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INTRODUCTION
Transient ischemia in the brain can cause metabolic and neu-

rochemical alterations and lead to selective neuronal loss (death) 
in vulnerable regions after a transient ischemia [1,2]. In particu-
lar, neuronal loss occurs in the cornu ammonis (CA) 1 field in the 

hippocampus proper consisting of CA1 to CA3 fields at a few (four 
to five) days after five minutes of transient forebrain ischemia 
(TFI), which is called “delayed neuronal death” [3]. Although the 
exact mechanism of TFI-induced delayed neuronal death in the 
hippocampal CA1 field has not been clearly elucidated yet, many 
previous studies have suggested some underlying mechanisms 
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ABSTRACT Stiripentol is an anti-epileptic drug for the treating of refractory status 
epilepticus. It has been reported that stiripentol can attenuate seizure severity and 
reduce seizure-induced neuronal damage in animal models of epilepsy. The objec-
tive of the present study was to investigate effects of post-treatment with stiripentol 
on cognitive deficit and neuronal damage in the cornu ammonis 1 (CA1) region of 
the hippocampus proper following transient ischemia in the forebrain of gerbils. To 
evaluate ischemia-induced cognitive impairments, passive avoidance test and 8-arm 
radial maze test were performed. It was found that post-treatment with stiripentol at 
20 mg/kg, but not 10 or 15 mg/kg, reduced ischemia-induced memory impairment. 
Transient ischemia-induced neuronal death in the CA1 region was also significantly 
attenuated only by 20 mg/kg stiripentol treatment after transient ischemia. In ad-
dition, 20 mg/kg stiripentol treatment significantly decreased ischemia-induced as-
trocyte damage and immunoglobulin G leakage. In brief, stiripentol treatment after 
transient ischemia ameliorated transient ischemia-induced cognitive impairment in 
gerbils, showing that pyramidal neurons were protected and astrocyte damage and 
blood brain barrier leakage were significantly attenuated in the hippocampus. Re-
sults of this study suggest stiripentol can be developed as a candidate of therapeutic 
drug for ischemic stroke.
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such as excitotoxicity and oxidative stress [4-6]. Neuroinflamma-
tory processes including glial activation and enhanced production 
and release of inflammatory cytokines have also been thought as 
major mechanisms [2,7,8]. In addition to delayed neuronal death, 
it has been demonstrated that TFI can cause the damage of blood-
brain barrier (BBB) integrity, leading to leakage and increased 
permeability (i.e., vasogenic edema, abnormal exchange of mol-
ecules, etc.) [9-12].

Stiripentol (STP) is a structurally unique anti-epileptic drug for 
treating Dravet syndrome and refractory status epilepticus [13]. 
Previous studies have suggested some underlying mechanisms 
of the anticonvulsant effect of STP such as action on gamma-
aminobutyric acid A receptor and inhibition of lactate dehy-
drogenase [14,15]. In addition, it has been reported that STP can 
reduce seizure severity and seizure-induced neuronal damage 
in animal models of epilepsy [16-18]. In addition, a recent study 
has reported the effect of STP against neuropathic pain induced 
by spinal nerve transection in mice, showing that intrathecal ad-
ministration with STP can attenuate mechanical hyperalgesia in 
a dose-dependent manner [19].

Although anti-epileptic and neuroprotective effects of STP have 
been demonstrated in epileptic seizure models, studies investigat-
ing whether STP has protective effect against ischemic damage 
induced by TFI have not been reported yet. Therefore, the objec-
tive of this study was to investigate the effects of post-treatment 
with STP after TFI on TFI-induced cognitive impairment, neu-
ronal damage/death, astrocyte damage and BBB leakage in the 
hippocampal CA1 region using the gerbil as a good model of 
TFI [2,20,21].

METHODS

Experimental animals

Male Mongolian gerbils (total n = 144; 80 ± 5 g of body weight; 
six months of age) were obtained from Experimental Animal 
Center of Kangwon National University (Chuncheon, Korea). 
They were housed under optimal conditions (24 ± 0.5°C of room 
temperature; 55 ± 5% of relative humidity; 12:12 h of light/dark 
cycle) with three to five animals per cage. Freely accessible pellet 
feed (DBL Co., Ltd., Eumseong, Korea) and potable water were 
provided to the gerbils. Entrance to the room was rigorously 
regulated to reduce superfluous stress to the gerbils.

In this experiment, the experimental protocol was approved 
(approval no., KW-200113-1) by “Institutional Animal Care and 
Use Committee” of Kangwon National University on February 
18, 2020.

