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Abstract 
Emotional disturbances such as anxiety, fear, depression and aggression are 
often experienced by patients with temporal lobe epilepsy. These psychiatric 
symptoms may occur during or just after (postictal) a seizure; however, in 
some patients, they occur interictally (i.e. between seizures) and may pro-
foundly change the individual’s personality. Aside from confirming that a sig-
nificant proportion of temporal lobe epileptics do suffer from interictal ab-
normal emotionality, there has been little progress to date in identifying the 
fundamental nature of these disturbances. There is a lack of evidences regard-
ing the influence of activation of emotiogenic structures and emotional beha-
vior on development of seizures. Kindling is a commonly used animal model 
for study of interictal emotionality and the effects of kindling and human epi-
lepsy on emotional behavior are the primary focus of investigators and not 
vice versa. Respectively, the interrelation between emotional and seizure reac-
tions was studied in Wistar albino rats. In our study we tried to elucidate: can 
emotional behavior evoked by stimulation of the emotiogenic zones of the 
hypothalamus or of induction of acute pain stress modify manifestations of 
generalized seizures within the period where a “full” epileptic syndrom has 
been stable formed earlier? Our leading hypothesis is as follow: the emotional 
disturbances can be considered as the emergence of instinctive behavior with 
an adaptive significance of defense and as a by-product of the inhibitory 
processes that build up to protect against the future occurrence of seizures. 
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1. Introduction 

Emotional disorders, such as manifestations of anxiety and fear, depression, and 
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aggression, are frequently observed in patients suffering from temporal epilepsy 
[1] [2]. These psychiatric symptoms can arrive in the course of development of 
seizures or after such episodes, i.e. in a postictal mode. In some patients, howev-
er, emotional disorders are observed within intervals between seizure attacks, i.e. 
interictally [3]. The mechanisms responsible for susceptibility to mental disord-
ers in subjects suffering from epilepsy remain mostly obscure. 

A few clinical observations allow one to suppose that patients manifesting 
seizures that result from hyperactivation of the limbic structures are especially 
predisposed to interictal behavioral emotional disorders [4]. These structures, 
especially the hippocampus and amygdalar complex, are involved in the control 
of the emotional sphere; this is why significant changes in the functioning of the 
mentioned central structures can lead to mental disorders. Such functional 
changes can be based on injuries of the above structures or on the development 
of their chronic hyperexcitability [5]. On the other hand, interictal bevavioral 
emotional disorders were observed in epileptic patients with no structural dis-
orders in the hippocampus or amygdalar complex. Therefore, the probability of 
significant interictal emotional disorders in patients with temporal epilepsy per 
se was confirmed. At the same time, progress in the interpretation of the funda-
mental nature of these disorders remains rather moderate. 

Kindling is the most frequently used experimental approach for induction of 
temporal epilepsy [6] with the development of complex partial secondary gene-
ralization of epileptic activity. The kindling is extensively used as an animal ex-
perimental model in attempts to interpret the phenomenon of interictal emo-
tionality and effects of epileptiform activity on emotional behavior in humans. 
These aspects frequently fit the main goal of the respective studies [7] [8], but 
the reverse statement is incorrect. It is interesting that interictal emotional dis-
orders related to temporal epilepsy per se can be significantly modified under 
the action of anticonvulsants. Some agents that are effective as anticonvulsants, 
however, evoke noticeable side effects that can mask the interictal emotionality 
[9]. Moreover, some of these drugs can even intensify the interictal emotional 
phenomena [10]. 

At the same time, the corresponding emotional disorders can be interpreted as 
the appearance of interictal behavior possessing certain adaptive significance. 
They can be considered a “side product” of the inhibitory processes providing 
protection from the initiation of seizures in the future. 

