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ABBREVIATIONS

List of abbreviations used in the text
ACI – August Copenhague Irish, inbred strain of rats
5HIAA – 5-hydroxyindolacetic acid
5HT – 5-hydroxytryptamine
AGS – audiogenic seizure
CNS – the central nervous system
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DA– dopamine
DOPAC – 3,4-dihydroxyphenylacetic acid
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HA – histamine
HVA – homovanilic acid
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IGER – Ihara Genetic Epileptic Rats
MAO – monoamineoxydase
MP – medial pallidum
NA – noradrenaline (norepinephrine)
NAc – nucleus accumbens
ER - (Noda Epileptic Rats) [Noda et al, 1998]
RTN – reticular thalamic nucleus
SC – superior colliculus
SER – Serikawa Epileptic Rats
SNc – substantia nigra, pars compacta
SNr – substantia nigra, pars reticulata
SO – superior olive

ABBREVIATIONS

SWD – spike-wave discharge
SSW – spike-slow wave complex
STn – subthalamic nucleus
TC – thalamocortical neurones
TRT – tryptophan
VP – ventral pallidum
WAG/Rij – Wistar Albino Glaxo, from Rijswijk
WER – Wakayama epileptic rats
Nomenclature:
Biological amines= histamine(HA) + monoamines
Monoamines= serotonin (5-HT) + catecholamines
Catecholamines=dopamine(DA) + noradrenaline (NA) (also called
norepinephrine)
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GENERAL INTRODUCTION

1.1.

General introduction
“Petit mal epilepsy, perhaps more than any other form of convulsive

disorder, has had a special place in the neuroscience; it has acted as a catalyst
for formulation of many important concepts and for studies aiming at
elucidation of the nature of conscious experience, attention, the organisation of
EEG rhythms, etc. It turn, these concepts helped to provide some understanding
of the pathophysiology of the disorder”
M.S. Myslobodsky, A.F. Mirsky: “Elements of petit mal epilepsy”, 1988
Epilepsy is one of the most common brain diseases; it is found in 0.5-5% of
individuals in a population [Niedermeyer, 1993]. Although epilepsy was
recognised even in ancient Greece, where it was inferred as an intrusion of holy
spirits, the understanding of this disease, consisting of a highly heterogeneous
group of pathologies, started not earlier than in the 20th century.
1.1. Human epilepsies and animal models of epileptic disorders.
1.1.1 Classification of epilepsies.
Epileptic phenomena can be expressed in various forms, ranging from a
short impairment of responsiveness, to severe muscle spasms with a complete loss
of consciousness and an impairment of autonomic functions.
There are several classifications of epileptic seizures. Epileptic fits might be
recognized as:
x

convulsive or non-convulsive

x

generalised or partial

x

symptomatic or idiopathic

According to the definition of the International League Against Epilepsy,
seizures themselves are only a part of a corresponding epileptic syndrome. An
epileptic syndrome is an epileptic disorder, which is characterised by a cluster of
signs and symptoms customarily occurring together [Commission on Classification
and Terminology, ILAE, 1989].
10
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1.

Manifestations of convulsive seizures comprise of muscle

spasms, which can have a tonic, clonic or tonic-clonic character (see below). Nonconvulsive seizures are lacking gross motor phenomena. Usually, the main
character of such a seizure is an impairment of consciousness, associated with
paroxysmal events in the electroencephalogram (EEG).
2.

Partial seizures are localisation-related, i.e. their initiation

depends on pathological activity within a circumscribed area of the brain. This is
called the epileptic focus. Generalized seizures recruit activity of almost the entire
brain, with bilateral symmetry from the very onset of a seizure. If seizures start
locally and later spread over the entire brain, or at least over the cortex, they are
called secondary generalised seizures.
3.

Symptomatic seizures are also named “secondary epilepsies”.

They are considered as a consequence of a known, or supposed, disorder of the
central nervous system. Idiopathic seizures, assigned to so-called primary
epilepsies, are epileptic disorders, which are not preceded by other pathologies.
There is no known cause other than a possible genetic susceptibility. The latter
classification includes also the cryptogenic seizures, i.e. seizures of unknown
aetiology.

1.1.2. Absence epilepsy.
According to the classification given above, human absence epilepsy is a
generalised, non-convulsive, idiopathic form of epilepsy. Absence epilepsy (also
called “petit mal” - “small disorder” in French) is a relatively mild brain
dysfunction, which comprises of sudden interruptions of awareness,
responsiveness and memory. Most likely, the disease is caused by mutations in
several genes [Marini et al, 2004]. A highly stereotypic EEG pattern accompanies
the loss of contact with the surrounding world. Widely generalised trains of 3 Hz
spike-wave discharges (SWDs), lasting usually several seconds and rarely up to a
few minutes, can be seen. Mild myoclonic jerks, mostly affecting the facial
muscles, are possible. However, if SWDs last less than one second, a behavioural
11
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component of an absence epileptic spell is not obvious. Absence epileptic attacks
can occur hundreds of times per day; nevertheless inter-ictal behavioural changes
are reported to be minor [Niedermeyer, 1993, 1996]. No obvious organic
Fig, 1.1.2.1 A representative example of spike-wave discharges in a patient with absence
epilepsy; From Panayiotopoulos, 1999.

pathologies have been found in the brains of patients with absence epilepsy. This
non-convulsive epilepsy form affects mostly children in the age between 3 to 18
years.
The typical absence epilepsy is an easily controlled disorder. According to
Porter (1988) it is: “the most rewarding to treat”. This implies that surgery is not
applicable for these patients. Absence seizures are usually suppressed by intake of
anti-absence drugs. If medication stops, epileptic paroxysms quickly re-appear
[Porter, 1988]. This means that seizures are successfully modulated, but not cured.
This situation is often called by clinicians “controlled epilepsy”.
Absence seizures most often occur when the patient is in a drowsy state and
occur less frequently when the patient is alert. Seizures may be provoked by
hyperventilation and sometimes by photo-stimulation.
In a small number of patients, absence epilepsy does not vanish with
puberty, but changes into more serious forms of epilepsy, often accompanied by
convulsive paroxysms. There is evidence of a difference in the pharmacological

12
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profile of photosensitive and non-photosensitive absence seizures in adults [e.g.
Quesney et al., 1981]. However, these seizures are still classified rather uniformly.
According to the Commission of ILAE (1989), the most common forms of
absence epilepsy are the following:
-

childhood absence epilepsy, onset at 3-12 years, predominantly affects

-

juvenile absence epilepsy, onset after 10 years of age, no gender

girls;
difference, about 16% of cases are complicated by myoclonus ;
-

juvenile myoclonic epilepsy with absences, onset around puberty (8

to18 years) and might persist even in adulthood;
-

epilepsy with myoclonic absences occurs predominantly in boys of

school age, characterised by severe bilaterally symmetrical myoclonus of
extremities, often resistant to therapy.

1.1.3. Animal models
To study the basic mechanisms of human epilepsies in an experimental way,
one needs to have good animal models for these pathologies. Initially, researchers
induced seizures in otherwise healthy animals by local or systemic administration
of convulsive agents, such as penicillin, cobalt, pentylenetetrazole, bicuculline and
picrotoxin. These models of epilepsies gave a successful start to experimental
epileptology and provided a pile of valuable results, and they have kept their
importance nowadays. However, genetic factors play the most important role in the
research towards the generalized epilepsy syndromes [ILAE, Commission 1989].
Therefore, one needs genetic animal models with “spontaneous, episodic,
paroxysmal and recurrent” seizures [Gloor & Fariello, 1988], in order to study
inherited brain pathologies [Löscher, 1984, 1997].
Genetic models of spontaneous epilepsy are presented by epileptic dogs
[Löscher, 1997; Thomas, 2000], ”tottering” mice [Burgess & Noebels, 1999;
Noebels, 2003] and epileptic mice [Sato, 1985; Murashima et al, 2002], numerous
strains of rats with convulsive or non-convulsive seizures [Hosford, 1995;
13
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Faingold, 1999; Löscher, 2002], gerbils [Loskota & Lomax 1975; Fujisawa et al,
2003; Bertorelli et al, 1995; Löscher, 1984, Jobe et al, 1991 and Buchhalter,
1993]. Models of reflex seizures include photosensitive baboons (Papio Papio)
[Naquet et al, 1968 – cited in Menini & Silva-Barrat, 1998] and fowl [Davis et al,
1978; Johnson & Davis, 1984], and, finally, audiogenic seizures occurring in
susceptible mice and rats [Ross & Colemann, 2000].
1.1.3. 1. Genetic animal models of absence epilepsy
The main hallmark of absence epilepsy is a typical spike-and-wave EEG
pattern, accompanied by spells of behavioural arrest and unresponsiveness. In
human patients, these spike-wave discharges (SWDs) have a frequency in the
range of 2-4 Hz. Almost similar spike-wave discharges are a quite common
phenomenon in the EEG of rodents [Vadasz et al, 1995; Vergnes et al, 1982; van
Luijtelaar & Coenen, 1986]. They occur spontaneously, without any external
stimulus or an eliciting drug. These SWDs of rodents bear a single feature, which
differs remarkably from human absence EEG paroxysms. Their spike-wave
frequency lies in the range of 6-10 Hz.
In mice, several strains were reported to have absence-like seizures: the
tottering mice [Noebels &Sidman, 1979 – cited in Noebels, 2003], lethargic mice
[Hosford et al, 1992] and stargazer mice [Noebels et al, 1990]. Genetic models
allow a more precise prediction of the anticonvulsant’s efficacy, compared to mice
with experimentally induced absence seizures [Hosford & Wang, 1997; Aizawa et
al, 1997]. Later on, paroxysmal phenomena in these and several other mice strains
were related to spontaneous mutations in genes encoding subunits of Ca2+channels, such as alpha1a (Cav 2.1, tottering, leaner, rocker, rolling), beta4
(lethargic), alpha2delta (ducky), and gamma2 (stargazer, waggler) subunits. Each
mutation produced generalized absence seizures involving ethosuximide-sensitive
thalamocortical spike-wave synchronization [Burgess & Noebels 1999; Barclay et
al. 2001, Zwingman et al. 2001, Noebels, 2003]. Inherited disorders of these
voltage-activated Ca2+-channels lead to a decrease of inward depolarizing currents,
14
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which alter the synaptic strength and facilitate synchronized regimes in neuronal
circuitry [Noebels, 2003]. These mice models seem to be extremely promising in
research of human epilepsies and are often linked to Ca2+ channelopathies. In this
respect, it is interesting that there are few discovered human mutations: a truncated
Cav2.1 subunit and missense beta4 subunit mutations, associated with an absence
seizure phenotype [Jouvenceau et al. 2001] or mixture of absences and other
seizure patterns [Escayg et al. 2000].
However, absence seizures are not the sole abnormality in these mice. They
also exhibit other neurological deficits, such as cerebellar ataxia, paroxysmal
dystonia and myoclonus of limbs, trunk and face. Cerebellar neuronal degeneration
was found in the leaner mice [Herrup & Wilczynski, 1982], of which the entire
volume of cerebellum and the volume of its molecular layer are decreased as in the
tottering mice [Isaacs & Abbott, 1995].
In rats, SWD-activity can be found in representatives of several inbred
strains, as well as in a number of old animals belonging to a few outbred strains
[Buzsaki et al, 1990; Willoughby & Mackenzie, 1992]. Those rats from these
strains that show an absence-epileptic phenotype without other known co-morbid
diseases, namely the Fisher 344, the Sprague-Dawley, the Long-Evans, the Wistar
[Buzsaki et al, 1990] and the Brown Norway rats [Jando et al, 1995], were not
reported for any morpho-pathology linked to the seizures. One selection line
derived from Wistar rats, the Genetic Absence Epilepsy Rats from Strasbourg
(GAERS) [Marescaux et al, 1984, 1992] and an inbred strain, the Wistar Albino
Glaxo rats from Rijswijk (WAG/Rij) [Van Luijtelaar & Coenen, 1986] acted as
pioneers in research to genetic rat models for human absence epilepsy. No single
mutations were found as a causal reason for the absence-epileptic phenotype of
these rats. On the contrary, a polygenic character of this disorder was proposed
[Peeters et al, 1992; Rudolf et al, 2004]. Bilateral, synchronous spike–wave
activity in the EEGs of these rats is accompanied by behavioural arrest, by
interrupted information processing, and by mild facial myoclonic jerks. The
pharmacological profile (i.e. the response to anti- and pro-convulsants) of these
15
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two animal models for absence epilepsy appears to be very similar [Danober et al,
1998; Coenen & Van Luijtelaar, 2003; Van Luijtelaar & Coenen, 1986; see also
Chapter 1.4.2].
The presence of SWDs can be detected in the EEG of WAG/Rij rats,
starting from about two to three months of age, while an increment of the hourly
number of the discharges is found during ontogeny [Coenen & Van Luijtelaar,
1987]. In GAERS, spike-wave activity appears as early as at postnatal day 30 to
40, and also increases with ageing [Vergnes et al, 1986; 2003]. This age increment,
characteristic for genetic rat models of absence epilepsy, is another important
feature, which is not in full agreement with human data. However, both the
GAERS and WAG/Rij animal models are considered as isomorphic and predictive
for absence seizures in humans.
1.1.3.2. Genetic animal models of convulsive epilepsies
Convulsive fits can be manifested as tonic seizures (with rigid muscle
stiffness) and/or clonic seizures (with rhythmical muscle spasms). Nowadays, there
are few rat strains with spontaneous convulsions, such as SER (Serikawa epileptic
rats) [Serikawa & Yamada, 1986; Serikawa et al, 1987], NER (Noda Epileptic
Rats) [Noda et al, 1998], IGER (Ihara Genetic Epileptic Rats) [Takahashi et al,
1997; Amano et al, 1997] and WER (Wakayama epileptic rats) [Tsubota et al,
2003]. Convulsions usually manifest themselves in adult animals of these strains,
starting from week 7 to 8 (SERs, NERs, IGERs), and may be found on week 4 to
10 in WERs. In NERs and WERs the seizures are described as tonic-clonic ones,
beginning with neck and forelimb clonus, wild jumping and running, opisthotonic
posturing, and evolving to tonic, then clonic convulsions, followed by post-ictal
flaccidity. The tonic convulsions in SERs are characterized by an extension of the
four extremities and tail, and are easily evoked by minor sensory stimuli, such as
light, touch, blowing and sound. In IGERs the pattern of seizures is different:
beginning with face and head myoclonus, followed by rearing and generalized

16
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tonic and clonic seizures. Seizures start at 16-20th weeks of age [Takahashi et al,
1997].
In the SER and WER models additional absence-like paroxysms were found.
Those absence-like paroxysms are different from the ones described in most of the
rat strains with “pure” absences (see Chapter 1.1.3.1.), and described as
synchronized 5-7Hz spike-wave-like complexes in both cortical and hippocampal
EEG. These paroxysms coincide with immobility and staring. However, the
absence-like paroxysms, at least in SERs, can be inhibited by classical anti-absence
drugs ethosuximide and valproate [Sasa et al, 1988]. Histopathological analysis
revealed that even prior to the development of seizures, marked vacuolization, due
to astrocyte swelling, and hypo-myelinization in brainstem and cerebellum exist in
SERs. The 2- to 3 months old SERs, with staggering gait and seizures, also showed
focal axonal swelling and prominent vacuolization in the granular cell layer of the
cerebellum. Degenerated neurons were observed in the substantia nigra and ventral
tegmental nucleus [Inui et al, 1990]. In IGERs, microdysgenesis, such as abnormal
neuronal clustering, neuronal disarrangement or interruption of pyramidal neurons
in the hippocampal formation, was found in young rats without tonic-clonic
seizures, indicating that this microdysgenesis is genetically determined. The mossy
fibre sprouting in the dentate gyrus was obvious in the hippocampus of aged IGER
rats after repetitive convulsions [Takahashi et al, 1997]. These rat strains are often
considered as models for human temporal lobe epilepsy, associated with multiple
neurodegenerations.
The latent susceptibility to seizures can be revealed only if proper
stimulations for seizure provocation are applied. Such stimulations include socalled “priming”, i.e. manipulations of immature animals resulting in a late onset
of convulsions; or provocations (e.g. pro-convulsants’ administration or audiostimulations) leading to a quick development of seizures. For example, various
sensory stimulations can non-specifically provoke convulsions in seizuresusceptible Mongolian gerbils [Ludvig et al, 1991]. In the epileptic mice (ELmice), seizures can develop spontaneously after 3 to 4 months of age. They can be
17
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evoked earlier by repeated sensory stimulation, such as tail twisting, tossing or
rocking [Wang et al, 1997].
Rodents with audiogenic seizures (AGS), which are sound-induced violent
convulsions, are considered to be a genetic model for generalized brainstem or
reflex epilepsies. AGS susceptibility can arise as an inherited trait in rodents.
Animals, susceptible to AGS, can display generalized clonic or tonic-clonic seizure
activity in response to specific sound stimulation. The first observations of
audiogenic seizures were independently made in 1924: in Pavlov's laboratory in St.
Petersburg [Krushinski et al, 1970] and in the Wistar Institute in Philadelphia
[Ross & Coleman, 2000]. Subsequently, the AGS model has been used by
experimenters because of its convenience and usefulness in understanding
mechanisms and treatment strategies for convulsive seizure disorders. One of first
rat strains, bred for AGS-susceptibility, was the Krushinski - Molodkina (KM) rat
strain [Krushinski 1949 – cited in Krushinski et al, 1970; Fedotova et al, 1996],
while the other ones were the ‘genetic epilepsy prone rat’ strain (GEPR) [Jobe,
1991; Tuomisto and Tacke, 1986; Holmes et al., 1990; Reigel et al., 1986; Ross &
Coleman, 2000], and the Wistar-AGS strains [Simler et al, 1999; Garcia-Cairasco,
2002]. In addition, 5 to 30% of outbred Wistar rats can display AGS in response to
a provoking sound [Kuznetsova, 1998]. The genes determining AGS susceptibility
are characterized by partial penetrance and variable expressivity, which causes a
relatively large variability in the seizures’ phenotypes [Barykina et al, 1984; Kurtz
et al, 2001]. It is generally accepted by epileptologists, that brain mechanisms of
AGS resemble those of temporal lobe epilepsy, including changes in the
GABAergic and glutamatergic systems [Shin and McNamara, 1994; Reigel et al,
1986, see also Chapter 1.4.3.].
1.2. Interaction of different seizure types
One of the most difficult and persistent problems in epileptology is the
clinical treatment of complicated, mixed forms of epilepsy. Namely, suppression of
one seizure type is often accompanied by aggravation of other types of paroxysms.
It is still not clear when and how co-morbiding epileptic disorders start interacting.
18
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First of all, it is not known whether co-morbiding seizure types would interact in
untreated subjects. An idea exists about a surplus of excitation for convulsive
seizures and a surplus for inhibition non-convulsive seizures as causal factors [Jobe
et al, 1993; Ure & Perassolo, 2000]. If so, a co-existence of convulsive and nonconvulsive types of epilepsy in the same subject, could lead to a mutual slackening
of these paroxysmal phenomena.
The “pure absences” are, in the eyes of many clinicians, rather rare cases
[Porter, 1988]. The tonic-clonic fits can be registered in as many as 40% of
absence epilepsy patients [Renier & Coenen, 2000]. Moreover, some of these
absence epilepsy patients may develop convulsive fits, even several years after the
last absence spell [Renier & Coenen, 2000]. It is still unclear to what extent the
seizure types, if co-existing in a patient can be mutually interacting. Furthermore,
as much as 64 to 82% of absence patients’ siblings were reported to have subclinical manifestations of the 3 Hz spike-wave activity in EEGs, if recorded for a
long time [Degen et al, 1990]. Thus, these individuals also constitute a risk group.
In the co-existence with convulsive forms the absence epilepsy turns out to be a
disorder which is one of the most difficult to treat. The medications used for
convulsive seizures aggravate, with few exceptions, the non-convulsive ones
[Loiseau, 1992, 1995; Temin & Nikanorova, 1997].
1.3. Brain structures involved in the control of absence and audiogenic
seizures in rats
1.3.1. Control of absence seizures
The hypothetical brain centre for control of absence seizures is subject to a
continuous discussion between epileptologists. Opinions oscillate between
preferences to cortical versus subcortical pacemakers. After recording the EEGs of
patients with absence epilepsy, Jasper and Kershman [1941] proposed a subcortical
origin of these seizures, since no evidence for a cortical drive could be found [cited
in Meeren et al, 200; Nair et al, 2004]. Later on, Penfield and Jasper [1947]
hypothesized a “centrencephalic” pacemaker for SWDs [cited in Myslobodsky,
1970] based on the fact that consciousness is frequently interrupted by absence
19
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epilepsy attacks, and easily broken by even subtle surgical manipulation within the
Fig. 1.3.1.1 Neuronal loop, generating sleep
spindles and absence seizures. (From Steriade
et al, 1993).

midbrain and brainstem regions.
Moreover, attacks are minimally
affected by lesions of relatively large
cortical areas [Penfield, 1950].
However, a theory of a
“cortical” origin of spike-wave
discharges was also raised. It was
based on human experiments, in
which injections of pentylenetetrazol
(PTZ) into the internal carotid artery
evoked absences, whereas PTZ
administration into the vertebral
artery did not [Bennett et al, 1953;

cited in Meeren, 2002]. Later on, Gloor postulated his “cortico-reticular” theory as
a compromise between the “cortical” and “centrencephalic” hypotheses. A hyperexcitable cortex responds to subcortical drive pulses, and develops SWDs instead
of sleep spindles [Gloor, 1988].
Buzsaki [1990] came up with the idea of a “thalamic clock”, common for
sleep spindles and spike-wave discharges. Later on, a specific part of the thalamus,
namely the reticular thalamic nucleus (RTN), was recognized as a pacemaker for
thalamocortical oscillations, such as sleep spindles and SWDs [Fig.1.3.1.1,
Steriade et al, 1987, 1993; Steriade & Contreras, 1995, 1998]. This particular
nucleus sends its GABAergic projections to the entire thalamus, thus ensuring the
possibility to orchestrate the activity of thalamic and thalamocortical neurons. The
last neurons form a loop with the corticothalamic neurons, sending and receiving
excitatory glutamatergic projections (see Fig. 1.3.1.1 B). Sustaining oscillations
can appear within the thalamocortical loops due to functional switch of thalamic
neurons from a tonic firing mode to a burst firing mode. The switch between these
two firing modes depends on the membrane potentials of thalamic neurons [Kim
20
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and McCormick, 1998]. In the RTN neurons, the rhythmic bursts of spikes develop
Fig. 1.3.1.2 The somatosensory cortex plays the

leading role during the 1st 500 msec (A) of
seizures; thereafter the ventral thalamic nuclei
take the leading part (B). The thickness of the
arrow represents the average strength of the
association, and the direction of the arrowhead
points to the direction of the lagging site. The
values represent the corresponding average time
delays in milliseconds. Abbreviations: the
somatosensory cortex (SmI), laterodorsal (LD),
ventroposterior medial (VPM), ventroposterior
lateral (VPL). (Taken from Meeren et al, 2002).

on the tops of the depolarization
oscillations. Prolonged excitation of
RTN neurons leads to generation of
trains of IPSPs in the
thalamocortical cells [Bazhenov et
al, 1999; Avanzini et al, 1996].
The idea of a leading role of
the thalamus in generating spikewave discharges has been recently
confronted with findings of Meeren
et al [2002], indicating that
spontaneous SWDs are initiated in
the somatosensory region of the
frontal cortex (Fig. 1.3.1.2A). Later
on, the RTN takes its turn in pacemaking the paroxysms (Fig.
1.3.1.2B) [Meeren et al, 2002]. The
idea of the leadership of the
somatosensory cortex in the
initiation of absence seizures has
recently been confirmed by

intracellular recordings performed in GAERS under neuroleptanalgesia [Pinault,
2003]. In agreement with this, local injections of ethosuximide into specifically
this region blocked absence seizures in GAERS [Manning et al, 2004].
However, beside these three “major players” – i.e., the somatosensory
cortex, the RTN and the thalamus - there are quite a number of brain structures
capable to influence the thalamocortical circuitry and presumably recruited in the
genesis of spike-wave activity. In human patients, an abnormal 3Hz excitability of
brainstem precedes the neocortical manifestations of absences [Kohsaka et al,
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1999]. In another human study, the dynamics of oculomotor phenomena and
respiratory changes (apnea’s) during absence seizures pointed to “systemic
progresses of the discharge in the brainstem” [Bogasz et al, 2000]. Neurons of the
deep cerebellar nuclei fire phase-locked with the spike or wave component of
"high voltage spindles" (another name for SWDs) [Kandel & Buzsaki, 1993],
independently from the occurrence of tremor-like head and neck movements.
SWDs can also spread to the basal ganglia [Deransart et al, 1998, 2000; Slaght et
al, 2004; Paz et al, 2005] and pontine nuclei [Kuznetsova & Midzyanovskaya,
unpublished data]. The hippocampus is usually devoid of SWDs [Vergnes et al,
1990; Kandel et al, 1996], but might display SWDs after administration of a large
dose of an absence-provoking drug [Salonin &Kuznetsova, unpublished data]. In
rat models of absence epilepsy, the local brain glucose metabolism is increased in
the limbic circuitry and in "the nigral system of seizure control”, which probably
points to brain compensatory circuits, maintaining interictal states of epileptic
brains [Nehlig et al, 1998]. This evidence suggests that spike-wave activity,
generated and maintained by the thalamocortical circuitry, affects also a wide
range of other brain areas.
1.3.2. Control of audiogenic seizures
It is currently accepted that audiogenic seizures in rats are triggered and
Fig. 1.3.2.1. Neuroanatomical structures implicated in audiogenic seizure propagation. A.

Non-kindled audiogenic seizures. B. Kindled audiogenic seizures. (From Deransart et al,
2001).
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controlled by brainstem mechanisms, although forebrain structures can modulate
their severity to some extent [Ross & Coleman, 2000]. Most likely, the abnormal
processing of auditory stimuli by the inferior colliculus is a key point to start
seizing (see Fig. 1.3.2.1A) [Faingold 2002; Coleman et al, 1999]. The abnormality
in the inferior colliculus has, most likely, genetic determinants [for review see
Ross & Coleman, 2000]. From the inferior colliculus, abnormal activity is spread
to the brainstem and forebrain structures (Fig. 1.3.2.1A). Depending on the AGS
severity, neuronal loops activated by seizing, might be different, as it was shown in
a study involving the two sub-strains of GEPRs, namely, in GEPR-9s (exhibiting
tonic AGS), and GEPR-3s (exhibiting clonic AGS). The neuronal network for
tonic AGS resides exclusively in brainstem nuclei, but forebrain sites, including
the amygdala, are recruited after repetitive AGS induction (so-called kindling, Fig.
1.3.2.1B). The brainstem nuclei of the clonic AGS network are identical to those
necessary for tonic AGS. This with a remarkable addition: the necessary
involvement of amygdalar neurons in the clonic AGS network [Raisinghani &
Faingold, 2003].
1.4. Neurochemistry of epilepsies
1.4.1. Misbalance between excitatory and inhibitory mechanisms.
The largest portion of our knowledge on neurochemistry of epilepsy stems
from drug-administration studies and a relatively small part comprises of direct
measurements of neurotransmitter release, concentrations or metabolism. The
traditional point of view on convulsive and non-convulsive epilepsy types is that
the hyper-excitation or hyper-inhibition in the epileptic brains would be
responsible for convulsive or non-convulsive seizures respectively [Laird et al,
1984; Jobe et al, 1991; Doretto et al, 1994]. This point of view is strengthened by
pharmacological features of convulsive and non-convulsive epilepsies, which are
quite different as was mentioned above. Often anti-epileptic drugs, such as
carbamazepine and hydantoin effectively controlling convulsions, provoke
aggravation of non-convulsive seizures [Peeters et al., 1988; Loiseau 1992, 1995].
There are few drugs, capable to control both types of seizures (e.g. valproate and
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benzodiazepines), but not every patient responds to these compounds. The main
reason underlying recurrent pathological hyper-excitation and hyper-inhibition
during epileptic seizures, is thought to be hyper-activity of the glutamate- or
GABAergic system [Jobe et al, 1991]. But in addition to the proposed misbalance
of excitatory and inhibitory amino acids, fainted aminergic neurotransmission was
recognised as a possible contributor to a lowering of the epileptic seizure threshold
[Avakian & Arushanian, 1974; Arushanian and Avakian, 1978; Szot et al, 1996;
Sander et al, 1997, 2000; Haug et al, 2000].
1.4.2. Non-convulsive epilepsies
“The mechanisms whereby anti-petit mal drugs suppress the seizures still
are poorly understood. Major anti-petit mal drugs were developed either in the
course of trial and error efforts (as was the case with ethosuximide) or through
chance and sagacity (as was sodium valproate) rather stemming from research
that led to enhanced understanding of the pathophysiology of the disorder.”
M.S. Myslobodsky, A.F. Mirsky “Elements of petit mal epilepsy”, 1988
Genetic animal models for a disorder provide a unique chance to
experimenters to study the complex nature of this pathology. Failures in the
GABAergic, glutamatergic and opioidergic systems are widely discussed in
relation to absence epilepsy [King, 1979; Gervasi et al, 2003; Huguenard, 1999;
Staak and Pape, 2001; Luhman et al, 1995; Destexhe et al, 1994; Dutuit et al, 2002;
Dufour et al, 2001; Lason et al.1992; Danober et al, 1998]. Dysfunctions in the
brain aminergic systems, probably leading in its turn to impaired modulation of the
GABA- and glutamatergic neurotransmission, can also facilitate SWDs of petit mal
epilepsy [Buzsaki et al, 1990; De Bruin et al 2000, 2001; Depaulis, 1992;
Deransart et al 2000; Micheletti et al, 1987; Filakovszky et al, 1999, 2001;
Noebels, 1984].
The majority of research on aminergic modulation of the absence type of
epilepsy concerns the brain dopaminergic system. Namely, the mixed
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dopaminergic D1/D2 agonists (apomorphine, amphetamine and nomifensine) dosedependently reduce the duration of SWDs in the GAERS, whereas mixed D1/D2
antagonists (haloperidol, flupentixol and pimozide) provoke a dose-dependent
increase in the duration of SWDs [Warter et al, 1988]. The experimental approach
with systemic injections of more selective D1 or D2 agonists or antagonists did not
clearly reveal the respective role of the D1 or D2 dopamine receptors in the control
of SWDs. It was suggested that a synergistic action of both receptor subtypes is
necessary for modulation of absence epilepsy phenomena in GAERS [Warter et al,
1988]. In parallel with these findings in GAERS rats, increase in SWD-activity
was found in WAG/Rij rats under neuroleptoanalgesia (with fentanyl-fluanisone)
[Inoue et al, 1994], as well as after injection of a neuroleptic (haloperidol) alone
[De Bruin et al, 2000, 2001].
The involvement of the brain noradrenergic system in the control of petitmal seizures is not yet very clear. A single mutation leading to a hyper-innervation
of the brain with noradrenaline-containing fibres was pointed out as a causal
reason of epileptic attack in the tottering mouse, since lesions of the NAergic
neurons early in ontogenesis led to abolished absence seizures in these mice
[Noebels, 1984]. However, lesioning of the NAergic system in GAERS led only to
a temporal suppression of SWDs followed by a restoration in a few weeks [Lannes
et al, 1991]. The systemic administration of an alpha-2-agonist clonidine, led to an
enhancement of SWDs in three rat models of absence epilepsy [Jando et al, 1995;
Warter et al, 1988; Van Luijtelaar, 1997; Sitnikova & Van Luijtelaar, 2005]. In
GAERS, only manipulations with alpha-noradrenergic transmission succeeded in
modulation of SWDs. Namely, drugs which decreased alpha-noradrenergic
neurotransmission increased SWD, whereas drugs which increased alphanoradrenergic neurotransmission reduced SWDs. Drugs interacting with betanoradrenergic transmission, monoamine oxidase inhibitors or a noradrenaline
reuptake inhibitor did not affect SWD activity [Micheletti et al, 1987].
So far, there is no direct information available on the effects of
histaminergic drugs in human patients with absence epilepsy. However, it is known
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that antihistamines effectively provoke sedation and drowsiness, which are very
favourable conditions for absence seizures to occur. On the other hand,
intracerebral administration of histamine or its H1 receptor agonists has been
shown to produce behavioural and electrocortical arousal [Monnier et al, 1970; Lin
et al, 1994; Monti et al, 1986; Tasaka et al, 1989]. Thus, one can expect that
manipulation affecting the HA-ergic system would influence absence epilepsy as
well.
There is a discrepancy between the GAERS and WAG/Rij rat models of
absence epilepsy, concerning the putative role of the brain 5HT-ergic system. It
was hypothesised, that serotonin can directly affect the neuronal excitability of
neocortical neurons [Dringenberg & Vanderwolf, 1998]. However, in the GAERS
model, neither pharmacological manipulations of the 5-HT system, nor the
destruction of the raphe nuclei led to changes in spike-wave activity [Danober et
al, 1998]. Oppositely, in the WAG/Rij rat model, a 5-HTergic agonists facilitated
SWDs, as was reported [Gerber et al, 1998; Filakovszky et al, 1999; Jakus et al,
2003].
In summarising the above mentioned experiments on the aminergic control
of SWDs one can state that, as a rule, drugs promoting the catecholaminergic
transmission decrease SWDs, and vice versa. The same might be expected for the
histaminergic neurotransmission, since it largely affects vigilance. The brain
serotoninergic system is able to modulate the susceptibility to absence seizures in
the WAG/Rij rat model, but not in the GAERS model.
1.4.3. Convulsive epilepsies
The most salient feature in neurochemistry of convulsions is the loss of
GABAergic inhibitory control over neuronal excitability and an existing imbalance
with the excitatory glutamatergic signalling. Drugs which are capable to elevate
GABA concentrations in the synaptic cleft, such as the anticonvulsant vigabatrin,
an irreversible GABA transaminase inhibitor, lead to a suppression of convulsive
seizures [Rogawski & Loscher, 2004; Cossart et al, 2005].
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Literature data on the aminergic control of convulsive epilepsies are
controversial. Noradrenaline, serotonin, and histamine seem to act as “anticonvulsive neurotransmitters”, since their availability in the brain is critical for the
seizure threshold [Szot et al, 1996; Weinshenker and Szot, 2002; Tuomisto and
Tacke, 1986; Onodera et al, 1992]. The putative role of the brain dopaminergic
system is not very clear [Starr, 1996; Weinshenker and Szot, 2002]. Several
authors have managed to decrease the severity of seizures by an extra-supply of
dopamine, for example by grafting DA-ergic tissue [Ermakova et al, 1996, 2000].
However, any manipulation of the brain dopaminergic system can easily affect the
noradrenergic system. When special efforts were undertaken to separate the
dopaminergic and noradrenergic influences, a lack of effect of the dopaminergic
manipulation on the susceptibility for convulsions was reported [Weinshenker and
Szot, 2002].
1.5. Behavioural aspects of epilepsies
1.5.1. Co-morbidity of epilepsies with mild to severe behavioural
abnormalities
Nowadays epileptic patients are directed to neurologists rather than to
psychiatrists. However, there is a number of psychosocial and psychiatric problems
associated with the seizures' experience. In epileptic patients, the levels of anxiety
and depression are significantly correlated with the frequency of the seizures. The
same is found for the patients' estimation of their relationships with family
members and close friends, social activities, feelings of self and the ability to work
[Jacoby et al, 1996]. Even during the interictal or remission periods a portion of
epileptic patients display psychiatric co-morbidities such as behavioural
maladjustment, anxiety, and depression [Batzel & Dodrill, 1986; Dodrill 1986;
Ettinger et al, 1998; Maksutova & Frosher, 1998; Gilliam et al, 2003; Cramer et al,
2003; Pellock, 2004]. Childhood epilepsies are often associated with attentiondeficit-hyperactivity disorder, autism, developmental disabilities depression and
anxiety [Ettinger et al, 1998; Pellock, 2004].
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One of the major problems for epileptic patients seems to be the poor coping
to various stressors. Emotional stress is self-reported as the major seizureprecipitating factor in patients with generalized epilepsies [Nakken et al, 2005]. In
parallel, for the vast majority of the stress of psychiatric disorders is a major nongenomic provocative factor contributing to the aggravation of acute symptoms, as
well as to the treatment outcomes and even to relapses after remission
[Moghaddam, 2002]. Hence, the delineation of mechanisms of stress vulnerability
is fundamental for improving the clinical strategy for the treatment of both
epileptic disorders and possible psychiatric co-morbidities.
1.5.2. Non-convulsive seizures
In humans with non-convulsive, primarily generalized epilepsies,
behavioural abnormalities are rather rare, in comparison to other epileptic patients.
It is shown in human patients with non-convulsive seizures, that no significant
behavioural changes can be detected in many behavioural aspects interictally, e.g.
in learning or motor activity. Absence of behavioural abnormalities and good
school skills are considered as a sign for a good prognosis for absence epilepsy
patients [Niedermeyer, 1993, 1996]. However, it is known from clinical practice,
that epileptic patients, including those suffering from absences, often meet
difficulties in adaptation or revalidation after being exposed to stressors
[Maksutova & Frosher, 1998]. Recently, it was shown that a stressful experience,
on the long run, could provoke idiopathic absence epilepsy in seizure-naive
children, since the incidence of childhood absence epilepsy was higher in waraffected compared to non-affected regions [Bosnjak et al, 2002].
Up to now, behavioural abnormalities have not been reported in GAERS or
WAG/Rij rats. However, under stressful conditions absence epileptic WAG/Rij
rats displayed a higher anxiety [Molodavkin et al, 2004] or more depressive-like
behaviour [Sarkisova et al, 2003], as compared to Wistar controls. The
neurophysiological basis of such poor stress resistance and depressive-like
behaviour, possibly associated with absence epilepsy, has not been studied yet.
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1.5.3. Convulsive seizures
Convulsions may cause neuronal death in the brain (see Chapter 1.3.2.) and
thus might change the behaviour of the subject. GEPRs rats, after repeated seizure
provocations, showed poorer performance in a T-maze, required longer times to
find the platform in the water maze, and were less active in the open field.
Furthermore, they were less aggressive in the home cage intruder test, and more
irritable and aggressive in the handling test [Holmes et al, 1990]. Thus, impairment
of learning, motor control and psycho-emotional abnormalities may occur after
repeated severe convulsions. Interestingly, seizure-naive rats genetically
predisposed to AGS, displayed reduced activity and locomotion, with increased
anxiety [Garcia-Cairasco et al, 1998]. This implies that even a latent form of
epileptic pathology might be accompanied by behavioural abnormalities that can
be revealed after a mild stress.
1.6. Aim and scope of the thesis.
Absence epilepsy is a disease which preferentially affects children.
Therefore experimentation in human patients is ethically not possible. In the
present study we used inbred rats with genetically determined absence epilepsy
(the WAG/Rij strain), in order to study behavioural, electrophysiological and
neurochemical aspects of absence epilepsy; absence epilepsy occurring in its
"pure" form or associated with convulsive (audiogenic) seizures.
Particularly, we were aimed to the following research questions. The first
question was whether the co-morbiding convulsive (audiogenic) and nonconvulsive (absence) epilepsy are capable to influence each other manifestations.
The second question was whether the type and the severity of the seizures can
determine the behavioural traits of the rats, the vulnerability of the rats to
emotional stress and the underlying aminergic neurochemistry.
To approach these goals we compared WAG/Rij and Wistar rats. This since
the WAG/Rij strain is derived from the Wistar strain and, hence, between-strain
differences unrelated to absence epilepsy are expected to be minimal. Absence and
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audiogenic seizures in these rats were scored, by means of the EEG manifestations
(for absence epilepsy) and expert assessment of paroxysmal behaviour (for
audiogenic epilepsy). Multiple comparisons between the rats with absence and
audiogenic seizures (subjected or not to emotional stress), are made, to reveal the
effects of strain, audiogenic susceptibility and stress. Behavioural and
neurochemical variables, measured in stressed and unstressed rats of these groups,
are checked for correlations with the seizures' severity. In additional experiments,
the distributions of receptors for brain amines (dopamine and histamine) were
studied and the effects of drugs affecting the aminergic neurotransmission
(haloperidol and pyrilamine) were assessed in WAG/Rij rats. In Chapter 2 a model
of mixed, convulsive - non-convulsive epilepsy form is introduced. Convulsive
seizures, provoked by sound stimulation (audiogenic seizures, AGS), are seen in a
sub-population of WAG/Rij rats. The characteristics of these audiogenic seizures
in WAG/Rij rats were investigated and compared to those of AGS-prone Wistar
rats. This comparison could help to study whether the presence of absence epilepsy
pathology might influence the manifestation of audiogenic seizures. Oppositely, in
comparing the spike-wave activity of AGS-susceptible and non-susceptible
animals, it seemed possible to check whether the experience of audiogenic seizures
will affect the characteristics of absence epilepsy.
Moreover, a suitable mixed epilepsy rat model might mimic forms of mixed
types of epilepsy in humans, in which co-morbidity of different types of seizures is
not uncommon.
Next, the behavioural response to novelty stress and to emotional stress
(aversive sound stimulation) of WAG/Rij and Wistar rats with or without AGS,
was assessed by counting the grooming, vertical and horizontal locomotion, and
defecation-urination. These experiments are described in Chapter 3. The brain
aminergic systems are capable to influence the behaviour of epileptic individuals
and modulate the threshold of seizures. In Chapters 4, 5 and 7 the brain aminergic
systems of rats with absence and audiogenic epilepsies were studied. Putative
relations between the propensity of absence seizures in WAG/Rij rats and the
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indices of the catecholaminergic, serotonergic, and histaminergic
neurotransmission were investigated. The relevant structures in neocortex, basal
ganglia and brainstem regions were evaluated for absence epilepsy and for
audiogenic seizures. Activation of these aminergic systems in the brain by a
psychogenic stressor, the sound stimulus, was compared in normal and epileptic
rats (Chapters 4, 5 and 7).
The brain serotonergic system is responsible, to a large extent, for an
increase in stress vulnerability and for mood depression. 5HT-ergic agents are
reported to influence absence paroxysms in the WAG/Rij model, but not in the
Fig.1.6.1 Schematic depiction of the experimental design (used in
the Chapters 3,4,5,7).
absence epilepsy

GAERS model (see
Chapter 1.4.2.). In
Chapter 4 it was
examined whether
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Marked

cataleptic reactions are previously reported in WAG/Rij rats and are also found in
the present study (Chapter 2), implying some dysfunctions of the brain
catecholamines. Putative relations between indices of the catecholaminergic
neurotransmission and the propensity of absence seizures were described in
Chapter 5, in which the tissue levels and metabolism of catecholamines and the
distribution of dopamine receptors in brains of WAG/Rij and Wistar rats were the
topics. Furthermore, the experiments described in Chapter 6 the brain regional
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distribution of dopamine receptors were compared between WAG/Rij rats and ACI
rats, which are particularly resistant to epilepsy.
In Chapters 7 and 8 the question of a possible role for the brain
histaminergic system in absence and audiogenic epilepsy is addressed. Tissue
levels of histamine were assessed in brains of WAG/Rij and Wistar rats, with or
without susceptibility for audiogenic seizures (Chapter 7). A histamine antagonist,
mepyramine (pyrilamine), was systemically administered to WAG/Rij rats in order
to evaluate its effects on SWDs (Chapter 8). In addition, the regional distribution
of H1 histamine receptors and the tissue contents of histamine in brain regions
were assessed.
In the last chapter, the electroencephalographic characteristics of the second
type of aberrant EEG discharges which can be observed in a sub-population of
WAG/Rij rats were investigated [Van Luijtelaar & Coenen, 1986]. The so-called
SWDs type II have also a spike-wave morphology, but other spatiotemporal
characteristics. Furthermore, spike-waves are not accompanied by behavioural
arrest or myoclonic jerks. This second type of EEG oscillations is not well studied.
Only the effects of GABA-enhancing drugs (a re-uptake enhancer, tiagabine,
[Coenen et al., 1995], and a GABA-transaminase inhibitor, vigabatrine [Bouwman
et al., 2004]) were previously investigated. Moreover, a QTL (quantitative trait
loci) study has been performed [Gauthier et al., 2004], as well as a study towards
the effects of environmental manipulations [Schridde & Van Luijtelaar, 2004]. In
the experiment described in Chapter 9, the temporal and spatial characteristics of
both types of SWD are reported. Furthermore, the responses of both types of
SWDs to dopaminergic drugs are investigated, for the reason that dopaminergic
drugs are among the strongest modulators of SWDs. The dataset reported in
Chapters 3 to 5 and 7 is analyzed with post-hoc tests to unmask possible correlates
of this second type of SWDs.
In the concluding Chapter 10 the results are summarised and the general
discussion is provided.
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2.1. Abstract
Mixed forms of epilepsy in patients are often refractory. Therefore,
animal models of convulsive and non-convulsive seizures comorbidities are
needed for experimental approaches. Susceptibility to audiogenic convulsions
was studied in a large group of young and adult WAG/Rij rats, with inherited
absence epilepsy. In 30% of adult rats sound stimulation provoked audiogenic
seizures of moderate intensity. The seizures had two excitation periods separated
by a remarkably stable “arrest” of paroxysmal movements. Up to 20% of young
WAG/Rij rats were also susceptible to audiogenic seizures, with a longer latency,
lower intensity and more simple seizure patterns. No difference in manifestations
of spike-wave discharges was found between the WAG/Rij rats with and without
audiogenic seizures. This sub-population of WAG/Rij rats, genetically
predisposed to absence and audiogenic seizures, is proposed as an animal model
suitable for investigation of basal mechanisms and pharmacological profiles of
this mixed form of epilepsy.
2.2. Introduction
Genetic animal models for certain human pathologies are often used to
search for the most adequate drug therapies and to study underlying pathogenic
mechanisms [1, 2]. There are several genetic animal models for convulsive forms
of human epilepsies. In some models convulsions appear spontaneously, such as in
SER (spontaneous epileptic rats), WER (Wakayama epileptic rats), IGER (Ihara’s
genetically epileptic rats), NER (Noda epileptic rat) rats [3-6]. In other genetic
models convulsions are induced experimentally, f.e. elicited by audiogenic
stimulation. One of them is the Krushinski - Molodkina (KM) rat strain with
audiogenic seizure [7], other strains of such kind are the so called GEPR (genetic
epilepsy prone rats) [8-9]. The WAR (Wistar audiogenic rat) and Wistar AS
(Audiogenic Sensitive) rat strains also exhibit audiogenic seizures [10-12]. Rats of
these strains react with clonic-tonic seizures to strong sound stimulation.
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Non-convulsive epilepsies are a particular type of epilepsy. GAERS
(genetic absence epileptic rats from Strasbourg) and WAG/Rij (Wistar albino
Glaxo from Rijswijk) rats are the most used genetic models for a non-convulsive
type of epilepsy, namely childhood absence epilepsy [13-15]. All rats of the
WAG/Rij strain have spontaneous, generalized spike-wave discharges, which are
the main indicative of absence epilepsy. Behavioral experiments and
pharmacological screening studies confirmed the model’s validity [14,15].
Childhood absence-epilepsy is accompanied by a convulsive type of
epilepsy in 40% of the cases [16-17]. Therefore, it’s important to have good animal
models for mixed forms of epilepsy (i.e. coexistence of convulsive and nonconvulsive seizures). At present, only a few models of mixed epilepsy form have
been reported in laboratory animals. The “tottering” and “leaner” mice [18,19]
strains of spontaneous-epileptic rats with EEG paroxysms resembling atypical
absences [3, 4, 20] represent currently available murine models for mixed types of
epilepsies. A mixed form of epilepsy was recently obtained in hybrid rats issued
from cross-breeding between Wistar rats with audiogenic seizures and rats with
spontaneous absence seizures (GAERS and Wistar AS) [21].
Sound stimulation provokes convulsive seizures in a sub-population of
WAG/Rij rats [11,22]. The purpose of the present work was to study
systematically epileptic phenomena in WAG/Rij rats with this double pathology
and in control Wistar rats with only audiogenic seizures. It is assumed that the subpopulation of WAG/Rij rats with audiogenic seizures might be used as an animal
model for a mixed form of epilepsy.