Experimental groups

In this study, experimental groups were as follows: 1) Sham-

vehicle group (n = 15) was given sham operation and treated with 
vehicle (saline); 2) TFI-vehicle group (n = 21) was given TFI op-
eration and treated with vehicle; 3), 4), and 5) Sham-10, 15, and 20 
mg/kg STP groups (n = 15, respectively) were given sham opera-
tion and treated with 10, 15, and 20 mg/kg STP, respectively; 6), 7), 
and 8) TFI-10, 15, and 20 mg/kg STP groups (n = 21, respectively) 
were given TFI operation and treated with 10, 15, and 20 mg/kg 
STP, respectively.

Surgery for TFI and administration of STP

TFI was induced in accordance with a previously published 
method [4,12]. In brief, the gerbils were anesthetized by inhal-
ing 2.5% isoflurane (Hana Pharm. Co., Ltd., Seoul, Korea) in 
33% O2 and 67% N2O. Under anesthesia, the ventral necks of the 
gerbils were shaved, and a midline incision (1.2 ± 0.2 cm) was 
made. Next, bilateral common carotid arteries (BCCA) were 
isolated and ligated with aneurysm clips (0.69 N) (Yasargil FE 
723K; Aesculap, Tuttlingen, Germany). To verify complete occlu-
sion of the BCCA, the central arteries located in bilateral retinae 
were observed using an ophthalmoscope (HEINE K180) (Heine 
Optotechnik, Herrsching, Germany). After the conformation of 
perfect ischemia, the clips were removed at 5 min after BCCA 
ligation, and the incision was closed using 3-0 suture silk (Ethicon 
Inc., Somerville, NJ, USA). During the surgical procedure, body 
temperature was monitored in real-time with a rectal temperature 
probe (TR-100) (Fine Science Tools, Foster City, CA, USA), and 
body temperature was controlled at normothermic condition (37 
± 0.5°C). In this experiment, the sham operation was performed 
like TFI procedure without BCCA ligation.

For the administration of STP (synonyms, 4,4-Dimethyl-
1-[(3,4-methylenedioxy)phenyl]-1-penten-3-ol and Diacomit; mo-
lecular formula, C14H18O3; solubility, DMSO: ≥ 20 mg/ml), it was 
dissolved in vehicle (saline) in order that the final dosage was to 
be 10 mg, 15 mg, and 20 mg per 1 kg of body weight. The gerbils 
were intraperitoneally injected with vehicle or STP at 30 min after 
sham or TFI operation (Fig. 1).

Behavioral tests

Passive avoidance test (PAT)
To evaluate short term memory following TFI, PAT was con-

ducted in the light of previous studies [12,22]. In short, we used 
the Gemini Avoidance System (GEM 392) (San Diego Instru-
ments, San Diego, CA, USA) which consists of dark and light sec-
tions communicating by a vertical sliding door between the two 
sections. As shown in Fig. 1, PAT was performed by two phases at 
one day before TFI and five days after TFL. Namely, training was 
performed, and substantive trial was conducted at 20 min after 
the training. In the training, the gerbil was placed in the light sec-
tion and allowed to freely explore both sections for one minute 
while the vertical door was opened. When the gerbil entered the 
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dark section, the door was closed and an electric foot-shock (0.5 
mA for 5 sec) was given to the gerbil from steel grid on the floor. 
For the substantive trial, the gerbil was placed in the light sec-
tion, and the latency time to enter the dark section was recorded 
within three minutes.

8-arm radial maze test (8-ARMT)
8-ARMT was performed in order to evaluate spatial memory 

following TFI in accordance with previously described meth-
ods [4,11,12]. Briefly, a central platform consisting of a non-
transparent acryl board (diameter, 20 cm) with radially extended 
eight arms (width, 5 cm; height, 9 cm; length, 35 cm) (Stoelting 
Co., Wood Dale, IL, USA) was used. Pelleted diets (DBL Co., 
Ltd.) were located at the end of each arm. As shown in Fig. 1, the 
gerbils were pre-trained once a day for three days before TFI in-
duction. The substantive trials were conducted once a day for five 
days from one day after TFI induction. To evaluate 8-ARMT, the 
gerbil was placed onto the central platform, and the numbers of 
errors were recorded at every occasion when the gerbil went into 
the arm that they had already entered before. When the gerbil ate 
up the pellets, each trial was terminated.

