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[ABSTRACT] To examine the effects of Populus tomentiglandulosa (PT) extract on the expressions of antioxidant enzymes and neu-
rotrophic factors in the cornu ammonis 1 (CA1) region of the hippocampus at 5 min after inducing transient global cerebral ischemia 
(TGCI) in gerbils, TGCI was induced by occlusion of common carotid arteries for 5 min. Before ischemic surgery, 200 mg·kg–1 PT 
extract was orally administrated once daily for 7 d. We performed neuronal nuclear antigen immunohistochemistry and Fluoro-Jade B 
staining. Furthermore, we determined in situ production of superoxide anion radical, expression levels of SOD1 and SOD2 as antioxidant 
enzymes and brain-derived neurotrophic factor (BDNF) and insulin-like growth factor I (IGF-I) as neurotrophic factors. Pretreatment 
with 200 mg·kg–1 PT extract prevented neuronal death (loss). Furthermore, pretreatment with 200 mg·kg–1 PT extract significantly inhib-
ited the production of superoxide anion radical, increased expressions of SODs and maintained expressions of BDNF and IGF-I. Such 
increased expressions of SODs were maintained in the neurons after IRI. In summary, pretreated PT extract can significantly increase 
levels of SODs and protect the neurons against TGCI, suggesting that PT can be a useful natural agent to protect against TGCI. 
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Introduction 

Temporary hindrance of blood circulation in the whole 
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brain causes ischemia-reperfusion injury (IRI), which induces 
neuronal damage or death in specific regions of the brain 
including the hippocampus [1]. Cornu ammonis 1 (CA1) in the 
hippocampus is well known as one of vulnerable regions 
to ischemia-reperfusion [2]. In this region, death (loss) of 
pyramidal neurons occurs at several days after ischemia- 
reperfusion injury. Such neuronal death is called “delayed 
neuronal death” [3-5]. 
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Various mechanisms of neuronal death following IRI 
have been reported including glutamate-induced excitotoxic-
ity, oxidative stress by excessive production of reactive oxy-
gen species (ROS) and glial activation-mediated inflamma-
tory reaction [6-9]. Superoxide anion production has been 
measured by dihydroethidium (DHE) fluorescence [10-11]. Cu, 
Zn-superoxide dismutase (SOD1) and Mn-superoxide dismu-
tase (SOD2) are known to play a protective role in the patho-
genesis of superoxide radical-mediated brain injury [12]. Ele-
vation of SODs levels can prevent neuronal loss from 
ischemic insults in the brain [13]. In addition, neurotrophic 
factors in mammalian brains are critically involved in main-
taining neuronal function [14]. Increase of levels of insulin-like 
growth factor I (IGF-I) and brain-derived neurotrophic factor 
(BDNF) can improve cognitive function and neurogenesis [15] 

and protects neurons from ischemic injury [16]. 
To prevent neuronal death following IRI, many research-

ers have tried to find medical plants that protect neurons from 
ischemia-reperfusion IRI using animal models of transient 
brain ischemia because medical plants possess diverse bio-
logical properties including antioxidant and anti-inflamma-
tory effects [13, 17-18]. Mechanisms underlying such effects of 
the medical plants have also been determined [13, 17-18]. 

The genus Populus belongs to family Salicaceae that in-
cludes diverse species. Some species have shown various 
medical actions. For example, Populus balsamifera L. pos-
sesses antibacterial activity [19]. Populus nigra and Populus 
davidiana has pharmacological potential due to antioxidant, 
anti-inflammatory and hepatoprotective properties [20-21]. 
However, to the best of our knowledge, few studies have in-
vestigated pharmacological potentials of Populus tomenti-
glandulosa (PT), one species belonging to genus Populus. 
Therefore, the objective of this study was to examine protec-
tive effects of Populus tomentiglandulosa against IRI and its 
protective mechanisms using gerbil as a model for transient 
global cerebral ischemia(TGCI) [22].  

Materials and Methods 

Experimental animals 
Six months old male Mongolian gerbils (body weight 

70–80 g) were obtained from the Experimental Animal Center, 

Kangwon National University, Chuncheon, South Korea. The 

gerbils were housed in an optimum status under suitable tem-

perature (23 °C) and humidity (60%). 12 hours of light and 

dark cycle was controlled, and water and feed were freely 

accessed. Experimental protocol was approved (Approval No. 

KW-160802-1) by the Institutional Animal Care and Use 

Committee (IACUC) at Kangwon National University and 

adhered to guidelines that are in compliance with the current 

international laws and policies (Guide for the Care and Use of 

Laboratory Animals, The National Academies Press, 8th Ed., 

2011). 

