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Endogenous and exogenous serotonin, but
not sumatriptan, ameliorate seizures and
neuroinflammation in the pentylenetetrazole-
induced seizure model in rats

A serotonina end6gena e exdgena, mas ndao o sumatriptano, melhora as convulsdes e a
neuroinflamacao no modelo de convulsao induzida por pentilenotetrazol em ratos

Ibrahim Ethem TORUN', Yasemin BARANOGLU KILINC?, Erkan KILINC'

ABSTRACT

Background: Epilepsy has neuropsychiatric comorbidities such as depression, bipolar disorder, and anxiety. Drugs that target epilepsy may
also be useful for its neuropsychiatric comorbidities. Objective: To investigate the effects of serotonergic modulation on pro-inflammatory
cytokines and the seizuresin pentylenetetrazole (PTZ)-induced seizure model in rats. Methods: Male Wistar rats were injected intraperitoneally
with serotonin, selective serotonin reuptake inhibitor fluoxetine, 5-HT1B/D receptor agonist sumatriptan, or saline 30 min prior to PTZ
treatment. Behavioral seizures were assessed by the Racine’s scale. Concentrations of IL-183, IL.-6,and TNF-a in serum and brain tissue were
determined by ELISA. Results: Serotonin and fluoxetine, but not sumatriptan, alleviated PTZ-induced seizures by prolonging onset times
of myoclonic-jerk and generalized tonic-clonic seizures. The anti-seizure effect of fluoxetine was greater than that of serotonin. Likewise,
serotonin and fluoxetine, but not sumatriptan, reduced PTZ-induced increases in the levels of IL-18 and IL-6 in both serum and brain tissue.
None of the administered drugs including PTZ affected TNF-a concentrations. Conclusions: Our findings suggest that endogenous and
exogenous serotonin exhibits anticonvulsant effects by suppressing the neuroinflammation. It seems that 5-HT1B/D receptors do not mediate
anticonvulsant and anti-neuroinflammatory effects of serotonin.
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RESUMO

Antecedentes: A epilepsia apresenta comorbidades neuropsiquiatricas como depresséao, transtorno bipolar e ansiedade. Os medicamentos
quevisam o tratamento da epilepsia podem ser Uteis para a epilepsia e suas comorbidades neuropsiquiatricas. Objetivo: Investigar os efeitos
da modulacao serotonérgica em citocinas pro-inflamatérias e as convulsées no modelo de convulsao induzida por pentilenotetrazol (PTZ) em
ratos. Métodos: Ratos Wistar machos foram injetados intraperitonealmente com serotonina, inibidor seletivo da recaptacao da serotonina
fluoxetina, sumatriptano agonista do receptor 5-HT1B/ D ou solucao salina 30 min antes do tratamento com PTZ.As crises comportamentais
foram avaliadas pela escala de Racine. As concentracdes de IL-13, IL-6 e TNF-a no soro e tecido cerebral foram determinadas por ELISA.
Resultados: A serotonina e a fluoxetina, mas nao o sumatriptano, aliviaram as convulsoes induzidas por PTZ ao prolongar os tempos de
inicio das convulsoes mioclénicas e tonico-clénicas generalizadas. O efeito anticonvulsivo da fluoxetina foi maior do que o da serotonina. Da
mesma forma, a serotonina e a fluoxetina, mas nao o sumatriptano, reduziram os aumentos induzidos por PTZ nos niveis de IL.-1B e IL-6 no
soro e no tecido cerebral. Nenhum dos medicamentos administrados, incluindo PTZ, alterou as concentracoes de TNF-a. Conclusoes: Nossos
achados sugerem que a serotonina endégena e exégena exibe efeitos anticonvulsivantes por suprimir a neuroinflamacéao. Aparentemente,
os receptores 5-HT1B / D nao medeiam os efeitos anticonvulsivantes e anti-neuroinflamatérios da serotonina.

Palavras-chave: Agonistas do Receptor 5-HT1 de Serotonina; Fluoxetina; Convulsodes; Epilepsia; Inflamacéo.
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INTRODUCTION

Epilepsy is one of the most common neurological disorders
and it is characterized by recurrent seizures. It affects over
70 million people worldwide'. Although it is widely accepted
that an impairment between excitatory and inhibitory neu-
rotransmission leads to epileptic seizures, the exact mecha-
nisms underlying this imbalance are still unclear. However,
increasing evidence suggests that neuroinflammation, as a
trigger for the seizures, is implicated in the pathophysiology
of epilepsy**. Aberrational inflammatory processes such as
long-lasting inflammation cause abnormal neural connectiv-
ity and hyperexcitability that result in the induction of epilep-
tic seizures®®. Additionally, about one third of the patients are
resistant to anti-epileptic drugs that act by different mecha-
nisms. There is an urgent need for new drugs that ensure the
complete recovery.

Serotonergic transmission of the brain plays a key role in
the regulation of cortical excitatory and inhibitory balance’.
Data from preclinical and clinical studies indicate that while
decreased serotonergic neurotransmission in the brain is impli-
cated in the generation and aggravation of epileptic seizures,
the elevated concentrations of synaptic serotonin might exhibit
anticonvulsant actions”". It was demonstrated that sero-
tonin depletion enhanced spontaneous recurrent seizures and
destroyed hippocampal neurons in kainic acid-induced epilepsy
rat model'. Reduced concentrations of hippocampal serotonin
were found in patients with refractory unilateral temporal lobe
epilepsy with hippocampal sclerosis who underwent epilepsy
surgery'% Moreover, epilepsy occurs considerably more frequent
among depressed patients compared to the general population’.
Such serotonergic involvements in the pathophysiology of epi-
lepsy suggest that prominent neuropsychiatric comorbidities
of epilepsy such as depression, bipolar disorders, and anxiety
can enhance the risk of seizures or vice versa'.