2.3. Methods.
Audiogenic susceptibility was routinely examined in 320 WAG/Rij rats
(male and female, at the age of 5-7 months), as well as 188 young WAG/Rij rats (2
to 8 weeks) participated in the data as reported here. Temporal parameters of
audiogenic seizures were determined in another group of adult WAG/Rij rats
(n=50) and in Wistar rats (n=60).
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For testing audiogenic susceptibility an animal was placed into a box
Fig. 2.1. Characteristics of audiogenic seizures in adult

WAG/Rij rats. A – a histogram for susceptibility to
audiogenic seizures. X,Y axes are: the intensity of the
seizures, estimated in scores (0,1,2,3,4), and percentage
of observed seizures of given intensity, respectively. B –
examples of patterns of audiogenic seizures, for
explanation see the text.
A.

(60u60u60 cm) and a
standard complex
(multipeak) sound (‘keys
ringing’ [7]) produced by
a vibro device, with a
frequency range of 13-85
kHz (maximum of the
spectrum in 20-40 kHz)
and mean intensity 50-60
dB was presented to adult
rats (for 1.5 min) or young
animals (for 1 min). The

B.

results of only the 1st test
of audiogenic seizure
susceptibility are reported
below. The sound stimulus
of a quite low intensity
was enough to provoke
audiogenic seizure attacks
in susceptible animals [7,
11], probably due to
pronounced 20-40 kHz
components of the signal,

which lies in the range of extremely low hearing threshold for the rat [23], and
coincide with the range of aversive ultrasound vocalization [24].
The intensity of audiogenic seizures was estimated by a four-level scale,
originally proposed by Krushinski [7]: 0 - lack of audiogenic seizures; 1 – wild
running; 2 – clonic seizures, while the rat is lying “on its belly”, this phase
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develops after wild running; 3 – clonic seizure continues, the animal turns into the
position “on its side”; 4 – the seizures end with the tonic phase.
To obtain quantitative characteristics of audiogenic seizures, we detected 8
Fig.2.2. Characteristics of audiogenic seizures in young WAG/Rij
rats. A – the histograms for susceptibility to audiogenic seizures in
2,3, 4 and 8 – weeks-old rats, respectively. X,Y axes are: the
intensity of the seizures, estimated in scores (0,1,2,3,4), and
number of animals displayed seizures of a given intensity,
respectively. B - examples of patterns of audiogenic seizures, for
explanation see the text.
A.

different temporal
parameters: latency
(LAT); duration of
the first excitation
period (short
paroxysmal running,
R1); the arrest of
paroxysmal running
(ARR); duration of
the second episode of
excitation (wild
running, R2);
durations of clonic
seizures in position
“on its belly” and “on

B.

a side” (CL1, CL2
respectively); chaotic
jumping (JMP). An
observer measured
the latency and
duration of each
phase of the seizure.
Seizures were always
followed by
prolonged catalepsy
(CAT) in WAG/Rij
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rats. Duration of catalepsy was determined by automatic registration of keeping the
‘lector pose’ by assessing the pressure of forepaws on the support.
The manifestation of absence epilepsy in WAG/Rij rats, spike-wave
discharges (SWD) was monitored in 31 male adult WAG/Rij rats with and without
susceptibility to audiogenic convulsions. Rats of both subpopulations (15 and 16
WAG/Rij rats, respectively) weighed 250-300 g. For this purpose epidural
electrodes (stainless steel screws) were placed over the frontal and parietal area of
cortex, with referent electrodes over the cerebellum. The surgical procedures were
made under chloral hydrate (4% solution, 10 ml/kg i.p.) and local anesthesia (2%
procaine). After a two-week recovery period, EEGs were recorded using
electroencephalograph Bioscript BST 2000, with low pass and high pass filters of
0,3 sec and 200 Hz respectively. Two recording sessions of 40-45 minutes were
arranged for each rat. Individual indexes of spike-wave activity (SWD-index, time
occupied by generalized SWD) were calculated in percents of time. All
experimental procedures were performed under institutional guidelines of animal
care. Statistical analysis was done by ANOVA , followed by the Fisher’s exact test
and Kolmogorov-Smirnov test.
2.4. Results.
Table 2.1. Severity of audiogenic seizure in male
and female WAG/Rij rats. Number of animals
representing audiogenic seizures of given severity
(the first row), is given in below the scores for the
male rats (the second row) and female rats (the third
row). The sums are reported in the last row.
Adult rats
male
female
total

n
230
90
320

0
162
61
223

SCORES
1
2
34
30
12
16
46
46

30% of all adult WAG/Rij rats
had an audiogenic seizure of
moderate intensity, achieving 1-2
scores and less often – 3 scores).
Tonic seizures (the 4th score)

3
4
1
5

4
0
0
9

were never observed in WAG/Rij
rats (Fig.2.1, A). No reliable
difference in audiogenic

susceptibility was obtained when male and female animals were compared (Table
2.1).

44

MIXED FORMS OF EPILEPSY IN A SUBPOPULATION OF WAG/RIJ RATS

The seizures always developed in a double-wave manner and consisted of
several phases. Temporal characteristics of the seizures in adult WAG/Rij rats, as
Table 2.2. Parameters of audiogenic seizures in adult WAG/Rij and Wistar rats. Data are
presented as the means r standard deviations, in seconds. Abbreviations: LAT – latency; R1
– the first wave of paroxysmal activity; ARR – motionless period; R2 - the second wave of
audiogenic running; CL1, CL2 - clonic seizures in position of the belly and on side; JMP –
jumping; CAT – catalepsy
Adult rats

LAT R1

ARR R2

CL1

CL2

JMP CAT

WAG/Rij rats

16.0

26.0

6.7

8.9

7.5

N=50

± 7.2 ± 2.2 ± 2.4 ± 16.0 ± 4.3 ± 1.9 ± 8.0 ± 5.8

Wistar rats

17.7

N=60

± 6.5 ± 2.0 ± 3.5 ± 9.6 ± 6.0 ± 6.5 ± 2.5 ± 5.9

4.4
3.8

26.6

22.3
21.6

14.2

12.2

8.3

124.7
35.5

compared to Wistar rats, are given in Table 2. 2; Fig. 2.1B represents the
schematics for the pattern of audiogenic seizures in individual WAG/Rij rats.
The double-wave seizures, observed in WAG/Rij and Wistar rats, had a
quite long latency. The first wave of excitation (R1) was characterized by short
running. After period of arrest of running (ARR) the second wave of excitation
developed as wild running (R2). The extreme stability of arrest period (ARR)
between R1 and R2 phases was striking, as the duration of other phases fluctuated
in wide ranges (see the Table 2.2). If the R2 did not end up the seizures, it quickly
proceeded to clonic convulsions (CL1 and CL2). Series of chaotic jumping (JMP)
could be observed between the last convulsive phase and catalepsy (CAT).
Temporal parameters of the double-wave seizures in the two groups of rats
(WAG/Rij and Wistar) were quite similar in general (Table 2.2). The only
exception was the duration of catalepsy. In WAG/Rij rats, catalepsy lasted
significantly longer than in Wistar rats. Lowering of muscular tone and immobility
developed within a few seconds post-seizures. We did not find any correlation
between the intensity of the audiogenic seizure and the duration of cataleptic state.
Susceptibility to audiogenic seizures was studied in 4 groups of young
WAG/Rij rats (Fig. 2.2 A,B). The sound stimulation did not provoke the
audiogenic seizures in 2-week-old animals (n = 50), but these rats displayed
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catalepsy. In the next group of young WAG/Rij rats, 3-week-old (n = 50),
audiogenic seizures appeared in 10% of cases. These convulsions developed as
one-wave long running, without any sign of ARR phase The probability and
severity of audiogenic seizures gradually increased with age: few cases of clonic
Fig.2.3. Typical spike-wave discharges in ECoG: A – of a
WAG/Rij rat with “pure” absence epilepsy, B – of a WAG/Rij
rat with ‘mixed’ type of epilepsy. Calibration bars are 1 sec,
500 mcV.

seizures (CL1) were
detected in 4-week-old rats
(n=50). At the same age a
short (10-15 sec) ARR
phase could interrupt wild
running. The susceptibility
to and severity of
audiogenic seizures in 8week-old rats (n=38) was
found to be very similar to
those of adult animals, and
the seizures ran in the
typical double-wave
pattern. The postconvulsions catalepsy was
detected in all studied age

groups. The duration of cataleptic states did not differ significantly between these
age groups. No profound difference in probability or severity of audiogenic
seizures was found between males and females of any age checked.
The electrophysiological study (31 rats) revealed no visible difference in
parameters of spike-wave discharges (SWD) in WAG/Rij rats with and without
convulsive audiogenic seizures (Fig. 2.3 A,B). Each SWD began spontaneously
and also ended suddenly, starting with 9-10 Hz and lowering up to 7-8 Hz by the
end. The durations of SWD varied mainly within 5-10 sec range. The
characteristics of SWD were the same as reported in many previous studies [e.g.
14, 25].
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The mean SWD-indexes (see the Methods) and its standard errors were 3.6
± 1.0 % and 5.4 ± 1.6 % for the groups of rats with (n=15) and without (n=16)
audiogenic seizures, respectively. The Ȝ-criterion of Kolmogorov-Smirnov was
used to establish the point of maximal difference between these two distributions
(found as SWD-index = 6%). However, the difference between these distributions
was not significant (p = 0.11, Fisher exact test).
2.5. Discussion.
In the present study we described a sub-population of WAG/Rij rats with
comorbide audiogenic and absence seizures. The double-wave audiogenic seizures
observed in WAG/Rij, as well as in Wistar rats had a significantly longer latency
than was reported for one-wave audiogenic seizures of high intensity in KM rats
[11]. Also in the contrast to KM rats, in which severe one-wave audiogenic
seizures develop impetuously, the presently found double-wave seizures were
more prolonged and less intense. It allowed us to study in detail the quantitative
temporal pattern of the evolution of audiogenic seizures. Remarkably, the phases
of audiogenic seizures always followed each other in the same order.
The phases’ sequence and their temporal parameters completely coincided
in rats of two strains – WAG/Rij and Wistar (Table 2). It might mean that
spontaneous and recurrent absence discharges, typical for WAG/Rij rats, do not
affect the intensity and latency for this convulsive (audiogenic) type of seizures.
This is not true for another type of convulsive epilepsy: Eskazan et al [26] revealed
a large resistance to propagation of amygdaloid kindling seizures in GAERS rats
with genetically absence epilepsy. The same was found in WAG/Rij rats
[A.Bikbaev, personal communication]. It is known that brain circuits underlying
kindled and non-kindled audiogenic seizures are different [27]. It might be
speculated, that “thalamo-cortical” absence epilepsy does not interact with
“brainstem” audiogenic seizures, but prevents the amygdala from being fully
kindled, perhaps through recruitment from forebrain structures.
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In our experiments, (see the Table 2) rats with and without absence
epilepsy (WAG/Rij and Wistar) do not differ in manifestation of audiogenic
seizures. In this respect, it would be interesting to compare the course of
audiogenic kindling, and especially the limbic components of it, in rats of these
strains. Preliminary data showed that in WAG/Rij rats limbic motor component of
kindled audiogenic seizures is shorter than one in Wister rats [28].
The highly stable duration of ARR phase between the two waves of motor
excitation (R1 and R2) in adult animals was quite surprising. As a reason for the
motionless period, some “temporal prevalence of inhibition” was proposed [7, 29].
However, it is difficult to explain, why this temporal strengthening of inhibition
always had a stable duration, while other parameters were more variable.
The only difference between WAG/Rij and Wistar rats in respect to
audiogenic seizures was the duration of post-convulsive catalepsy. The
observations correlate well with our previous findings about the lowered catalepsy
threshold in WAG/Rij compared to Wistar rats [30,31]. Catalepsy develops during
and after different forms of spontaneous or induced epileptic activity in animals
[32, 33]. Clinical evidence of cataleptic symptoms in patients with non-convulsive
epilepsy can also be found [16, 17]. In children, absence seizures are accompanied
by cataleptic reactions in 20% of cases.
In the present study we have shown that audiogenic seizures in susceptible
rats of the WAG/Rij strain appear significantly earlier during ontogenesis, than
discharges of absence epilepsy; the latter ones might be observed starting from 3-4
months [34]. Audiogenic seizures in other genetically susceptible rats (GEPR-3,
GEPR-9, KM) in response to provocative sounds can be obtained starting from 2
or 3 week and the seizures remain in the later periods of ontogenesis [35, 36]. For
rats with developmental audiogenic seizures, the optimal priming day is in the
same interval, between the 2 and 3 week [rev. in 9]. In case of drugs or electricallyinduced convulsions, variety of age profiles of sensitivity to epileptogenic
influences was reported. However the most authors emphasis the same age of 2-3weeks as most sensitive [37-39]. Our data on the appearance of audiogenic
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paroxysms in young WAG/Rij are in good accordance with the reported
“developmental window” of high sensitivity for seizures. During the development,
the probability of origin of audiogenic seizure in WAG/Rij rats became higher.
Baseline mechanisms of the origin of the high seizure susceptibility in
ontogenesis still remain not very clear [9,36]. Significant augmentation of
sensitivity to ultrasonic stimuli observed in young animals (postnatal day 13-14)
[23] play a certain role in epileptogenesis. Adult rats, predisposed to audiogenic
seizures, display pathological changes at the levels of cochlea and inferior colliculi
[40]; however the precise age of the failures’ appearance is not known.
EEG recordings in both audiogenic susceptible and non-susceptible
WAG/Rij rats showed during base-line the classical SWDs, trains with spike and
waves, interspike frequency of 7-10 Hz. The EEG during sound stimulation in
audiogenic susceptible rats is usually contaminated with moving artifacts. After the
end of audiogenic seizures rats were behavioural passive and the EEG showed
delta waves while SWDs were suppressed [30]. Large amplitude paroxysms
appeared in cortical EEG after repetitive sound tests, as single or serial spikes and
sharp waves [41;42]. These paroxysmal discharges were related to convulsive
activity and differed greatly from the very stable parameters of SWDs of absence
epilepsy.
Hypersynchronous theta-rhythm was observed during the presentation of
audiogenic sounds in the EEG of non-susceptible WAG/Rij rats, while SWDs were
completely suppressed. Immediately after the end of sound stimulation, a large
rebound in SWD was detected. The SWDs were interspersed with large deltawaves [30].
There are only a limited number of animal models for mixed types of
epilepsies. Naquet and Meldrum [43] were the first, who described mixed seizures
in the photosensitive baboons Papio Papio, in which absence seizures are followed
by myoclonic jerks. In the “tottering” mice ataxia, motor seizures and generalized
spike-wave discharges are reported [18]. A very interesting model of mixed types
of epilepsy was developed by Serikawa at al. [3]: SER rats displaying absence-like
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seizures (5-7 Hz spike-wave complexes, observed in the neocortex and
hippocampus) and tonic convulsions, which can be easily induced by sound or
even light tactile stimulations. WER’s exhibited both spontaneous tonic-clonic
convulsions and cortical SWDs (4-6 Hz) with absence-like behavior [4]. The subpopulation of WAG/Rij rats with audiogenic seizures and spike-wave discharges is
another new model of mixed epilepsy.
The differences of the supposed inhibitors and excitators’ misbalances in
convulsive and non-convulsive epilepsy forms are always mentioned in discussions
of mechanisms that underlie different types of seizure activity [1, 44, 45].
Enhancement of inhibition, caused by varying pharmacological manipulations,
usually leads to elimination of convulsive seizures, but aggravate non-convulsive
ones. Interesting exceptions are the benzodiazepines, which act as anticonvulsant
in the both cases [46]. Also some drugs affecting the glutamatergic system change
in the same way both types of seizures [rev. in 47]. Animals with mixed form of
epilepsy might show rather different pharmacological profiles for the coexisting
epilepsy types. However this problem is studied insufficiently. The effects of
antiepileptic drugs on convulsive and absence-like seizures were only investigated
in some detail in SER rats. Absence seizures in SER rats can be inhibited by
trimetadione and ethosuximide; convulsions blocked by phenytoin. Both type of
seizures can be diminished by sodium valproate, phenobarbital and muscimol [3,
48]. There are only some new data about different effects of GABAergic drug
(vigabatrin) on convulsive [49] and non-convulsive [50,51] seizures in WAG/Rij
rats.
The coexistence in the same individuals of the both convulsive and nonconvulsive seizures made it difficult to hypothesize, that some particular imbalance
between inhibition and excitation exists in the whole brain, but suggests rather
some local dysfunctions. Recently data were obtained in chromatographic studies
in WAG/Rij rats with mixed form of epilepsy [52]. They showed that responses to
neurochemical correlates of absence and audiogenic seizures were not the same or
even opposite in different brain structures. An opposite pharmacological pattern is
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to be expected since absence epilepsy is a cortico-thalamic type of epilepsy, while
audiogenic seizures are a brainstem pathology. Anyway, rats with mixed pathology
allow us to study the interaction between two types of pathology.
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CHAPTER 3
Behavioural features of rats with convulsive,
non-convulsive and mixed type of epilepsy.
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3.1. Abstract
Behavioural response to a new environment of Wistar and WAG/Rij rats
with absence and/or audiogenic seizures (AGSs) was investigated. Behaviour was
observed in open-field (OF) and light–dark choice (LD) tests. Correlations of test
performance with seizure parameters were evaluated. AGS-susceptible Wistar rats
exhibited reduced exploration (rearing) in both tests and a tendency toward
hyperlocomotion in the OF test. Genetically absence-epileptic WAG/Rij rats
demonstrated agitation (increased vertical/horizontal locomotion, enhanced
defecation/urination) in the LD test, whereas they exhibited reduced exploration,
increased grooming, and hyperlocomotion in the OF test. Anxiety level, as
estimated by grooming time in the OF test and latency to first ‘‘risk assessment’’
in the LD test, correlated positively with the propensity for absence seizures in
WAG/Rij rats not susceptible to AGSs. It can be concluded that the behavioural
response to novelty stress in epileptic subjects depends on the type and severity of
seizures.
3.2. Introduction
Children diagnosed with childhood epilepsy are at increased risk of
adjustment reactions, co-morbid anxiety, depression, attention-deficit hyperactivity
disorder, and familial and social problems [1–6]. It is not ethically possible to
study the interrelationships between environmental stress and epilepsy
experimentally in humans; therefore, animal models are a substrate for laboratory
manipulations. In the present study, we used genetic animal (rat) models of
convulsive, nonconvulsive, and mixed forms of epilepsy to investigate their
response to different types of environmental stress. Audiogenic seizures (AGSs)
are described in 10–40% of Wistar rats and also in rats originally derived from the
Wistar strain, the WAG/Rij strain of rats [7,8]. AGSs can be provoked by sound
stimuli of high intensity and/or with pronounced ultrasound components [7,9]. The
AGSs usually consist of three consecutive stages: wild running, jumping, and
tonic–clonic seizures [9]. This type of seizure in rats can be blocked by drugs
effective for convulsive epilepsy in humans [10]. Absence seizures are
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characterized by a paroxysmal decrease in consciousness, accompanied by
behavioural arrest and sudden recurrent bursts of bilateral, generalized spike-andwave activity on the EEG. These spike–wave discharges (SWDs), the main
electrophysiological indicator of absence epilepsy, can be observed in several
strains of laboratory rodents [11]. Two inbred Wistar derived strains are
extensively used and broadly accepted as genetic models of absence epilepsy: the
GAERS strain and the WAG/Rij strain. SWDs in the GAERS and WAG/Rij strains
can be blocked by antiepileptic drugs effective for human absence epilepsy
[12,13]. Recently, we described a subpopulation of WAG/Rij rats susceptible to
audiogenic convulsions: AGSs in WAG/Rij rats have almost the same pattern as
those in Wistar rats. However, the characteristics of SWDs (number, mean
duration, frequency) are similar in WAG/Rij rats susceptible and unsusceptible to
AGSs [8]. In the present study, Wistar rats susceptible to AGSs were used as a
model for convulsive seizures (reviewed in [19]). Rats of the WAG/Rij strain not
susceptible to AGSs were taken as a model for nonconvulsive epilepsy of the
absence type [13,14]. WAG/Rij rats susceptible to AGSs served as a model for a
mixed form of epilepsy [7,8]. Non-epileptic Wistar rats (Wistar-nAGS) were used
as the control group.
We supposed that by comparing behavioural characteristics of substrains of
the WAG/Rij and Wistar strains susceptible and not susceptible to AGSs one could
obtain valuable information on behavioural correlates of convulsive and
nonconvulsive seizure types. Importantly, the results obtained would be minimally
‘‘contaminated’’ by inter-strain differences not related to epilepsy. Therefore, the
present study was aimed at evaluating the effect of convulsive (AGS rats vs nAGS
rats), nonconvulsive (WAG/Rij rats vs Wistar rats), and mixed (WAG/RijAGS vs others) forms of epilepsy (types) on the behavioural response to two
different new environments that differ in the amount of imposed stress.
3.3. Methods
3.3.1. Animals
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In total, 48 male rats were used: 24 WAG/Rij rats (bred at the vivarium of
IHNA) and 24 Wistar rats (supplied by Stolbovaya and further kept at IHNA). At
the beginning of the experiments, the WAG/Rij and Wistar rats weighed 265 ± 9
and 277 ± 10 g, respectively, and were 4–5 months old. Rats were housed in
groups of three to five per cage, under natural light–dark conditions (about 10
hours of daytime light). All experiments were performed in accordance with
institutional and national guidelines of animal care. All efforts were made to
reduce the number of animals and their suffering.
3.3.2. Procedure
Four experimental groups were formed:
(1) rats with only absence epilepsy (WAG/Rij-nAGS);
(2) rats with only audiogenic susceptibility (Wistar-AGS);
(3) rats with a mixed form of epilepsy, i.e., absence epilepsy + audiogenic epilepsy
(WAG/Rij-AGS);
(4) non-epileptic rats (Wistar-nAGS).
3.3.3. Test of audiogenic susceptibility
Audiogenic susceptibility was examined in two sound tests, separated by 7–
9 days. The sound test was described earlier [15]: complex sound with a frequency
range of 13–85 kHz, with maximum in 20–40 kHz, and mean intensity 50–60 dB
was presented for 90 seconds. Ten rats of each strain demonstrated susceptibility to
audiogenic convulsions. AGSs were scored as described above [9]. The rats
involved in the present study displayed wild running (score = 1) or wild running
followed by ictal jumping (score = 2); absence of paroxysmal seizure on response
to audiogenic stimulation was scored as 0. The final score assigned to an animal
was the average of scores detected in two successive tests. During the first sound
test, additional behavioural parameters were scored by an expert. In AGSsusceptible rats, the latencies to the first and second wild running episodes (in
seconds) and jumping (0 = absence, 1 = present) were registered. In AGS-free rats,
the intensity of locomotion (0 = no locomotion, 1 = locomotion only during the
first 5–10 seconds of the sound test, 2 = moderate permanent locomotion, 3 =
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permanent intensive locomotion); presence of grooming, sniffing, head waving,
and cataleptic immobility (0 = absence, 1 = presence) and number of rears were
recorded.
3.3.4. Surgery
Epidural cortical electrodes (stainless-steel screws) were implanted in all
rats under chloral hydrate (4% solution, 10 ml/kg i.p) and local anaesthesia
(Novocain 2% solution) within 10 days of the last test of audiogenic susceptibility.
3.3.5. EEG recording
After a 2-week post-surgery recovery period, EEGs were recorded. EEGs of
all rats were continuously recorded during two sessions, each 45 minutes long,
separated by 1–3 days. These sessions took place between 1600 and 1900 P.M.
(the time of day characterized by pronounced spike–wave activity in WAG/Rij
rats) [16]. Individual indexes of spike–wave activity (SWIs: time occupied by
generalized SWDs) were calculated.
3.3.6. Open-field (OF) test
The apparatus was a circular arena, 120 cm in diameter with a 30-cm-high
surrounding wall, divided into equal quadrants; circles with diameters of 80 and 40
cm further divided each sector into three parts; the medial sectors were further
divided into halves and the peripheral sectors were divided into quarters by radial
lines (see schema in Fig. 3.1D). The central circle was illuminated (50 lx); medial
and peripheral sectors were in dim light. Forty of forty-eight rats (10 per group,
randomly selected) were tested. The rats were individually placed in the centre of
the field and observed for 12 minutes. The following behavioural parameters were
registered: number of sectors crossed, number of rears, duration of locomotion,
time spent in grooming, number of faecal boli (defecation), and number of urine
drops (urination). The registration was made semi-automatically by an expert using
customarily designed software. The open field was cleaned with alcohol solution
and water after each rat.
3.3.7. Light–dark choice (LD box)
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Four to five days after testing open-field activity, the animals were subjected to the
light–dark choice test. The apparatus consisted of light (100 lx) and dark (<5 lx)
compartments (17 · 18 cm), with an opening between them. Forty-eight rats (12 per
group) were tested. The rats were individually placed in the light compartment
with their backs to the opening. The following behavioural reactions were
registered for 5 minutes: latency to first entry into the dark compartment, latency to
‘‘risk assessment’’ (looking out from the dark compartment without stepping into
the light compartment with all four paws), latency to re-entry into the light
compartment, number of ‘‘risk assessments,’’ number of re-entries into the light,
time spent in the light compartment, number of rears in the light compartment,
duration of freezing behaviour, number of faecal boli (defecation), and number of
urine drops (urination). The compartments were cleaned with alcohol solution and
water after each rat.
3.3.8. Statistics
The data were analyzed with ANOVA to determine the possible significance
of each group factor (susceptibility to AGSs and strain). OF data were analyzed
with time (four periods of 3 minutes each) as a within-subject factor in ANOVA
GLM (General Linear Model). The Mann–Whitney U test was used as a
nonparametric statistic. The correlations with propensity for seizures were
estimated by the Spearman method of rank order correlation. All data are given as
means ± SEM; P < 0.05 was accepted as the level of significance.

3.4. Results
3.4.1. Absence epileptic seizures
The SWI was 3.5 ± 1.0% for the WAG/Rij rats with ‘‘pure’’ absences and
2.6 ± 0.7% for the WAG/Rij rats with audiogenic convulsions. This difference was
not significant. SWI did not correlate with severity of AGSs nor with the latencies
of the different phases of the AGSs.
3.4.2. Response to the provocative sound: AGSs and non-ictal behaviour
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The total mean score of audiogenic convulsions was 1.3 ± 0.1 and 1.4 ± 0.1
for WAG/Rij-AGS and Wistar-AGS rats, respectively; i.e., no clonic or tonic phase
of seizures was achieved by the rats. There were no differences between the two
groups on any of the parameters registered (latencies to first and second episodes
of wild running and presence/absence of ictal jumping). Rats not prone to AGSs
reacted to the sound stimulation with immobile posture, sometimes with horizontal
oscillatory movements of the head (‘‘head waving or pendulum movements’’ [17];
the latter were seen predominantly in WAG/Rij rats) or with increased locomotion,
rearing, or sniffing (these behaviours were observed preferentially in Wistar rats).
Data concerning the behavioural response to sound stimulation are summarized in
Table 3.1. The difference between WAG/Rij-nAGS and Wistar-nAGS rats reached
significance for number of rears, time spent in grooming reactions, and duration of
locomotion, being higher in Wistar-nAGS rats (P < 0.0001, P < 0.05, and P < 0.01,
respectively). After the sound stress, the cataleptic state lasted longer in WAG/RijnAGS rats than in Wistar-nAGS rats. These parameters did not correlate
significantly with the SWI in WAG/Rij-nAGS rats.
3.4.3. Open-field behaviour
The results are depicted in Fig. 3.1. The rats in all four groups quickly
escaped from the lighted central sectors and preferred to move along the walls
(thigmotaxis) (Fig. 3.1A). A repeated-measures ANOVA revealed that the time
effect was highly significant for all behaviours measured in the OF (P < 0.001 for
all parameters). The interaction between strain and time was significant for the
number of crossings in the central sectors (F(3, 108) = 4.8, P < 0.01).
All rats tested had crossed the peripheral/middle borders within 1 minute; later,
most of them explored the central area as well. The post hoc analysis revealed that
WAG/Rij rats did it later (locomotion within the centre increased from the first to
the second quarter) than Wistar rats (locomotion within the centre decreased from
the first to the second quarter of the test) (Fig. 3.1A) (P < 0.01, Mann–Whitney test
applied to the difference in locomotion within the central sectors during the first
and second quarters of the test).
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Fig.3.1 Open-field test. Behavioural categories measured for the four groups of rats. Black bars:
WAG/Rij-AGS, n = 10; dark grey bars: WAG/Rij-nAGS rats, n = 10; light gray bars: WistarAGS rats, n = 10; white bars: non-epileptic rats, Wistar-nAGS, n = 10. (A) All rats moved
preferentially along the arena's wall (cumulative numbers of crossing the borders of central,
medial, and peripheral sectors for consecutive 3-minute periods; the x axis represents the
duration of the experiment). No group difference in locomotion within the peripheral and medial
sectors was observed. (B) Numbers of defecations and urine drops did not differ between the
groups. (C) Upright rears, represented as cumulative values for consecutive 3-minute periods;
the x axis represents the duration of the experiment. (D) Schematic drawing of the ‘‘open-field’’
arena. (E) Cumulative grooming time during the 1–6 minutes positively correlates with
individual SWI in WAG/Rij rats (Spearman rank order correlation, see Results); WAG/Rij-AGS
rats are represented by black triangles, and WAG/Rij-nAGS rats by dark grey circles. The trend
line is drawn by linear regression for the WAG/Rij-nAGS rats. (F) Immobility response in the
open field. The y axis represents durations of the immobility periods, represented as cumulative
values for consecutive 3-minute periods; the x axis represents the duration of the experiment. (G)
Grooming reactions are represented as cumulative values for consecutive 3-minute periods; the x
axis represents the duration of the experiment. Significant effects (according to ANOVA): Ĳtime effect Į-susceptibility to AGS; į - strain effect; i, the (AGS) · (strain) interaction. Single
symbols: P < 0.05; double symbols: P < 0.01. ‘‘tend,’’ 0.05 < P < 0.10. See also Results.

An ANOVA GLM with time as a continuous predictor for four sequential 3minute-long blocks was used for analyses of OF data to outline the time-related
variance. Locomotion decreased with time (Fig. 3.1A) (F(1, 159) = 8.7, 18.4,
136.0, and 14.1; P < 0.01 for the central sectors, and all P’s < 0.001 for the medial
and peripheral sectors and number of rears), whereas immobility periods and
duration of grooming responses increased (Figs. 3.1F and G) (F(1, 159) = 31.2 and
9.3; P < 0.001 and P < 0.01). No significant group difference was observed in the
number of crossed borders of peripheral, medial, or central sectors or in defecation
(Fig. 3.1B). WAG/Rij rats spent less time being passive (immobility) in
comparison to Wistar rats (Fig. 3.1F) (F(1, 159) = 4.5; P < 0.05). The same
tendency was observed for the two groups of AGS-susceptible rats compared with
their strain mates (0.05 < P < 0.10).
The grooming reaction tended to be longer in WAG/Rij than in Wistar rats
(0.05 < P < 0.10), and in AGS-susceptible rats than in non-AGS-susceptible rats
(F(1, 159) = 4.7, P < 0.05). Effects of seizure type were additive: rats with doubleseizure pathology (WAG/Rij-AGS) demonstrated the longest grooming time (Fig.
3.1G).
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The number of rearing responses (explorative behaviour) was less
pronounced in WAG/Rij rats compared with Wistar rats (Fig. 3.1C) (F(1, 159) =
19.3; P < 0.001). For this parameter, the interaction between strain and seizure
susceptibility factor was significant (F(1, 159) = 3.8,P < 0.05): Wistar-AGS rats
reared less than non-epileptic Wistar rats (P < 0.05, Mann–Whitney test), whereas
WAG/Rij-AGS tended to rear more than WAG/Rij -nAGS rats (0.05 < P < 0.10).
Severity of absence epilepsy (SWI) correlated positively with duration of noveltyinduced grooming, especially during the first 6 minutes of the test (Fig. 3.1E)(Rs =
0.66, P < 0.05, n = 10).
3.4. The light–dark choice
The results are illustrated in Fig. 3.2. Rats of all four groups escaped to the
dark compartment usually within the first 20 seconds, without any difference
between strains and substrains. However, WAG/Rij rats with ‘‘pure’’ absence
epilepsy and mixed pathology demonstrated signs of emotional excitation:
increased locomotion and defecation/urination.
The number of rears in the light compartment, the number of re-entries into
the light compartment, and the time spent in the light compartment were all greater
than in Wistar rats (Figs.3.2A and E) (F(1, 47) = 13.3, 13.0, and 20.3; all p's <
0.001). The numbers of faecal boli and urine drops were also higher in WAG/Rij
rats (Fig. 3.2B) (F(1, 47) = 9.1 and 21.0, P < 0.01 and P < 0.001, respectively).
The latencies to the first ‘‘risk assessment’’ and the first re-entry into the light
compartment tended to be longer in WAG/Rij-nAGS rats and correlated positively
0.53, P < 0.02; and Rs = 0.55, P < 0.01, respectively). Wistar-AGS rats were
unique in developing the ‘‘freezing’’ reaction in the light compartment
(F(1, 47) = 34.5, P < 0.001).
3.5. Discussion
The LD box and OF tests are widely used to measure anxiety, emotionality, and
exploratory behaviour in laboratory rodents [18]. In these paradigms, an animal has
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two conflicting motives: to escape from the potentially dangerous new
environment and to investigate it [18]. The exposure to a novel environment is
with their SWIs (Rs = 0.64, P < 0.05, n = 10; and Rs = 0.74, P < 0.05, n = 9,

Fig.3.2 Light–dark choice test. Behavioral categories measured in the light compartment for

four groups of rats. Black bars: WAG/Rij-AGS, n = 10; dark gray bars: WAG/Rij-nAGS, N =
10; light gray bars: Wistar-AGS, n = 10; white bars: Wistar-nAGS rats, n = 10. (A) General
time spent in the light compartment, latencies to entry into the dark and first reentry into light,
and duration of freezing behavior. (B) Numbers of defecations and urine drops were larger in
WAG/Rij rats. (C) Positive correlation between SWI in WAG/Rij-nAGS rats and the latency
to first re-entry into the light compartment (Spearman rank order correlation, see Results);
WAG/Rij-AGS rats are represented by black triangles, and WAG/Rij-nAGS rats by dark gray
circles. Trend line is drawn by linear regression for the WAG/Rij-nAGS rats. (D) Schematic
drawing of the experimental chamber. (E) Numbers of reentries into the light compartment,
rearings, and uncompleted reentries into the light compartment. Significant effects (according
to ANOVA): Ĳ- time effect Į-susceptibility to AGS; į - strain effect; i, the (AGS) · (strain)
interaction. Single symbols: P < 0.05; double symbols: P < 0.01. ‘‘tend,’’ 0.05 < P < 0.10. See
also Results.
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respectively; see also Fig. 3.1C); the correlations were not significant in WAG/RijAGS rats. AGS rats reared fewer times than their strain mates (F(1, 47) = 6.2, P <
0.05). The latency to the second running phase of AGS correlated positively with
the numbers of ‘‘risk assessments’’ and re-entries into the light compartment (Rs =
considered to be a mild stressor for rodents; the LD choice test is thought to be less
stressful for animals than the OF test, considering that an escape to the dark
compartment is possible.
Experimental findings on locomotor activity, anxiety, emotionality, and
exploratory behaviour of epileptic rats are rather contradictory. Recently, we
reported increased depressive-like behaviours (increased immobility in the forced
swimming test and decreased sucrose intake) in WAG/Rij rats, whereas anxiety, as
measured in the LD choice test, was not elevated in WAG/Rij rats compared with
Wistar rats [19]. De Bruin and colleagues had reported increased locomotor
response to novelty-induced stress (the open field test) in rats of the WAG/Rij and
APO-SUS strains, both genetically predisposed to SWDs, in comparison with ACI
and APO-UNSUS rats [20] (for review on APO-SUS (apomorphine-susceptible)
rats and APO-UNSUS (apomorphine-unsusceptible) rats, see [21]). Alternatively,
increased anxiety and decreased locomotion were observed in WAG/Rij rats tested
in the elevated plus maze and in the open field [22]. As for convulsive epilepsy,
increased locomotor and exploratory activity in the open-field test was reported in
rats subjected to kindling of the amygdala [23–25], an animal model for temporal
lobe epilepsy in humans [26]. In contrast, a decrease in locomotion in kindled rats
has also been reported [27]. The discrepancy might be explained by the fact that
anxiolytic/anxiogenic effects of kindled seizures are dependent on the location of
stimulating electrodes [28–30] and experimental time schedule (i.e., durations of
kindling and the seizure-free intervals [29]). However, some features (namely,
emotionality estimated by ‘‘resistance to capture’’) have been reported to persist in
the animals with a history of amygdalar kindling, even after 2 months of seizure
freedom [30]. The results of the present experiment clearly demonstrate that
novelty-induced locomotor activity in the same epileptic subjects can be different,
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depending on the test environment and, presumably, on the level of environmental
stress. In the LD box (Fig. 3.2), WAG/Rij strain rats displayed high locomotion
(re-entries into the light compartment and number of rears, Fig. 3.2E) and high
emotional response (defecation and urination, Fig. 3.2B). However, the same rats,
tested in the OF arena (Fig. 3.1), demonstrated a quite different pattern: reduced
exploration (rears, Fig. 3.1B), together with enhanced grooming reactions (Fig.
3.1C) and shorter immobility time (Fig. 3.1G). The same animals showed almost
no movement (no rears, no grooming reactions, low level of locomotion) and even
cataleptic reactions during the tests in the sound box (for results see Table 1).
Previously, we reported that the duration of catalepsy induced by such a sound
stress is significantly longer in WAG/Rij rats than in Wistar rats [15]. Interestingly,
exaggerated locomotion in response to a mild novelty challenge is thought to
reflect a dopaminergic hyperfunction of the nucleus accumbens [31]. On the other
hand, the prevalence of mesolimbic over nigrostriatal dopaminergic systems was
recently proposed to be a pathognomonic factor for aggravation of absence
epilepsy [32]. Altogether, these data might mean that mild environmental stressors
can stimulate the hyper-responsive nucleus accumbens of absence-epileptic rats
and produce exaggerated behavioural response. A few parameters measured in the
two behavioural tests correlated with the severity of absence seizures. The duration
of grooming in the OF test, which was higher in WAG/Rij rats than in Wistar rats,
also was positively correlated with individual SWI. The same correlations were
obtained for the latencies to ‘‘risk assessments’’ and re-entry into the light
compartment of the LD box: they tended to be higher in WAG/Rij rats and were
positively correlated with SWI in WAG/Rij-nAGS rats. An increased level of
grooming reactions is a typical response of rodents to environmental stress,
indicating an increased level of anxiety [18,33]. It is known that rats with enhanced
self-grooming response to novelty have higher levels of plasma corticosterone than
strain-matched low self-grooming controls [34]. Interestingly, it has been found
that limbic excitability, estimated by the threshold current of cortical stimulation
necessary to induce behavioural limbic seizures, also correlates with severity of
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absence seizures in WAG/Rij rats [35]. Therefore, one could suppose that noveltyinduced anxiety signs correlating with SWI appear due to some seizure-related
functional modifications of the limbic system. Other behavioural parameters did
not show correlations with SWI, despite several significant strain differences. This
might mean that not all strain differences are directly related to absence epilepsy.
Another possibility is that the factors underlying the response to stress have
‘‘categorical’’ but not ‘‘continuous’’ impact on absence epilepsy in WAG/Rij rats.
In WAG/Rij rats with the mixed form of epilepsy (absence and convulsive
seizures), behavioural response to environmental stress tended to be greater than in
WAG/Rij rats with ‘‘pure’’ absence epilepsy. The level of grooming reactions was
higher in the OF test; the number of rears was lower. An increased level of anxiety
in WAG/Rij rats with the mixed form of epilepsy has been observed by other
authors in the OF test [36] and elevated plus-maze test [37]. It is likely that genetic
absence epilepsy, especially when a mixed pathology is present, is accompanied by
a high vulnerability to stressors.
It might be speculated that the rats with high absence-epileptic activity
would adopt a more passive response to a strong stress (deeper/longer catalepsy).
Indeed, during the sound test, WAG/Rij rats not susceptible to AGSs did not try to
explore the chamber, but were almost immobile. In our experiments, no correlation
between duration of catalepsy and SWI was found.
However, the difference between stress vulnerabilities and cataleptic
thresholds in WAG/Rij rats susceptible and not susceptible to AGSs remains to be
studied in further experiments. The experience of AGSs led to decreased
exploratory behaviour in the LD box (the smaller number of rears in the light
compartment of the box, Fig. 3.2E), whereas no signs of increased anxiety
(assessed by the time spent in the light compartment of the box, Fig. 3.2A) were
noted in this test. In the OF, the rats with a history of AGSs tended to show
hyperlocomotion (shorter immobility time Fig. 3.1F) and had enhanced grooming
reactions (Fig. 3.1D). Recently, Murphy and Burnham [25] reported increased
exploratory activity in rats after amygdala-kindled seizures. Wistar Audiogenic
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Rats (the WAR strain) were reported to be more anxious than their AGS-resistant
controls (reduced exploration in an unfamiliar OF and in open arms of an elevated
plus maze [38]). Our AGS-susceptible rats were not likely to be audiogenically
kindled (only two sessions): the number of rears and the number of crossed sectors
were not increased (Figs. 3.1A and C). The enhanced level of grooming reactions
(Fig. 3.1G) hints that these animals were already more anxious. Interestingly, the
two exposures to sound stimulation that were used in the present experiments were
not enough to develop audiogenically kindled seizures. Despite this, we were still
able to observe some behavioural effects of the experienced AGS or susceptibility
to audiogenic seizures. It is noteworthy that the latency to wild running (the second
episode) correlated positively with the numbers of ‘‘risk assessments’’ and reentries into the light compartment in the LD test. Wild running is thought to be a
convulsive phenomenon sharing its neural substrate with a panic-like reaction [39–
41]. Our experiment suggests that the AGS-susceptible rats, which are able to
resist this panic-like convulsive reaction longer, also can take a bigger risk in a
novel situation (larger numbers of ‘‘risk assessments’’ and re-entries into the light
in the LD box) and vice versa.
In conclusion, the results of the present study demonstrate the behavioural
consequences of convulsive and nonconvulsive seizures. Rats with nonconvulsive
epilepsy exhibited behavioural excitation coupled with novelty-induced fear
reactions during a mild stress challenge, but they adopted a passive strategy under
more stressful conditions. AGS-susceptible animals reacted with hyperlocomotion
and pronounced anxiety to a novelty induced stress.
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CHAPTER 4

The brain 5HTergic response to an acute sound
stress in rats with generalized
(absence and audiogenic) epilepsy.

Brain Research Bulletin, 69 (2006) 631-638
69

BRAIN 5HT IN RATS WITH ABSENCE AND/OR AUDIOGENIC EPILEPSIES

4.1. Abstract: The brain serotoninergic (5HT-ergic) system of epileptic
subjects can influence their vulnerability to stress. We studied the putative
dependency of 5HT neurotransmission parameters on emotional stress, and the
presence, types and severity of seizures using rats with genetic generalized (absence
and/or audiogenic) epilepsy, of WAG/Rij and Wistar strains. The animals were
stressed by exposure to a short aversive noise or left without sound stimulation.
Tissue concentrations of 5HT, tryptophan (TRT) and 5-hydroxyindolacetic acid
(5HIAA) were assessed by HPLC.
The stressor activated the 5HTergic system within thalamus (5HIAA
elevated), frontal cortex (5HT, TRT elevated), hypothalamus (increased TRT) in all
rats. However, the normal (non-epileptic) rats displayed the highest response in the
frontal cortex and the lowest one in the thalamus, as compared to the epileptic rats.
Absence-epileptic rats exhibited higher thalamic 5HIAA increase than their controls.
Significant correlations existed between propensity of absence epilepsy and 5HTergic parameters measured in the cortex and hypothalamus of absence-epileptic rats.
No major difference was found between groups with and without audiogenic
epilepsy.
The results imply that the stress response depends on the presence of epileptic
pathology and the seizure type and severity. The brain 5HT may be involved in the
control of the paroxysms and behaviour in absence-epileptic subjects.
4.2. Introduction.
Emotional stress is reported to be one of the major seizure-precipitating
factors in patients with generalized epilepsies [9, 40, 48]. Reduced central
serotoninergic neurotransmission plays a key role in mediating stress responses, as
well as in adaptation reactions and in a tendency for the individual to lapse into
dysthymia or depression [10, 21]. Even without the presence of seizures, a
substantial part of epileptic patients may exhibit depressed mood. As a
consequence, they may experience maladjustment [53, 58], show a “learned
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helplessness” reaction to frequent seizures [22, 23] or even develop a moderate to
severe depression [5].
There are several implications to this decreased 5HT-ergic transmission in
brain regions of epileptic subjects, both in humans and rats [17, 27, 28]. One of
them is a poor coping response [9, 40]. A second consequence is that activation of
5HT-ergic neurotransmission may decrease seizure frequency [17]. The latter
phenomenon may indicate that in certain forms of epilepsy there is abnormal
functioning of the 5HT-ergic system. A higher incidence of childhood absence
epilepsy was found in children from a war-affected region, in comparison to their
age- and ethnically matched controls [9]. The children included in that study had
no brain injuries or organic pathologies: the seizure-provoking effect of war was
attributed to their having experienced extreme emotional stress. In spite of the
growing clinical need to understand basal mechanisms of the emotional stress
response in the epileptic brain [e.g. 9, 36], there are very few experimental studies
devoted to this problem [e.g. 42, 44].
In this study, the 5HT-neurochemistry of the stress response in animal with
generalized epilepsies was assessed. Rats of WAG/Rij strain have been
extensively used as a validated model for human non-convulsive (absence)
epilepsy [rev. 11, 12]. The main hallmark of this brain disease is the widely
generalized paroxysmal activity in the ECoG: spontaneously occurring spike-wave
discharges (SWDs) accompanied by behavioural arrest. The WAG/Rij rats display
relatively large inter-individual differences in propensity of absence epilepsy, but
day-to-day comparisons within same subjects showed that this parameter is rather
stable [60] and showed a significant increment during aging (i.e., in a months
scale) [13]. Audiogenic seizure (AGS) – susceptible rats of different strains serve
as one of the most commonly used animal models for human convulsive epilepsies
[32, 50]. Up to 30% of Wistar rats of different populations have susceptibility to
AGS [rev. in 50]. Also the WAG/Rij rat strain, derived from the Wistar strain,
inherited the same feature: about one third of animals show AGS in response to
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sound provocation [34, 46]. Therefore a subpopulation of WAG/Rij rats can be
used as a model for a mixed, convulsive – non-convulsive type of epilepsy.
The present study investigated whether rats with different seizure types
differ from non-epileptic controls in their neurochemical response to an aversive
stimulus (sound). Both WAG/Rij and Wistar rats with or without sensitivity to
AGS were used. The aversive sound was not long enough to induce AGS. Rats
susceptible to AGS were about to undergo the seizures, the rats with genetic
absence epilepsy were seizure-free but “ready to rebound” with SWDs paroxysms
[33].
4.3. Methods.
4.3.1. Animals
A total of 40 male rats was used: WAG/Rij (N=20) and Wistar (N=20 rats).
Outbred Wistar rats were supplied by the Animal Centre "Stolbovaya" at the age of
2 months, inbred WAG/Rij rats were born and raised at the Animal Quarter of
IHNA. They weighed 220-320g, and were aged 7-8 months. Rats were housed 3-5
to a cage, under natural light-dark conditions (about 10 hours of daytime light) and
with ad libitum access to standard pellet food and water.
Table 4.1. Epileptic scores of rats involved in the present study, as means±SEM (for
SWI) and as mean and ranges (for AGS); N=5 rats per a group.
Control groups
WAG/Rij-AGS
.
SWI
3.3±0.77
AGS score 1.1
(1-2)
Stressed groups
WAG/Rij-AGS
.
SWI
1.9±0.64
AGS score 1.6
(1-2)

WAG/Rij-nAGS

Wistar-AGS Wistar-nAGS

3.3±1.08
0

0
1.4
(1-2)

WAG/Rij-nAGS

Wistar-AGS Wistar-nAGS

3.6±1.38
0

0
1.4
(1-2)

0
0

0
0
.

