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Background: The seizures, triggered by a loud sound in laboratory animals, are associated with
the imbalance of the brain monoamines. Serotonin (5-HT) is regarded as one of the principal
neurotransmitters to be involved in regulation of wide variety of physiological and psychological
processes. Among the drugs that affect 5S-HT synaptic transmission, the leading role is given to
selective serotonin reuptake inhibitors (SSRIs), such as fluoxetine.

Aim: The aim of the study is to investigate the effects of fluoxetine on seizures in Wistar rats with high
susceptibility to audiogenic stress.

Methods: The study was performed on male Wistar rats. Before the experiments, the animals were
tested for susceptibility to audiogenic seizures by exposure to a sound of 90-110 dB for 2 min in the
soundproof box. The difference between congenital susceptibility to seizures served as a basis for
dividing animals into two groups: Seizure-susceptible (SS) and seizure-tolerant (ST) rats. One hour
before the experiment, the experimental animals were orally administered with fluoxetine, while the
control rats were treated with distilled water. The effect of fluoxetine on the level of the biogenic
amines in different regions of the brain was determined by enzyme-linked immunosorbent assay
(ELISA).

Results: It has been shown that in 100% of the cases, the control SS rats, exposed to audiogenic
stimulus, exhibited wild running around in circles and jumping as some of the signs of seizure
responses that evolved into tonic—clonic seizures in 70% of the cases. As regards the experimental
SS animals: Only in 60% of the cases (P<0.05), they exhibited wild running and flinch, which did not
evolve into the tonic—clonic phase.

Conclusion: Decreased manifestation of seizures in the experimental SS rats under acute
administration of fluoxetine may be explained by highly distinctive repertoire and spatial distribution
of 5-HT receptors in their brain structures in comparison to the ST rats.

Relevance for patients: The study of the monoaminergic mechanisms of seizure generation is of
practical importance due to the existence of pharmacological agents, which selectively affect the
activity of the monoaminergic systems of the brain, as well as the metabolism of the monoamines
synthesized by them.

1. Introduction

The diagnosis and treatment of epilepsy in human are still major issues of neuropathology
and psychiatry and understanding of the mechanisms of epileptogenesis is paramount to
provide opportunities for new anti-seizure drug development. The cases of high resistance
to anti-seizure therapy (drug-resistant epilepsy) in humans are often gene associated. In that
context, it is of importance to study different aspects of epileptogenesis on animals with
genetic predisposition to seizure (seizure-susceptible animals). There are several strains of
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rodents including natural (Wag/Rij [Wistar Albino Glaxo from
Rijswijk] — inbred strain) [1], synthetic (WAR [Wistar Audiogenic
Rats] — outbred strain) [2], mutants and tottering rats (GAERS
[Genetic Absence Epilepsy Rat from Strasbourg]) [3], which exhibit
spontaneous seizures of different types (vs. chemically or electrically
induced seizures). The seizures, triggered by a loud sound of
specific modality in laboratory animals (audiogenic epilepsy), are
considered as one of the appropriate experimental models of human
epilepsy [4]. This non-invasive model is interesting and reliable
because of high reproducibility of original observations (obtained
through applying this model). Such animals can be exposed to a
sound more than once, that is, during the assessment of any effects on
them, those animals can serve as their own control, which generally
increases the reliability of the findings. Thus, some laboratory rat
strains (KM and WAR) consistently exhibit seizures in response to
auditory stimulus. However, the prevalence of seizure susceptibility
to acoustic stimuli in other strains of rats, in particular Wistar rats,
WAG/R]j is mere 15-20% [5].

