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Abstract
Background. Ischemia-reperfusion models are used to evaluate treatment options that may minimize 
cellular damage after ischemia.

Objectives. To investigate the effects of amantadine and topiramate on apoptosis and cellular oxidative 
damage.

Materials and methods. This experiment was performed using 30 male Wistar albino rats. The right 
internal carotid artery was identified and clamped with an aneurysm clip under general anesthesia, except 
for animals in the control group. After 10 min of occlusion, the aneurysm clip was removed, allowing re-
perfusion. After reperfusion and a waiting period of 12 h, the test and control groups were intraperitoneally 
administered the following solutions: the sham group received 10 mg/kg of isotonic solution, the amanta-
dine group received 20 mg/kg of amantadine, the topiramate group received 40 mg/kg of topiramate, and 
the amantadine-topiramate group received 20 mg/kg of amantadine and 40 mg/kg of topiramate. After 24 h, 
the rats were euthanized.

Results. Apoptosis was evaluated using the TUNEL method. Total antioxidant status (TAS), total oxidant 
status (TOS), total thiol, and ischemia-modified albumin (IMA) levels were measured in both brain tissue and 
serum samples. The rate of apoptosis in the sham and amantadine groups increased significantly compared 
to the control group and the non-ischemic counter hemisphere. In the amantadine-topiramate group, both 
serum TAS and tissue thiol levels decreased. Tissue TOS levels were significantly higher in the topiramate 
group compared to all other test groups. Tissue TAS levels were significantly higher in the amantadine group 
compared to all other test groups.

Conclusions. This experimental ischemia-reperfusion model revealed that topiramate reduces apoptosis 
in the early period after ischemia and that its combination with amantadine does not provide additional 
benefits against cell death. However, topiramate did not have an inhibitory effect on the oxidative stress 
biomarkers used in our study (TAS, TOS, IMA, and thiol). Studies that reveal the neuroprotective mechanism 
of action and long-term effects of topiramate are needed to complement this study.
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Background

Despite many positive developments in the diagnosis and 
treatment of cerebrovascular disease, it continues to be 
a significant cause of morbidity and mortality worldwide. 
Experimental stroke models are valuable because they can 
reveal important information about the biochemical and 
pathological changes that ischemia causes in cerebral tis-
sue, and guide treatment options that act through these 
mechanisms.

Ischemia triggers apoptosis in cerebral tissue, leading 
to apoptotic cell death. This involves 2 pathways: the in-
trinsic pathway, which is associated with mitochondrial 
release and caspase-3 stimulation of cytochrome c, and 
the extrinsic pathway, which leads to caspase-8 stimula-
tion as a result of activation of cell surface death receptors. 
The developing ischemia destroys the cells that perform 
essential functions, such as oxygen transport, glucose 
production and maintenance of neuronal ionic gradients. 
Rapid depletion of energy after cerebral ischemia leads 
to loss of membrane potential and depolarization of nerves. 
The voltage-dependent Ca2+ channels are then activated, 
and stimulating amino acids are released into the extra-
cellular space. It is thought that cytotoxic accumulation 
of intracellular Ca2+ then initiates a series of cytoplasmic 
and nuclear events, which primarily trigger the intrinsic 
apoptotic pathway.

Glutamate accumulates outside of  cells during isch-
emia, binding to and opening a group of cation channels 
on the cell surface. Previous ischemic stroke research has 
largely concentrated on these receptors. The binding of glu-
tamate to these ionotropic N-methyl-d-aspartate (NMDA) 
and α-amino-3-hydroxy-5-methyl-4-isoxazolpropionic acid 
(AMPA) receptors promotes a further increase in Ca2+ input. 
Intracellular Ca2+ accumulation is a key step in cell death.

Reactive oxygen species (ROS) activity increases after 
ischemia and plays an important role in cell death in ce-
rebral ischemia. Under physiological conditions, ROS, 
including superoxide anions (O2−), hydrogen peroxide 
(H2O2) and hydroxyl radicals (OH−), are produced at low 
levels and are crucial in signaling and metabolic pathways. 
The overproduction of ROS after ischemia, coupled with 
the inactivation of antioxidant enzymes and the consump-
tion of antioxidants, leads to the failure of natural defense 
mechanisms in protecting neurons from oxidative dam-
age. This increase in ROS is thought to cause destruction 
by directly affecting cellular proteins, lipids and DNA, 
or indirectly, by damaging normal cellular signaling and 
gene regulation. Although many of the key apoptotic pro-
teins have been identified, understanding of the complex 
underlying mechanisms remains poor; thus, treatment 
of stroke patients by manipulating apoptotic pathways 
is an intensively studied subject.1

