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Abstract
Seizure is paroxysmal abnormal electrical discharges in the cerebral cortex. Inflammatory pathways and oxidative stress 
are involved in the pathophysiology of seizures. Stress can induce an oxidative stress state and increase the production of 
inflammatory mediators in the brain. We investigated the effects of acute and chronic stresses on the seizure threshold in 
pentylenetetrazol (PTZ)-induced seizures in mice, considering oxidative stress and inflammatory mediators in the prefrontal 
cortex. In this study, 30 male Naval Medical Research Institute (NMRI) mice were divided into 3 groups, including acute 
stress, chronic stress, and control groups. PTZ was used for the induction of seizures. The gene expression of inflammatory 
markers (IL-1β, TNF-α, NLRP3, and iNOS), malondialdehyde (MDA) level, nitrite level, and total antioxidant capacity 
(TAC) were assessed in the prefrontal cortex and serum. Our results showed that stress could increase the expression of 
inflammatory cytokines genes and oxidative stress in the prefrontal cortex of the brain and serum following PTZ-induced 
seizures, which is associated with increased seizure sensitivity and decreased the seizure threshold. The effects of chronic 
stress were much more significant than acute stress. We concluded that the effects of chronic stress on seizure sensitivity 
and enhancement of neuroinflammation and oxidative stress are much greater than acute stress.

Keywords Acute stress · Chronic stress · Inflammatory pathways · Nitric oxide · Oxidative stress · Seizure

Introduction

A seizure is a clinical expression of abnormal, excessive, 
or hypersynchronous electrical discharges of neurons in 
the brain. Recurrent and paroxysmal unprovoked seizures 
are called epilepsy. Epilepsy is one of the most important 
causes of mortality and morbidity worldwide. In 2016, it 
accounted for more than 13 million disability-adjusted life 
years (DALYs) (Beghi et al. 2019). Despite the variety of 
antiepileptic drugs (AEDs), more than 40% of people with 
epilepsy are still resistant to AEDs, which is crucial medical 
trouble these days (Laxer et al. 2014; Sharma et al. 2015).

Emerging lines of research indicated that oxidative stress 
is involved in the pathophysiology of seizures (Verma et al. 

2021). Brain tissue is rich in polyunsaturated fatty acids, 
so it is very vulnerable to oxidative stress. During seizure 
attacks, lipid peroxidation damages the cell membrane, sub-
sequently impairing its permeability and function (Shin et al. 
2011).

The brain’s antioxidant system scavenges the physiologi-
cal levels of ROS, so there is always a balance between the 
oxidants and the antioxidants in the brain (Seminotti et al. 
2020). In states where oxidants increase, they can overcome 
the antioxidant defense system and cause cellular and mac-
romolecular damage (Lorente et al. 2015). Oxidative stress 
has been shown to reduce PTZ-induced seizure threshold 
and increase susceptibility to seizures (Alzoubi et al. 2018). 
Also, ROS results from prolonged seizures and can con-
tribute to the development of epilepsy (Huang et al. 2018; 
Pearson-Smith and Patel 2017).

Nitric oxide (NO) is a small, reactive molecule that dif-
fuses readily through tissues (Picón-Pagès et al. 2019). In the 
brain, NO is involved in memory formation, signal transmis-
sion, and brain blood flow regulation (Angelis et al. 2021).
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However, NO derived from inducible nitric oxide syn-
thase (iNOS) in glial cells has neurotoxic effects (Garry 
et al. 2015). It has been shown that NO-derived decreased 
seizure threshold and NOS inhibitors may increase the sei-
zure severity (Hrnčić et al. 2010; Shafaroodi et al. 2012). 
Inflammatory cytokines are essential in the pathogenesis 
of seizures (Kegler et al. 2021). In this regard, it has been 
determined that systemic inflammation could exacerbate or 
increase the frequency of the seizure (Alyu and Dikmen 
2017; Marchi et al. 2014). In this concept, Meng and col-
leagues showed that NLRP3 inflammasome significantly 
up-regulated following status epilepticus seizure in rats. 
Previous studies have demonstrated that NLRP3 inflamma-
some is involved in the activation of IL-1β which is respon-
sible for febrile seizures (Dubé et al. 2005; Liu et al. 2020). 
It has been found that IL-1β resulted in the generation of 
recurrent unprovoked seizures, decreased seizure threshold, 
and promoted hyperexcitability (Ren and Torres 2009; Vez-
zani and Baram 2007). It has been established that TNF-α 
increased in the hippocampus following seizure induction 
in rats (Hoda et al. 2017).