All experiments were performed in accordance with institutional and
national guidelines of animal care, in agreement with the Principles of laboratory
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animal care (NIH publication No. 86-23, revised 1985). All efforts were made to
reduce suffering of the animals and the number of experimental subjects involved.
4.3.2. Test of audiogenic susceptibility
All rats used in this study were tested for predisposition to AGS. Audiogenic
seizures were induced by complex sound with a frequency range of 13-85 kHz,
with maximum in 20-40 kHz, and mean intensity of 50-60 dB. It was automatically
presented for 90 seconds in an experimental chamber (90 x 90 cm) as described by
Kuznetsova and co-workers [34, 46]. The test was performed twice, with an
interval of 7-9 days. The rats involved in the present study displayed mild seizures,
wild running (score 1) or wild running followed by jumping (score 2), failure to
experience an audiogenic fit was scored as 0 [32]. The final score that was
assigned to an animal was the average of the scores in the 2 successive tests.
Four experimental groups of 10 rats each were formed: WAG/Rij rats
resistant or prone to audiogenic seizures (denoted below as WAG/Rij-nAGS and
WAG/Rij-AGS, respectively) as well as normal Wistar rats and Wistar rats with
audiogenic sensitivity (denoted below as Wistar-nAGS and Wistar-AGS,
respectively). Furthermore, each group was subdivided into two sub-groups; half
of the animals of each type were exposed to an aversive sound for 15 seconds, i.e.
not long enough to induce audiogenic seizures. This was followed by rapid
decapitation. Non-stressed animals, the other half of each group, were decapitated
without sound stimulation.
4.3.3. Surgery
Ten days after the last test of audiogenic susceptibility, three epidural
cortical electrodes (stainless steel screws) were implanted in all rats under general
(chloral hydrate 4% solution, 10 ml/kg i.p.) and local (procaine 2% solution to soft
tissues of head) anaesthesia. The following locations (referring to bregma zero) for
the electrodes were used: frontal cortex (AP: +2.5, L 3), occipital cortex (AP: -6.0,
L 3.5), reference electrodes were inserted over the cerebellum.
4.3.4. EEG registrations
After a two-week post-surgery recovery period, the EEGs (time constant 0.3
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and low pass filter 70 Hz) of the rats were recorded in two sessions of 45-60
minutes, conducted between 16.00 and 19.00 p.m. SWDs were scored off-line
according to the usual criteria that have been described elsewhere [59] and the
individual index of spike-wave activity (SWI, 100 x (time occupied by generalized
SWD/total time) was calculated.
4.3.5. Experimental manipulation
All animals were habituated to the room with the sound chamber and
decapitation facilities, by one or two habituation sessions of about two hours per
week, for the four weeks before the decapitation. The EEG recording session took
place ten to 14 days prior to the decapitation. Rats from the group of 10 animals
were taken one by one to the experimental room, in a random order, every other
animal being placed into the experimental chamber, exposed to the sound stimulus
for 15 seconds, removed quickly from the chamber and decapitated before the
putative onset of AGS in the susceptible animals. Every other animal served as a
control and was decapitated without sound stimulation.
The brains were quickly extracted from the skull, vascular tissue was
carefully removed and brain regions were dissected on ice. The following brain
regions were taken for analysis: frontal and parieto-occipital cortex, amygdala,
striatum, thalamus, hypothalamus, pons-medulla oblongata. The samples were
individually placed in plastic tubes and frozen on top of dry ice, and then the
samples were stored at -70˚C until assay.
4.3.5. HPLC
The thawed samples were homogenized in ice-cold 0.4M perchloric acid.
The homogenates were centrifuged at 100,000 g for 45 minutes at 4˚C. The
supernatants were frozen until assayed for serotonin (5HT, 5-hydroxytryptophan),
its precursor tryptophan (TRT) and metabolite 5-hydroxyindol-3-acetic acid
(5HIAA) by HPLC coupled with electrochemical (coulometric) detector. Namely,
biogenic amines and their metabolites were determined using HPLC-ED (ESA,
Chelmsford, MA, USA). The HPLC system consisted of a Waters pump and a
refrigerated WISP autosampler coupled to an electrochemical detector (ESA model
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5011). The analytical system was basically that proposed by Mefford [43]. The
mobile phase consisted of sodium acetate buffer (0.1 M), citric acid (0.1 M,
Riedel-de Haën, Seelze, Germany), sodium octyl sulphate (0.18 mM, SigmaAldrich, Steinheim, Germany) and methanol (15 %, Lab-Scan Ltd., Dublin,
Ireland) at a flow rate of 1.0 ml/min through a reversed phase Ultrasphere ODS
column (4.6 x 250 mm; Beckman Instruments, USA). The potentials applied at the
electrodes were +0.18 V (guard cell), with the two analyzing electrodes set at
+0.38 V and +0.65 V. The detection limit for 5-HT, 5-HIAA was 25 fmol/25 μl
injection volume (assayed on the first electrode at + 0.38 V) and 100 fmol/25 μl
injection volume for TRT (measured on the second electrode at 0.65 V). The
method is linear over the range 25 - 150,000 fmol/25 μl injection volume; and
every eighth sample was a standard. Within-day variation in the standards varied
from <5% for 5-HT and TRT and <10% for 5-HIAA. Each day's results were
calculated with a standard thawed that day and thus between-day variation was not
relevant.
4.3.6. Statistics:
Difference in the scores of AGS or AbS between the respected subgroups
was assessed by means of Kruskal-Wallis ANOVA (for AGS) or ANOVA (for
AbS). The neurochemical data were processed by two subsequent ANOVAs. First,
effects of the sound stress, strain, AGS susceptibility were estimated by ANOVA
with "sound", "strain" and "AGS" as the between-group factors (2x2x2 design).
Next, we checked whether the epileptic rats (pooled groups WAG/Rij-nAGS,
WAG/Rij-AGS and Wistar-AGS) differ from non-epileptic controls (WistarnAGS) in the serotoninergic indices measured in the stressed or non-stressed
individuals ("epilepsy" and "sound" as between-group factors, 2x2 design). These
ANOVAs were followed by post-hoc tests (Newman-Keuls) if needed. Finally,
putative correlations between neurochemical values and individual SWI were
assessed by means of the Spearman rank order correlation. For the latter analysis
the groups of WAG/Rij-nAGS and WAG/Rij-AGS were pooled together, since
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they did not differ significantly in their SWI (Table 1 and [46]) or tissue
neurochemistry (see Results).
All data are presented as mean+SEM, p=0.05 was accepted as the minimal
level for statistical significance.
4.4. Results
4.4.1. Severity of epilepsy
The severity of AGS did not differ significantly (Kruscal-Wallis ANOVA,
H(3, 20)=2.43, p=0.48) between WAG/Rij and Wistar rats, assigned to the nonstressed and stressed groups. The same was true for the severity of absence
epilepsy: SWI did not differ significantly (ANOVA, F(3, 19)=1.12, p=0.36)
between AGS-susceptible and unsusceptible WAG/Rij rats of the non-stressed or
stressed subgroups (Table 4.1).
4.4.2. Neurochemical effects of the sound stress:
The mean values of tissue concentrations of 5HT, 5HIAA and TRT in the
various brain regions are summarized in Fig.4.1.
4.4.2a. Frontal cortex: the stressed animals had higher tissue levels of
5HT and TRT than the non-stressed animals (F(1,39)=4.6, p=0.040 and
F(1,39)=5.1, p=0.031 respectively; Fig. 4.1A); the metabolic rate of 5HT
(measured as the 5HIAA/5HT ratio) of the stressed animals was lower than that
of non-stressed animals (respectively, 1.20±0.13 vs 2.04±0.32, not graphed;
F(1,39)=5.3, p=0.028). The strains tended to be different with respect to TRT
(p<0.07), but the difference did not reached significance in post-hoc tests.
Epileptic rats tended to exhibit a lower sound-induced increase in the tissue 5HT
than Wistar-nAGS rats (stress x epilepsy interaction, p=0.08). Post-hoc test
showed, that the stress effect reached significance only for the group of nonepileptic rats (Wistar-nAGS stressed vs non-stressed subgroups, p=0.045, Fig.
4.1A). The stressed non-epileptic rats had higher 5HT concentration, than
stressed epileptic rats (p=0.050).
4.4.2b. Thalamic tissue content of 5HIAA was higher in the stressed
animals than in the non-stressed animals (sound stress effect: F(1,35)=8.6,
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Fig.4.1. Tissue concentrations of 5HT, 5HIAA and TRT in brain regions of non-stressed and
sound-stressed rats of the WAG/Rij and Wistar strain, with or without susceptibility to AGS.
Arrowheads (Ÿ) denote the stressed subgroups. Values are given in nmoles/g of wet tissue, as
means + SEM, N=5 per group (exceptions are the samples from amygdala, thalamus and parietooccipital cortex of the stressed subgroups, with N=4). Significant effects (according to ANOVA)
are marked along the dashed horizontal lines, significant effects of post-hoc test (NewmanKeuls) are given along the solid lines, and tendencies are not shown.
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p=0.007; Fig. 4.1E). The WAG/Rij groups had a greater stress-induced increase
of 5HIAA as compared to the Wistar rats (sound stress x strain interaction effect:
F(1,35)=4.9, p=0.035). In post-hoc tests, the stress effect reached significance in
WAG/Rij groups (p=0.005), but not in Wistars (p>0.10).
Strain difference was found between non-stressed rats (p=0.017, Fig. 4.1E), but
not between the stressed ones (p>0.10). The stress effect reached significance
only in WAG/Rij-AGS group, as observed in post-hoc tests (p=0.017; Fig. 4.1E).
No general stress effect was detected for the thalamic TRT. However,
highly significant epilepsy x stress interaction was observed: epileptic rats
displayed an increase and non-epileptic rats demonstrated a decrease in the
thalamic TRT (sound stress x epilepsy interaction effect: F(1,35)=7.7, p=0.009;
Fig. 4.1E). The WAG/Rij groups had higher TRT accumulation than the Wistar
groups (stress x strain interaction, F(1,35)=4.2, p=0.050). TRT tended to decline in
the stressed Wistar-nAGS as compared to their non-stressed strain-mates, as seen
in post-hoc tests. The 5HT/TRT ratio showed a significant stress-induced increase
in non-epileptic rats (0.56±0.11 vs 0.91±0.13, not graphed; p=0.045), but not in the
three groups of epileptic rats.
4.4.2c. The tissue level of TRT in the hypothalamus was higher in the
stressed (sound stress effect, F(1,39)=4.7, p=0.037; Fig. 4.1F) than in the nonstressed rats. Post-hoc tests showed no difference between the subgroups.
4.4.3. Effects of epilepsies
4.4.3a. Epileptic rats had higher TRT in the parieto-occipital cortex
(epilepsy effect: F(1,35)=4.6, p=0.040), mostly at the expense of the AGSsusceptible rats (AGS effect: F(1,35)=4.4, p=0.045; Fig. 4.1B). No further
difference was found in post-hoc tests.
4.4.3b. Absence epileptic WAG/Rij rats had higher levels of 5HT, TRT
and 5HIAA in amygdala in comparison to Wistar rats (strain effects, respectively:
F(1,35)=5.1, 25.6 and 16.8 and p=0.032, p<0.001, p<0.001; Fig. 4.1C). Post-hoc
tests showed that the strain difference was significant for comparisons of 5HIAA
78

BRAIN 5HT IN RATS WITH ABSENCE AND/OR AUDIOGENIC EPILEPSIES
Fig. 4.2 The brain 5HTergic parameters correlate with the amount of absence
episodes (SWI) in non-stressed (white circles, solid trend line) and stressed (black triangles,
dashed trend line) WAG/Rij rats. Groups of WAG/Rij-AGS and WAG/Rij-nAGS rats were
pooled together for the analysis. For each graph, the horizontal axis represents individual
SWI. Concentrations are given in nmoles/g of wet tissue. Trend lines are drawn by linear
regression. The corresponding Spearman coefficients and p-levels for significant
correlations are given above each graph.

and TRT concentrations in WAG/Rij and Wistar rats (5HIAA: non-stressed
subgroups p=0.022, stressed subgroups p=0.015, not graphed; TRT: non-stressed
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subgroups p=0.020, stressed subgroups p=0.003, not graphed; stress effects were
insignificant). No significant difference between the groups and subgroups was
observed for 5HT in post-hoc tests.
4.4.3c. The WAG/Rij rats had significantly lower thalamic 5HIAA level
than the Wistars when compared to the non-stressed animals (p=0.017; Fig. 4.1E),
while this difference disappeared in the stressed groups.
4.4.4. Correlation with the background seizure severity.
The WAG/Rij rats in this study differed in their ability to generate absence
seizures. No major statistically significant difference was found between
WAG/Rij-nAGS and WAG/Rij-AGS rats (see above) therefore the data of the
subgroups were pooled for further analysis. Correlation coefficients between the
parameters of the brain 5HT-ergic system with SWI (post-hoc Spearman rank
order correlation test) are presented in Fig.4.2. In control (non-stressed) WAG/Rij
rats, significant correlations were found for SWI and 5HT in the thalamus
(Fig.4.2D); TRT correlated negatively and significantly with SWI in the frontal
cortex, hypothalamus and pons-medulla (Fig.4.2 A,H,B). The 5HIAA/5HT ratio
correlated significantly with the SWI in the parieto-occipital cortex and
hypothalamus (Fig. 4.2C, F). In the stressed WAG/Rij rats, negative correlations
with SWI were noted for 5HIAA/5HT ratio in the amygdala (Fig. 4.2E) and 5HT
level in the hypothalamus (Fig.4.2F).
4.5. Discussion
In the present study we subjected normal and epileptic rats to a short sound
stimulation. The noise contained ultrasound components which are aversive signals
for rats [51] and produced an active stress response (horizontal locomotion, rearing
and grooming) in the non-epileptic rats (Wistar-nAGS) [47]. The three groups of
epileptic rats (i.e., WAG/Rij-AGS, WAG/Rij-nAGS, Wistar-AGS) displayed a
passive stress response [47], known to be accompanied by a higher release of stress
hormones than an active stress coping [35, 45, 54, 61].
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We found that the acute sound stimulation produced signs of a rapid
activation of the brain 5HTergic system in frontal cortex, thalamus and
hypothalamus (Fig. 4.1A, E, F). The general effect of the emotional stress as
observed in the present study, i.e. an activation of the 5HT system, is in line with
the literature data [1, 8, 15, 21, 31, 42, 56]. A previous study which used
accumulation of 5HTP to assess 5HT neuronal activity indicated that in SpragueDawley rats, sound stress activated 5HT-ergic neurons in median raphe nucleus,
hippocampus, cortex, and nucleus accumbens, but not in dorsal raphe nucleus and
caudate nucleus [15].
In our study, the frontal cortex reacted with an increase in the tissue level
of serotonin and its precursor TRT (Fig. 4.1). Altogether, these results might
indicate that there is a rapid activation of the presynaptic synthesis of 5HT. In the
conditioned fear paradigm, an increase in 5HT efflux in the cortex led to
diminished fear behaviour (freezing) [29, 30], suggesting that the 5HT response
contributed to the behavioural stress response. This agrees with our present
finding: the stress-induced 5HT increase was the highest in the normal rats (Fig. 4.
1A) which did not display the freezing during the sound stress [47].
Interestingly, the thalamus of non-epileptic rats displayed a stress-induced
fall in the TRT level, while the rats with absence and/or audiogenic epilepsies
displayed an increase in the TRT contents (Fig. 4.1E.). The 5HT/TRT ratio
increased in the non-epileptic group (Results section 4.4.2b). One might speculate
that under stress conditions, the thalamic TRT in normal subjects is rapidly
converted to 5HT, which seems to be less effectively metabolized to 5HIAA. At
the same time in the epileptic rats, particularly in the absence-epileptic rats, all the
5HTergic indices demonstrated a stress-induced increment or at least tendency in
that direction (Fig. 4.1E.). In the WAG/Rij rats, the stress-evoked elevation of
5HIAA abolished the between-strain difference existing between the non-stressed
groups (Fig. 4.1 E) and this coincided with the temporal suppression of SWDs
[33]. The variation of the intensity of the 5HT-ergic neurotransmission, even
within the normal range, has the potential to modulate the occurrence of SWDs, by
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acting on all important components of the thalamocortical loop generating the
absence seizures [55]: reticular thalamic nucleus [41], thalamocortical neurons [37]
and cortex itself [16]. This is further confirmed by significant correlations found
between the individual propensity of absence seizures in WAG/Rij rats and the
5HTergic indices (Fig. 4.2 A,C,D). Interestingly, neither acute administration of
5HTergic agents nor lesions of the raphe nucleus resulted in alteration of absence
epileptic activity in the GAERS model [14]. However, the WAG/Rij model seems
to be different from GAERS in this respect: the inhibition of epileptiform activity
is mediated by 5-HT(2C) and the activation by 5-HT(1A) receptors [18, 19, 20,
26]; a recent study demonstrated that 5-HT7 antagonists decrease epileptic activity
in the WAG/Rij rat [20].
It is believed that the amygdala evaluates the affective significance of
sensory events and the stress controllability [rev. in 2, 6, 38, 39]. The tissue levels
of 5HT, 5HIAA and TRT were consistently higher in the WAG/Rij groups as
compared to the Wistar groups (Fig. 4.1C.). However, this does not influence the
amygdalar 5HT stress response in the absence-epileptic rats. In the stressed
subgroups, the 5HIAA/5HT ratio in this structure negatively correlated with SWI
(Fig. 4.2 E). This suggests that the altered 5HT-ergic indices in amygdala would be
responsible for delayed effects of a stress experience in WAG/Rij rats.
Importantly, the sensory input to the amygdala itself has been shown to be
dependent on the level of stress-related hormone corticosterone [56]. Taken
together with our data, one could postulate that 5HT reacts to negative emotional
stress first in the frontal cortex, prior to the appearance of subsequent changes in
amygdala. This is in line with the proposal of Sullivan and Gratton [57] that there
is a cortical drive in the HPA stress response.
Jacobs and Fornal hypothesized [24,25] that within the forebrain areas, the
primary functions of the 5HT system are to facilitate motor output (such as
walking and running), and concurrently to inhibit sensory information processing.
We did not detect any differences between rats with and without susceptibility to
AGS (i.e. no significant sound stress x AGS interaction, Fig.4.1) in the forebrain,
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in spite of the anticipated occurrence of motor seizures. During the sound
stimulation different behavioural responses were seen in control and epileptic rats.
All the groups of epileptic rats were almost immobile, while the non-epileptic
group (Wistar-nAGS) displayed horizontal and vertical locomotion and sniffing,
with possible grooming as reported earlier [47]. The lack of difference between
AGS-prone and AGS-resistant groups and between epileptic and non-epileptic
animals may imply that the rapid motor response to an emotional stressor is not
always regulated by the 5HT-ergic transmission within the forebrain regions
studied.
There seems to be a consistent pattern of a reduction in the TRT level with
increasing SWI, found in several brain structures (Fig. 4.2 A, B, H). The 5HT
metabolism correlated negatively with SWI (Fig 4.2 C) or tended towards a
negative correlation (Fig. 4.2 E.). The thalamic tissue 5HT correlated positively
with SWI (Fig. 4.2D), which probably also indicates a poor 5HT metabolism since
the thalamic 5HIAA level was reduced in WAG/Rij rats compared to Wistar rats
(Fig. 4.1E). Given that a poor availability of brain 5HT is a factor increasing stress
vulnerability [3,4], facilitating depression [7] and that the brain TRT level is a
critical factor for a successful antidepressant therapy [49] one could predict that a
subject with severe absence epilepsy would be more sensitive to stress and its
negative consequences. Indeed, WAG/Rij rats exhibit dysthymia (reduced sucrose
consumption) and depressive-like behaviour (increased time of passiveness in the
forced swim test) [52]. Moreover, the anxiety signs evoked by a mild novelty stress
correlated positively with SWI in WAG/Rij rats [47].
It can be concluded that a brief exposure to an aversive sound produces 5HT
activation in the corticothalamic loop and the hypothalamus. The epileptic rats
displayed a higher 5HT-ergic activation of the thalamus by the sound stress, as
compared to the non-epileptic rats, whereas the latter animals exhibited a larger
cortical response. The AGS-susceptible animals had not developed any particular
5HT response to the sound stress by the time of decapitation. The propensity to
absence epilepsy is paralleled by a reduction of the 5HT neurotransmission in a
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number of brain regions which likely results in a higher stress vulnerability of
absence epileptics. The low availability of TRT might be a critical factor for
aggravation of absence epilepsy.
In general terms, we have found that the 5HTergic stress response in
epileptic subjects depends on the type of seizures and their severity. Putative longterm effects of emotional stress on the brain 5HTergic system of epileptic
individuals remain to be studied.
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CHAPTER 5
Dopaminergic deficiency in absence epileptic rats:
stress vulnerability and dependency on the seizure
severity.

in submission
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5.1. Abstract.
The present study was aimed to delineate a role of catecholamines in seizure
susceptibility and stress response of epileptic brains. Rats with genetically
determined absence and/or audiogenic seizures (AbS and AGS, respectively)
served as animal models for human non-convulsive and convulsive epilepsies.
Tissue concentrations of noradrenaline (NA), dopamine (DA) and its main
metabolites were assayed in brain regions of rats subjected to a short acute sound
stress or left non-stimulated. An additional experiment was designed to assess the
regional densities of the D2-like dopamine receptors in the rats prone to AbS and
non-epileptic rats. It was found that aggravation of AbS is paralleled by a
widespread dopaminergic deficiency, expressed as lowered indices of DA
metabolism and elevated densities of the D2-like dopamine receptors. The DAergic neurotransmission within the pons-medulla likely determined the propensity
of AbS. It is hypothesized that lowered DA-ergic metabolism in the cortical region
of absence-epileptic rats led to enhanced stress vulnerability. Immediate stress
response of the medullar CA-ergic system depended on propensity towards AbS. It
is predicted that the effects of dopaminergic drugs would also depend on the
propensity towards AbS.
No effects of AGS on the tissue neurochemistry of unstressed rats were
observed. The stressed AGS-susceptible rats displayed a clear NA-ergic response
in the cerebellum and hypothalamus, probably preceding the AGS onset.


5.2. Introduction.
The brain dopaminergic system has a multitude of functions, being
implicated in the control of mood, cognition, locomotion, etc. It can modulate
excitability of widespread neuronal networks [Cassim et al, 2002; Herlenius &
Lagercrantz, 2001; Walters et al, 2000; Benes 2000; Buzsaki et al, 1990] and thus
influence a paroxysmal threshold [Starr, 1996]. Genetic analysis has revealed that
dopamine is likely to be involved in human epileptogenesis. For example, allelic
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variation of the dopamine transporter gene is altered in patients with convulsive
(alcohol withdrawn) epilepsy [Sander, 1997] and non-convulsive epilepsy
(idiopathic absence epilepsy) [Sander, 2000]. Treatment with neuroleptics can
provoke spells of absence epilepsy in susceptible patients [Itil & Soldatos, 1980;
Laan & Weerd, 1990] and in animal models [Nehlig et al, 1993; de Bruin et al,
2000; Midzianovskaia et al, 2001]. Deficiency of the catecholaminergic
neurotransmission is known to facilitate both convulsive and non-convulsive
seizures in animals, whereas experimental increase of catecholaminergic activity
produces clear anti-epileptic effects in animals [Avakian, 1976; Micheletti et al,
1987; Danober, 1998, Jobe 1999, 2003; Szot et al, 1999; Weinshenker & Szot
2002; Shouse et al, 2001]. The delayed increase in the release of catecholamines
which follows induction of electroencephalographic and behavioral seizures in rats
is thought to be a compensatory action [Morales-Villagran et al, 1999].
However, it is still not known whether the brain catecholaminergic system
undergoes functional changes during spontaneous epileptogenesis. Particularly,
this is unclear for the case of non-convulsive epilepsies. To elucidate this, we used
a genetic animal model of childhood absence epilepsy – the WAG/Rij rat strain
[Coenen & van Luijtelaar, 2003]. Virtually all adult individuals of this strain
develop the EEG hallmarks of absence seizures (AbS) – widely generalized spike
wave discharges (SWDs) often concomitant with behavioral arrest and mild
orofacial jerks. The large inter-individual differences in propensity of absence
seizures in WAG/Rij rats [van Luijtelaar & Coenen, 1986] are likely caused by age
[Coenen and van Luijtelaar, 1987] and some other (unknown) internal modulatory
mechanisms [Schridde & van Luijtelaar, 2004]. We hypothesized that an
instantaneous inter-individual difference in severity of absence epilepsy would
likely mimic the putative within-individual changes in time. i.e., comparison
between subjects with "low" and "high" epileptic scores could be one way to
obtain information on putative mechanisms involved in the aggravation of
seizures..
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In human patients, the major seizure-precipitating factor is emotional stress
[Nokken et al, 2005]. Childhood emotional trauma is reported to affect the brain
catecholamine (CA)-ergic response to a new stressor later on in life [Heim &
Nemeroff, 2001; Otte et al, 2005]. Recently, it has been proved that a strong
emotional stress led to an increased incidence of the childhood absence epilepsy in
a war-affected population [Bosnjak et al, 2002]. It is known from the literature that
up to 80% of siblings of absence patients exhibit pre-clinical spike-wave
discharges in EEGs without developing the behavioral symptoms of petit mal (i.e.
loss of consciousness, visual deviation, reduction of muscle tone) [Degen et al,
1990]. It is possible that the stress may well aggravate these pre-clinical absence
paroxysms so that they cross a behaviorally detectable threshold, since the
appearance of absence epilepsy in unsusceptible children due to stress is not likely
to occur. In this respect, investigations of the brain CA-ergic components of
emotional stress response in absence epileptic subjects are needed.
To this end, we compared catecholaminergic indices in the rats of WAG/Rij
strain differing in the severity of AbS. First, tissue neurochemistry was assessed in
brain regions of WAG/Rij rats differing in their propensity towards absence
seizures. The rats were challenged with a stressor or left unstressed. As a stressor,
we chose a short sound stimulation with pronounced ultrasound components which
are aversive signals for these rats [rev. in Sanchez, 2003]. In WAG/Rij rats,
presentation of this kind of sound suppresses ongoing AbS, which is followed by a
2-4 rebound of paroxysm seizurs immediately after the end of stimulation
[Kuznetsova et al, 1996]. For comparison, we included animals with a convulsive
type of generalized epilepsy (audiogenic seizures, AGS) in the experiment.
Namely, AGS-susceptible individuals of the Wistar and WAG/Rij rat strains
[Kuznetsova, 1998; Midzyanovskaya et al, 2004] were examined. As the control
groups, we had age- and strain-matched rats left without sound stimulation. With
this experimental design, we aimed to evaluate the catecholaminergic effects of the
following factors:
1) Type and severity of epilepsy
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2) Emotional stress
3) Interaction of convulsive (i.e. audiogenic) and non-convulsive (i.e.
absence) types of epilepsy.
In the second experiment, regional densities of brain D2-like dopamine
receptor were assessed in WAG/Rij rats (differing in propensity towards absence
seizures) and non-epileptic Wistar rats.
5.3. Methods.
Animals: A total of 53 rats were used. Male rats of the WAG/Rij (N=20) and
Wistar (N=20) strains, 5-6 months old, were used in the first experiment.
Audiogenic susceptibility was pre-examined by two sound tests, separated by 7-9
days. The sound test was the same as that described earlier [Kuznetsova et al,
1996; Midzyanovskaya et al, 2004]: complex sound with a frequency range of 1385 kHz, maximum in 20-40 kHz and mean intensity 50-60 dB, was automatically
Table 5.1. Epileptic scores of rats in the control and stressed groups as means ± SEM (for SWI) and as mean and
ranges (for AGS); N=5 rats per a group.
Control groups
SWI
AGS score

WAG/Rij-AGS WAG/Rij-nAGS
3.3 ± 0.77
3.3 ± 1.08
1.1 (1-2)
0

Wistar-AGS
0
1.4 (1-2)

Wistar-nAGS .
0
0

WAG/Rij-AGS WAG/Rij-nAGS
1.9 ± 0.64
3.6 ± 1.38
1.6 (1-2)
0

Wistar-AGS
0
1.4 (1-2)

Wistar-nAGS .
0
0

Stressed groups
SWI
AGS score

presented for 90 seconds in an experimental chamber (90*90 cm). Ten rats of each
strain which exhibited AGS in two successive tests were selected; as well as other
10 rats per strain, which were free of AGS. Thus, 4 experimental groups were
formed: rats with absence seizures only (WAG/Rij-nAGS), rats with audiogenic
seizures only (Wistar-AGS), rats with both type of seizures (WAG/Rij-AGS), and
non-epileptic rats (Wistar-nAGS).
For the second experiment, 8 WAG/Rij males and 5 Wistar males,
nonsusceptible to AGS, were used.
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All rats were housed 3-5 to a cage, under natural light-dark conditions
(about 10 hours of daytime light) and with ad libitum access to standard pellet food
and water. All experiments were performed in accordance with the institutional
and national guidelines of animal care. All efforts were made to reduce suffering of
the animals and number of experimental subjects involved.
Surgery: Ten days after the second test for audiogenic susceptibility, the
epidural cortical electrodes (stainless steel screws) were implanted in each rat
under chloral hydrate narcosis (4% solution, 10 ml/kg i.p.) and local anesthesia
(procaine 2% solution).
EEG registrations: After a two-week post-surgery recovery period, EEGs of
the rats were recorded in two sessions of 45-60 minutes, conducted between 16.00
and 19.00 p.m. Individual indices of spike-wave activity (SWI), were calculated as
the percentage of time occupied by generalized SWDs.
Administration of the stressor stimulus, decapitation and dissection. During
3-4 weeks before the final experiment, the animals were occasionally brought to
the room of decapitation, so that they would become habituated to the
environment: each rat had 4-5 habituation sessions, randomly scheduled within this
period. During this period, also behavioural tests were performed in the animals
used in the first experiment (the open field and light-dark choice tests). The results
of the behavioural experiments were reported elsewhere [Midzyanovskaya et al,
2005].
In 10-14 days after the last EEG-session, 5 rats of each group were
individually placed in the experimental chamber, exposed to the sound stimulus for
12-15 seconds, and removed from the chamber for immediate decapitation.
Another 5 animals per group were subjected to the same procedure but they were
not challenged with the sound stimulation. Sound-stressed and unstressed animals
were decapitated in a counterbalanced order. The brains were taken from the scull,
vascular tissue was carefully removed and brain regions were dissected on ice.
Tissue samples of the frontal and parieto-occipital cortices where the highest
amplitudes of SWD spikes and waves were found [Midzianovskaia et al, 2001]
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were cut with a thin metal wire. Next, the amygdala, striatum, thalamus,
hypothalamus, pons-medulla oblongata and cerebellum were dissected. The
samples were individually placed into plastic tubes and frozen on a top of dry ice.
Subsequently, the samples were stored at -70˚C until HPLC assay.
Catecholamine assay: The thawed samples were homogenized in ice-cold
0.4M perchloric acid and the homogenates centrifuged at 100,000 g for 45 minutes
at 4˚C; supernatants were frozen until monoamine assay. Noradrenaline (NA);
dopamine (DA) and its main metabolites homovanilic acid (HVA) and 3,4dihydroxyphenylacetic acid (DOPAC) were assayed from the brain samples by
HPLC coupled with electrochemical (coulometric) detector [Mefford, 1981].
D2-like receptor autoradiography: Coronal slices (16 μm) were cut in a
cryostat and mounted in duplicate onto polylysine-coated slides (Menzel-Glaser,
Germany). Alternate sections were allocated to slides for total or non-specific
binding or for histology. Slices were cut from the following 3 levels: A2400,
P1200, P5100 according to the atlas of Palkovits and Brownstein [1988]. Sections
were dried at room temperature overnight and then stored at - 20°C until
autoradiography. The Nissle method was used to stain the control slices for
histological evaluation. Dopamine D2-like receptor binding sites were quantified as
reported previously [Birioukova et al, 2005] and described by Blunt and colleagues
[Blunt et al., 1992]. Briefly, slide-mounted slices were incubated with 0,4 nM
[3H]spiperone (specific activity 109,0 Ci/mmol, Amersham) in Tris-buffer (50 mM
Tris HCl containing 120 mM NaCl; pH 7,4) for 60 min at room temperature. Nonspecific binding was assessed by co-incubation with 0,4 nM [3H]spiperone, 10-5 M
haloperidol and 10-5 M ketanserin. Next, the slides were drained and washed. After
over-night drying, the slides were exposed to a tritium-sensitive film (3HHyperfilm®, Amersham) at - 20ºC for 3 weeks, together with Amersham 3H
Microscale Autoradiography Standards®. Optical density of the autoradiograms
was quantified with the computerized image analysis system The Microcomputer
Imaging Device software (Imaging Research Inc.). Quantification occurred on the
basis of a standard curve calculated from a set of 3H-microscales (Amersham).
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Local optical densities of the autoradiograms were measured within following
regions [Palkovits and Brownstein, 1988; Paxinos and Watson, 1986]: cortical
areas (frontal motor, frontal somatosensory, parietal motor, parietal somatosensory,
entorhinal and cingulated) olfactory tubercle, claustrum, nucleus accumbens
(shell), nucleus accumbens (core), dorsal caudate-putamen, caudate nucleus,
globus pallidus, hippocampus (CA1, CA2 and CA3 regions), anterior
hypothalamus, substantia nigra (pars compacta and pars reticulata), ventral
tegmental area. D2-like receptor densities were quantified on the left and right
sides of each brain.
Statistics: The HPLC data were processed by two subsequent ANOVAs.
First, effects of the sound stress, strain, AGS susceptibility were estimated by
ANOVA with "sound", "strain" and "AGS" as the between-group factors (2x2x2
design). Next, we checked whether the epileptic rats (pooled groups WAG/RijnAGS, WAG/Rij-AGS and Wistar-AGS) differ from non-epileptic controls
(Wistar-nAGS) in the serotoninergic indices measured in the stressed or nonstressed individuals ("epilepsy" and "sound" as between-group factors, 2x2
design). These ANOVAs were followed by post-hoc tests (Newman-Keuls) if
needed. Finally, putative correlations between neurochemical values and individual
SWI were assessed by means of the Spearman rank order correlation. For the latter
analysis the groups of WAG/Rij-nAGS and WAG/Rij-AGS were pooled together,
since they did not differ significantly in their SWI (Table 5.1; see also
Midzyanovskaya et al, 2004) or tissue neurochemistry (see Results).
D2-like receptor densities were compared with repeated measures ANOVA
for the left and right sides. Putative correlations with the averaged receptor
densities in brain regions of WAG/Rij rats were assessed by the Spearman rank
order correlation.
All data are given as mean ± SEM, p=0.05 was accepted as a level of
significance.
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5.4. Results
5.4.1. Severity of epilepsy. Experiment 1. The severity of AGS did not differ
significantly (Kruscal-Wallis ANOVA, H(3, 20)=2.43, p=0.48) between WAG/Rij
and Wistar rats, assigned to the non-stressed and stressed groups. The same was
true for the severity of absence epilepsy: SWI did not differ significantly
(ANOVA, F(3, 19)=1.12, p=0.36) between AGS-susceptible and unsusceptible
WAG/Rij rats of the non-stressed or stressed subgroups (Table 5.1). During the
main experiments (i.e., the short sound stimulation just before the decapitation),
AGS-susceptible animals were immobile, nAGS rats displayed intensive rearings
and grooming [Midzyanovskaya et al, 2005].
Experiment 2. SWI ranged from 1% to 10% in WAG/Rij rats. No
paroxysmal phenomena was registered in EEGs of Wistar rats.
5.4.2. Effects of the sound stress. The mean tissue concentrations of NA,
DA, DOPAC and HVA in the brain regions of intact and stressed rats of the four
experimental groups are shown on Fig.5.1.
5.4.2.a. We found elevated NA in the hypothalamus of the stressed subjects
{F(1,39)=4.37, p=0.045}. The AGS-prone and AGS-resistant rats differed in this
respect {AGS*stress interaction, F(3,39)=4.37, p=0.044}: in post-hoc test, the
stress effect reached significance for AGS-prone rats (p=0.030), but was
insignificant for AGS-resistant rats (Fig.5.1F). The AGS*stress interaction was
also significant for the NA/DA ratio {F(3,39)=4.91, p=0.034}: a tendency to the
stress-induced increase was seen in AGS-prone rats (6.1±0.6 in non-stressed
animals versus 8.0±0.5 in stressed animals, not graphed), but not in AGS-prone
rats (7.1±0.7 in non-stressed animals versus 6.5±0.6 in stressed animals, not
graphed). The subgroups did not differed significantly in post-hoc tests.
5.4.2.b. DOPAC measured in the parieto-occipital cortex inclined in the
stressed groups {F(1,35)=4,16, p=0.049, Fig.5.1B}, with a tendency to interaction
of stress*epilepsy. Post-hoc analysis showed, that stress effect was significant for
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the group of non-epileptic rats (i.e., Wistar-nAGS; p=0.020, Fig. 5.1B), but not for
epileptic rats. The stressed non-epileptic rats had significantly higher tissue
DOPAC level, than stressed epileptic ones (p=0.008, Fig. 5.1B). The same
tendency

96

BRAIN CATECHOLAMINES IN RATS WITH ABSENCE AND/OR AUDIOGENIC EPILEPSIES
Fig.5.1 Tissue concentrations of NA, DA, DOPAC and HVA in brain regions of nonstressed and sound-stressed rats of the WAG/Rij and Wistar strain, with or without
susceptibility to AGS. Arrowheads (Ÿ) denote the stressed subgroups. Values are given in
nmoles/g of wet tissue, as mean ± SEM, N=5 per group (exceptions are the samples from
amygdala, thalamus and parieto-occipital cortex of the stressed subgroups, with N=4).
Significant effects (according to ANOVA) are marked along the dashed horizontal lines,
significant effects of post-hoc test (Newman-Keuls) are given along the solid lines, and
tendencies are not shown.
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to a stress-induced incline was observed for HVA, but no further difference was
seen in post-hoc tests.
5.4.2.c. Significant AGS*stress interaction was observed for cerebellar NA
{stress*AGS interaction, F(1,39)=5.64, p=0.024, Fig. 5.1H}. The two groups of
AGS-susceptible rats manifested a tendency to a stress-induced decrease of NA,
whereas nAGS animals exhibited the opposite tendency. No significant difference
was found in post-hoc tests.
5.4.2.d. Significant strain*stress interaction was seen for amygdalar
DOPAC, DOPAC/DA {respectively: F(1,35)=4.31, p=0.046, Fig. 5.1 C; and
F(1,35)=5.34, p=0.030, not graphed} and the same tendency was observed for
HVA/DA. The two groups of WAG/Rij rats tended to decrease the tissue DOPAC
level and DA metabolism on response to a stress, whereas Wistar rats tended to
increase of these parameters, although these changes did not reached significance
in post-hoc tests.
5.4.2.e.The stressed epileptic rats tended to show an increase in the thalamic
HVA level and a decline of DA level in epileptic rats, but the opposite was seen in
the non-epileptic rats (stress*epilepsy interaction, both p=0.010, not graphed).
5.4.3. Effects of epilepsies.
5.4.3.a. WAG/Rij rats had higher tissue NA in the frontal cortex {strain
effect, F(1,39)=8.74, p=0.006; Fig.5.1A}. Comparison of epileptic and nonepileptic rats showed, that non-epileptic had lower NA, that epileptic animals
{epilepsy effect, F(1,39)=11.66, p=0.002, Fig.5.1A}. In post-hoc tests, the group
of non-epileptic rats (i.e., Wistar-nAGS) also significantly differed from all others
(as compared to, respectively, Wistar-AGS: p=0.040, WAG/Rij-nAGS: p=0.004,
WAG/Rij-AGS: p=0.041, Fig.5.1A).
5.4.3.b. Epileptic rats also exhibited a higher HVA content within the
hypothalamus

as

compared

to

non-epileptic

controls

{epilepsy

effect,

F(1,39)=4.07, p=0.017; Fig. 5.1F}. AGS*strain interaction was also significant
{F(1,39)=6.67, p=0.015}: in post-hoc analysis, Wistar-AGS significantly differed
from Wistar-nAGS rats (p=0.032, Fig.5.1F), while the substrains of WAG/Rij rats
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didn't differed. HVA/DA ratio was lower in absence-epileptic WAG/Rij rats,
Table 5.2. Correlations of the tissue levels of catecholamines, metabolites and their ratios

with individuals SWIs in the groups of non-stressed (left column) and stressed (middle
column) WAG/Rij rats. The Spearman rank order coefficients and corresponded p-value
are given, significant correlations (p<0.05) are underlined. N=10, if different not
indicated. The right column represents the same parameters obtained for the joined
(stressed + non-stressed) group of WAG/Rij rats.

frontal cortex
DA
NA/DA
DOPAC/DA
(DOPAC+HVA)/DA
parieto-occipital cortex
DA
NA/DA
DOPAC/DA
HVA/DA
(DOPAC+HVA)/DA
amygdala
DA
NA/DA
hypothalamus
DOPAC
pons-medulla
NA
DA
HVA
(DOPAC+HVA)/DA
HVA/DA
NA/DA
thalamus
NA/DA
striatum
DA
(DOPAC+HVA)/DA
HVA/DA
cerebellum
DOPAC/DA
(DOPAC+HVA)/DA

NON-STRESSED
STRESSED
WAG/Rij rats WAG/Rij rats
Rs
p-level
Rs
p-level

Joined group
Rs

p-level

0,49
-0,52
-0,38
-0,57

0,15
0,12
0,27
0,08

0,44
-0,41
-0,69
-0,69

0,20
0,24
0,03
0,03

.0,48
-0,50
-0,54
-0,60

0,03
0,02
0,01
0,01

0,60
-0,52
-0,77
-0,76
-0,74

0,06
0,12
0,01
0,01
0,01

0,60
-0,67
-0,63
0,06
-0,12

0,12(N=8) .
0,07(N=8)
0,09(N=8)
0,89(N=8)
0,77(N=8)

0,54
-0,59
-0,68
-0,37
-0,56

0,02
0,01
0,002
0,13
0,02

. 0,74
-0,84

0,02
0,005

0,00
-0,32

1,00(N=8)
0,44(N=8)

0,37
-0,50

0,15
0,04

0,07

0,84

-0,65

0,04

-0,26

0,28

0,31
0,83
-0,81
-0,76
-0,95
-0,16

0,38
0,003
0,004
0,01
0,00002
0,66

. 0,88
-0,63
-0,03
0,34
0,33
0,75

0,001
0,04
0,93
0,34
0,36
0,011

0,54
0,05
-0,37
-0,09
-0,27
0,31

0,01
0,82
0,10
0,69
0,25
0,19

-0,63

0,05

-0,10

0,82(N=8)

-0,49

0,04

0,34
-0,47
-0,82

0,34
0,17
0,004

0,53
-0,15
-0,54

0,11
0,67
0,10

. 0,47
-0,47
-0,72

0,04
0,04
0,0003

0,66
0,76

0,04
0,01

0,20
0,31

0,58
0,39

.0,45
0,54

0,05
0,01

as compared to Wistar rats {strain effect: F(1,35)=5.67, p=0.024}: 0.7±0.1 versus
1.3±0.2 (not graphed).
5.4.3.c. The WAG/Rij rats had higher tissue NA contents in amygdala
{strain effect: F(1,36)=14.08, p<0.001; Fig. 5.1C}, this effect was independent on
stress.
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5.4.4. Correlation with the background absence seizure severity.
Correlations of regional neurochemical parameters with individual SWIs
are given in Table 5.2.
5.4.4. Regional densities of D2-like receptors.
The results of the second experiment are shown on Fig.5.2. The regional
densities of D2-like receptor within the frontal somatosensory and motor cortical
areas, as well as within the caudate nucleus correlated positively with SWI (Fig.
5.2. A,B,F). The same positive tendencies were seen for the parietal somatosensory
cortex and the shell of nucleus accumbens (Fig.5.2. C,D). For the substantia nigra
pars reticulata, a U-shaped curve was resulted (Fig.5.2.E). The optical density of
the D2-like receptors was significantly higher within the enthorinal cortex
{F(1,11)=7.26, p=0.022}, nucleus accumbens core {F (1,12)=5.01, p=0.047},
anterior hypothalamus {F(1,8)=5.81, p=0.047} and ventral tegmental area
{F(1,12)=6.44, p=0.026} of WAG/Rij rats than of Wistar rats. The same
tendencies were found for the olfactory tubercle and substantia nigra pars
compacta (0.05<p<0.10) (Fig. 5.2.F).
5.5. Discussion
In the present work we observed a brain dopaminergic deficiency
accompanying absence epilepsy in WAG/Rij rats. Although the mean tissue
contents of DA and its metabolites HVA and DOPAC did not differ between the
rats of WAG/Rij and Wistar strains (Fig.5.1), the dopamine metabolic rate within
the cortical regions, striatum and pons-medulla correlated negatively with
propensity towards absence epilepsy (Table 5.2). Tissue DA content itself
correlated positively with the extent of SWI (Table 5.2). Positive correlations
between SWI and regional densities of the D2-like dopamine receptors were also
found for the cortical and striatal regions (Fig.5.2). These findings indicate that the
synthesis or storage of dopamine is likely to be well preserved in WAG/Rij rats,
but it is likely that this neuromodulator is poorly released and metabolized in the
subjects with high SWI (as evidenced by the negative correlations obtained for the
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Fig. 5.2. Optical density of D2-like dopamine receptors in brain regions of WAG/Rij
rats and Wistar rats. A-F: correlations with individual SWI in WAG/Rij rats, values for left
(light-grey diamonds) and right (dark-grey diamonds) sides are plotted. G: mean values of
brain regional densities of D2-like dopamine receptors in WAG/Rij (grey bars) and Wistar
rats (white bars). Strain difference (according to ANOVA) is marked by stars.

