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Abstract: Peroxisome proliferator-activated receptor γ (PPARγ) has various actions including the regulation of adipocyte 
differentiation, lipid metabolism and glucose homeostasis. In the present study, we examined the changes of PPARγ 
immunoreactivity and protein levels in the gerbil dentate gyrus (DG) after transient global cerebral ischemia using 
immunohistochemistry and western blot analysis. PPARγ immunoreactivity was gradually increased from 1 day after ischemia-
reperfusion. PPARγ immunoreactivity, in accordance with protein level, was highest at 2 days after ischemia-reperfusion and 
was detected in microglia at this time. Thereafter, both PPARγ immunoreactivity and protein level were decreased with time in 
the ischemic DG. These results indicate that PPARγ may be related to the ischemia-induced microglial activation and neuronal 
damage/death in the DG after transient global cerebral ischemia.
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the hippocampal dentate gyrus (DG) is known to tolerate 
ischemic insult relatively [1, 2]. Our previous study showed 
that neuronal degeneration in the DG occurred earlier than 
the delayed neuronal death in the CA1 region following 
transient cerebral ischemia [3]. However, few studies are 
interested in the ischemia-induced changes in the DG, 
compared with the CA1 region, following transient cerebral 
ischemia.

Peroxisome proliferator-activated receptor gamma 
(PPARγ) has multiple actions, such as the regulation of 
adipocyte differentiation, insulin sensitivity, lipid metabolism 
and glucose homeostasis [4-6]. PPARγ is detected mainly 
in adipocytes, smooth muscles and macrophages, and it is 
expressed in neurons and glial cells throughout the brain and 
spinal cord [6-10]. In addition, many studies have reported 
the neuroprotective effect of PPARγ agonist in various models 
of neurodegenerative disorders and brain ischemia [11-18]. 

Introduction

Transient global cerebral ischemia results in the insidious 
degeneration of specific vulnerable neurons in the brain. 
Especially, the hippocampus has been known to be one of the 
most vulnerable regions after ischemic damage [1, 2]. In the 
hippocampus, the cornu ammonis 1 (CA1) region is the most 
susceptible to transient cerebral ischemia, and neuronal death 
in the pyramidal cell layer of the hippocampal CA1 region 
has been described as “delayed neuronal death”, whereas 
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Especially, neuroprotective effect of PPARγ agonists in brain 
ischemia is known to be closely associated with their anti-
inflammatory activity [14, 16].

Recently, we reported the changes in PPARγ expression 
and the neuroprotective effect of PPARγ agonist, rosiglitazone, 
against ischemic damage in the gerbil hippocampal CA1 
region following 5 minutes of transient cerebral ischemia [14]. 
However, there is no studies regarding changes in PPARγ 
expression in the ischemic DG, even though the ischemia-
induced neuronal degeneration is represented differently 
in the hippocampal CA1 region and DG [3]. In the present 
study, therefore, we examined the ischemia-induced changes 
of PPARγ immunoreactivity and protein levels in the gerbil 
DG after 5 minutes of transient global cerebral ischemia.

   
Materials and Methods

   
Experimental animals

Male Mongolian gerbils (Meriones unguiculatus) were 
obtained from the Experimental Animal Center, Kangwon 
National University, Chuncheon, South Korea. Gerbils were 
used at 6 months (B.W., 65–75 g) of age. The animals were 
housed in a conventional state under adequate temperature 
(23°C) and humidity (60%) control, with a 12-hours light/
dark cycle, and free access to water and food. The procedures 
for animal handling and care 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 edition, 2011), and they 
were approved by the Institutional Animal Care and Use 
Committee (IACUC) at Kangwon University. All experiments 
were conducted to minimize the number of animals used and 
the suffering caused by the procedures used in the present 
study.