Stress can cause neurohormonal and metabolic changes 
in the body. Stress is associated with increased inflamma-
tory cytokine levels in plasma (Cheng et al. 2015). Acute 
stress can increase the expression of iNOS and cause a neu-
roinflammatory response in the brain (Chen et al. 2016). 
Prolonged stress may decrease mitochondrial membrane 
potential, which can cause excitotoxicity and ROS formation 
(Zhu et al. 2021). In addition, high levels of corticosteroids 
following chronic stresses may reduce the total antioxidant 
capacity of the central nervous system (CNS) and creates 
a neurotoxic environment with proinflammatory cytokines 
(Colpo et al. 2017; Fee et al. 2020; Kirsten et al. 2021; Qin 
et al. 2011). Research has shown the potential correlation of 
the prefrontal cortex with different types of seizures, includ-
ing febrile seizures (Dubé et al. 2009). Furthermore, the pre-
frontal cortex has been thoroughly explored in past studies 
in terms of seizure activity and is a credible brain region to 
investigate for understanding seizure pathophysiology (Qin 
et al. 2021; Lisowski et al. 2013; Nikbakhsh et al. 2020).

Due to the effects of stress on the brain, it is likely that 
stress also affects seizures. As a result, in this study, we 
investigated the effects of acute and chronic stress on the 
seizure threshold, considering the involvement of inflamma-
tory pathways and oxidative stress biomarkers.

Materials and methods

Animals and housing conditions

Male Naval Medical Research Institute (NMRI) mice weigh-
ing 25–35 g and 6–8 weeks old were purchased from the 

Pasteur Institute of Iran and used in this study. The animals 
were housed in standard Plexiglas cages under standard labora-
tory conditions (Ethical code: IR.SKUMS.REC.1398.003) as 
a 12-h light/dark cycle (light on from 6:00 AM), temperature 
22 ± 1 °C with free access to food and water.

Study design

In this experiment, thirty male mice were randomly divided into 
three groups (n = 10). Restraint stress using falcon tubes was 
used to evaluate the effects of chronic and acute stresses. Group 
1 was kept inside a 50-ml well-ventilated falcon tube for 30 min 
a day for 14 constant days (chronic stress protocol). Group 2 
was kept inside the falcon tube for 1 h for 1 day (acute stress 
protocol). Group 3 was the control group that did not receive any 
stress (Hacioglu et al. 2016; Papadopoulou et al. 2015; Kurok-
awa et al. 2020; Fekri et al. 2021). Each animal was tested once.

Induction of seizure using PTZ

Pentylenetetrazole (PTZ) was used to induce seizure. Briefly, 
mice restrained for the short time in order to place the needle 
correctly into the vein. A winged infusion set (30 gauge) was 
used to infuse the PTZ (5 mg/ml) at a constant rate of 1 ml/min 
by a seizure pump into the tail vein of the freely moving subject. 
Infusion was halted when forelimb clonus followed by full clo-
nus of the body (began with running and then loss of righting 
ability) was observed. The onset of a general clonus was used 
as the endpoint. The volume of PTZ solution required to attain 
the endpoint was recorded. The dose of PTZ (mg/kg of mice 
weight) inducing clonus seizure was calculated and considered 
as an index for colonic seizure threshold. The seizure threshold 
was calculated by using the time between injection of PTZ and 
onset of the seizure and calculated by the following formula 
(Haj-Mirzaian et al. 2019a; Amini-Khoei et al. 2015a):

time (s): the duration of PTZ administration (onset of admin-
istration until onset of clonic seizure).

PTZ was injected 60 min after restraint stress. After that 
seizure was observed (at the end of study), all mice were sac-
rificed and the prefrontal cortex and blood samples were taken 
for molecular and biochemical assessments.