The anticonvulsant effects of enhanced serotonergic tone
in the brain are well known. However, mechanisms mediat-
ing the action of serotonin and its potential relationship with
neuroinflammatory processes remain unclear. We explored the
effects and potential mechanisms of action of the modulation
of the serotonergic system by serotonin, selective serotonin
reuptake inhibitor (SSRI) fluoxetine, and 5-HT1B/D receptor
agonist sumatriptan on the neuroinflammatory markers and
epileptic seizures in the pentylenetetrazole-induced seizure
model in rats.

METHODS

Animals

Ethical approval for animal experiments was obtained
from Bolu Abant Izzet Baysal University Animal Experiments
Local-Ethics Committee. Male Wistar rats 9-11 weeks old and
weighing 190 to 220 g were used in the experiments. Rats were
supplied from the Animal House of Bolu Abant Izzet Baysal

University, Turkey. Rats were handled in compliance with the
Guide for the Care and Use of Laboratory Animals. All rats
had free access to a standard rodent feed and water, and were
exposed a 12-h light/dark cycle at 22 + 2°C.

Drugs and reagents

Pentylenetetrazole (PTZ), serotonin hydrochloride (5-HT),
sumatriptan succinate, fluoxetine hydrochloride, cOmplete”
protease inhibitor cocktail, and phosphate-buffered saline were
purchased from Sigma-Aldrich (Schnelldorf, Germany); IL-1,
IL-6, and TNF-a ELISA kits were purchased from ELABscience
(Wuhan, PR. China). Pentylenetetrazole, serotonin, sumatriptan,
and fluoxetine were dissolved in physiological saline (0.9% NaCl).

Experimental groups, drug administrations and
induction of epileptic seizures

Rats were randomly divided into 5 groups, as follows:
Control (n=6), NS (normal saline)+PTZ (n=9), 5-HT+PTZ
(n=8), Fluoxt+PTZ (n=8), and Sumt+PTZ (n=8). We adjusted
the number of rats in the groups to obtain at least 6 surviving
animals in each group for biochemical analyses, since early
death can occur in the PTZ-induced seizure model we used.
All drug administrations were performed via the intraperi-
toneal route. The control group was administered 0.2 mL of
physiological saline both at the start time and after 30 min. The
other groups were administered 0.2 mL of physiological saline,
10 mg/kg serotonin', 10 mg/kg selective serotonin reuptake
inhibitor fluoxetine', and 600 pg/kg 5-HT1B/D receptor agonist
sumatriptan', and also after 30 min, all of them were adminis-
tered 45 mg/kg of pentylenetetrazole**'¢'” to induce epileptic
seizures. Experimental groups and applications are shown in
Figure 1. Following PTZ administration, rats were placed in
plexiglass cages (40 cm X 40 cm X 30 cm) and videotaped for
30 min to assess behavioral seizures using the Racine’s scale.
The stages of seizures were assessed by Racine’s scoring (0-5)
as previously described®®: stage 0, absence of response; stage
1, facial movements with saccade of ears and whiskers; stage
2, myoclonic jerks without rearing; stage 3, clonus of one fore-
limb; stage 4, rearing with bilateral forelimb clonus; stage 5,
generalized tonic-clonic seizures. Based on our previous dose
adjustment studies and papers of other groups, we determined
the dose of PTZ as 45 mg/kg that induced seizure stages speci-

fied in the Racine's scale®$1617,

Collection of blood and brain samples

Since 6 rats survived 24 hours after PTZ administration in
PTZ-treated groups, blood and tissue were collected from 6 rats
in each group. Briefly, under ketamine anesthesia (90 mg/kg,
i.p.), about 5 mL of blood was collected by a syringe from the
right ventricle of rats that survived 24 hours after PTZ injection
(number of deaths induced by PTZ in the groups is given in Table
1). Shortly after, the head regions of all animals were perfused
transcardially with 150 mL heparinized phosphate-buffered
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saline (PBS, pH 7.4) to remove blood from the brain tissue. Blood
samples were immediately centrifuged at 1000 g for 15 min at
4°C. The separated serum samples were stored at -80°C for a
week until assayed for cytokines. After transcardial perfusion,
the cranium of rats was opened and the whole brain without
cerebellum was gently harvested. The brain tissue samples were

homogenized at 4°C in fixed volumes (100 mg wet tissue/1 mL)
of PBS (pH 7.4) containing the protease inhibitor cocktail using
a light-duty Ultra-Turrax homogenizer (ISOLAB, Wertheim,
Germany). The homogenates were centrifuged at 10,000 g for
15 min at 4°C, and the separated supernatant samples were
stored at -80°C until assayed for cytokines.
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Figure 1. Experimental design and applications.

Table 1. The number and percentage of animals with generalized tonic-clonic seizures and deaths induced by PTZ in the groups.

GTCS Deaths

Groups Total number of subject
number % number %

NS+PTZ 9 100 3* 33.3 9

5-HT+PTZ 8 100 2 25 8

Fluoxt+PTZ 8 100 2% 25 8

Sumt+PTZ 8 100 2% 25 8

*P=0.973 (Pearson Chi-Square). NS: normal saline; 5-HT: serotonin; fluoxt: fluoxetine; sumt: sumatriptan; PTZ: pentylenetetrazole.