Most neuropsychiatric disorders, such as depression, mood, and anxiety dis-
orders, are stress related disorders [11]. The stress response is a physiological 
reaction to environmental changes that can be positive and pro-adaptive (in 
most cases) or negative and maladaptive [12] [13]. Elucidation of the relations 
between the development of stressful state and generalization of epileptic activity 
remains an urgent problem of neurology. The few studies which have, thus far, 
attempted to analyse the influence of stress on the susceptibility of animals to 
convulsions have yielded conflicting results. Some authors found stressful condi-
tions to be associated with a greater incidence and/or severity of convulsions in 
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different species, including humans [14]. Others, however, have reported that 
stress exerts an anticonvulsant effect in epileptic gerbils and in rats and mice 
[15]. This variability of the influence of stress may depend on several factors 
such as: animal species, the agent used to elicit convulsions, the convulsive pa-
rameter considered and the characteristics of the stressogenic procedure. Ana-
tomical structures, such as the septum, hippocampus, amygdala, raphe nucleus, 
and nociceptive central pathways, which are to a significant exert involved in the 
development of stress, participate, to a greater or smaller extent, in the initiation 
and spreading of epileptic phenomena in the central nervous system [16]. 

Despite the fact that correlations between stress and epileptic attacks have 
been examined in numerous experimental and clinical studies, unambiguous 
concepts on the nature of these relations have not been formed. 

Considering this, it is expedient to use animal experimental models of epilepsy 
for obtaining objective information related to the above problem. 

There were two main goals in our study. First, we tried to elucidate: can emo-
tional behavior evoked by stimulation of the emotiogenic zones of the hypotha-
lamus modify manifestations of generalized seizures within the period where a 
“full” epileptic syndroms has been stable formed earlier? Second, we tried to es-
timate changes in the ECoG and behavioral indices of seizure activity under 
conditions of induction of acute pain stress in rats subjected to the kindling 
procedure. 

2. Methods 

Wistar albino rats weighing 250 to 300 g were kept under conditions of a 12/12 h 
illumination cycle with free access to food and water. Housing of surgical mani-
pulations with, and euthanasia of the animals were carried out in accordance 
with the rules and standards accepted by the scientific community of the Euro-
pean Union, legislation of Georgia, and the Committee on the care and use of 
animals in the I. Beritashvili Center of Experimental Biomedicine of Georgia. 
Instructions of the administration of the National Institutes of Health (Bethesda, 
USA) on the care and use of Laboratory animals (NIH Publication No, 88-2959) 
were also taken into account [17].  

The animals were anesthetized by sodium pentobarbital (40 mg/kg, i.p.). Bi-
polar stimulating/recording electrodes (stainless steel) were stereotaxically im-
planted in the ventral hippocampus and dorsomedial hypothalamus (DMH). 
Stereotaxic coordinates of the electrode tips in the mentioned structures were 
the following: 3.3 and 1.4 mm caudally from the bregma, 5.2 and 0.6 mm later-
ally from the sagittal line, and 6.5 and 8.5 mm ventrally from the brain surface, 
respectively [18]. A monopolar recording macroelectrode was placed on the 
surface of the motor cortex; the reference electrode was fixed between the skull 
and head muscles. The above-mentioned structures were stimulated at least 12 - 
14 days after surgical intervention (n = 12).  

The hippocampus was stimulated using a fast kindling protocol (10-sec-long 
series of rectangular 400 - 450 µA, 1.0 msec-long current pulses, intraseries fre-
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quency 10 sec). The DMH was stimulated by 0.5-msec-long current pulses with a 
50 sec frequency. Such stimulation evoked behavioral manifestations of fear and 
anxiety. For estimation of the excitability of the hippocampus and of the stability 
of manifestations of the epileptic syndrome, five test stimuli with 5-min-long in-
tervals were applied to the hippocampus at different time intervals (2 and 4 
weeks) after induction of fast kindling. Due to kindling, an epileptogenic nidus 
was formed in the brain of the animals, and this nidus was preserved for the en-
tire future life period even with no additional stimulation of the hippocampus. 

Then, nociceptive electrical stimulation of the fore- and hindlimbs could be 
applied to these animals (n = 12) subjected to the kindling procedure. This was 
performed in a cage with an electrified floor (rectangular 45-V pulses, each 15 sec 
for 1 min), and this resulted in the induction of acute pain stress. In animals with a 
preformed epileptic nidus, we recorded (6 min, 3 h, and 6 h after pain-inducing 
stimulation) electrocorticographic (ECoG) and behavioral manifestations of ep-
ileptic activity initiated by test stimulations of the ventral hippocampus. Beha-
vioral and ECoG phenomena were compared with those in the absence of noci-
ceptive stimulation. Testing under different conditions was carried out within 
different experimental days. 