Preparation of Populus tomentiglandulosa (PT) extract 
Populus tomentiglandulosa (voucher: L110775; specimen 

No.: KWNA200004212082, Kangwon National University) 
was collected from Kangwon Province (South Korea), in 
October 2015 by Professor Jong Dai Kim. In order to prepare 
ethanol PT, Populus tomentiglandulosa was washed with 
distilled water, air-dried at 60 °C and ground into fine powder 
by a grinder (IKA M20, IKA, Staufen, Germany), and the 
powder was refluxed with 10 vol (V/W) of 70% ethanol at 
70 °C for 24 h. The extraction procedure was repeated 3 times. 
The extract was filtered via Whatman No. 1 filter paper 
(Whatman Ltd., Maidstone, Kent, UK), concentrated with a 
vacuum evaporator, and completely dried with a freeze-drier. 
The extraction yield was 14.7%. 
Administration with PT 

We had conducted a pilot experiment about dose of the 
PT extract. We applied 50, 100 and 200 mg·kg–1, respectively, 
to the experimental animals and induced cerebral ischemia. 
Among the 3 doses, we found that pyramidal neurons in the 
hippocampal CA1 region were protected from cerebral 
ischemia when we treated 200 mg·kg–1 PT extract. In this 
reason, we chose that dose. 

Animals were divided into 6 groups (n = 14 in each 
group): 1) vehicle (sterilized normal saline; 0.9% W/V NaCl)- 
treated sham-operated group (vehicle-sham group), 2) vehi-
cle-treated ischemia-operated group (vehicle-ischemia group), 
3) 100 and 200 mg·kg–1 PT-treated sham-operated groups 
(PT-sham groups), and 4) 100 and 200 mg·kg–1 PT-treated 
ischemia-operated groups (PT-ischemia groups). PT was dis-
solved in saline. PT or saline was orally administrated once a 
day for 1 week before ischemic surgery. 
Induction of ischemia-reperfusion injury 

IRI was induced by 5 min of TGCI as described previ-
ously [23]. In short, the animals treated with PT were anesthe-
tized with a mixture of 2.5% isoflurane (Baxtor, Deerfeld, IL) 
in 33% oxygen and 67% nitrous oxide. Both common carotid 
arteries were occluded for 5 min using non-traumatic aneu-
rysm clips. Using an ophthalmoscope, the complete occlusion 
of common carotid arteries was confirmed by obstruction of 
blood flow in the central retinal artery. The body temperature 
under normothermic (37 ± 0.5 °C) condition was monitored 
with a rectal temperature probe (TR-100; Fine Science Tools, 
Foster City, CA, USA) and maintained using a thermometric 
blanket from this surgery until the animals recovered com-
pletely from anesthesia. Sham-operated animals received the 
operation, but the common carotid arteries were not occluded. 
Western blot analyses 

To examine effects of PT on SOD1, SOD2, BDNF and 
IGF-I levels in the hippocampus, the animals (n = 7 in each 
group) were used for Western blotting analysis at sham, 2 and 
5 days after the ischemic surgery. For tissue preparation, the 
animals were anesthetized with of pentobarbital sodium 
(60 mg·kg–1, intraperitoneal injection) [24-25]. Their brains 
were removed and transversely cut into 400-μm thickness on 
a vibratome (Leica), and the hippocampi were then dissected 
with a surgical blade. According to our published method [16], 
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in short, the tissues were homogenized in 50 mmol·L–1 PBS 
(pH 7.4) containing EGTA (pH 8.0), 0.2% NP-40, 10 mmol·L–1 
EDTA (pH 8.0), 15 mmol·L–1 sodium pyrophosphate, 
100 mmol·L–1 β-glycerophosphate, 50 mmol·L–1 NaF, 
150 mmol·L–1 NaCl, 2 mmol·L–1 sodium orthvanadate, 
1 mmol·L–1 PMSF and 1 mmol·L–1 DTT. After centrifugation, 
each protein level in the supernatant was determined using a 
Micro BCA protein assay kit with bovine serum albumin as 
the standard (Pierce Chemical, USA). Aliquots containing 20 μg 
of total protein were boiled at 95 °C in loading buffer con-
taining 150 mmol·L–1 Tris (pH 6.8), 3 mmol·L–1 DTT, 6% 
SDS, 0.3% bromophenol blue and 30% glycerol for 5 min. 
The aliquots were then loaded onto a 10% polyacrylamide gel. 
After electrophoresis, the gels were transferred to nitrocellu-
lose transfer membrane (Pall Crop, East Hills, NY, USA). In 
order to reduce background staining, the membranes were 
incubated with 5% skimmed milk in PBS containing 0.1% 
Tween 20 for 45 min at 25°C Sheep anti-SOD1 (1 : 1000, 
Calbiochem, CA, USA), sheep anti-SOD2 (1 : 1000, Calbio-
chem, CA, USA), rabbit anti-BDNF (1 : 500, Abcam), rabbit 
anti-IGF-I (1 : 1000, Santa Cruz, CA, USA) and mouse 
anti-β-actin (1 : 5000, Abcam, Cambridge, UK) were used as 
primary antibodies. Peroxidase conjugated donkey anti-sheep 
IgG (1 : 1000; Cat. No. HAF016, R&D Systems), goat 
anti-rabbit IgG (1 : 3000; cat. no. 65-6120, Thermo Fisher 
Scientific Inc.) and goat anti-mouse IgG (1 : 2 000; Cat. No. 
62-6520, Thermo Fisher Scientific Inc.) were used as secon-
dary antibodies and enhanced luminol-based chemilumines-
cence kit (Pierce; Thermo Fisher Scientific Inc.) was used for 
visualization. 
Tissue processing for histology 

