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Abstract

The focal epilepsy is a chronic neurological brain disorder which affects millions of people in the world. There is emerging
evidence that changes in the gut microbiota may have effects on epileptic seizures. In the present study, we examined the
effect of probiotics on penicillin-induced focal seizure model in rats. Male Wistar Albino rats (n: 21) were randomly divided
into three groups: control (no medication), penicillin and penicillin + probiotic. Probiotic VSL#3 (12.86 bn living bacteria/kg/
day) was given by gavage for 30 days. The seizures were induced by intracortical injection of penicillin G (500 IU) into the
cortex. An ECoG recordings were made for 180 min after penicillin G application. The spike frequency and the amplitude
were used to assess the severity of seizures. Tumor necrosis factor (TNF-a), nitric oxide (NO) and interleukin (IL-6) levels
in the brain were studied biochemically. Our results indicated that probiotic supplementation improved focal seizures through
increasing the latency (p < 0.001) and decreasing the spike frequency (p <0.01) compared to the penicillin group. Penicillin-
induced seizure in rats significantly enhanced TNF-a (p <0.01), NO (p <0.01) and IL-6 (p <0.05) compared to the control.
Probiotic supplementation significantly decreased IL-6 (p <0.05), TNF-a (p<0.01) and NO (p <0.001) compared to the
penicillin group. When the body weights were compared before and after the experiment, there was no difference between
the control and penicillin groups, but it was observed that the body weight decreased after probiotic supplementation in the
penicillin 4 probiotic group. Probiotic supplementation may have anti-seizure effect by reducing proinflammatory cytokine
and NO levels in epileptic rat brain.
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Introduction

Epilepsy is a chronic neurological disease that affects mil-
lions of people worldwide [1]. In addition, approximately
30% of patients with epilepsy are resistant to traditional
antiepileptic drugs and new treatment approaches are needed
to control epileptic seizures in patients suffering from this
disease [2].

The human gut microbiome including ~ 100 trillion
microbes such as fungi, bacteria, viruses and protozoa [3].
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Studies investigating the role of the gut microbiome in health
and disease are increasing day by day. The gut microbiota
plays an important role in the brain function [4]. Recently,
it has been shown that changes in the microbiome and the
role of the gut microbiome are the basis of neurodegenera-
tive diseases [5].

The composition of the gut microbiota may be altered by
environmental factors such as medication, stress and diet [4].
It was reported that changes in the composition and amount
of gut microorganisms may have an effect on the forma-
tion of epileptiform activity [4, 5]. Probiotics are the living
microorganisms beneficial for animals and humans when
supplemented adequately [6].

VSL#3 is a high-concentration probiotic mixture of eight
live bacterial species including four strains of Lactobacillus,
three strains of Bifidobacterium and one strain of Streptococ-
cus [7, 8]. Different bacterial strains have various effects.
For example, the strains of Bacillus genus can generate
noradrenalin and dopamine while the Lactobacilli strains
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can generate y-aminobutyric acid (GABA) and acetylcho-
line. Bifidobacteria strains, on the other hand, can produce
GABA, and Streptococcus strain can generate serotonin
(5-hydroxytryptamine, 5-HT) [9-12]. It was shown that
the Streptococcus thermophilus can play an important role
in defense system [7]. In most studies, use of VSL#3 was
proven to be safe and well tolerated, but few studies investi-
gated its effectiveness on epilepsy [8, 13].

The penicillin epilepsy model is widely used focal seizure
models [14]. Penicillin is a GABA antagonist. When injected
intracortical, it causes seizures that start focally and continue
as generalized [15]. Therefore, the aim of the present study
was to examine the effect of probiotic supplementation on
epileptiform activity in experimental focal penicillin epi-
lepsy model.

Material and Methods
Animal

Male Wistar Albino rats were used in the present study (n:
21). The day/night cycle is very important for the normal
physiological behavior of these animals. For this reason, rats
were housed in well-ventilated rooms with a 12-h light/12-h
dark cycle, a relative humidity of 45-60%, and an average
ambient temperature of 23 °C. Feed and water were provided
to the rats ad libitum. All study procedures were approved by
the Tokat Gaziosmanpasa University Local Ethical Commit-
tee for Animal Experiments (HADYEK/2019-10).