Real‑time PCR analysis for expression 
of inflammatory genes in the prefrontal cortex

At the end of the study, animals were sacrificed, the prefrontal 
cortex was isolated, and the gene expression of IL-1β, TNF-α, 
iNOS, and NLRP3 was examined by real-time PCR. Firstly, 
total RNA using TRIzol reagent (Invitrogen) was extracted 
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from the prefrontal cortex. Alterations in the mRNA levels 
of genes were determined using qRT-PCR after the reverse 
transcription of 1 μg of RNA from each sample using a Pri-
meScript RT reagent kit (Takara Bio, Inc., Otsu, Japan). qRT-
PCR was done on a light cycler device (Roche Diagnostics, 
Mannheim, Germany) using SYBR Premix Ex Taq technol-
ogy (Takara Bio). Thermal cycling conditions included an 
initial activation step for 30 s at 95 °C afterward 45 cycles, 
as well as a denaturation step for 5 s at 95 °C and a combined 
annealing/extension step for 20 s at 60 °C. Melting curve anal-
ysis was performed to certify whether all primers yielded a 
single PCR product. The genes and their primers are listed 
in Table 1. B2m was used as a house-keeping gene (normal-
izer), and alterations in the expression of each target mRNA 
in comparison with B2m were measured based on the 2-ΔΔCt 
relative expression formula, as described in our previous pub-
lication (Amini-Khoei et al. 2015b).

Assessment of total antioxidant capacity in serum 
and prefrontal cortex

Assessment of nitrite in serum and prefrontal cortex

To determine the NO levels of serum and prefrontal cor-
tex tissue, we measured nitrite levels as the result of the 
NO end product. In order to do this, 100 µg of each sam-
ple (serum and brain tissue homogenate) was poured into 
a 96-well plate. Then 50 µl of sulfanilamide solution (2 gr 
of sulfanilamide in 100 ml of hydrochloric acid 5%) was 
added. After 5–10 min, 50 µl of NEDD solution (0.1 gr of 
NEDD in 100 ml of distilled water) was added to wells and 
incubated at room temperature for half an hour. In the end, 
the Optical absorbance at 540 nm was read and determined 
by the standard nitrite curve in samples (Hassanipour et al. 
2016; Haj-Mirzaian et al. 2018).

Assessment of malondialdehyde in serum and prefrontal 
cortex

Malondialdehyde (MDA) is the final form of polyunsatu-
rated fatty acids peroxidation. The reaction of ROS with 
lipids is known as lipid peroxidation. MDA is generally 
accepted as a biomarker of oxidative stress.

To measure the level of MDA in serum and prefrontal 
cortex, we mixed 100 µl of the samples (serum/prefrontal 
cortex tissue homogenate) with 2.5 ml of 20% acetic acid, 
thiobarbituric acid (0.8%) and 100 µl of 8.1% SDS solution. 
The samples were kept in boiled water in Bain-marie for 1 h. 
Then, the samples were cooled and centrifuged at 4000 rpm 
for 10 min. At the end, the optical absorbance at 523 nm was 
recorded (Mahmoudi et al. 2020; Fokoua et al. 2021).

Data analysis

Data analysis was performed using the Graph Pad Prism 
8 software using one-way ANOVA and Tukey’s post-test. 
P < 0.05 was considered statistically significant. Results 
were reported as mean ± SEM.

Results

Effects of acute and chronic stress on the seizure 
threshold

One-way ANOVA showed that there are significant differ-
ent in the case of the seizure threshold among experimental 
groups (F (2.27) = 5.928, P < 0.05). As shown in Fig. 1, the 
seizure threshold was significantly decreased (P < 0.01) in 
the chronic stress group compared to the control group.

Evaluation of the gene expression of inflammatory 
cytokines in the prefrontal cortex

One-way ANOVA showed that there are significant 
different in the case of gene expression of TNF-α (F 
(2, 18) = 32/02, P < 0.001), IL-1β (F (2, 18) = 18/27, 
P < 0.001), NLRP3 (F (2, 18) = 19/21, P < 0.001) and 
iNOS (F (2, 18) = 15/24, P < 0.01) in the prefrontal 
cortex among experimental groups. As Fig. 2 presents, 
the gene expression of TNF-α in the prefrontal cortex 
in the chronic stress group as well as acute stress group 
significantly increased compared to the control group 
(P < 0.001). Furthermore, the gene expression of TNF-α 
in the prefrontal cortex in the chronic stress group sig-
nificantly increased compared to the acute stress group 
(P < 0.05).