The animals (n = 7 at each point in time in each group) 
were sacrificed at sham, 2 and 5 days after ischemia-reperfusion). 
Briefly, for the tissue preparation, as described previously [24- 25], 
the animals were anesthetized with pentobarbital sodium (60 
mg·kg–1, intraperitoneal injection) and perfused transcardially 
with 4% paraformaldehyde (in 0.1 mol·L–1 PB, pH 7.4). Their 
brains were removed, cryoprotected by infiltration with 30% 
sucrose (in 0.1 mol·L–1 PB, pH 7.4), and serially sectioned 
into 30-μm coronal sections in a cryostat (Leica, Germany). 
DHE fluorescence staining 

To investigate in situ production of superoxide anion in 
the hippocampal CA1, oxidative fluorescent DHE (Sigma- 
Aldrich, St. Louis, USA) was used. In brief, according to our 
published method [11], the sections were equilibrated under 
identical conditions for 30 min at 37 °C in Krebs-HEPES 
buffer (130 mmol·L–1 NaCl, 5.6 mmol·L–1 KCl, 2 mmol·L–1 
CaCl2, 0.24 mmol·L–1 MgCl2, 8.3 mmol·L–1 HEPES, 11 mmol·L–1 
glucose, pH 7.4). Fresh buffer containing 10 μmol·L–1 DHE 
was topically applied on the sections for 2 h at 37 °C. DHE 
was oxidized on the reaction with superoxide to ethidium, 
which could bind DNA in nuclei and fluoresced red. 
Immunohistochemistry 

To examine neuroprotective effect of PT against IRI, 
immunohistochemistry was performed according our pub-

lished protocol [13]. In brief, the sections were incubated with 
diluted mouse anti-neuronal nuclei antigen (NeuN, a marker 
of neurons) (1 : 1000, Chemicon, Temecula, CA, USA). 
Thereafter, the tissues were exposed to biotinylated goat 
anti-mouse IgG and avidin-biotin complex subsequently (1 : 
200, Vector Laboratories, Burlingame, CA, USA). Finally, 
they were visualized by staining with 3, 3'-diaminobenzidine 
(Sigma-Aldrich, Merck KGaA, Darmstadt, Germany). 

To examine effects of PT on changes in antioxidant en-
zymes in the CA1 before and after ischemia-reperfusion, for 
SODs immunohistochemistry, sheep anti-SOD1 (1 : 1500, 
EMD Millipore, Billerica, MA, USA) and sheep anti-SOD2 
(1 : 1500, EMD Millipore, Billerica, MA, USA) was used as 
primary antibody according to the above-mentioned method. 
In addition, to elucidate change in neurotrophic factors, we 
used rabbit anti-BDNF (1 : 200, Abcam, UK) rabbit anti- 
IGF-I (1 : 200, Santa Cruz, CA, USA) as primary antibodies 
according to the above-mentioned method. 

To establish specificity of each immunostaining, a nega-
tive control test was done with pre-immune serum instead of 
each primary antibody. The negative control was done by 
absence of immunoreactivity in all structures observed. 
Fluoro-Jade B (F-J B) histofluorescence staining 

F-J B (a high affinity fluorescent marker for neuronal 
degradation) histofluorescence staining was performed to 
examine the neuroprotective effect of PT against ischemic 
damage. As described previously [26], in brief, the sections 
were immersed in a solution of 1% sodium hydroxide, and 
transferred to solution of 0.06% potassium permanganate for 
20 min and subsequently incubated with a 0.000 4% F-J B 
(Histochem, Jefferson, AR) staining solution for 45 min. After 
washing them with distilled water, they were placed on a slide 
warmer (approximately 50 °C). Finally, the sections were 
examined using an epifluorescent microscope (Carl Zeiss, 
Germany) with blue (450–490 nm) excitation light and a 
barrier filter. 
Data analysis 

Western blotting analyses, as previously described [16], the 
bands were scanned, and densitometric analysis for the quan-
tification of the bands was done using Scion Image software 
(Scion Crop., Frederick, MD), which was used to count ROD. 
A ratio of the ROD was calibrated as %, with the vehi-
cle-sham group designated as 100%. 