To estimate the intensity of behavioral manifestations of seizure activity, we 
used Racine’s point scale [19]. In this scale, grade 0 corresponds to normal beha-
vior with possible motor arrest; shaking and clonus of the facial muscles are 
grade 1; twitches of the head and backward inclinations of the body are grade 2; 
clonic contractions of the forelimb muscles are grade 3; elevations on the hin-
dlimbs (rearing) and clonus of the forelimbs are grade 4; and elevations on the 
hindlimbs and falling of the animal on its back or side are grade 5. 

After cessation of the experiments, animals were injected with a lethal dose of 
Nembutal. Sites of localization of the tips of hippocampal and hypothalamic elec-
trodes were coagulated (constant current 2 to 3 µA was passed during 1 - 1.5 min). 
The brain was taken off and fixed in a 4% paraformaldehyde solution on phos-
phate buffer. Localization of the electrode tips was verified in frontal slices. 

3. Data Analysis 

Differnces between the parameters of kindling-induced behavior were estimated 
using non-paired t-test or factorial dispersion analysis (ANOVA) with a post-hoc 
Bonferroni-Dunn test. The development of kindling manifestations was esti-
mated using ANOVA for repeated measurements. Intergroup differences were 
considered to be significant at P < 0.05. 

4. Results 
4.1. Effects of Stimulation of DMH on the Seizure Activity 

In these experiments, we tried to estimate if combined stimulation of the hippo-
campus and DMH could weaken the seizure phenomena in animals with stable 
pre-formed manifestations of limbic epilepsy. First, the animals were subjected 
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to isolated 40 hippocampal stimulations in the paradigm of fast kindling, and 
only then was their state tested by stimulations of the hippocampus applied si-
multaneously with those of DMH or without the latter. When such animals were 
tested by hippocampal stimulation 2 and 4 weeks after kindling initiation, they 
frequently responded with the development of several seizure attacks of the 4th 
and 5th grade. The mean duration of after discharges evoked by hippocampal 
test stimulation was significantly greater than in the course of five initial stimu-
lations. In rats subjected to additional DMH stimulation, the intensity of sei-
zures, as well as the duration and number of hippocampal after discharges, were 
significantly smaller, as compared with the respective indices in the group sub-
jected to isolated hippocampal stimulation. Such a relation was observed within 
all time intervals (Figure 1 and Figure 2). 

4.2. Effects of Acute Pain Stress on the Seizure Activity 

We recorded changes in the seizure activity after electrical nociceptive stimula-
tion of the limbs of rats with the preformed epileptic nidus under conditions of 
induction of pain stress and in the absence of the latter. As can be seen in Figure 
3, 6 min after nociceptive electrical stimulation of the limbs the animals showed 
a clear trend toward decrease in the duration of ECoG seizure activity after con-
trol stimulations of the hippocampus, as compared with that under conditions of 
the absence of nociceptive stimulation. Periods of epileptiform ECoG activity 
within this time interval after stressogenic stimulation were, on average, 54.0 ± 
4.6 sec long, while the respective value with noapplication of painful stimuli was 
66.3 ± 4.8 sec (the difference did not reach the significance level because of con-
siderable interindividual variability). Within the same time interval, the intensity 
of behavioral seizure manifestations after stressing correspond to 2.3 ± 0.3 
grades, on average; the control index was 3.5 ± 0.2 grades (the difference was 
significant; P < 0.05).  