Determination of IL-1B3, IL-6,and TNF-a in
brain homogenates by ELISA

The concentrations of IL-1f, IL-6 and TNF-a in brain tissue
were determined by enzyme-linked immunosorbent assay kits.
The detection limit was ~19 pg/mL for IL-1pB, ~38 pg/mL for IL-6
and ~47 pg/mL for TNF-a. The assay was performed in compli-
ance with the instructions of manufacturer and in duplicates.
After, 100 pL of sample or IL-1B, IL-6, and TNF-o standard was
added to wells of a 96-well plate. The plate was incubated for
1.5 h at 37°C. Next, the liquids in the plate were removed, and
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instantly 100 pL biotinylated detection Ab solution was added
to the wells, and the plate was incubated for 1 h at 37°C. Next,
the plate was washed 3 times with the wash buffer, 100 pL HRP
conjugate was added to the wells, and the plate was incubated
for 0.5 h at 37°C. Next, the plate was washed 5 times with the
wash buffer, 90 pL substrate solution was added to the wells,
and the plate was incubated for 15 min at 37°C. Then, 50 pL of
stop solution was added to the wells. The optical density was
determined at 450 nm in the microplate reader (Epoch BioTek
Instruments, Inc. Highland Park).



Statistical analysis

Data are given as mean+SEM. SPSS statistical package
program was used for the statistical analysis of the data (IBM
SPSS Statistics for Windows, Version 22.0, IBM Corp, Armonk,
NY, USA). Analysis of data distribution was carried out using
the Shapiro-Wilk test. The groups were compared by ANOVA
followed by Bonferroni post hoc tes, or by Kruskal-Wallis fol-
lowed by Dunn's multiple comparison test. A p<0.05 was con-
sidered significant.

RESULTS

The effects of serotonergic drugs
on the PTZ-evoked seizures

Allrats developed seizures following PTZ injection (Table 2).
Pre-administration of both serotonin and fluoxetine significantly

Table 2. Number of rats displaying seizures after PTZ injection.

extended the onset time of the first myoclonic jerk compared
with the NS+PTZ group (P=0.001 and P= 0.0001, Figure 2A).
However, sumatriptan pre-treatment had no effect on the onset
time of the first myoclonic jerk compared with the NS+PTZ
group (P=1.0, Figure 2A).

In addition, pre-administration of both serotonin and fluox-
etine significantly extended the onset time of generalized tonic-
clonic seizures compared with the NS+PTZ group (P=0.0001,
Figure 2B). Moreover, the effect of fluoxetine was greater than
that of serotonin (Fluoxt+PTZ group versus 5-HT+PTZ group,
P=0.002, Figure 2B). Sumatriptan pre-treatment did not affect
the onset time of generalized tonic-clonic seizures compared
with the NS+PTZ group (P=1, Figure 2B).

The pre-administration of serotonin, fluoxetine and sumat-
riptan had no effect on the duration of generalized tonic-clonic
seizures compared with the NS+PTZ group (P=0.08, Figure

Seizure stage

Groups

NS+PTZ (n=9) 5-HT+PTZ (n=8)
Stage 0 0 0
Stage 1 0 0
Stage 2 0 0
Stage 3 0 0
Stage 4 0 2
Stage b5 9 6

Fluoxt+PTZ (n=8) Sumt+PTZ (n=8)

o N O O O O
o O O O O o

NS: normal saline; 5-HT: serotonin; fluoxt: fluoxetine; sumt: sumatriptan; PTZ: pentylenetetrazole; GTCS: generalized tonic-clonic seizures.

A

B

**P < 0.01 and ***P < 0.001. ANOVA followed by Bonferroni post-hoc test. NS: normal saline; 5-HT: serotonin; fluoxt: fluoxetine; sumt: sumatriptan; PTZ:

pentylenetetrazole; n.s.: non-significance.

Figure 2. The effects of serotonin, fluoxetine and sumatriptan on behavioral seizures and seizure score in PTZ-induced epileptic
rats. A: Effects of serotonin, fluoxetine, and sumatriptan on the onset time of first myoclonic jerk; B: Onset time of generalized
tonic-clonic seizure; C: Duration of generalized tonic-clonic seizure; D: Average seizure score.
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2C). Similarly, these drugs did not affect the average seizure
score (P=0.196, Figure 2D). Additionally, pre-administrations of
serotonin, fluoxetine, and sumatriptan did not affect survival
in PTZ-induced epileptic rats compared with the NS+PTZ
group (P=0.973, Pearson Chi-Square test, Table 1). Analysis of
behavioral parameters of seizures, except for survival rates,
was performed by ANOVA followed by Bonferroni post-hoc
test. Mean values of drug effects on the behavioral seizures’
parameters are given in Table 3.

Effects of serotonergic drugs on the concentrations
of pro-inflammatory cytokines in the serum and
brain tissue in PTZ-induced epileptic rats

PTZ treatment significantly increased both IL-1p and IL-6
concentrations in both serum (P=0.0001 for IL-1f, Figure 3A

and P=0.014 for IL-6, Figure 3C) and brain tissue (P=0.0001 for
IL-1B, Figure 3B and P=0.006, Figure 3D) (NS+PTZ group versus
Control group). Contrarily, it did not change TNF-a concen-
trations both in serum (P=0.145, Figure 3E) and brain tissue
(P=0.897, Figure 3F).