Based on the theory that NMDA receptor ion channels 
increase entry of Ca2+ into cells, memantine, an NMDA 
receptor blocker, was used in ischemia-reperfusion studies 

and was shown to cause a decrease in apoptotic cell num-
bers and oxidant levels. This result supports the hypothesis 
that memantine is neuroprotective.2

Amantadine is an NMDA receptor antagonist. It is com-
monly used in antiparkinsonian treatment as a dopamine 
agonist, and there are clinical studies showing that it ac-
celerates the rate of functional recovery in patients with 
post-traumatic consciousness disorders.3–5 Topiramate, 
another therapeutic agent, has a blocking effect on AMPA 
receptors, which increases intracellular Ca2+.6 In an ex-
perimental spinal cord trauma model, topiramate acceler-
ated recovery and was concluded to have a neuroprotec-
tive effect.7 Although many factors contribute to neuronal 
damage in ischemia, the pathogenesis has not yet been fully 
elucidated. The idea that a single medical treatment will 
be sufficient for treating neuronal ischemic pathogenesis 
seems overly optimistic.

Objectives

We aimed to investigate the effects of topiramate and 
amantadine on cell death and oxidative damage in an isch-
emic stroke model, with the prediction that combination 
therapy would increase the chance of success.

Materials and methods

Animals

A total of 30 male Wistar albino rats were used in this 
study, each weighing 450–500 g. Rats were housed in a con-
trolled environment of 22°C with 12 h light and dark cycles. 
Standard laboratory rat food and water were provided. 
All animals received humane care in compliance with 
the Guide for the Care and Use of Laboratory Animals pub-
lished by the Ethics Council of Selçuk University (Konya, 
Turkey). This study was performed at the Selçuk University 
Experimental Medicine Application and Research Center. 
The study protocol was approved by the Selçuk University 
Medical Faculty Ethics Committee (approval No. 2019/01-
25/01/2019) and the study was funded by the Health Sci-
ences University Research Projects Fund Committee (grant 
No. 2019/032-04/04/2019).

Ischemia-reperfusion model

Rats were randomly divided into 5 groups (6 rats per 
group): control (C) group, sham (S) group, amantadine (A) 
group, topiramate (T) group, and amantadine-topiramate 
(AT) group. General anesthesia was induced with intraper-
itoneal ketamine (Ketalar 500 mg; Pfizer, New York, USA) 
at 50–75 mg/kg and 2% xylazine (Xylazinbo 2%; Bioveta, 
Katowice, Poland) at 5 mg/kg. Rats were kept in a supine 
position and their necks were shaved. Following a midline 
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incision, the right internal carotid artery was identified 
and clamped with an aneurysm clip (Fig. 1). After 10 min 
of occlusion, the aneurysm clip was removed for reper-
fusion. Incisions were sutured with absorbable sutures. 
In control group animals, the same surgical procedure 
was performed, but the internal carotid artery was not 
clamped.2,8 After reperfusion and a 12 h waiting period, 
the following solutions were intraperitoneally adminis-
tered to the groups: 10 mg/kg of isotonic solution (S group), 
20 mg/kg of amantadine (A group), 40 mg/kg of topiramate 
(T group), and 20 mg/kg of amantadine and 40 mg/kg 
of topiramate (AT group). After 24 h, the rats were eutha-
nized under general anesthesia. Biopsies were performed 
on ischemic and non-ischemic brain zones and intracardial 
serum samples were taken (Fig. 2).

TUNEL method

Tissue samples were placed in freshly prepared 4% para-
formaldehyde solution (95% powder; Sigma 158127; Sigma–
Aldrich, St. Louis, USA) with a fixative/tissue ratio of 10/1 
and incubated at 4°C for at least 24 h. Samples were then 
transferred to 30% sucrose solution prepared in phosphate-
buffered saline (PBS; tablet; Sigma P4417; Sigma–Aldrich) 
and maintained for at least 24 h. A cryostat device (Thermo 
Shandon Cryostat 210160GB; Thermo Fisher Scientific, 
Waltham, USA) was used to prepare 4-μm-thick serial sec-
tions, which were stored at −18°C. The terminal deoxy-
nucleotidyl transferase dUTP nick end (TUNEL) method, 
a common cellular marking method that detects DNA frag-
mentation by marking the 3′-hydroxyl terminals in double 
chain DNA fractures during apoptosis, was used to detect 
apoptosis. A TUNEL kit (ABP Bioscience-TUNEL Andy 
Fluor TM 488 Apoptosis Detection Kit cat = A050; Biosci-
ence International, Rockville, USA) was used according 
to the protocol recommended in the prospectus. Closure 
was performed with a nonspecific nuclear marker, namely, 
the DAPI closure medium (UltraCruz® Aqueous Mount-
ing Medium with DAPI, sc-24941; Santa Cruz Biotechnol-
ogy, Santa Cruz, USA). Preparations were digitally viewed. 
Cells positively stained with TUNEL and all nuclei stained 
nonspecifically with DAPI were counted at different times 
by 2 different investigators using a double-blind protocol. 
Photographs of 4 areas were randomly taken for each tissue 
preparation. The following formula was used to calculate 
the apoptotic cell percentage (Fig. 3,4):

