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Abstract  
Rat models of focal cerebral ischemia/reperfusion injury were established by occlusion of the middle 
cerebral artery. Microarray analysis showed that 24 hours after cerebral ischemia, there were nine 

up-regulated and 27 down-regulated microRNA genes in cortical tissue. Bioinformatic analysis 
showed that bcl-2 was the target gene of microRNA-384-5p and microRNA-494, and caspase-3 
was the target gene of microRNA-129, microRNA-320 and microRNA-326. Real-time PCR and 

western blot analyses showed that 24 hours after cerebral ischemia, bcl-2 mRNA and protein levels 
in brain tissue were significantly decreased, while caspase-3 mRNA and protein levels were 
significantly increased. This suggests that following cerebral ischemia, differentially expressed 

microRNA-384-5p, microRNA-494, microRNA-320, microRNA-129 and microRNA-326 can regulate 
bcl-2 and caspase-3 expression in brain tissue. 
Key Words: focal cerebral ischemia; microRNA; apoptosis; bcl-2; caspase-3; neural regeneration 
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INTRODUCTION 
    

Many complex pathophysiological 

mechanisms underlie ischemic 

cerebrovascular disease. Recent evidence 

suggests that progression of ischemic 

cerebrovascular disease predominantly 

results from neural cell death following 

cerebral ischemia. Apoptosis is an 

important component of the sequence of 

events in ischemic cerebrovascular 

disease and is also one of the major 

pathways that leads to the process of cell 

death
[1]

. Therefore, it is of importance to 

administer anti-apoptotic treatment as 

early as possible following cerebral 

ischemia. However, the precise 

mechanisms underlying stroke-induced 

neuronal death and neurological 

dysfunction are not fully understood. The 

elucidation of the molecular mechanisms 

of cell death will provide new insights into 

the development of neuroprotective agents 

for stroke therapeutics. 

The discovery of microRNAs (miRNAs) 

has broadened our understanding of the 

mechanisms that regulate gene 

expression with the addition of an entirely 

new level of regulatory control. miRNAs 

modulate protein levels by binding to 

complementary or partially complementary 

target mRNAs and thereby targeting the 

mRNA for degradation or translational 

inhibition
[2-4]

.  

At present, over several hundred miRNAs 

have been confirmed in the human 

genome
[5]

 and they can regulate at least 

30% of human gene expression. miRNAs 

participate in cell proliferation, differentiation, 

apoptosis, embryonic development and 

morphogenesis, while abnormally 

expressed or activated miRNAs can lead to 

disease occurrence
[2, 6-8]

. Approximately 

70% of known miRNAs are expressed in the 

mammalian brain and miRNAs are involved 

in the physiological and pathological 

processes of many neurological diseases, 

such as brain tumors, Alzheimer’s disease, 

Parkinson’s disease, Down’s syndrome, 

schizophrenia, and stroke
[9-17]

. However, the 

importance of miRNAs in the pathogenesis 

of ischemic brain damage is largely 

unknown, especially their effect on 

apoptosis, and on the regulation of the key 

apoptotic genes, bcl-2 and caspase-3.  

Therefore, we adopted microarray analysis 

to investigate the expression profiles of 

miRNAs in brain tissue after focal cerebral 

ischemia/reperfusion injury. We also 

examined the differentially expressed 

miRNAs with respect to apoptosis-related 

proteins to provide a new approach to the 

study of cerebral ischemia pathogenesis. 
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RESULTS  
 
Quantitative analysis of experimental animals  

Twelve rats were assigned to an experimental group, in 

which transient focal cerebral ischemia/ reperfusion 

injury was induced by occlusion of the middle cerebral 

artery occlusion (MCAO), and eight rats were assigned 

to a sham-surgery group, in which, only sutured 

insertions were performed without MCAO. All 20 rats 

were included in the final analysis.  