Three hours after painful electrical stimulation of the limbs, the above-described 
trend toward suppression of seizure activity evoked by test stimulations of the 
hippocampus became more clearly expressed. The mean duration of ECoG epi-
leptiform activity in stressed animals was only 38.0 ± sec, while this value in the 
absence of stress-inducing stimulation reached 80.25 ± 5.2 sec. In other words, 
the effect of stress within the above time interval provided a more than twofold 
shortening of electrographic manifestations of epileptiform activity (P < 0.01). 
The corresponding estimates of the intensities of behavioral motor manifesta-
tions of seizure activity were 1.9 ± 0.3 and 3.4 ± 0.2 grades (P < 0.05). Six hours 
after application of stress-inducing stimulations, the effect of suppression of epi-
leptic activity became smoothed to a considerable extent. Trends toward some 
decrease in the duration of ECoG epileptiform activity and expression of motor 
effects (convulsions) remained manifested but were extremely weak, and the 
corresponding values in stressed animals and in control rats were very close to 
each other and demonstrated no significant differences (Figure 3 and Figure 4). 
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Figure 1. Effects of combined stimulation of DMH (2) on the duration (sec) of 
EEG seizure discharges, (ordinate) after termination of the kindling procedure. 
(1) Effects of isolated test stimulation of the hippocampus. 

 

 
Figure 2. Effects of combined stimulation of dorsomedial hypothalamus on 
the intensity of behavioral seizures (ordinate), after termination of the kindling 
procedure. Designations are the same as in Figure 1. 

 

 
Figure 3. Suppression of electrographic seizure reactions evoked by test stimulations 
of the hippocampus after short-lasting stressogenic stimulation. Diagrams of the 
mean durations (sec) of ECoG manifestations of seizure activities in rats subjected 
to isolated test stimulation of the hippocampus (1) and those with kindling-induced 
epileptic nidus (2 - 4). Right and left columns correspond to the data obtained from 
animals subjected to painful electrical stimulation of the limbs (45 V each 15 sec for 
1 min) and from the same animals with no such stimulation. (2 - 4) 6 min, 3 h, and 
6 h after nociceptive electrical stimulation of the limbs. Asteriks shown the case of 
significant difference between the mean values in pairs. 
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Figure 4. Suppression of behavior alseizure epileptic activity evoked by test 
stimulations of the hippocampus after Short-lasting stressogenic stimulation. Diagrams 
of the means of estimates of the intensity of epileptic motor phenomena (grades, 
according to Racine’s point scale) Designations are similar to those in Figure 3. 

5. Discussion 
5.1. Possible Mechanisms Changes in Seizure Activity by  

Stimulation of the DMH 

Our experiments for the first time gave direct proofs of the statements that acti-
vation of the DMH resulting in initiation of emotional behavior (anxiety and 
fear) interferes with the development of seizure activity initiated by the kindling 
procedure. Stimulation of the DMH significantly decreased the number and du-
ration of generalized convulsions in rats with preliminarily evoked epileptic ma-
nifestations. Limitation of the generalization of “limbic” seizures resulting from 
stimulation of the hypothalamus and/or development of behavior with anxiety 
and fear manifestations correlates with modulation of field electrical activity of 
hippocampus. As is well known, the hippocampus generates rhythmic slow field 
activity, namely theta rhythm, after stimulation of various receptor formations 
and direct stimulation of a few cerebral structures [20]. 

Epileptic seizures frequently develop within the sleep periods. Short-term 
sleep is frequently used for activation of epileptiform manifestations in patients 
with seizure disorders [21]. As was shown earlier [22], stimulation of the hippo-
campus during episodes of slow-wave sleep elicits clearly manifested paroxysmal 
EEG discharges. At the same time, stimulation of the hippocampus with the 
same parameters was found to be less effective within periods of awakeness and 
the paradoxical sleep phase. Some authors mentioned that activation of the sep-
to-hippocampal pathways resulting from sensory stimulation or stimulation of 
the hypothalamus and a few brainstem structures is accompanied by a decrease 
in the frequency of spiking of hippocampal pyramidal neurons [23]. On the oth-
er hand, it was shown that the frequency of discharges of hippocampal inter-
neurons increased in this case [24]. Basket cells represent the most numerous 
morphological type of hippocampal interneurons; from the functional state, they 
are believed to be inhibitory units [25]. Precisely hippocalpal interneurons are 
generally qualified as theta cells. Therefore, reciprocal relations between the in-
tensities of seizure and theta activity, on the one hand, and manifestations of 
seizures and the fear/anxiety state, on the other hand, can be interpreted as a sort 
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of regulatory effects provided by inhibitory mechanisms under conditions of 
generation of the theta rhythm. Our findings allow us to suppose that augmenta-
tion of inhibitory processes in hippocampal neurons in the course of DMH sti-
mulation can trigger mechanisms preventing the development of epileptiform 
activity. 