apoptotic index (AI) =  
(TUNEL-positive cell number/total cell number) × 100.

Biochemical analyses

Rat blood and brain tissue samples were collected for 
measurement of total antioxidant status (TAS), total oxi-
dant status (TOS) and total thiol. Blood samples were 
centrifuged at 3000 rpm for 10 min. Plasma was collected 
and stored at −80°C. Brain tissue was homogenized with 
0.05 mol/L Tris-HCl buffer. To reduce stabilized proteins, 
a solution containing 0.015 mol/L sodium azide (DAKO 
antibody diluent with background reducing components; 
Dako, Santa Clara, USA) was used and homogenized 
in a homogenizer (WiseTis HG-150; Daihan, Seoul, South 
Korea). Tissue homogenates were centrifuged at 3000 rpm 
for 20  min. The  supernatant was collected and stored 
at −80°C. The TAS, TOS and total thiol values were mea-
sured in rat plasma and brain tissue samples using enzyme-
linked immunosorbent assay (ELISA; YL Biont, Shanghai, 
China). To do so, 96-well enzyme-linked immunosorbent 
assay (ELISA) plates were coated with antibody. Next, 40 µL 
of sample, 10 µL of antibody and 50 µL of streptavidin-
horse radish peroxidase (streptavidin-HRP) were sequen-
tially added; 50 µL of chromogen A and chromogen B were 

Fig. 1. Left internal carotid artery clamped with an aneurysm clip

Fig. 2. Ischemic and non-ischemic zones of the brain
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Fig. 3. Frontal cortex TUNEL (apoptosis), DAPI (nuclear marker) and merge (TUNEL+DAPI) images. A. 1,2,3 – control ischemic TUNEL, DAPI, merge;  
B. 1,2,3 – control non-ischemic TUNEL, DAPI, merge; C. 1,2,3 – sham ischemic TUNEL, DAPI, merge; D. 1,2,3 – sham non-ischemic TUNEL, DAPI, merge;  
E. 1,2,3 – amantadine ischemic TUNEL, DAPI, merge. * yellow arrows indicate TUNEL-positive cells
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Fig. 4. Frontal cortex TUNEL (apoptosis), DAPI (nuclear marker) and merge (TUNEL+DAPI) images. F. 1,2,3 – amantadine non-ischemic TUNEL, DAPI, merge;  
G. 1,2,3 – topiramate ischemic TUNEL, DAPI, merge; H. 1,2,3 – topiramate non-ischemic TUNEL, DAPI, merge; I. 1,2,3 – amantadine + topiramate ischemic 
TUNEL, DAPI, merge; J. 1,2,3 – amantadine + topiramate non-ischemic TUNEL, DAPI, merge. * yellow arrows indicate TUNEL-positive cells
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added to the blank well. The ELISA plates were incubated 
in an incubator (Memmert, Schwabach, Germany) at 37°C 
for 60 min. The wash solution was diluted ×30 with distilled 
water. Each well was washed 5 times with 350 µL of wash so-
lution. Next, 50 µL of chromogen A and chromogen B were 
added to each well. Plates were incubated for 10 min at 37°C 
to ensure coloration. To stop the reaction, 50 µL of stopping 
solution was added to each well. Absorbance was measured 
at 450 nm using an ELISA reader (Clariostar, Ortenberg, 
Germany). The linear regression equation of the standard 
curve was calculated according to  the  concentrations 
of the standards and their respective optical density (OD) 
values. Lastly, according to the OD value of the sample, 
the concentration was calculated.