Table 1  Primer sequences Primers Forward Reverse

B2m TCA TCG ACA CCT GAA ATC TAGGA AGG GGT GAT ACG CTT TAC CTTTA 
TNF-α CTG AAC TTC GGG GTG ATC GG GGC TTG TCA CTC GAA TTT TGAGA 
Il-1β GAA ATG CCA CCT TTT GAC AGTG TGG ATG CTC TCA TCA GGA CAG 
NLRP3 ATC AAC AGG CGA GAC CTC TG ATC AAC AGG CGA GAC CTC TG
iNOS TTT GAC CAG AGG ACC CAG AG AAG ACC AGA GGC AGC ACA TC
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The gene expression of IL-1β in the prefrontal cor-
tex in the chronic and acute stress groups significantly 
increased compared to the control group (P < 0.01 and 
P < 0.05, respectively). Furthermore, the gene expres-
sion of Il-1β in the prefrontal cortex in the chronic stress 
group was significantly lower than in the acute stress 
group (P < 0.05).

In the case of NLRP3 gene expression, findings 
showed that the gene expression of NLRP3 in the pre-
frontal cortex in the chronic stress group significantly 
increased compared to the control group (P < 0.01). Fur-
thermore, the gene expression of NLRP3 in the prefrontal 
cortex in the chronic stress group was significantly higher 
than in the acute stress group (P < 0.05).

Results showed that the gene expression of iNOS in the 
prefrontal cortex in the chronic stress group significantly 
increased compared to the control group (P < 0.001). 
Besides, the gene expression of iNOS in the prefrontal 
cortex in the chronic stress group was significantly higher 
than in the acute stress group (P < 0.051).

Evaluation of the total antioxidant capacity (TAC) 
in the serum and prefrontal cortex samples

One-way ANOVA showed that there are significant differ-
ent in the case of TAC among experimental groups in the 
serum samples (F (2, 18) = 23/69, P < 0.001) and prefrontal 

samples (F (2, 18) = 47/03, P < 0.001). As shown in Fig. 3A, 
the TAC significantly increased in the prefrontal cortex in 
the chronic stress group (P < 0.001) as well as the acute 
stress group (P < 0.05) compared to the control group. Also, 
the TAC in the chronic stress group was significantly higher 
than in the acute stress group (P < 0.01).

The TAC of serum samples, Fig.  3B, significantly 
decreased in the chronic stress group compared to the acute 
stress (P < 0.05) and control group (P < 0.01).

Evaluation of the MDA levels in the serum 
and prefrontal cortex samples

One-way ANOVA showed that there are significant differ-
ent in the case of MDA level among experimental groups 
in the serum samples (F (2, 18) = 19/22, P < 0.001) and 
prefrontal samples (F (2, 18) = 27/14, P < 0.001). The 
results (Fig. 4A) showed that the MDA level in the pre-
frontal cortex of the chronic stress group significantly 
increased compared to the acute stress group and the con-
trol group (P < 0.01).

In the case of MDA level in the serum samples 
(Fig. 4B), we showed that the MDA level significantly 
increased in the chronic stress group in comparison to the 
acute stress group and the control group (P < 0.01).

Evaluation of the nitrite levels in the serum 
and prefrontal cortex samples

One-way ANOVA showed that there are significant differ-
ent in the case of nitrite level among experimental groups 
in the serum samples (F (2, 18) = 15/08, P < 0.001) and 
prefrontal samples (F (2, 18) = 12/13, P < 0.01). Accord-
ing to Fig. 5A, nitrite levels in the prefrontal cortex in the 
acute stress group and the chronic stress group signifi-
cantly increased compared to the control group (P < 0.001 
and P < 0.01, respectively). Also, the nitrite level in the 
prefrontal cortex of the chronic stress group was signifi-
cantly higher than in the acute stress group (P < 0.01).

According to Fig. 5B, the nitrite level in the prefrontal 
cortex in the chronic stress group significantly increased 
compared to the control group (P < 0.05). Also, nitrite level 
in the prefrontal cortex in the chronic stress group was sig-
nificantly higher than in the acute stress group (P < 0.01).

