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1. Introduction
Status epilepticus (SE) is a medical emergency with 
significant mortality, in which the seizure lasts continuously 
for more than 5 min and causes severe neuronal cell death 
(1). In particular, the pyriform cortex and hippocampus are 
the brain regions that are most sensitive and vulnerable to 
SE. SE also produces severe vasogenic edema accompanied 
by neuronal and astroglial damage in the piriform cortex 
(2). Experimental and clinical studies have shown that 
prolonged seizures can cause neuronal death in the brain 
(3–5). Seizure-induced apoptotic cell morphologies have 
been described in some SE models (6,7). The cell death 
mechanism directly involves many proteins, including 
both pro- and antiapoptotic proteins. While the activation 
of the proapoptotic proteins initiates the degeneration 
process, the activation of the antiapoptotic proteins may 
prevent the initiation or progression of the degeneration 
process (4). Among these, antiapoptotic proteins are the 
Bcl-2 gene family proteins, which are important regulators 
of the apoptosis process. Among them, some members such 
as Bcl-2, Bcl-XL, McL-1, and Bcl-W show antiapoptotic 
properties, while others, such as Bax, Bak, Bok, Bcl-XS, 

Bad, and Bid, are proapoptotic (8). The proteins belonging 
to the Bcl-2 family are the main regulators of the cell 
death signals targeting the mitochondria and contribute 
to seizure-induced neuronal death (9). The ratio of 
antiapoptotic to proapoptotic proteins determines the 
direction in which the cell will advance. When apoptosis 
is prevented, the cell viability increases. Another protein is 
p53, which is one of the most versatile transcription factors 
present in the cell and triggers apoptosis. The activated 
p53 ensures it by increasing the expression of Bax and Bak 
from two proapoptotic Bcl-2 family proteins (10). p53-
depleted mouse neurons are resistant to apoptosis induced 
by seizure and/or excitotoxins (11).

Annexin V is a 35-kDa protein. It was originally 
described as a vascular-derived protein with anticoagulant 
properties (12). Since then, annexin V has been used to 
study a universal marker of apoptosis and the changes in 
the cell membrane levels (13–16). Annexin V is activated 
by the emergence of apoptosis (17).

Our study aimed to investigate the effect of valproic acid 
(VPA), a potent broad-spectrum antiepileptic drug, and a 
new-generation antiepileptic agent called brivaracetam 
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(BRV) on the brain injury observed after SE in rats and to 
compare the two drugs in terms of seizure control.

2. Materials and methods
2.1. Materials
A rat p53 ELISA kit (LSBio, Seattle, WA, USA), a rat Bcl-2 
ELISA kit (LSBio), and a rat annexin V ELISA kit (LSBio) 
were used to measure the serum levels of these apoptotic 
markers.
2.2. Ethics
Ethics committee approval was obtained for all the 
experimental procedures. Every effort was made to 
minimize the suffering to which the animals were exposed 
and the number of animals used. 
2.3. Animals
In our study, 40 Sprague-Dawley female rats aged between 
6 and 8 weeks, with an average weight of 250–350 g, 
were used. The rats were observed during the study in an 
environment with suitable temperature (21 ± 2 °C) and 
humidity (60 ± 5% humidity). The animals were observed 
in this environment for 1 week before initiating the study 
to ensure their adaptation to the environment. 
2.4. Establishment of SE model
In our study, an experimental animal model of SE, which 
was generated by stereotaxically injecting 0.4–2 µg of 
kainic acid into the rat hippocampus, was used (18). 
Rats were anesthetized by intraperitoneal administration 
of a mixture of ketamine hydrochloride (60 mg/kg) and 
xylazine (12 mg/kg). Under deep anesthesia within 
approximately 4–5 min, the head was fixed with the help 
of a stereotaxic instrument (Stoelting, Model 51600) and 
the head was opened vertically. Hippocampus coordinates 
were detected using a stereotaxic atlas, which were 6.0 
mm posterior to the bregma 4.5 mm right and 7.0 mm 
down the skull surface. With the help of the minidrill, a 
miniburrhole was opened in the skull in that area. Subjects 
were given 0.4–2 µg of kainic acid intrahippocampally 
by inserting a 10-µL Hamilton needle into the burrhole 
during the waking phase (approximately 30 min after 