To analyze the production of superoxide anion, the sec-
tions were examined with epifluorescent microscope (Olym-
pus, Japan) using an excitation wavelength of 520 to 540 nm. 
The fluorescence intensity was analyzed from 7 sections in 
each animal. Ethidium fluorescence was quantified from the 
images using Image-pro Plus 6.0 software. A ratio of the DHE 
fluorescence intensity was calibrated as % and the vehi-
cle-sham group was considered as 100%. 

Numbers of NeuN immunoreactive neurons and F-J B 
positive cells were analyzed according to our published 
method [26]. In brief, digital images of the positive cells in the 
CA1 were captured with a light microscope (BX53, Olympus, 
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Germany) which was added a digital camera (DP72, Olympus) 
connected with a PC monitor. The positive cells were counted 
in a 250 μm × 250 μm square applied approximately at the 
center of the CA1 using an image analyzing system (software: 
Optimas 6.5, CyberMetrics, Scottsdale, AZ). 

To analyze each SOD1, SOD2, BDNF and IGF-I immuno-
reactivity, 5 sections per animal were selected and analyzed 
according to our published method [27]. In brief, digital images 
of all immunoreactive structures stained by each antibody 
were taken from the CA1 through a light microscope (BX53, 
Olympus, Germany) equipped with digital camera (DP72, 
Olympus) connected to a PC monitor. The images were cali-
brated into an array of 512 × 512 pixels corresponding to a 
tissue area of 140 μm × 140 μm (40× primary magnification). 
Each immunoreactivity was measured by a 0–255 gray scale 
system, and the background density was subtracted. A ratio of 
the relative immunoreactivity (RI) for each antibody was 
calibrated as % using Adobe Photoshop version 8.0 and then 
analyzed using NIH Image 1.59 software. A ratio of the RI 
was calibrated as %, with the vehicle-sham group designated 
as 100%.  
Statistical analysis 

Data were presented as the mean ± standard error of 

mean (SEM). The data were measured by two-way analysis of 
variance (ANOVA) with a post hoc Bonferroni’s multiple 
comparison test, in order to express differences among ex-
perimental groups. P < 0.05 was considered as indicating 
statistically significant. 

Results  

Neuroprotection 
Neurons of the pyramidal cell layer, which are named 

“pyramidal neurons”, were well stained with NeuN (Figs. 
1Aa and 1Ab). In the vehicle-ischemia group, NeuN-immuno-
reactive pyramidal neurons were significantly decreased in 
the CA1 at 5 days after ischemia-reperfusion (Figs. 1Ba and 
1Bb). In all the PT-sham groups, distribution pattern and 
numbers of NeuN-immunoreactive CA1 pyramidal neurons 
were similar to those in the vehicle-sham group (Figs. 1Ad, 
1Ae, 1Ag, 1Ah and 1C). In the PT-ischemia groups, NeuN- 
immunoreactive CA1 pyramidal neurons were rarely found in 
the 100 mg·kg–1 PT-ischemia group (Figs. 1Bd and 1Be); 
however, in the 200 mg·kg–1 PT-ischemia group, many 
NeuN-immunoreactive CA1 pyramidal neurons were ob-
served (about 89% of the sham-group) 5 days after ische-
mia-reperfusion (Figs. 1Bg, 1Bh and 1C). 

 

Fig. 1  NeuN immunohistochemistry and F-J B histofluorescence staining in the CA1 of the vehicle-sham (Aa–Ac), vehicle- 
ischemia (Ba–Bc), 100 mg·kg–1 PT-sham (Ad–Af), 100 mg·kg–1 PT-ischemia (Bd–Bf), 200 mg·kg–1 PT-sham (Ag–Ai) and 200 
mg·kg–1 PT-ischemia (Bg–Bi) groups 5 d after ischemia-reperfusion. In the vehicle-ischemia and 100 mg·kg–1 PT-ischemia groups, 
a few NeuN-immunoreactive neurons and abundant F-J B positive cells are detected in the pyramidal layer (PL) (asterisks). 
However, in the 200 mg·kg–1 PT-ischemia group, many NeuN-immunoreactive and few F-J B positive cells are shown in the PL. 
OL: oriens layer; RL: radiatum layer. Scale bar = 400 μm (Aa, Ad, Ag, Ba, Bd and Bg) and 40 μm (Ab, Ac, Ae, Af, Ah, Ai, Bb, Bc, 
Be, Bf, Bh and Bi). S and T: Numbers of NeuN-immunoreactive neurons (C) and F-J B positive cells (D) in the CA1 (n = 7 in each 
group, *P < 0.05 vs vehicle-ischemia group, #P < 0.05 vs 100 mg·kg–1 PT-ischemia group). The bars indicate the means ± SEM. 
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F-J B positive cells were not found in the hippocampus 
of the vehicle-sham group (Fig. 1Ac). However, in the vehi-
cle-ischemia group, F-J B positive cells were shown the py-
ramidal layer of the CA1 at 5 days after ischemia-reperfusion 
(Fig. 1Bc). In all the PT-sham groups, F-J B positive cells 
were not detected (Figs. 1Af and 1Ai). In the 100 mg·kg–1 
PT-ischemia group, many F-J B positive cells were found in 
the pyramidal layer like those in the vehicle-ischemia group 