The ischemia-modified albumin (IMA) level was mea-
sured using another ELISA kit (Bioassay Technology Labo-
ratory, Shanghai, China). For this assay, 50 µL of sample, 
50 µL of standard and 50 µL of biotinylated antigen were 
sequentially added to  96-well ELISA plates previously 
coated with antibody and incubated for 30 min. The wash 
solution was diluted ×25 with distilled water. Each well 
was washed 5 times with 300 µL of wash solution. Next, 
50 µL of avidin-HRP was added to the sample and stan-
dard wells, and the plates were incubated for 30 min. Each 
well was again washed 5 times with 300 µL of wash solu-
tion. Next, 50 µL of chromogen A and chromogen B were 
added to each well, and plates were incubated for 10 min 
at 37°C to ensure coloration. To stop the reaction, 50 µL 
of stopping solution was added to each well. Absorbance 
at 450 nm was measured using an ELISA reader. The linear 
regression equation of the standard curve was calculated 
according to the concentrations of the standards and their 
respective OD values. Lastly, according to the OD value 
of the sample, the concentration was calculated.

Statistical analyses

The maximum number of animals for each group was 
calculated to be 5, using the sample size resource equation 
method. Considering the possibility of loss of animals due 
to death or injury, 6 animals were included in each group 
(30 animals in total). SPSS v. 15 software (SPSS Inc., Chicago, 
USA) was used for all statistical analyses. Numerical data are 

reported as the median (Me) value and the minimum and 
maximum (min–max) values. Since our data did not satisfy 
the assumptions for parametric tests, the Kruskal–Wallis 
test was used to compare all groups. When a statistically 
significant difference was detected with the Kruskal–Wal-
lis test, pairwise comparisons were then performed using 
a Bonferroni-corrected Mann–Whitney U test. A value 
of p < 0.05 was considered statistically significant.

Results

Regarding the rate of apoptosis in the ischemic right 
hemispheres, there was no statistically significant differ-
ence in the T and C groups. However, in the S and A groups, 
the rate was significantly higher than in the non-ischemic 
left hemisphere (p = 0.0090). Apoptotic cell counts showed 
no statistically significant difference between the isch-
emic and non-ischemic samples from the T and AT groups 
(Table 1, Fig. 3,4). When comparing apoptosis in the isch-
emic hemispheres of the groups, an increased rate of apop-
tosis was found in the A and S groups compared with 
the C group (p = 0.0020). When the left hemispheres with-
out ischemia were compared, it was found that the apop-
totic cell count was not significantly different between 
the groups (Table 2).

The serum TAS level was significantly lower in the AT 
group compared to all the other groups. No significant 
differences were noted among other groups. The A group 
had the highest TAS value in  the non-ischemic hemi-
sphere samples, and this value was significantly differ-
ent from those of  the  T, S  and C  groups. In  addition, 
the value in the T group was significantly higher than 
that in the S group. The TAS values in the ischemic hemi-
sphere samples were higher in all test groups compared 
to the C group, but only the value in the A group was 
significantly different (Table 3).

There were no significant differences in the serum and 
non-ischemic hemisphere TOS values in the test groups 
compared to  the  C  group. The  ischemic hemisphere 
TOS values were higher in  all test groups compared 
to the C group, but only the T group showed a statisti-
cally significant difference (Table 3).

Table 1. TUNEL method (apoptotic cell counts) in ischemic and non-ischemic group (in-group comparison; Mann–Whitney U test was used for pairwise 
comparison)

Groups n
Ischemia
Me value

(min–max)

Non-ischemia
Me value

(min–max)
p-value

Group C 6 0.06 (0.04–0.13) 0.046 (0.037–0.063) 0.0760

Group S  6 0.18 (0.16–0.19) 0.073 (0.047–0.098) 0.0090

Group A 6 0.18 (0.17–0.22) 0.083 (0.05–0.129) 0.0090

Group T 6 0.16 (0.12–0.19) 0.07 (0.053–0.098) 0.4620

Group AT 6 0.13 (0.12–0.14) 0.076 (0.038–0.087) 0.8060

Me – median; C – control; S – sham; A – amantadine; T – topiramate; AT – amantadine-topiramate.
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Table 2. TUNEL method (apoptotic cell counts) in ischemic and non-ischemic group (intergroup comparison)

Parameters Groups N Me value
(min–max) χ2 df p-value

Ischemic

group C
group S
group A
group T

group AT

6
6
6
6
6

0.06 (0.04–0.13)
0.18 (0.16–0.19)
0.18 (0.17–0.22)
0.16 (0.12–0.19)
0.13 (0.12–0.14)

16.992 4 0.0020

groups C and S, p = 0.0090 (adjusted p-value = 0.0900)
groups C and A, p = 0.0090 (adjusted p-value = 0.0900)

Non-ischemic

group C
group S
group A
group T

group AT

6
6
6
6
6

0.046 (0.037–0.063)
0.073 (0.047–0.098)
0.083 (0.05–0.129)
0.07 (0.053–0.098)

0.076 (0.038–0.087)

9.193 4 0.0560

The adjusted p-value is the p-value after the Bonferroni correction. Me – median; df – degrees of freedom; C – control; S – sham; A – amantadine; 
T – topiramate; AT – amantadine-topiramate.