Preparation of histological sections

As shown in Fig. 1, the gerbils used for all groups were sacri-
ficed (n = 5, respectively, in the sham groups; n = 7, respectively, 
in the TFI groups) at six hours, two days and five days after sham 
or TFI operation. According to our previous studies [4,12], brain 
tissue sections containing the hippocampus were prepared. In 

short, the gerbils were profoundly anesthetized by intraperitoneal 
administration of 90 mg/kg pentobarbital sodium (JW pharm. 
Co., Ltd., Seoul, Korea). Under deep anesthesia, the brains of the 
gerbils were rinsed with saline through ascending aorta and fixed 
4% paraformaldehyde (in 0.1 M phosphate buffer; pH 7.4). The 
brains were harvested and more fixed with same fixative for four 
hours at room temperature. To cryoprotect the brains when they 
were sectioned, the fixed brains were infiltrated with 25% sucrose 
solution (in 0.1 M PB; pH 7.4) for 24 h at room temperature. Us-
ing a sliding microtome (SM2020 R) (Leica, Nussloch, Germany) 
equipped with BFS-40MP freezing platform (Physitemp Instru-
ments, Inc., Clifton, NJ, USA), the brains containing the hippo-
campus were coronally sectioned into 30 μm of thickness. The 
sections used in this experiment were selected at level of –1.8 mm 
to 2.7 mm of antero-posterior to the bregma in the light of the 
gerbil brain atlas [23].

Immunohistochemistry

Immunohistochemical studies were done to examine changes 
in neurons, astrocytes, and immunoglobulin G (IgG) using the 
following primary antibodies: neuronal nuclei (NeuN; a marker 
for neurons), and IgG (Table 1). In brief, in accordance with pre-
viously published methods [4,12], the sections were incubated in 
0.3% H2O2 for 25 min at room temperature, and they were im-
mersed in five percent normal horse or goat serum for 30 min at 
room temperature. Thereafter the sections were immunoreacted 
with each primary antibody for 24 h at 4°C. After washing them, 

Fig. 1. Experimental timeline. Vehicle 
(saline) and STP (10, 15, and 20 mg/kg) 
are treated 30 min after TFI. 8-ARMT is 
conducted at 3, 2, and 1 day before TFI, 
and 1, 2, 3, 4, and 5 days after TFI. PAT is 
carried out at 1 day before, and 5 days 
after TFI. The animals are sacrificed at 
6 h, 2 and 5 days after TFI respectively, 
and histologically analyzed. STP, stirip-
entol; TFI, transient forebrain ischemia; 
8-ARMT, 8-arm radial maze test; PAT, pas-
sive avoidance test.

Table 1. List of primary and secondary antibodies used for immunohistochemistry

Antibody Dilute rates Manufacturers

Primary antibodies
   Mouse anti-neuronal nuclei (NeuN) 1:1,000 Chemicon, Temecula, CA, USA
   Rabbit anti-ionized calcium-binding adapter molecule 1 (Iba-1) 1:800 Wako, Osaka, Japan
   Mouse anti-glial fibrillary acidic protein (GFAP) 1:1,000 Chemicon, Temecula, CA, USA
   Rabbit anti-Mongolian gerbil immunoglobulin G (IgG) 1:1,000 Bioss antibodies, Atlanta, GA, USA
Secondary antibodies
   Biotinylated horse anti-mouse IgG 1:250 Vector Laboratories Inc., Burlingame, CA, USA
   Biotinylated goat anti-rabbit IgG 1:250 Vector Laboratories Inc., Burlingame, CA, USA
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the immunoreacted sections were reacted with corresponding 
secondary antibodies for two hours at room temperature followed 
by incubated in diluted avidin-biotin complex (dilute rate, 1:250) 
(Vector Laboratories, Burlingame, CA, USA) (Table 1). After 
washing, these sections were subsequently visualized via immers-
ing into 0.06% 3,3’-diaminobenzidine tetrahydrochloride (Sigma-
Aldrich Co., St. Louis, MO, USA) containing 0.003% H2O2. Final-
ly, these sections were mounted onto the slide glass, dehydrated 
using ethyl alcohol series, cleared in xylene, and coverslipped 
with Canada balsam (Kanto Chemical, Tokyo, Japan).

To evaluate the change of NeuN immunoreactive cells (neurons) 
was performed according to published papers [4,24] with minor 
modification. The image of NeuN immunoreactive neurons was 
taken at the magnification of 20X using light microscope (BX53) 
(Olympus, Tokyo, Japan) equipped with digital camera (DP72) 
(Olympus). NeuN immunoreactive neurons were counted using 
image capture software (cellSens Standard) (Olympus). The total 
number of NeuN immunoreactive neurons was counted in 250 
μm2 at the middle in the CA1 region, and the mean number was 
calculated using NIH Image (1.59 software) (National Institutes 
of Health, Bethesda, MD, USA).