(Figs. 1Bf and 1D). On the other hand, in the 200 mg·kg–1 
PT-ischemia group, F-J B positive cells were significantly 
decreased (about 35% of vehicle-ischemia group) compared 
to the vehicle-ischemia group (Fig. 1Bi and 1D). 
Levels of SOD1, SOD2, BDNF and IGF-I 

We found that pretreated PT (200 mg·kg–1) affected lev-
els of SOD1, SOD2, BDNF and IGF-I proteins in the CA1 
before and after IRI (Fig. 2). 

 

Fig. 2  Western blotting analysis for SOD1 (a), SOD2 (b), BDNF (c) and IGF-I (d) in the CA1 of the vehicle-sham, 
vehicle-ischemia 2 and 5 d after ischemia reperfusion, PT-sham and PT-ischemia 2 and 5 d after ischemia-reperfusion. In all 
vehicle-ischemia groups, protein levels of SOD1, SOD2, BDNF and IGF-I are gradually decreased respectively, compare to those 
in their vehicle-sham groups. However, in the PT-sham groups, protein levels of SOD1 and SOD2 are higher than those in their 
vehicle-sham groups. And their protein levels are maintained with time after ischemia-reperfusion. On the other hand, in the 
PT-sham groups, protein levels of BDNF and IGF-I are similar to those in their vehicle-sham groups. And their protein levels are 
sustained with time after ischemia-reperfusion. Relative optical density (ROD) as the mean percentage values of immunoblot 
band is represented. I-R: ischemia-reperfusion. (n = 7 in each time point of each group, *P < 0.05 vs vehicle-sham group, #P < 0.05 
vs vehicle-sham or vehicle-ischemia groups). The bars indicate the means ± SEM. 

 

SOD1 level in the vehicle-ischemia group was signify-
cantly decreased (about 66% of the vehicle-sham group) 2 
days after ischemia-reperfusion and very low (about 23% of 
the vehicle-sham group) 5 days after ischemia-reperfusion. In 
the PT-sham group, SOD1 level was about 126% of the vehi-
cle-sham group, and the level was not significantly altered 
until 5 days after ischemia-reperfusion (Figs. 2Aa and 2Ba). 

SOD2 level in the vehicle-ischemia group was about 

87% of the vehicle-sham group 2 days after ischemia-reper-
fusion and more decreased (about 49% of the vehicle-sham 
group) 5 days after ischemia-reperfusion. SOD2 level in the 
PT-sham group was significantly higher (about 147% of the 
vehicle-sham group) compared to that in the vehicle-sham 
group, and the level was maintained until 5 days after ische-
mia-reperfusion (Figs. 2Ab and 2Bb). 

BDNF level in the vehicle-ischemia group was decreased 



Tae-Kyeong Lee, et al. / Chin J Nat Med, 2019, 17(6): 424434 

– 429 – 

to about 87% of the vehicle-sham group 2 days after ische-
mia-reperfusion and very low (about 23% of the vehicle-sham 
group) 5 days after ischemia-reperfusion. In the PT-sham 
group, BDNF level was slightly increased (about 110% of the 
vehicle-sham group) compared to that in the vehicle-sham 
group, and the level was not changed until 5 days after ische-
mia-reperfusion (Figs. 2Ac and 2Bc). 

IGF-I level in the vehicle-ischemia group was signifi-
cantly decreased (about 55% of the vehicle-sham group) 2 
days after ischemia-reperfusion and very weak (about 23% of 

the vehicle-sham group) 5 days after ischemia-reperfusion. In 
the PT-sham group, IGF-I level was similar (about 108% of 
the vehicle-sham group) to that in the vehicle-sham group, 
and the level was not altered until 5 days after ische-
mia-reperfusion (Figs. 2Ad and 2Bd). 
DHE fluorescence 

In all the sham groups, DHE fluorescence was detected 
very weakly in the pyramidal layer of the CA1 (Figs. 3Aa and 
3Ad), showing that no significant differences were observed 
between the groups (Fig. 3B). 