Table 3. Comparison of serum and pathological tissue of total antioxidant status (TAS), total oxidant status (TOS), thiol, and ischemia-modified albumin 
(IMA) values of whole groups

Tests Groups N
Serum Pathologic tissue

Me value
(min–max) χ2 df p-value Me value

(min–max) χ2 df p-value

TAS 12.095 4 0.0172 14.821 4 0.0050

group C 6 8.04 (7.48–9.97) 7.6 (7.26–8.54)

group S 6 6.14 (5.77–15.29) 10.66 (7.26–12.51)

group A 6 8.57 (6.43–10.93) 11.16 (9.13–13.08)

group T 6 7.38 (6.53–9.67) 9.31 (8.54–10.34)

group AT 6 5.15 (3.97–5.29) 13.21 (11.32–14.13)

groups C and AT, p = 0.0140, adjusted p = 0.1400
groups S and AT, p = 0.0140, adjusted p = 0.1400
groups A and AT, p = 0.0140, adjusted p = 0.1400
groups T and AT, p = 0.0140, adjusted p = 0.1400

groups C and A, p = 0.0090, adjusted p-value = 0.0900

TOS 5.073 4 0.2800 13.796 4 0.0080

group C 6 5.91 (5.59–6.68) 1.32 (1.26–5.63)

group S 6 8.52 (5.85–20.41) 4.67 (2.76–8.45)

group A 6 7.98 (1.23–11.57) 7.91 (5.36–9.32)

group T 6 6.84 (6.32–7.35) 9.11 (6.66–11.75)

group AT 6 6.77 (5.73–8.11) 7.6 (6.55–11.75)

groups C and T, p = 0.0090, adjusted p-value = 0.0900

Thiol 5.716 4 0.2210 10.700 4 0.0300

group C 6 4.39 (2.54–6.21) 18.38 (14.61–26.43)

group S 6 5.6 (2.55–11.07) 9.36 (4.34–18.07)

group A 6 8.51 (2.72–11.74) 4.92 (2.94–17.12)

group T 6 10.51 (3.15–28.96) 10.17 (7.36–21.54)

group AT 6 11.43 (6.75–16.71) 6.73 (4.62–9.81)

groups C and AT, p = 0.0140, adjusted p-value = 0.1400

IMA 4.281 4 0.3690 3.617 4 0.4600

group C 6 3.84 (2.32–14.51) 19.35 (14.81–39.58)

group S 6 10.39 (6.31–12.56) 30.65 (24.56–33.63)

group A 6 9.52 (2.75–11.19) 20.64 (16.37–28.62)

group T 6 7.56 (4.02–10.47) 21.98 (12.85–28.62)

group AT 6 4.05 (2.74–4.49) 20.01 (15.93–39.25)

The adjusted p-value is the p-value after the Bonferroni correction. Me – median value; df – degree of freedom; TAS – total antioxidant status; TOS – total 
oxidant status; IMA – ischemia-modified albumin; C – control; S – sham; A – amantadine; T – topiramate; AT – amantadine-topiramate. 
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There was no difference in  serum total thiol values 
between groups. The A group had the lowest thiol value 
in the non-ischemic hemispheric tissue samples, but this 
level was only significantly different when compared to that 
in the T and S groups. All total thiol values in the ischemic 
hemisphere samples of the test groups were lower com-
pared to that in the C group, but only the value in the AT 
group was significantly different (Table 3).

Regarding IMA levels, the C group had the lowest IMA 
level while the S group had the highest. The IMA values 
in the AT group were closest to those in the C group, but 
the difference was not statistically significant (Table 3).