To quantitatively analyze changes in the immunoreactivi-
ties of glial fibrillary acidic protein (GFAP), and IgG in the CA1 
region, immunostained sections were observed in the same way 
described above. To evaluate changes in the immunoreactivities, 
in accordance with previous studies [12,25], all immunoreac-
tive structures were converted into 8-bit grey scale images with a 
range of 0-255 (from black to white). Using Image J software (ver-
sion 1.46) (National Institutes of Health), images were assessed 
for grey scale intensity, and average immunoreactive intensity in 
each immunoreactive staining was calculated within the area of 
interest. The immunoreactive intensity was relatively presented 
as relative optical density (ROD): the optical density of the Sham-
vehicle group was considered as 100%.

Histofluorescence using Fluoro-Jade B (F-J B)

F-J B is used as a marker of cellular degeneration. F-J B histo-
fluorescence was carried out in order to examine neuronal dam-
age/death following TFI. As described previously [12,26], in brief, 
the sections were incubated in 0.06% potassium permanganate 
(KMnO4) (Sigma-Aldrich Co.) for 20 min on an orbital shaker. 
After washing for two minutes, these sections were reacted in 
0.0004% F-J B (Histochem, Jefferson, AR, USA) for 30 min. 
Thereafter, the brain sections were washed three times for two 
minutes and placed on a slide warmer until they were fully dried. 
The slides were cleared using xylene for one minute and cover-
slipped with dibutylphthalate polystyrene xylene (Sigma-Aldrich 
Co.).

The count of F-J B positive cells (neurons) was performed to 
evaluate TFI-induced neuronal death in the CA1 region. In short, 
according to published methods [4,24], the image of F-J B positive 

cells was taken at the magnification of 20X using epifluorescent 
microscope (Carl Zeiss, Oberkochen, Germany), equipped with a 
digital camera (DP72) (Olympus), at 450–490 nm of wavelength. 
F-J B positive cells were taken using image capture software 
(cellSens Standard) (Olympus). The total number of F-J B posi-
tive cells was counted in the same way described above (count of 
NeuN immunoreactive neurons).

Double immunofluorescence staining

To distinguish astrocyte endfeet and blood vessels, double im-
munofluorescence staining was conducted according to a pub-
lished protocol [12]. In short, the sections were reacted in mouse 
anti-GFAP (dilute rate, 1:800) (Chemicon, Temecula, CA, USA), 
mouse anti-NeuN (dilute rate, 1:800) (Chemicon), rabbit anti-
glucose transporter 1 (GLUT-1; a marker for endothelial cells) 
(dilute rate 1:1,000) (Chemicon), and rabbit anti-IgG (dilute rate, 
1:800) (Bioss antibodies, Atlanta, GA, USA) were used as primary 
antibodies. Thereafter, the sections were immunoreacted with 
secondary antibodies combined Alexa Fluor 488-conjugated 
donkey anti-mouse IgG (dilute rate, 1:500) (Invitrogen, Waltham, 
MA, USA) and Alexa Fluor 546-conjugated goat anti-rabbit IgG 
(dilute rate 1:500) (Invitrogen). After washing, the sections were 
mounted onto the slide glasses and dehydrated using a dry oven 
(WiseVen WOC High Clean Air Oven) (Daihan Scientific Co., 
Ltd., Wonju, Korea) for eight hours. Finally, the sections were cov-
erslipped with DPX (Sigma-Aldrich Co.).

The immunoreaction of GFAP/GLUT-1 was observed using 
confocal MS (LSM510 META NLO) (Carl Zeiss), which was in 
the Korea Basic Science Institute Chuncheon Center (Chuncheon, 
Korea).

Statistical analysis

In this study, we used SPSS software (version 15.0) (SPSS Inc., 
Chicago, IL, USA) to perform statistical analyses. Kolmogorov 
and Smirnov test was used to test normal distributions, and 
Bartlett test was used to test identical standard error of the means 
(SEMs). All our data passed the normality test. The statistical 
significances of the mean among the experimental groups were 
determined by two-way analysis of variance (for the numbers of 
NeuN-immunoreactive neurons and F-J B positive cells, RODs of 
GFAP and IgG-immunoreactive structures, and latency times in 
PAT) and repeated measures analysis of variance (for the num-
bers of errors in 8-ARMT) followed by post-hoc Tukey test for all 
pairwise multiple comparisons. Statistical significance was con-
sidered to be at a value of p < 0.05.
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RESULTS

Effect of STP against TFI-induced cognitive deficit

In this study, as shown in the Fig. 2, STP treatment after TFI 
significantly attenuated TFI-induced cognitive impairments. In 
PAT, the latency time one day before TFI was not significantly 
different between the Sham-vehicle and all Sham-STP groups, 
and, five days after TFI, the latency time in all Sham groups was 
not different from that shown one day before TFI (Fig. 2A). In the 
TFI-vehicle, TFI-10 mg/kg STP and TFI-15 mg/kg STP groups, 
the latency time five days after TFI was significantly lower than 
that in the Sham-vehicle and Sham-STP groups (Fig. 2A). Howev-
er, five days after TFI, the latency time in the TFI-20 mg/kg STP-
group was similar to that found in the Sham-vehicle group (Fig. 
2A).