Drugs
The study was performed in general anesthetized rats. Ure-

thane (1.25 g/kg) was given intraperitoneally (i.p.). The
urethane and Penicillin G potassium were purchased from

Sigma Chemical Co. Probiotic VSL#3 (CD-Investments s.r.l/
Rome/Italy) were given at a dose of 12.86 bn living bacte-
ria/kg/day for 30 days by gavage. VSL#3 is a commercial
probiotic mixture. It contains four strains of Lactobacillus
(Lactobacillus plantarum, L. acidophilus, L. delbrueckii
subsp. bulgaricus and L. casei), three strains of Bifidobac-
terium (Bifidobacterium longum, B. breve and B. infantis)
and Streptococcus salivarius subsp. thermophilus. Probiotic
VSL#3 and urethan were dissolved in saline while Penicillin
G potassium was dissolved in sterile distilled water.

Experimental Protocol

Rats were divided randomly into three groups (n: 7) of con-
trol, penicillin and probiotic treatments. The body weights of
all rats were determined on the first day of the experiment.
Then, 1 ml of saline was given to the control and penicil-
lin groups by gavage for 30 days. 12.86 bn living bacteria/
kg was dissolved in 1 ml of saline and given to probiotic
group by gavage for 30 days. On the 31* day of the experi-
ment, the body weights were measured again before the
rats were anesthetized (Fig. 1). Anesthesia was performed
with urethane. The surgical procedure was carried out as
described below and a tripolar electrode was placed on the
skull. After the surgical procedure, basal recordings were
taken from all rats for five minutes to observe whether there
was a change in the ECoG recording in the rats. Then, ster-
ile distilled water (2.5 pl) was applied intracortically to the
control group, and recording was continued for 180 min.
Epileptiform activity was created by intracortical applica-
tion of penicillin (500 IU/2.5 pl) to the rats in the probiotic
and penicillin groups, and recording was made for 180 min.
After 180 min of recording in all three groups, rats were
sacrificed under anesthesia and brain tissue was excised for
biochemical analyses (Fig. 1).
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2.5 ul, sterile distilled water, intracortical)
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(500 IU/2.5 ul, penicillin, intracortical) recording finished
31. Day 180 minutes ECoG  § )
1. Day 30. Day recording 1 Euthanasia
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(1 ml saline supplement, gavage)
Probiotic group

(12.86 bn living bacteria/kg
supplement, gavage)

A

surgery
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Fig. 1 Experiment timeline of all experimental groups
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Surgical Procedure and Electrode Implantation

After 30 days, general anesthesia with urethane (1.25 g/
kg) was applied to the rats. Then the animals were placed
in the stereotaxic device. The scalp was opened and skull
was cleared to show bregma. The points were determined
with reference to bregma to place the bipolar electrodes.
The three holes (0.2-mm diameter) were drilled on skull by
microdrill. Two bipolar recording electrodes were placed
on left parietal cortex (L +4 mm; AP-3 mm) and left fron-
tal cortex (L +3.5 mm; AP+ 3 mm). Ground electrode was
placed to rat skin. A third hole was drilled for penicillin
injection.

ECoG Recording

ECoG recording was performed using by MP-150 BioPac
Systems. Baseline ECoG recordings were taken five min-
utes before the saline and penicillin (500 IU) administra-
tion. Also, epileptic focus was induced with 500 IU of the
Penicillin G potassium application. Penicillin G was injected
by a Hamilton microsyringe type 701 N in the left parietal
cortex (from bregma: 3 mm rostral and 3 mm lateral). To
inject penicillin G potassium into the cortex, the Hamilton
microsyringe was inserted to a 3.2-mm depth to the skull
surface without damaging blood vessels. 500 IU/2.5 pl peni-
cillin G potassium was administered for five min at a rate
of 0.5 pl/min. After penicillin injection ECoG recordings
were performed for 180 min. Similarly, 2.5 pl sterile dis-
tilled water was applied to the rats in the control group using
a Hamilton microsyringe into the cortex 3.2 mm depth of
skull surface (rate: 0.5 pl/min), and recording was made for
180 min.