   
Induction of transient global cerebral ischemia

Mongolian gerbils underwent transient cerebral ischemia 
by the method of our previous study [3, 14]. Briefly, the 
animals were anesthetized with a mixture of 2.5% isoflurane 
in 33% oxygen and 67% nitrous oxide. Bilateral common 
carotid arteries were occluded for 5 min using non-traumatic 
aneurysm clips. The body (rectal) temperature under free-
regulating or normothermic (37±0.5°C) conditions was 
monitored with a rectal temperature probe (TR-100, Fine 
Science Tools, Foster City, CA, USA) and maintained using 
a thermometric blanket before, during and after the surgery 

until the animals completely recovered from anesthesia. 
Sham-operated animals were subjected to the same surgical 
procedures except that the common carotid arteries were not 
occluded.

   
Tissue processing for histology

For the histological analysis, the sham- and ischemia-
operated-groups (n=7 at each time point) were used at 6 
hours, 12 hours, 1 day, 2 days, 4 days, 7 days, and 10 days 
after ischemia-reperfusion. The animals were anesthetized 
with sodium pentobarbital and perfused transcardially with 
0.1 M phosphate-buffered saline (PBS, pH 7.4) followed by 
4% paraformaldehyde in 0.1 M phosphate-buffer (pH 7.4). 
The brain tissues were removed, cryoprotected and serially 
sectioned on a cryostat (Leica, Wetzlar, Germany) into 30 μm 
coronal sections, and they were then collected into six-well 
plates containing PBS.

   
Immunohistochemical staining for PPARγ

According to the method of our previous study [3, 14], 
immunohistochemical staining for PPARγ was performed 
using mouse anti-PPARγ (1:100, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA), biotinylated goat anti-mouse IgG 
(1:200, Vector, Burlingame, CA, USA) and streptavidin 
peroxidase complex (1:200, Vector). A negative control 
test was carried out using pre-immune serum instead of 
primary antibody in order to establish the specificity of the 
immunostaining. The negative control resulted in the absence 
of immunoreactivity in all structures.

Eight sections per animal were selected to quantitatively 
analyze PPARγ immunoreactivity in the DG. Digital images 
were captured with an AxioM1 light microscope (Carl 
Zeiss, Göttingen, Germany) equipped with a digital camera 
(Axiocam, Carl Zeiss) connected to a PC monitor. According 
to the method of the previous study [14], semi-quantification 
of the immunostaining intensities was evaluated with 
digital image analysis software (MetaMorph 4.01, Universal 
Imaging Corp., Downingtown, PA, USA). The level of 
immunoreactivity was scaled as −, ±, + or ++, representing no 
staining (gray scale value, ≥200), weakly positive (gray scale 
value, 150–199), moderate (gray scale value, 100–149), or 
strong (gray scale value, ≤99), respectively.

Double immunofluorescence staining for PPARγ/Iba-1 
or PPARγ/glial fibrillary acidic protein

To examine the cell type expressing PPARγ immuno
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reactivity, the sections after the ischemic surgery were pro
cessed by double immunofluorescence staining. Double 
immunofluorescence staining was performed using mouse 
anti-PPARγ (1:50, Santa Cruz Biotechnology)/rabbit anti-
Iba-1 (1:200, Wako, Nuss, Germany) for microglia or 
rabbit anti-glial fibrillary acidic protein (GFAP; 1:200, 
Chemicon International, Temecula, CA, USA) for astrocytes. 
The sections were incubated in the mixture of antisera 
overnight at room temperature, and then were incubated 
in a mixture of both Cy3-conjugated goat anti-mouse IgG 
(1:200, Jackson ImmunoResearch, West Grove, PA, USA) 
and FITC-conjugated goat anti-rabbit IgG (1:200, Jackson 
ImmunoResearch) for 2 hours at room temperature. The 
immunoreactions were observed under the confocal 
microscope (LSM510 META NLO, Carl Zeiss).