It has been discovered that the brain monoaminergic
systems are highly implicated in the pathogenesis of sound-
induced seizures [6]. Much has been written on the abnormal
neurotransmitter patterns underlying both depression and epilepsy.
The large number of neurochemical studies has demonstrated
the link between audiogenic epilepsy and the imbalance of
monoamines [7]. Moreover, it has been shown that the nature of
individual (phenotypical) reactivity of the central nervous system
(CNS), exploratory and emotional behaviors, as well asa wide range
of deviant behaviors was also associated with the peculiarities of
the neurochemical organization of the brain, namely, the balance
between brain monoaminergic systems [8]. Notably, Wistar rats,
that are distinct in their individual susceptibility to acoustic
stimulus, are normally characterized by different genetically
determined ratio between brain noradrenergic, dopaminergic, and
serotonergic systems activity. Seizure-susceptible (SS) rats were
initially distinguished by the high level of dopamine (DA) and
serotonin (5-HT), while seizure-tolerant (ST) ones had the high
level of noradrenaline (NA) and the low level of 5-HT [8]. The
level of the biogenic amines is determined to a large extent by the
activity of enzymes involved in monoamine biosynthesis. The low
level of NA and the high level of DA in the SS rats are assumed
to be linked to the congenital deficiency of the dopamine beta-
hydroxylase which is responsible for converting DA into NA, low
activity of which correlates with audiogenic seizures [9].

The study of the monoaminergic mechanisms underlying
seizure generation is of practical importance due to the availability
of pharmacological agents which selectively affect the activity of
the monoaminergic systems of the brain.

Serotonin is regarded as one of the principal neurotransmitters
to be involved in regulation of wide variety of physiological
and psychological processes, and changes in serotonin level and
serotonin receptors activity profile can lead to psychoemotional
disorders [10]. It is obvious that 5-HT deficiency is highly
implicated in the generation of depression- and anxiety-related
behavioral phenotypes through the impairment of serotonin
synaptic transmission. Therefore, many of anxiolytics and

antidepressants, commonly used in clinical practice, are targeted
at the enhance of serotonin neurotransmission.

In this regard, of particular interest are the second-generation
antidepressants — selective serotonin reuptake inhibitors (SSRIs),
a class of drugs that are typically used in the treatment of major
depressive disorder, anxiety disorders, and other psychological
conditions. They are selectively aimed only at 5-HT and do not
affect other chemical substances of the brain. The SSRIs primarily
inhibit serotonin transporter (SERT), which is responsible for
the reuptake of 5-HT into the presynaptic terminals. As a result,
the concentration of 5-HT in the synaptic cleft increases as well
as its availability for receptor binding, enhancing serotonin
neurotransmission. Among SSRIs, the most widely prescribed
antidepressant drug in the world is fluoxetine [11]. One hour
after the administration of a single dose of fluoxetine, the level of
extracellular 5-HT increases in many brain structures [12].

Considering the above, of particular interest is to study
the effects of fluoxetine on seizures in Wistar rats with high
susceptibility to audiogenic stress. The sound sensitivity indicator
in our experiments was the severity and behavioral features of
seizures in rats. Acoustically evoked seizure in rats is used
as a model for elucidating the physiological and biochemical
mechanisms of epilepsy and for looking of new ways of treatment
and prevention of that disease [13].

However, it is known that epilepsy, as the system disease of the
CNS, is accompanied by cognitive and behavioral impairment.
Therefore, the clinical and experimental studies of epilepsy
are mainly focused on comorbidity [14]. It was shown that the
individual (and, apparently, genetic) variability plays a key role
in comorbidity of anxiety and depressive disorders, which is
confirmed by the clinical [15] and experimental [16] studies.

2. Methods

The study was performed on male Wistar rats (body mass of
250-300 g), which were bred at the Animal Research Facility of the
Institute of Physiology, ANAS. Six to seven rats were housed per
standard plastic cage (30 cm H x 40 cm W X 60 cm L) with room
temperature at 22-24°C, and with food and water ad libitum. All
experiments were performed in the morning between 10:00 a.m.
and 1:00 p.m. All housing and testing were in accordance with the
NIH guide for the care and use of laboratory animals (8" edition,
2011). In addition, this research was considered and approved by
the Scientific Council of the Institute of Physiology, ANAS on
March 12, 2019 (Protocol No. 2) with the consent of the local
ethics committee for the work with experimental animals.