Biochemical Assays

Tissue samples were washed using 0.9% cold isotonic saline.
Wet tissues were weighed, cut into small pieces with a scal-
pel, and homogenized using stainless steel balls in cold PBS
(pH: 7.4). Tissues were centrifuged at 2500 rpm for 20 min.
TNF-a, IL-6 and NO levels were determined using commer-
cial quantitative sandwich ELISA kits (Bioassay Technol-
ogy Laboratory) based on manufacturer's instructions. The
results were normalized on the basis of wet tissue weight
and expressed as umol/L/g for NO and ng/L/g for TNF-a
and IL6.

Statistical Analyses

All data were evaluated statistically using SPSS 20.0 soft-
ware and GraphPad Prism (V:7, U.S.A.). The Kolmogorov
Smirnov test was used to determine whether the groups
had normal distribution. All data of the groups were found

to have normal distribution. One-Way ANOVA and post-
hoc Tukey or LSD tests were employed to reveal the statis-
tical significance of differences among the groups. Paired
sample-t test was used for body weights. Group values
were expressed as mean + standard error (SEM). Differ-
ences of p <0.05 were considered statistically significant.

Results
Evaluation of ECoG Records

In the five-minute baseline recordings from all groups and
the 180-min recording from the control group, and spike-
like discharges representing epileptiform activity were not
observed. The latent period is the period that occurs imme-
diately after intracortical injection and continues until the
onset of spike formation. Since no spike frequency was
observed in the control group, the latent period spike fre-
quency and average amplitude values were evaluated as
0 in the analyses of ECoG recordings. When the control
group was compared to the penicillin and probiotic groups,
it was observed that the length of the latent period, spike
frequency and average amplitude values were significantly
higher in the penicillin and probiotic groups compared to
the control group (p <0.001). A typical recording during
basal brain activity of an anesthetized rat in the control
group is illustrated in Fig. 2A.

Slow waves were significantly suppressed in the latent
period after penicillin injection. The latency period was
significantly longer in the probiotic group compared to
the penicillin group (p <0.001). In addition, it was found
that the mean spike frequency decreased significantly
in the probiotic group compared to the penicillin group
(p<0.01). However, there was no significant difference
between the penicillin and probiotic groups for mean
amplitude values (p > 0.05) (Fig. 3).

Biochemical Assay

Regarding the percentage of interleukin (IL)-6 (ng/L/g),
tumor necrosis factor alpha (TNF-a) (ng/L/g) and nitric
oxide (NO) (p mol/L/g) parameters, penicillin injection
significantly increased IL-6 (p © 0.05), TNF-a (p < 0.01)
and NO levels (p € 0.05) compared to the control group.
NO levels were significantly lower in probiotic group when
compared to the control group (p € 0.05). IL-6 (p < 0.05),
TNF-a (p <0.01) and NO levels (p < 0.001) were signifi-
cantly lower in probiotic group compared to the penicillin
group. Data are shown in Fig. 4.
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Fig.2 A representative illustration of ECoG activity in A control, B penicillin, C probiotic groups
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Fig. 3 Probiotic supplementation increased the latency and decreased
the spike frequency compared to the penicillin group (esp<0.01;
e+ ep<0.001). Spike, spike-wave discharges which are indica-

Body Weight Assay

The body weights of all groups were determined on the first
day of the experiment, and probiotic supplementation was
started (day 1 of the experiment). Probiotic supplementation
was continued for 30 days. On the 31st day of the experiment,
body weights were measured again in all groups before the
rats were anesthetized.

No significant difference was found between the body
weights on the Ist day and the 30" day in the control and
penicillin groups. In the probiotic group, on the other hand, the
difference was significant (p <0.05), (Fig. 5). The fact that the
control and penicillin groups received only saline for 30 days
may have caused no change in body weights of the rats in these
groups. In the probiotic group, taking a probiotic supplement
for 30 days may have caused a decrease in body weight.

tive of epileptiform activity were not observed in the control group.
*#*%p <0.01, penicillin group compared to the control group

Discussion

The major finding of the current study was that probiotic
VSL#3 supplementation reduced spike frequency signifi-
cantly in penicillin-induced focal seizures. Additionally, our
data showed that VSL#3 limited the increases of TNF-«,
IL-6 and NO levels in epileptic rats. Also, VSL#3 supple-
mentation decreased body weight of the rats in the probiotic
group.