On the other hand, pretreatment of both serotonin and
fluoxetine significantly reduced the increases in concentrations
of both IL-1B and IL-6 induced by PTZ in serum (P=0.033 for
IL-1PB, Figure 3A and P=0.039 for IL-6, Figure 3C) and brain tis-
sue (P=0.025 for IL-1B, Figure 3B and P= 0.048 for IL-6, Figure
3D), compared to NS+PTZ, respectively. However, sumatriptan
pretreatment did not change IL-1B and IL-6 levels in serum
(P=1.0 for IL-1B and IL-6, Figure 3A and C) and brain tissue
(P=1.0 for IL-1P and IL-6, Figure 3B and D).

Table 3. Mean values for effects of the drugs on behavioral seizure parameters.

Groups Behavioral seizure parameters
Onset time of first onset time of generalized duration of generalized )
T : e . e average seizure score
myoclonic jerk tonic-clonic seizure tonic-clonic seizure
NS+PTZ 63.3+3.8 81.2+4.4 41.4+3.2 5+0.0
5-HT+PTZ 1171+8.2 146.1+9.8 36.6+£4.5 4.7+01
Fluoxt+PTZ 145.5+16.1 199.0+14 39.6+3.4 4.7+0.1
Sumt+PTZ 65.1+£3.3 91.5+5.2 50.7+£3.9 5+0.0

Values are presented as mean + SEM. SEM: standard error of the mean; NS: normal saline; 5-HT: serotonin; fluoxt: fluoxetine; sumt: sumatriptan; PTZ:

pentylenetetrazole; GTCS: generalized tonic-clonic seizures.

A C

*P < 0.05, **P < 0.01, and ***P < 0.001. Kruskal-Wallis followed by Dunn’s test. NS: normal saline; 5-HT: serotonin; fluoxt: fluoxetine; sumt: sumatriptan; PTZ:

pentylenetetrazole; n.s.: non-significance.

Figure 3. Effects of serotonin, fluoxetine, and sumatriptan on concentrations of pro-inflammatory cytokines in serum and brain
tissue in PTZ-induced epileptic rats. Effects of serotonin, fluoxetine, and sumatriptan on concentrations of IL-1B in serum (A) and
brain tissue (B), on the concentrations of IL-6 in serum (C) and brain tissue (D), on the concentrations of TNF-a in serum (E) and

brain tissue (F). N=6 for each group.
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Similar to PTZ treatment, pre-treatments with serotonin,
fluoxetine and sumatriptan did not affect the concentrations of
TNF-a in serum and brain tissue, (P>0.05 for all comparisons,
Figure 3E and F). Data from pro-inflammatory cytokines were

analyzed by Kruskal-Wallis followed by Dunn's multiple compari-
son test. Mean values for drug effects on the pro-inflammatory
cytokines' parameters are given in Table 4.

Table 4. Mean values for effects of the drugs on biochemical parameters.

Biochemical parameters

Groups

IL-1 beta IL-6 TNF alpha

Plasma (pg/mL) Brain ) Plasma (pg/mL) Brain . Plasma (pg/mL) Brain )

(pg/mg wet tissue) (pg/mg wet tissue) (pg/mg wet tissue)

Control 55.5+3.3 51.3+1.2 215.2+£7.0 385.7+83.7 306.4£24.3 179.6+£12.0
NS+PTZ 215.848.2 275.2+4.3 508.2£33.2 963.1£68.2 423.9+47.7 203.6£5.0
5-HT+PTZ 74.2+£2.0 86.3+8.5 217.7+2.3 402.3+40.3 317.7+49.3 187.9+10.2
Fluoxt+PTZ  72.3%4.7 84.0£5.2 207.3£10.2 387.8+17.5 315.5£24.6 180.9+71
Sumt+PTZ 130.2+12.6 147.4+6.6 256.4+21.0 922.3+61.0 349.6+5.3 191.4£11.8

Values are presented as mean + SEM. SEM: standard error of the mean; IL: interleukin; NS: normal saline; 5-HT: serotonin; fluoxt: fluoxetine; sumt: sumatriptan;

PTZ: pentylenetetrazole; GTCS: generalized tonic-clonic seizures.

DISCUSSION

In the current study, we showed that both serotonin and
fluoxetine, but not sumatriptan, alleviated PTZ-induced seizures
by prolonging the onset-times of myoclonic jerks and general-
ized tonic-clonic seizures, respectively. In addition, the effect of
fluoxetine on the generalized tonic-clonic seizures was greater
than that of serotonin. On the other hand, PTZ elevated the
levels of pro-inflammatory cytokines IL-1p and IL-6, without
changing TNF-a levels, in serum and brain tissue. However,
pre-treatments with serotonin and fluoxetine, but not sumat-
riptan, reduced the increases in the levels of IL-1p and IL-6 in
serum and brain tissue evoked by PTZ.

Accumulating preclinical and few clinical evidence indicates
that extracellular serotonin enhancement by 5-hydroxytryp-
tophan and SSRIs exhibits anticonvulsant effects'. Fluoxetine
diminished the spontaneous seizure rate in pilocarpine-induced
epilepsy rat model'® and reversed status epilepticus-evoked aug-
mentation in brain excitability in lithium-pilocarpine-induced
rat model of epilepsy". Direct intrahippocampal administra-
tion of exogenous serotonin also suppressed seizures in pilo-
carpine-induced seizure model®. Additionally, a clinical study
reported that frequency of seizures was decreased in patients
with epilepsy who received fluoxetine or citalopram?.