HVA/DA and DOPAC/DA ratios). The poor metabolism within the cortical and
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striatal regions might be caused by a higher density of the DA autoreceptor (the D2
receptor), pre-synaptically inhibiting the release of DA. Systemic injections of DA
antagonists led to a provocation of absences in GAERS and WAG/Rij rats
[Danober et al, 1998, Midzianovskaia et al, 2001; de Bruin et al, 2000]. The same
effects have been obtained after intra-striatal or antra-accumbal administration of
DA-ergic drugs [Deransart et al, 2000]. It is possible that the low DA-ergic
transmission led to enhanced SWDs. In our experiments we examined whether the
converse statement would be a true (i.e. high DA-ergic neurotransmission parallels
experimental behavioral suppression of SWDs). In the sound-stressed rats, with
sharply abolished SWDs [Kuznetsova et al, 1996] we did not see any major
enhancement of DA-ergic functions (Fig.5.1 and Table 5.2). In fact, in a number of
brain regions in WAG/Rij rats, the indices of DA-ergic activity were not greatly
affected by the sound stimulation (Table 5.2). Therefore, it is possible to assume
that the putative DA synaptic deficiency in the cortex and caudate nucleus do not
contribute to the “instant” AbS susceptibility in any major way. Rather, the
deficiency may be involved in a subset of functional consequences of recurrent
paroxysms and may also contribute to depressive-like behavioral traits found in
WAG/Rij rats [Sarkisova et al, 2003].
The CA-ergic medullar neurons in rats are reported to be sensitive to an
audiogenic stress of higher intensity and longer duration [Palkovits et al, 2004;
Hellferich & Palkovits, 2003]. However we already saw a tendency to the medullar
CA-ergic response after 12-15 seconds of sound stimulation (an increase of tissue
CA in Wistar rats and decrease in WAG/Rij rats, Fig. 5.1 G). In contrast to the
forebrain structures, the correlations between SWI and tissue neurochemistry
measured in the pons-medulla of WAG/Rij rats were changed or even reversed (for
DA) by the sound stress applied (Table 5.2.). Taking into account the highly
significant correlations between SWI and the indices of DA-ergic
neurotransmission within the pons-medulla (Table 5.2) and their disruption by the
stress abolishing absence seizures, one can consider that the medullar DA-ergic
neurotransmission is a critical parameter in this epilepsy. Indeed, in the GAERS
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model, the neurons of the substantia nigra constitute a part of a putative "inhibitory
control loop" for absence seizures [Deransart et al, 2001; Nail-Boucherie et al,
2002].
Low aminergic tone is associated with enhanced stress vulnerability
[Anisman & Zacharko, 1986]. In particular, the functional deficiency of the
mesocortical DA-ergic system is thought to cause higher stress vulnerability, via
insufficient cortical inhibition of the limbic stress-induced activation [Campeau et
al, 2002; Gerrits et al, 2003; for a review see Tzschentke, 2001]. Indeed, this was
found in WAG/Rij rats: the novelty-induced hyperlocomotion lasted longer in
WAG/Rij rats as compared to non-epileptic ACI rats [de Bruin, 2001], they
displayed a highly emotional response to the light-dark test challenge and
increased anxiety in the open field [Midzyanovskaya et al, 2005]. Moreover,
behavioral markers of novelty-induced anxiety were proportional to SWI in
WAG/Rij rats [Midzyanovskaya et al, 2005], which corresponds well with the
negative correlation between the cortical DA metabolism and SWI in WAG/Rij
rats (Table 5.2 ).
Notably all groups of epileptic rats had elevated tissue NA within the frontal
cortex (Fig.5.1A). However, the stress applied was not enough (either in strength
or in duration) to induce significant NA release from this structure. It is possible
that a stronger stressor would induce a higher NA-ergic response in the frontal
cortex of epileptic subjects compared to normal controls. However, this possibility
still remains to be examined. Interestingly, this elevated tissue NA in a number of
brain regions in WAG/Rij rats (Fig.5.1 A,C,E) did not correlate with SWI. Since
acute reduction of the noradrenergic neurotransmission led to SWDs enhancement
in the WAG/Rij [Sitnikova and Luijtelaar, 2005] as well as in the GAERS models
[Micheletti et al, 1987] it is possible to speculate that NA might be also poorly
released and metabolized in these rats.
Audiogenic epilepsy had a larger impact on the brain NA-ergic functions.
Brain NA is believed to adjust the motoric output in response to environmental
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challenges [Segal et al, 1989]. In the sound-stressed rats the cerebellar NA level
declined in the AGS-susceptible rats, in contrast with the NA concentration
increase in nAGS rats (Fig.5.1H). NA-ergic deficits were found in the cerebellum,
pons-medulla and thalamus of the GEPR strains, genetically prone to exhibit AGS
[Dailey et al, 1991]. Although lesions in cerebellar NA-ergic system failed to
affect the AGS intensity [Wang et al, 1994], it is possible that a decrease in the
cerebellar NA might trigger the start of AGS. In contrast to the cerebellar NA
decline, the hypothalamic NA level was elevated in stressed subjects, with a
selective sound-induced increase of the NA/DA ratio in the AGS-susceptible rats
(Results 5.4.2.). The hypothalamic noradrenergic neurons are selectively involved
in the hypothalamo-hypophysial responses to fear stimuli [Onaka et al, 1996].
Since the wild running phase of AGS is thought to share its neural substrates with
the panic-like reactions in rats [de Paula & Hoshino, 2002, 2003] one might
speculate that in a stress-induced accumulation monoamines in hypothalamus
[Lowry et al, 2003] a prevalence of NA over DA might be a critical factor to
develop panic behavior. The NA levels increased in all rat groups except of
WAG/Rij-nAGS (Fig. 5.1F, dark-grey bars). Those particular rats were the only
ones who did not move to any extent during the two sound pre-tests, whereas nonepileptic rats (Wistar-nAGS) displayed explorative locomotion and AGSsusceptible rats suffered motor convulsions [Midzyanovskaya et al, 2005].
Therefore, the hypothalamic increase of NA precedes any locomotor response
during the sound stress, in line with the theory cited above [Segal et al, 1989].
The study also allowed us to examine the putative interaction of convulsive
and non-convulsive seizures on the level of brain catecholamines. But it appeared,
the interaction effect was rather minor: AGS-prone Wistar rats had significantly
higher HVA content in the hypothalamus as compared to Wistar-nAGS, whereas
the AGS-prone WAG/Rij rats did not differ from their nAGS mates (Results
5.4.3.b and Fig.5. 1 F). Hence, we one can hypothesize that the AGS-prone rats in
our experiments did not have a sufficient seizure experience to reveal a putative
interaction of AGS and absence epilepsy on the level of tissue catecholamines.
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In conclusion, in the present work we found that mild but recurrent absence
paroxysms have a greater effect on the brain CA-ergic system than rare audiogenic
convulsions. Widespread dopaminergic deficiency parallels absence epilepsy
aggravation in WAG/Rij rats. The brainstem DA-ergic neurotransmission is likely
to be a crucial factor determining propensity towards absence seizures. It is
hypothesized that a lowered DA-ergic metabolism in the cortical structures of the
WAG/Rij rats can lead to an enhanced stress vulnerability of the limbic circuits.
Immediate response of the medullar CA-ergic system on emotional stress depends
on propensity towards absence seizures. It might be expected that the effects of
dopaminergic drugs also would depend on the propensity towards absence
seizures.
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CHAPTER 6
Distribution of D1-like and D2-like dopamine receptors
in the brain of genetic epileptic WAG/Rij rats.

published: Epilepsy Res. 2005, 63(2-3):89-96
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6.1. Abstract.
The densities of the dopamine D1-like and D2-like receptors were studied by
autoradiography in brain regions of rats with genetic absence epilepsy (the
WAG/Rij strain) and in rats without predisposition to epileptic phenomena (the
ACI strain). It was found, that in WAG/Rij the dorsal striatum (the head of caudate
nucleus) had lower density of both D1-like and D2-like dopamine (DA) receptors
and the core of nucleus accumbens had lower density of D1-like receptors. On the
other hand, the density of D2-like receptors was higher in the cortical (frontal and
parietal areas) regions and lower in the CA3 region of the hippocampus of
WAG/Rij rats, as compared to ACI rats. The obtained results point to presumed
malfunction of the various brain dopaminergic systems in the WAG/Rij rat model
of absence epilepsy and suggest that there are clear differences between WAG/Rij
and other models of the absence-epilepsy concerning the role of striatum.

6.2. Introduction
The rats of the WAG/Rij strain are used as a genetic animal model for
absence epilepsy [Coenen and Van Luijtelaar, 2003; Van Luijtelaar and Coenen,
2002]. All adult WAG/Rij rats show absence seizures in the form of spontaneous
generalised spike-wave discharges (SWDs) in EEGs, accompanied by behavioural
arrest, often with mild myoclonic jerks. SWDs in WAG/Rij rats are suppressed by
anti-absence and aggravated by absence-provoking drugs [Peeters et al, 1988; Van
Luijtelaar and Coenen, 2002]. The WAG/Rij rat strain is considered a suitable
model for absence epilepsy and it allows studying of neurochemical mechanisms
which assumed to be involved in human absence epilepsy as well.
It is well known from the clinical practice, that neuroleptics can cause
serious aggravation of human absence epilepsy [Itil and Soldatos, 1980]. Since the
brain dopaminergic system is one of the main targets for neuroleptic drugs, an
unknown dysfunction of the brain dopaminergic system was proposed to exist in
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absence epilepsy patients. Moreover, Buzsaki [1990b] has proposed a common
pacemaker mechanism for rhythmic EEG discharges of absence epilepsy and
tremor in Parkinson patients. Recently, it was found that the dopamine (DA)
transporter gene is specifically altered in human patients with idiopathic
generalised absence epilepsy [Sander et al, 2000]. There was a significantly
increased frequency of the nine-copy allele of the 40 base pair repeats
polymorphism in the 3'- untranslated region of the DA transporter gene. Although
the exact consequence of this finding is not known, it was hypothesised that it
might lead to changes in the functioning of the DA-transporter protein. Thus,
hypothetically altered re-uptake of DA would contribute to the enhanced network
excitability [Sander et al, 2000] and, consequently, to lowered threshold for SWD
to occur.
Recently, some features of the brain DA-ergic system were proposed to
account for the development of SWDs in various rat strains. Increased activity in
the mesolimbic DA-ergic system could account to this kind of seizures [Cools and
Peeters, 1992; de Bruin et al, 2000, 2001a]. In good agreement with this is that rats
of another strain, which is acknowledged as a valid model for absence epilepsy,
GAERS, have an increased density of D3 dopamine receptor mRNA in the core of
nucleus accumbens [Deransart et al, 2001]. Interestingly, other rats APO-SUS,
characterized by a high number of SWDs [de Bruin et al, 2000] and originally bred
for enhanced responsiveness to apomorphine [Cools et al, 1990], show
predominance of the mesolimbic DA-ergic system over the nigrostriatal one. On
the other hand, the rat strain with opposite DA-characteristics, APO-UNSUS rats
with lowered responsiveness to apomorphine and predominance of the nigrostriatal
system over the mesolimbic one, show an extremely low incidence of SWDs [De
Bruin et al., 2000]. In these apomorphine-susceptible (APO-SUS) rats, the density
of D2/3-binding sites, as well as D1 receptor mRNA levels, in the striatal
projection area of the A9 substantia nigra neurons were significantly higher than in
apomorphine-unsusceptible (APO-UNSUS) rats. However, the D2 receptor mRNA
and the number of D1 receptor binding sites in the limbic regions, caudate putamen
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and nucleus accumbens, were similar in APO-SUS and APO-UNSUS rats [Rots et
al, 1996]. Assuming that elevated receptor numbers might be considered
compensatory to insufficient receptor stimulation by its endogenous ligand, it was
suggested that high apomorphine susceptibility could be related to malfunction of
the nigrostriatal and tuberoinfundibular pathways [Rots et al., 1996]. In parallel,
putative imbalance between the mesolimbic and nigrostriatal dopaminergic
systems was suggested as a pathognomonic factor for absence epilepsy in
WAG/Rij rats [de Bruin et al, 2000, 2001]. We assume that rats of the WAG/Rij
strain with genetically determined absence epilepsy also can have altered
expression of D1-like and D2-like receptors in the brain. In order to test this
suggestion we used autoradiography to compare dopamine D1 and D2/D3 receptor
binding sites in brain areas of WAG/Rij rats and age matched ACI rats, proven to
be almost devoid of SWDs [Inoue et al., 1990].
6.3. Materials and Methods
6.3.1. Animals
Male WAG/Rij (n=5) and ACI (n=5) rats, 7 months old and weighing 340-380 g at
the time of the decapitation, were used. Animals were housed 5 per cage, under
natural light-dark conditions (approximately 8 h light), with food and water
available ad libitum. All efforts were made to minimize the number of animals
used and their suffering and experiments were carried out in accordance with the
the Institutional Guidance for the animal care.
6.3.2.Tissue preparation
Rats were killed by decapitation. Brains were quickly removed and immediately
frozen in isopentan kept on dry ice. Coronal slices (16 Pm) were cut in a cryostat
and mounted in duplicate onto polylysine-coated slides (Menzel-Glaser, Germany).
Alternate sections were allocated to slides for total or non-specific binding or for
histology. Slices were cut from the following levels: A2100-A1500 Pm (level 1)
and P1800-2400 Pm (level 2) according to Palkovits and Brownstein, 1988.
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Sections were dried at the room temperature over night and then stored at – 20qC
Fig. 6.1. Examples of autoradiograms of [3H]SCH23390 (D1-receptors; A – ACI rat, level 1,
and C – WAG/Rij rat, level 2) and [3H]spiperone (D2/3-receptors; B – ACI rat, level 1, and
D – WAG/Rij rat, level 2) binding sites in coronal sections of rat brains.

till autoradiography. The Nissle method was used to stain the control slices for
histological evaluation.
6.3.3. D1 receptor binding
Dopamine D1 receptor-binding sites were analysed using in vitro autoradiography
as described earlier [Blunt et al., 1992]. Slide-mounted slices were incubated in
Tris-buffer (50 mM Tris HCl containing 120 mM NaCl, 5 mM KCl, 2 mM CaCl2
and 1 mM MgCl2; pH 7,7) containing 0,2 nM [3H] SCH 23390 (specific activity
66,0 Ci/mmol, Amersham) for 90 min at room temperature. Sections for nonspecific binding were incubated in Tris-buffer containing 0,2 nM [3H]SCH 23390
and 10-7 M cis-flupenthixol. After incubation, the slides were drained, washed two
times for 5 min in buffer at 4qC and briefly dipped two times into distilled water
(4qC). Sections were dried at room temperature over night and exposed to a
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tritiumFig. 6.2. The scheme of measured regions in WAG/Rij compared with ACI rats (the left
scheme – level 1; the right scheme – level 2):
Vertical lines – no statistically significant differences in D1- or/and D2/3-receptor density
Left hatches – the D1-receptor density significantly lower at 5-15%
Right hatches – the D1- and D2/3-receptor density significantly lower at 15-30%
Straight lattice – the D2/3-receptor density significantly higher (in cortex) and lower (in
hippocampus CA3 field) at 30-45%
Slanting lattice – the D2/3-receptor density significantly higher at 50-75%

sensitive film (3H-Hyperfilm, Amersham) at –20qC for 4 weeks, together with
Amersham 3H Microscale Autoradiography Standards.
Two sections per rat for each level were studied.
6.3.4. D2/D3 receptor binding
Dopamine D2/D3 receptor-binding sites were analysed using in vitro
autoradiography as described earlier [Blunt et al., 1992]. Slide-mounted slices were
incubated in Tris-buffer (50 mM Tris HCl containing 120 mM NaCl; pH 7,4)
containing 0,4 nM [3H]spiperone (specific activity 109,0 Ci/mmol, Amersham) for
60 min at room temperature. Sections for non-specific binding were incubated in
Tris-buffer containing 0,4 nM [3H]spiperone, 10-5 M haloperidol and 10-5 M
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ketanserin. After incubation, the slides were drained, washed two times for 5 min
in buffer at 4qC and briefly dipped two times into distilled water (4qC). Sections
were dried at room temperature over night and exposed to a tritium-sensitive film
(3H-Hyperfilm, Amersham) at –20qC for 3 weeks, together with Amersham 3H
Microscale Autoradiography Standards.
Two sections per rat per level were studied.
6.3.5.Computer-assisted image analysis
Optical density of the autoradiograms was quantified with the computerised image
analysis system ”The Microcomputer Imaging Device software” (Imaging
Table 6.1. D1-like receptor density as shown by [3H]SCH
23390 binding in brain slices of ACI and WAG/Rij rats. Note.
Values of specific [3H]SCH 23390 binding are means r
S.E.M., optical density, nCi/mg. Asterisk indicates significant
differences between control (ACI, n = 5) and epileptic
(WAG/Rij, n = 5) rats: * p d 0,05.
Structure
ACI rat
WAG/Rij
rats
Accumbens nucleus (shell) 7.1±0.6
5.9±0.8
Accumbens nucleus (core) 10.5±0.3
*
9.0±0.4
Caudate nucleus (head)
11.1±0.2
*
8.4±0.2
Caudate nucleus (ventral)
11.1±0.6
12.1±0.7
Caudate-putamen
7.8±0.7
8.7±0.4

Research Inc.).
Quantification occurred
on the basis of a standard
curve calculated from a
set of 3H-microscales
(Amersham). Local
optical densities of the
autoradiograms were
measured within

following regions [Palkovits and Brownstein, 1988; Paxinos and Watson, 1986]:
frontal cortex (motor area), frontal cortex (somatosensory area), parietal cortex,
accumbens nucleus (shell), accumbens nucleus (core), caudate nucleus (head),
caudate nucleus (ventral), caudate-putamen, hippocampus CA1 and hippocampus
CA3 region.
6.3.6. Statistical analysis.
The U-criterion of Mann-Whitney was used for statistics. P-value <0.05 was
considered statistically significant.

6.4. Results
6.4.1. Dopamine D1 receptor binding
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The results of D1-study are given in Table 6.1 (see also Fig.6.1 and Fig.6.2).
Significantly decreased D1 receptor density in the WAG/Rij as compared to ACI
rats was found in the accumbens nucleus (core) (-14,3%) and caudate nucleus
(head) (-24,3%). In the other measured regions no significant differences in the
mean values were found. In the cortex the D1-receptor density was too low for the
analysis.
6.4.2.Dopamine D2/D3 receptor binding
The results of D2/D3-study are given in Table 6.2 (see also Fig.6.1 and
Table 6.2. D2/D3 -like receptor density as shown by [3H]spiperone
binding in brain slices of ACI and WAG/Rij rats. Note. Values of
specific [3H]spiperone binding are means r S.E.M., optical density,
nCi/mg. Asterisk indicates significant differences between control
(ACI, n = 5) and epileptic (WAG/Rij, n = 5) rats: * p d 0,05.
Structure
ACI rat
WAG/Rij rats
Frontal cortex (motor area)
7.2±0.5
*
9.8±0.6
Frontal cortex (somatosensory area) 5.2±0.3
*
8.2±0.7
Parietal cortex
6.4±0.4
*
8.4±0.8
Accumbens nucleus (shell)
16.2±0.7
14.9±1.3
Accumbens nucleus (core)
22.8±0.5
21.8±1.2

Fig.6.2). When

Caudate nucleus (head)
Caudate nucleus (ventral)
Caudate-putamen
Hippocampus CA1
Hippocampus CA3

somatosensory

25.9±1.1
32.8±1.1
30.1±2.8
9.3±2.0
2.8±0.1

*

*

21.6±0.5
36.3±1.7
27.9±2.5
6.0±1.5
1.9±0.3

WAG/Rij rats were
compared to ACI
rats, significantly
increased D2/D3
receptor density was
found in the frontal
cortex (motor and
areas) and parietal
cortex (+36,1%,

+57,7% and +31,3% respectively). Receptor densities in the caudate nucleus
(head) and hippocampus CA3 (at level 2) were significantly lower (-16,6% and –
32,1% respectively) in WAG/Rij rats. In the other measured regions no significant
differences in the mean values were found.
6.5.Discussion
The role of DA in absence epilepsy is well established, sytemic
administration of DA antagonists aggravate SWDs [Danober et al., 1998;
Deransart et al., 2000; de Bruin et al., 2000; Midzianovskaia et al., 2001].
However, nothing is known about the distribution of DA receptors in WAG/Rij
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rats. In the present study we report for the first time the characteristics of the
distribution of dopamine D1-like and D2-like receptors in rats of the WAG/Rij
strain. The overall regional distribution of these receptors followed the general
pattern seen in non-epileptic rats: large densities in dorsal and ventral striatum and
some, mainly D2 receptors in hippocampus, frontal and parietal cortex. However,
there were also differences between the WAG/Rij and controls. The density of D1like and D2-like receptors was lower in the striatal and hippocampal sub regions of
the epileptic rats’ brain: D1 receptor density is decreased in the caudate nucleus and
core of nucleus accumbens, D2 receptor density decreased in the caudate nucleus
and hippocampus CA3. On the contrary, increased density of D2-like receptors was
seen for the studied cortical areas: frontal (motor and somatosensory cortex) and
parietal cortex.
Interestingly, DA-ergic dysfunction has been described in GAERS and
APO-SUS rats, two rat strains characterised by high incidence of SWDs [Danobert
et al., 1998; Ellenbroek and Cools, 2002]. In GAERS rat the only significant
change was up-regulated D3 DA receptor mRNA in the core of nucleus accumbens,
whereas the levels of mRNA encoding the DA transporters or synthesising enzyme
were not different from the controls [Deransart et al, 2001].
A study in the APO-SUS rats revealed higher level of tyrosine hydroxylase
(TH, the rate-limiting enzyme in DA synthesis) in the substantia nigra and the
arcuate nucleus [Rots et al, 1996]. The higher levels of D2-like receptor protein and
D1-receptor mRNA of in the caudate nucleus, as well as higher levels of TH
mRNA in the A9 cell group of the substantia nigra pars compacta and in the A12
cell group of the arcuate nucleus were reported [Rots et al, 1996]. There were
differences in experimental details in the studies of Rots et al and Deransart et al.
However, the outcomes and interpretation share common features, DA-receptors
were up-regulated in the striatal parts to compensate the presumed low functional
activity of the DA-ergic system and signs of predominance of the mesolimbic DAergic system were observed.
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Our present results contradict with these findings: both the dorsal and ventral
striatum exhibited lowered density of D1-like and D2-like receptors in the
WAG/Rij rats, compared to non-epileptic control rats. Especially, the low
expression of D2-like DA receptors in the core of nucleus accumbens deserves
special attention: in GAERS mRNA of the D3 receptors, which belong to the D2
DA receptor family, was up-regulated, hypothetically due to compensation of
decreased DA-ergic activity in this structure. Remarkably, the actual level of D3
receptors, measured by autoradiography, was not changed in the GAERS and
therefore a failure in the level of protein synthesis was assumed [Deransart et al,
2000]. From our results we can conclude that this is not likely to be the case for
WAG/Rij rats. However, it might be that GAERS and APO-SUS rats have
different characteristics of absence epilepsy profile: age of onset, mean duration of
SWDs and incidence of SWDs. In GAERS the onset of SWDs is detected as early
as on the 40-60th days, in adult (3-4 months) awake animals SWDs last about 1030 seconds and occur 1.3 times in a minute [Vergnes et al, 1986; Marescaux et al,
1992]. In WAG/Rij rats, the first SWDs can be detected at the age of 2-3 months,
in adult (5-7 months) animals the mean duration of SWDs is 5-8 seconds and
occurrence is 18 SWDs per hour [van Luijtelaar and Coenen, 1986]. Such an
ontogenetic study has not been done in APO-SUS rats. However the mean duration
and incidence of SWDs is higher in APO-SUS than in age-matched WAG/Rij rats
[de Bruin et al, 2000, 2001a]. Therefore APO-SUS and GAERS might have more
or different kind of changes in DA-ergic mechanisms than WAG/Rij rats. Also,
dysfunctions on the different levels of the DA-ergic system should be taken into
consideration.
We have recently found that tissue levels of DA were not significantly
changed in the brains of WAG/Rij rats; however lowered tissue level of DOPAC,
the presynaptic DA metabolite, in the striatal complex was detected
[Midzyanovskaya et al, submitted]. DOPAC concentration is considered an
indirect measure, which reflects the amount of newly synthesised DA [Zetterstrom
et al, 1984, 1988]. Although usually the extra cellular concentrations of DOPAC
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are related to the rate of DA-synthesis [Zetterstrom et al, 1988], the lowered tissue
level of DOPAC might also mean that the synthesis of DA is decreased. Another
possibility is that the WAG/Rij rats might have some abnormalities in the DA reuptake, and less DA is returned to the presynaptic terminal to be converted to
DOPAC. Importantly, human patients with idiopathic absence epilepsy have
abnormalities in the gene coding the DA transporter [Sander et al, 2000].
Additionally simultaneous lack of autoreceptor function has been reported in mice
lacking the DA transporter [Jones et al, 1999]. It is known, that activation of the D3
receptor tonically inhibits neuronal DA synthesis, release and neuronal activity
[Gilbert et al., 1995; Kreiss et al., 1995; Nissbrandt et al., 1995]. Thus, the
possibility that the lowered density of D2-like DA autoreceptors in the caudate
nucleus and hippocampus of WAG/Rij rats are linked with a failure in the DA reuptake should not be discarded.
Surprisingly, an increased density of D2-like receptors was found in the
frontal and parietal regions of cortex of WAG/Rij rats. This finding can be
considered as an evidence for a failure in the mesocortical dopamine system, which
innervates the prefrontal, frontal, entorhinal, cingular, motor and visual cortical
areas. The mesocortical dopamine system has not yet been implicated into the
pathogenesis of absence epilepsy. This particular DA-ergic system has been
referred to regulation of working memory and focused attention [Barkley, 1998; Le
Moal and Simon, 1991]. De Bruin et al [2001b] found, that in the WAG/Rij rats
the cortical processing of the informational flow as measured with a double pulse
auditory evoked potential paradigm is altered compared to the ACI, APO-SUS and
APO-UNSUS rats. These rats showed less inhibition and less sensory gating. It
might also be hypothesised, that the increase of cortical D2-receptors is linked to
the presence of two types of spike-wave activity in the WAG/Rij rats’ EEG. D2/D1
antagonist haloperidol induced generalized SWDs of 8-11Hz, whereas D2/D1
agonist apomorphine facilitated local, occipito-parietal SWDs of 5-7Hz
[Midzianovskaia et al, 2001]. This local type of SWDs has not been reported, to
our knowledge, in other genetic models of absence epilepsy. Interestingly, similar
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two types of SWDs were described in adult human patients with absence seizures
and these two types differed in sensitivity to apomorphine administration [Quesney
et al, 1981]. We now propose that the mesocortical DA-ergic system might be
involved in the pathogenesis of the different types of SWDs.
Some of the results, especially the down regulation of D2 receptors in the
nucleus caudatus in WAG/Rij rats, agree with our previous experimental finding
on lowered cataleptic threshold in the WAG/Rij rats. The WAG/Rij rats display
shorter latency to the haloperidol- or stress-induced catalepsy and an increased
duration and deepness of the cataleptic state [Kuznetsova et al, 1996, submitted;
Midzianovskaia et al, 2001]. It is commonly accepted, that the cataleptogenic
effect of neuroleptic drugs is mainly caused by blockade of the dorsal striatal DAergic neurotransmission due to occupancy of post-synaptic DA-receptors by
neuroleptic drugs [Sanberg, 1980]. A smaller number of D2 receptors in the dorsal
striatum might imply that a smaller dose of a neuroleptic (e.g. haloperidol) is
sufficient to inhibit DA-ergic neurotransmission and to evoke catalepsy. Therefore,
the lowered density of DA receptors found in the caudate nucleus of the WAG/Rij
rats in the present study, can be considered as a neurochemical basis of enhanced
susceptibility to catalepsy. Interestingly, enhanced cataleptic reaction to
haloperidol or sound stress was found even in 8-weeks-old WAG/Rij rats
[Kuznetsova et al, 1996], in which SWDs could not yet be detected [Coenen and
van Luijtelaar, 1987]. This means that the DA-ergic deficiency appears prior to the
seizure development and therefore could not be attributed solely to compensation
or consequence of repeated absence seizures.
The last part of our results, a difference in D2-receptors on the hippocampal
level, is the most difficult to interpret, since little is known about the
mesohippocampal DA-ergic system and especially, possible role of D2-like
receptors in the CA3 field. Neurophysiological studies show that the hippocampus
is not directly involved in absence epilepsy since single units did not fire
synchronously with cortical SWDs. However, abnormalities in the components of
DA-ergic system in the frontal cortex, hippocampus and nucleus accumbens might
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be interacting. According to a recent hypothesis, deregulated neuronal integration
of DA and glutamate signalling in the nucleus accumbens might be driven by
cortical and hippocampal dysfunction [Chambers et al, 2001]. Therefore it might
be possible that altered numbers of DA-receptors in the cortex (frontal and parietal
regions) and hippocampus (CA3 region) might be responsible for changes in
receptors at other locations and vice versa.
It can be concluded that the distribution of DA receptors in WAG/Rij rats
mimics that of other strains, however WAG/Rij rats are unique and differ from
other rats with SWDs by having lower number of DA receptors in the dorsal and
ventral striatum. The low expression of both D1-like and D2-like DA-receptors in
the head of caudate nucleus can be attributed to the low cataleptic threshold in
WAG/Rij rats. The elevated cortical expression of D2/3-receptors may be related to
the presence of type II SWD and to reduced sensory gating.
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CHAPTER 7
The brain histaminergic response to an acute sound
stress in rats with generalized
(absence and audiogenic) epilepsy.
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7.1. Abstract.
The brain histaminergic system is implied both in emotional stress and
suppression of various seizure types. In the present study we assessed the brain
histaminergic response to a sound stress in rats with genetic generalized
(audiogenic and/or absence) epilepsy, of Wistar and WAG/Rij strains. Tissue
concentrations of histamine (HA) were assessed in frontal and parieto-occipital
cortex, amygdala, thalamus, striatum, hypothalamus, pons-medulla and
cerebellum.
After a short (<15 sec.) exposure to an aversive sound HA increased in
thalamus and parieto-occipital cortex of stressed rats. A tendency to a stressinduced increase of HA was observed in the limbic structures (amygdala and
hypothalamus). The largest response was seen in genetic absence-epileptic rats.
The rats prone to audiogenic seizures did not show any particular changes in
tissue HA, as compared to their strain-mates resistant to audiogenic seizures, both
in sound-stressed and non-stressed groups. Propensity of absence epilepsy
correlated negatively with tissue HA (in striatum, hypothalamus and ponsmedulla) in the absence-epileptic rats, but not in the stressed ones.
The obtained results suggest that a presumed anticonvulsant action of the
brain histaminergic system does not develop during the latency period of
audiogenic seizures. It is likely that a lowered HA-ergic tone in hypothalamus,
pons-medulla and striatum facilitates occurrence of absence seizures in rats.
7.2. Introduction
he histaminergic brain system is thought to control homeostasis of the
whole organism and regulate a large variety of brain functions (rev. in Brown et
al, 2001; Tuomisto et al, 2001). Histamine is proposed to be a danger response
signal, mediating a stress-evoked hormonal release and monoaminergic
activation in brain (Brown et al, 2001).
Beside that, it was hypothesized that the brain HA may act as an
endogenous “anticonvulsive” neurotransmitter (Tuomisto &Tacke, 1986).
Activation of the brain histaminergic system helps to suppress electrically and
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chemically induced seizures as well as kindling development (Scherkl et al.,
1991a,b; Tuomisto et al., 1987; Kamei, 2001; Kamei et al, 1998, Hirai et al,
2004). It was reported, that soon after electrical kindling procedures HA levels in
the bilateral amygdala, hippocampus and diencephalon significantly decreased in
the kindled group, which presumably reflected a lowered seizure threshold in
those rats (Toyota et al, 1998). Oppositely, a systemic administration of kainic
acid to produce status epilepticus in rats, led to a quick and long-lasting increase
in histaminergic activity of piriform cortex and amygdala (Lintunen et al, 2005).
As it was hypothesized, HA increased during status epilepticus in attempts to
abort it, whereas a postponed (1 week) elevation of tissue HA reflected some
neurodegeneration (Lintunen et al, 2005).
In human patients, the major seizure-precipitating factor is emotional stress
(Nakken et al, 2005). In the present study we were aimed to see whether the brain
HA-ergic system is more vulnerable to stress in epileptic subjects as compared to
non-epileptic ones. To this end we evaluated the histaminergic response of
epileptic brain on an aversive sound, using genetic animal models for convulsive
(audiogenic) and non-convulsive (absence) epilepsy.
The WAG/Rij rat strain was used as a model of childhood absence epilepsy
(van Luijtelaar and Coenen, 1986; Coenen & van Luijtelaar, 2003). This strain
was derived from a Wistar strain (rev. in Coenen & van Luijtelaar, 2003).
Virtually all adult individuals of WAG/Rij strain develop the EEG hallmarks of
absence seizures (AbS) – widely generalized spike-wave discharges often
accompanied by behavioral arrest and mild orofacial jerks. Rats prone to
audiogenic seizures (AGS) comprised other experimental groups. Namely, AGSsusceptible individuals of the Wistar and WAG/Rij rat strains were enrolled. As
we reported previously (Kuznetsova, 1998; Midzyanovskaya et al, 2004), AGS
had very similar characteristics in susceptible individuals of these two strains.
Therefore, similar underlying mechanisms can be expected. For the present study
we had 4 rat groups: WAG/Rij-nAGS (with absence epilepsy), Wistar-AGS (with
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audiogenic epilepsy), WAG/Rij-AGS (with both absence and audiogenic
epilepsy), and Wistar-nAGS as non-epileptic controls.
As a stressor, we chose a short (12-15 seconds) sound stimulation with
pronounced ultrasound components which are aversive signals for rats (rev. in
Sanchez, 2003). In WAG/Rij rats, presentation of this kind of sound suppresses
ongoing AbS, which is followed by a 2-4 rebound of paroxysm seizures
immediately after the end of stimulation (Kuznetsova et al, 1996). In AGSsusceptible individuals, the sound produces seizures with a latency of 20-25
seconds (Kuznetsova, 1998; Midzyanovskaya et al, 2004). As the control
subgroups, we had age- and strain-matched rats left without sound stimulation.
With this experimental design, we were aimed to evaluate the
histaminergic effects of the following factors:
1) Emotional stress
2) Type of epilepsy
3) Interactions of the stress and type of epilepsy.
7.3. Methods
7.3.1. Animals.
Table 7.1. Epileptic scores of rats involved in the present study, as means±SEM (for SWI)
and as mean and ranges (for AGS); N=5 rats per a group.
Control groups
WAG/Rij-AGS
SWI
3.3±0.77
AGS score 1.1
(1-2)
Stressed groups
WAG/Rij-AGS
SWI
1.9±0.64
AGS score 1.6
(1-2)

WAG/Rij-nAGS
3.3±1.08
0

Wistar-AGS Wistar-nAGS .
0
0
1.4
0
(1-2)

WAG/Rij-nAGS
3.6±1.38
0

Wistar-AGS Wistar-nAGS .
0
0
1.4
0
(1-2)
.

In total 40 male rats were used: 20 WAG/Rij rats (bred and raised at the
vivarium of IHNA) and 20 Wistar rats (supplied by Stolbovaya and further kept
at IHNA). At the beginning of the experiments, the WAG/Rij and Wistar rats
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weighed 265 ± 9 and 277 ± 10 g, respectively, and were 4–5 months old. Rats
were housed in groups of three to five per cage, under natural light–dark
conditions (about 10 hours of daytime light). All experiments were performed in
accordance with institutional and national guidelines of animal care. All efforts
were made to reduce the number of animals and their suffering.
7.3.2. Test of audiogenic susceptibility.
All rats used in this study were tested for predisposition to AGS.
Audiogenic seizures were induced by complex sound with a frequency range of
13-85 kHz, with maximum in 20-40 kHz, and mean intensity of 50-60 dB. It was
automatically presented for 90 seconds in an experimental chamber (90 x 90 cm)
as described by Kuznetsova and co-workers (Kuznetsova et al, 1996; Kuznetsova
et al, 1998). The test was performed twice, with an interval of 7-9 days. The rats
involved in the present study displayed mild seizures: wild running (score 1) or
wild running followed by jumping (score 2). A failure to experience an
audiogenic seizure was scored as 0 (Kuznetsova, 1998). The final score that was
assigned to an animal was the average of the scores in the 2 successive tests. The
mean scores of AGS are given in Table 7.1.
Four experimental groups of 10 rats each were formed: WAG/Rij-nAGS,
WAG/Rij-AGS, Wistar-nAGS and Wistar-AGS. Furthermore, each group was
subdivided into two sub-groups; half of the animals of each type were exposed to
an aversive sound for 15 seconds, i.e. not long enough to induce audiogenic
seizures. This was followed by rapid decapitation. Non-stressed animals, the
other half of each group, were decapitated without sound stimulation.
7.3.3. Surgery.
Ten days after the last test of audiogenic susceptibility, three epidural
cortical electrodes (stainless steel screws) were implanted in all rats under
general (chloral hydrate 4% solution, 10 ml/kg i.p.) and local (procaine 2%
solution to soft tissues of head) anaesthesia. The following locations (referring to
bregma zero) for the electrodes were used: frontal cortex (AP: +2.5, L 3),
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occipital cortex (AP: -6.0, L 3.5), reference electrodes were inserted over the
cerebellum.
7.3.4. EEG registrations.
After a two-week post-surgery recovery period, the EEGs (time constant
0.3 and low pass filter 70 Hz) of the rats were recorded in two sessions of 45-60
minutes,
Fig. 7.1. Tissue concentrations HA in brain regions of non-stressed and sound-stressed rats of the
WAG/Rij and Wistar strain, with or without susceptibility to AGS. Black bars stand for WAG/RijAGS, dark-grey bars stand for WAG/Rij-nAGS, light-grey bars are for Wistar-AGS and white bars are
for Wistar-nAGS. Arrowheads (Ÿ) below the corresponded bars denote the stressed subgroups. Values
are given in nmoles/g of wet tissue, as means ± SEM, N=5 per subgroup (if different, then the cases of
N=4 are indicated by a short horizontal line below the corresponding bars). Significant effects
(according to ANOVA) are marked along the dashed horizontal lines; significant effects of post-hoc
test (Mann-Whitney) are given along the solid lines. Significance levels are marked with single stars
(*) for p<0.05 and double stars (**) for p<0.01. For further explanations see the text.

conducted between 16.00 and 19.00 p.m. Spike-wave discharges were scored offline according to the usual criteria that have been described elsewhere (van
Luijtelaar & Coenen, 1986) and the individual index of spike-wave activity
(SWI, 100 x (time occupied by generalized SWD/total time) was calculated. The
mean SWIs for each subgroup of WAG/Rij rats are given in Table 1.
128

BRAIN HISTAMINE IN RATS ABSENCE AND/OR AUDIOGENIC EPILEPSIES

7.3.5. Administration of the stressor stimulus, decapitation and dissection.
All animals were habituated to the room with the sound chamber and
decapitation facilities, by one or two habituation sessions of about two hours per
week, for the four weeks before the decapitation. At that time point, the animals
were enrolled in behavioural experiments, reported elsewhere (Midzyanovskaya
et al, 2005). The EEG recording sessions took place ten to 14 days prior to the
decapitation. Rats from the group of 10 animals were taken one by one to the
experimental room, in a random order, every other animal being placed into the
experimental chamber, exposed to the sound stimulus for 15 seconds, removed
quickly from the chamber and decapitated before the putative onset of AGS in
the susceptible animals. Every other animal served as a control and was
decapitated without sound stimulation.
The brains were quickly extracted from the skull, vascular tissue was
carefully removed and brain regions were dissected on ice. The following brain
regions were taken for analysis: frontal and parieto-occipital cortex, amygdala,
striatum, thalamus, hypothalamus, pons-medulla oblongata. The samples were
individually placed in plastic tubes and frozen on top of dry ice, and then the
samples were stored at -70ºC until assay.
7.3.6. HPLC.
The thawed samples were homogenized in ice-cold 0.4M perchloric acid
and the homogenates were centrifuged at 100,000 g for 45 minutes at 4ºC;
supernatants were frozen until the assay. Supernatants were used for HPLC
assay, with post-column derivatization and fluorescence detection, as described
by Yamatodani et al (1985).
7.3.7. Statistics.
We were aimed to evaluate the effects of the following factors:
susceptibility to AGS, susceptibility to AbS (confine with strain) and stress. The
obtained values were processed by ANOVA using SPSS 9.0 software, to
establish significance of each of the between group factors and their interactions
(2x2x2 design, with "strain", "AGS" and "stress" taken as between groups
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factors). This was followed by post-hoc tests (Newman-Keuls), if needed.
Finally, the correlations between biochemical data and propensity of absence
seizures were estimated with Spearman method of rank order correlation. All data
are presented as mean ± SEM, p=0.05 was accepted as minimal for significance.
7.4. Results
7.4.1. Tissue concentrations.
The mean values of tissue HA levels in brain regions for each subgroup are
summarized in Fig. 7.1.
7.4.2. Stress effects.
We found a stress-induced increase in thalamus {F(1,37)=8.79, p<0.01}
and parietal cortex {F(1,39)=5.45, p=0.03}. The same tendencies to increase of
tissue HA were observed in hypothalamus (p=0.06) and amygdala (p=0.08). In
post-hoc tests, no difference between the subgroups was found. However, the
strains differed in HA-ergic stress response of brain regions, as seen in post-hoc
tests. Namely, stress induced an increase in the parieto-occipital cortex and
thalamus (for both p=0.02; Fig.7.1), as well as in the hypothalamus (p=0.03,
Fig.7.1) of WAG/Rij rats, but not Wistar rats. The stressed WAG/Rij rats had the
highest hypothalamic HA, higher than in all other groups (namely: from the nonstressed WAG/Rij, p=0.03; stressed Wistars, p=0.02; non-stressed Wistars,
p<0.01; not presented).
7.4.3. Strain effects.
WAG/Rij rats had higher HA in hypothalamus {F(1,38)=7.59, p<0.01},
lower level of HA in parietal cortex {F(1,39)=5.45, p=0.03} and tended to have
lower HA in frontal cortex (p=0.09) than Wistar rats.
7.4.4. AGS effects.
No significant difference between the AGS-prone and AGS-resistant rats
of each strain was observed. Tendencies were seen for lower tissue HA in
amygdala and cerebellum of AGS-prone rats (p=0.08 and p=0.10, respectively).
The AGS-prone and AGS-resistant groups did not show further significant
differences in post-hoc tests.
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7.4.5. Interaction of seizure types.
Significant AGS x strain interaction was found for the thalamic samples
Fig. 7.2. The brain regional HA correlates negatively
with individual SWI in non-stressed (white circles) but
not in stressed (black triangles) WAG/Rij rats. Groups
of WAG/Rij-AGS and WAG/Rij-nAGS rats were
pooled together for the analysis. For each graph, the
horizontal axis represents individual SWI.
Concentrations are given in nmoles/g of wet tissue.
Trend lines are drawn by linear regression. The
corresponding Spearman coefficients and p-levels are
given in each graph.