In some experimental studies on neurodegenerative dis-
eases, both saline and probiotic administration alone formed
two separate groups. In the study of Athari et al., the saline-
only group was compared with the probiotic-only group, and
it was observed that there was no statistical difference for the
levels of oxidative stress biomarkers [superoxide dismutase
(SOD), catalase activity and malondialdehyde (MDA)] in
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the brain [16]. In the study of Asl et al. [17], the group that
was given drinking water was compared with the group that
took only probiotic supplement, and it was shown that there
was no change in plasma MDA and total antioxidant capac-
ity (TAC) levels. In another study, it was observed that there
was no difference between the groups taking drinking water
and probiotics only for the values of dopamine, serotonin,
acetylcholine, acetylcholine esterase, nitric oxide (NO) and
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lin—eosin and immunohistochemical studies, no difference
was found between the saline-only and probiotic-only groups
[18]. In the study by Dwyer et al., the group that took only
probiotic supplement and the group that took only drinking
water were compared, and no change was observed between
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fibrillary acidic protein (GFAP) at the level of microglia
[19]. When all studies are evaluated together, it was shown
that probiotic supplementation alone does not affect oxida-
tive stress markers, does not lead to changes in neurotrans-
mitters and does not affect proinflammatory cytokines. Also
considering the previous studies, a saline only group was
established in order not to use too many animals. For this
reason, the saline group was used as the control group in the
present study.

Gut microbiota or gut flora consists of microorganisms
such as various bacteria, archaea and fungi [20]. The gut
microbiota might have a critical role in many neurode-
generative diseases especially due to its two-way commu-
nication with the gut-brain axis [20]. Changes in the gut
microbiota were shown to play a role in the pathogenesis
of depression, anxiety, schizophrenia, Alzheimer's disease,
autism and Parkinson's disease by causing irregularities in
the gut-brain axis [21-24]. Studies investigating the rela-
tionship between the gut microbiome and epilepsy are very
limited. Many studies indicated that restructuring of the gut
microbiota with a ketogenic diet, probiotic supplementation
and fecal microbiota transplantation was shown to reduce
seizure activity in drug-resistant epilepsy [25-27]. Medel-
Matus et al. [28] showed that microbial transplantation in
animals reduced epileptic seizures in amygdala kindling epi-
lepsy model. A study comparing the patients with <4 sei-
zure episodes per year and patients with >4 seizure episodes
per year reported higher amounts of Bifidobacterium and
Lactobacillus bacteria in patients with fewer seizures [29].
Another study indicated that supplementation with a probi-
otic mixture (Lactobacillus reuteri, Bifdobacterium infan-
tis, and Lactobacillus rhamnosus) significantly decreased
the severity of PTZ-induced epileptic seizures [6]. Previous
studies showed that bacteria of Bifidobacterium and Lacto-
bacillus genera could have protective effects against epilep-
tic seizures [6, 13, 29]. VSL#3 consists of eight bacterial
strains including Bifidobacterium and Lactobacillus genus
of bacteria [7, 8], and may have a protective effect against
the epileptic seizures. In line with this, a study demonstrated
that the VSL#3 probiotic supplementation significantly
decreased kindling development and increased latency in
PTZ- kindling model of epilepsy [13]. In the present study,
similar to the previous ones [6, 13], VSL#3 probiotic supple-
mentation reduced the spike frequency in penicillin-induced
focal seizure model.

In the present study, the anti-seizure effect of probiotic
VSL#3 supplementation can be explained by several mecha-
nisms. Firstly, in many studies, the relationship between the
immune system and gut bacteria was extensively investi-
gated [8, 12]. The contribution of inflammation to the forma-
tion of epileptic seizures is well known [30]. The increas-
ing proinflammatory cytokines including TNF-a and IL-6
promote the onset of epilepsy [30]. In regard to this, studies

demonstrated that the expression of IL-6 and TNF-a was
elevated in most epileptic patients compared to the control
subjects [31, 32]. Also, different studies found that enhanced
level of IL-6 was associated with epileptic conditions [33].
Samland et al. [34] reported that overproduction of IL-6
caused a remarkable increase in glutamatergic agonist-
induced epileptic seizures. Proinflammatory cytokines
increase the permeability of the blood brain barrier (BBB),
thereby leading to inflammation in central nerve system [30,
35]. These effects promote development of epileptic seizures
by increasing the excitability of neurons [30]. In the pre-
sent study, it was observed that TNF-a and IL-6 levels were
high in rats with penicillin-induced seizures. Also, our data
showed that probiotic supplementation reduced TNF-a and
IL-6 levels in epileptic rat brains. Many studies reported
that probiotics exert anti-inflammatory effects, and decrease
proinflammatory cytokines [25, 36, 37]. In addition, a clini-
cal study showed that probiotic mixture supplementation
reduced the number of epileptic seizures by more than 50%
and lowered concentrations of IL-6 in patients with epilepsy
[25]. According to the data of the presented study, VSL#3
probiotic may have had an anti-seizure effect in the seizure
model induced by penicillin through reducing proinflamma-
tory cytokines.