Western bolt analysis
To examine changes in PPARγ protein levels in the DG 

after transient cerebral ischemia, sham- and ischemia-
operated animals (n=5 at each time point) were used for 
western blot analysis according to the method of our previous 
study [14]. In brief, after removing the brains, they were 
serially and transversely cut into a thickness of 400 μm on 
a vibratome (Leica), and the DG was then dissected with 
a surgical blade. After the tissues were homogenized and 
centrifuged, the supernatants were subjected to western 
blot analysis. Mouse anti-PPARγ (1:500, Santa Cruz Bio
technology) or mouse anti-β-actin (1:5,000, Sigma, St. 
Louis, MO, USA) was used as primary antibody. Western 
blot analysis was performed triplicate experiments and 
representative gel is shown. The result of the western blot 
analysis was scanned, and densitometric analysis for the 
quantification of the bands was done using Scion Image 
software (Scion Corp., Frederick, MD, USA), which was used 
to count relative optical density (ROD). A ratio of the ROD 
was calibrated as %, with sham-operated group designated as 
100%. 

Statistical analysis
The data shown here represent the means±SEM. Dif

ferences of the means among the groups were statistically 
analyzed by analysis of variance (ANOVA) with a post hoc 
Bonferroni’s multiple comparison test in order to elucidate 
ischemia-related differences among experimental groups 
(SigmaStat, Systat Software, San Jose, CA, USA). Statistical 
significance was considered at P<0.05.

      
Results

Change in PPARγ immunoreactivity
In the sham-operated group, PPARγ immunoreactive 

cells were not detected in any layers of the DG; weak 
immunoreactivity was found in the neuropil of the molecular 
and polymorphic layers, not the granule cell layer (Table 
1, Fig. 1A). The pattern of PPARγ immunoreactivity was 
not changed until 12 hours after ischemia-reperfusion 
(Table 1). PPARγ immunoreactivity began to be shown in 
the DG from 1 day after ischemia-reperfusion, and PPARγ 
immunoreactivity was highest at 2 days after ischemia/
reperfusion, especially in the polymorphic layer (Table 1, Fig. 
2B, C). Thereafter, PPARγ immunoreactivity was decreased 
with time, and the pattern of PPARγ immunoreactivity in the 
ischemic DG at 10 days after ischemia-reperfusion was similar to 
that in the sham-operated group (Table 1, Fig. 2D–F).

   
Colocalization of PPARγ/Iba-1

Two days after ischemia-reperfusion, many PPARγ 
immunoreactive cells were well detected in the DG (Fig. 
1C). Based on this result, we performed double immuno
fluorescence staining for PPARγ/Iba-1 or PPARγ/GFAP 
in the DG at 2 days after ischemia-reperfusion to identify 
the cell type. Most of all PPARγ immunoreactive cells were 
colocalized with Iba-1-immunoreactive microglia (Fig. 2). 
However, PPARγ immunoreactive cells were not colocalized 
with GFAP-immunoreactive astrocytes (data not shown).

Table 1. The time-course levels of PPARγ immunoreactivity in the gerbil dentate gyrus following transient global cerebral ischemia
Time after ischemia-reperfusion

Sham 6 h 12 h 1 day 2 days 4 days 7 days 10 days
Molecular layer ± ± ± + + + ± ±
Granule cell layer − − − − − − − −
Polymorphic layer ± ± ± + ++ + + ±

PPARγ, peroxisome proliferator-activated receptor gamma. The levels of immunoreactivity were defined as four grades, negative (−), weakly positive (±), moderate 
(+) and strong (++).
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PPARγ protein levels
From western blot analysis, we observed that the pat

tern of changes in PPARγ protein levels in the DG after 

ischemia-reperfusion was similar to that observed in the 
immunohistochemical data. PPARγ protein level was very 
low in the sham-operated gerbils. However, PPARγ protein 

Fig. 1. Immunohistochemical staining for peroxisome proliferator-activated receptor gamma (PPARγ) in the dentate gyrus (DG) of the sham- 
(A) and ischemia-operated- (B–F) groups. Weak PPARγ immunoreactivity is detected in the neuropil of the molecular (ML) and polymorphic 
(PL) layers of the sham-operated group; the granule cell layer (GCL, asterisks) does not show any PPARγ immunoreactivity. In the ischemia-
operated groups, many cells in the PL show strong PPARγ immunoreactivity (arrows) at 2 days after ischemia-reperfusion. Thereafter, PPARγ 
immunoreactivity is decreased with time. Scale bar=100 μm.