anesthesia). The animals used in the study were divided 
into four groups (Table 1): Group 1, sham, without SE 
induction (n = 10); Group 2, SE induction with kainic acid, 
no treatment (n = 10); Group 3, SE induction with kainic 
acid, treated with intraperitoneal 1 mg/kg VPA; Group 4, 
SE induction with kainic acid, treated with intraperitoneal 
0.4 µg/kg BRV (n = 10). In all groups except Group 1, after 
the injection of the kainic acid, the time to SE onset was 
approximately 5–60 min.
2.5. Observations 
The behavioral responses developed were assessed as 
nonconvulsive seizures for stages 1 and 2 and convulsive 
seizures for stages 3, 4, and 5 using the Racine seizure 
staging scale (19). To determine the Bcl-2, p53, and annexin 
V levels, we sampled 2 mL of blood from each subject in 
each group after the procedure. The subjects were sedated 
with the same anesthetic agents and decapitated at the end 
of 24 h. 
2.6. Statistical analysis
The statistical analysis was performed using SPSS 24.0 
(IBM Corp., Armonk, NY, USA). Data were expressed 
as the mean ± standard deviation (SD). The relationship 
of Bcl-2, p53, and annexin V levels among the groups 
was determined using a one-way ANOVA test because 
the groups were normally distributed. For Bcl-2, p53, 
and annexin V levels among the groups in multiple 
comparisons, Tukey’s test was used. In the VPA and BRV 
groups, as the mean Racine seizure staging scores were 
not normally distributed, they were compared using the 
Mann–Whitney U test. P < 0.05 was considered statistically 
significant.

3. Results
Annexin V levels were statistically higher in the SE group 
than in the other groups (P < 0.001, Figure 1). Following 
the treatment with VPA and BRV, a substantial decrease 
was observed compared to the SE group (P < 0.001). 
Furthermore, there was a statistically significant decrease 
in annexin V levels in the BRV group compared to the 
VPA group (P < 0.008, Figure 1).

Table 1. Comparison of the mean annexin V, p53, and Bcl-2 levels across the groups (one-way ANOVA tests were used).

Group 1, n = 10 
(sham)

Group 2, n = 10 
(SE)

Group 3, n = 10 
(valproate)

Group 4, n = 10 
(brivaracetam) P

Annexin V (pg/mL), mean ± SD 47.5 ±17.8 724.5 ± 94.1 347.0 ± 98.2 222.5 ± 86.3 0.001*
p53 (pg/mL), mean ± SD 92.0 ± 29.5 1210.0 ± 299.0 243.5 ± 83.1013 218.0 ± 100.0 0.001*
Bcl-2 (pg/mL), mean ± SD 1509.5 ± 612.0 152.0 ± 59.1 681.5 ± 126.2 978.5 ± 193.6 0.001*

SD: Standard deviation; *: P < 0.05.
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p53 levels were statistically higher in the SE group than 
in any other group (P < 0.001, Figure 2). Following the 
treatment with VPA and BRV, a substantial decrease was 
observed compared to the SE group (P < 0.001). When p53 
levels were compared between the BRV and VPA groups, 
no statistically significant difference was observed (P < 
0.98). 

Bcl-2 levels were significantly lower in the SE group 
than in the sham group and the BRV group (P < 0.001). 
This measure was significantly lower in the BRV group 
than in the VPA group as well (P < 0.005). A statistically 
significant increase was detected after the treatment with 
VPA (P < 0.005) or BRV (P < 0.001) compared to the SE 
group. There was no statistically significant difference in 
Bcl-2 levels between the BRV and VPA groups (P < 0.19, 
Figure 3). 

The mean annexin V, p53, and Bcl-2 levels in the groups 
are presented below, along with the statistical results 
(Table 1). In the VPA and BRV groups, the mean Racine 
seizure staging scores were 1.30 ± 2.11 and 1.90 ± 2.46, 
respectively. Statistical comparison showed no significant 
difference (P < 0.5, Table 2).

4. Discussion
The tumor suppressor p53 is among the first identified 
apoptosis-regulating elements affected by seizure activity 
(20,21) and continues to be among the active cell death 
pathways in seizure-induced neuronal death regulation 
(22,23). Annexin V is a marker that increases in the 
apoptotic process (16). In our study, the levels of these 
markers were significantly higher in the SE group than 
in the other groups. Our results support the apoptotic 
process after SE in the rats. Importantly, in our study, an 

increase in annexin V was demonstrated in the seizure-
induced apoptotic process. Apoptosis is a complex process 
of programmed cell death. The Bcl-2 gene family plays an 
important role in regulating apoptosis. Bcl-2 plays a role 
in inhibiting the apoptosis and prolonging cell longevity, 
whereas the Bax gene promotes cell death (24). Gillardon 
et al. reported that the proapoptotic protein Bax increased 
and Bcl-2 decreased after a seizure (9). In our study, Bcl-2 
levels in the SE group were significantly lower than those 
in other groups.