 

Fig. 3  DHE fluorescence staining in the CA1 of the vehicle-sham (Aa), vehicle-ischemia (Ab and Ac), 200 mg·kg–1 PT-sham (Ad) 
and 200 mg·kg–1 PT-ischemia groups 2 d (Ae) and 5 d (Af) after ischemia-reperfusion. ROS prodction is weakly observed in all the 
sham-groups. In the vehicle-ischemia group, superoxide anion radical level is significantly increased in the pyramidal cell layer 
(PL). However, in the 200 mg·kg–1 PT-ischemia group, ROS production is significantly lower than that in the vehicle-ischemia 
group. OL: oriens layer; RL: radiatum layer. Scale bar = 40 μm. B: Relative DHE flurorescence as % of DHE fluorescence in 
CA1 pyramidal neurons (n = 7 in each time point of each group, *P < 0.05 vs vehicle-sham group, #P < 0.05 vs corresponding time 
point of vehicle-ischemia group). The bars indicate the means ± SEM. 

 

In the vehicle-ischemia group, DHE fluorescence in the 
pyramidal layer was significantly increased at 2 and 5 days 
after ischemia-reperfusion (about 202% and 163%, respectively, 
of the vehicle-sham group) compared to that in the vehicle- 
sham group (Figs. 3Aa–3Ac and 3Ae). 

In the 200 mg·kg–1 PT-ischemia group, DHE fluores-
cence was significantly low (about respectively 60% and 77% 
at 2 and 5 days, respectively, after ischemia-reperfusion com-
pared to corresponding vehicle-ischemia group (Figs. 3Ab, 3Ac, 
3Ae, 3Af and 3B). 
Immunoreactivity of SOD1 

SOD1 immunoreactivity was easily detected in CA1 py-
ramidal neurons of the CA1 of the vehicle-sham group (Fig. 

4Aa). In the vehicle-ischemia group, SOD1 immunoreactivity 
in CA1 pyramidal neurons was significantly decreased (about 
65% of the vehicle-sham group) 2 days after ischemia-repe-
rfusion and hardly observed (about 26% of the vehicle-sham 
group) 5 days after ischemia-reperfusion (Figs. 4Ab, 4Ac 
and 4B). 

In the PT-sham group, SOD1 immunoreactivity in CA1 
pyramidal neurons was significantly higher (about 122% of 
the vehicle-sham group) than that in the vehicle-sham group 
(Figs. 4Ad and 4B). In addition, in the PT-ischemia group, 
SOD1 immunoreactivity in the CA1 pyramidal neurons was 
maintained until 5 days after ischemia-reperfusion (Figs. 4Ae, 
4Af and 4B). 
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Fig. 4  Immunohistochemical staining for SOD1 in the CA1 of the vehicle-sham (Aa), vehicle-ischemia (Ab and Ac), 200 mg·kg–1 
PT-sham (Ad) and -ischemia groups 2 d (Ae) and 5 d (Af) after ischemia-reperfusion. SOD1 immunoreactivity is detected in the 
pyramidal cell layer (PL) in the vehicle-sham group. In the vehicle-ischemia group, SOD1 immunoreactivity is hardly shown in 
the PL 5 d after ischemia-reperfusion. In the 200 mg·kg–1 PT-sham and -ischemia groups, SOD1 immunoreactivity in the PL is 
significantly increased compared to that in the vehicle-sham group and maitained until 5 d after ischemia-reperfusion. OL: oriens 
layer; RL: radiatum layer. Scale bar = 40 μm. B: Reactive immunoreactivity as % of SOD1 immunoreactivity in CA1 pyramidal 
neurons (n = 7 in each time point of each group, *P < 0.05 vs vehicle-sham group, #P < 0.05 vs vehicle-sham and vehicle-ischemia 
groups). The bars indicate the means ± SEM. 

 

Immunoreactivity of SOD2 
In the vehicle-sham group, SOD2 immunoreactivity was 

also found in CA1 pyramidal neurons (Fig. 5Aa). In the vehi-
cle-ischemia group, SOD2 immunoreactivity in CA1 pyrami-
dal neurons was decreased to about 85% of the vehicle-sham 
group 2 days after ischemia-reperfusion and more signifi-
cantly decreased (about 57% of the vehicle-sham group) 5 
days after ischemia-reperfusion (Figs. 5Ab, 5Ac and 5B). 