{F(1,37)=9.77, p<0.01}. Post
hoc tests demonstrated that
the AGS-prone WAG/Rij rats
tended to have higher HA in
this structure as compared to
their AGS-free strain mates
(p=0.07), whereas WistarAGS tended to have lower
HA then Wistar-nAGS
(p=0.08). WAG/Rij-nAGS
tended to have lower thalamic
HA then Wistar-nAGS
(p=0.06), but the tendency
was not seen between
WAG/Rij-AGS and WistarAGS. No significant
difference between particular
subgroups was seen in posthoc tests.
7.4.7. Correlation with
individual SWIs.
For this analysis WAG/RijAGS and WAG/Rij-nAGS
groups were pooled together
since they did not differ
significantly (see 7.4.4). Nonstressed WAG/Rij rats
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displayed significant negative correlations between SWI and HA tissue levels in
striatum (Fig. 7.2A), hypothalamus (Fig. 7.2B) and pons-medulla oblongata (Fig.
7.2C) (correspondingly, Rs=-0.72, p=0.02, N=10; Rs=-0.85, p<0.01, N=10; Rs=0.85, p<0.01, N=10). These correlations were all insignificant in the stressed
WAG/Rij rats.
7.5. Discussion.
7.5.1. Regional concentrations of HA.
The regional concentrations of HA throughout the brain (Fig.7.1) were
similar to those reported in the literature (f.e. Onodera et al, 1992; Lintunen et al,
2005).
7.5.2. Stress effects.
A quick response of the brain HA-ergic system to the aversive sound was
shown, with the most prominent reaction seen in absence-epileptic WAG/Rij rats
(Results section, 7.4.2.). The stress-related increase of tissue HA levels were
observed in thalamus and parietal cortex, together with the same tendency in
limbic structures (hypothalamus and amygdala) (Results section, 7.4.2). Our
findings are in line with the hypothesis of a stress-induced activation of brain
histaminergic system (Brown et al, 2001). Measurements, performed after 15
minutes of acute restrain stress, proved an increase of HA level and HA
metabolism in the striatum, n. accumbens and diencephalon (Ito et al, 1999; Ito,
2000). It is also known, that other kinds of experimental stress lead to an increase
of HA-ergic activity: during the forced swim test of Porsolt, HA is highly
increased in the hypothalamus, striatum, n. accumbens and prefrontal cortex
(Yoshitake et al, 2003); air blast shock increased HA in the hypothalamus
(Mazurkiewicz-Kwilecki & Prell, 1986), etc. Recently, we have shown that tissue
histamine level in the thalamus, as measured 45 minutes after the forced swim
test, is proportional to the time of “panic-like” behavior during the forced swim
(Midzyanovskaya et al, subm.).
Thalamus was the region, where the most evident HA response was
observed. Possibly, it was caused by an intense activation of thalamic neurons by
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the aversive sound. It is known that HA applied to thalamic neurons, facilitates
their switch from the bursting to the tonic firing mode, which is necessary for
transfer of information in relay neurons (McCormick & Williamson, 1991; rev. in
Tuomisto et al, 2001). Therefore, one might speculate that the observed increase
of thalamic HA refers to an enhanced need to process external information.
An interesting observation arising from the present experiments is that a
significant HA-ergic effects were seen in the structures implied in informational
processing (thalamus and cortex), whereas the structures referred to generation of
emotions (amygdala and hypothalamus) only tended to a significant reaction.
Further micro- dialysis experiments are needed to resolve the time dynamics of
the regional histamine stress response.
7.5.3. Lack of AGS effects.
Histamine is sometimes considered as an endogenous anti-convulsant
(Scherkl et al., 1991a,b; Tuomisto and Tacke, 1986, Tuomisto et al., 1987). It is
to be expected that in AGS-susceptible animals HA tissue concentrations would
be changed in brain areas involved in propagation or maintenance of these
seizures – i.e. in the pons-medulla, amygdala, cerebellum (Sergienko &
Loginova, 1983; Browning, 1986; Wang et al, 1994; Willott & Urban, 1978;
Raisinghani & Faingold, 2003; Browning et al, 1999). Tissue histamine was
lower in the striatum, hippocampus, amygdala, midbrain, thalamus and
hypothalamus of KM rats (genetically prone to AGS) as compared to epilepsyresistant Wistar rats (Onodera et al, 1992). An increase of brain tissue HA by
systemic administration of metoprine led to reduction of AGS in those animals
(Tuomisto et al, 1987). However, we did not observe consistent effects of AGS or
AGS x sound stress interaction (Results section, 7.4.4 and 7.4.5). In our study the
AGS-prone rats were decapitated at the end of the seizure latency period
(Kuznetsova, 1988; Midzyanovskaya et al, 2004), prior to the presumed onset of
AGS. However, no significant effect of sound exposure was found in the WistarAGS and WAG/Rij-AGS rats. This might mean that a prior experience of a few
(two in our experiments) mild audiogenic convulsions did not lead to long-lasting
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major modifications of tissue HA contents. It seems likely that the brain
histaminergic system is not able to develop its presumed anticonvulsant action as
early as during the AGS latency period.
7.5.4. Effects of AbS.
In the present study we attempted to evaluate a putative role of the brain
HA-ergic system in absence epilepsy by the two means. First, we compared
absence-epileptic WAG/Rij rats with Wistar rats, which were free of AbS.
Second, we searched for correlation of HA tissue levels with propensity of AbS
in WAG/Rij rats.
Mild but recurrent absence seizures had a larger effect on tissue HA than
more severe but rare AGS in our experiments. A decrease of HA in parietooccipital cortex together with the same tendency in frontal cortex were found, but
in hypothalamus HA was increased in WAG/Rij rats, as compared to Wistar ones
(Fig.7.1; Results section, 7.3.3.). Negative correlations were observed for
striatum, hypothalamus, pons-medulla (black circles on Fig.7.2; Results section,
7.4.6.). These negative correlations did not “survive" sound stress (white
triangles on Fig. 7.2) – active awake state, in which AbS were also disrupted
(Kuznetsova et al, 1996). This implies that in passive awake decrease in regional
HA-ergic activity might facilitate AbS, possibly via set-up of arousal level. In
WAG/Rij rats aroused by the applied stress, brain HA-ergic system showed signs
of activation which in its turn might mediate the documented disruption of AbS
(Kuznetsova et al, 1996).
Interestingly, that regions with lowered tissue HA (i.e., cortex and
thalamus) did not displayed significant negative correlations with individual
SWI. Vice versa, regions demonstrating negative correlations (i.e., hypothalamus,
striatum, pons-medulla) did not displayed decrease of mean tissue HA in
WAG/Rij rats as compared to AbS-free Wistar rats. It might means that the
presence and severity of AbS could be influenced by different sets of factors, at
least in respect of brain HA. Also, one can speculate that a low histaminergic
tone might be a common factor underlying generation of both normal and
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pathological synchronized EEG patterns, such as sleep spindles and spike-wave
discharges. The last hypothesis is in a general agreement with the literature (e.g.,
McCormick 1992, Tuomisto et al, 2001; Lee et al, 2004) but needs to be checked
directly.
It is notable that AbS-prone WAG/Rij rats displayed a higher stressinduced increase of HA, as compared to AbS-free Wistar rats (Result section,
7.4.2; Fig.7.1).Therefore we might hypothesize an increased stress vulnerability
of the brain HA-ergic system in absence-epileptic subjects.
7.5.5. Mixed form of epilepsy.
In our study we did not find difference in propensity of AbS between
WAG/Rij-AGS and WAG/Rij-nAGS, nor AGS scores differed between
WAG/Rij-AGS and Wistar-AGS (Table 7.1), which agrees with our previous
report (Midzyanovskaya et al, 2004), i.e. the seizure types did not interact on the
level of the seizures' manifestations. However, we did observe the interaction of
AbS and AGS on the level of brain neurochemistry. While the rats with "pure"
epilepsy types (AbS or AGS) demonstrated tendencies to lowered thalamic HA
as compared to non-epileptic Wistars, the rats with "mixed" epilepsy (AbS and
AGS) did not differed from non-epileptic controls (Results section 7.4.2, Fig.7.1).
It might implies that AbS and AGS did not have an additive effect on thalamic
tissue HA, but rather counteract each other.
To summarize, we found that the sound stress used induced a rapid
increase of tissue HA in the thalamus and cortex, with the same tendency found
in the limbic structures. It is likely the brain histaminergic system in absenceepileptic WAG/Rij rats is more vulnerable to a stressor than in AbS-free Wistar
rats. It is also likely that lowered histaminergic tone in hypothalamus, ponsmedulla and striatum facilitates the occurrence of AbS in WAG/Rij rats.
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CHAPTER 8
Brainstem histamine control of nonconvulsive
seizures in rats.
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and
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8.1.Abstract
The brain histaminergic system is thought to be involved in the control of
“the whole brain activity”. Particularly, it is implicated in the regulation of
neuronal excitability, sleep-wake cycle, and generalized forms of epilepsy.
Two experiments were performed: in the first one the effect of systemic
injection of pyrilamine, an antagonist of H1 receptors, on epileptic seizures of the
absence type in WAG/Rij rats was assessed in vivo. The main hallmarks of
absence epilepsy, spike-wave discharges (SWD) were quantified from EEG of
freely moving animals. Pyrilamine facilitated SWD in rats with a low basal level
of paroxysmal activity, but suppressed SWD in rats with high basal level of
absence paroxysms.
In the second experiment, the density of H1 histamine receptors and tissue
levels of histamine (HA) were assayed ex vivo by autoradiography and HPLC,
respectively. Absence epileptic WAG/Rij rats had a higher density of H1histamine receptor in the superior colliculi, regions of central grey and deep
cerebellar nuclei. WAG/Rij rats with poor paroxysmal activity had decreased
tissue HA in superior colliculus but increased tissue HA in frontal cortex,
hypothalamus and pontine nucleus as compared to WAG/Rij rats with high
incidence of SWDs.
The results suggest that insufficient HA-ergic activity in frontal cortex and
pontine nucleus can contribute to aggravation of absence epilepsy. It seems likely
that endogenous histaminergic activity of hypothalamus and superior colliculus
might contribute to the inhibitory control over absence seizures in WAG/Rij rats.
8.2. Introduction.
Among the brain aminergic systems, the histaminergic system is a relative
“newcomer”, and its functions are still not completely clarified. Histamine (HA)
is thought to regulate the “whole brain activity”, by influencing arousal, circadian
rhythms, locomotor activity and finally, overall neuronal excitability (rev.
Tuomisto et al, 2001; Brown & Haas, 2001; Parmentier et al, 2002).
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Anticonvulsive properties of histamine have been suggested by several
studies. Tissue levels of HA were decreased in brain regions of animals with
audiogenic seizures (Onodera et al, 1992) or after amygdala kindling (Toyota et
al, 1998). Elevation of tissue HA level, by metoprine or L-histidine, resulted in
partial protection against maximal electroshock seizures (Kaminsky et al, 2004;
Yokoyama 1992; Tuomisto & Tacke, 1986), audiogenic seizures (Tuomisto et al,
1987) and amygdala kindled seizures (Wada et al, 1996; Kamei et al, 1998). It
has been suggested that histaminergic neurons can control the excitability of
neuronal networks and inhibit the generalization of epileptic discharges
(Tuomisto et al, 2001).
Histaminergic effects in the brain are mediated via three types of histamine
receptors: H1, H2 and H3 (see rev. Brown et al, 2001). A growing body of
evidence on the importance of H1 receptors in epileptic phenomena can be found
in the literature. Brain-penetrating antihistamines blocking H1 receptors
aggravate pre-existing seizure disorders in humans (Yasuhara et al, 1998;
Yokoyama et al, 1992,1993). H1 antagonists also evoked behavioral and
encephalographic seizures in amygdala-kindled rats (Fujii et al, 2003). In
contrast, H1 agonists were reported to decrease the seizure susceptibility
(Yokoyama et al, 1993). It is likely that stimulation of H1 receptor is important
for the maintenance of seizure threshold in other types of epilepsy too.
The majority of studies on HA–ergic modulation of seizure susceptibility
deals with so called convulsive epilepsies, i.e. epilepsies with pronounced motor
components of seizures. Non-convulsive epileptic syndromes comprise another
major type of epilepsy (Commission ILAE). Non-convulsive seizures are lacking
gross motor manifestations of seizures and closely linked with arousal, which
largely depends on the brain HA-ergic activity (rev. Brown et al, 2001).
However, it is not known whether the brain HA is involved in the
pathophysiology of non-convulsive epilepsies, particularly in human absence
epilepsy.
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Rats of WAG/Rij strain were used as a genetic animal model for human
absence epilepsy (rev. in Coenen & van Luijtelaar 2003; van Luijtelaar & Coenen
1986). This inbred strain was derived form the Wistar strain. Virtually all
WAG/Rij rats show absence seizures: spontaneous, recurrent, widely generalized
neocortical spike-wave discharges (SWDs) in the EEG, concomitant with
behavioural arrest, loss of consciousness, and mild facial myoclonic jerks.
Severity of absence epilepsy (spike-wave index, SWI) is slowly increasing with
aging (Coenen and van Luijtelaar, 1987).
In the present study it was investigated whether a H1 histamine antagonist
could influence SWI and whether H1 receptor densities were altered in the brains
of WAG/Rij rats. Tissue histamine levels in brain regions were assessed.
8.3.Methods.
8.3.1. Animals.
In total 43 male rats of the WAG/Rij (N=28) and Wistar (N=15) strain,
weighing 250-350g, 5 to 7 months old were used. The rats were housed 4-5 in a
cage, with food and water ad libitum, under natural dark-light regimes (about 12
hours of daylight).
8.3.2. Surgery and EEG recordings.
WAG/Rij rats were anaesthetized (chloral hydrate 4% solution, 10ml/kg
i.p; procaine 2% solution for soft tissue) and chronically implanted with epidural
electrodes (stainless steel screws). The cortical electrodes were placed over the
frontal and parieto-occipital regions of neocortex, the reference electrodes were
inserted over the cerebellum. The animals were allowed to recover from surgery
for at least for 10 days. The EEGs were recorded in freely moving animals. Index
of epileptic activity, taken as a percentage of time occupied by the generalized
spike-wave discharges (spike-wave index, SWI), was calculated for each rat
individually from the baseline EEGs recorded for 30-45 minutes
8.3.3. Drug injection and EEG recordings.
Pyrilamine (pyrilamine maleate, Sigma) was administered i.p (N=10
WAG/Rij rats). in a dose of 20 mg/kg, between 16.00 and 18.00 p.m. EEG was
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registered for 45-60 minutes. 10 male WAG/Rij rats were used for this
experiment.
8.3.4. H1 histamine receptor autoradiography.
Experimentally naive WAG/Rij (N=9) and Wistar (N=9) rats were
decapitated, brains quickly removed and frozen in isopentane kept on top of dry
ice. Saggital slices (14 Pm) were cut at –18ºC, from the following levels: L= 3,4;
1,9; 0,9,. The slices were dried overnight at room temperature and kept at –20 ºC
until use. The sections were incubated for 60 minutes at 4 ºC with 5nM (3H)
pyrilamine (specific activity 30.0 Ci/mmol) either alone (total binding) or with
2PM triprolidine (non-specific binding), rinsed and exposed to tritium-sensitive
film, together with standards (Amersham). Local optical densities of the
autoradiographs were measured within anatomically defined regions by the
MCID image analysis device and software (St. Catharine, Canada).
8.3.5. Tissue histamine assay.
15 adult male rats of the WAG/Rij (N=9) and Wistar (N=6) strains, were
used. Four to five weeks prior to decapitation, the rats were chronically implanted
with epidural electrodes (see above). Next, the EEG was registered (see above)
after 2 weeks of recovery from surgery.
Ten to fourteen days after the recording sessions, the rats were quickly
decapitated, brains were extracted from the sculls and instantly frozen in
isopentane kept on top of dry ice, then kept at –70C until dissection. The brains
were cut at –12ºC - 14ºC for 260mcm-thick (for HPLC analysis), stored
overnight at –70ɽC and microdissected according to Palkovits and Brownstein,
1988. Tissues from 15 brain regions were collected (the mean wet samples’
weights are given in the Table 8.1). The tissue samples were homogenized in icecold 0.4M perchloric acid and centrifuged at 100,000 g for 45 minutes at 4˚C.
Supernatants were used for HPLC assay, with post-column derivatization and
fluorescence detection, as described by Yamatodani et al (1985).
8.3.5. Statisctics.
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Statistical analysis was performed by parametric (for autoradiographic and
HPLC experiments) and non-parametric (for EEG assessment of the drug effect)
ANOVAs, followed by post-hoc test (Mann-Whitney or Wilcoxon) if needed.
8.4. Results.
8.4.1. Pyrilamine administration
No general effect of pyrilamine on absence epileptic phenomena was
found. Instead, aggravation (post-injection SWI higher than basal SWI) and
Fig. 8.1 Pyrilamine maleate (20 mg/kg) i.p. induced bidirectional changes in the spike-wave activity of WAG/Rij rats.
X-axis: basal index of spike-wave activity (SWI), calculated as
percentage of time occupied by absence spells, in individual
rats. Y-axis: changes in the SWI, induced by pyrilamine. The
figure demonstrates that the rats with low basal SWI reacted
with an increase (positive Y values), whereas rats with high
basal SWI reacted with a decrease of seizure activity (negative
Y values).

reduction (postinjection SWI lower
than basal SWI) of
the seizure activity
was observed.
Furthermore, the
post-hoc statistical
analysis revealed
that increased or
decreased epileptic
activity after
administration of
pyrilamine
corresponded to low
and high basal level
of absence seizures

in individual rats, respectively (Fig. 8.1). The rats reacting with increment of
absence seizures (N1=5) had basal SWI of 1.5% (range 0.4%-2.4%), whereas the
rats reacting with decrement of absence seizures (N2=5) had basal SWI of 7.1%
(range 5.4%-12%). The difference in the basal SWI between these two rat groups
was statistically significant (N1,2=5, p=0.009 according to the Kruskal-Wallis
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ANOVA by ranks). The treatment effects were also significant (N1,2=5, p=0.04
for both groups, according to the Wilcoxon matched pairs test). In the rats with
low basal SWI (see above) the SWI increased up to 3.5% (range: 2.4%-8.3%), in
the rats with high basal SWI (see above) the SWI decreased down to 0.6% (range
0%-4.9%).
8.4.2. Tissue concentrations of Histamine
The brain regional concentrations of histamine and mean wet weight of
tissue samples are given in the Table 8.1. Fig. 8.2 depicts histamine values in the
brain regions of Wistar and WAG/Rij rats (Fig. 8.2B,C,D), and in WAG/Rij rats
Table 8.1. Regional tissue histamine (HA) in the brain structures of WAG/Rij and Wistar rats. Values are given as
mean±SEM, in nmoles per gram of wet tissue. Significant differences between rats strain are marked by stars *
(p<0.05), tendencies are marked by tend, for 0.05<p<0.10 [Mann-Whitney U test, groups size: 6 Wistar rats and 9
WAG/Rij rats].

with high

and low SWI (Fig. 8.3 B).
Wistar rats

WAG/Rij rats

HA, nmol/g
HA, nmol/g
tissue levels
weight, of
g
The brain regions studied
had significantly
differentwet
tissue

frontal cortex
0.28r0.03
**
0.18r0.03
0.42r0.03
histamine
{F(8,14)=30.6, p=0.0003}.
The highest
concentrations were
found in
occipital
cortex
0.36r0.05
*
0.24r0.03
0.35r0.03
caudate n.
0.49r0.11
0.35r0.04
the hypothalamus, thalamus, substantia
nigra, followed
by globus 0.36r0.03
pallidus and
caudoputamen
0.42r0.04
0.44r0.05
0.20r0.02
n.
accumbens
0.35r0.07 in the deep
0.24r0.04
septum;
the lowest ones were detected
cerebellar nuclei0.13r0.01
and vermis;
g. pallidus
0.73r0.10
0.82r0.10
0.10r0.01
intermediate levels were found 1.01r0.14
in the frontal and occipital
accumbens,
septum
0.99r0.13 cortexi, n.0.13r0.01
thalamus
0.82r0.05
0.83r0.04
colliculi, pons-medulla (Fig. 8.20.91r0.10
B,C,D).
hypothalamus
5.87r0.28
7.53r0.89
0.24r0.02
inferior Three
colliculus
0.22r0.04
tend
0.30r0.02
0.28r0.03
types of comparisons
were made
to analyze
between-groups
effects.
superior colliculus
0.31r0.02
tend 0.25r0.03
0.18r0.01
First, the Nigra
mean values of regional
HA in WAG/Rij0.71r0.07
rats were compared
with those
Substantia
0.86r0.15
0.14r0.01
pontine&pedunculipontine
nucleiThe0.20r0.08
0.14r0.02
of Wistar rats by ANOVA.
rats of WAG/Rij strain
generally had 0.22r0.02
lower
the rest of pons-medulla
0.43r0.04
0.38r0.03
0.72r0.03
histamine,
than
Wistar rats {strain
effect: F(1,14)=5.4,
p=0.03}. Strain0.15r0.01
deep
cerebellar
nuclei
0.019r0.003
0.020r0.005
cerebellar cortex (vermis)
0.082r0.035 *
0.019r0.003
0.44r0.03

differences were found: genetic epileptic animals had lower HA tissue levels

compared to control animals in the frontal cortex and superior colliculus
{F(1,14)=5.29 and 4.89, p=0.04 and 0.05; respectively}. The same tendency,
lower HA level in tissue of epileptic rats was obtained for the occipital cortex and
vermis {F(1,14)=4.2, 4.07; p=0.06, 0.07 respectively}. In contrast, higher
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{F(1,14)=8.66, p=0.01} tissue level was detected in the hypothalamus of
epileptic WAG/Rij rats.
Fig. 8.2. Tissue histamine concentrations in the brain regions of Wistar (N=6) and WAG/Rij
(N=9) rats. Values are given in nmol/g of wet tissue, as mean (bars) + SEM (whiskers) A. Color
codes for the rats strain: white bars for Wistar rats, dashed gray bars for WAG/Rij rats. B. The
hypothalamus. C. The deep cerebellar nuclei (D CB N) and cerebellar cortex (vermis, CB CTX).
D. The frontal and parieto-occipital cortexi (Fr CTX, Occ CTX), caudate nuclei (CN),
caudoputamen (CP), n. accumbens (NA), globus pallidus (GP), septum (SP), thalamus (Thal),
substantia nigra (SNr), inferior and superior colliculi (Inf Coll, Sup Coll), the region of pontine
nucleus (Pont N.), the rest of pons-medulla (P-M). Between-strain differences (according to
ANOVA) are marked by star (*, for p<0.05), tendencies are marked by tend (0.05<p<0.10); see
also the Results section.

Next, post-hoc analysis was performed, to estimate putative difference
between the groups of WAG/Rij rats with high and low amount of SWDs (see the
Methods section). They also differ in tissue HA levels: individuals with high
SWI had lower HA in the hypothalamus, frontal cortex and the region of the
pontine nucleus (Kruskal-Wallis ANOVA by ranks, p=0.03 for each structure),
whereas higher HA content was detected in the superior colliculus (p=0.05) (Fig.
8.2E).
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Fig. 8.3AB. Changes in tissue brain HA levels partly correspond to altered expression of H1
receptors.
A. The schematic depiction of brain regions, in which WAG/Rij rats showed significantly
increased (filled with gray color), or moderately elevated (filled with gray hatches) density of
H1 histamine receptors, if compared with rats of Wistar strain [Midzyanovskaya and Tuomisto,
2003].
B. Regional tissue HA levels differed in WAG/Rij rats with low (gray bars, N=3) and high
indexi (black bars, N=6) of epileptic activity (D signs mark the significant differences, p<0.05).
Values for Wistar rats are also shown (white bars). Values are given in nmol/g of wet tissue, as
mean (bars) + SEM (whiskers). Significant effects, found by comparison of 3 rats groups
{Wistar rats, SWI=0; WAG/Rij rats with low SWI; WAG/Rij rats with high SWI}, are marked
by E signs (p,<0.05). Tendencies are marked with E-tend (0.10<p<0.05). Statistical analysis was
made by Kruscal-Wallis ANOVA by ranks. Abbreviations: The frontal and parieto-occipital
cortexi (Fr CTX, Occ CTX), caudate nuclei (CN), inferior and superior colliculi (Inf Coll, Sup
Coll), the region of pontine nucleus (Pont N.). See also the Results section.

Finally, the rats of 2 strains were pooled together for analysis, and
significance of SWI estimation (“zero SWI” –“low SWI” – “high SWI”) was
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checked by Kruskal-Wallis ANOVA by ranks. This factor was significant for the
frontal cortex, hypothalamus, superior colliculus (p=0.03 for each) and tended to
significance for the occipital cortex (p=0.09) and region of pontine nucleus
(p=0.07) (Fig 8.3B).
8.5. Discussion.
Pyrilamine in the dose of 20mg/kg has been reported to induce
electroencephalographic and behavioural convulsions in non-epileptic rats
(Kamei et al, 2000). In our experiments with WAG/Rij rats no signs of
behavioural seizures after pyrilamine were noticed, and no signs of
electroencephalographic convulsions similar to those reported previously (Kamei
et al, 2000) were detected.
In studies with non-epileptic rats, pyrilamine has been shown to augment
the development of seizures in kindling models of convulsive seizures both after
amygdala stimulation (Fujii et al, 2003) and in rats with the pentylenetetrazole induced kindling (Zhang et al, 2003). On the other hand, rats of the GAERS
strain, another model of absence epilepsy, were partly resistant to amygdala
kindling when compared to Wistar rats (Eskazan et al, 2002). Interestingly,
WAG/Rij rats with high basal level of spontaneous absence seizures in their
EEGs reacted to pyrilamine administration with a decrease of absence epileptic
activity (Fig.8.1). Increase of brain histaminergic activity is known to counteract
various types of convulsive seizures (e.g. Zhang et al, 2003). It may be that the
brain histaminergic system is specifically altered in absence-epileptic individuals,
which leads to partial protection against amygdaloid kindled seizures (Eskazan et
al, 2002) and lack of convulsive signs after pyrilamine injection in this study.
The results may indicate that the rats with high and low severity of
absence epilepsy differ with respect to the brain histaminergic functions.
However, the possibility of different sensitivity of rats with high and low
incidence of epileptic spells to non-specific (e.g. anticholinergic) effects of
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pyrilamine can not be excluded. Further studies are needed to clarify the
question.
In the present study tissue concentrations of histamine were assessed in
forebrain, midbrain, brainstem and cerebellar structures of WAG/Rij and Wistar
rats. The obtained results are in general agreement with the literature data on
distribution throughout the rat brain of positive immunoreactivity for HDC, the
histamine-synthesizing enzyme (Watanabe et al, 1984) or for histamine itself
(Airaksinen & Panula, 1988; Panula et al, 1989). Partial disagreement with the
pattern of HA-ergic fibers immunostaining was found for the thalamus, which
was reported to have moderate density of the fibers, but had fairly high tissue HA
level in our experiments. However, this effect can be explained by the fact that
large part of thalamic HA is not neuronal, since the mast cells within the
thalamus produce up to 90% of the regional HA contents (Goldschmidt et al,
1985).
The outcomes of the present experiments confirm and extend our previous
findings regarding negative correlations between amount of SWDs and tissue HA
in the cortex, striatum, pons-medulla and hypothalamus of WAG/Rij rats. Also,
lower value of cortical, and higher value of hypothalamic HA in WAG/Rij rats
as compared to control Wistar rats were reported (Midzyanovskaya et al,
2003).The Wistar rats strain was the mother strain for WAG/Rij’s. Moreover, in
old Wistar rats, SWDs can be detected. Therefore, one could expect possible
between-strain differences to be moderate. However, comparing tissue HA values
in brain regions of Wistar and WAG/Rij rats (Fig. 8.2 B,C,D), and those of
WAG/Rij rats with low and high indexi of epileptic activity (Fig.8.3 B), one
would get several conflicting results. On the one hand, and considering HA levels
in superior colliculus and hypothalamus it was found that the data of rats with
high epileptic score are more in agreement to Wistar controls , rather than to the
rats with low epilepsy scores (Fig. 8.3 B). On the other hand, other structures,
such as neocortical regions and the pontine nucleus, displayed a consistent
pattern of gradual decrease in HA levels with increase of estimation of SWI for
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each group (Fig. 8.3B). Remarkably, the density of H1 histamine receptors was
shown to be significantly higher, or moderately elevated in all these regions (Fig.
8.3A). Therefore, it might be assumed, that some lack of histaminergic
neurotransmission in the cortical and pontine regions is reflected by lowered
tissue level of HA, and compensated by elevated number of H1 HA receptors.
The only source of neuronal histamine in the brain, the tuberomammilar
nuclei, lies within the posterior hypothalamus. The HA-ergic neurons of the
nuclei are specifically activated during arousal [Vanni- Mercier 2003]. It is also
known, that i.c.v. injection of HA lead to aroused state in experimental animals
[rev in Brown et al, 2001]. Most of brain areas studied, displayed lowered tissue
HA in WAG/Rij rats. It is possible to hypothesize, that due to insufficient activity
of the hypothalamic HA- ergic neurons, less HA is supplied to its target regions;
WAG/Rij rats fail to keep active waking state and easier switch to passive
waking or drowsiness state. In its turn, passive waking, drowsiness and light
slow-wave sleep are very favorable conditions for appearance of absence seizures
in these rats [Drinkenburg et al, 1991; Coenen et al, 1991].
Following this line, the higher mean tissue level of HA in the
hypothalamus of WAG/Rij rats, together with its negative correlation with
propensity of absence seizures [Midzyanovskaya &Tuomisto, 2002, and the
present study], might be explained by putatively large part of non-neuronal,
slowly released and metabolized histamine in this structure. However, it is not
possible to discriminate between neuronal and glial histamine in the present
study. Additional experiments are required to clarify this possibility.
The H1 receptors within superior colliculus were reported to be
significantly elevated in WAG/Rij compared to Wistar rats (Fig. 8.3A). In line
with this, mean tissue HA concentration was lower in WAG/Rij rats (Fig. 8.2D).
Surprisingly, individual scores of epileptic activity correlated positively with the
regional HA level. Therefore, some brain compensatory processes might be
suspected. HA-ergic fibers were found in all layers of superior colliculus, and
presumably might mediate light entrainment and circadian shifts in brain activity
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[Manning, 1993]. It is reported, that systemic administration of histamine acts on
animal’s behaviour in a similar manner as to light pulses [rev. in Tuomisto et al,
2001]. Indeed, the specific population of neurons located in the intermediate and
superficial layers of the caudal superior colliculus is involved in the inhibitory
control of absence seizures in another animal model of absence epilepsy, the
Genetic Absence Epilepsy Rats from Strasburg (GAERS). This effect was found
to be GABA-ergic [Nail-Boucherie, 2002]. Histamine is known to modulate
activity of GABAergic neurons, at least in several brain regions [Sergeeva et al,
2002; Korotkova et al, 2002; Kukko-Lukjanov & Panula, 2003]. It is possible to
assume, that a putative HA-GABA interaction within the superior colliculus
would be critical for the expression of absence seizures.
The pontine nucleus (Fig. 8.3A) has not been previously implicated in
epileptogenesis of any kind. In the rat, this nucleus receives direct,
somatotopically arranged, projection from the vibrissal somatosensory cortex
[Mihailoff et al 1985; Leergard, 2000; Leergard et al, 2003]. At this particular
area of the cortex, a focal zone has been described from where generalized spikewave discharges emerge and quickly spread over the cortex and to the thalamocortical circuitry Meeren et al [2002]. According to our preliminary data
[unpublished], SWDs can be recorded in the pontine nucleus. Therefore, it is
possible to assume, that weak HA-ergic neurotransmission within the pontine
nucleus would contribute to aggravation of absence seizures in WAG/Rij rats.
Also, it might be hypothesized, that this part of “motor control loop” would be
responsible for behavioral concomitants of SWDs (motor arrest and facial jerks).
However, this hypothesis needs to be checked experimentally.
Generally, our present results suggest that a lack of tissue histamine in the
cortical regions and the pontine nucleus contributes to aggravation of absence
seizures in the WAG/Rij rat model.
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CHAPTER 9
Two types of spike-wave discharges in EEGs of
WAG/Rij rats.
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9.1.Abstract
Rats of the WAG/ Rij strain are commonly seen as a genetic model for
generalised absence epilepsy in man. Interestingly, generalized absence epilepsy
shows, in addition to the fully generalised spike-wave discharges, a second type
of spike-wave discharge, which lasts for a shorter time, has a lower frequency,
and a lower incidence. The originally described distinction between the two types
of spike-wave discharges was mainly based on the shape, polarity and duration of
the discharges. In the present study other characteristics such as the spatial and
temporal distribution of the spike and wave components of the two discharges
and frequency spectra were found to differ between the two types. In addition, a
reciprocal regulation of the two types of spike-wave discharges by drugs
affecting the dopaminergic system (haloperidol and apomorphine) was observed.
The results convincingly demonstrate the difference between the two phenomena
and warrant the search for neurobiological mechanisms underlying both types of
spike-wave discharges.
9.2.Introduction
Two types of epileptiformic electroencephalographic were described in the
WAG/ Rij rat, a genetic model for generalised absence epilepsy in man [42].
Trains of spontaneously occurring spike-wave discharges arose from an
otherwise normal EEG. The first type of spike-wave pattern in the EEG was
recognised as an epileptic phenomenon, since it occurred concomitantly to
clinical phenomena. The second type of epileptiformic activity lasted for a much
shorter time than the first one and there was no obvious clinical correlate. In the
subsequent studies the WAG/ Rij strain was validated as a model for a genetic
form of generalised absence epilepsy.
First, treatment with various types of antiepileptic drugs showed that the
first type of spike-wave discharges was suppressed by broad-class anti-epileptic
drugs such as valproate and by specific anti-absence drugs such as ethosuximide,
while anti-convulsant drugs such as tiagabine, carbamazepine and diphenyl
hydantoin enhanced the number of spike-wave discharges [6,28]. Next, a
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Mendelian cross breeding study showed its mode of inheritance [29], while
behavioural studies showed similar disturbances in cognitive tasks in children
with absence epilepsy and in WAG/ Rij rats [44,45]. In all these aspects the
spike-wave discharges of the first type were considered as a to resemble the
spike-wave discharges characterising absence epilepsy in children, although there
were also clear differences such as the age of onset related to puberty — absence
epilepsy is a child’s type of epilepsy, which in WAG/ Rij rats occurs after
puberty — and the frequency of the spike-wave discharges, 7–11 Hz in rats and
2.5–4.5 Hz in man. The vast majority of studies in WAG/ Rij rats were spikewave discharges and construction of spatial EEG concerned with the first type of
epileptic activity —bilateral symmetric and generalised over the cortex [7,43].
Subsequent studies revealed that it began suddenly from 9–11-Hz intra-burst,
while it ended with a slower 7–8-Hz frequency [12].
The second type of epileptiformic activity lasted much shorter than the first
one, whereas the wave was much less clear. Furthermore, the clinical
concomitants such as twitching of the vibrissae and other perioral movements did
not emerge. Moreover, this presumably pathological activity has no obvious
correlate to any known type of epileptic activity and remained nearly unstudied,
partly because the number of animals showing the second type of spike-wave
discharges was much lower than the spike-wave discharges of the first type.
Spike-wave discharges are one of the most important characteristics of the
symptoms of absence epilepsy. The intrinsic cell properties leading to the
generalised 7–11-Hz oscillations in a thalamo-cortico-thalamic network are
known and the reticular thalamic nucleus may serve as a spike and the wave of
the spike-wave discharges of the pacemaker for spike-wave discharges and sleep
spindles [35,41]. However, little is known about the properties of the second type
of spike-wave discharges, or whether related to spike-wave discharges of the first
type. The purpose of the present work is to describe and compare the
characteristics, including their spatial-temporal properties of the two types of
spike-wave discharges in WAG/ Rij rats.
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9.3. Method
2.1. Subjects
WAG/ Rij rats 5-months-old and weighing 212–353 g, were used. Rats
were housed under a natural light–dark cycle and food and water were
continuously available. Experiments were carried out in accordance with the
European Communities Council Directive of 24 November 1986 (86/609/EEC).
Rats were chronically equipped with nichrome electrodes under Nembutal
narcosis (40 mg/kg) and local Novocain (2%) anaesthesia. The electrodes (five to
eight per animal) were placed over the prefrontal, frontal, occipital, and parietal
cortical area, with the reference electrodes put over the cerebellum. The animals
were allowed to recover for 5–7 days after surgery. EEGs were recorded with the
aid of a Bioscript BST-2000 encephalograph (time constant was set at 0.3 s and
the low frequency filter to 200 Hz). EEGs were recorded in a quiet environment
for 2 h during the last few hours of natural light period. Monopolar EEG
registrations were made. The digitised EEG was fed to an IBM-PC for storage of
the data and off-line frequency analyses of the spike-wave discharges and
construction of spatial EEG maps.
The mapping of the spike and wave components belonging to the first type
of spike-wave discharges was performed in 37 rats with different cortical
electrode positions. Spike-wave discharges were visually identified (for criteria
see Ref. [42]). For each rat a minimum of ten spike-wave discharges of the first
type lasting between 5 and 9 s, collected during a standard EEG recording
session, were used for the analyses of the cortical mapping.
The amplitudes of the spikes and waves were mapped at each electrode
separately. The mapping was performed according to a method described by
Coppola [8]. Briefly, the averaged amplitudes of the spike and of the wave
component were plotted on a map of the dorsal cortical surface. Maps include
entire dorsal surface of the cortex of the right hemisphere, the upper temporal
region and a small part of the cerebellum. The surface consisted of squares each
representing 232 mm of the cortical surface. The resulting values were linearly
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interpolated [17]. Separate maps were made for the first and last second of the
spike and the wave of the spike-wave discharges. This allowed us to get an
impression of the properties of temporal dynamics of this type of spike-wave
discharge. A frequency analysis of the first type of spike-wave discharges was
separately performed on the first and last second of this discharge.
The spatial distribution of spike-wave discharges (SWD) was analysed in
25 rats of the same group, also recorded during the standard EEG recording
session The probability of the occurrence of this type of spike-wave discharges
was estimated for each cortical area and was marked in the corresponding square.
For the pharmacological study ten chronically implanted male rats were
injected with haloperidol (0.5 mg/ kg, i.p.), six other rats were injected with an
equal volume of saline, and six other male rats were given apomorphine.
Recordings lasted 1 h. The EEG was inspected and spike-wave discharges were
visually determined.
9.3. Results
Examples of monopolar EEGs with spike-wave discharges of the first and
the second type are presented in Fig. 9.1. General characteristics of the two types
of spike wave discharges were: spike-wave discharges of the first type are widely
generalised over the cortex and have a mean duration (±S.E.M.) of 7.1±2.2 s. The
mean frequency for the beginning of the spike-wave discharges is 9.9±0.8 Hz,
while at the end it is lowered to 7.6±0.5 Hz.
The second type of discharges has a mean duration of 1.4±0.1 s and a
frequency of 6.3±0.7 Hz. They often occur in one hemisphere only. Considering
its short duration no attempts were made to describe its temporal discharges.
The average amplitude distribution maps of the beginning and end of the
first type of spike-wave discharges are presented in Fig. 9.2. Spatial mappings
were constructed for both types of spike-wave discharges (Figs. 9.3 and 9.4). The
map of the spike component of the spike-wave discharges is presented on the left
side of Fig.9.3a,c, and the map of the wave component on the right side (Fig.
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9.3b,d). The maximum spike amplitude at the beginning of the first type of spikewave discharges is localised at the frontal cortical area at the somatosensory area.
The wave is most clearly pronounced in occipital cortical areas 17 and 18. The
Fig. 9.1. Two types of spike-wave discharges in WAG/ Rij rats. (a) Representative example of
a spike-wave discharge of the first (generalised) type. (b) Representative example of a spikewave discharge of the second (local) type. Calibration: 1 s, 500 mV. 1, frontal; 2, parietal; 3,
occipital EEG derivation.

spatial distribution of the second type of spike-wave discharges over the brain
cortex is given in Fig. 9.4. They are much more local than the spike-wave
discharges of the first type. These discharges were mostly detected in parietal and
parieto-occipital cortical areas and they could be found only occasionally in the
frontal cortical areas.
Two effects of haloperidol and apomorphine on the EEG are shown in
Figs. 9.5 and 9.6. Haloperidol injections (0.5 mg/kg) give rise to an increase in
the number of spike-wave discharges of the first type (Fig. 9.5), with a small
decrease in the mean duration and a shorter interval spike-wave discharge of the
first type between the subsequent spike-wave discharges. Apomorphine in a dose
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of 0.5 mg/kg results in a quick and complete suppression of the first type of
spike-wave discharges. This complete suppression was reached within 5–7 min.
Recovery was observed in about 25–30 min (Fig. 9.6). The second type of spikewave discharges shows a completely opposite result: an increase in the number of
discharges. In Fig. 9.6 the mean of the number of the second type of spike-wave
discharges after
Fig.9.2. Localisation of the electrodes in rat [45 and
averaged form of paroxysmal complexes in
corresponding parts of the cortical surface. The
computer superposition of ten fragments of spike-wave
discharges of the first (generalised) type is shown. In
each frame the left figures show the beginning of spikewave discharges, the right ones the end of a spike wave
discharge. The horizontal bar represents 100 ms.

apomorphine is
presented. A huge
increase of several times
the baseline number of
the second type of spikewave disch`arges was
observed as soon as 3–5
min after injection. This
effect remained present
20–25 min after
injection. A good
coincidence of the
temporal properties of
the two opposite effects
of apomorphine on
spike-wave discharges of
the first and second type
can be appreciated from
Fig. 9.6.
9.4. Discussion
The first type of
spike-wave discharges

was similar to that described earlier [42]. The EEG record of the second type
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revealed a clear spike-and-wave morphology, with a dominant wave component.
In our 1986 EEG study, a bipolar differential recording was made and the wave
was not as visible. Otherwise its morphology (amplitude of the EEG spikes,
frequency and duration) was similar to that described [42]; therefore they kept
their original name (spike-wave discharges of the second type).
Fig. 9.3. Spatial distribution of the spikes and waves of the first type. Four (a,b,c,d) threedimensional plots of the averaged (n535) amplitude (mV) distribution maps of the spike
component made at the beginning (a) and end (c), and the average amplitude distribution map of
the beginning (b) and end (d) of the wave component of the first type of spike-wave discharge. e,
a flattened surface of the neocortex of the rat; F, frontal pole; O, occipital pole.

This frequency modulation during the presence of a spike-wave discharge of the
first type confirms data earlier obtained by us in WAG/ Rij rats [12]. The drop in
frequency from the beginning (3.5–4 Hz) to the end of a spike-wave spike-wave
discharge (2.5 Hz) is also found in absence epileptic patients [31,38].
Interestingly, a progressive increase in the interval between two successive
spikes, i.e. a slowing down of frequency during a train of spike-wave discharges,
is also found in a 10-Hz stimulation paradigm in cats and seems to be
characteristic for cortical augmenting responses to repetitive stimuli [26,36].
The spatial mappings that were constructed for both types of spike-wave
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discharges showed several things. Besides clear differences between spike-wave
discharges of the first and second type, differences were also found for the spike
and the wave component of the first type of spike-wave discharges. The
maximum spike amplitude at the beginning of the first type of spike-wave
discharges is localised at the frontal cortical area at the somatosensory area. The
spike contour might give some information about putative localisation of a
cortical or subcortical generator. The wave is most clearly pronounced in
occipital cortical areas 17 and 18. A comparison of the spatial distribution of the
two types of spike-wave discharges shows that type 1 is more spread over the
cortex, while type 2 is much more localised and was mostly detected in the
parietal and parieto-occipital cortical areas, and only occasionally in the frontal
cortical areas.
Fig. 9.4. A three-dimensional diagram for probability of the second type of spike-wave
discharge detection (averaged data, n525). (a) The horizontal plane presents the surface of the
cortex; height corresponds to the probability of a local spike-wave discharge registration in the
given cortical area (in percents). (b) The flattened surface of the neocortex of the rat; each
square presents a 232-mm cortical area. F, frontal pole; O, occipital pole.
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As can be seen on the maps, there is a difference between the contour maps
at the beginning and the end of the first type of spike-wave discharges. The
changes over time suggest asynchronous activation of different cortical areas.
The spike amplitude diminishes and the cortical areas with spikes become
smaller at the end of spike-wave discharges. In contrast, the amplitude of the
wave-component and its occupied area increase at the end. The broadening of the
wave area and the narrowing of the spike area that occurred at the end of spikewave discharges and the frequency modulation that occurs within a train of spikewave discharges can be possible manifestations of the strengthening of an
inhibition process, which is involved in the interruption of an ongoing discharge.
There is strong
Fig. 9.5. Effects of haloperidol (0.5 mg/ kg, i.p.) and saline injection on
the number of spike-wave discharges of the first type. Abscissa time in
minutes;ordinate: the number of spike-wave discharges per 5 min (ten
rats, averaged data).

evidence for
spatial
dynamics of
spike-wave
discharges in
man. Coppola
[8] and
Lemieux and
Blume [19]
have shown
that despite the
wide spread of

both components over the cortex, the localisation of the maximum amplitude of
the spike does not coincide with the localisation of the maximum of the wave.
Here we notice similar findings in the WAG/ Rij model. All this contributes to
the validity of the model. In GAERS and in another absence epileptic rat model,
spike-wave discharges were consistently recorded from the lateral frontoparietal
cortex and only rarely in the occipital cortex [4,21,37]. It is expected that the
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temporal and spatial characteristics will not differ between GAERS and WAG/
Rij rats, however the second type of spike-wave discharges is, to the best of our
knowledge, not described in GAERS or in other genetic absence models
The spike and wave are typical (although not exclusive) for absence
epilepsy. It is commonly accepted that these components of a train of spikes and
waves, are interrelated. Synchronous excitations of a bulk of neurons during the
spike is followed by an inhibition period due to the negative feedback, to
refractoriness or to hyperpolarisation due to fast GABAA and slow GABAB
inhibitory postsynaptic potentials in thalamic and cortical neurons [9]. The
inhibitory phase is reflected in the EEG as the slow wave; the spike is reflected
by excitation (EPSPs and action potentials) of thalamo-cortical and cortical cells
[15,33]. A rebound excitation develops at the end of this inhibitory period and the
cycle occurs over and over again. Neurons over large cortical areas and of some
Fig. 9.6. Effects of apomorphine administration (0.5 mg/ kg, i.p.) on both types of spike-wave
discharges. Mean (six rats) for first and second type of SWD.Mean number of spike-wave
discharges in background EEGs was assumed as 1. Abscissa time in minutes. Suppression of
the first type of spike-wave discharge; facilitation of the second type of spike-wave discharge.