Secondly, proconvulsant or anticonvulsant properties
of NO donors/NO inhibitors were shown in many experi-
mental models of epilepsy (e.g., penicillin-induced, electri-
cally or pharmacologically-evoked convulsions) [38, 39]. A
clinical study indicated that nitric oxide synthase had higher
expression levels in the brain of patients with epilepsy [40].
Increasing NOS or NO levels in epileptic brains were shown
in various experimental models of epilepsy including maxi-
mal electroshock stimulation, PTZ-induced epilepsy model,
kainic acid-induced convulsion model [41-44]. In an inter-
esting study, it was demonstrated that NO increased in cortex
by 302% in the 30th minute and by 633% in the 90th minute
after kainic acid-induced convulsion [43]. In the present
study, NO level in the brain was measured 180 min after the
seizure with penicillin. It was concluded that longer duration
of seizure may have increased NO level.

Many studies reported that the inhibition of NOS reduced
BBB disruption by upregulating zonula occludens-1
[45-47]. Increased NO level in the brain cause oxidative
stress [43]. Disruption of BBB and oxidative stress cause
seizures. Therefore, NO and neuroinflammation reducing in
central nerve system could play important roles in control-
ling the epileptic seizures. Bagheri et al. [6] demonstrated
that probiotic supplementation enhanced the antioxidant
capacity of the brain by significantly reducing malondial-
dehyde and nitric oxide concentrations in PTZ-induced epi-
leptic rats [6]. Additionally, similar to previous studies, our
data showed that probiotic VSL#3 supplementation reduced
NO level in epileptic rat brains.
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Previous studies demonstrated that probiotics supple-
mentation modify the secretion of neurotransmitters and
hormones, and reduce inflammatory factors. Thus prevent-
ing food intake triggers lead to weight loss [48]. Also,
probiotics supplementation increases the production of
short-chain-fatty acids that influence the energy homeo-
stasis and appetite [49]. In addition, probiotic supplemen-
tation reduces the total triglycerides, LDL cholesterol and
total cholesterol levels, while they enhance the level of
HDL cholesterol [50, 51]. Many studies have reported
that some probiotic species, such as Bifidobacterium and
Lactobacillus, have an anti-obesity effect when consumed
for 4—6 weeks [52-54]. Probiotic VSL#3 contains Lac-
tobacillus and Bifidobacterium bacterial species. Probi-
otic VSL#3 was shown to reduce the body weight and
fat mass during a high-fat diet compared to the control
(placebo) [55, 56]. Moreover, another study showed that
VSL#3 supplementation was able to prevent diabetes in
high-fat diet-induced obesity model by reducing weight
gain and inhibiting insulin resistance [57]. It was shown
in experimental studies that VSL#3 could prevent obe-
sity and glucose intolerance through increasing the level
of proopiomelanocortin and reducing the agouti-related
protein (AgRP) and neuropeptide Y levels in the hypo-
thalamus, which are related to energy metabolism [57, 58].
Our results indicated that the body weight of rats after
probiotic supplementation (for one month) was less than
the body weight measured before probiotic supplemen-
tation. The richness of the bacterial diversity contained
in VSL#3 and the long-term supplementation to rats may
have caused the weight loss in rats. Anti-epileptic drugs
often increase body weight and may cause various chronic
diseases [59, 60]. VSL#3 is the only probiotic recognized
as a type of medicinal food [8]. For this reason, it may be
useful in weight control of patients with epilepsy.

Conclusion

The findings of the present study suggested that penicillin-
induced epileptiform activity in rats was associated with
elevated levels of NO, TNF- a and IL-6 in brain tissue.
Probiotic VSL#3 supplementation reduced the seizure
activity by reducing pro-inflammatory cytokines and NO
levels in penicillin-induced focal epilepsy model.
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