Discussion

Cerebrovascular disease remains an important cause 
of  morbidity and mortality worldwide. Many factors 
contribute to  the etiology of cerebrovascular disease. 
Currently, the most effective treatments for stroke are 
control of correctable risk factors and prophylactic use 
of anti-aggregant/anticoagulant therapy. The probability 
of successful treatment is  limited after ischemia devel-
ops. Neurons that die within minutes in ischemic tissue 
and the penumbra, which is the recoverable area around 
these neurons, are defined as treatment targets. Recently, 
thrombolytic treatment and endovascular treatment op-
tions have been developed to target the penumbra; they 
correct tissue perfusion in the hyperacute period and 
prevent tissue damage in the early period.9 These treat-
ments ultimately aim to reduce mortality and morbidity. 
However, options for treating the ischemic nucleus, where 
cells rapidly die, have not yet been developed. To address 
this, the mechanisms of the pathophysiological events 
occurring in ischemic neurons must first be clearly un-
derstood. Although previous studies suggest that apop-
tosis is a key factor for damage (it develops in response 
to acute ischemic damage and is triggered by factors such 
as the overproduction of free radicals, Ca2+ overload and 
excitotoxicity), complete details of the processes leading 
to apoptosis remain unknown. Changes in cellular ho-
meostasis can trigger necrosis or apoptosis; the choice 
of path usually depends on the cell type, cell age and 
its location in the brain. Apoptosis leads to degradation 
of DNA and cytoskeleton and nuclear proteins, crosslink-
ing of proteins, formation of apoptotic bodies, expression 
of  ligands for phagocytic cell receptors, and retention 
by phagocytic cells.9

Research focusing on the events that initiate apoptosis, 
namely ischemia triggering an increase in intracellular 
Ca2+, has recently gained momentum. Some neurotrans-
mitters and neuromodulators are known to contribute 
to  ischemic stroke damage and neuron death. Excit-
atory amino acid receptor activation, Ca2+ overload, ni-
tric oxide (NO), and oxidative stress are all well-known 
steps in the pathogenesis of ischemia. In a study testing 

the hypothesis that an increase in gamma-aminobutyric 
acid (GABA) receptor activity may prevent NMDA recep-
tor-mediated NO production and decrease brain damage, 
the results showed that both the GABA (A) receptor ago-
nist muscimol and GABA (B) receptor agonist baclofen had 
neuroprotective effects. Neurons treated with a combina-
tion of the 2 agonists were found to have reduced ischemia, 
suggesting that these agonists can significantly protect 
against neuronal death caused by reperfusion.10

An important factor determining the response of a cell 
to apoptotic mechanisms is the form of stress, which in-
cludes hypoxia, energy deprivation, DNA damage, and in-
flammation. The duration and intensity of stress also guide 
the response of a cell and adaptation to stress. A cell may 
survive stress and heal, or may die via apoptosis, necrosis 
or autophagy.11 In our study, an increase in apoptosis was 
observed in the non-ischemic hemisphere samples of all 
test groups compared to the C group. This finding suggests 
that ischemia can trigger apoptosis in the ischemic hemi-
sphere and in the opposite hemisphere due to the stress 
it generates.

As predicted, the lowest amount of apoptosis in the isch-
emic hemisphere was recorded in the C group. The AT 
group had an apoptosis value that was most similar to that 
of the C group, but only the S and A group values were 
significantly different from that of the C group. In our 
study, amantadine had no effect on apoptosis in the acute 
period after ischemia was induced.

Amantadine is a dopamine D2 receptor agonist. Since 
it is also an NMDA receptor antagonist, its effect on heal-
ing after traumatic brain injury has been the subject of sev-
eral studies. Although no serious adverse effects have been 
reported, some studies could not show a significant effect 
compared to a control group. Therefore, an experimental 
traumatic brain injury model was created in a previous 
study to test whether this inconsistency was the result 
of the evaluation criteria or the differences in the doses 
used: daily doses of 20 mg/kg and 40 mg/kg were adminis-
tered intraperitoneally for 19 days. The study showed that 
amantadine improved motor and cognitive performance, 
emphasizing that amantadine showed efficacy in a dose-
dependent manner.12

However, the mechanism of the neuroprotective effi-
cacy of amantadine is still unclear. In rats, corticosterone-
induced abnormal glutamatergic synaptic transmission 
in the hippocampal region has been observed to signifi-
cantly improve when the release of spontaneous glutamate 
from presynaptic terminals is modulated and when oxi-
dative stress is reduced by decreasing intracellular Ca2+ 
increases.13

In our study, amantadine was used in  rats at a dose 
of 20 mg/kg/day in accordance with the literature, but its 
effectiveness on apoptosis could not be demonstrated. This 
may be due to the fact that its efficacy at the tissue level 
was assessed 24 h after acute ischemic injury. These results 
may indicate that amantadine has no effect on apoptosis 
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in the acute period. Thus, studies of its longer-term use 
are warranted.