Discussion

In the present study, the effects of the acute and chronic 
stresses on the PTZ-induced seizure were evaluated. We 
considered the role of neuroinflammation and oxidative 
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stress. We found that chronic stress, compared to acute 
stress, has higher negative effects on the seizure threshold 
as well as neuroinflammatory and oxidative stress indicators. 
Findings showed that following chronic stress, the seizure 
threshold and antioxidant capacity decreased as well as lev-
els of MDA, nitrite, and gene expression of some inflamma-
tory cytokines increased in comparison with the acute stress.

Previous studies have determined that acute stress reduces 
the seizure threshold (Pehlivanidis et al. 2002). However, 
there is a controversy in the previous studies, which dem-
onstrated that acute stress increased the seizure threshold 
(Shirzadian et al. 2018). In the case of chronic stress, some 
evidence showed that chronic stress increased the seizure 
threshold (Amini-Khoei et al. 2015b). In a contra verse 

Fig. 2  Gene expression of 
inflammatory cytokines in 
the prefrontal cortex in the 
experimental groups. Data are 
expressed as the mean ± SEM 
and were analyzed by one-way 
ANOVA following Tukey’s 
post-test. **P < 0.01 and 
***P < 0.001 in comparison to 
the control group and #P < 0.05 
an  ##P < 0.01 in comparison to 
the acute group
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manner, evidence determined that chronic stress could 
increase seizure susceptibility (Zhu et al. 2021; Nikbakhsh 
et al. 2020).

In regards to restraint stress, Hashemi and colleagues 
showed that restraint stress can decrease seizure threshold 

in pregnant rats. Also, repeated restraint stress decreased 
the seizure threshold (Hashemi et al. 2013). However, the 
specific effects of acute and chronic stresses on seizure 
sensitivity have not been precisely identified, and the par-
ticular mechanisms involved in these effects have not been 

Fig. 3  Total antioxidant capac-
ity in the prefrontal cortex (A) 
and serum samples (B) in the 
experimental groups. Data are 
expressed as the mean ± SEM 
and were analyzed by one-way 
ANOVA following Tukey’s 
post-test. *P < 0.05, **P < 0.01 
and ***P < 0.001 in com-
parison to the control group 
and #P < 0.05 and ##P < 0.01 in 
comparison to the acute stress 
group

Fig. 4  MDA levels in the 
prefrontal cortex (A) and serum 
samples (B) in the experimen-
tal groups. Data are expressed 
as the mean ± SEM and were 
analyzed by one-way ANOVA 
following Tukey’s post-test. 
**P < 0.01 in comparison to the 
control group and ##P < 0.01 in 
comparison to the acute stress 
group

Co
ntr
ol

Ac
ute

St
res

s

Ch
ro
nic

St
res

s
0

200

400

600

800

ug
/m

l

**
##A

Co
ntr
ol

Ac
ute

St
res

s

Ch
ro
nic

St
res

s
0

200

400

600

800

ug
/m

l

**
##B

Fig. 5  Nitrite levels in the 
prefrontal cortex (A) and serum 
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tal groups. Data are expressed 
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understood (MacKenzie and Maguire 2015; Zhu et al. 2017). 
However, regarding to the abovementioned studies, our 
findings showed that chronic restraint stress significantly 
decreased the seizure threshold compared to the control 
group while acute restraint stress did not alter the seizure 
threshold compared to the control group.

Repeated restraint stress can lead to oxidative stress in 
the brain as an increase in glucocorticoids, ROS produc-
tion, lipid peroxidation, and MDA levels (Fontella et al. 
2005). Besides, antioxidants by attenuating oxidative stress 
have shown considerable neuroprotective effects against 
seizures (Fokoua et al. 2021). It has been determined that 
an increase in the level of MDA in the brain decreased the 
seizure threshold and also agents which attenuated the level 
of MDA exerted anticonvulsant effects (Asgharzadeh et al. 
2020; Jafari and Hassanpourezatti 2022). The results of our 
study showed that chronic stress increased MDA levels in 
the serum and prefrontal cortex. But acute stress had no 
effects on these parameters following seizures.