SOD2 immunoreactivity in CA1 pyramidal neurons of 
the PT-sham group was significantly high (about 144% of the 
vehicle-sham group) compared to that in the vehicle-sham 

group (Figs. 5Ad and 5B). In the PT-ischemia group, SOD2 
immunoreactivity in CA1 pyramidal neurons was not altered 
2 and 5 days after ischemia-reperfusion (Figs. 5Ae, 5Af and 5B). 
Immunoreactivity of BDNF 

BDNF immunoreactivity in the vehicle-sham group was 
easily observed in CA1 pyramidal neurons (Fig. 6Aa). In the 
vehicle-ischemia group, BDNF immunoreactivity in CA1 
pyramidal neurons was weak (about 86% of the vehicle-sham 
group) 2 days after ischemia-reperfusion and significantly 
decreased to about 21% of the vehicle-sham group 5 days 
after ischemia-reperfusion (Figs. 6Ab, 6Ac and 6B). 
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Fig. 5  Immunohistochemistry for SOD2 in the CA1 of the vehicle-sham (Aa), vehicle-ischemia (Ab and Ac), 200 mg·kg–1 
PT-sham (Ad) and -ischemia groups 2 d (Ae) and 5 d (Af) after ischemia-reperfusion. In the vehicle-sham group, SOD2 
immunoreactivity is clearly observed in the pyramidal layer (PL). In contrast, in the vehicle-ischemia groups, SOD2 
immunoreactivity is gradually decreased in the PL with time after ischemia-reperfusion. In the 200 mg·kg–1 PT-sham group, 
SOD2 immunoreactivity in the PL is significantly higher than that in the vehicle-sham group. And SOD2 immunoreactivity in the 
200 mg·kg–1 PT-ischemia group is maintained with time after ischemia-reperfusion. OL: oriens layer; RL: radiatum layer. Scale 
bar = 40 μm. B: Reactive immunoreactivity as % of SOD2 immunoreactivity in CA1 pyramidal neurons (n = 7 in each time point of each 
group, *P < 0.05 vs vehicle-sham group, #P < 0.05 vs vehicle-sham and vehicle-ischemia groups). The bars indicate the means ± SEM. 

 

 

Fig. 6  Immunohistochemistry for BDNF in the CA1 of the vehicle-sham (Aa), vehicle-ischemia (Ab and Ac), 200 mg·kg–1 
PT-sham (Ad) and -ischemia groups 2 d (Ae) and 5 d (Af) after ischemia-reperfusion. BDNF immunoreactivity is well detected in 
the pyramidal layer (PL) in the vehicle-sham group. However, in the vehicle-ischemia group, BDNF immunoreactivity decreases in 
the PL with time after ischemia-reperfusion. Especially, BDNF immunoreactivity in the vehicle-ischemia group 5 d after 
ishcmia-reperfusion is significantly weaker than that in the vehicle-sham group. In contrast, in the 200 mg·kg–1 PT-sham group, 
BDNF immuoreactivity is slightly higher than that in the vehicle-sham group. Furthermore, BDNF immunoreactivity in the 200 
mg·kg–1 PT-ischemia group is sustained with time after ischemia reperfusion. OL: oriens layer; RL: radiatum layer. Scale bar = 
40 μm. B: Reactive immunoreactivity as % of SOD1 immunoreactivity in CA1 pyramidal neurons (n = 7 in each time point of 
each group, *P < 0.05 vs vehicle-sham group, #P < 0.05 vs vehicle-ischemia groups). The bars indicate the means ± SEM. 

 
In the PT-sham group, BDNF immunoreactivity in CA1 

pyramidal neurons was slightly increased (about 106% of the 
vehicle-sham group) compared to that in the vehicle-sham 
group (Figs. 6Ad and 6Ag). In the PT-ischemia group, BDNF 
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immunoreactivity was about 107% and 109% of the vehicle- 
sham group, respectively, at 2 and 5 days after ischemia- 
reperfusion (Figs. 6Ae, 6Af and 6B). 
Immunoreactivity of IGF-I 

IGF-I immunoreactivity in the vehicle-sham group was 
detected in CA1 pyramidal neurons (Fig. 7Aa). In the vehi-
cle-ischemia group, IGF-I immunoreactivity in CA1 pyrami-
dal neurons was significantly decreased (about 50% of the 
vehicle-sham group) 2 days after ischemia-reperfusion and 

very weak (about 21% of the vehicle-sham group) 5 days 
after ischemia-reperfusion (Figs. 7Ab, 7Ac and 7B).  

In the PT-sham group, IGF-I immunoreactivity in CA1 
pyramidal neurons was similar (about 102% of the vehicle- 
sham group) to that in the vehicle-sham group (Figs. 7Ad and 
7Ag). In the PT-ischemia group, IGF-I immunoreactivity in 
CA1 pyramidal neurons was about 103% and 101% of the 
vehicle-sham group, respectively, 2 and 5 days after ische-
mia-reperfusion (Figs. 7Ae, 7Af and 7Ag). 