Before the experiments, the rats were tested for susceptibility to
audiogenic seizures. The animals were placed into the soundproof
box and exposed to a sound of 90-110 dB. The duration of the
sound signal was 2 min. In the case of clear development of
epileptiform status, the sound was immediately switched off. Such
limitation of the duration of acoustic stimulus prevents animals
from death and development of large subdural hematoma [17].

The tolerance of animals for the effect of acoustic stimulus
is different and reflects their innate ability to resist the effects of
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stressful stimuli. If the animals (they were the majority) did not
exhibitany seizure-like behavior in response to a loud sound, except
for the transient motor response (usually — flinching) or increased
number of grooming episodes as indicators of emotional tension,
then they were regarded as tolerant for the convulsiogenic sound
effect. The rest of the animals, according to the developmental
pattern of audiogenic seizures in rats [18], exhibited increase in
motor activity (wild running and jumping) at first, after the short
latent period. This stage of the seizures is called clonic running,
followed by the clonic seizure phase (rhythmic intense muscle
spasms accompanied by falling on abdomen). In our studies, the
first and second stages of seizures were reported as generalized
clonic seizures. Only the rats exhibiting the same responses 3—4
times in a row were selected for the experiments. Their difference
in innate susceptibility to seizures served as a basis for dividing
animals into two groups: Seizure-susceptible (SS) and seizure-
tolerant (ST) rats. The registration of the stages of audiogenic
seizures was used to select the groups of the same type from the
general population of rats. Audiogenic seizures can be found in
about 15-20% of Wistar rats [13].

For the study, 29 ST and 27 SS rats were used. Both types
were subdivided into the experimental and control animals.
One hour before the experiment, the experimental animals (ST
(n=15), SS (n=14)) were orally administered through oral gavage
with fluoxetine (Pharmascience, Montreal, Canada) at a dose
of 25 mg/kg [19-21]. When taken orally, fluoxetine is absorbed
well in the gastrointestinal tract (up to 95% of the taken dose).
Fluoxetine is accumulated well in tissues and able to easily
penetrate the blood—brain barrier. The control rats (ST (n=14),
SS (n=13)) were treated with the equal volume of distilled water
(diluent). During 2 days before the main experiments, the animals
were handled for 5 min per day for avoiding stress response of
rats to handling.

The effect of fluoxetine on the level of the biogenic amines in
different regions of the brain (hypothalamus and frontal cortex)
was determined by enzyme-linked immunosorbent assay (ELISA).

The experimental data were assessed for normality of
distribution using the Kolmogorov—Smirnov test. In the case of
normal data distribution, we applied the parametric Student’s
t-test. If the data had large standard deviation, then the Mann—
Whitney U-test was used. The statistical analysis was performed
in a software package Statistica for Windows.

3. Results

This paper explores the effect of fluoxetine on manifestation
of seizures in the rats susceptible to audiogenic stress. All the rats
were tested for whether they exhibited both stages of seizures, as
well as the motor seizure latent period. It has been shown that in
100% of the cases, the control SS animals, exposed to audiogenic
stimulus, exhibited wild running around in circles and jumping
as some of the signs of seizure responses that were evolving into
tonic—clonic seizures in 70% of the cases (Figure 1). One hour
after the single-dose administration of fluoxetine, the pattern
of seizures changed dramatically. Thus, the severity of seizures
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Figure 1. Manifestation (%) of the seizure stages in the SS rats under
the effects of fluoxetine. A — running around in circles + jumping, B —
tonic—clonic seizures; 1 — control animals, 2 — experimental animals.
The reliability of the differences between the experimental and control
animals was evaluated using Student’s t-test: *p <0.001.

decreased in the experimental animals: Only in 60% of the cases
(P<0.05), they exhibited wild running and first flinch, which did
not evolve into the tonic—clonic phase (Figure 2). Moreover, the
effects of fluoxetine were clearly expressed in significant increase
in the first flinch and motor seizure latent period in comparison
with the control group of animals (93.8+12.3 and 49.649.2 s,
respectively) (P<0.5), which showed all signs of seizure.