Our findings regarding the anticonvulsant effects of sero-
tonin and fluoxetine on the seizures are in line with those
previous studies. However, the vast majority of previous stud-
ies focused on the effects of endogenous serotonin enhanced
by SSRIs rather than exogenous serotonin. Herein, we further
confirmed the anticonvulsant action of exogenous serotonin
treatment by demonstrating that it extended the onset-times
of myoclonic jerks and generalized tonic-clonic seizures in
PTZ-induced seizure model. In addition, we found that the
anticonvulsant effect of endogenous serotonin enhanced by

fluoxetine on generalized tonic-clonic seizures was greater
than that of exogenous serotonin. This may be due to the fact
that fluoxetine may elevate the extracellular serotonin con-
centration in the brain more than exogenous administration
of serotonin. Additionally, the intraperitoneal application of
serotonin may preclude the substance to reach the brain due
to enzymatic degradation.

Increasing evidence suggests that the anti-seizure actions of
serotonin are mostly mediated by 5-HT1A, 5-HT2C, and 5-HT3
receptors'®*??, For instance, a preclinical study demonstrated
that two 5HT1A receptor agonists, 8-OH-DPAT and indorenate,
exhibited therapeutic effects against epileptic activity depend-
ing on the type of seizure in three different animal models of
epileptic seizures™. However, activation of 5-HT1B/D receptors
were reported to exert dual effects on seizures®**. 5-HT1B/D
receptor agonist sumatriptan exhibited biphasic effect on
seizures in a dose-dependent manner in PTZ-evoked seizure
model in mice®. In the current study, although we chose the
most probable dosage for potential anticonvulsant effect's%,
activation of 5-HT1B/D receptors by sumatriptan did not exert
pro-convulsant or anti-convulsant action. Thus, more studies
are needed to clarify these dilemmas.

On the other hand, it is well established that neuroin-
flammation, including enhanced release of pro-inflammatory
cytokines such as IL-1B, IL-6 and TNF-a, plays a central role
in epileptogenesis®®. It was stated that IL-1B increases neu-
ronal over-excitability by promoting glutamate release from
astrocytes, and by decreasing its re-uptake®. It was shown that
intranasal treatment of IL-6 exerted pro-convulsive impacts in
PTZ-induced seizure model®. Additionally, TNF-o increased
the expression of AMPA receptors and triggered GABA recep-
tor endocytosis in hippocampal neuronal cultures®, thus facili-
tating seizure generation by enhancing the excitatory tone in
the brain. Moreover, it was found that lasting febrile seizures
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elevated cerebrospinal fluid levels of IL-1f, IL-6, and TNF-a in
patients”. Enhanced concentrations of IL-1f in epileptogenic
brain tissue specimens of patients with temporal lobe epilepsy
lowered GABA-mediated neurotransmission and stimulated
the initiation of seizures™.

Studies on whether the serotonergic system modulation
exerts its anticonvulsant effects through neuroinflammatory
processes are very limited. We found that serotonin and fluox-
etine, but not sumatriptan, decreased PTZ-induced increases
inIL-1P and IL-6 levels in serum and brain tissue. In addition,
although not statistically significant, 5-HT and fluoxetine
decreased seizure severity. Therefore, we can speculate that
depending on the decrease in seizure severity, IL-18 and IL-6
levels may have decreased in both 5-HT and fluoxetine groups.
Furthermore, the seizure severity was stage 5 in the sumatrip-
tan-pretreated group and sumatriptan did not decrease the
levels of these pro-inflammatory cytokines. Hence, these find-
ings also clearly support our speculation. Our findings are in
line with the previous studies mentioned above. Moreover, this
anti-neuroinflammatory effect of serotonin further strengthens
our findings regarding its anti-seizure effects and opens new
insights about potential mechanisms of action of serotonergic
modulation on the epileptic seizures.

Serotonin is a high affinity natural ligand for 5-HT receptors
including 5-HT1B/D receptors. In addition to their neuropsy-
chiatric effects such as major depressive disorder and anxiety
states, activation of 5-HT1B/D receptors mediates anti-neuro-
inflammatory effects mainly through inhibition of vasoactive
neuropeptide calcitonin and gene-related peptide release from
trigeminal sensory fibers®**2%. On the contrary, in the present
study, activation of 5-HT1B/D receptors by sumatriptan did
not display anti-neuroinflammatory effects. This may be due
to the lower expression of 5-HT1B/D receptors in neurons
in the region of seizure generation. However, endogenous or
exogenous serotonin exhibited anti-neuroinflammatory effects,
suggesting that this effect may be a common consequence of
activation of multiple 5-HT receptors by serotonin.

Our findings regarding anti-inflammatory effects of sero-
tonin and fluoxetine are in accordance with previous studies
reporting their potential immunoregulatory functions. It was
reported that serotonin represses the release of TNF-o and
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IL-1B through 5-HT receptors in monocytes/macrophages™.
Moreover, it was demonstrated that serotonin inhibited lipo-
polysaccharide-stimulated pro-inflammatory cytokine produc-
tion from human macrophages by 5-HT7-PKA axis®.

SSRIsertraline reduced PTZ-induced increases in IL-1p and
TNF-a mRNA expressions in rat hippocampus®. In contrast,
in our study, PTZ did not lead to an increase in TNF-a levels
in serum or brain tissue. Likewise, the other administrations
also showed no effect. We measured the TNF-a peptide, but
not mRNA. Therefore, the reason for this difference may be
that TNF-a peptide may degrade faster than its mRNA. On the
other hand, sumatriptan showed no effect on PTZ-induced
increases in IL-1P and IL-6 levels as well as on PTZ-induced
behavioral seizures.