The anti-dyskinetic activity of amantadine in clinical 
Parkinson’s disease is well-known. A study of a Parkin-
son’s disease animal model demonstrated that the com-
bined use of amantadine and topiramate had synergistic 
effects on dyskinesia, without adverse motor effects.14 
This report strongly influenced our study – we aimed 
to determine if amantadine and topiramate had the same 
synergistic effect in  the  ischemia-reperfusion model. 
Although the rate of apoptosis in ischemic tissue sam-
ples increased significantly in  the A group compared 
to the S group, it did not differ significantly in the T and 
AT groups compared to the C group. The apoptosis rate 
in the AT group, compared to the T group, was closer 
in value to that of the C group; however, the difference 
was not statistically significant. In future studies with 
more subjects, the issue of whether amantadine increases 
the antiapoptotic properties of topiramate should be fur-
ther examined.

Although topiramate is less effective than memantine 
in hypoxic ischemic encephalopathy models in vivo and 
in vitro, it has been shown to decrease cerebral damage, es-
pecially in combination with hypothermia.6 Recent studies 
that investigated the actions of topiramate on ventrolateral 
periaqueductal gray (vlPAG) glutamatergic transmission 
and aggressive behaviors in rats suggested that a single 
injection of topiramate systemically and dose-dependently 
inhibited elements of  offensive aggressive behaviors.15 
There are additional reports indicating that, in rats, topi-
ramate (at 30 mg/kg/day) decreases hippocampal cell loss 
after hypoxia, prevents memory impairment and aggres-
sion16 and reduces apoptosis in the hippocampus against 
hyperoxic damage (at 80 mg/kg/day).17

The dose range of topiramate reported in previous exper-
imental studies is broad and often depends on the method 
of administration. For example, the efficacy of topiramate 
at a dose of 40–160 mg/kg/day in an inflammatory hyper-
algesia model in rats18 was demonstrated, and at a dose 
of  40  mg/kg/day19 in  studies on  behavioral symptoms 
in rats. It has also been reported that hippocampal isch-
emic neuronal damage almost eliminates all histological 
findings.20

In experimental studies, topiramate has been reported 
to effectively reduce intracranial pressure in rats, even 
at  much lower doses (oral delivery of  6.25  mg/kg).21 
Thus, it can be hypothesized that topiramate may pro-
vide additional benefits in cerebral ischemia-reperfusion 
models, because one of the parameters that adversely af-
fects the clinical condition after ischemia is the increase 
of edema in ischemic tissue.

In our study, we observed that topiramate, when admin-
istered intraperitoneally at a dose of 40 mg/kg, signifi-
cantly reduced apoptosis. In a study that examined patients 
with ischemic and hemorrhagic stroke, it was reported 
that the risk of  seizures was higher after hemorrhagic 

stroke and 10% of patients with stroke will develop sei-
zures within a decade.22 However, there are currently no 
clear data supporting routine prophylactic antiepileptic 
use in stroke patients.23 When acute period antiepileptic 
drugs are selected for stroke patients, the positive effects 
of topiramate should be taken into consideration, namely, 
its ability to decrease intracranial pressure and apoptosis 
in ischemic tissue.

Post-stroke oxidative stress is  thought to play a  role 
in  brain damage through the  release of  a  significant 
amount of oxygen-free radicals. For example, the n-ter-
minal of human serum albumin is unstable and more 
prone to deterioration during oxidative stress; a reduc-
tion in binding capacity has been observed for transition 
metals, such as Cu and Co, and this form is called IMA. 
It has been reported that IMA levels increase in ischemic 
events, such as acute myocardial infarction and cerebro-
vascular events.24 However, the increase in IMA is not tis-
sue-specific and has been demonstrated to vary according 
to the duration of ischemia.25 Furthermore, IMA increases 
are not specific to ischemic events. The IMA levels have 
also been shown to increase in obstructive sleep apnea26 
and during pregnancy, which is a physiological event.27 
Notably, smokers showed no increase in IMA levels com-
pared to a control group.28

In our study, there were no significant differences in IMA 
levels in the blood, ischemic tissue or non-ischemic tissue 
samples from the test groups compared to the C group 
or between test groups. A previous study reported IMA 
levels in 118 patients who had blood samples taken within 
3 h of the onset of acute neurological deficits. These pa-
tients were divided into 3 groups: cerebral ischemia; hem-
orrhage and transient ischemic attack (TIA); or transient 
neurological deficit, which could not be clearly differenti-
ated from epileptic seizure. In the first evaluation, no sig-
nificant difference was observed between the groups with 
ischemia or hemorrhage, whereas both of these groups 
showed significant elevation compared to the group with 
temporary neurological deficits. These results suggest that 
the lack of change in IMA levels in our study were not due 
to the short duration of our ischemia-reperfusion model. 
In addition, the same study revealed that the IMA levels 
at 24 h in the ischemia group patients continued to be sig-
nificantly different from those in the hemorrhagic group 
patients.29