Behavioral changes of the rat models of cerebral 

ischemia/reperfusion injury  

Before surgery, the sham-surgery group rats and MCAO 

group rats were tested for neurological deficits by 

Longa’s method and all animals were scored 0. After 

surgery, in the MCAO group, four rats were scored 1, 

four rats scored 2, three rats scored 3, and one rat 

scored 4, with a mean score of 1.83. Higher scores 

indicate more severe behavioral dysfunction induced by 

cerebral ischemia. All rats in the sham-surgery group 

were scored 0 after surgery. 

miRNA expression in rat brain tissue following 

transient focal cerebral ischemia  

Microarray analysis was used to detect miRNA expression 

changes in cortical tissue following MCAO. Twenty-four 

hours after MCAO, there were 36 differentially expressed 

miRNAs in the MCAO group (> 1.5-fold change), including 

nine up-regulated (two-sample t-test; P < 0.05) and 27 

down-regulated (two-sample t-test; P < 0.05), compared 

with the sham-surgery group (Table 1, Figure 1).   

Bioinformatic analysis of microarray results  

miRNAs targeting caspase-3 and bcl-2 were analyzed 

using TargetScan (http://www.targetscan.org), PicTar 

(http://pictar.mdc-berlin.de) and miRanda 

(http://www.microrna.org) bioinformation databases. 

Among the miRNAs that were significantly differentially 

expressed, miR-384-5p and miR-494 targeted bcl-2, and 

miR-320, miR-129 and miR-326 targeted caspase-3.  

bcl-2, caspase-3 and miRNA expression in rat brain 

tissue following MCAO  

Real-time PCR was used to validate whether the 

expression of bcl-2 and caspase-3 was consistent with the 

microarray results for the above five miRNAs. Twenty-four 

hours after MCAO, expression of miR-129, miR-326, 

miR-494, miR-384-5p and miR-320 was detected by 

real-time PCR and expression for each miRNA was similar 

to the microarray results (Figure 2). Bcl-2 and caspase-3 

expression in brain samples was also quantified by 

real-time PCR. There were significant changes in the 

mRNA levels of bcl-2 and caspase-3, 24 hours after 

reperfusion compared with the sham-surgery group (P < 

0.05 ) (Figure 3); bcl-2 mRNA levels were significantly 

decreased (P < 0.05) and caspase-3 mRNA levels were 

significantly increased in the MCAO group (Figure 3). 

Bcl-2 and caspase-3 protein levels in rat brain tissue 

following MCAO  

Western blot analysis was used to detect the protein levels 

of bcl-2 and caspase-3 in rat brain tissue. Compared with 

the sham-surgery group, 24 hours after cerebral ischemia, 

Bcl-2 protein levels were significantly decreased (P < 0.01) 

and caspase-3 protein levels were significantly increased 

(P < 0.01) in the MCAO group (Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1  Differential expression of microRNAs in rat brain tissue following middle cerebral artery occlusion (MCAO) 

Gene identification Up-regulated Fold change Gene identification Down-regulated Fold change 

29575 rno-miR-32 2.79 13148 rno-miR-195 2.13 

17880 rno-miR-153 3.11 27536 rno-miR-190 2.78 

11208 rno-miR-207 1.81 10306 rno-miR-146b 2.22 

145970 rno-miR-129-2 2.24 145845 rno-miR-20a 2.08 

17898 rno-miR-99b 6.49 13143 rno-miR-301a 3.23 

42540 rno-miR-494 2.64 11247 rno-miR-434 1.79 

46483 rno-miR-27a 4.56 17482 rno-miR-411 1.92 

42693 rno-miR-326 2.57 42844 rno-miR-384-5p 1.56 

42467 rno-miR-129 1.66 4700 rno-miR-140 2.22 

   10985 rno-miR-191 2.17 

   19585 rno-miR-148b-3p 2.63 

   29852 rno-miR-9 1.92 

   145841 rno-miR-23b 1.72 

   27533 rno-miR-320 3.70 

   42630 rno-miR-140 1.85 

   11260 rno-miR-151 2.17 

   19582 rno-miR-106b 2.00 

   145638 rno-miR-29a 2.17 

   28250 rno-miR-872 3.45 

   11246 rno-miR-434 1.72 

   10138 rno-miR-130a 1.56 

   30687 rno-miR-93 3.33 

   14285 rno-miR-487b 2.86 

   42902 rno-miR-185 2.38 

   42827 rno-miR-652 1.75 

   145643 rno-miR-382 1.92 

   14290 rno-miR-541 2.78 

 
Values given are mean fold changes in the MCAO group vs. sham-surgery group (P < 0.05). Only the fold changes which are significantly dif-

ferent from the sham-surgery group are given (fold change > 1.5). 
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Figure 1  Hierarchical cluster analysis of 
microRNAs (miRNAs) with significantly 
altered expression in rat brain after 

middle cerebral artery occlusion (MCAO).  