In 8-ARMT, the number of the errors was gradually decreased 
in all groups with time before TFI, and the decrease pattern was 
not difference between all groups (Fig. 2B). One day after TFI, 
the numbers of the errors were significantly increased in the TFI-
vehicle and all TFI-STP groups when compared with the Sham-
vehicle and all Sham-STP groups (Fig. 2B). From two days to five 
days after TFI, the numbers of the errors in the TFI-vehicle, TFI-
10 mg/kg STP and 15 mg/kg STP groups were not significantly 
decreased with time after TFI (Fig. 2B). However, the numbers 
of the errors in the TFI-20 mg/kg STP group began to decrease 
from two days after TFI and were significantly decreased with 

time, showing that the numbers five days after TFI were similar 
to those shown in the Sham groups (Fig. 2B).

Effect of STP against TFI-induced neuronal death

In this experiment, we found that STP treatment after TFI pro-
tected neurons in the CA1 region from TFI injury (Fig. 3). In the 
Sham-vehicle group, neurons immunostained with NeuN (NeuN+ 
neurons), as intact neurons, were located in the stratum pyrami-
dale, and cells positive to F-J B (F-J B+ cells), as damaged (dead) 
cells, were not found (Fig. 3A, 3a, 3I, 3i). On the other hand, in the 
TFI-vehicle group, very few NeuN+ neurons and many F-J B+ cells 
were shown in the stratum pyramidale five days after TFI (Fig. 
3B, 3b, 3I, 3i).

In all Sham-STP groups, no significant differences in the num-
bers of NeuN+ and F-J B+ cells were shown when compared with 
those found in the Sham-vehicle group (Fig. 3C, 3c, 3E, 3e, 3G, 3g, 
3I, 3i). In the TFI-10 mg/kg STP and TFI-15 mg/kg STP groups, 
the distribution of NeuN+ and F-J B+ cells was very similar to the 
TFI-vehicle group (Fig. 3D, 3d, 3F, 3f, 3I and 3i). In contrast, in the 
TFI-20 mg/kg STP group, many NeuN+ and very few F-J B+ cells 
were detected in the stratum pyramidale (Fig. 3H, 3h, 3I, 3i): this 
finding means that therapeutic treatment with 20 mg/kg STP af-
ter TFI in gerbils very effectively protected hippocampal neurons 
from ischemia-reperfusion injury.

Based on these results, we described the following results ob-
tained from the TFI-20 mg/kg STP group.

Fig. 2. Latency time in PAT (A) and 
mean numbers of errors in 8-ARMT (B) 
in the Sham-vehicle, Sham-STP (10, 
15, and 20 mg/kg), TFI-vehicle and 
TFI-STP (10, 15, and 20 mg/kg) groups 
before and after TFI. The substantial 
trials for PAT are conducted one day 
before and five days after TFI and gerbils 
are undergone pre-training trial at 20 
min before each substantial trial. In the 
TFI-20 mg/kg STP group, a significantly 
delayed latency time in PAT is recorded 
compared with that in the TFI-vehicle, 
TFI-10 mg/kg STP and TFI-15 mg/kg STP 
groups. 8-ARMT is daily performed at 
three to one day before TFI, and one to 
five days after TFI. In the TFI-20 mg/kg 
STP group, the numbers of the errors 
in 8-ARMT are significantly decreased 
from two days after TFI. The bars indicate 
the means ± SEM (n = 7, respectively; 
*p < 0.05 vs. Sham-vehicle or Sham-STP 
group; #p < 0.05 vs. TFI-vehicle group). 
8-ARMT, 8-arm radial maze test; PAT, pas-
sive avoidance test; STP, stiripentol; TFI, 
transient forebrain ischemia.

B

A
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Effect of STP against TFI-induced astrocyte damage

We found, in this study, that STP treatment after TFI signifi-
cantly attenuated TFI-induced astrocyte damage in the CA1 
region (Fig. 4). In the Sham-vehicle group, cells immunostained 
with GFAP, as intact GFAP+ astrocytes, had thin processes and 
small cytoplasm, and most of them were distributed in stratum 
oriens and radiatum (Fig. 4Aa). In the TFI-vehicle group, GFAP 
immunoreactivity in the astrocytes was increased with time after 
TFI, showing that their cytoplasm and processes became gradu-
ally hypertrophied and thickened, respectively (Fig. 4Ab–Ad and 
4B).