Fig. 2. Double immunofluorescence staining for peroxisome proliferator-activated receptor gamma (PPARγ) (red, A, D), Iba-1 (green, B)/glial 
fibrillary acidic protein (GFAP) (E) and merged images (C, F) in the dentate gyrus 2 days after ischemia-reperfusion. PPARγ immunoreactive cells 
are colocalized with Iba-1 immunoreactive microglia (arrows). ML, molecular layer; GCL, granule cell layer; PL, polymorphic layer. Scale bar=100 
μm.
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level was significantly increased at 2 days after ischemia-
reperfusion and was distinctively decreased at 4 days after 
ischemia-reperfusion (Fig. 3).

Discussion
   
In the present study, we examined changes in PPARγ 

immunoreactivity and protein level in the gerbil DG after 
ischemia-reperfusion. In the sham-operated group, we did 
not find any PPARγ immunoreactive cells; very weak PPARγ 
protein level was found in the DG. This result was very similar 
with the finding that showed that PPARγ immunoreactive 
cells were not found in the hippocampal CA1 region of the 
sham-operated group [14]. In addition, it was reported that 
PPARγ immunoreactivity was found in the rat DG [9]. We 
also observed that PPARγ immunoreactivity was increased 
gradually from 1 day after ischemia-reperfusion and that 
PPARγ immunoreactivity and protein level were highest at 
2 days after ischemia-reperfusion and they were decreased 
with time in the ischemic DG. Recently, it was reported that 
PPARγ immunoreactivity and protein level were significantly 
increased in the gerbil hippocampal CA1 region at 4 days 
after ischemia-reperfusion, which was the time that ischemia-
induced delayed neuronal death occurred [14]. It was also 
reported that PPARγ immunoreactivity was significantly 

increased in the peri-infarct areas of the cerebral cortex 12 
hours after middle cerebral artery occlusion in the rat and 
the immunoreactivity returned to basal level and remained 
unchanged [18]. In addition, a recent study showed that 
both PPARγ protein and mRNA expression were apparently 
increased 24 hours after ischemia-reperfusion and decreased 
with time in the rat hippocampus induced by global cerebral 
ischemia-reperfusion [19].

Ischemia-induced microglial activation is related to neu
ronal damage/death through the secretion of neurotoxic 
molecules [20, 21]. There are many reports regarding the 
relationship between PPARγ and microglia/macrophage. 
PPARγ has been well known as a negative regulator of 
macrophage activation through the inhibition of proinflam
matory genes [6]. In addition, it was reported that PPARγ 
expression in microglia was dependent on microglial func
tional state and that PPARγ in microglia promoted phago
cytosis and modulated neuroinflammation [7, 12, 22]. In 
the present study, we observed that PPARγ immunoreactive 
cells showed the highest immunoreactivity and they were 
colocalized with microglia, not astrocytes, in the ischemic 
DG at 2 days after ischemia-reperfusion. This finding is 
supported by our previous report that showed that PPARγ 
immunoreactivity was highest in activated microglia in the 
gerbil hippocampal CA1 region at 4 days after transient 
cerebral ischemia [14]. Therefore, it can be postulated 
that PPARγ in microglia may be related to ischemia-induced 
microglial activation as well as neuronal degeneration, and this 
reflects a change in microenvironment in the ischemic DG.

In conclusion, PPARγ immunoreactivity were expressed in 
microglia in the DG after transient global cerebral ischemia 
and the immunoreactivity was highest at 2 days post-ische
mia. These results indicate that PPARγ may be related 
to ischemia-induced microglial activation and neuronal 
degeneration in the ischemic DG.
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