The color code in the heat map is linear 
with green as the lowest and red as the 
highest. The miRNAs whose expression 

increased are shown in green to red, 
whereas the miRNAs whose expression 
decreased are shown from red to green.  

The figure shows the data from seven 
individual microarrays. The individual 
expression signal of each miRNA in each 
array was clustered using Euclidean 

distance function. Sham: Sham-surgery 
group. 

Figure 2  Real-time PCR analysis confirmed the 
expression level of the five differentially expressed 
microRNAs (miRNAs) 24 hours after middle cerebral 

artery occlusion (MCAO), as observed by microarray 
analysis.  

The expression level of the five miRNAs was consistent 
with that observed by microarray analysis. These five 

miRNAs include miR-129, miR-326, miR-494, miR-384-5p 
and miR-320. Data are expressed as mean ± SD (n = 3; 
two-sample t-test).  

Figure 3  Real-time PCR detection of bcl-2 and 
caspase-3 mRNA levels in rat brain tissue following middle 
cerebral artery occlusion (MCAO) (mean ± SD).  

Compared with the sham-surgery group, bcl-2 mRNA 
levels were significantly decreased and caspase-3 mRNA 
levels were significantly increased in the MCAO group.  

Data are expressed as absorbance ratio of target gene to 
glyceraldhyde phosphate dehydrogenase (n = 3; 

two-sample t-test). aP < 0.05, vs. sham-surgery group.  
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DISCUSSION 
 

The recent discovery of miRNAs as key regulators of 

gene function has introduced a new level and 

mechanism of gene regulation
[2-4]

. An increasing number 

of studies provide strong evidence that miRNAs are 

abundantly expressed in the nervous system and are 

critical mediators in the regulation of neural development 

and plasticity
[5]

. Dysfunction of the miRNA network has 

emerged as a major factor in neurological diseases. 

Results from this study show that focal ischemia leads to 

extensive changes in cerebral miRNA expression in 

rodents, and similar findings have been reported by 

others
[18-24]

. This suggests the potential importance of 

miRNA dysfunction in the pathogenesis of stroke. 

Cellular apoptosis is an established characteristic of 

neuronal death following cerebral ischemia; after 

ischemia, apoptotic cells tend to exist in mild or moderate 

ischemic penumbra regions (such as in the cerebral 

cortex), while cell apoptosis due to MCAO induction 

occurs primarily 24 hours after ischemia
[25]

. For this 

reason, in this study, we detected miRNA changes in 

MCAO rat cerebral tissue 24 hours after ischemia. Our 

results show clearly up- or down-regulated miRNAs, 

which are partially consistent with previous findings; 

however, in previous studies, not all differentially 

expressed miRNAs are the same
[14-15]

. It is likely that 

differences among our study and previous studies are 

related to ischemia time, reperfusion time, animal 

species and different regions for sample harvesting. 

Extensive research has demonstrated that apoptosis 

plays a critical role in neuronal death after focal cerebral 

ischemia
[26]

. Cellular apoptosis is regulated by many 

genes, and bcl-2 and caspase-3 are two controlling 

genes. bcl-2, an anti-apoptotic gene, is the key gene for 

inhibiting cellular apoptosis by many means and thereby 

protecting and prolonging cell lifespan
[27]

. Caspase-3, a 

pro-apoptotic gene, is the key apoptosis executor in the 

caspase cascade and plays a final pivotal role during 

apoptosis induced by various factors
[28-29]

. This study 

shows that the levels of anti-apoptotic Bcl-2 proteins 

were significantly decreased and the levels of the 

pro-apoptotic Caspase-3 protein were significantly 

increased in the brain tissue 24 hours after reperfusion 

following MCAO in rats. These results indicate that 

apoptosis-related proteins play a role in focal cerebral 

ischemia. Recently, Bcl-2 and caspase-3 have been 

considered as therapeutic targets and regulation of Bcl-2 

and caspase-3 expression protects against ischemic 

brain injury
[25, 30-31]