Previous studies have been demonstrated that decrease 
in the antioxidant capacity involved in the pathophysi-
ology of seizure. These researches showed that TAC 
decreased following seizure (Nieoczym et  al. 2008; 
Menon et al. 2014). In this regard, it has been determined 
that some agents with potential anticonvulsant effects 
increased the TAC (Salimian et al. 2022; Movahed et al. 
2017). Our study showed that the TAC of the prefrontal 
cortex increased in the chronic and acute stress groups. 
However, this increase was much more significant in the 
chronic stress group than in the acute stress group. This 
result may be due to the fact that the brain’s antioxi-
dant defense system is overactive to counteract the pro-
oxidative effects of chronic stress and thus increase its 
antioxidant capacity. In the case of serum samples, the 
total antioxidant capacity in the chronic stress group was 
significantly reduced compared to the control and acute 
stress groups. We suggest more studies to investigate 
the pathways and mediators of the brain’s antioxidant 
defenses following chronic stress.

Nitric oxide (NO) is considered as a neurotransmitter or 
neuromodulator. A high concentration of NO can induce 
oxidative stress-mediated events (Hassanipour et al. 2016; 
Haj-Mirzaian et al. 2019b). Clinical and preclinical studies 
have been reported that the level of nitrite increases in the 
serum and brain following seizure attacks (Karabiber et al. 
2004; Amiri et al. 2014). Previous researches showed that 
the administration of nitric oxide synthase (NOS) inhibitors 
possessed anti-convulsion effects (Gholipour et al. 2010; 
Moazzami et al. 2013; Monika et al. 2011). Our results 
showed that nitrite levels increased in the prefrontal cortex 
in both acute and chronic stress groups, but it was higher in 
the chronic stress group than in the acute stress group. Also, 
serum nitrite level was much more increased in the chronic 

stress group than in the acute stress group, indicating that 
chronic stress imposes more oxidative stress conditions in 
the prefrontal cortex.

Additionally, iNOS gene expression in the prefrontal cor-
tex was much more increased in the chronic stress group. 
Chronic stress seems to play an essential role in the develop-
ment and progression of seizures by increasing iNOS gene 
expression and increasing prefrontal cortex and serum nitrite 
levels. Further studies are recommended to determine NO 
signaling pathways and the roles of different NOS enzymes 
(nNOS and eNOS) in seizures following different stressful 
conditions. Overall, our results showed that, unlike acute 
stress, chronic stress could intensify oxidative stress caused 
by PTZ-induced seizure and also can reduce the seizure 
threshold.

Previous studies have shown that the expression of the 
TNF-α gene in the brain tissue increased following seizures 
(Thompson et al. 2011; Weinberg et al. 2013). Also, inhibi-
tion of the TNF-α receptor can increase seizure tolerance 
(Hanak et al. 2019). The present study showed an increase 
in TNF-α levels in the prefrontal cortex in both acute and 
chronic stress groups following PTZ-induced seizure com-
pared to the control group. This increase was much more 
significant in the chronic stress group.

NLRP3 promotes neuroinflammation through IL-1β 
production. Increased expression of NLRP3 is associ-
ated with elevated levels of IL-1β. Increased levels of 
NLRP3 and IL-1β are involved in seizure pathogen-
esis (Brito et al. 2021). The results of the present study 
showed that the amount of IL-1β gene expression in 
the prefrontal cortex tissue was higher in the stressed 
groups than in the control group. Moreover, the IL-1β 
gene expression in the acute stress group was signifi-
cantly higher than in the chronic stress group. However, 
the level of NLRP3 in the chronic stress group was sig-
nificantly higher than in the acute stress group and the 
control group. It seems that in the process of activating 
IL-1β in the acute stress group, other mechanisms are 
involved besides NLRP3, which is recommended to be 
studied in other studies. Overall, chronic stress had a 
more significant effect on the expression of inflamma-
tory genes than acute stress.

Conclusion

In conclusion, the results of this study showed that stress 
could increase the expression of inflammatory cytokines 
genes and oxidative stress in the prefrontal cortex and 
serum following PTZ-induced seizures, which is associated 
with increased seizure sensitivity and decreased the seizure 
threshold. Meanwhile, the effects of chronic stress are much 
more significant than acute stress.
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