The study of monoamines in the hypothalamus and the frontal
cortex of the brain revealed specific responses of the brain
monoaminergic systems to acute administration of fluoxetine
(Figure 3).

The outcome of fluoxetine administration depended on the
individual properties of the CNS and the effects were distinct in
different brain regions. It is known that the response of organism
to stress is mainly determined by innate typological peculiarities
of the higher nervous activity (animal behavior). There are the
peculiarities of metabolism of neurotransmitters during chronic
stress in the brain structures, the interaction of which determines
the type of the nervous system of animal. These structures are
hypothalamus and frontal cortex [22]. The mentioned structures
play a key role in the formation of both voluntary and purposeful
(emotional and motivated) behaviors. The hypothalamus and
frontal cortex are involved in the regulation of animal behavior
through the alteration of activities of the noradrenergic,
dopaminergic, and serotonergic systems of the brain [23].

Thus, administration of fluoxetine-induced significant decrease
in the level of 5-HT and reciprocal increase in the level of NA in
the hypothalamus of the SS rats compared to the control animals.
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Figure 2. The effect of fluoxetine on seizure manifestation in rats with
high sensitivity to audiogenic stress exposure.

In the hypothalamus of the ST rats, there was decrease in 5-HT,
accompanied by significant increase in DA. The decrease in the
hypothalamic level of serotonin after the fluoxetine administration
at a dose of 25 mg/kg may be explained by the fact that the latter
reduces the expression of gene encoding tryptophan hydroxylase-2,
which is responsible for the synthesis of 5-HT in the brain [20].
In the frontal cortex of the ST rats, however, administration of
fluoxetine induced the tendency for 5-HT to increase, which was
accompanied by significant decrease in DA that is involved in
the control of anxiety [24] and regulation of motor activity as
well [25].

Our findings are consistent with the works [26] demonstrating
increase in 5-HT in the frontal cortex after administration of
fluoxetine in the dose range of 3—154 mg/kg and with the fact that
this increase can have a depressing effect on the dopaminergic
system [27]. Perhaps, the main action mechanism of fluoxetine,
according to some researchers, is based on the fact that this drug
inhibits the reabsorption (reuptake) of extracellular 5-HT into the
presynaptic neuron [28].

4. Discussion

The primary mechanism of action of fluoxetine is based on
the fact that the drug binds to the serotonin transporter (SERT),
thereby inhibiting the reuptake of extracellular 5-HT into the
presynaptic terminal [28]. This leads to the increase in the level of
5-HT in the synaptic cleft and, as a result, to the enhancement and
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Figure 3. The levels of the monoamines in brain structures in rats with
different phenotypes of the nervous system after administration of
fluoxetine. The reliability of the differences between the experimental
and control animals: P<0.05.

prolongation of its effects on the postsynaptic 5-HT receptors. A
number of works showed that SERT blockade by fluoxetine resulted
in significant decrease in the level of the primary metabolite of
serotonin — 5-HIAA (5-hydroxyindoleacetic acid) in the brain [29].
The property of fluoxetine to increase the level of serotonin at the
synapse allows this drug to be an effective treatment of depression
and panic disorder. The drug selectively affects one of the
serotonin receptors subtypes — 5-HT , activity of which decreases
with long-term use. As a result, fluoxetine, enhancing serotonergic
transmission through the negative feedback mechanism, inhibits
the 5-HT metabolism. Consequently, constant release of serotonin
leads to the depletion of the serotoninergic system, which results
in psychoemotional disorders. Positive therapeutic effect requires
long-term use of fluoxetine — for weeks or even months. The
delay in the manifestation of the therapeutic effect of fluoxetine
is due to the time required for activation of the synthesis of 5-HT
and the key neuronal enzyme — tryptophan hydroxylase 2. The
inhibitor selectively targets only 5-HT and does not affect other
brain chemicals.