VPA is a broad-spectrum antiepileptic drug used in 
the treatment of various types of seizures. It is also used 
for the treatment of bipolar disorder, schizoaffective 
disorder, social phobia, and neuropathic pain, as well 
as for the prophylaxis and treatment of migraine-type 
headaches (25). VPA is one of the antiepileptic drugs 
shown to reduce the neuronal damage associated with 
epileptic activity. In an experimental SE model, VPA was 
shown to significantly reduce neuronal damage in the 
hippocampal formation and improve neurological and 
memory function (26). Studies show that treatment with 
VPA supports neurogenesis and nerve sprouting and that 
it is neuroprotective in rats (27–29).

In our study, Bcl-2 levels were higher and p53 and 
annexin levels were lower in the antiepileptic drug groups 
than in the SE group. Our results overlap with those of 
previous studies. The decrease in annexin V level in the 
BRV group was found to be much greater than the decrease 
in the VPA group. Luo et al. failed to detect a significant 
change in the apoptosis of hippocampal neurons in 
epileptic rats after VPA administration compared to the 
control group, but showed an increase in Bcl-2/Bax ratio 
and thus the inhibition of apoptosis (24). Dash et al. 

Figure 1. Annexin V levels: following the treatment with VPA and BRV, a substantial 
decrease was observed compared to the SE group (P < 0.001). The BRV group had a 
statistically greater decrease compared to the VPA group (P < 0.008).
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reported that VPA treatment may have beneficial effects 
on the blood–brain barrier and cognitive recovery, as well 
as a neuroprotective effect, and also VPA may be useful for 
the treatment of traumatic brain injury (30). 

When recently administered antiepileptic therapies 
are examined, BRV has proven to be a safe and 

pharmacokinetically efficient drug compared to the 
preexisting drugs (31). For this reason, we compared 
VPA, a drug with known efficacy, to a current drug called 
BRV, examining their effects on apoptosis as well as their 
antiepileptic effects. BRV is a selective, high-affinity 
ligand for synaptic vesicular protein 2A (SV2A) and has 

Figure 2. p53 levels: following the treatment with VPA and BRV, a substantial decrease 
was observed compared to the SE group (P < 0.001). When p53 levels were compared 
between BRV and VPA groups, no statistically significant difference was observed (P < 
0.98).

Figure 3. Bcl-2 levels: Bcl-2 levels were significantly lower in the SE group than in the 
sham group (P < 0.001). A statistically significant increase was detected after treatment 
with VPA (P < 0.005) or BRV compared to the SE group (P < 0.001). No statistically 
significant difference in Bcl-2 levels was found between BRV and VPA groups (P < 0.19).

Table 2. Comparison of Racine seizure staging scores across the groups

Group 3, n = 10) (valproate) Group 4, n = 10 (brivaracetam) P

Racine seizure scores (mean ± SD) 1.30 ± 2.11 1.90 ± 2.46 0.5

SD: Standard deviation.
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been approved as an adjuvant therapy for focal seizures 
in adults with epilepsy (32). BRV has been shown to be 
antiepileptogenic in several experimental models (33). 
Although the antiepileptic mechanism of BRV has been 
shown to be similar to that of levetiracetam, affecting sodium 
channels, the cause of the clinical difference between the two 
therapeutics remains unexplained (34). 

In our study, the seizure behaviors exhibited in a kainic 
acid-induced SE model and treatment with antiepileptic 
drugs were scored using the Racine staging scale (19). The 
comparison shows that the anticonvulsant effects of the two 
antiepileptic drugs are not significantly different.

Although only a brief procedure, the anesthetics used 
can alter kainic acid’s effect. For this reason, it is important 
to choose the preferred anesthetic carefully. When 
ketamine/xylazine is used, it is usually not necessary to 
reanesthetize the animal because the effect lasts 20–30 min 
once deep anesthesia is reached. Whichever is chosen, the 
same anesthesia procedure should be used for all animals 

in each experiment. In general, ketamine is an N-methyl-d-
aspartate receptor blocker and has a neuroprotective effect 
in rats, reducing neuronal degeneration occurring after SE 
(35,36). However, Less reported that a single high dose of 
ketamine administered (150–180 mg/kg i.p.) for neuronal 
damage caused by kainic acid did not reduce the neuronal 
damage in his study (37). In our study, ketamine, used as a 
single dose, was not high in doses and the same procedure 
was used in all groups.

In our results, annexin V and p53 levels were substantially 
elevated in rats in which SE was induced with kainic acid. 
This result is supported by neuronal damage observed after 
SE. It has also been shown that VPA, a potent antiepileptic 
drug, and BRV, a new-generation antiepileptic drug, exert 
protective effects against neuronal damage by increasing 
Bcl-2 and that the anticonvulsant effects of the two drugs are 
similar. Our study suggests that BRV is also effective against 
apoptosis, unlike other antiepileptic drugs, and can prevent 
the epileptic focus from developing apoptotic injury.
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