subcortical nuclei in the thalamus, e.g. of the reticular thalamic nucleus, are
involved in this self-maintained process. Here it is demonstrated that
fundamentally connected physiological properties of a spike-wave discharge —
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excitation and inhibition — are differentially expressed on the surface of the
cortex.
Other previously hidden spatial temporal characteristics [27] within a train
of spike-wave discharges in patients with 3-Hz spike-wave discharges pattern
were recently decomposed with independent component analysis. It revealed
more than five different components that were activated across all seizures in all
patients. Some components were activated only at the beginning of each seizure,
and the spike-component could be separated in time and in space from two
different wave components [22]. Meeren et al. [23] suggest that there is a focal
area occurring within the somatosensory-thalamo-cortical network from which
spike-wave discharges initiate and drive the rest of the cortico-thalamic circuitry.
The present mapping data can be summarised by stating that this study
clearly demonstrates difference between spatial distributions of the first and
second type of discharges over the cortical surface. Furthermore, the obtained
results also point to different and quite independent spatial-temporal dynamics of
the two main components of the spike-wave discharges, the spike and the wave.
Further differences between spike-wave discharges of the first and second type
were also observed in the experiments with drugs affecting the dopaminergic
system (haloperidol and apomorphine). Haloperidol injections increased the
number of spike-wave discharges of the first type with a small decrease in the
mean duration, and a shorter interval between the subsequent spike-wave
discharges. As a result, time occupied by the generalised discharges increased
several times [18]. Administration of apomorphine resulted in a quick and
complete suppression of the first type of spike-wave discharges, with recovery
occurring within 30 min. The second type of spike-wave discharges shows a
completely opposite result after apomorphine: an increase. The large increase,
several times the number of the baseline, was observed as soon as 3–5 min after
injection. This effect remained present 20–25 min after injection.
The role of dopamine (DA) in the regulation of different types of epilepsy
has been studied in different seizure models [34]. Stimulation and inhibition of
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various types of DA receptors inhibits and facilitates motor seizures [1]. The
mixed D1 /D2 agonist apomorphine exerted anticonvulsant effects in thresholds
for maximal electroshock seizures in mice and rats, for pentylenetetrazol-induced
clonic seizures in mice, and on seizures induced by air blast stimulation in
gerbils, while no anticonvulsant effects were obtained on seizures induced by
amygdala-kindling in rats [20]. Here it is found that apomorphine had indeed
antiepileptic effects as far as the first type of spike-wave discharges is concerned,
but facilitates epileptiformic activity on the second type of spike-wave
discharges. The D2 antagonist haloperidol enhances the number of the first types
of spike-wave discharges. The effects obtained after haloperidol or after other
DA antagonists on the first type of spike-wave discharges are in agreement with
results from others and ourselves [5,11,16,24,25,39,40]. It has been suggested
that the modulatory control of DA on spike-wave discharges might be due to its
action on the direct or the indirect striatonigral pathway, controlling the activity
of the GABA-ergic neurones in the substantia nigra [10]. A second, nonexclusive possibility is that apomorphine and haloperidol modulate oppositely
extracellular GABA in the frontal and sensorimotor cortex. Apomorphine
elevates extracellular GABA in the cortex and haloperidol decreases extracellular
GABA level in the rat prefrontal cortex [2,13,14]. Therefore, opposite effects of
apomorphine and haloperidol on the first type of spike-wave discharges can be
expected under the assumption extracellular cortical GABA is important for the
presence and control of this type of spike-wave discharges.
Almost nothing is known about the second type of spike-wave discharges.
There are only data which show that this type of spike-wave discharges (but also
the first type of spike-wave discharges) was dose-dependently al. increased by
the GABA-reuptake inhibitor tiagabine [6]. Again, apomorphine may influence
cortical GABA and apomorphine.However, this seems not to be likely for the
second type of spike-wave discharges since tiagabine enhances both types waves
while apomorphine only enhances the second type of spike-wave discharges. So,
it might be supposed that some other effect of the activating DA-ergic system,
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besides alternating the cortical GABA level, plays a role in the control of the
second type of discharges. Perhaps the DA circuitry is differentially involved in
the control of the two different types of spike-wave discharges. DA receptors are
abundantly present in the medial prefrontal cortex and the prefrontal area shows
the largest amplitude of the first type of spike-wave discharges. This part of the
cerebral cortex receives direct inputs from the ventral tegmentum. Interestingly,
there no established DA innervation in the parietal cortex where the second type
of spike-wave discharges is found. However, D2 receptors are present in the
parietal cortex, outside the established projection fields of the mesocortical
system [3,32]. Therefore we propose that these isolated DA receptors in the
parietal cortex are differentially activated by apomorphine compared to the DA
receptors which control the first type of spike-wave discharges.
A clue to a possible clinical correlate for the second type can perhaps be
found in the work of Quesney et al. [30]. These authors gave apomorphine to
patients with generalised absence seizures and found that apomorphine
suppressed spike-wave discharges in photo- sensitive patients but that the same
dose of the drug did not change the amount of spike-wave activity in patients
with spontaneous discharges. Anyway, the Quesney et al. [30] data give rise to
the presence two different types of spike-wave discharges with different
sensitivity for apomorphine.
In summary, there are two different types of discharges in the EEG of
WAG/ Rij rats, both with clear spikes and waves: type 1 and 2. Type 1 is
generalised, while type 2 remains localised at the parietal region. The distribution
of spike and the wave component of the first type of spike-wave discharges over
the cortical surface seems to differ. The first and second type of spike-wave
discharges are characterised by a different frequency, morphology, localisation,
and sensitivity for dopaminergic stimulation.
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CHAPTER 10
General Discussion
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The series of experiments described in this thesis used in vivo (EEG
screening, behavioural tests) as well as ex vivo (in vitro) (HPLC and
autoradiography) techniques. Indices of aminergic neurotransmission were
measured with the latter two techniques in the forebrain, midbrain and brainstem
structures. This provided the possibility to compare regional and general
neurochemical effects of convulsive (audiogenic) and non-convulsive (absence)
types of generalized epilepsy. Mechanisms underlying susceptibility to seizures and
epileptogenesis seem to be different from the mechanisms determining the amount
of seizures [Schachter, 2002; Löscher, 2002]. However, this approach is rather
rarely addressed in experimental studies. Therefore, we aimed to assess behavioural,
neurochemical and electrophysiological effects of the genetic susceptibility to
different types of epilepsy (comparing WAG/Rij with absence and audiogenic
sensitivity with various other epileptic and control rats), as well as to find out
correlates of the severity of the seizures.
The main findings of the present study and the experimental perspectives
emerging from this study are discussed below.
10.1. Different seizure types can co-morbid in WAG/Rij rats
Different types of seizures can co-exist in the same patient. However, the
(non-traumatic) epileptic pathology commonly starts from a relatively mild
manifestation of a single seizure form, and later on seizures of this form can
progress further and become more and more complicated and mixed with other
types of paroxysms or even develop into more severe attacks.
"Seizures beget seizures", is an old neurologist’s saying. Recurrent seizures
can cause alteration in neuronal excitability, in neurochemical processes and even in
the microanatomy of neuronal circuits [Ross & Coleman, 2002; Morimoto, 2004].
This problem needs extensive experimental investigation, but it is already clear that
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such pathological (or compensatory) changes in the epileptic brain are restricted to
the area of the epileptic focus, or involve other brain structures which are
functionally connected to that area. As a consequence, putative pathologicalcompensatory changes can alter the thresholds for other seizure types. In this way,
"mixed" forms of epilepsy may start interacting and the choice of suitable drug
therapy may become complicated.
Studies described in the Chapters 2 and 9 were aimed at finding out whether
rats of the WAG/Rij strain may have not only absence seizures, but other type of
paroxysms as well.
Two mixed forms of epilepsy have been described in WAG/Rij rats.
Audiogenic seizures and a 2nd type of SWD have been found in the rats of
this strain (Chapters 2 and 9). This provides experimental opportunities to
study these mixed pathologies, as well as mechanisms for putative
interaction of both seizure forms in combination with pure absence
epilepsy.
A major seizure form, which can co-morbid with absence seizures in
WAG/Rij rats, is the form with audiogenic seizures (AGS). This form can be
provoked in about 1/3 of the population, which is similar to the percentage of
susceptible animals in the Wistar strain [Kuznetsova, 1998; Chapter 2]. From
genetic studies done in KM and GK rats (other Wistar-derived strains, with
susceptibility to AGS) as well as in GEPRs, it is known that AGS susceptibility is
determined by several partially penetrating genes [Barykina et al, 1984; Kurtz et al,
2000]. Therefore, it is quite likely that the WAG/Rij strain, as a Wistar-derived one,
has kept these partially penetrating genes for their AGS-susceptibility. Temporal
parameters of the audiogenic seizures are perfectly the same in rats of the WAG/Rij
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and Wistar strains. Also the characteristics of the SWDs in AGS and non-AGS
WAG/Rij rats are not significantly different. This implies that genetic susceptibility
to AGS does not affect the manifestation of absence seizures. Moreover, the sound
exposures and the subsequent presence of two or three convulsive seizures as
evoked in the audiogenic sensitivity tests were not enough to influence significantly
the propensity and morphology of absence paroxysms in the EEG (Chapter 2).
However, the number and duration of absence paroxysms have not yet been
investigated in WAG/Rij rats with frequently evoked AGS attacks (audiogenic
kindling). Recently, it has been found that AGS kindling develops similarly in
WAG/Rij as in outbred Wistar rats [Vinogradova et al, 2005]. At the same time,
several authors have reported a failure to reach the final stage of kindling evoked by
electrical stimulation of the amygdala in some rats genetically prone to absence
epilepsy [Eskazan et al, 2002; Bikbaev, personal communication]. In fact, 3 out of 7
WAG/Rij rats failed to reach stage 3, 4 or 5 and stayed at stage 2 after application of
30 stimulations [Aker et al, 2006]. It is known that kindled seizures have the limbic
system as anatomical substrate [rev. in Morimoto et al, 2004]. It was hypothesized
[Eskazan et al, 2002] that recurrent absence seizures affect the medial thalamic
nuclei, which lead to functional decrease in amygdalar excitability. It is therefore
still possible that absence and audiogenic seizure can influence each other. It is most
likely that this putative interaction takes place after the limbic system has been
recruited in AGS, since neither (non kindled) AGS nor SWDs significantly
influenced each other in the WAG/Rij rats with this “mixed” pathology (Chapter 2,
see above).
We confirmed (Chapter 9) the existence of the 2nd type of SWDs in EEGs of
WAG/Rij rats, originally described in the first publication on the WAG/Rij model
[Van Luijtelaar & Coenen, 1986]. It was shown (Chapter 9) that this 2nd type of
SWDs spread predominantly over the parieto-occipital neocortex. It was proposed
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that the first type of SWD is reminiscent to the presence of anterior sleep spindles
[Kostopoulos, 2000], while the 2nd type of SWD is a pathological derivative of the
posterior type of sleep spindles [van Luijtelaar, 1997]. These ideas are based on
similarities on the spatial distribution of both types of oscillations [van Luijtelaar,
1997]. In the present study, it was shown that the WAG/Rij rats with and without
the 2nd type of SWDs do not differ significantly in propensity of SWDs of the 1st
type (Chapter 9). It has also been proposed by us that the 1st and 2nd types of SWDs
are reciprocally modulated by the brain DA-ergic system: apomorphine, an agonist
of DA, enhances the 2nd type of SWDs and inhibits the 1st type of SWDs, while the
1st type of SWD is enhanced by the DA antagonist haloperidol (Chapter 9). In a
recent study of Gauguier et al [2004] a moderate negative correlation has been
found between the two types of SWDs. Therefore, it can be proposed that the two
types of SWDs have a weak inhibitory influence on each other and that the presence
of type II inhibits the number of SWD type I, perhaps through a higher DA-ergic
activity.
10.2. Absence and audiogenic epilepsies are accompanied by enhanced
stress vulnerability
Stress is one of the main non-genomic seizure-provoking factors [Karlov,
1990, 2000; Maksutova & Frosher, 1998; Nakken et al, 2005]. In parallel, it is a
common clinical observation that epileptic subjects are often more sensitive to
environmental stress than normal individuals.
In Chapter 3 we have studied whether rats with absence, audiogenic and
Rats with absence and audiogenic seizures are more vulnerable to
environmental stress than non-epileptic control rats.
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mixed types of epilepsy behave differently from control non-epileptic rats in a novel
(i.e., potentially dangerous) environment, in the light-dark box and in the open field.
Putative correlations of the tests' performance of the rats with the type of seizure
and its severity were also evaluated.
Both types of AGS-prone rats (Wistar and WAG/Rij) displayed a higher
anxiety such as enhanced grooming, reduced rearings and a tendency for hyperlocomotion in a novel environment. This is in line with literature data: the
experience of (kindled) convulsive seizures leads to an increased anxiety [Adamec,
1990; Helfer et al, 1996; Kellett et al, 2004]. The rats used in the present study were
not AGS-kindled, but experienced only two seizure attacks. However, they already
differed in behaviour from their strain mates (see above). The recent experiments of
De Paula and Hoshino [De Paula et al, 2005; De Paula & Hoshino 2002, 2003,
2004] suggest that the sound-induced wild running paroxysms and panic-like
behavioural reactions partly share their respective neuronal circuits. Therefore, the
enhanced novelty-induced anxiety observed in the two groups of AGS-susceptible
rats in our present experiments (Chapter 3) can be either an inborn trait of these
animals, or represent a seizure-induced neuropathology.
Absence-epileptic WAG/Rij rats display increased grooming, reduced
exploration and hyper-locomotion in the open-field test. Importantly, the anxiety
signs correspond to the severity of absence seizures: duration of the novelty-induced
grooming correlates positively and significantly with individual spike-wave indexes.
WAG/Rij rats display also high emotional responses to a milder stressful
environment (light-dark box): they show a higher horizontal and vertical
locomotion, and enhanced defecation/urination in comparison to normal Wistar
control rats. Again, anxiety signs were proportional to the severity of absence
seizures. The latency of the first “risk assessment” (i.e. looking out from the dark
compartment, without stepping to the light compartment with all four paws), as well
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as the latency of the first re-entry to the potentially dangerous light compartment,
Recurrent absence seizures might affect emotional behaviour. WAG/Rij
rats with a higher propensity of absence seizures show more anxiety signs
in a novel environment, in comparison to their strain-mates with little
paroxysmal activity. It is likely, that absence seizures affect brain structures
involved in the control of emotions.

correlated positively and significantly with the severity of absence epilepsy in the
WAG/Rij rats with "pure absences" (Chapter 3).
Given that absence epilepsy progressively aggravates in the same individual
[Coenen & van Luijtelaar, 1987], it can be speculated that the novelty-induced
stress will become also more pronounced along the aggravation of absence epilepsy
in these rats.
The stress response of an individual is shaped by the hypothalamicHypothesis: absence and audiogenic seizures in rats are accompanied by
neurochemical changes in the thalamocortical and brainstem structures, AS
WELL AS in the limbic system.

pituitary adrenal (HPA)-axis. In another rat strain, characterized by severe absence
epileptic seizures, the APO-SUS rats [Cools & Peeters, 1992], the hyper-excitability
of the HPA-axis was proven experimentally. It was attributed, at least partly, to an
enhanced central drive [Rots et al, 1995, 1996]. Such a central drive comprises the
amygdala and orbito-frontal neocortex; the areas involved in the cognitive
evaluation of and fear response to aversive environmental stimuli [Gainotti, 2001].
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One can assume that an exaggerated behavioural stress response will be
paralleled with a hyper-reaction of cortical and limbic neurons in WAG/Rij rats.
Indeed, this was partly confirmed by us: WAG/Rij rats showed a higher c-fos-like
labelling within the frontal cortex and nucleus accumbens after the forced
swimming test, as compared with Wistar ones [Sarkisova et al, 2002, 2003].
It has been reported that an emotional stressor (aversive sound) produces a
quick 2 to 4 fold increase in spike-wave activity during the rebound period in
WAG/Rij rats [Kuznetsova et al, 1996]. Stress as induced by an injection of saline
evoked about the same magnitude of increase in SWDs in WAG/Rij and APO-SUS
rats [de Bruin et al, 2001]. Systemic injections with corticosterone in physiological
concentrations caused a dose-dependent increase in SWDs (Schridde & van
Luijtelaar, 2004a). Possible long-term consequences of an emotional stressor on
absence paroxysms in WAG/Rij rats have not been investigated yet. Mild
environmental influences (variety of raising conditions) have been reported to have
a minor effect on absence epilepsy in WAG/Rij rats [Schridde & Van Luijtelaar,
2004b, 2005]. Whether exposure to strong stressors would have a long-lasting
facilitation effect on absence seizures in these rats remains to be studied.
10.3. Absence epilepsy is accompanied by widespread changes of the
brain monoaminergic systems.
The monoamines belong to a family of so-called neuromodulators, i.e. these
drugs are capable of changing the GABA- and glutamatergic neurotransmission
efficacy. The brain monoaminergic systems are involved in many different and
important functions such as motor behaviour, emotions and arousal.
Monoamines have also been implicated in the seizure susceptibility by means
of the inhibitory control over pathologically increased excitability of neuronal
networks [Chen et al, 1954 – cited in Weinshenker & Szot, 2002; Avakian &
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Arushanian, 1974, 1975; Arushanian & Avakian, 1978; Goldstein et al, 1988; Baran
et al, 1989; Devinsky et al, 1992; Starr, 1996; Weinshenker & Szot, 2002; Teskey et
al, 2004].
In Chapters 4 and 5 we investigated whether indices of monoaminergic
neurotransmission were altered in brains of WAG/Rij rats. Rats with “pure”
Mild but recurrent absence seizures are accompanied by a widespread
gradient decrease in metabolic rates of brain monoamines.

absences and with “mixed” epileptic pathologies were compared to Wistar control
rats under baseline conditions and under emotional stress.
No gross difference between WAG/Rij and Wistar strains in tissue levels of
brain monoamines have been detected, with one exception. Namely, tissue NA was
largely elevated in the cortical structures of WAG/Rij rats (Chapter 5, Fig.1).
However, it seemed that this "accumulated" NA was not effectively used in the
presence of a stressor, since exposure to an emotional stressor did not evoke a
significant noradrenergic forebrain reaction in WAG/Rij rats (Chapter 5, Fig.1). It
remains speculative whether an exposure to a stronger or longer stressor would be
more effective for the release of NA.
Importantly, various type of evidence that a widespread deficiency in
monoaminergic neurotransmission accompanies an increase in SWD has been
obtained in Chapter 4 and 5 (summarized in Table 10.3.1). Generally, tissue levels
of metabolites and/or metabolic rates (assessed as ratio of a metabolite to its
parental amine) correlated negatively with SWD (Table 10.3.1). Remarkable large
negative correlations (p0.001) were found for the striatum and the pons and
medulla (Table 10.3.1.B). It is, however, not possible to propose a single
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straightforward explanation for these parallel alterations. At least several
possibilities are conceivable:
x a poor aminergic neurotransmission (e.g., age-related) causes
appearance of absence epilepsy
x a low aminergic tone causes aggravation of existing absence epilepsy
x an aggravation of absence seizures causes consecutive compensatory
changes in the brain monoaminergic systems
x the presence of a third process, which has the power to influence both
absence seizures and brain aminergic indices.
As it has been emphasized, acute experimental suppression of aminergic
transmission provoked SWDs in genetically absence-susceptible animals, but not
Lowered brain aminergic neurotransmission facilitates paroxysms in
absence epileptic subjects, but not in non-epileptic ones.

in normal ones [Buzsaki et al, 1990; Danober et al, 1998; Sitnikova and van
Luijtelaar, 2005]. Normally, in non-epileptic subjects treatments with any
conventional aminergic drug do not provoke seizures as a side effect. Therefore a
deficient monoaminergic neurotransmission is not a causative or decisive factor for
appearance of absence seizures. However, it can significantly enhance SWDs in
susceptible animals: haloperidol injections lead to a quick dose-dependent increase
in SWDs (see Chapter 9). There is no direct proof that aggravation of absence
seizures is able to evoke compensatory changes in the brain aminergic systems,
although a suggestion for this possibility was done in a study performed in GAERS.
An up-regulation of the level of mRNA coding D3 dopamine receptors was found in
the core of the nucleus accumbens of rats with mature absence seizures as compared
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with control age-matched non-epileptic rats or younger seizure-free GAERS
[Deransart et al, 2001].
Table 10.3.1 A,B Severity of absence seizures in intact and/or stressed WAG/Rij rats correlates with
indices of monoaminergic neurotransmission, measured in the cortical regions and thalamus (A) and
other brain regions (B). The Spearman rank order coefficients Rs for significant correlations and
corresponded p-levels (* for p0.05, ** for p0.01, *** for p0.001) are given below; "ns" stands for
"non significant".
Non-stressed
Stressed
reference
Region
variable
Rs
p-level
Rs
p-level
.
A.

frontal cortex
parieto-occipital
cortex
thalamus

B.

amygdala

DOPAC/DA
TRT
HVA/DA
DOPAC/DA
5HIAA/5HT
5HT

NA/DA
5HIAA/5HT
striatum
HVA/DA
hypothalamus 5HT
DOPAC
TRT
5HIAA/5HT
pons-medulla DA
NA
HVA
TRT
HVA/DA

-0,8
-0.8
-0.8
-0,8
+0,6
-0,9
-0.8
-0.8
+0.6
+0,8
-0,8
-0,9
-1.0

ns
**
**
**
*
*

-0,7

**
ns
ns
ns
ns
ns

Chapter 5
Chapter 4
Chapter 5
Chapter 5
Chapter 4
Chapter 4

**
ns
***
ns
ns
**
*
**
ns
**
**
***

-0,8
-0,8

**
*
ns
*
*
ns
ns
*
**
ns
ns
ns

Chapter 5
Chapter 4
Chapter 5
Chapter 4
Chapter 5
Chapter 4
Chapter 4
Chapter 5
Chapter 5
Chapter 5
Chapter 4
Chapter 5

-0.7
-0.7
-0.7
+0,9

We recently have confirmed this finding by the observation that adult WAG/Rij rats
(with mature SWDs) differ from age-matched non-epileptic controls and young
SWD-free strain mates by a higher density of D2-like dopamine receptor in the core
of the nucleus accumbens. The same tendency was obtained for the shell of the
nucleus accumbens [Birioukova & Midzyanovskaya, unpublished data]. This is in
agreement with the theory of insufficient nigrostriatal stimulation [Buszaki et al,
1990] and, in more general terms, with the "centrasthenic" (i.e., assuming a lack of
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activating influences from centrencephalon to forebrain) hypothesis of
Myslobodsky [1968, 1970].
It is likely that monoamines acting within the thalamocortical loops and
brainstem are involved in modulation of ongoing absence paroxysms.
Altered monoaminergic neurotransmission within the limbic circuits might
represent long-term functional consequences of recurrent absence seizures
in WAG/Rij rats.
Finally, there can be a common factor capable to influence both intensity of
aminergic indices and susceptibility to absence seizures. For example, genetic
Table 10.3.2 A,B,C. Comparison of D1-like and D2-like receptors densities within the cortical
areas (A) and other brain regions (B) of rats genetically prone to absence epilepsy (WAG/Rij) and
free of absence paroxysms (ACI, Wistar). Severity of absence epilepsy correlates with density of
D2-like dopamine receptors in brain regions of WAG/Rij rats (C). The magnitudes of difference in
percents (A,B) and the Spearman rank order coefficients Rs (C) for significant correlations and
corresponded p-levels (* for p0.05, ** for p0.01) are given below.
A.
D2-like receptors
frontal cortex, motor
frontal cortex, somatosensory
parietal cortex
B.
D1-like receptors
nucleus accumbens core
dorsal caudo-putamen
D2-like receptors
hippocampus CA3
entorhinal cortex
nucleus accumbens core
dorsal caudo-putamen
ventral tegmental area
hypothalamus
C.
D2-like receptors
frontal cortex, motor
frontal cortex, somatosensory
caudate nucleus

difference

p-level

comments

reference

29% increase
46% increase
18% increase

*
*
*

WAG/Rij versus ACI rats
WAG/Rij versus ACI rats
WAG/Rij versus ACI rats

Chapter 6
Chapter 6
Chapter 6

18% decrease
26% decrease

*
*

WAG/Rij versus ACI rats
WAG/Rij versus ACI rats

Chapter 6
Chapter 6

28% decrease
22% increase
24% increase
15% decrease
36% increase
37% increase

*
*
*
*
*
*

WAG/Rij versus ACI rats
WAG/Rij versus Wistar rats
WAG/Rij versus Wistar rats
WAG/Rij versus ACI rats
WAG/Rij versus Wistar rats
WAG/Rij versus Wistar rats

Chapter 6
Chapter 5
Chapter 5
Chapter 6
Chapter 5
Chapter 5

Rs

p-level

comments

reference

+0.8
+0.7
+0.7

**
*
*

WAG/Rij rats
WAG/Rij rats
WAG/Rij rats

Chapter 5
Chapter 5
Chapter 5
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defects in low-voltage activated calcium channels in the "tottering" mice lead to
noradrenergic hyperinnervation, absence-like paroxysms and neurodegenerations
[Noebels, 2003]. Among other possible factors, environmental influences during
early ontogenesis have a powerful
Fig. 10.3.1 The "striatonigral" hypothesis of SWDs'
facilitation: insufficient DA-ergic inputs to striatum lead to
excessive GABAergic influences from SNr and GP neurons
to TC neurons, via lack of striatal GABAergic inhibition of
SNr and GP. "Deficient" inputs are shown by dotted lines,
excessive ones – by thick arrow lines. Modified from
[Blandini et al, 2000], according to [Buzsaki et al, 1990].

influence on the brain aminergic
tone. As it has been shown recently,
inter-individual difference in
maternal care can influence the brain
aminergic system and behavioural
traits. The rat pups which received
less licking and grooming from their
mothers grew up to rats which are
more anxious, and more vulnerable
to stress and with a deficient
sensorimotor gating and lower level
of COMT (an enzyme involved in
extracellular degradation of
catecholamines) within the prefrontal

cortex, than their siblings which received more intensive maternal care [Brake et al
2004; Zhang et al, 2005]. One can speculate that such natural difference in
environmental influences early in life would affect neurochemical, behavioural and
electrophysiological traits of WAG/Rij rats. This might be the cause of the
divergence in propensity of absence seizures and AGS. Indeed, maternal deprivation
and neonatal handling at PN1 to PN 21 reduced the number of absence seizures in
WAG/Rij rats [Schridde & van Luijtelaar, 2004; 2005].
In our experiments (Chapters 4 and 5) we observed that during emotional
stress significant correlations of SWI with neurochemical indices disappeared in
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parts of thalamocortical circuits, as well as in brainstem regions (Table 10.3.1 A, B).
It is reported that administration of a brief strong emotional stressor (sound
exposure) led to instant inhibition of SWDs with a prominent rebound shortly
afterwards [Kuznetsova et al, 1996]. Another study reported a long and a
pronounced increased amount of absence seizures after a mild stress such as i.p.
saline injection or changes in illumination in rats of two strains (APO-SUS and
WAG/Rij) [De Bruin et al, 2000]. Importantly, we have found that in the stressed
WAG/Rij rats some indices of monoaminergic neurotransmission within the stresssensitive regions (amygdala, frontal cortex, hypothalamus, and pons-medulla) were
proportional to SWD (Table 10.3.1 A, B). This might be in line with our
experiments reported in Chapter 3 where the behavioural signs of a (mild) novelty
stress response significantly correlated with the severity of absence epilepsy in
WAG/Rij rats. The outcomes of these experiments point to a possibility of
functional changes in the brain “emotional circuits” that are caused by recurrent
absence paroxysms (see Chapter 3 and 10.2. of General Discussion). Therefore, we
can speculate that the fainted monoaminergic neurotransmission within the
thalamocortical loop and brainstem is able to aggravate ongoing absence
paroxysms. Altered monoaminergic functions within the limbic circuits (Tables
10.3.1B, 10.3.2B) might be induced by recurrent absence seizures and may be
responsible for the high vulnerability to stress in WAG/Rij rats.
The number and binding ability of receptors can highly affect the efficacy of
a neuroactive compound. Chapters 5 and 6 report studies where radio-labelled
ligands were used to quantify the densities of D1-like and D2-like dopamine
receptors in brain regions of absence epileptic rats (WAG/Rij) and normal controls
(Wistar or ACI). The results are summarized in Table 10.3.2.
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Fig. 10.3.2 The "mesolimbic" hypothesis of SWDs facilitation: surplus of DA-ergic inputs from VTA to nucleus
accumbens lead to excessive GABAergic inhibition of SNc and LGP. Then LGP is not able to inhibit sufficiently
RTN, which provides strong GABAergic inhibition of TCn subserving SWDs. "Deficient" inputs are shown by
dotted arrow lines, excessive ones – by arrow lines of doubled thickness. Modified from [Blandini et al, 2000]
according to [de Bruijn, 2001].

Comparing ACI and WAG/Rij rats, we found an increase of the density of D2-like
dopamine receptors within the cortical regions and nucleus accumbens, whereas D1and D2-like receptor densities were both decreased in the head of caudate nucleus as
well as decreased D1-like receptor density in the nucleus accumbens core (Table
10.3.2 A, B). WAG/Rij rats, as compared with Wistar rats, displayed an increased
density of D2-like dopamine receptor in the limbic structures (entorhinal cortex,
nucleus accumbens core, and hypothalamus) and the ventral tegmental area.
Moreover, the density of the cortical D2-like receptor was positively correlated with
the severity of absence seizures in WAG/Rij rats (Table 10.3.2C).
In the literature there are two models describing how brain dopaminergic
deficit could contribute to the aggravation of absence seizures. Buzsaki et al. [1990]
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hypothesized that in normal subjects a sustained level of firing of DA-ergic neurons
in the SNc provide a steady inhibitory dorsal striatal output, thereby inhibiting the
GABAergic projections from the SNr and globus pallidus to the thalamus.
Disinhibited thalamocortical neurons have a reduced ability to show synchronised
response and consequently, the SWD incidence diminishes. Conversely, in the case
of insufficient DA-ergic inputs from SNc to the dorsal striatum, GABAergic
projections from SNr and GP to thalamocortical neurons become disinhibited,
which facilitates reverberation of highly synchronized activity within
thalamocortical loops. This model requires a reduced activity of the nigrostriatal
DA-ergic fibers. The lowered cataleptic thresholds found in WAG/Rij rats
[Kuznetsova et al, 1996], and the highly significant negative correlation between
SWD and total DA catabolism (measured as HVA/DA ratio) in the striatal samples
support the hypothesis.
De Bruin and colleagues [de Bruin et al, 2000] proposed a modification of
this model. A role of the mesolimbic DA-ergic system in the genesis of absence
seizures was emphasized. High activity of DA-ergic fibers from VTA to the nucleus
accumbens shell and core may lead to hyperinhibition of SNc and LGP, since both
have excessive GABAergic inputs to TCn, SWDs could be facilitated. The authors
proved the hypothesis of high reactivity of the mesolimbic DA-ergic system as a
pathognomic factor for absence epilepsy indirectly: high levels of novelty or
amphetamine induced locomotion and apomorphine-induced gnawing in two rats
strains having absence epilepsy (APO-SUS and WAG/Rij), as compared with two
rats strains virtually free of absence epilepsy (APO-UNSUS and ACI) were found
[de Bruin et al, 2000]. Recently, this group also has reported that APO-SUS rats
showed a more extensive network of DA-ergic fibers and more DA-containing
varicosities within the nucleus accumbens [van der Elst et al, 2005a], and released
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more DA from this region in response to a novelty challenge [van der Elst et al,
2005b], as compared with APO-UNSUS rats.
Fig. 10.3.3 The "mesocortical" hypothesis of SWDs' facilitation: low mesocortical DA-ergic tone facilitates
cortical hyperexcitability and enhances cortical glutamatergic inputs to RTN and TCn. It is hypothesized that the
hyperexcitable cortex may engage the thalamocortical circuitry into spike-waving via excitatory glutamatergic
inputs to RTN and STN, both leading to hyperinhibition of the thalamocortical neurons. Functionally deficient
DA-ergic neurotransmission within striatum may mimic "the parkinsonian effect" (see Fig. 10.3.1.). It is
hypothesized that cortical DA-ergic defects might also trigger development of mesolimbic DA-ergic hyperreactivity (shown by a white two-headed arrow containing question marks). "Deficient" inputs are shown by
dotted arrow lines, excessive ones – by arrow lines of doubled thickness. Modified from [Blandini et al, 2000]
according to the hypothesis emerging from the present study.

These two hypothesis of DA-ergic misbalance accompanying absence
epilepsy are supplementary rather then contradictory. Functional hyperactivity of
the mesolimbic DA-ergic system, as found in APO-SUS rats [van der Elst et al,
2005 a, b] and hypothesized in WAG/Rij rats [de Bruin et al, 2000] is in agreement
with the idea of functional hypoactivity of the striatonigral DA-ergic system,
presumed in APO-SUS rats [de Bruin et al, 2000] and found in WAG/Rij rats
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(Chapter 5). As it has been shown earlier, these two DA-ergic systems are often
reciprocally regulated: in rats with lesioned (by 6-OHDA) nigrostriatal projections,
accumbal DA-ergic system is hyperactive (i.e. displays elevated basal and noveltyinduced DA release) [van Oosten et al, 2005]. The other way around, enhanced
mesolimbic DA release can inhibit DA-ergic functions of the dorsal striatum
[Koshikawa et al, 1996].
The results of our autoradiographic experiments (described in Chapters 5 and
6 and summarized in Table 10.3.3.2.A, C) point also to the importance of the
mesocortical dopaminergic tone in the generation of absence seizures in WAG/Rij
rats. Since the mesocortical DA-ergic system is able to modulate the excitability of
cortical neurons [Al-Tajir, 1991], cortical DA-ergic activity has the power to
influence the number of SWDs. Presumably it can be even a more potent regulator
of absence seizures in rats then the mesolimbic dopaminergic system, since the
largest magnitude of difference between D2-like receptors densities in absenceepileptic and non-epileptic rats was found in the cortical regions (Table 10.3.2 A).
Moreover, significant correlations were found between individual propensity of
absence seizures and cortical D2-like receptor density in WAG/Rij rats (Table
10.3.2.C).
These experimental findings are suggestive for a compensatory role of D2receptor mediated dopaminergic neurotransmission. According to the findings of
Meeren and colleagues [2002] and Pinault [2003], SWDs first appear in the "hot
spot" locating in the rat frontal somatosensory cortex. After a few cycles the
reticular thalamic nucleus is getting involved and starts leading the SWDs [Meeren
et al, 2002]. Therefore, the hyper-excitable "hot spot" would produce more
"starters" and more absence seizures develop in the EEGs (Fig. 1.3.1.2).
The thalamocortical circuitry crucially involved in the generation of SWDs
(i.e., the somatosensory cortex, reticular thalamic nucleus and the ventromedial
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thalamic nuclei) is functionally linked with the limbic system responsible for
emotional behaviour. Papez [1937, cit. in Wilconson, 1998] described a loop
comprising of the hippocampus, mammillary bodies of the hypothalamus, the
anterior part of the thalamus, cingulate and parahippocampal gyri. Later on the
amygdala, septum, habenular nucleus, olfactory tubercle and nucleus accumbens
were added in the list of limbic structures [Wilkonson, 1998]. Sensory inputs from
the thalamus and hypothalamus concerning those emotional and behavioural
reactions, which are vital for an individual or species, are processed by the limbic
system. The orbitofrontal cortex can inhibit the response of HPA axis and amygdala
on relevant stimuli [rev. in Gainotti, 2001]. The mesocortical DA-ergic system is
functionally linked with the mesocortical and limbic GABA- and glutamatergic
ones. For another stress-facilitated brain pathology, schizophrenia, Benes and
Berretta [2001] hypothesized that an excessive stress-induced release of DA could
trigger cortical GABAergic hyper-function and decompensation of the intrinsic
circuitry in limbic system of vulnerable individuals. Cortical GABA is critical for
SWD generation since injection of a GABA-ergic compound (GABA-B antagonist)
locally into the somatosensory cortex of absence-epileptic rats effectively
suppressed seizures in GAERS [Manning et al, 2004].
Chambers [Chambers et al, 2001; Chambers & Taylor, 2004] hypothesised
Mesocortical dopaminergic system provides a functional link between the
parts of thalamocortical loops and the limbic system. Impaired
neurotransmission within the mesocortical dopaminergic system may be
important for the pathogenesis of absence epilepsy.

that in schizophrenic patients early cortical and hippocampal dysfunctions
compromise glutamatergic inhibition of dopaminergic inputs to nucleus accumbens
191

GENERAL DISCUSSION

neurons. This causes some hyper-reactivity of ventral striatum which mimics
consequences of addictive drugs exposure and makes schizophrenics innately more
vulnerable to drug addiction [Chambers et al, 2001; Chambers & Taylor, 2004].
Since the level of novelty-induced grooming in open field test can be a predictor of
the level of cocaine self-administration in Wistar rats [Homberg, 2002] and also
positively correlates with propensity of absence epilepsy in WAG/Rij rats (present
study, Chapter 3) we can speculate that WAG/Rij rats would be more predisposed to
addiction of DA-ergic drugs. It is indirectly supported by the fact that APO-SUS
rats, which have more SWDs than WAG/Rij rats do [de Bruin et al, 2000], are
proposed as an animal model for stress-facilitated drug/alcohol abuse and
schizophrenia [Ellenbroek et al, 1995; Cools et al, 1998; Degen et al, 2005;van der
Kam et al, 2005 a,b].
It is interesting that different brain disorders such as absence epilepsy,
schizophrenia and drug or alcohol abuse, appear to share a common feature of the
brain mesolimbic system: hyper-reactivity. This hyper-reactivity might be an inborn
trait in WAG/Rij rats and other rats with absence epilepsy (APO-SUS and possibly
GAERS), or might be caused by a putative surplus of endogenous opioids, related to
absence seizures [Przewlocka et al, 1995, 1998]. Endogenous opioids are known to
be released during absences in neocortex of human patients [Bartenstein et al,
1993; Duncan, 1999, 2001] and facilitate absences in WAG/Rij rats [Przewlocka et
al, 1995, 1998]. Exposure to opiodergic substances is known to sensitize the
mesolimbic DA-ergic system [Sharp et al, 1995; Gianoulakis, 1996; Napier &
Mitrovic, 1999; Aston-Jones & Harris, 2004]. Altogether, it might support the idea
of a cortically-triggered [Bennes & Beretta, 2001; Chambers, 2001] dopaminergic
hyper-reactivity of nucleus accumbens assumed for absence epileptic rats [de Bruin
et al, 2000] and implied for other diseases, such as schizophrenia and drug addiction
[Chambers, 2001; Lucas et al, 1998; Rouge-Pont et al, 1993; Piazza et al, 1991].
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Summarising the results discussed above, it can be stated that regional tissue
concentrations of DA are not decreased in the brains of WAG/Rij rats. In contrast,
the tissue level of DA correlated positively with individual SWI in pons and
medulla (Table 10.3.1B). However, the metabolic rates of dopamine correlated
negatively with SWI in a number of brain regions (Table 10.3.1A, B). Altogether, it
might mean that there is a difficulty in catabolism or release of this neuromodulator,
leading to the functional insufficiency of the nigrostriatal DA-ergic system and
presumably, to hyper-sensitivity of the mesolimbic DA-ergic system. Behaviourally,
this functional deficit is expressed as a lowered cataleptic threshold and a
facilitation of absence seizures. Cortical and striatal outputs may trigger functional
changes in the limbic system and in this way contribute to enhanced stress
vulnerability of absence epileptic subject.
10.4. Brain histamine participates in epileptogenesis of absence seizures
The brain histaminergic (HA-ergic) system is formed by phylogenetically old
neurons [Almeida and Beaven, 1981]. Their cell bodies lie exclusively in the
tuberomamillary nuclei of the hypothalamus, but axons sprout throughout the whole
brain. A first direct piece of evidence for the existence of the histaminergic system
within the brain stem comes from immuno-histochemical studies [Hayashi et al,
1984; Panula et al, 1984]. The brain histaminergic neurotransmission is thought to
be involved in the modulation of the sleep-wake cycle, arousal level, memory and
feeding behaviour [Haas & Panula, 2003; Brown et al, 2001]. It is hypothesized that
the brain histamine can act as an "alarm system" – i.e., it is primarily involved in an
immediate response to a potentially dangerous situation [Brown et al, 2001]. It has
been shown in PET studies in humans that a blockade of more than 50% of
histamine H1 receptor leads to a failure in arousal maintenance, to subjective
sleepiness and to reduced cognitive functions [Okamura et al, 2001; Tagawa et al,
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2000 ; Watanabe and Yanai, 2001]. In spite of its importance, the HA-ergic system
is still rather neglected, likely due to the relatively recent discovery of
neuromodulatory abilities of histamine.
The present study is, to the best of our knowledge, one of the first
investigations in the field of histamine and absence epilepsy. Actually, Kostopoulos
[1988 and 1992] has published in vitro studies done in hippocampal slices of
tottering mice (for a brief description of the model see the General
Table 10.4.1 A,B Severity of absence seizures in intact and/or stressed WAG/Rij rats correlates with
tissue levels of histamine measured in the cortical regions (A) and other brain regions (B). The
Spearman rank order coefficients Rs for significant correlations and corresponded p-levels (* for
0.01<p0.05, ** for p0.01) are given below; "ns" stands for "non significant".
Non-stressed
Stressed
reference
Region
variable
Rs
p-level
Rs
p-level
.
A.

cortex

HA

-0.6

*

ns

Chapter 7

B.

striatum
HA
hypothalamus HA
pons-medulla HA

-0.7
-0.9
-0.9

*
**
**

ns
ns
ns

Chapter 7
Chapter 7
Chapter 7

Introduction), with both the application of norepinephrine and histamine. However,
no difference was found between tottering mice and healthy controls in respect to
action of these brain amines in hippocampal slices [Kostopoulos et al, 1988, 1992].
In Chapters 7 and 8 we have described the regional distribution of histamine
in the brain of rats with absence and/or audiogenic seizures, the histaminergic
response to emotional stress, the distribution of H1 histamine receptors throughout
the brain regions and finally, the effects of systemic administration of the H1
antagonist pyrilamine.
Unlike dopamine, brain tissue levels of histamine correlated negatively with
the propensity of absence epilepsy in WAG/Rij rats. These correlations were
significant for the neocortex, striatum, hypothalamus, pons and medulla (Table
10.4.1 A, B). Notably, these negative correlations were all broken by the emotional
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stressor (sound stimulation). Since stress is expected to activate the brain
histaminergic system [Brown et al, 2001], it seems likely that a low brain histamine
level is important for the instant ability to generate SWDs. As it has become
recently known, the brain histaminergic system is the main target for orexin [Huang,
2001], which “governs” the sleep-wake cycle [Saper, 2001], and by this means it is
able to influence SWD activity as well.
The present study proposes brainstem “newcomers” to the list of structures
involved in absence epilepsy: the hypothalamus and the pontine nucleus (Chapter
8). The histaminergic indices measured in the superior colliculus, hypothalamus,
Table 10.4.2. Histaminergic indices in absence-epileptic rats. Tissue levels of HA in WAG/Rij rats
as compared to Wistar rats (A). Correlation of tissue HA contents with individual SWI (B). Density
of H1 histamine receptor in WAG/Rij rats as compared with Wistar rats (C). The magnitudes of
difference in percents (A,C) and the Spearman rank order coefficients Rs (B) for significant
correlations and corresponded p-levels (* for p0.05, ** for p0.01) are given below.
A. Tissue HA content
difference

p-level comments

reference

frontal cortex

35% decrease

**

WAG/Rij versus Wistar

Chapter 8

parieto-occipital

33% decrease

*

WAG/Rij versus Wistar

Chapter 8

76% decrease

*

WAG/Rij versus Wistar

Chapter 8

Rs

p-level comments

reference

superior colliculus

0.83

**

Chapter 8

pontine nucleus

0.79

cortex
vermis of cerebellum
B. Tissue HA content

deep cerebellar nuclei -0.81

WAG/Rij rats

*

WAG/Rij rats

Chapter 8

*

WAG/Rij rats

Chapter 8

C. H1 receptor density
difference

p-level comments

reference

central grey

28% increase

**

WAG/Rij versus Wistar

Chapter 8

pontine nucleus

15% increase

*

WAG/Rij versus Wistar

Chapter 8

superior colliculus

33% increase

**

WAG/Rij versus Wistar

Chapter 8

*

WAG/Rij versus Wistar

Chapter 8

deep cerebellar nuclei 21% increase
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pontine nucleus and deep cerebellar nuclei were altered in WAG/Rij rats
(summarized in Table 10.4.2). All these structures receive major inputs from
neocortical neurons. Many neocortical neurons
Fig. 10.4.2 Somatotopic organization of
direct projection from barrel cortex to
striatum and pontine nucleus. Adapted
from Leergard et al, 2000

belongs to two major cortico-subcortical reentrant circuits, one involving the basal
ganglia [reviewed in Tekin and Cummings,
2002; Silkis, 2001], and another including the
pontine nuclei and cerebellum [reviewed in
Brodal and Bjaalie, 1997]. All the parts of
cortical-basal ganglia circuit have been studied
for their involvement in the generation of
SWDs [Deransart et al, 1998; Danober et al,
1998], although the second (cortico-pontine)
circuit remained almost unstudied. However,
the direct corticopontine projections bear
similar features as the corticostriatal ones:
terminal fields are somatotopically organised
in distinct, partially overlapping lamellar

clusters [Leergaard et al, 2000 a,b], and the same barrel area sends projections both
to the striatum and the pontine nucleus. The somatotopic organisation of
corticopontine and corticostriatal projections led to the prediction, that the
sequential activation of a column of whiskers leads to sequential activation of
neurons within the lamellar subspace [Leergaard et al, 2000 a,b]. Therefore one can
assume that the pontine nucleus receives information signalling the onset of SWDs
and propagation over the neocortex. So far, the SWDs have been mapped in the
striatal complex (rev. in Danober et al, 1998), but not yet in the pontine nucleus.
The efferent region of the pontine nucleus – the deep cerebellar nucleus - also
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participates in SWDs since single units fire synchronously with cortical SWDs
[Kandel & Buzsaki, 1993]. Recently, we have recorded SWD activity in the deep
cerebellar nuclei and the pontine nuclei. Therefore, spike-wave activity propagates
to this important part of the motor control circuit which in turn, might mediate the
motor phenomena accompanying SWDs (behavioural arrest and orofacial
myoclonic jerks). An argument supporting this hypothesis can be found in the
theory of Bower [1997] concerning the responsibility of the cerebro-pontocerebellar circuitry for transferring information on the timing and context of,
cerebral cortically directed, sensory acquisition behaviour. At least one aspect of
this complex function, the perception of time, is known to be impaired during
absence attacks in children and in rats with absence seizures [van Luijtelaar et al.,
1991a and b; Drinkenburg et al., 2003].
The superior colliculus (SC) is specifically involved in the histaminergic
regulation of SWDs: the density of H1 histamine receptors is higher in the region of
the WAG/Rij rats compared the Wistar and tissue concentration of HA positively
correlates with SWI. It is known, that the HA-ergic system is closely linked with the
GABAergic one [Haas and Panula, 2003]. The GABAergic SC neurons exert
inhibitory control over the absence seizures in GAERS [Nail-Boucherie et al, 2002].
Therefore one can assume that the histaminergic system facilitation of the
GABAergic function within the superior colliculi is important for compensation of
increased susceptibility to absence seizures.
Our data are not yet sufficient to deduce the whole picture of histaminergic
dysfunction in absence epilepsy. Bearing in mind that compromised HA-ergic
neurotransmission lead to drowsiness, we can speculate that the resulted negative
correlations between tissue regional HA and individual SWI points to a HA-ergic
deficit. However, our data on the dual effect of H1 histamine receptor antagonist
pyrilamine rather lead to suggestion that the brain HA-ergic system is being
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recruited in compensatory processes after the seizures have achieved a certain level
(SWI about 3.2 % in our experiments) and that functional coupling between HAergic and other neuromodulator and neuromediator would also be changed after
reaching this threshold. Certainly, more experiments are needed to clarify this point.
10.5. Aminergic correlates of audiogenic seizures’ susceptibility in rats.
In contrast to mild but recurrent absence seizures, we did not find major
Table 10.5.1 A. Difference between 2 groups of AGS-susceptible rats (Wistar-AGS, WAG/Rij-AGS) and 2 groups
of AGS-prone rats (Wistar-nAGS, WAG/Rij-nAGS). B. Interaction effect between strain and AGS. The magnitudes
of difference in percents corresponded p-levels (* for p0.05, *) are given below.
A.
Region
Parietal cortex
Hypothalamus
Cerebellum
B.
Hypothalamus

variable
TRT
24% decrease
HA
23% decrease
HA
18% decrease

p-value
*
*
*

Reference
Chapter 4
Chapter 7
Chapter 7

*

Chapter 7

HVA 57% increased in Wistar-AGS
as compared with Wistar-nAGS
but 32% decreased in WAG/Rij-AGS
as compared with WAG/Rij-nAGS

changes between AGS-susceptible and unsusceptible rats (Chapters 5,6,8). These
results partly disagree with literature data. Significant reduced levels of the brain 5HT and NE indices was found in GEPRs (Jobe et al, 1994; Statnik et al, 1996; Jobe
et al, 1999, Jobe 2003), and a lowered brain histamine was detected in KM rats
(Onodera et al, 1992). However, in the majority of experimental studies the authors
used AGS-susceptible rats which have had several severe AGS seizures prior to
decapitation and neurochemical analysis. In these studies, however, it is not possible
to discriminate between effects of AGS-susceptibility and effects of exposure to
intense sound stimulation and AGS experience. Moreover, ordinary strain
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differences between GEPR, KM and WAG/Rij rats may also be present. Different
causes may underlie the increased sensitivity to audiogenic seizures in KM and
Unlike to mild but recurrent absence seizures, severe but single audiogenic
seizures evoked only minor local changes in the brain aminergic system.