Dose-dependent anticonvulsant effects of fluoxetine have been
observed in genetically epilepsy-prone rats (GEPRs) and other
animal models [30]. Thus, increased serotonin release through
the administration of fluoxetine and 5-hydroxytryptophan to
GEPRs enhances the anticonvulsant effect on them. The depletion
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of serotonin significantly reduces the anticonvulsant effect of
fluoxetine. Moreover, it was reported that 6-methoxy-1,2,3,4-
tetrahydro-beta-carboline (6-MeO-THBC) attenuates audiogenic
seizures in 21-day-old DBA/2J mice, as well as inhibits
brain monoamine oxidase (MOA) [31]. At the same time, the
combination of the drugs, action of which corresponds to the action
of 6-MeO-THBC, in particular a selective serotonin reuptake
inhibitor (fluoxetine), with an MAO-A inhibitor suppressed
audiogenic seizures more effectively than separately. However,
it was shown that fluoxetine administered intraperitoneally,
30 min before pilocarpine, at two doses (10 and 20 mg/kg) had
proconvulsant effects on rats with pilocarpine-induced seizures
and status epilepticus [32]. Moreover, the findings of Aygun [33]
demonstrate that the high dose of fluoxetine (intraperitoneally,
20 mg/kg) also significantly increased frequency and amplitude of
epileptiform activity induced by penicillin. However, according
to the contraindications of fluoxetine, its simultaneous use with
other drugs has a depressing effect on the CNS, which, possibly,
increases a risk of seizure.

On the other hand, in the work of the other researchers, acute
administration of fluoxetine provoked no change neither in
seizure susceptibility nor the glutamate release [34]. At the same
time, it was found that rats susceptible to audiogenic seizures
have congenital deficiency of GABAergic inhibition [35]. Thus,
the inhibition process of generalized seizures in such rats after
acute administration of fluoxetine is due to the activation of the
serotonergic system of the brain, which has an anticonvulsant
effect. In particular, acute administration of fluoxetine to the
SS rats significantly decreases seizures. According to some
experimental data, increase in the level of 5-HT, induced by
fluoxetine, led to decrease in the frequency of seizures and
reduction of the symptoms of depression [36]. Moreover,
the clinical trials of the SSRIs showed that the patients with
depression who received these drugs had few seizures than those
who received placebo [37]. Perhaps, it is due to the fact that
seizure is one of the symptoms of psychological disorders treated
with antidepressants. In addition, according to another data, the
effects of chronic fluoxetine treatment on rats of four genotypes
pairwise different by susceptibility to audiogenic seizures and
by anxiety or depression-like behavior indicate the key role of
genetic background in the comorbidity of anxiety and depression
with audiogenic seizures propensity [14].

In our previous experiments, the biochemical analysis of
monoamines baseline level in the brain of rats with different stress
sensitivity showed that normal animal behavior is maintained by
proper balance between the serotonergic and catecholaminergic
systems, and their activity imbalance is implicated in some
characteristics of innate behavior [8]. The correlation analysis
of the seizure severity and the level of the biogenic amines in
the brains of the SS rats indicated that they had a deficit of NA,
accompanied by increased metabolic rate of 5-HT in contrast to
the animals that were tolerant to an acoustic stimulus. There is
evidence that epileptiform seizures in animals may be caused by
deficiency of the central noradrenergic transmission [38]. Hence,
the baseline level of the biogenic amines in the brain structures

behind the specific genetic and functional organization of the
CNS [39] determines the nature of the stress response [40]. Hence,
it was shown that epileptic seizures can be caused by deficiency
of 5-HT in the brain [5]. As follows from our experiments, the
baseline level of 5-HT in the brains of the SS rats is not high enough
to prevent the development of seizures, and therefore, fluoxetine-
induced raise of serotonin reduces seizure activity. In our view,
high level of 5-HT in the brains of the SS rats is compensatory
in nature and facilitates reducing of seizure activity in the SS
rats, which do not apparently have genes determining tolerance
to stress stimuli. The existence of such genes determining stress
tolerance is indirectly indicated in the findings of Ungar who
identified the low-molecular peptide in the brains of the rats —
amelitin enhancing tolerance of the animals (reducing of seizure
activity) to the effects of stress-related audiogenic signals [41].