No significant difference was shown in GFAP immunoreactivi-
ty between the Sham-20 mg/kg STP and the Sham-vehicle groups 
(Fig. 4Ae, 4B). In the TFI-20 mg/kg STP group, the hypertrophy 
of the GFAP+ astrocytes was significantly attenuated after TFI 
when compared with those found in the Sham-vehicle group (Fig. 
4Af–Ah and 4B).

To examine the changes of the ends of astrocyte processes, 
as astrocyte endfeet (AEF), we performed double immunofluo-
rescence for GFAP and GLUT-1 in the CA1 region after TFI. 
In all Sham groups, GFAP+ AEF were found around GLUT-1+ 
endothelial cells (Fig. 5A, E). In the TFI-vehicle group, the AFE 

disappeared gradually after TFI, showing that, five days after TFI, 
most of GFAP+ AFE were not contact with small blood vessels 
(Fig. 5B–D). On the other hand, the damage of GFAP+ AEF was 
significantly attenuated in the TFI-20 mg/kg STP-group (Fig. 5F–
H).

Effect of STP against TFI-induced IgG leakage

As shown in the Fig. 6, in this study, we found that STP treat-
ment after TFI significantly attenuated TFI-induced IgG leakage 
in the CA1 region. In the Sham-vehicle group, IgG immunore-
activity was shown inside blood vessels, not in CA1 parenchyma 
(Fig. 6Aa). In the TFI-vehicle group, IgG immunoreactivity was 
shown in cells six hours after TFI, apparently increased in the 
parenchyma and cells two days after TFI, and very high five days 
after TFI (Fig. 6Ab–Ad and 6B).

In the Sham-20 mg/kg STP group, IgG immunoreactivity was 
not different from the Sham-vehicle group (Fig. 6Ae). In the TFI-
20 mg/kg STP group, IgG immunoreactivity was significantly 
lower than that in the TFI-vehicle group, although the distribu-
tion pattern of IgG+ structures was similar to that shown in the 
TFI-vehicle group (Fig. 6Af–Ah and 6B).

Fig. 3. (A–H and a–h) NeuN immunohistochemistry (A–H) and F-J B histofluorescence (a–h) in the CA1 region of the Sham-vehicle (A and a), 
TFI-vehicle (B and b), Sham-STP (10, 15, and 20 mg/kg) (C, c, E, e, G, and g) and TFI-STP (10, 15, and 20 mg/kg) (D, d, F, f, H, and h) groups five 
days after TFI. In the TFI-vehicle group, NeuN+ cells are rarely found, and F-J B+ cells are abundant in the stratum pyramidale (SP). However, in the 
TFI-20 mg/kg STP group, NeuN+ cells are abundant and F-J B+ cells are very few (arrows) in the SP. Scale bars = 100 μm. (I and i) The mean numbers of 
NeuN+ cells (I) and F-J B+ cells (i). The bars indicate the means ± SEM (n = 5 or 7, respectively; *p < 0.05 vs. Sham-vehicle or Sham-STP group; #p < 0.05 
vs. TFI-vehicle group). NeuN, neuronal nuclei; F-J B, Fluoro-Jade B; CA1, cornu ammonis 1; TFI, transient forebrain ischemia; STP, stiripentol; SO, stratum 
oriens; SR, stratum radiatum.
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DISCUSSION
In this study, to investigate the therapeutic effect of STP against 

ischemic injury induced by TFI and its possible mechanism, cog-
nitive impairment, neuronal death, astrocyte damage, IgG leak-
age and microgliosis were examined in the CA1 region of gerbil 

Fig. 4. (A) GFAP immunohistochem-
istry in the CA1 region of the Sham-
vehicle (a), TFI-vehicle (b–d), Sham-20 
mg/kg STP (e) and TFI-20 mg/kg STP 
(f–h) groups six hours (b and f), two 
days (c and g) and five days (d and h) 
after TFI. In the TFI-vehicle group, GFAP+ 
astrocytes become gradually hypertro-
phied after TFI, showing that the ends of 
the astrocytes are blunt (arrow) five days 
after TFI. In contrast, the hypertrophy of 
GFAP+ astrocytes is apparently attenu-
ated in the TFI-20 mg/kg STP group. 
Scale bars = 100 μm. (B) ROD of GFAP 
immunoreactive structures. The bars 
indicate the means ± SEM (n = 5 or 7, 
respectively; *p < 0.05 vs. Sham-vehicle 
or Sham-STP group; #p < 0.05 vs.  TFI-
vehicle group). GFAP, glial fibrillary acidic 
protein; CA1, cornu ammonis 1; TFI, tran-
sient forebrain ischemia; STP, stiripentol; 
ROD, relative optical density; SO, stratum 
oriens; SP, stratum pyramidale; SR, stra-
tum radiatum.