GEPR-9 rats, compared to GEPR-3, Wistar and WAG/Rij rats. It is quite likely, that
frequent and severe AS seizures evoke a large and widespread response in the brain
aminergic system. In our study, the rats had only 2 AGS tests 4 to 5 weeks prior to
decapitation and their AGS score was, on the average, less than 2. We can
hypothesise that the effects found, can be addressed to AGS-susceptibility itself, or
represent a consequence of that few AGS of low intensity.
10.6. Interaction of seizure types.
The experimental design chosen for the experiments reported in Chapters 2,
3, 4, 5 and 7 allows studying the interaction between convulsive and non-convulsive
seizures. It was found that the percentage of AGS-susceptible animals and temporal
parameters of AGS fits did not differ between Wistar and WAG/Rij strains. The
only difference was found in the duration of post-convulsive catalepsy, which was
longer in WAG/Rij rats (Chapter 2). Therefore we can conclude that recurrent
absence seizures, present in WAG/Rij rats, do not affect the susceptibility to AGS or
temporal evolution of AGS seizures. Vice versa, by comparison of AGS-susceptible
and unsusceptible sub-strains of WAG/Rij rats, we deduce that single AGS does not
influence the characteristics of spontaneous absence seizures, since SWI did not
differ significantly between these sub-strains (Chapter 2). Only a weak tendency
toward reduced SWI in AGS-prone WAG/Rij rats as compared to AGS-resistant
strain mates can be seen in these experimental conditions. However, other authors
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reported statistically significant reduction of SWI in AGS-susceptible WAG/Rij rats
as compared to AGS-resistant strain mates [Alekseev et al, 2002]. This suggests that
frequent/severe AGS, or short post-ictal recovery time, could lead to partial
suppression of absences in AGS-susceptible WAG/Rij rats.
Our behavioural experiments revealed an interaction of seizures' types
manifested for several parameters of the novelty response. Namely, we found
Table 10.6.1 Interaction effect between strain and AGS. The magnitudes of difference in percents

corresponded p-levels (* for p0.05, *) are given below.
Region
Hypothalamus

variable
HVA 57% increased in Wistar-AGS
as compared with Wistar-nAGS

p-value

Reference

*

Chapter 7

but 32% decreased in WAG/Rij-AGS
as compared with WAG/Rij-nAGS

significant interaction effects for novelty-induced exploratory behaviour in the open
field (number of rearings), time of freezing and number of re-entries in light-dark
box (Chapter 3). All these measures showed that absence and audiogenic epilepsies
do not had an additive effect on these particular behaviours but rather compromised
or opposite effects on each other (Fig. 1, 2 in Chapter 3).
As far as brain neurochemistry is concerned, we found only a single major
interaction effect: the hypothalamic tissue level of HVA was significantly increased
in AGS-susceptible Wistar rats, but decreased in AGS-susceptible WAG/Rij rats
(Table 10.6.1). Although one would expect more prominent and widespread effects
of the interaction of seizures types on brain aminergic neurochemistry, it is quite
remarkable that the interaction was detected in a part of the limbic system that is
controlling the behaviour in the open field and light-dark box. It might be expected
that closer investigations of this topic would yield more interaction effects in other
limbic structures, such as the nucleus accumbens and the amygdala.
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10.7. Experimental perspectives.
The experiments, as reported here in this series of experiments, give rise to
many conclusions but also to numerous questions.
x First, it is important to know the threshold of seizures’ types
interaction. In our study, two sessions of audiogenic seizures
provocation (i.e. before the development of kindled seizures) was not
enough to influence the morphology and incidence of absence
paroxysms. I.e., more exposures to provoking sounds might be
necessary. Most likely, during the kindling process, the seizures’ types
will interact by sharing its modulatory or compensatory mechanisms
within the limbic system. The first sign of such inhibitory interaction
was seen for the DA-ergic activity in the hypothalamus (see chapter
10.6 of the General Discussion).
x Second, an in vivo method estimating aminergic deficiency in absence
epileptic individuals would be of great theoretical and practical value.
Unlike amino-acids, biological amines play as slow modulators of fast
neurotransmission. Therefore, their effect should be slower than those
of GABA or glutamate and they can also be involved in small and
subtle behavioural changes. The range of in vivo methods, from
behavioural observation to long-term EEG registration and microvoltametry should be developed. An important step in this direction has
been recently done by the “GAERS” group, who monitored
neurochemistry in parallel with EEG recordings (Parrot et al, 2004).
x Third, the present data suggest well orchestrated work of the brain
aminergic systems within particular brain regions. However, the
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precise mechanisms of such region-specific neurochemical tuning
remain to be studied, by in vitro and in vivo experiments.
x Fourth, region-specific interaction of the brain aminergic systems with
GABA-ergic and glutamatergic systems in controlling absence seizure
is a promising direction for future experiments. Moving in this way,
monoamines and aminoacids have been assayed in brain regions of
WAG/Rij, injected with vigabatrin (an inhibitor of GABA re-uptake).
x Fifth, the present study points to several brain nuclei which are very
probable new candidates for controlling absence paroxysms: the
pontine nucleus, deep cerebellar nuclei, and the superior colliculus.
These nuclei are integrated in the neuronal loops sub-serving
processing of sensory information, timing and motor performance.
These functions are impaired during absence attacks. The way how
these nuclei interplay during an absence attack, remains to be studied.
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Absences are generalized, non-convulsive, epileptic seizures that are unique
in some aspects. Unlike convulsive, generalized or partial, epileptic seizures,
typical absences do not show a postictal depression, neither in a behavioural nor in
an encephalographic way. No neurological abnormality is known to underlie this
type of epilepsy. Pharmacologically, absences are suppressed by ethosuximide,
which is ineffective in all other forms of seizures, while they are aggravated by
vigabatrine, carbamazepine, phenytoin and other anticonvulsants, effective in
generalized convulsive and partial epilepsies. Only a few kinds of drugs (mainly
derivates of valproic acid and benzodiazepines) are effective for both (convulsive
and non-convulsive) types of generalized epilepsies.
Absence seizures are generated in the cortico-thalamo-cortical circuitry and
spread than widely over the brain, whereas the brainstem and limbic structures are
considered to be the generating substrates for convulsive seizures. In spite of these
evident anatomical and pharmacological differences, convulsive and nonconvulsive generalized seizures share a major precipitating factor: emotional
stress. It is known, however, that typical absence seizures are more likely to be
provoked by stress than other types of epileptic seizures. This implies that
mechanisms of stress vulnerability are at least partly different in brains with
convulsive and non-convulsive seizures.
The response of an organism to stressors (environmental stimuli that
produce stress to an organism) greatly depends on its brain aminergic functions.
Therefore, it is hypothesized that the tone of the brain aminergic system in absence
epileptic subjects is different from that of non-epileptic controls, or, putatively,
will depend on the severity of absence seizures. This could lead to a poor ability of
coping with stress.
To this end, WAG/Rij rats (genetically prone to absence seizures) and
Wistar rats (more resistant to absence epilepsy), both with and without
susceptibility to audiogenic convulsions, were compared. Absence and audiogenic
seizures in these rats were scored, in order to unmask putative effects of seizures'
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severity on behavioural traits and brain aminergic neurochemistry. In additional
experiments, the distribution of several types of brain amine receptors (dopamine,
histamine) were studied and effects of drugs affecting the aminergic
neurotransmission (haloperidol, pyrilamine) were assessed in WAG/Rij rats.
In the present study, genetic animal models to investigate putative impacts
of the seizure type and severity on behavioural traits and brain aminergic indices,
were used. Generalized (absence and/or audiogenic) epilepsy was studied in
WAG/Rij rats, while audiogenic seizures were also studied in Wistar rats,
sometimes ACI and Wistar rats without audiogenic sensitivity were used as nonepileptic controls.
As an Introduction, Chapter 1 provides a brief description of seizures' type
classification, of genetic animal models of convulsive and non-convulsive
epilepsies, of anatomical substrates of epilepsies, of neurochemical profiles of
epilepsies and of behavioural aspects of absence and audiogenic seizures.
The model of mixed forms of epilepsy is introduced in Chapter 2. About one
third of WAG/Rij rats appear to have both non-convulsive (absenses) and
convulsive (audiogenic) seizures. Rats with ‘mixed’ (absence and audiogenic)
epilepsy are compared with rats with ‘pure’ epilepsies (absence or audiogenic)
with respect to seizures' manifestations. It is found that recurrent absence seizures
do not affect the latency or duration of audiogenic seizures' phases (the first and
second episode of wild running, ictal jumping, tonic or clonic seizures), since
WAG/Rij rats with this mixed epileptic pathology do not differ significantly from
Wistar rats, susceptible to audiogenic convulsions. The only difference is noted in
the duration of post-ictal catalepsy, which lasts significantly longer in WAG/Rij
rats. In analogy, it is found that the two subpopulations of WAG/Rij rats (with and
without susceptibility to audiogenic epilepsy) do not significantly differ in the
propensity of absence seizures. It is concluded that the experience of audiogenic
paroxysms does not affect absence seizures. Moreover, this experiment does not
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support the classic of a brain ‘general hyper-excitation’ or a ‘general hyperinhibition’ as a causative reason for susceptibility to convulsive and nonconvulsive epilepsies, respectively. Absence seizures are thought to be quite
sensitive to a surplus of excitation, but their propensity does not differ significantly
in both subpopulations. Similarly, if absence epilepsy is to be caused by a
permanent surplus of neuronal inhibition, it is likely that the phenomenology of
audiogenic convulsions is affected. Therefore, it is more likely to assume that the
hypothetic hyper-excitation and hyper-inhibition will be localized in brain
structures and their network connections, instead in the entire brain.
Behavioural traits of rats with absence and/or audiogenic epilepsy are
studied in experiments reported in Chapter 3. It is observed that absence and
audiogenic seizures have their specific impact on performance in a battery of
behavioural tests. Particularly, the expression of the novelty-induced anxiety in
two paradigms (open field and light-dark choice test) is proportional to the severity
of absence epilepsy. It is known that the limbic circuit is responsible for the
manifestation of novelty-induced anxiety. Under the assumption that the
divergence in severity of absence epilepsy is caused by different rates of individual
epileptogenesis in WAG/Rij rats, this observation leads to the suggestion that
progressively aggravating absence epilepsy may affect not only the corticothalamo-cortical circuitry, but also the limbic system and possibly the brainstem. It
is also possible that these two parts of the brain differently affect absence seizures.
The brain serotoninergic (5HT-ergic) system of epileptic subjects can
influence their vulnerability to stress and, putatively, can be affected by recurrent
seizures. In Chapter 4 parameters of 5HT neurotransmission in intact and stressed
rats with absence and/or audiogenic epilepsy, are studied. Animals are stressed by
an exposure to a short aversive noise, or left without sound stimulation. Tissue
concentrations of 5HT, tryptophan (TRT) and 5-hydroxyindolacetic acid (5HIAA)
are assessed by HPLC. The stressor activates the 5HTergic system within the
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cortico-thalamo-cortical system (frontal cortex and thalamus) and in the limbic
system (hypothalamus) in all rats. However, epileptic rats display predominantly a
reaction in the thalamus, whereas normal (non-epileptic) controls show the highest
response in the frontal cortex. Among the groups of epileptic rats, the rats with
absences exhibit a higher thalamic 5HIAA increase than others. Significant
correlations exist between the propensity of absence epilepsy and the 5HT-ergic
parameters measured in cortex and hypothalamus of absence-epileptic rats. In
contrast, no impact of audiogenic epilepsy on the 5HT-ergic neurochemistry has
been detected. The results imply that the brain 5HT-ergic components of the stress
response depend on the presence of epileptic pathology, as well as on the seizure
type and severity. Correlations show that the brain 5HT-ergic tone reflects the
propensity of absence seizures. In this way, the appearance of enhanced noveltyinduced anxiety with aggravation of absence seizures (as reported in Chapter 3),
may be mediated.
The experiments described in Chapter 5 are aimed to delineate a role of
catecholamines in seizure susceptibility and stress response of epileptic brains.
Tissue concentrations of noradrenaline (NA), dopamine (DA) and its main
metabolites are assayed in brain regions of intact or stressed rats with absence
and/or audiogenic seizures. An additional experiment is designed to assess the
regional densities of the D2-like dopamine receptors in the absence epileptic
(WAG/Rij) and control (non-epileptic) rats. It is found that the aggravation of
absence seizures is reflected by a widespread dopaminergic deficiency, expressed
in lowered indices of DA metabolism and elevated densities of the D2-like
dopamine receptors. The DA-ergic neurotransmission within the pons and medulla
correlates highly significantly with the propensity of absence seizures, underlining
its key role in aggravation or modulation of absence seizures. It is hypothesized
that a lowered DA-ergic metabolism in the cortical region of absence-epileptic rats
might cause an enhanced stress vulnerability. As for audiogenic epilepsy, not any
difference between intact groups of rats prone or resistant to this type of
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convulsions is seen. However, the sound-stressed rats susceptible to audiogenic
seizures display a clear NA-ergic response in the cerebellum and hypothalamus,
probably preceding the onset of audiogenic seizures.
Experiments reported in Chapter 6 are additional to those reported in
Chapter 5. The densities of the dopamine D1-like and D2-like receptors are studied
by autoradiography in brain regions of rats with genetic absence epilepsy (the
WAG/Rij strain), as well as in rats without predisposition to epileptic phenomena
(the ACI strain). It is found that in WAG/Rij the dorsal striatum (the head of
caudate nucleus) has a lower density of both D1-like and D2-like dopamine (DA)
receptors, while the core of nucleus accumbens has a lower density of D1-like
receptors. On the other hand, the density of D2-like receptors is higher in the
cortical (frontal and parietal areas) regions and lower in the CA3 region of the
hippocampus of WAG/Rij rats, as compared to ACI rats. These results point to
presumed malfunction of the mesocortical, mesolimbic and striatonigral
dopaminergic systems in the WAG/Rij rat model of absence epilepsy and suggest
that there are clear differences between WAG/Rij and other models of the absenceepilepsy concerning the role of striatum.
Chapters 7 and 8 are devoted to the brain histaminergic system. The
experimental set-up, as used in Chapter 7, is similar to those in Chapters 4 and 5.
Rats with absence and/or audiogenic epilepsies are subjected to a short aversive
sound, or left intact. The short exposure to the sound leads to increased tissue
histamine concentrations throughout the brain, and the most prominent changes are
observed in the thalamus. Rats with absence epilepsy have lowered tissue
histamine in the neocortex, but elevated tissue HA in the hypothalamus, as
compared to non-epileptic rats. The propensity of absence epilepsy paroxysms
correlates negatively with tissue histamine level in striatum, hypothalamus, ponsmedulla of intact absence epileptic rats.
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In Chapter 8, more detailed experiments concerning the putative
histaminergic regulation of absence seizures in WAG/Rij rats, are reported. First,
the H1 histamine receptor antagonist pyrilamine is injected in absence epileptic
rats. It is found that the electroencephalographic reaction of absence epileptic rats
to pyrilamine is dependent on the baseline propensity of absence seizures. Namely,
in the rats with low basal epileptic activity pyrilamine induces an increase, while in
the rats with high basal epileptic activity the drug produces a decrease in
paroxysmal activity. Next, the density of H1 histamine receptors is assayed by
autoradiography of brain slices, and tissue levels of histamine (HA) are assayed
from micro-dissected samples of neocortical, midbrain, brainstem and cerebellar
regions of absence epileptic and non-epileptic rats. It is found that absence
epileptic rats have a higher density of H1- histamine receptor in the superior
colliculi, the pontine nucleus, and the region of the central grey and deep cerebellar
nuclei. Propensity of absence seizures correlates with tissue histamine levels in
most of these structures; negative correlations are found for the regions of pontine
nucleus and deep cerebellar nuclei, but positive correlations are obtained for the
superior colliculus. Based on these experiments, it is hypothesized that insufficient
HA-ergic activity in the pontine nucleus and deep cerebellar nuclei contributes to
an aggravation of absence epilepsy, whereas HA in the superior colliculus will
rather play a role in brain compensation of a lowered seizure threshold. It seems
possible, that the increased density of H1 histamine receptor in the brain of
epileptic rats is part of a compensatory reaction to the regional lack of HA-ergic
stimulation.
The major outcome of the experiments described in this thesis is that that
absence seizures affect the brain aminergic indices outside the thalamocortical
loops, and/or that strength of the brain aminergic tone might suppress or facilitate
the occurrence of absence seizures. It is also proposed that the seizure-related
changes in neurochemistry of the limbic system might underlie an enhanced stress
vulnerability of absence epileptic patients and rats.
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ȺȼɌɈɊȿɎȿɊȺɌ

Ʉɪɚɬɤɨɟ ɢɡɥɨɠɟɧɢɟ ɫɨɞɟɪɠɚɧɢɹ ɞɢɫɫɟɪɬɚɰɢɢ
Ⱥɛɫɚɧɫ

ɷɩɢɥɟɩɫɢɹ

ɤɥɚɫɫɢɮɢɰɢɪɭɟɬɫɹ

ɤɚɤ

ɝɟɧɟɪɚɥɢɡɨɜɚɧɧɚɹ

ɧɟɤɨɧɜɭɥɶɫɢɜɧɚɹ ɮɨɪɦɚ ɷɩɢɥɟɩɫɢɢ ɢ ɢɦɟɟɬ ɫɜɨɢ ɭɧɢɤɚɥɶɧɵɟ ɨɫɨɛɟɧɧɨɫɬɢ. ȼ
ɨɬɥɢɱɢɟ ɨɬ ɤɨɧɜɭɥɶɫɢɜɧɵɯ ɮɨɪɦ (ɝɟɧɟɪɚɥɢɡɨɜɚɧɧɵɯ ɢɥɢ ɩɚɪɰɢɚɥɶɧɵɯ)
ɬɢɩɢɱɧɵɟ

ɚɛɫɚɧɫɵ

ɧɟ

ɫɨɩɪɨɜɨɠɞɚɸɬɫɹ

ɩɨɜɟɞɟɧɱɟɫɤɨɣ

ɢɥɢ

ɷɥɟɤɬɪɨɷɧɰɟɮɚɥɨɝɪɚɮɢɱɟɫɤɨɣ ɩɨɫɬ-ɢɤɬɚɥɶɧɨɣ ɞɟɩɪɟɫɫɢɟɣ. Ⱦɨ ɧɚɫɬɨɹɳɟɝɨ
ɜɪɟɦɟɧɢ ɧɟɢɡɜɟɫɬɧɵ ɧɟɜɪɨɥɨɝɢɱɟɫɤɢɟ ɩɚɬɨɥɨɝɢɢ, ɫɨɩɪɨɜɨɠɞɚɸɳɢɟ ɢ
ɨɛɭɫɥɚɜɥɢɜɚɸɳɢɟ ɷɬɨɬ ɬɢɩ ɷɩɢɥɟɩɬɢɱɟɫɤɨɣ ɚɤɬɢɜɧɨɫɬɢ. Ⱥɛɫɚɧɫɵ ɦɨɝɭɬ ɛɵɬɶ
ɩɨɞɚɜɥɟɧɵ ɮɚɪɦɚɤɨɥɨɝɢɱɟɫɤɢ – ɧɚɩɪɢɦɟɪ, ɫ ɩɨɦɨɳɶɸ ɷɬɨɫɭɤɫɟɦɢɞɚ
(ɧɟɷɮɮɟɤɬɢɜɧɨɝɨ ɜ ɫɥɭɱɚɟ ɞɪɭɝɢɯ ɬɢɩɨɜ ɷɩɢɥɟɩɫɢɢ). ȼ ɬɨ ɠɟ ɜɪɟɦɹ ɬɚɤɢɟ
ɩɪɟɩɚɪɚɬɵ ɤɚɤ ɜɢɝɚɛɚɬɪɢɧ, ɤɚɪɛɚɦɚɡɟɩɢɧ, ɮɟɧɢɬɨɢɧ ɢ ɬ.ɞ., ɫ ɭɫɩɟɯɨɦ
ɩɪɢɦɟɧɹɟɦɵɟ ɞɥɹ ɩɨɞɚɜɥɟɧɢɹ ɤɨɧɜɭɥɶɫɢɜɧɵɯ ɮɨɪɦ ɷɩɢɥɟɩɫɢɢ, ɭɫɢɥɢɜɚɸɬ
ɩɪɨɹɜɥɟɧɢɹ ɚɛɫɚɧɫ ɷɩɢɥɟɩɫɢɢ. Ʌɢɲɶ ɦɚɥɚɹ ɱɚɫɬɶ ɩɪɟɩɚɪɚɬɨɜ – ɜ ɨɫɧɨɜɧɨɦ
ɩɪɨɢɡɜɨɞɧɵɟ ɜɚɥɶɩɪɨɟɜɨɣ ɤɢɫɥɨɬɵ - ɦɨɠɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɞɥɹ ɥɟɱɟɧɢɹ ɤɚɤ
ɤɨɧɜɭɥɶɫɢɜɧɵɯ, ɬɚɤ ɢ ɧɟɤɨɜɭɥɶɫɢɜɧɵɯ ɮɨɪɦ ɷɩɢɥɟɩɫɢɢ.
ɋɱɢɬɚɟɬɫɹ, ɱɬɨ ɩɚɪɨɤɫɢɡɦɵ ɚɛɫɚɧɫ ɷɩɢɥɟɩɫɢɢ ɝɟɧɟɪɢɪɭɸɬɫɹ ɜ ɫɢɫɬɟɦɟ
ɤɨɪɬɢɤɨ-ɬɚɥɚɦɨ-ɤɨɪɬɢɤɚɥɶɧɵɯ

ɧɟɣɪɨɧɚɥɶɧɵɯ

ɫɜɹɡɟɣ, ɢ ɡɚɬɟɦ

ɲɢɪɨɤɨ

ɝɟɧɟɪɚɥɢɡɭɸɬɫɹ ɩɨ ɦɨɡɝɭ. ɂɫɬɨɱɧɢɤɚɦɢ ɫɭɞɨɪɨɠɧɨɣ ɚɤɬɢɜɧɨɫɬɢ ɜ ɫɥɭɱɚɟ
ɤɨɧɜɭɥɶɫɢɜɧɵɯ ɮɨɪɦ ɷɩɢɥɟɩɫɢɢ ɫɱɢɬɚɸɬɫɹ ɫɬɪɭɤɬɭɪɵ ɫɬɜɨɥɚ ɦɨɡɝɚ ɢ
ɥɢɦɛɢɱɟɫɤɨɣ

ɫɢɫɬɟɦɵ.

ɇɟ

ɫɦɨɬɪɹ

ɧɚ

ɬɨ,

ɱɬɨ

ɤɨɧɜɭɥɶɫɢɜɧɵɟ

ɢ

ɧɟɤɨɧɜɭɥɶɫɢɜɧɵɟ ɮɨɪɦɵ ɷɩɢɥɟɩɫɢɣ ɨɬɥɢɱɚɸɬɫɹ ɢ ɩɨ ɮɚɪɦɚɤɨɥɨɝɢɱɟɫɤɢɦ
ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ,

ɢ

ɩɨ

ɚɧɚɬɨɦɢɱɟɫɤɨɣ

ɥɨɤɚɥɢɡɚɰɢɢ

ɢɫɬɨɱɧɢɤɨɜ

ɩɚɬɨɥɨɝɢɱɟɫɤɨɣ ɚɤɬɢɜɧɨɫɬɢ, ɫɭɳɟɫɬɜɟɧɧɨɣ ɨɛɳɟɣ ɱɟɪɬɨɣ ɹɜɥɹɟɬɫɹ ɝɥɚɜɧɵɣ
(ɧɚɢɛɨɥɟɟ ɱɚɫɬɵɣ, ɩɨ ɨɬɡɵɜɚɦ ɩɚɰɢɟɧɬɨɜ) ɮɚɤɬɨɪ ɩɪɨɜɨɰɢɪɭɸɳɢɣ ɩɪɢɫɬɭɩɵ
– ɷɦɨɰɢɨɧɚɥɶɧɵɣ ɫɬɪɟɫɫ. ɂɡɜɟɫɬɧɨ ɬɚɤɠɟ, ɱɬɨ ɫɢɥɶɧɵɣ ɷɦɨɰɢɨɧɚɥɶɧɵɣ
ɫɬɪɟɫɫ ɜ ɛɨɥɶɲɟɣ ɫɬɟɩɟɧɢ ɩɪɨɜɨɰɢɪɭɟɬ (ɜ ɤɚɱɟɫɬɜɟ ɨɬɫɬɚɜɥɟɧɧɨɝɨ ɷɮɮɟɤɬɚ)
ɚɛɫɚɧɫɵ, ɱɟɦ ɞɪɭɝɢɟ ɮɨɪɦɵ ɫɭɞɨɪɨɠɧɨɣ ɚɤɬɢɜɧɨɫɬɢ. Ɇɨɠɧɨ ɩɪɟɞɩɨɥɨɠɢɬɶ
ɪɚɡɥɢɱɢɟ ɦɨɡɝɨɜɵɯ ɦɟɯɚɧɢɡɦɨɜ ɜɵɫɨɤɨɣ ɫɬɪɟɫɫɨɜɨɣ ɭɹɡɜɢɦɨɫɬɢ ɜ ɫɥɭɱɚɟ
ɤɨɧɜɭɥɶɫɢɜɧɵɯ ɢ ɧɟɤɨɧɜɭɥɶɫɢɜɧɵɯ ɮɨɪɦ ɷɩɢɥɟɩɫɢɢ.
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Ɋɟɚɤɰɢɹ ɨɪɝɚɧɢɡɦɚ ɧɚ ɫɬɪɟɫɫɨɪɧɵɟ ɫɬɢɦɭɥɵ ɜ ɛɨɥɶɲɨɣ ɫɬɟɩɟɧɢ ɡɚɜɢɫɢɬ
ɨɬ ɮɭɧɤɰɢɨɧɢɪɨɜɚɧɢɹ ɚɦɢɧɟɪɝɢɱɟɫɤɢɯ ɫɢɫɬɟɦ ɦɨɡɝɚ. ȼɵɫɨɤɚɹ ɫɬɪɟɫɫɨɪɧɚɹ
ɭɹɡɜɢɦɨɫɬɶ ɞɚɺɬ ɜɨɡɦɨɠɧɨɫɬɶ ɩɪɟɞɩɨɥɚɝɚɬɶ ɫɧɢɠɟɧɢɟ ɚɦɢɧɟɪɝɢɱɟɫɤɨɝɨ
ɬɨɧɭɫɚ ɦɨɡɝɚ ɜ ɫɥɭɱɚɟ ɚɛɫɚɧɫ ɷɩɢɥɟɩɫɢɢ ɢ, ɜɟɪɨɹɬɧɨ, ɡɚɜɢɫɢɦɨɫɬɶ ɫɬɟɩɟɧɢ
ɷɬɨɝɨ ɫɧɢɠɟɧɢɹ ɨɬ ɬɹɠɟɫɬɢ ɡɚɛɨɥɟɜɚɧɢɹ.
ɋɪɚɜɧɢɜɚɥɢɫɶ ɤɪɵɫɵ ɥɢɧɢɣ ȼȺȽ/Ɋɚɣ (ɫ ɝɟɧɟɬɢɱɟɫɤɢ ɨɛɭɫɥɨɜɥɟɧɧɨɣ
ɚɛɫɚɧɫ ɷɩɢɥɟɩɫɢɟɣ) ɢ ȼɢɫɬɚɪ (ɧɟ ɫɤɥɨɧɧɵɯ ɤ ɚɛɫɚɧɫ ɷɩɢɥɟɩɫɢɢ). Ɋɚɡɥɢɱɚɥɢɫɶ
ɫɭɛɩɨɩɭɥɹɰɢɢ ɤɪɵɫ ȼȺȽ/Ɋɚɣ ɢ ȼɢɫɬɚɪ, ɫɤɥɨɧɧɵɯ ɢ ɭɫɬɨɣɱɢɜɵɯ ɤ
ɚɭɞɢɨɝɟɧɧɵɦ

ɫɭɞɨɪɨɝɚɦ.

ɉɪɨɢɡɜɨɞɢɥɚɫɶ

ɤɨɥɢɱɟɫɬɜɟɧɧɚɹ

ɨɰɟɧɤɚ

ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɷɬɢɯ ɬɢɩɨɜ ɫɭɞɨɪɨɠɧɨɣ ɚɤɬɢɜɧɨɫɬɢ (ɬ.ɟ. ɚɛɫɚɧɫɨɜ ɢ
ɚɭɞɢɨɝɟɧɧɵɯ ɫɭɞɨɪɨɝ), ɞɥɹ ɨɛɧɚɪɭɠɟɧɢɹ ɜɨɡɦɨɠɧɨɝɨ ɜɥɢɹɧɢɹ ɬɹɠɟɫɬɢ
ɷɩɢɥɟɩɫɢɢ

ɧɚ

ɩɨɜɟɞɟɧɱɟɫɤɢɟ

ɨɫɨɛɟɧɧɨɫɬɢ

ɢ

ɧɟɣɪɨɯɢɦɢɱɟɫɤɢɟ

(ɚɦɢɧɟɪɝɢɱɟɫɤɢɟ) ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɪɚɡɥɢɱɧɵɯ ɦɨɡɝɨɜɵɯ ɫɬɪɭɤɬɭɪ.

ȼ

ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɢɡɦɟɪɹɥɢɫɶ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɢ ɩɥɨɬɧɨɫɬɶ
ɧɟɤɨɬɨɪɵɯ ɬɢɩɨɜ ɞɨɮɚɦɢɧɨɜɵɯ (ɫɟɦɟɣɫɬɜ D1, D2) ɢ ɝɢɫɬɚɦɢɧɨɜɵɯ (H1)
ɪɟɰɟɩɬɨɪɨɜ

ɜ

ɫɬɪɭɤɬɭɪɚɯ

ɞɨɮɚɦɢɧɟɪɝɢɱɟɫɤɢɯ

ɦɨɡɝɚ,

(ɝɚɥɨɩɟɪɢɞɨɥ,

ɢ

ɜɥɢɹɧɢɟ

ɚɩɨɦɨɪɮɢɧ)

ɫɢɫɬɟɦɧɵɯ
ɢ

ɢɧɴɟɤɰɢɣ

ɝɢɫɬɚɦɢɧɟɪɝɢɱɟɫɤɢɯ

(ɩɢɪɢɥɚɦɢɧ) ɩɪɟɩɚɪɚɬɨɜ ɧɚ ɫɩɨɧɬɚɧɧɭɸ ɫɭɞɨɪɨɠɧɭɸ ɚɤɬɢɜɧɨɫɬɶ ɭ ɤɪɵɫ
ɥɢɧɢɢ ȼȺȽ/Ɋɚɣ.
ɗɤɫɩɟɪɢɦɟɧɬɵ, ɨɩɢɫɚɧɧɵɟ ɜ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ, ɩɪɨɜɨɞɢɥɢɫɶ ɧɚ ɤɪɵɫɚɯ
ɬɪɺɯ ɥɢɧɢɣ: ȼȺȽ/Ɋɚɣ, ȼɢɫɬɚɪ ɢ Ⱥɋɂ. Ʉɪɵɫɵ ɥɢɧɢɢ ȼȺȽ/Ɋɚɣ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ
ɜ ɤɚɱɟɫɬɜɟ ɦɨɞɟɥɢ ɝɟɧɟɬɢɱɟɫɤɨɣ ɚɛɫɚɧɫ ɷɩɢɥɟɩɫɢɢ. ɋɤɥɨɧɧɵɟ ɤ ɚɭɞɢɨɝɟɧɧɵɦ
ɫɭɞɨɪɨɝɚɦ ɨɫɨɛɢ ɥɢɧɢɣ ȼȺȽ/Ɋɚɣ ɢ ȼɢɫɬɚɪ ɫɥɭɠɢɥɢ ɦɨɞɟɥɶɸ ɤɨɧɜɭɥɶɫɢɜɧɵɯ
ɮɨɪɦ ɷɩɢɥɟɩɫɢɢ. ȼ ɤɚɱɟɫɬɜɟ ɤɨɧɬɪɨɥɶɧɵɯ ɠɢɜɨɬɧɵɯ ɫɥɭɠɢɥɢ ɤɪɵɫɵ ɥɢɧɢɣ
ȼɢɫɬɚɪ ɢ Ⱥɋɂ, ɧɟ ɨɛɧɚɪɭɠɢɜɚɜɲɢɟ ɩɪɢɡɧɚɤɨɜ ɚɛɫɚɧɫɧɨɣ ɢ/ɢɥɢ ɚɭɞɢɨɝɟɧɧɨɣ
ɷɩɢɥɟɩɫɢɢ.
ȼ Ƚɥɚɜɟ 1 ɤɪɚɬɤɨ ɨɩɢɫɚɧɵ ɤɥɚɫɫɢɮɢɤɚɰɢɹ ɬɢɩɨɜ ɫɭɞɨɪɨɝ, ɝɟɧɟɬɢɱɟɫɤɢɯ
ɦɨɞɟɥɟɣ ɤɨɧɜɭɥɶɫɢɜɧɵɯ ɢ ɧɟɤɨɧɜɭɥɶɫɢɜɧɵɯ ɬɢɩɨɜ ɷɩɢɥɟɩɫɢɣ, ɢ ɬɚɤɠɟ
ɚɧɚɬɨɦɢɱɟɫɤɚɹ ɥɨɤɚɥɢɡɚɰɢɹ ɢɫɬɨɱɧɢɤɨɜ ɫɭɞɨɪɨɠɧɨɣ ɚɤɬɢɜɧɨɫɬɢ, ɧɟɤɨɬɨɪɵɟ
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ɨɫɨɛɟɧɧɨɫɬɢ ɦɨɡɝɨɜɨɣ ɧɟɣɪɨɯɢɦɢɢ ɢ ɩɨɜɟɞɟɧɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɜ ɫɥɭɱɚɟ
ɚɫɛɚɧɫɧɨɣ ɢ ɚɭɞɢɨɝɟɧɧɨɣ ɷɩɢɥɟɩɫɢɣ.
ȼ Ƚɥɚɜɟ 2 ɨɩɢɫɚɧɚ ɦɨɞɟɥɶ ɫɦɟɲɚɧɧɨɣ ɮɨɪɦɵ ɷɩɢɥɟɩɫɢɢ. Ɉɤɨɥɨ ɨɞɧɨɣ
ɬɪɟɬɢ ɨɫɨɛɟɣ ɜ ɩɨɩɭɥɹɰɢɢ ɤɪɵɫ ȼȺȽ/Ɋɚɣ ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɚɭɞɢɨɝɟɧɧɵɟ
ɫɭɞɨɪɨɝɢ ɜ ɨɬɜɟɬ ɧɚ ɡɜɭɤɨɜɭɸ ɫɬɢɦɭɥɹɰɢɸ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɭɳɟɫɬɜɭɸɬ
ɠɢɜɨɬɧɵɟ, ɭ ɤɨɬɨɪɵɯ ɨɛɧɚɪɭɠɢɜɚɟɬɫɹ ɢ ɤɨɧɜɭɥɶɫɢɜɧɚɹ, ɢ ɧɟɤɨɧɜɭɥɶɫɢɜɧɚɹ
ɮɨɪɦɵ ɷɩɢɥɟɩɫɢɣ. ɉɪɢ ɫɪɚɜɧɟɧɢɢ ɨɫɨɛɟɣ ɫ ɬɚɤɨɣ "ɫɦɟɲɚɧɧɨɣ" ɩɚɬɨɥɨɝɢɟɣ
ɢ ɨɫɨɛɟɣ ɫ ɨɞɧɨɣ ɮɨɪɦɨɣ ɷɩɢɥɟɩɫɢɟɣ (ɬ.ɟ. ɢɥɢ ɚɭɞɢɨɝɟɧɧɨɣ, ɢɥɢ ɚɛɫɚɧɫɧɨɣ)
ɧɟ ɛɵɥɨ ɨɛɧɚɪɭɠɟɧɨ ɞɨɫɬɨɜɟɪɧɵɯ ɪɚɡɥɢɱɢɣ ɜ ɩɚɪɚɦɟɬɪɚɯ ɩɚɪɨɤɫɢɡɦɚɥɶɧɨɣ
ɚɤɬɢɜɧɨɫɬɢ. Ʌɚɬɟɧɬɧɨɫɬɶ ɢ ɞɥɢɬɟɥɶɧɨɫɬɶ ɮɚɡ ɚɭɞɢɨɝɟɧɧɨɝɨ ɫɭɞɨɪɨɠɧɨɝɨ
ɩɪɢɩɚɞɤɚ (ɚ ɢɦɟɧɧɨ, ɩɟɪɜɨɣ ɢ ɜɬɨɪɨɣ ɩɨɛɟɠɤɢ, ɩɪɵɠɤɨɜ, ɬɨɧɢɱɟɫɤɢɯ ɢɥɢ
ɤɥɨɧɢɱɟɫɤɢɯ ɫɭɞɨɪɨɝ)

ɧɟ ɨɬɥɢɱɚɥɢɫɶ ɭ ɤɪɵɫ ȼȺȽ/Ɋɚɣ ɢ ȼɢɫɬɚɪ;

ɟɞɢɧɫɬɜɟɧɧɨɟ ɨɬɥɢɱɢɟ ɡɚɤɥɸɱɚɥɨɫɶ ɜ ɡɧɚɱɢɬɟɥɶɧɨ ɛɨɥɟɟ ɞɥɢɬɟɥɶɧɨɣ ɩɨɫɬɢɤɬɚɥɶɧɨɣ ɤɚɬɚɥɟɩɫɢɢ ɭ ɤɪɵɫ ȼȺȽ/Ɋɚɣ.

Ⱦɜɟ ɫɭɛɩɨɩɭɥɹɰɢɢ ɤɪɵɫ ɥɢɧɢɢ

ȼȺȽ/Ɋɚɣ (ɜɵɞɟɥɟɧɧɵɟ ɩɨ ɫɤɥɨɧɧɨɫɬɢ ɤ ɚɭɞɢɨɝɟɧɧɵɦ ɫɭɞɨɪɨɝɚɦ) ɧɟ
ɨɬɥɢɱɚɥɢɫɶ ɜ ɜɵɪɚɠɟɧɧɨɫɬɶ ɩɪɨɹɜɥɟɧɢɣ ɚɛɫɚɧɫɧɨɣ ɷɩɢɥɟɩɫɢɢ (ɢɡɦɟɪɹɟɦɨɣ
ɤɚɤ ɩɪɨɰɟɧɬ ɜɪɟɦɟɧɢ ɷɤɫɩɟɪɢɦɟɧɬɚ, ɡɚɧɹɬɵɣ ɪɚɡɪɹɞɚɦɢ ɩɢɤ-ɜɨɥɧɚ ɧɚ
ɷɥɟɤɬɪɨɷɧɰɟɮɚɥɨɝɪɚɦɦɟ). Ȼɵɥ ɫɞɟɥɚɧ ɜɵɜɨɞ, ɱɬɨ ɟɞɢɧɢɱɧɵɟ ɚɭɞɢɨɝɟɧɧɵɟ
ɩɪɢɩɚɞɤɢ ɧɟ ɜɥɢɹɸɬ ɧɚ ɜɵɪɚɠɟɧɧɨɫɬɶ ɚɛɫɚɧɫɧɨɣ ɷɩɢɥɟɩɫɢɢ. Ȼɨɥɟɟ ɬɨɝɨ, ɷɬɢ
ɞɚɧɧɵɟ ɩɪɨɬɢɜɨɪɟɱɚɬ ɝɢɩɨɬɟɡɟ ɨɛ "ɝɢɩɟɪ-ɜɨɡɛɭɠɞɟɧɢɢ" ɢɥɢ "ɝɢɩɟɪɬɨɪɦɨɠɟɧɢɢ" ɤɚɤ ɩɪɢɱɢɧɚɯ ɫɤɥɨɧɧɨɫɬɢ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɤ ɤɨɧɜɭɥɶɫɢɜɧɨɣ ɢ
ɧɟ-ɤɨɧɜɭɥɶɫɢɜɧɨɣ ɮɨɪɦɚɦ ɷɩɢɥɟɩɫɢɢ. ɋɱɢɬɚɟɬɫɹ, ɱɬɨ ɪɚɡɪɹɞɵ ɩɢɤ-ɜɨɥɧɚ
ɦɚɥɨɣ ɷɩɢɥɟɩɫɢɢ ɜɟɫɶɦɚ ɱɭɜɫɬɜɢɬɟɥɶɧɵ ɤ ɢɡɛɵɬɤɭ ɜɨɡɛɭɠɞɟɧɢɹ, ɧɨ ɢɯ
ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɧɟ ɪɚɡɥɢɱɚɥɚɫɶ ɦɟɠɞɭ ɝɪɭɩɩɚɦɢ ɤɪɵɫ ȼȺȽ/Ɋɚɣ ɫɤɥɨɧɧɵɯ ɢ
ɭɫɬɨɣɱɢɜɵɯ ɤ ɚɭɞɢɨɝɟɧɧɵɦ ɫɭɞɨɪɨɝɚɦ. Ⱥɧɚɥɨɝɢɱɧɨɣ, ɟɫɥɢ ɩɪɟɞɩɨɥɚɝɚɬɶ
ɩɨɫɬɨɹɧɧɨɟ ɢɡɛɵɬɨɱɧɨɟ ɬɨɪɦɨɠɟɧɢɟ ɤɚɤ ɩɪɢɱɢɧɭ ɚɛɫɚɧɫɧɨɣ ɷɩɢɥɟɩɫɢɢ, ɬɨ
ɫɥɟɞɨɜɚɥɨ ɛɵ ɨɠɢɞɚɬɶ ɪɚɡɥɢɱɢɣ ɜ ɮɟɧɨɦɟɧɨɥɨɝɢɢ ɚɭɞɢɨɝɟɧɧɵɯ ɫɭɞɨɪɨɝ ɭ
ɤɪɵɫ ȼȺȽ/Ɋɚɣ ɢ ȼɢɫɬɚɪ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɛɨɥɟɟ ɜɟɪɨɹɬɧɵɦ
ɱɬɨ ɷɬɨ ɝɢɩɨɬɟɬɢɱɟɫɤɨɟ ɧɚɪɭɲɟɧɢɟ ɬɨɪɦɨɠɟɧɢɹ ɢ ɜɨɡɛɭɠɞɟɧɢɹ ɥɨɤɚɥɢɡɨɜɚɧɨ
ɜ ɨɬɞɟɥɶɧɵɯ ɫɬɪɭɤɬɭɪɚɯ ɦɨɡɝɚ, ɚ ɧɟ ɡɚɯɜɚɬɵɜɚɟɬ ɜɟɫɶ ɦɨɡɝ ɰɟɥɢɤɨɦ.
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ȼ Ƚɥɚɜɟ 3 ɨɩɢɫɚɧɵ ɧɟɤɨɬɨɪɵɟ ɩɨɜɟɞɟɧɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɤɪɵɫ ɫ
ɚɛɫɚɧɫɧɨɣ ɢ/ɢɥɢ ɚɭɞɢɨɝɟɧɧɨɣ ɷɩɢɥɟɩɫɢɟɣ. ɋ ɩɨɦɨɳɶɸ ɫɟɪɢɢ ɩɨɜɟɞɟɧɱɟɫɤɢɯ
ɬɟɫɬɨɜ ɛɵɥɢ ɧɚɣɞɟɧɵ ɨɫɨɛɟɧɧɨɫɬɢ, ɯɚɪɚɤɬɟɪɧɵɟ ɞɥɹ ɠɢɜɨɬɧɵɯ ɫ "ɱɢɫɬɵɦɢ" ɢ
"ɫɦɟɲɚɧɧɨɣ" ɮɨɪɦɚɦɢ ɷɩɢɥɟɩɫɢɢ. ȼ ɱɚɫɬɧɨɫɬɢ, ɜɵɪɚɠɟɧɧɨɫɬɶ ɜɵɡɜɚɧɧɨɣ
ɧɨɜɢɡɧɨɣ ɬɪɟɜɨɠɧɨɫɬɢ ɭ ɤɪɵɫ ɥɢɧɢɢ ȼȺȽ/Ɋɚɣ ɛɵɥɚ ɩɪɹɦɨ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɚ
ɜɵɪɚɠɟɧɧɨɫɬɢ ɚɛɫɚɧɫɧɨɣ ɷɩɢɥɟɩɫɢɢ. ɂɡɜɟɫɬɧɨ, ɱɬɨ ɡɚ ɩɪɨɹɜɥɟɧɢɹ ɫɜɹɡɚɧɧɨɣ
ɫ ɧɨɜɢɡɧɨɣ ɬɪɟɜɨɠɧɨɫɬɢ ɜ ɛɨɥɶɲɨɣ ɫɬɟɩɟɧɢ ɨɬɜɟɱɚɟɬ ɥɢɦɛɢɱɟɫɤɚɹ ɫɢɫɬɟɦɚ
ɦɨɡɝɚ. ɉɪɟɞɩɨɥɚɝɚɹ, ɱɬɨ ɪɚɡɥɢɱɢɟ ɜ ɜɵɪɚɠɟɧɧɨɫɬɢ ɚɛɫɚɧɫɧɨɣ ɷɩɢɥɟɩɫɢɢ ɭ
ɤɪɵɫ ɢɧɛɪɟɞɧɨɣ ɥɢɧɢɢ ȼȺȽ/Ɋɚɣ ɦɨɠɟɬ ɛɵɬɶ ɜɵɡɜɚɧɨ ɪɚɡɥɢɱɢɟɦ ɜ ɫɤɨɪɨɫɬɢ
ɢɧɞɢɜɢɞɭɚɥɶɧɨɝɨ

ɷɩɢɥɟɩɬɨɝɟɧɟɡɚ,

ɩɪɟɞɫɬɚɜɥɟɧɧɵɟ

ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ

ɞɚɧɧɵɟ ɩɨɡɜɨɥɹɸɬ ɜɵɞɜɢɧɭɬɶ ɝɢɩɨɬɟɡɭ ɨ ɬɨɦ, ɱɬɨ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨ
ɩɪɨɝɪɟɫɫɢɪɭɸɳɚɹ ɚɛɫɚɧɫɧɚɹ ɷɩɢɥɟɩɫɢɹ ɩɨɫɬɟɩɟɧɧɨ ɡɚɬɪɚɝɢɜɚɟɬ ɥɢɦɛɢɱɟɫɤɢɟ
ɢ, ɜɨɡɦɨɠɧɨ, ɫɬɜɨɥɨɜɵɟ ɫɬɪɭɤɬɭɪɵ ɦɨɡɝɚ. ɇɟɥɶɡɹ ɢɫɤɥɸɱɢɬɶ ɢ ɨɛɪɚɬɧɨɝɨ
ɜɥɢɹɧɢɹ ɷɬɢɯ ɫɬɪɭɤɬɭɪ ɧɚ ɤɨɪɬɢɤɨ-ɬɚɥɚɦɨ-ɤɨɪɬɢɤɚɥɶɧɭɸ ɫɢɫɬɟɦɭ.
Ƚɥɚɜɚ

4 ɩɨɫɜɹɳɟɧɚ ɢɫɫɥɟɞɨɜɚɧɢɸ ɦɨɡɝɨɜɨɣ ɫɟɪɨɬɨɧɢɧɟɪɝɢɱɟɫɤɨɣ

ɫɢɫɬɟɦɵ ɭ ɤɪɵɫ ɫ ɚɛɫɚɧɫɧɨɣ ɢ/ɢɥɢ ɚɭɞɢɨɝɟɧɧɨɣ ɷɩɢɥɟɩɫɢɟɣ, ɩɨɞɜɟɪɝɧɭɬɵɯ
ɷɦɨɰɢɨɧɚɥɶɧɨɦɭ

ɫɬɪɟɫɫɭ

(ɤɨɪɨɬɤɨɟ

ɡɜɭɤɨɜɨɟ

ɜɨɡɞɟɣɫɬɜɢɟ).

Ɍɤɚɧɟɜɵɟ

ɤɨɧɰɟɬɪɚɰɢɢ ɫɟɪɨɬɨɧɢɧɚ, ɟɝɨ ɩɪɟɞɲɟɫɬɜɟɧɧɢɤɚ ɬɪɢɩɬɨɮɚɧɚ ɢ ɦɟɬɚɛɨɥɢɬɚ 5ɝɢɞɪɨɤɫɢɢɧɞɨɥɭɤɫɭɫɧɨɣ

ɤɢɫɥɨɬɵ

ɢɡɦɟɪɹɥɢɫɶ

c

ɩɨɦɨɳɶɸ

ɦɟɬɨɞɨɜ

ɜɵɫɨɤɨɷɮɮɟɤɬɢɜɧɨɣ ɠɢɞɤɨɫɬɧɨɣ ɯɪɨɦɚɬɨɝɪɚɮɢɢ ex vivo. Ȼɵɥɨ ɨɛɧɚɪɭɠɟɧɨ,
ɱɬɨ

ɞɚɧɧɨɟ

ɫɬɪɟɫɫɨɪɧɨɟ

ɫɟɪɨɬɨɧɢɧɟɪɝɢɱɟɫɤɨɣ

ɜɨɡɞɟɣɫɬɜɢɟ

ɫɢɫɬɟɦɵ

ɜ

ɜɵɡɵɜɚɟɬ

ɚɤɬɢɜɚɰɢɸ

ɬɚɥɚɦɨ-ɤɨɪɬɢɤɨ-ɬɚɥɚɦɢɱɟɫɤɨɣ

ɢ

ɥɢɦɛɢɱɟɫɤɨɣ ɫɢɫɬɟɦɚɯ (ɫɨɨɬɜɟɬɫɜɟɧɧɨ, ɜɨ ɮɪɨɧɬɚɥɶɧɨɣ ɤɨɪɟ ɢ ɬɚɥɚɦɭɫɟ, ɢ
ɝɢɩɨɬɚɥɚɦɭɫɟ) ɭ ɜɫɟɯ ɤɪɵɫ. ɍ ɧɨɪɦɚɥɶɧɵɯ (ɧɟ-ɷɩɢɥɟɩɬɢɱɟɫɤɢɯ) ɠɢɜɨɬɧɵɯ
ɦɚɤɫɢɦɚɥɶɧɚɹ ɪɚɡɧɢɰɚ ɦɟɠɞɭ ɝɪɭɩɩɚɦɢ ɫɬɪɟɫɫɢɪɨɜɚɧɵɯ ɢ ɢɧɬɟɤɬɧɵɯ
ɠɢɜɨɬɧɵɯ

ɪɟɝɢɫɬɪɢɪɨɜɚɥɚɫɶ

ɜɨ

ɮɪɨɧɬɚɥɶɧɨɣ

ɤɨɪɟ,

ɬɨɝɞɚ

ɤɚɤ

ɞɥɹ

ɷɩɢɥɟɩɬɢɱɟɫɤɢɯ ɤɪɵɫ ɧɚɢɛɨɥɶɲɚɹ ɪɟɚɤɰɢɹ ɧɚɛɥɸɞɚɥɚɫɶ ɜ ɬɚɥɚɦɭɫɟ. ɋɪɟɞɢ
3ɯ

ɝɪɭɩɩ

ɠɢɜɨɬɧɵɯ-ɷɩɢɥɟɩɬɢɤɨɜ,

ɞɟɦɨɧɫɬɪɢɪɨɜɚɥɢ

ɧɚɢɛɨɥɶɲɟɟ

ɤɪɵɫɵ

ɫ

ɭɜɟɥɢɱɟɧɢɟ

ɚɛɫɚɧɫɧɨɣ

ɷɩɢɥɟɩɫɢɟɣ

ɤɨɧɰɟɧɬɪɚɰɢɢ

5-

ɝɢɞɪɨɤɫɢɢɧɞɨɥɭɤɫɭɫɧɨɣ ɤɢɫɥɨɬɵ ɜ ɬɚɥɚɦɭɫɟ ɜ ɨɬɜɟɬ ɧɚ ɫɬɪɟɫɫɨɪɧɵɣ ɡɜɭɤ.
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ɂɧɬɟɪɟɫɧɨ,

ɱɬɨ

ɢɧɞɢɜɢɞɭɚɥɶɧɚɹ

ɜɵɪɚɠɟɧɧɨɫɬɶ

ɚɛɫɚɧɫɧɨɣ

ɷɩɢɥɟɩɫɢɢ

ɤɨɪɪɟɥɢɪɨɜɚɥɚ ɫ ɧɟɤɨɬɨɪɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɫɟɪɨɬɨɧɢɧɟɪɝɢɱɟɫɤɨɣ ɩɟɪɟɞɚɱɢ ɜ
ɤɨɪɟ ɢ ɝɢɩɨɬɚɥɚɦɭɫɟ ɤɪɵɫ ȼȺȽ/Ɋɚɣ. ȼ ɬɨ ɠɟ ɜɪɟɦɹ ɧɟ ɛɵɥɨ ɨɛɧɚɪɭɠɟɧɨ
ɜɥɢɹɧɢɹ

ɚɭɞɢɨɝɟɧɧɨɣ

ɫɟɪɨɬɨɧɢɧɟɪɝɢɱɟɫɤɨɣ

ɷɩɢɥɟɩɫɢɢ

ɫɢɫɬɟɦɵ

ɦɨɡɝɚ.