Another indicator of oxidative stress is deterioration 
of the thiol–disulfide balance. In cerebrovascular events, 
this balance is disrupted. Total thiol and natural thiol 
levels have been reported to be significantly lower in pa-
tients with cerebral venous sinus thrombosis (n = 38) than 
in healthy volunteers (n = 80).30 In experimental global 
and focal ischemia-reperfusion models, a decrease in thiol 
levels after ischemia has been reported.31

In the present study, no statistically significant difference 
was observed in blood total thiol levels between groups. 
In the ischemic tissue samples, the total thiol levels were 
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lower in all test groups than in the C group, but there was 
a statistically significant difference only in the AT group. 
This finding can be interpreted to mean that amantadine 
does not have a positive effect on oxidative stress, as evalu-
ated using total thiol levels.

Furthermore, there was no significant difference 
in  the serum TOS values in  the  test groups compared 
to  the  C  group. In  the  tissue samples, the  TOS value 
was lowest in the C group, as expected. Only the value 
in the T group was significantly different. It was also ob-
served that topiramate had no positive effect on the TOS 
value and that amantadine and amantadine-topiramate 
combination therapy had no benefit over the  isotonic 
group.

Regarding the serum TAS values, the only group that 
differed significantly from the C group was the AT group. 
A significant decrease in the serum TAS value was ob-
served in this group. The lowest TAS value in the tissue 
samples was found in the C group. Although the value 
in the T group was most similar to that in the C group, 
the only significant difference was between the A and 
C  groups. Thus, it  was determined that amantadine 
did not have a positive effect on ischemia-induced TAS 
level and noted that the amantadine-topiramate com-
bination did not have a  significant effect compared 
to the S group.

As a result, we were unable to demonstrate a positive 
effect on the oxidative stress parameters with the isolated 
or combined use of these agents. This may have been due 
to the short length of exposure to ischemia or because 
oxidative stress was assessed after 24 h. Longer exposure 
to ischemia, use of different oxidative stress parameters, 
or evaluation of samples collected during the hyperacute 
or subacute periods may have different results. All of these 
issues are open to discussion.

Due to  the  increased rate of  apoptosis after 10  min 
of  ischemia, it  may be stated that this short exposure 
to ischemia is sufficient for triggering cell death. How-
ever, it may be necessary to explain the course of cell death 
in this acute period by mechanisms other than oxidative 
stress. Our study showed that administration of topira-
mate, which had no significant effect on IMA, TAS, TOS, 
or total thiol levels, resulted in reduced apoptosis com-
pared to the C group. In future studies, the positive ef-
fects of topiramate on ischemia-induced neuronal damage 
should be evaluated using different biomarkers to investi-
gate different mechanisms.

Limitations

Several limitations of our study should be noted. First 
of all, the duration of ischemia could be prolonged by lon-
ger occlusion of  the  internal carotid artery. Secondly, 
the duration of administration of amantadine and topi-
ramate could be extended. Either of these changes could 
affect the results.

Conclusions

Tissue damage in ischemic stroke cannot be fully ex-
plained by hypoperfusion and acute cell death due to hy-
poxia. The inflammatory response developed by ischemic 
tissue is also responsible for cell damage. Currently, the best 
known treatments are those that prevent ischemia. Throm-
bolytic and endovascular treatment options, which have re-
cently become widespread, have significantly reduced post-
stroke morbidity and mortality rates. These treatments 
provide reperfusion at the tissue level and act by restoring 
the penumbra, but they cannot save neurons that die within 
minutes after ischemia. Clarifying the pathophysiologi-
cal events that develop in the ischemic process will play 
an important role in the development of treatments aimed 
at reducing ischemic damage at the cell level. Our study 
shows that topiramate reduces apoptosis in the early post-
ischemia period and that its combination with amantadine 
does not provide additional benefits for reducing cell death. 
Topiramate did not have an inhibitory effect on the oxi-
dative stress biomarkers used in our study (TAS, TOS, 
IMA, and thiol). Studies that reveal the neuroprotective 
mechanism of action and long-term effects of topiramate 
are needed to complement the findings of this study.
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