reported a persistent change [50,100]. No retention deficit was found for a RAM that
in conditioned emotional response after amygdala kindling. emphasized non-spatial cues, such as local cues on
Conditioned emotional response depends on the integrity ofthe arms [99]. This is in accordance with the notion that
the amygdala, in particular the central nucleus of the amyg- the hippocampus is more important in processing spatial
dalain rats [92]. Pinel and associates [84,137] documented a(place) than non-spatial (local cue) information [80].
persistent increase in emotional behaviors in rats after Since the spatial and non-spatial RAMs are similar except
amygdala kindling. The kindled rats resisted capture by an for the cues, non-specific factors such as motivational, affec-
experimenter in the open field, and this behavioral effect tive and motor disruptions do not readily account for the
persisted at least for one month after 99 amygdala-kindled differences between kindled and control rats.
seizures [137]. Pinel et al. [137] concluded that the kindling- ~ Acquisition of spatial information may be affected for
induced emotional behaviors were mostly defensive ratherdays and weeks after hippocampal kindled seizures.
than aggressive in nature. A similar conclusion was made of However, the deficits were subtle, and they were not
human behavior after partial complex seizures (above). revealed in the acquisition of a spatial RAM after full
Adamec [1,3] documented an increase in defensiveness inkindling of the perforant path [142], or partial kindling of
cats after partial kindling of the amygdala or ventral hippo- hippocampal CA1 [99], or in the standard Morris water
campus. These behavioral changes lasted from severaimaze [57,78,118,158]. The only exception is that Corcoran
weeks to several months, and were correlated with the and associates [39,57] reported acquisition deficits after full
LTP of the amygdala-ventral medial hypothalamic pathway kindling of CAl. However, if the hidden platform was
[3]. An increase in anxiety after stimulation of selected moved daily to a new location in the Morris water maze,
nuclei of the amygdala is reported in rats [4,76]. In part, a partially kindled rats acquired the task more slowly than
change in dopaminergic function in the nucleus accumbenscontrol rats at 1 week, but not 1 month after kindling
has been suggested as contributing to the anxiogenic symp{158]. It was suggested that spatial information processing
toms [4]. in kindled rats may be more labile and subjected to inter-

Physiological studies revealed several long-lasting ference by past experience and ambiguous cues [158].
changes within the amygdala in vitro after amygdala kind-  Even after extended seizures, which induced hippocam-
ling, such as aloss in inhibition and changes in metabotropic pal cell loss and mossy fiber sprouting [34,35,159], acquisi-
glutamate receptor functions [148]. How these physiologi- tion of a spatial task was only mildly disrupted. Cammisuli
cal changes may affect behavioral functions of the amygdalaet al. [31] found that rats given extended kindling of the
are not known. amygdala or perforant path (300 ADs in each group) showed

only transient acquisition deficits on the Morris water maze.
2.10. Memory changes after repeated seizures in animals In another study [159], a difficulty in maintaining criterion
performance on a spatial RAM task was reported. The latter

Immediately after a seizure, the memory function of an rats were givern>30 stage 5 (generalized) seizures by stimu-
animal is clearly compromised. Olton and Wolf [130] lation of the olfactory bulb [159]. The kindled rats did not
demonstrated that rats were deficient in completing a taskdiffer from control rats in the number of trials to reach the
on a radial arm maze (RAM) when the rat was given a first criterion on the RAM (four correct arms in five
hippocampal AD in the middle of the task. It was suggested choices), but they required more trials than control rats to
that hippocampal seizure would erase a memory trace,reach 4 consecutive days of criterion performance [159].
established several hours before the seizure [87]. Acquisi-Although it was claimed that mossy fiber sprouting may
tion of a spatial task on the RAM or Morris water maze was be related to the difficulty in maintaining criterion [159],
disrupted within 1 h after an AD evoked by stimulation of the behavioral significance of reliable day-to-day perfor-
the hippocampus [29,118,142], septum or amygdala mance is unclear. Whether it is an acquisition, retention or
[39,118]. The strong gradient of retrograde amnesia (for non-specific deficit, such as motivation ability and hyper-
several hours) and anterograde amnesia/confusion (withinactivity, is not clear.
an hour) associated with a seizure are also found in humans Mcintyre and Reichert [114] introduced the concept of
(above). state-dependent learning in seized animals, based on the

The long-term effects of hippocampal seizures on spatial normal and the postictal states of a rat. The postictal state
memory are relatively mild, if the neuronal damage is mini- was that which immediately (presumably within minutes)
mal [101]. It appears that seizures affect the retention of follows bilateral ADs in the amygdala [114] or AD in the
information learned before the seizures more than the acqui-hippocampus [115]. State-dependent learning accounts for
sition of new information. Retention deficits on the RAM, in the fact that performance of a trained response, or memory
both reference and working memory [131], were found after retrieval, only occurs in the state that the response was
full kindling (5 stage five seizures) [98] or partial kindling of learned. Mclnytre and associates confirmed the latter
the hippocampus [96,98—100], if the RAM task was learned prediction for the postictal and the normal states [114,115].
before kindling. The retention deficits persisted for 3—  State-dependent performance may also be relevant at long
4 weeks, but not 6 weeks after hippocampal kindling times after seizures. As described above, the long-lasting
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seizure-induced deficit is mainly one of retrieval and not short and long term, after a seizure. However, proposing
acquisition, which is consistent with state-dependent learn- that the memory disruption is mediated by specific changes
ing if we assume that the brain is different for days or weeks in neuronal synapses and circuits in the temporal lobe offers
after repeated seizures. There is ample evidence of alterathe possibility that these changes may be prevented or
tions in the brain after seizures. In the partial hippocampal reversed. The same ray of hope may extend to possible
kindling model, the alterations include an increase in synap- amelioration of the behavioral and emotional disruptions
tic transmission (LTP) of the medial perforant path to after seizures.

dentate gyrus synapses and of the CA3 to CAl synapses

[96,101]; increased paired-pulse inhibition in the dentate

gyrus [44,85,165,178] but decreased paired-pulse inhibition Acknowledgements
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