ɧɚ

ɢɡɦɟɪɟɧɧɵɟ

Ⱦɚɧɧɵɟ

ɩɚɪɚɦɟɬɪɵ

ɪɟɡɭɥɶɬɚɬɵ

ɩɨɡɜɨɥɹɸɬ

ɩɪɟɞɩɨɥɨɠɢɬɶ, ɱɬɨ ɫɟɪɨɬɨɧɢɧɟɪɝɢɱɟɫɤɢɟ ɤɨɦɩɨɧɟɧɬɵ ɫɬɪɟɫɫɨɪɧɨɝɨ ɨɬɜɟɬɚ
ɦɨɝɭɬ ɡɚɜɢɫɟɬɶ ɤɚɤ ɨɬ ɧɚɥɢɱɢɹ ɷɩɢɥɟɩɬɢɱɟɫɤɨɣ ɩɚɬɨɥɨɝɢɢ, ɬɚɤ ɢ ɨɬ ɟɺ ɬɢɩɚ ɢ
ɬɹɠɟɫɬɢ.

ɉɨɥɭɱɟɧɧɵɟ

ɤɨɪɪɟɥɹɰɢɢ

ɩɨɤɚɡɵɜɚɸɬ,

ɱɬɨ

ɢɧɬɟɧɫɢɜɧɨɫɬɶ

ɫɟɪɨɬɨɧɢɧɟɪɝɢɱɟɫɤɨɣ ɧɟɣɪɨɩɟɪɟɞɚɱɢ ɨɬɪɚɠɚɟɬ ɜɵɪɚɠɟɧɧɨɫɬɶ ɚɛɫɚɧɫɨɜ. Ɍɚɤɚɹ
ɫɜɹɡɶ ɦɨɠɟɬ ɨɛɭɫɥɚɜɥɢɜɚɬɶ ɭɫɢɥɟɧɢɟ ɜɵɡɜɚɧɧɨɣ ɧɨɜɢɡɧɨɣ ɬɪɟɜɨɠɧɨɫɬɢ ɩɪɢ
ɩɪɨɝɪɟɫɫɢɪɨɜɚɧɢɢ ɚɛɫɚɧɫɨɜ (ɫɦ. Ƚɥɚɜɭ 3).
ȼ Ƚɥɚɜɟ 5 ɨɩɢɫɚɧɵ ɷɤɫɩɟɪɢɦɟɧɬɵ ɩɨ ɜɵɹɫɧɟɧɢɸ ɪɨɥɢ ɤɚɬɟɯɨɥɚɦɢɧɨɜ
ɦɨɡɝɚ ɜ ɦɨɞɭɥɹɰɢɢ ɫɭɞɨɪɨɠɧɨɣ ɝɨɬɨɜɧɨɫɬɢ ɢ ɫɬɪɟɫɫɨɪɧɨɝɨ

ɨɬɜɟɬɚ

ɷɩɢɥɟɩɬɢɱɟɫɤɨɝɨ ɦɨɡɝɚ. Ɍɤɚɧɟɜɵɟ ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɨɪɚɞɪɟɧɚɥɢɧɚ, ɞɨɮɚɦɢɧɚ ɢ
ɟɝɨ ɝɥɚɜɧɵɯ ɦɟɬɚɛɨɥɢɬɚɯ ɢɡɦɟɪɹɥɢɫɶ

ex vivo ɜ ɫɬɪɭɤɬɭɪɚɯ ɦɨɡɝɚ

ɫɬɪɟɫɫɢɪɨɜɚɧɧɵɯ ɢ ɢɧɬɚɤɬɧɵɯ ɠɢɜɨɬɧɵɯ ɫ ɚɛɫɚɧɫɧɨɣ ɢ/ɢɥɢ ɚɭɞɢɨɝɟɧɧɨɣ
ɷɩɢɥɟɩɫɢɟɣ, ɬɚɤ ɠɟ

ɤɚɤ ɢ ɭ ɤɨɧɬɪɨɥɶɧɵɯ ɠɢɜɨɬɧɵɯ. Ⱦɨɩɨɥɧɢɬɟɥɶɧɨ, ɜ

ɨɬɞɟɥɶɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɢɡɦɟɪɹɥɚɫɶ ɩɥɨɬɧɨɫɬɶ D2-ɩɨɞɨɛɧɵɯ ɪɟɰɟɩɬɨɪɨɜ ɜ
ɪɹɞɟ ɫɬɪɭɤɬɭɪ ɦɨɡɝɚ ɤɪɵɫ ɫ ɚɛɫɚɧɫɧɨɣ ɷɩɢɥɟɩɫɢɟɣ ɢ ɡɞɨɪɨɜɵɯ ɠɢɜɨɬɧɵɯ.
Ȼɵɥɨ ɨɛɧɚɪɭɠɟɧɨ, ɱɬɨ ɩɪɨɝɪɟɫɫɢɪɨɜɚɧɢɟ ɚɛɫɚɧɫɨɜ ɫɨɩɪɹɠɟɧɨ ɫ ɪɚɡɜɢɬɢɟɦ
ɩɪɢɡɧɚɤɨɜ ɧɟɞɨɫɬɚɬɨɱɧɨɫɬɢ ɞɨɮɚɦɢɧɟɪɝɢɱɟɫɤɨɣ ɧɟɣɪɨɩɟɪɟɞɚɱɢ, ɬɚɤɢɯ ɤɚɤ
ɫɧɢɠɟɧɧɵɟ ɩɨɤɚɡɚɬɟɥɢ ɦɟɬɚɛɨɥɢɡɦɚ ɞɨɮɚɦɢɧɚ ɢ ɭɜɟɥɢɱɟɧɧɚɹ ɩɥɨɬɧɨɫɬɶ D2ɩɨɞɨɛɧɵɯ ɪɟɰɟɩɬɨɪɨɜ ɞɨɮɚɦɢɧɚ. ȼɵɪɚɠɟɧɧɨɫɬɶ ɚɛɫɚɧɫɧɨɣ ɷɩɢɥɟɩɫɢɢ ɫ
ɜɵɫɨɤɨɣ ɫɬɟɩɟɧɢ ɞɨɫɬɨɜɟɪɧɨɫɬɶɸ ɤɨɪɪɟɥɢɪɨɜɚɥɚ ɫ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ
ɞɨɮɚɦɢɧɟɪɝɢɱɟɫɤɨɣ ɧɟɣɪɨɩɟɪɟɞɚɱɢ ɜ ɨɛɥɚɫɬɢ ɩɪɨɞɨɥɝɨɜɚɬɨɝɨ ɦɨɡɝɚ ɢ ɫɬɜɨɥɚ
ɦɨɡɝɚ, ɱɬɨ ɦɨɠɟɬ ɭɤɚɡɵɜɚɬɶ ɧɚ ɜɚɠɧɭɸ ɪɨɥɶ ɫɬɪɭɤɬɭɪ ɷɬɨɝɨ ɭɪɨɜɧɹ ɜ
ɦɨɞɭɥɹɰɢɢ ɢɥɢ ɩɪɨɝɪɟɫɫɢɪɨɜɚɧɢɢ ɚɛɫɚɧɫɨɜ. ɋɧɢɠɟɧɧɚɹ ɢɧɬɟɧɫɢɜɧɨɫɬɶ
ɞɨɮɚɦɢɧɟɪɝɢɱɟɫɤɨɝɨ ɦɟɬɚɛɨɥɢɡɦɚ ɜ ɤɨɪɟ ɝɨɥɨɜɧɨɝɨ ɦɨɡɝɚ ɦɨɠɟɬ ɜɟɫɬɢ ɤ
ɩɨɜɵɲɟɧɢɸ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɤ ɫɬɪɟɫɫɭ. ɇɟ ɛɵɥɨ ɨɛɧɚɪɭɠɟɧɨ ɞɨɫɬɨɜɟɪɧɵɯ
ɪɚɡɥɢɱɢɣ ɦɟɠɞɭ ɝɪɭɩɩɚɦɢ ɢɧɬɚɤɬɧɵɯ ɤɪɵɫ, ɫ ɚɭɞɢɨɝɟɧɧɨɣ ɷɩɢɥɟɩɫɢɟɣ ɢ ɛɟɡ
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ɬɚɤɨɜɨɣ. ɉɪɢ ɫɪɚɜɧɟɧɢɢ ɝɪɭɩɩ ɫɬɪɟɫɫɢɪɨɜɚɧɧɵɯ ɠɢɜɨɬɧɵɯ ɨɛɧɚɪɭɠɢɥɨɫɶ
ɞɨɫɬɨɜɟɪɧɨɟ ɨɬɥɢɱɢɟ ɜ ɬɤɚɧɟɜɨɦ ɫɨɞɟɪɠɚɧɢɢ ɧɨɪɚɞɪɟɧɚɥɢɧɚ ɜ ɝɢɩɨɬɚɥɚɦɭɫɟ
ɢ ɦɨɡɠɟɱɤɟ ɤɪɵɫ, ɫɤɥɨɧɧɵɯ ɤ ɚɭɞɢɨɝɟɧɧɵɦ ɫɭɞɨɪɨɝɚɦ, ɢ ɤɪɵɫ ɛɟɡ
ɚɭɞɢɨɝɟɧɧɨɣ ɷɩɢɥɟɩɫɢɢ, ɱɬɨ, ɜɨɡɦɨɠɧɨ, ɨɬɪɚɠɚɟɬ ɩɨɜɵɲɟɧɧɭɸ ɝɨɬɨɜɧɨɫɬɶ ɤ
ɧɚɫɬɭɩɥɟɧɢɸ ɫɭɞɨɪɨɠɧɨɝɨ ɩɪɢɩɚɞɤɚ.
ȼ Ƚɥɚɜɟ 6 ɨɩɢɫɚɧɵ ɷɤɫɩɟɪɢɦɟɧɬɵ, ɞɨɩɨɥɧɹɸɳɢɟ ɷɤɫɩɟɪɢɦɟɧɬɵ Ƚɥɚɜɵ
5. ɋɪɚɜɧɢɜɚɥɚɫɶ ɪɟɝɢɨɧɚɥɶɧɚɹ ɩɥɨɬɧɨɫɬɶ D1-ɩɨɞɨɛɧɵɯ ɢ D2-ɩɨɞɨɛɧɵɯ
ɪɟɰɟɩɬɨɪɨɜ ɞɨɮɚɦɢɧɚ ɜ ɫɬɪɭɤɬɭɪɚɯ ɦɨɡɝɚ ɤɪɵɫ ɫ ɝɟɧɟɬɢɱɟɫɤɨɣ ɚɛɫɚɧɫɧɨɣ
ɷɩɢɥɟɩɫɢɟɣ (ɥɢɧɢɢ ȼȺȽ/Ɋɚɣ) ɢ ɧɟ-ɷɩɢɥɟɩɬɢɱɟɫɤɢɯ ɤɪɵɫ (ɥɢɧɢɢ Ⱥɋɂ).
Ɉɛɧɚɪɭɠɟɧɨ, ɱɬɨ ɭ ɤɪɵɫ ɥɢɧɢɢ ȼȺȽ/Ɋɚɣ ɩɨɧɢɠɟɧɚ ɩɥɨɬɧɨɫɬɶ D1-ɩɨɞɨɛɧɵɯ
ɢ D2-ɩɨɞɨɛɧɵɯ ɪɟɰɟɩɬɨɪɨɜ ɞɨɮɚɦɢɧɚ ɜ ɝɨɥɨɜɤɟ ɯɜɨɫɬɚɬɨɝɨ ɹɞɪɚ, ɬɚɤ ɠɟ ɤɚɤ ɢ
ɩɥɨɬɧɨɫɬɶ D1-ɩɨɞɨɛɧɵɯ ɪɟɰɟɩɬɨɪɨɜ ɜ ɫɟɪɞɰɟɜɢɧɟ ɩɪɢɥɟɠɚɳɟɝɨ ɹɞɪɚ.
ɉɨɜɵɲɟɧɧɚɹ ɩɥɨɬɧɨɫɬɶ D2-ɩɨɞɨɛɧɵɯ ɪɟɰɟɩɬɨɪɨɜ ɛɵɥɚ ɧɚɣɞɟɧɚ ɜ ɤɨɪɤɨɜɵɯ
ɨɛɥɚɫɬɹɯ (ɮɪɨɧɬɚɥɶɧɵɟ ɢ ɩɚɪɢɟɬɚɥɶɧɵɟ ɨɬɞɟɥɵ); ɩɨɧɢɠɟɧɧɚɹ ɩɥɨɬɧɨɫɬɶ ɷɬɢɯ
ɪɟɰɟɩɬɨɪɨɜ ɛɵɥɚ ɨɛɧɚɪɭɠɟɧɚ ɜ ɋȺ3 ɨɛɥɚɫɬɢ ɝɢɩɩɨɤɚɦɩɚ. ɗɬɢ ɪɟɡɭɥɶɬɚɬɵ
ɦɨɝɭɬ ɭɤɚɡɵɜɚɬɶ ɧɚ ɩɪɟɞɩɨɥɚɝɚɟɦɭɸ ɮɭɧɤɰɢɨɧɚɥɶɧɭɸ ɧɟɞɨɫɬɚɬɨɱɧɨɫɬɶ
ɦɟɡɨɤɨɪɬɢɤɚɥɶɧɨɣ,

ɦɟɡɨɥɢɦɛɢɱɟɫɤɨɣ

ɢ

ɫɬɪɢɚɬɨɧɢɝɪɚɥɶɧɨɣ

ɞɨɮɚɦɢɧɟɪɝɢɱɟɫɤɨɣ ɫɢɫɬɟɦ ɦɨɡɝɚ ɭ ɤɪɵɫ ɥɢɧɢɢ ȼȺȽ/Ɋɚɣ.
Ƚɥɚɜɵ 7 ɢ 8 ɩɨɫɜɹɳɟɧɵ ɢɫɫɥɟɞɨɜɚɧɢɸ ɝɢɫɬɚɦɢɧɟɪɝɢɱɟɫɤɨɣ ɫɢɫɬɟɦɵ
ɦɨɡɝɚ ɭ ɤɪɵɫ ɫ ɚɛɫɚɧɫɧɨɣ ɷɩɢɥɟɩɫɢɟɣ. Ƚɪɭɩɩɵ ɤɪɵɫɵ, ɝɟɧɟɬɢɱɟɫɤɢ
ɩɪɟɞɪɚɫɩɨɥɨɠɟɧɧɵɟ ɤ ɚɛɫɚɧɫɧɨɣ ɢ/ɢɥɢ ɚɭɞɢɨɝɟɧɧɨɣ ɷɩɢɥɟɩɫɢɢ ɛɵɥɢ
ɩɨɞɜɟɪɝɧɭɬɵ ɤɨɪɨɬɤɨɦɭ ɜɨɡɞɟɣɫɬɜɢɸ ɫɬɪɟɫɫɨɪɚ (ɡɜɭɤɚ), ɢɥɢ ɨɫɬɚɜɥɟɧɵ ɛɟɡ
ɡɜɭɤɨɜɨɣ

ɫɬɢɦɭɥɹɰɢɢ.

ɍ

ɫɬɪɟɫɫɢɪɨɜɚɧɧɵɯ

ɠɢɜɨɬɧɵɯ

ɧɚɛɥɸɞɚɥɨɫɶ

ɩɨɜɵɲɟɧɢɟ ɬɤɚɧɟɜɨɣ ɤɨɧɰɟɧɬɪɚɰɢɢ ɝɢɫɬɚɦɢɧɚ, ɫ ɦɚɤɫɢɦɚɥɶɧɨɣ ɪɟɚɤɰɢɟɣ ɜ
ɬɚɥɚɦɭɫɟ. ɍ ɢɧɬɚɤɬɧɵɯ ɤɪɵɫ ȼȺȽ/Ɋɚɣ ɧɚɛɥɸɞɚɥɨɫɶ ɫɧɢɠɟɧɢɟ ɬɚɤɧɟɜɨɝɨ
ɫɨɞɟɪɠɚɧɢɹ ɝɢɫɬɚɦɢɧɚ ɜ ɤɨɪɟ ɢ ɩɨɜɵɲɟɧɢɟ ɜ ɝɢɩɨɬɚɥɚɦɭɫɟ, ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ
ɧɟ-ɷɩɢɥɟɩɬɢɱɟɫɤɢɦɢ ɠɢɜɨɬɧɵɦɢ (ɤɪɵɫɵ ȼɢɫɬɚɪ). ȼɵɪɚɠɟɧɧɨɫɬɶ ɚɛɫɚɧɫɨɜ
ɨɛɪɚɬɧɨ ɤɨɪɪɟɥɢɪɨɜɚɥɚ ɫ ɬɤɚɧɟɜɵɦ ɫɨɞɟɪɠɚɧɢɟɦ ɝɢɫɬɚɦɢɧɚ ɜ ɫɬɢɪɚɬɭɦɟ,
ɝɢɩɨɬɚɥɚɦɭɫɟ ɢ ɨɛɥɚɫɬɢ ɫɬɜɨɥɚ ɢ ɩɪɨɞɨɥɝɨɜɚɬɨɝɨ ɦɨɡɝɚ ɢɧɬɚɤɬɧɵɯ ɤɪɵɫ
ɥɢɧɢɢ ȼȺȽ/Ɋɚɣ.
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ȼ Ƚɥɚɜɟ 8 ɨɩɢɫɚɧɵ ɛɨɥɟɟ ɞɟɬɚɥɶɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɵ ɩɨ ɜɵɹɫɧɟɧɢɸ ɪɨɥɢ
ɝɢɫɬɚɦɢɧɟɪɝɢɱɟɫɤɨɣ ɫɢɫɬɟɦɵ ɦɨɡɝɚ ɜ ɪɟɝɭɥɹɰɢɢ ɚɛɫɚɧɫɨɜ ɭ ɤɪɵɫ ɥɢɧɢɢ
ȼȺȽ/Ɋɚɣ. ȼɨ-ɩɟɪɜɵɯ, ɩɪɨɜɨɞɢɥɢɫɶ ɨɩɵɬɵ ɩɨ ɫɢɫɬɟɦɧɨɦɭ

ɜɜɟɞɟɧɢɸ

ɚɧɬɚɝɨɧɢɫɬɚ ɇ1 ɪɟɰɟɩɬɨɪɨɜ ɝɢɫɬɚɦɢɧɚ ɤɪɵɫɚɦ ɥɢɧɢɢ ȼȺȽ/Ɋɚɣ. Ɉɛɧɚɪɭɠɟɧɨ,
ɱɬɨ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɢɡɧɚɱɚɥɶɧɨɣ ɜɵɪɚɠɟɧɧɨɫɬɢ ɚɛɫɚɧɫɨɜ (ɬ.ɟ. ɩɪɨɰɟɧɬɚ
ɜɪɟɦɟɧɢ, ɡɚɧɹɬɨɝɨ ɩɢɤ-ɜɨɥɧɨɜɵɦɢ ɪɚɡɪɹɞɚɦɢ ɜ ɗɗȽ ɷɬɢɯ ɤɪɵɫ), ɪɟɚɤɰɢɟɣ ɧɚ
ɜɜɟɞɟɧɢɟ ɩɢɪɢɥɚɦɢɧɚ ɦɨɠɟɬ ɛɵɬɶ ɤɚɤ ɫɧɢɠɟɧɢɟ ɫɭɞɨɪɨɠɧɨɣ ɚɤɬɢɜɧɨɫɬɢ, ɬɚɤ
ɢ ɟɺ ɭɫɢɥɟɧɢɟ. Ⱥ ɢɦɟɧɧɨ, ɭ ɤɪɵɫ ɫ ɢɡɧɚɱɚɥɶɧɨ ɧɢɡɤɨɣ ɫɭɞɨɪɨɠɧɨɣ
ɚɤɬɢɜɧɨɫɬɶɸ

ɩɢɪɢɥɚɦɢɧ ɜɵɡɵɜɚɥ ɟɺ ɭɫɢɥɟɧɢɟ; ɢ ɧɚɨɛɨɪɨɬ, ɭ ɤɪɵɫ ɫ

ɢɡɧɚɱɚɥɶɧɨ ɜɵɫɨɤɨɣ ɚɤɬɢɜɧɨɫɬɶɸ ɩɢɪɢɥɚɦɢɧ ɜɵɡɵɜɚɥ ɟɺ ɭɝɧɟɬɟɧɢɟ. ȼ
ɫɥɟɞɭɸɳɢɯ ɨɩɵɬɚɯ ɪɟɝɢɨɧɚɥɶɧɚɹ ɩɥɨɬɧɨɫɬɶ ɇ1 ɪɟɰɟɩɬɨɪɨɜ ɝɢɫɬɚɦɢɧɚ ɛɵɥɚ
ɢɡɦɟɪɟɧɚ ɜ ɫɬɪɭɤɬɭɪɚɯ ɦɨɡɝɚ ɤɪɵɫ ɥɢɧɢɣ ȼȺȽ/Ɋɚɣ ɢ ȼɢɫɬɚɪ ɦɟɬɨɞɨɦ
ɚɜɬɨɪɚɞɢɨɝɪɚɮɢɢ ɧɚ ɫɪɟɡɚɯ ɦɨɡɝɚ. Ɍɚɤ ɠɟ ɬɤɚɧɟɜɨɟ ɫɨɞɟɪɠɚɧɢɟ ɝɢɫɬɚɦɢɧɚ ɜ
ɫɬɪɭɤɬɭɪɚɯ ɦɨɡɝɚ ɤɪɵɫ ɷɬɢɯ ɥɢɧɢɣ ɛɵɥɨ ɢɡɦɟɪɟɧɨ

ɫ ɩɨɦɨɳɶɸ

ɜɵɫɨɤɨɷɮɮɟɤɬɢɜɧɨɣ ɠɢɞɤɨɫɬɧɨɣ ɯɪɨɦɚɬɨɝɪɚɮɢɢ. Ʉɪɵɫɵ ɥɢɧɢɢ ȼȺȽ/Ɋɚɣ
ɨɬɥɢɱɚɥɢɫɶ ɩɨɜɵɲɟɧɧɨɣ ɩɥɨɬɧɨɫɬɶɸ ɇ1 ɪɟɰɟɩɬɨɪɨɜ ɝɢɫɬɚɦɢɧɚ ɜ ɨɛɥɚɫɬɢ
ɜɟɪɯɧɟɝɨ ɱɟɬɜɟɪɨɯɨɥɦɢɹ, ɹɞɪɚ ɦɨɫɬɚ, ɫɟɪɨɝɨ ɜɟɳɟɫɬɜɚ ɜɨɤɪɭɝ ɠɟɥɭɞɨɱɤɚ ɢ
ɝɥɭɛɨɤɢɯ ɹɞɟɪ ɦɨɡɠɟɱɤɚ. ȼɵɪɚɠɟɧɧɨɫɬɶ ɚɛɫɚɧɫɨɜ ɤɨɪɪɟɥɢɪɨɜɚɥɚ ɫ ɬɤɚɧɟɜɵɦ
ɫɨɞɟɪɠɚɧɢɟɦ ɝɢɫɬɚɦɢɧɚ ɜ ɛɨɥɶɲɢɧɫɬɜɟ ɢɡ ɷɬɢɯ ɫɬɪɭɤɬɭɪ: ɨɛɪɚɬɧɵɟ
ɤɨɪɪɟɥɹɰɢɢ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɞɥɹ ɨɛɥɚɫɬɟɣ ɹɞɪɚ ɦɨɫɬɚ ɢ ɝɥɭɛɨɤɢɯ ɹɞɟɪ
ɦɨɡɠɟɱɤɚ, ɬɨɝɞɚ ɤɚɤ ɩɪɹɦɚɹ ɤɨɪɪɟɥɹɰɢɹ ɦɟɠɞɭ ɷɬɢɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɛɵɥɚ
ɨɛɧɚɪɭɠɟɧɚ ɞɥɹ ɜɟɪɯɧɟɝɨ ɱɟɬɜɟɪɨɯɨɥɦɢɹ.
ɞɚɧɧɵɯ,

ɦɨɠɧɨ

ɩɪɟɞɩɨɥɨɠɢɬɶ

ɱɬɨ

Ɉɫɧɨɜɵɜɚɹɫɶ ɧɚ ɩɨɥɭɱɟɧɧɵɯ
ɧɟɞɨɫɬɚɬɨɱɧɚɹ

ɚɤɬɢɜɧɨɫɬɶ

ɝɢɫɬɚɦɢɧɟɪɝɢɱɟɫɤɨɣ ɫɢɫɬɟɦɵ ɜ ɨɛɥɚɫɬɹɯ ɹɞɪɚ ɦɨɫɬɚ ɢ ɝɥɭɛɨɤɢɯ ɹɞɟɪ
ɦɨɡɠɟɱɤɚ ɦɨɠɟɬ ɫɩɨɫɨɛɫɬɜɨɜɚɬɶ ɭɫɢɥɟɧɢɸ ɚɛɫɚɧɫɨɜ, ɬɨɝɞɚ ɤɚɤ ɝɢɫɬɚɦɢɧ ɜ
ɜɟɪɯɧɟɦ ɱɟɬɜɟɪɨɯɨɥɦɢɢ ɜɨɡɦɨɠɧɨ ɨɤɚɡɵɜɚɟɬ ɩɪɨɬɢɜɨɫɭɞɨɪɨɠɧɨɟ ɞɟɣɫɬɜɢɟ.
ȼɩɨɥɧɟ ɜɟɪɨɹɬɧɨ, ɱɬɨ ɭɜɟɥɢɱɟɧɢɟ ɩɥɨɬɧɨɫɬɢ ɇ1 ɪɟɰɟɩɬɨɪɨɜ ɝɢɫɬɚɦɢɧɚ
ɨɬɪɚɠɚɟɬ

ɤɨɦɩɟɧɫɚɬɨɪɧɭɸ

ɪɟɚɤɰɢɸ ɧɚ ɪɟɝɢɨɧɚɥɶɧɭɸ ɧɟɞɨɫɬɚɬɨɱɧɭɸ

ɚɤɬɢɜɧɨɫɬɶ ɝɢɫɬɚɦɢɧɟɪɝɢɱɟɫɤɨɣ ɫɢɫɬɟɦɵ.
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Ɉɫɧɨɜɧɵɦ ɪɟɡɭɥɶɬɚɬɨɦ, ɩɨɥɭɱɟɧɧɵɦ ɜ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɹɜɥɹɟɬɫɹ ɜɵɜɨɞ ɨ
ɬɨɦ, ɱɬɨ ɬɟɱɟɧɢɟ ɚɛɫɚɧɫɧɨɣ ɷɩɢɥɟɩɫɢɢ

ɦɨɠɟɬ ɨɤɚɡɵɜɚɬɶ ɜɥɢɹɧɢɟ ɧɚ

ɮɭɧɤɰɢɨɧɢɪɨɜɚɧɢɟ

ɫɢɫɬɟɦ

ɚɦɢɧɟɪɝɢɱɟɫɤɢɯ

ɬɚɥɚɦɨɤɨɪɬɢɤɚɥɶɧɵɯ ɨɬɞɟɥɨɜ,

ɢ/ɢɥɢ

ɦɨɡɝɚ

ɩɨɦɢɦɨ

ɱɬɨ ɢɡɦɟɧɟɧɢɹ ɢɧɬɟɧɫɢɜɧɨɫɬɢ

ɚɦɢɧɟɪɝɢɱɟɫɤɨɝɨ ɦɟɬɚɛɨɥɢɡɦɚ ɦɨɠɟɬ ɭɫɢɥɢɜɚɬɶ ɢɥɢ ɨɫɥɚɛɥɹɬɶ ɫɭɞɨɪɨɠɧɭɸ
ɚɤɬɢɜɧɨɫɬɶ ɚɛɫɚɧɫɧɨɣ ɷɩɢɥɟɩɫɢɢ. Ɍɚɤ ɠɟ ɜɵɞɜɢɧɭɬɨ ɩɪɟɞɩɨɥɨɠɟɧɢɟ ɨ ɬɨɦ,
ɱɬɨ ɩɪɢ ɩɪɨɝɪɟɫɫɢɪɨɜɚɧɢɢ ɷɬɨɣ ɩɚɬɨɥɨɝɢɢ ɢɡɦɟɧɟɧɢɹ ɜ ɚɦɢɧɟɪɝɢɱɟɫɤɨɣ
ɧɟɣɪɨɯɢɦɢɢ ɦɨɝɭɬ ɡɚɬɪɚɝɢɜɚɬɶ ɥɢɦɛɢɱɟɫɤɭɸ ɫɢɫɬɟɦɭ ɦɨɡɝɚ ɢ ɬɚɤɢɦ ɨɛɪɚɡɨɦ
ɨɩɨɫɪɟɞɨɜɚɬɶ ɩɨɜɵɲɟɧɢɟ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɤ ɫɬɪɟɫɫɭ ɭ ɠɢɜɨɬɧɵɯ ɫ
ɚɛɫɚɧɫɧɨɣ ɷɩɢɥɟɩɫɢɟɣ, ɢ ɜɨɡɦɨɠɧɨ, ɬɚɤ ɠɟ ɢ ɭ ɩɚɰɢɟɧɬɨɜ.
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Samenvatting
Absences zijn gegeneraliseerde, niet-convulsieve, epileptische aanvallen
die in een aantal aspecten verschillend zijn van die van generaliseerde,
convulsieve of partiële, epileptische aanvallen. Zo is er bij absence seizures geen
postictale depressie te zien, noch gedragsmatig, noch in het EEG. Er ligt ook
geen bekende neuronale afwijking ten grondslag aan deze vorm van epilepsie.
Farmacologisch gezien is absence epilepsie eveneens verschillend van andere
vormen van epilepsie: ethosuximide onderdrukt absences terwijl deze stof bij
geen enkele andere vorm van epilepsie effectief is. Absences nemen in aantal toe
na inname van vigabatrine, carbamazepine, phenytoine en andere anticonvulsiva,
die effectief zijn bij gegeneraliseerde en partiële epilepsie. Er zijn maar een paar
soorten

anti-epileptica

(voornamelijk

derivaten

van

valproaatzuur

en

benzodiazepinen), die effectief zijn bij beide vormen van gegeneraliseerde
epilepsie.
Over het algemeen wordt aangenomen dat absence seizures opgewekt
worden in het cortico-thalamo-corticale circuit en dat deze seizures zich snel over
het hele brein verspreiden. Convulsieve aanvallen hebben daarentegen de
hersenstam en limbische structuren als epilepsie opwekkend substraat. Ondanks
deze anatomische en farmacologische verschillen hebben convulsieve en nietconvulsieve gegeneraliseerde aanvallen een belangrijke uitlokkende factor
gemeen: emotionele stress. Het is echter bekend, dat typische absence seizures
meer door stress geprovoceerd worden dan andere typen seizures. Dit betekent
dat mechanismen die betrokken zijn bij de gevoeligheid voor stress tenminste
gedeeltelijk verschillend zijn in convulsieve en niet-convulsieve epilepsie.
De gevoeligheid voor stress van een organisme hangt voor een groot
gedeelte af van het functioneren van het aminerge systeem in de hersenen.
Daarom is verondersteld dat de basale activiteit van het aminerge systeem van
epileptische breinen verschillend zou kunnen zijn van dat van niet-epileptische
controles en mede afhankelijk zou kunnen zijn van de ernst van de absences. Een
afwijkende aminerge tonus zou tevens tot een slechte coping strategie kunnen
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leiden. Daarom zijn WAG/Rij ratten, die een genetische aanleg voor absence
seizures hebben, vergeleken met Wistar ratten, die meer resistent zijn voor
absence epilepsie. De vergelijking tussen WAG/Rij en Wistar ratten is uitgevoerd
bij ratten van beide stammen die wel en niet gevoelig zijn voor audiogene
convulsies.
Absences en audiogene convulsies zijn bij deze ratten gekwantificeerd om
de mogelijke effecten van de ernst van de aanvallen op gedragsvariabelen en op
de aminerge tonus van het brein vast te stellen. In vervolgexperimenten is de
verdeling van aminerge (dopamine en histamine) receptoren in het brein
onderzocht, terwijl ook de effecten van aminerge drugs, zoals haloperidol en
pyrilamine, op de epileptische activiteit in WAG/Rij ratten bepaald is. In de reeks
experimenten in dit proefschrift zijn genetische diermodellen gebruikt om de
mogelijke gevolgen van het type en de ernst van de aanval op gedragsvariabelen
en op aminerge parameters in het brein te onderzoeken. Steeds zijn daarbij ratten
met gegeneraliseerde (absence en/of audiogene) epilepsie gebruikt, meestal
WAG/Rij en Wistar ratten, terwijl soms ook ACI en Wistar ratten zonder
audiogene gevoeligheid gebruikt zijn als niet-epileptische controle dieren.
Ter introductie geeft Hoofdstuk 1 een korte beschrijving van de
classificatie van aanvallen zoals die internationaal gehanteerd wordt, een
overzicht van de genetische diermodellen voor convulsieve en niet-convulsieve
epilepsie, een globale beschrijving van de delen van het brein die betrokken zijn
bij de beide vormen van epilepsie, en een samenvatting van de neurochemische
profielen en gedragsaspecten van absence en audiogene epilepsie.
In Hoofdstuk 2 wordt een diermodel met een gemengde of dubbele vorm
van epilepsie gepresenteerd. Ongeveer een derde van alle WAG/Rij ratten
vertonen zowel een niet-convulsieve vorm van aanvallen (absences), als een
convulsieve vorm van aanvallen (audiogene seizures). De aanvalseigenschappen
van ratten met deze dubbele (absence en audiogene) vorm van epilepsie, zijn
vergeleken met die van ratten met de enkelvoudige, zuivere, vorm van epilepsie.
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Vastgesteld is dat WAG/Rij ratten met deze dubbele aanleg, niet significant
verschillend zijn van audiogene gevoelige Wistar ratten wat de audiogene
gevoeligheid betreft, aangezien het herhaald hebben van absences de latentietijd
en duur van de verschillende fases van de audiogene aanval (1e en 2e periode van
“wild running”, ictal jumping, tonische of clonische seizures) niet beïnvloedt. Wel
is er een verschil in de duur van de post-ictale catalepsie, die bij WAG/Rij ratten
beduidend langer duurt. Met betrekking tot de eigenschappen van de absence
seizures is er geen verschil gevonden tussen de beide WAG/Rij subpopulaties,
met en zonder gevoeligheid voor audiogene convulsies. Er is dan ook
geconcludeerd dat het hebben van audiogene convulsies de absences niet
beïnvloedt. Daarbij kan ook opgemerkt worden dat dit experiment geen
ondersteuning vormt voor het oude idee dat een algemene hyper-excitabiliteit of
algemene hyper-inhibitie verantwoordelijk zou kunnen zijn voor respectievelijk
convulsieve dan wel niet-convulsieve epilepsie. Absences worden geacht gevoelig
te zijn voor een surplus aan inhibitie, maar de neiging om absences te vertonen,
verschilt niet tussen de beide subpopulaties. Eveneens zou het dan zo kunnen zijn
dat als absence epilepsie veroorzaakt wordt door een surplus aan algemene
neurale inhibitie, het wellicht zo zou kunnen zijn dat de verschijningsvorm van
audiogene convulsies er anders uit zou zien. Het is echter veel redelijker om te
veronderstellen dat de veronderstelde hyper-excitatie en hyper-inhibitie
gelocaliseerd is in locale netwerken, en niet in het hele brein.
Gedragseigenschappen van ratten met absences en/of audiogene convulsies
zijn bestudeerd in experimenten zoals die in Hoofdstuk 3 gerapporteerd zijn.
Reeds is gebleken dat zowel absence en audiogene seizures een eigen effect
hebben op het gedrag van ratten in een tweetal gedragstesten. De door nieuwheid
opgeroepen angst komt tot uiting in zowel de open field test als in de licht-donker
keuze taak, en deze angst is proportioneel aan de ernst van de absences. Het is
bekend dat het limbisch systeem verantwoordelijk is voor angst die door
nieuwheid wordt opgeroepen. Onder de aanname dat de individuele verschillen in
aantal en duur van de absence aanvallen veroorzaakt worden door het
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onderliggende proces van epileptogenese in WAG/Rij ratten, suggereert deze
waarneming dat de geleidelijke toename van het aantal en de duur van de
aanvallen niet alleen een invloed heeft op het cortico-thalamische circuit, maar
ook op het limbisch systeem en mogelijk op de hersenstam. Ook is het goed
mogelijk dat deze twee gedeeltes van het brein absences op verschillende wijze
beïnvloeden.
Het cerebrale serotonerge (5-HT) systeem van epileptische subjecten kan
de kwetsbaarheid voor stress beïnvloeden. Dit systeem kan zelfs mogelijk
beïnvloed worden door de herhaald optredende absences. In Hoofdstuk 4 worden
de parameters beschreven van de 5-HT neurotransmissie in gestresste WAG/Rij
en Wistar ratten, met en zonder audiogene epilepsie. De stressor is een korte
aversieve geluidsprikkel in een bepaalde test omgeving, terwijl de controle
groepen alleen in deze test omgeving geplaatst worden. Weefselconcentraties van
5HT, tryptophaan (TRT) en 5-hydroxyindolacetaatzuur (5HIAA) zijn met behulp
van HPLC bepaald. De stressor activeert het 5HT-erge systeem in het corticothalamische gebied (frontale cortex en thalamus), evenals het limbisch systeem
(hypothalamus) van alle ratten. De epileptische ratten laten echter vooral in de
thalamus een reactie zien, terwijl normale, niet-epileptische controle dieren de
grootste respons in de frontale cortex vertonen. Van alle groepen epileptische
ratten is de toename van 5HIAA het grootste in de thalamus van de ratten met
alleen absenes. Er zijn significante correlaties gevonden tussen de hoeveelheid
absence seizures en 5HT-erge parameters in de cortex en hypothalamus van
absence epileptische ratten. In tegenstelling tot de bevindingen bij absence
epilepsie, zijn er geen effecten van audiogene epilepsie op de 5HT-erge
neurochemie vastgesteld. Deze resultaten impliceren dat de bijdrage van het
serotonerge systeem aan de stress response afhangt van de aanwezigheid van een
epileptische pathologie, van het type seizure en de ernst van de aanvallen. De
correlaties laten zien dat basale niveaus aan 5HT gekoppeld zijn aan de neiging
om absences te vertonen. Op deze wijze kan het serotonerge systeem een
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bemiddelende rol spelen bij zowel door nieuwheid opgeroepen angst als bij een
toename van het aantal aanvallen, zoals dat in Hoofdstuk 3 gerapporteerd is.
De experimenten die in Hoofdstuk 5 gerapporteerd worden, zijn opgezet
om de rol van catacholamines met betrekking tot de gevoeligheid voor seizures en
de stress response in epileptische breinen vast te stellen. Weefsel concentraties
van noradrenaline (NA), dopamine (DA) en hun belangrijkste metabolieten zijn
bepaald in delen van het brein van gestresste en controle WAG/Rij en Wistar
ratten, met en zonder gevoeligheid voor audiogene seizures. Een tweede
experiment is uitgevoerd om de dichtheid aan D2-verwante dopamine receptoren
te bepalen bij absence epileptische (WAG/Rij) en controle (non-epileptische
Wistar) ratten. Er is gevonden dat absence seizures gepaard gaan met een
wijdverspreid tekort aan efficiency van het dopaminerge systeem, wat blijkt uit
een verlaagd DA metabolisme en een verhoogde dichtheid van D2-verwante
receptoren. De DA-erge neurotransmissie in de pons en medulla is hoog en
significant gecorreleerd met de hoeveelheid absence seizures. Dit suggereert dat
dopamine een sleutelrol speelt bij het versterken of moduleren van absence
epilepsie. Er is verondersteld dat een verlaagd DA metabolisme in de corticale
gebieden van absence epileptische ratten de oorzaak is van een verhoogde
kwetsbaarheid voor stressoren. Bij audiogene seizures is geen enkel verschil in
dopaminerge variabelen tussen de audiogene gevoelige en niet-audiogeen
gevoelige ratten gezien. Echter, de aan geluidsstress blootgestelde audiogene
gevoelige ratten laten een duidelijke NA-erge response zien in het cerebellum en
in de hypothalamus. Dit gaat waarschijnlijk aan de audiogene seizures vooraf.
De experimenten die in Hoofdstuk 6 beschreven zijn, vullen die van
Hoofdstuk 5 aan. De dichtheid van de D1- en D2-verwante receptoren in
hersenweefsel van ratten met en zonder predispositie voor absence seizures
(respectievelijk WAG/Rij en ACI ratten) is met autoradiografie bestudeerd.
Gevonden is dat WAG/Rij ratten een lagere dichtheid aan zowel D1- en D2verwante receptoren in het dorsale gedeelte van het striatum (het voorste gedeelte
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van de nucleus caudatus) hebben, terwijl de kern van de nucleus accumbens een
lagere dichtheid vertoont aan D1-verwante receptoren. De dichtheid van de D2verwante receptoren is daarentegen hoger in frontale en parietale corticale
gebieden en lager in het CA3 gedeelte van de hippocampus van WAG/Rij ratten
in vergelijking met die van ACI ratten. De veronderstelling is dat deze resultaten
wijzen op een slechter functioneren van de mesocorticale, mesolimbische en
striatale-nigrale dopaminerge systemen in het WAG/Rij rattenmodel. Het doet
tevens het vermoeden rijzen dat er duidelijke verschillen zijn tussen het WAG/Rij
model en de andere modellen voor absence epilepsie met betrekking tot de rol van
het striatum.
De hoofdstukken 7 en 8 gaan over het histaminerge systeem. Het
experimentele protocol zoals dat in Hoofdstuk 7 gebruikt is, is identiek aan dat
wat gebruikt is in de Hoofdstukken 4 en 5. Ratten met absence en/of audiogene
epilepsie worden al dan niet aan een kortdurend aversief geluid blootgesteld. Het
korte geluid veroorzaakt een toename van de concentratie van histamine (HA)
door het gehele brein, en de meest prominente veranderingen vinden plaats in de
thalamus. In vergelijking met niet-epileptische ratten, hebben absenceepileptische ratten een verlaagde concentratie aan histamine in het weefsel van de
neocortex, maar daarentegen een verhoogde concentratie aan histamine in het
weefsel van de hypothalamus. Ook is er een negatieve correlatie gevonden tussen
de hoeveelheid piek-golf ontladingen en de concentraties histamine in het
striatum, de hypothalamus, en de pons en de medulla van de niet aan geluid
blootgestelde absence epileptische dieren. In Hoofdstuk 8 is ook gerapporteerd
inzake meer gedetailleerde experimenten met betrekking tot de mogelijke
histaminerge regulatie systemen van absence epilepsie bij WAG/Rij ratten.
Allereerst is de H1 histamine receptor antagonist pyrilamine intraperitoneaal
toegediend

bij

absence

epileptische

ratten.

Er

is

gevonden

dat

de

electroencephalografische reactie van deze epileptische ratten afhankelijk is van
het aantal piek-golf ontladingen, die gezien worden in de base-line. Bij ratten met
een lage basale epileptische activiteit laat pyrilamine een toename zien, terwijl bij
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ratten met een groot aantal piek-golf ontladingen in de base-line, de drug een
afname veroorzaakt in de paroxysmale activiteit. Vervolgens is de dichtheid van
de H1 histamine receptoren bepaald met autoradiografie in hersencoupes, terwijl
weefselconcentraties van histamine bepaald zijn in micro-secties van de
neocortex, de middenhersenen, de hersenstam, en delen van het cerebellum van
absence epileptische en niet-epileptische ratten. Er is gevonden dat absence
epileptische ratten een grotere dichtheid aan H1-histamine receptoren in de
superior colliculi, de pontine kern, het gebied van het centrale grijs en de diepe
cerebellaire kernen hebben. De hoeveelheid absence seizures correleert met
concentraties histamine in het merendeel van deze structuren; negatieve
correlaties zijn gevonden in de pontine kern en in de diepe cerebellaire kernen,
terwijl positieve correlaties gevonden zijn in de superior colliculus. Op basis van
deze experimenten is verondersteld dat onvoldoende HA activiteit in de pontine
kernen en in de diepe kernen van het cerrebellum bijdragen tot een verergering
van absence epilepsie, terwijl HA in de superior colliculus eerder een rol speelt bij
compensatie mechanismen als gevolg van een lagere seizure drempel. De
mogelijkheid bestaat dat de toename van de dichtheid van H1 histamine
receptoren in het brein van epileptische ratten, deel uitmaakt van een
compensatoire reactie als gevolg van een plaatselijk tekort aan HA-erge
stimulatie.
De belangrijkste uitkomst van deze reeks experimenten is dat absence
seizures de aminerge processen in het brein beïnvloeden buiten de thalamocorticale loops om, en dat de aminerge tonus in de hersenen absence seizures
zowel kunnen versterken als onderdrukken. Tevens hebben deze experimenten tot
de sterke veronderstelling geleid dat de aan de seizures gerelateerde
neurochemische veranderingen in het limbisch systeem, de oorzaak zijn van de
verhoogde kwetsbaarheid voor stress zowel bij ratten als bij patiënten met
absence epilepsie.
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Conclusions:
x Audiogenic seizures and a local type of spike-wave EEG
paroxysms can co-morbid with absence seizures in WAG/Rij rats.
x Absence epilepsy as well as audiogenic epilepsy in rats is
accompanied by enhanced vulnerability to novelty induced stress.
x Behavioural signs of stress-induced anxiety are proportional
to severity of absence epilepsy in WAG/Rij rats. This implies
overlapping or interaction of neuronal circuits responsible for the
generation of absence seizures and those engaged in emotional
reactions (i.e., anxiety).
x Absence epilepsy is accompanied by widespread coordinated
aminergic changes within the thalamocortical, limbic and brainstem
structures.
x Effects of mild but recurrent absence seizures on the brain
aminergic neurochemistry are more widespread and pronounced than
those of a few audiogenic convulsions.
x The brain histaminergic system is likely to be involved in
controlling the occurrence of absence seizures.
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