The following possible mechanism could be considered as another one. The 
development of anxiety/fear state evoked by stimulation of the DMH can result 
in activation of the n. locus coeruleus (LC), and this event is capable of prevent-
ing generalization of seizure activity induced by hippocampal kindling. It is well 
known that the noradrenergic system of the LC is significantly involved in regu-
lation of behavior looking like fear/anxiety [26]. Experiments with impairments 
or destructions of the LC substantiated the hypotheses on the anticonvulsant 
role of the LC noradrenergic system. The mentioned supposition was confirmed 
by results of experiments with LC stimulation. Activation of the neuronal system 
of this nucleus suppresses the initiation of seizure resulting from injections of 
pentylenetetrazole, kindling provided by stimulation of the amygdalar complex, 
and intrahippocampal injections of penicillin [27]. In turn, neurons of the LC 
can also activate the thalamic reticular nucleus (TRN) in the course of develop-
ment of fear/anxiety behavior evoked by DMH stimulation. The TRN is richly 
innervated by fibers coming from the LC. Extracellular application of noradre-
naline to TRN neurons or electrical stimulation of the LC results in intense exci-
tation of neurons in the above thalamic nucleus [28]. In this respect, the follow-
ing fact is rather interesting. Direct stimulation of the TRN can also suppress the 
development of generalized motor limbic seizures, both in the course of epilep-
togenesis and under conditions of the preformed epileptic state [29]. In addition 
to, it is well known, that high-frequency stimulation of the thalamic reticular 
nucleus has an anti-epileptogenic effect and is able to modify seizure synchrony 
and interrupt abnormal EEG recruitment of thalamo-cortical and, indirectly, 
corticothalamic pathways [30]. Therefore, our study demonstrated that induc-
tion of emotional behavior resulting from DMH stimulation can significantly 
decrease manifestations of seizure activity related to pre-formed epilepsy. 

5.2. Effect of Stress on Kindling-Induced Seizures 

Certainly the attenuation of seizure reactions by the action of stressogenic factor 
(electrical nociceptive stimulation) may be stipulated by the above-indicated 
mechanisms, though, probable mechanisms mediating the effect of acute stress 
on epileptic activity include, first of all, the hypothalamo-hypophyseal-adrenal 
axis. Since central structures of this axis are closely connected with the amygda-
lo-hippocampal complex, it is logical to suppose that stress-inducing factors are 
capable of significantly modifying the functional state of the above complex [31] 
[32].  

In our experiments, we used electrical nociceptive stimulation of the animal’s 
limbs, inducing the development of the state of acute stress. It seems probable 
that precisely the short action of pain stressogenic factors and activation of emo-
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tiogenic cerebral structures evoke augmentation of corticosterone secretion and 
a corresponding increase in the efficacy of GABA-ergic synaptic connections, 
which finally results in suppression of seizure activity. As should be believed, the 
level of endogenous corticosterone significantly increased within this time in-
terval. The action of stressogenic factors also induced changes in the levels of 
adrenocorticotropin hormone and cortisol, and levels of these hormones depend 
noticeably on the type of such factors [31] [33]. The content of progesterone in 
the blood also increases under the influence of acute stress. As was shown, a rise 
in the level of this hormone exerts a modulatory effect on the activity of many 
cerebral neurons. In particular, a metabolite of progesterone, allopregnanolol, 
activates GABA-ergic receptor complexes [34]. Activation of GABA-ergic syn-
apses inhibits generalization of seizures evoked by stimulation of the limbic 
structures [35]. 

Thus, we can conclude that the effect of an acute stressogenic factor (nocicep-
tive stimulation) leads to a considerable decrease in the duration of ECoG epi-
leptiform activity and partially blocks generalization of seizure reactions. The 
effect of the examined stressogenic factor is limited in time; the respective effects 
are observed for a few hours. 

The emotional disturbances can be considered as the emergence of instinctive 
behavior with an adaptive significance of defense and as a by-product of the in-
hibitory processes that build up to protect against the future occurrence of sei-
zures. 
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