A

B

Fig. 5. Double immunohistofluorescence for GFAP (green) and GLUT-1 (red) in the CA1 region of the Sham-vehicle (A), TFI-vehicle (B–D), 
Sham-20 mg/kg STP (E) and TFI-20 mg/kg STP (F–H) groups six hours (B and F), two days (C and G) and five days (D and H) after TFI. GFAP+ AEF 
(arrows in A) are contact with GLUT-1+ endothelial cells in the Sham-vehicle group; however, in the TFI-vehicle group, AEF disappear gradually (arrows 
in B–D). In contrast, GFAP+ AEF (arrows in F–H) are well co-localized with GLUT-1+ endothelial cells in the TFI-20 mg/kg STP group. Scale bars = 50 μm. 
GFAP, glial fibrillary acidic protein; GLUT-1, glucose transporter 1; CA1, cornu ammonis 1; TFI, transient forebrain ischemia; STP, stiripentol; AEF, astro-
cyte endfeet; SP, stratum pyramidale; SR, stratum radiatum.

B C D
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hippocampus known to be vulnerable to transient ischemia, fol-
lowing 5-min TFI.

It is well known that TFI-induced hippocampal neuronal dam-
age is closely associated with deficits in learning and memory and 
that impaired cognitive performance can occur before the onset 
of TFI-induced neuronal loss (death) in the hippocampus [10-
12,27]. PAT and 8-ARMT have been widely used to investigate 
alterations of cognitive function following ischemic injury in the 
hippocampus induced by ischemia-reperfusion [11,12,22,28]. 
Therefore, in the present study, to examine whether STP treat-
ment after TFI in gerbils affected TFI-induced change in cogni-
tive function, we performed PAT and 8-ARMT. Result of PAT 
revealed that the latency time in the TFI-20 mg/kg STP group was 
very similar to that in the Sham-vehicle group five days after TFI. 
Result of 8-ARMT showed that the number of errors in the TFI-
20 mg/kg STP group was not significantly different from that in 
the Sham-vehicle group. These results indicate that 20 mg/kg STP 
(not 10 and 15 STP) treatment after TFI can improve TFI-induced 
cognitive impairment.

Some previous studies have reported the neuroprotective effect 
of STP in experimental animal models of neurological disorders. 
Auvin et al. [16] reported that STP reduced neuronal injury in the 
hippocampus of a rat model of status epilepticus induced by lithi-
um-pilocarpine. In particular, Verleye et al. [29] used two in vitro 
models of brain injury associated with seizure through neuronal-
astroglial cultures from rat cerebral cortex exposed to high level 
of glutamate (40 μM for 20 min) or to oxygen-glucose deprivation 

(OGD) and found that STP had neuroprotective effects when it 
was used for treatment before, but not after, exposure to GOD, 
whereas neuroprotective effects by STP was found when it was 
treated both before and after exposure to a high level of gluta-
mate. In addition, Chatterjee et al. [30] recently reported that STP 
had a neuroprotective effect against neurotoxicity in PC12 cells 
induced by treatment with anti-nerve growth factor and that STP 
treatment reduced neurotoxicity in rat primary cortical neurons 
induced by Aβ42 implicated in Alzheimer's disease. In the pres-
ent study, we examined neuroprotective effects of post-treatment 
with STP against TFI-induced ischemic damage in gerbil hippo-
campal CA1 region using NeuN immunohistochemical staining 
and F-J B histofluorescence, and found that post-treatment with 
STP at 20 mg/kg, but not at 10 or 15 mg/kg, protected against 
TFI-induced delayed neuronal death in the hippocampal CA1 
region. Based on our results and previous findings, to the best 
of our knowledge, this is the first study showing that STP had a 
neuroprotective effect against ischemia-reperfusion injury using 
a gerbil model of TFI. This result is correlated with results of the 
two behavioral tests (PAT and 8-ARMT).