Compared to the PTZ group, these unchanged IL-6 and
IL-1PB levels in the sumatriptan plus PTZ group may be due to
the seizure effect, since seizure severity did not decrease in this
group. Moreover, we measured these pro-inflammatory cyto-
kines in plasma and brain tissue after PTZ injections following
pretreatment of serotonergic drugs rather than shortly before
PTZ injection. Therefore, PTZ administered after sumatriptan
pretreatment may have suppressed the effect of sumatriptan.
However, our current findings suggest that anticonvulsant and
anti-neuroinflammatory effect of serotonin may not be medi-
ated by 5-HT1B/D receptors.

Taken together, our findings are of great importance in
terms of treatment of epilepsy and its neuropsychiatric comor-
bidities, as epilepsy patients experiencing long-lasting active
epilepsy have higher rates of neuropsychiatric comorbidities
such as depression, bipolar disorders, and anxiety'. Drugs
targeting monoamines such as serotonin are commonly used
in the treatment of these neuropsychiatric comorbidities.
Therefore, drugs targeted at increasing serotonin levels in the
synaptic cleft, such as SSRIs, may be useful for treatment of
both epilepsy and its neuropsychiatric comorbidities by act-
ing as anticonvulsant and antidepressant.

In conclusion, our findings suggest that endogenous and
exogenous serotonin exhibit anticonvulsant effects by sup-
pressing neuroinflammation in PTZ-induced seizure model. It
seems that 5-HT1B/D receptors are not responsible for these
effects of serotonin.

1. Thijs RD, Surges R, O'Brien TJ, Sander JW. Epilepsy in adults. Lancet.
2019 Feb 16;393(10172):689-701. https://doi.org/10.1016/S0140-
6736(18)32596-0

2. Kilinc E, Gunes H. Modulatory effects of neuropeptides on
pentylenetetrazol-induced epileptic seizures and neuroinflammation
in rats. Rev Assoc Med Bras (1992). 2019 Oct 10;65(9):1188-92.
https://doi.org/10.1590/1806-9282.65.9.1188

3. Rana A, Musto AE. The role of inflammation in the development of
epilepsy.J Neuroinflammation. 2018 May 15;15(1):144. https:/doi.
org/10.1186/s12974-018-1192-7

4. Vezzani A, French J, Bartfai T, Baram TZ. The role of inflammation

Arg Neuropsiquiatr 2022;80(1):48-55

in epilepsy. Nat Rev Neurol. 2011 Jan;7(1):31-40. https://doi.
org/10.1038/nrneurol.2010.178

5. Hendriksen E, van Bergeijk D, Oosting RS, Redegeld FA. Mast cells in
neuroinflammation and brain disorders. Neurosci Biobehav Rev. 2017
Aug;79:119-33. https://doi.org/10.1016/j.neubiorev.2017.05.001

6. Musto AE, Rosencrans RF, Walker CP, Bhattacharjee S, Raulji CM,
Belayev L, et al. Dysfunctional epileptic neuronal circuits and
dysmorphic dendritic spines are mitigated by platelet-activating
factor receptor antagonism. Sci Rep. 2016 Jul 22;6:30298. https://doi.
org/10.1038/srep30298

7. Gidal BE. Serotonin and epilepsy: the story continues. Epilepsy Curr.


https://doi.org/10.1016/S0140-6736(18)32596-0
https://doi.org/10.1016/S0140-6736(18)32596-0
https://doi.org/10.1590/1806-9282.65.9.1188
https://doi.org/10.1186/s12974-018-1192-7
https://doi.org/10.1186/s12974-018-1192-7
https://doi.org/10.1038/nrneurol.2010.178
https://doi.org/10.1038/nrneurol.2010.178
https://doi.org/10.1016/j.neubiorev.2017.05.001
https://doi.org/10.1038/srep30298
https://doi.org/10.1038/srep30298

20.

21.

22.

2013 Nov;13(6):289-90. https://doi.org/10.5698/1535-7597-13.6.289

Kilinc E, Torun IE, Cetinkaya A, Tore F. Mast cell activation ameliorates
pentylenetetrazole-induced seizures in rats: the potential role for
serotonin. EurJ Neurosci. 2021 Feb 10. Epub ahead of print. https:/
doi.org/10.1111/ejn.15145

Kanner AM. Is depression associated with an increased risk of
treatment-resistant epilepsy? Research strategies to investigate
this question. Epilepsy Behav. 2014 Sep 1;38:P3-7. https:/doi.
org/10.1016/j.yebeh.2014.06.027

Hamid H, Kanner AM. Should antidepressant drugs of the selective
serotonin reuptake inhibitor family be tested as antiepileptic drugs?
Epilepsy Behav. 2013 Mar 1;26(3):P261-5. https://doi.org/10.1016/j.
yebeh.2012.10.009

Maia GH, Brazete CS, Soares JI, Luz LL, Lukoyanov NV. Serotonin
depletion increases seizure susceptibility and worsens
neuropathological outcomes in kainate model of epilepsy.