. An increasing number of miRNAs 

have been found to regulate pro-and anti-apoptotic 

genes in apoptotic signaling pathways
[32-34]

. The 

elucidation of miRNA mechanisms involved in apoptosis 

may be important for understanding the pathogenesis of 

cerebral ischemia. However, very few studies have 

investigated the functional significance and molecular 

mechanisms of individual miRNAs in cerebral 

post-ischemic neuronal death. Recently, several 

software programs, such as TargetScan, PicTar and 

miRanda have been developed as very useful tools for 

performing miRNA target prediction
[35]

. Focal ischemia in 

rat brain regulates the expression of miRNAs predicted 

to target proteins known to mediate inflammation, 

transcription, neuroprotection, receptor function, and 

ionic homeostasis in the brain
[14]

. In this study, we 

focused our bioinformatic studies on identifying those 

miRNAs involved in apoptosis after ischemic insult. We 

show that bcl-2 is a target gene of miR-384-5p and 

miR-494 and caspase-3 is a target gene of miR-320, 

miR-129 and miR-326. This suggests that these miRNAs 

may regulate translation of Bcl-2 and caspase-3 proteins. 

Results from this study also show that Bcl-2 levels were 

significantly decreased and caspase-3 levels were 

significantly increased in the rat cerebral cortex after 

focal cerebral ischemia. This suggests that the five 

miRNAs regulating Bcl-2 and caspase-3 may become a 

potential therapeutic option for stroke related brain injury. 

However, Bioinformatic analysis only provides miRNA 

target prediction. To develop a miRNA as a therapeutic 

target, it is essential to validate its relationship to the 

Figure 4  Bcl-2 (A) and caspase-3 (B) protein levels in the 
brain tissue of middle cerebral artery occlusion (MCAO) 
rats 24 hours after cerebral ischemia/reperfusion (mean ± 

SD).  

Compared with the sham-surgery (sham) group, the levels 
of Bcl-2 protein were significantly decreased and the 
levels of caspase-3 protein were significantly increased in 

the MCAO group.  

Data are expressed as absorbance ratio of target protein 
to β-actin (n = 3, two-sample t-test). aP < 0.01, vs. 
sham-surgery group.  
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expression of the target protein. Therefore, further 

studies are necessary to validate the role of miR-384-5p, 

miR-494, miR-320, miR-129 and miR-326 in the 

regulation of Bcl-2 and caspase-3 both in vivo and in 

vitro.  

In brief, results from this study showed that transient 

focal ischemia induces an extensive change in the 

expression of many cerebral miRNAs. In addition, 

bioinformatic analysis showed that bcl-2 was the target 

gene of miR-384-5p and miR-494, and caspase-3 was 

the target gene of miR-320, miR-129 and miR-326. This 

suggests that miRNAs may regulate apoptosis of neural 

cells by regulating apoptotic factors. They thereby 

participate in the pathological mechanism of cerebral 

ischemia, and become potential targets for the treatment 

of ischemic cerebral injury.  

 

MATERIALS AND METHODS 
 

Design 

A randomized, controlled animal experiment. 

Time and setting 

This experiment was performed between March 2010 

and May 2011 at the Department of Pharmacology, 

Mudanjiang Medical College, China. 

Materials 

Twenty adult male Sprague-Dawley rats of clean grade, 

weighing 270-320 g, were obtained from the Institute of 

Beijing Weitonglihua Experimental Animals, Beijing, 

China (License No. 2006-0009). Animals were housed at 

22 ± 2°C in relative humidity of 50 ± 10% with a 12-hour 

light/dark cycle and free access to chow and water. The 

animal care and experimental protocols were in 

accordance with the Guidance Suggestions for the Care 

and Use of Laboratory Animals, issued by the Ministry of 

Science and Technology of the People’s Republic of 

China
[36]

.  

Methods 

Establishment of rat MCAO models  

Focal cerebral ischemia/reperfusion injury was induced 

in the MCAO group by occlusion of the middle cerebral 

artery using a previously described method
[37-39]

.  