Astrocytes (astroglial cells) are the most common glial cells 
located in the central nervous system (CNS; brain and spinal 
cord). They perform diverse functions including maintenance 
of extracellular ion balance, support of endothelial cells for the 
constitution of BBB, nutrient provision to nervous tissues, and 
participation in repair of CNS injuries [31-33]. It has been re-
ported that astrocytes play significant roles in both healthy and 

Fig. 6. (A) IgG immunohistochemis-
try in the CA1 region of the Sham-
vehicle (a), TFI-vehicle (b–d), Sham-
20 mg/kg STP (e) and TFI-20 mg/kg 
STP (f–h) groups six hours (b and f), 
two days (c and g) and five days (d 
and h) after TFI. In the Sham-vehicle-
group, IgG immunoreactivity is shown 
only within blood vessels (arrow). In the 
TFI-vehicle-group, IgG immunoreactiv-
ity is increased in cellular components 
(arrowheads) and parenchyma from six 
hours after TFI. In contrast, IgG immuno-
reactivity in the TFI-20 mg/kg STP group 
is apparently decreased. Scale bars = 
100 μm. (B) ROD of IgG immunoreactive 
structures. The bars indicate the means 
± SEM (n = 5 or 7, respectively; *p < 0.05 
vs.  Sham-vehicle or Sham-STP group; 
#p < 0.05 vs. TFI-vehicle group). IgG, im-
munoglobulin G; CA1, cornu ammonis 
1; TFI, transient forebrain ischemia; STP, 
stiripentol; ROD, relative optical density; 
SO, stratum oriens; SP, stratum pyrami-
dale; SR, stratum radiatum.

A

B
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injured brains including ischemic stroke [34-37]. Functional and 
morphological alterations in astrocytes have been reported in 
brains with pathological conditions (the process is termed “astro-
gliosis”) [2,38,39]. It is known that astrogliosis is characterized by 
proliferation and hypertrophy of astrocytes with increased GFAP 
expression in astrocytes [2,40]. However, Sofroniew and Vinters 
[41] have reported that an increase of cells positive to GFAP does 
not result from new astrocyte generation, but from an increase in 
GFAP synthesis and filament condensation in pre-existing astro-
cytes. Based on this finding, we have recently reported that GFAP 
positive cells (astrocytes) with strong GFAP immunoreactivity in 
gerbil striatum are swollen in cell bodies and destroyed (short and 
thickened) in their processes at five days after TFI [39]. In the cur-
rent study, GFAP immunoreactivity was significantly increased in 
astrocytes of the TFI-vehicle group. Their cytoplasm and process-
es became gradually hypertrophied and thickened. Furthermore, 
when we performed double immunofluorescence for GFAP and 
GLUT-1, AFE (ends of astrocyte processes) disappeared seriously 
at five days after TFI. Most of the GFAP positive AFE were not 
having contacts with small blood vessels. However, in the TFI-20 
mg/kg STP group, the hypertrophy of GFAP positive astrocytes 
was significantly attenuated after TFI. Furthermore, the damage 
of AEF was significantly attenuated. For reference on AEF, Ab-
bott [42] reported that the AEF of astrocytes envelops almost all (> 
99%) endothelium in brains. In addition, Daneman and Prat [32] 
have reported that astrocytes provide cellular linkages between 
neurons and small blood vessels by AFE which is a part of the 
BBB [2]. Taken together, our results suggest that the damage of 
astrocytes (in particular, AFE) in the hippocampus after TFI is 
involved in TFI-induced neuronal loss (death), which is related to 
cognitive deficit, and that this damage can be attenuated or pro-
tected by 20 mg/k STP.

Finally, we investigated whether post-treatment with 20 mg/kg 
STP displayed a protective effect against TFI-induced BBB leak-
age. A healthy condition in the CNS is attained by BBB through 
preserving the balance between water and ion and supplying 
nutrients [31,32]. In addition, it is generally accepted that BBB 
integrity should be maintained to protect brain following an isch-
emic injury. Thus, maintenance of the BBB integrity is considered 
as one of potential therapeutic targets for treating an ischemic 
stroke [43-45]. In normal conditions, BBB as a selectively perme-
able barrier allows only specific substances from blood to enter 
brain parenchyma and participate in maintaining homeostasis 
in the CNS. However, disruption of BBB integrity, BBB leak-
age and marked extravasation can occur after an ischemic in-
jury [10,12,46,47]. In many experiments, extravascular IgG has 
been used to examine the increase of BBB permeability [10,12,47]. 
Therefore, we performed IgG immunohistochemistry and found 
that IgG immunoreactivity was markedly increased in the CA1 
region after TFI. We then we investigated the protective effect of 
STP against TFI-induced BBB leakage. We found that STP treat-
ment significantly decreased IgG immunoreactivity in the isch-

emic CA1 region. This finding indicates that STP treatment after 
TFI can protect the BBB integrity in ischemic brains.

In conclusion, this study showed that post-treatment with 20 
mg/kg STP ameliorated TFI-induced cognitive impairment and 
protected against TFI-induced neuronal death in the hippocam-
pal CA1 region. In addition, STP treatment markedly attenuated 
IgG leakage in the ischemic CA1 region. Results of this study sug-
gest that STP can be developed as a therapeutic drug for treating 
ischemia-reperfusion injury or ischemic stroke.
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