Brain Res Bull. 2017 Sep;134:109-20. https://doi.org/10.1016/j.
brainresbull.2017.07.009

da Fonseca NC,Joaquim HPG, Talib LL, de Vincentiis S, Gattaz WF,
Valente KD. Hippocampal serotonin depletion is related to the
presence of generalized tonic-clonic seizures, but not to psychiatric
disorders in patients with temporal lobe epilepsy. Epilepsy Res. 2015
Mar;111:18-25. https://doi.org/10.1016/j.eplepsyres.2014.12.013

Rocha L, Alonso-Vanegas M, Orozco-Suérez S, Alcantara-Gonzalez D,
Cruzblanca H, Castro E. Do certain signal transduction mechanisms
explain the comorbidity of epilepsy and mood disorders?

Epilepsy Behav. 2014 Sep 1;38:P25-31. https://doi.org/10.1016/j.
yebeh.2014.01.001

Conley RK, Hutson PH. Effects of acute and chronic treatment with
fluoxetine on stress-induced hyperthermia in telemetered rats and
mice. EurJ Pharmacol. 2007 Jun 14;564(1-3):138-45. https://doi.
0rg/10.1016/j.ejphar.2007.02.063

Bates EA, Nikai T, Brennan KC, Fu Y-H, Charles AC, Basbaum Al, et
al. Sumatriptan alleviates nitroglycerin-induced mechanical and
thermal allodynia in mice. Cephalalgia. 2010 Feb 1;30(2):170-8.
https://doi.org/10.1111/j.1468-2982.2009.01864.x

Taskiran AS, Tastemur Y. The role of nitric oxide in anticonvulsant
effects of lycopene supplementation on pentylenetetrazole-induced
epileptic seizures in rats. Exp Brain Res. 2021 Feb;239(2):591-9.
https://doi.org/10.1007/s00221-020-06012-5

Sefil F, Kahraman I, Dokuyucu R, Gokce H, Ozturk A, Tutuk O, et al.
Ameliorating effect of quercetin on acute pentylenetetrazole induced
seizures in rats. IntJ Clin Exp Med. 2014 Sep 15;7(9):2471-7.

Hernandez EJ, Williams PA, Dudek FE. Effects of fluoxetine

and TFMPP on spontaneous seizures in rats with pilocarpine-
induced epilepsy. Epilepsia. 2002 Nov;43(11):1337-45. https:/doi.
org/10.1046/j.1528-1157.2002.48701.x

Mazarati A, Siddarth P, Baldwin RA, Shin D, Caplan R, Sankar R.
Depression after status epilepticus: behavioural and biochemical
deficits and effects of fluoxetine. Brain. 2008 Aug;131(8):2071-83.
https://doi.org/10.1093/brain/awn117

Clinckers R, Smolders I, Meurs A, Ebinger G, Michotte Y.
Anticonvulsant action of hippocampal dopamine and serotonin is
independently mediated by D and 5-HT receptors.J Neurochem. 2004
May;89(4):834-43. https://doi.org/10.1111/j.1471-4159.2004.02355.x

Albano C, Cupello A, Mainardi P, Scarrone S, Favale E. Successful
treatment of epilepsy with serotonin reuptake inhibitors: proposed
mechanism. Neurochem Res. 2006 Apr;31(4):509-14. https:/doi.
org/10.1007/s11064-006-9045-7

Zhao H, LinY,Chen S, Li X, Huo H. 5-HT3 Receptors: a potential
therapeutic target for epilepsy. Curr Neuropharmacol. 2018;16(1):29-
36. https://doi.org/10.2174/15701569X15666170508170412

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

Lopez-Meraz M-L, Gonzalez-Trujano M-E, Neri-Bazan L, Hong
E,Rocha LL. 5-HT1A receptor agonists modify epileptic seizures

in three experimental models in rats. Neuropharmacology. 2005
Sep;49(3):367-75. https://doi.org/10.1016/j.neuropharm.2005.03.020

Gharedaghi MH, Seyedabadi M, Ghia J-E, Dehpour AR, Rahimian
R.The role of different serotonin receptor subtypes in seizure
susceptibility. Exp Brain Res. 2014 Feb;232(2):347-67. https:/doi.
org/10.1007/s00221-013-3757-0

Gooshe M, Ghasemi K, Rohani MM, Tafakhori A, Amiri S, Aghamollaii
V, et al. Biphasic effect of sumatriptan on PTZ-induced seizures in
mice: Modulation by 5-HT1B/D receptors and NOS/NO pathway.
EurdJ Pharmacol. 2018 Apr 5;824:140-7. https://doi.org/10.1016/j.
ejphar.2018.01.025

Alyu F, Dikmen M. Inflammatory aspects of epileptogenesis:
contribution of molecular inflammatory mechanisms. Acta
Neuropsychiatr. 2017 Feb;29(1):1-16. https://doi.org/10.1017/
neu.2016.47

Kalueff AV, Lehtimaki KA, Ylinen A, Honkaniemi J, Peltola J. Intranasal
administration of human IL-6 increases the severity of chemically
induced seizures in rats. Neurosci Lett. 2004 Jul 22;365(2):106-10.
https://doi.org/10.1016/j.neulet.2004.04.061

Stellwagen D, Beattie EC, Seo JY, Malenka RC. Differential regulation
of AMPA receptor and GABA receptor trafficking by tumor necrosis
factor-alpha.J Neurosci. 2005 Mar 23;25(12):3219-28. https://doi.
org/10.1523/JNEUROSCI.4486-04.2005

Ichiyama T, Nishikawa M, Yoshitomi T, Hayashi T, Furukawa S. Tumor
necrosis factor-alpha, interleukin-1 beta, and interleukin-6 in
cerebrospinal fluid from children with prolonged febrile seizures.
Comparison with acute encephalitis/encephalopathy. Neurology.
1998 Feb;50(2):407-11. https://doi.org/10.1212/WNL.50.2.407