 

Fig. 7  Immunohistochemistry for IGF-I in the CA1 of the vehicle-sham (Aa), vehicle-ischemia (Ab and Ac), 200 mg·kg–1 
PT-sham (Ad) and -ischemia groups 2 d (Ae) and 5 d (Af) after ischemia-reperfusion. In the vehicle-sham group, IGF-I 
immunoreactivity is cearly observed in the pyramidal layer (PL). However, in the vehicle-ischemia group, BDNF immunoreactivity is 
gradually decreased in the PL with time after ischemia-reperfusion. In contrast, IGF-I immuoreactivity in the 200 mg·kg–1 
PT-sham group is similar to that in the vehicle-sham group. BDNF immunoreactivity in the 200 mg·kg–1 PT-ischemia group is 
maintained with time after ischemia-reperfusion. OL: oriens layer; RL: radiatum layer. Scale bar = 40 μm. B: Reactive 
immunoreactivity as % of SOD1 immunoreactivity in CA1 pyramidal neurons (n = 7 in each time point of each group, *P < 0.05 vs 
vehicle-sham group, #P < 0.05 vs vehicle-ischemia groups). The bars indicate the means ± SEM. 

 

Discussion 

Many botanical extracts display pharmacological potential 
against cerebral ischemic insults [8-9, 13, 28-30]. However, studies 
about precautionary effects of PT on TGCI are lacking. In our 
previous study, we found that pre-treatment of PT extract 
attenuated neuronal loss and glial activation in the hippo-
campal CA1 region after TGCI [31]; however, mechanisms of 
PT-mediated neuroprotection were not covered. Therefore, in 
this study, we examined effects of PT on expression levels of 
SODs, BDNF and IGF-I before and after TGCI in gerbils via 
western blotting and immunohistochemistry. 

It is well known that cerebral ischemia can induce oxida-
tive stress by overproduction of ROS, which can lead to ac-
cumulation of ROS and cause malfunctions of cellular mac-
romolecules including DNA, proteins, and lipid, and, finally, 
cells lose their own function [32-33]. DHE has been used for 
detection of superoxide anion radical with fluorescent end-
product and it has been well established measurement of su-
peroxide anion radical production [10]. In the present study, 
DHE fluorescence was significantly decreased by pretreatment 
with 200 mg·kg–1 PT after ischemic insult. SODs are endo-
genous antioxidant enzymes that act as ROS scavengers. 
Many precedent studies have reported the relationship between  
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SODs and neuroprotective effects in experimental animal or 
cell models of cerebral ischemic insults [16, 34-35]. In the pre-
sent study, we discovered that pretreatment with 200 mg·kg–1 
PT, not 100 mg·kg–1 PT, significantly increased expression 
levels of SODs in CA1 pyramidal neurons. Such increases 
were maintained in neurons after ischemia. Our findings 
along with above-mentioned papers and indicate that pre-
treatment with PT has neuroprotective effect against brain 
ischemic diseases. 

We examined the neuroprotection of PT in hippocampal 
CA1 at 5 days after TGCI using NeuN immunohistochemistry 
and F-J B histofluorescence staining commonly used for 
histopathological measurement of neuronal death/loss in the 
central nerve system. We found that pretreatment with 200 
mg·kg–1 PT significantly protected CA1 pyramidal neurons 
from transient global cerebral ischema. 

Many studies have shown that neurotrophic factors in-
cluding BDNF and IGF-I play important roles in enhancing 
neuronal differentiation and survival in the hippocampus [36-38]. 
Some studies have shown that the elevation or maintenance of 
levels of neurotrophic factors can attenuate neuronal loss 
following cerebral ischemic insults [16, 24]. Furthermore, some 
precedent studies have described that exogenous BDNF and 
IGF-I prevent hippocampal neuronal death from IRI [39-41]. 
Based on these studies, we examined effects of pretreatment 
with 200 mg·kg–1 PT on expression levels of BDNF and IGF-I 
in the CA1 before and after ischemia-reperfusion. Our results 
revealed that pretreatment with PT did not increase expre-
ssion levels of BDNF and IGF-I in CA1 pyramidal neurons 
before ischemia. However, the treatment of 200 mg·kg–1 PT 
maintained their expression levels after ischemia-reperfusion. 
This finding indicates that the pretreatment of 200 mg·kg–1 PT 
does not affect BDNF or IGF-I expressions in neurons before 
TGCI, but it could maintain their expressions in neurons after 
ischemic insults. This suggests that maintained BDNF or 
IGF-I expressions in ischemic CA1 pyramidal neurons might 
play important roles in the survival of the CA1 pyramidal 
neurons after ischemic insults.  

In conclusion, pretreatment with 200 mg·kg–1 PT signifi-
cantly enhanced expression levels of SODs before and after 
ischemia-reperfusion, and the treatment maintained expres-
sions of BDNF and IGF-I after ischemia-reperfusion. These 
expressions might be involved in the protection of CA1 py-
ramidal neurons from IRI. Based on this study, we suggest 
that Populus tomentiglandulosa could be a useful resource to 
protect against cerebral ischemic insults due to its strong an-
tioxidant effects. 
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