The ST rats with low baseline level of 5-HT in the brain do
not develop epilepsy, perhaps, due to the fact that non-prone to
audiogenic seizures rats compared to prone ones have enhanced
neuronal genetic activity containing high level of nuclear RNA [42].

Pronounced anti-seizure effect of fluoxetine, according to
current scientific view, indicates that the activation 5-HT,,
receptor induces a membrane hyperpolarization response
caused by enhanced K conduction and thereby exerting anti-
seizure effect on freely moving rats [43]. The anti-panic effect of
fluoxetine is considered to be based on its capacity to selectively
block 5-HT reuptake into presynaptic membrane, which leads to
increase in the level of the neurotransmitter in the synaptic cleft
and enhancement in the serotonin activity responsible for the
development of anti-seizure effect. These findings are consistent
with data, reported by another researcher, indicating an anti-
seizure effect of fluoxetine and monoamine oxidase inhibitors
(MAOIs) in genetically epilepsy-prone mice [44], thus supporting
the idea that fluoxetine has a moderate stimulant effect in reducing
worrying, anxiety, and a feeling of fear. Moreover, the study of the
role of 5-HT in modulation of audiogenic seizures in genetically
epilepsy-prone rats showed that the administration of a neurotoxin
5,7-dihydroxytryptamine (5,7-DHT) induced decreases in
the frequency of audiogenic seizures in the animals due to the
depletion of 5-HT [45].

In recent years, there has been increased interest in the possible
role of serotonin in SUDEP (Sudden Unexpected Death in Epilepsy
where an attack causes respiratory dysfunction such as apnea).
Serotonergic neurons are known to regulate respiration, induce
wakefulness, and raise the seizure threshold [46,47]. Hence,
serotonin deficiency may contribute to SUDEP. Thus, a series of
studies was performed on DBA/1 and DBA/2 mice, in which loud
sounds induced seizures followed by respiratory arrest [48,49],
that were prevented by the antidepressant — fluoxetine [50].

On the other hand, it was shown that the rats, which are
susceptible to audiogenic seizures, have innate deficiency of
GABAergic inhibition, especially in the inferior colliculi of the
corpora quadrigemina [35]. This leads to the absence of decrease in
intensity of the neuronal responses to strong sound signals. Thus,
when a strong audiogenic stimulus is received, a large number of
neurons of the mentioned brain structure are generally activated

DOI: http://dx.doi.org/10.18053/jctres.07.202102.016



282 Ismayilova et al. | Journal of Clinical and Translational Research 2021; 7(2): 277-284

followed by the involvement of the overlying brain structures in
the formation of generalized seizures. In the animals, which are
tolerant to the convulsiogenic effect of a loud sound, however,
there is decrease in intensity of neuronal responses to strong
sound signals in the inferior colliculi of the corpora quadrigemina
by means of GABAergic inhibition. Therefore, even under the
effects of strong audiogenic stimuli, the level of activation of
the overlying areas of the auditory system in the brain remains
rather moderate. Thus, the effect of fluoxetine may not depend on
the GABA receptors and be mediated by the subtypes of a lot of
receptors [51].

5. Conclusion

Given above, we can suppose that decreased manifestation of
seizures in the SS rats after acute administration of fluoxetine may
be explained by highly distinctive repertoire and spatial distribution
of 5-HT receptors in their brain structures in comparison to the
ST rats. Specific pattern and level of 5-HT receptor expression,
which is high in the ST rats and low in the SS ones, are probably
associated with significant innate difference in the levels of 5-HT
in neurons of those types of animals. Thus, the anti-seizure effect
of fluoxetine in Wistar rats may be highly different based on the
innate properties of serotonergic system activity in the brain
structures.

The use of animals with a genetically determined type of
the nervous system will allow to ascertain the link between this
feature and not only relatively simple characteristics of behavior
but also the peculiarities of its organization, as well as to open up
the prospect of experimental treatment of seizure disorders using
pharmacological agents that affect the metabolism of the brain
monoamines.
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