Roseti C,van Vliet EA, Cifelli P, Ruffolo G, Baayen JC, Di Castro MA, et
al. GABAA currents are decreased by IL-1p in epileptogenic tissue of
patients with temporal lobe epilepsy: implications for ictogenesis.
Neurobiol Dis. 2015 Oct;82:311-20. https://doi.org/10.1016/j.
nbd.2015.07.003

Kilinc E, Guerrero-Toro C, Zakharov A, Vitale C, Gubert-Olive

M, Koroleva K, et al. Serotonergic mechanisms of trigeminal
meningeal nociception: implications for migraine pain.
Neuropharmacology. 2017 Apr;116:160-73. https:/doi.org/10.1016/j.
neuropharm.2016.12.024

Kilinc E, Tore F, Dagistan Y, Bugdayci G. Thymoquinone inhibits
neurogenic inflammation underlying migraine through modulation
of calcitonin gene-related peptide release and stabilization of
meningeal mast cells in glyceryltrinitrate-induced migraine model in
rats. Inflammation. 2020 Feb;43(1):264-73. https://doi.org/10.1007/
s10753-019-01115-w

Gharishvandi F, Abdollahi A, Shafaroodi H, Jafari RM, Pasalar

P, Dehpour AR. Involvement of 5-HT1B/1D receptors in the
inflammatory response and oxidative stress in intestinal ischemia/
reperfusion in rats. EurJ Pharmacol. 2020 Sep 5;882:173265. https:/
doi.org/10.1016/j.ejphar.2020.173265

Herr N, Bode C, Duerschmied D. The effects of serotonin in
immune cells. Front Cardiovasc Med. 2017 Jul 20;4:48. https:/doi.
org/10.3389/fcvm.2017.00048

Dominguez-Soto A, Usategui A, de Las Casas-Engel ML, Simén-
Fuentes M, Nieto C, Cuevas VD, et al. Serotonin drives the acquisition
of a profibrotic and anti-inflammatory gene profile through the
5-HT7R-PKA signaling axis. Sci Rep. 2017 Nov 7;7(1):14761. https:/
doi.org/10.1038/s41598-017-15348-y

Sitges M, Gomez CD, Aldana BI. Sertraline reduces IL-1p and TNF-a
mMRNA expression and overcomes their rise induced by seizures in
the rat hippocampus. PLoS One. 2014 Nov 3;9(11):e111665. https:/
doi.org/10.1371/journal.pone.0111665

Torun IE, et al. Serotonergic effects on neuroinflammation and seizures. 55


https://doi.org/10.5698/1535-7597-13.6.289
https://doi.org/10.1111/ejn.15145
https://doi.org/10.1111/ejn.15145
https://doi.org/10.1016/j.yebeh.2014.06.027
https://doi.org/10.1016/j.yebeh.2014.06.027
https://doi.org/10.1016/j.yebeh.2012.10.009
https://doi.org/10.1016/j.yebeh.2012.10.009
https://doi.org/10.1016/j.brainresbull.2017.07.009
https://doi.org/10.1016/j.brainresbull.2017.07.009
https://doi.org/10.1016/j.eplepsyres.2014.12.013
https://doi.org/10.1016/j.yebeh.2014.01.001
https://doi.org/10.1016/j.yebeh.2014.01.001
https://doi.org/10.1016/j.ejphar.2007.02.063
https://doi.org/10.1016/j.ejphar.2007.02.063
https://doi.org/10.1111/j.1468-2982.2009.01864.x
https://doi.org/10.1007/s00221-020-06012-5
https://doi.org/10.1046/j.1528-1157.2002.48701.x
https://doi.org/10.1046/j.1528-1157.2002.48701.x
https://doi.org/10.1093/brain/awn117
https://doi.org/10.1111/j.1471-4159.2004.02355.x
https://doi.org/10.1007/s11064-006-9045-7
https://doi.org/10.1007/s11064-006-9045-7
https://doi.org/10.2174/1570159X15666170508170412
https://doi.org/10.1016/j.neuropharm.2005.03.020
https://doi.org/10.1007/s00221-013-3757-0
https://doi.org/10.1007/s00221-013-3757-0
https://doi.org/10.1016/j.ejphar.2018.01.025
https://doi.org/10.1016/j.ejphar.2018.01.025
https://doi.org/10.1017/neu.2016.47
https://doi.org/10.1017/neu.2016.47
https://doi.org/10.1016/j.neulet.2004.04.061
https://doi.org/10.1523/JNEUROSCI.4486-04.2005
https://doi.org/10.1523/JNEUROSCI.4486-04.2005
https://doi.org/10.1212/WNL.50.2.407
https://doi.org/10.1016/j.nbd.2015.07.003
https://doi.org/10.1016/j.nbd.2015.07.003
https://doi.org/10.1016/j.neuropharm.2016.12.024
https://doi.org/10.1016/j.neuropharm.2016.12.024
https://doi.org/10.1007/s10753-019-01115-w
https://doi.org/10.1007/s10753-019-01115-w
https://doi.org/10.1016/j.ejphar.2020.173265
https://doi.org/10.1016/j.ejphar.2020.173265
https://doi.org/10.3389/fcvm.2017.00048
https://doi.org/10.3389/fcvm.2017.00048
https://doi.org/10.1038/s41598-017-15348-y
https://doi.org/10.1038/s41598-017-15348-y