In brief, following anesthesia by intraperitoneal injection 

of 350 mg/kg chloral hydrate, the right common carotid 

artery, internal carotid artery and external carotid artery 

were surgically exposed. A 4-0 monofilament nylon 

suture (Beijing Sunbio Biotech, Beijing, China) with a 

rounded tip was inserted into the internal carotid artery 

through the external carotid artery stump and gently 

advanced to occlude the middle cerebral artery. After 90 

minutes of MCAO, the suture was removed to restore 

blood flow up to 24 hours. Rats in the sham-surgery 

group were manipulated in the same way, but the middle 

cerebral artery was not occluded. The rectal temperature 

was maintained at 37.0 ± 0.5°C with a heating pad 

throughout the surgical procedure.  

Before euthanasia, neurological evaluation was 

performed using Longa’s method
[38]

, by a single 

investigator, who was blinded to the experimental groups. 

Neurological findings were scored on a 5-point scale. No 

neurological deficit = 0, failure to extend left paw fully = 1, 

circling to left = 2, falling to left = 3, did not walk 

spontaneously and had depressed levels of 

consciousness = 4. Following surgery, rats with a 

neurological score of ≥ 2 were selected for the study, and 

rats with a score of < 2 were considered to have 

unsuccessful MCAO. 

Microarray analysis of rat brain tissue microRNAs  

Four rats that scored 2 in the neurological function test 

were anesthetized and decapitated 24 hours after MCAO. 

Three sham-surgery rats served as controls. Total RNA 

was extracted from the ipsilateral cortex of each rat. 

Total RNA was extracted from brain tissue using TRIZOL 

(Invitrogen, Carlsbad, CA, USA) and miRNeasy mini kits 

(Qiagen, Valencia, CA) according to the manufacturers’ 

instructions. The A260 nm/A280 nm ratio of RNA solutions 

was determined using ultraviolet absorbance 

measurement. The ratio value of each sample was 

controlled between 1.8-2.1. miRNA was labeled 

according to the instructions of the miRCURY™ Hy3™ 

Power labeling kit (Exiqon, Vedbaek, Denmark). 25 µL 

labeled product and 25 µL 1.5 × hybridization buffer were 

mixed together and incubated for 2 minutes at 95°C in 

the 12-Bay Hybridization System (Hybridization 

System-Nimblegen Systems, Madison, WI, USA), and 

then left on ice for 2 minutes. The mixture was hybridized 

overnight at 56°C, with a rotation speed of 2 r/min. 

Subsequently, the array was washed sequentially with 

Wash buffers A, B, C, followed by clean water, 

centrifuged at 400 r/min for 5 minutes, dried, and 

photographed using an Axon GenePix 4000B microarray 

scanner (Axon Instruments, Foster City, CA, USA). Data 

were analyzed using GenePix Pro 6.0 software (Axon 

Instruments). Differentially expressed miRNAs with gene 

expression > 50% were validated using Volcano Plot 

filtering (P < 0.05). Data were normalized using median 

normalization. Hierarchical cluster analysis was 

performed with average linkage and Euclidean distance 

metric. 

Quantification of mRNA expression by real-time PCR  

Real-time PCR
[40]

 was performed to confirm the 

microarray data. Reverse transcription was performed 

using the miR qRT-PCR Quantitation Kit (Integrated 

Biotech Solutions, Shanghai, China) at 16°C for 30 

minutes, 42°C for 45 minutes, and 85°C for 10 minutes in 

a 20 μL reaction system. Primers were synthesized by 

Integrated Biotech Solutions, Shanghai, China. 2 μL 

cDNA was added to a 20 μL real-time PCR reaction 

system. Real-time PCR was conducted at 94°C for 10 

minutes, followed by 40 cycles of 94°C for 20 seconds 

and 62°C for 40 seconds. The threshold cycle (Ct) 

method was used to determine the relative quantity of 

each miRNA. The mRNA levels of bcl-2 and caspase-3 

were evaluated in the sham-surgery group and in the 

MCAO group 24 hours after reperfusion by real-time 

PCR using the SYBR-Green method
[14]

. Glyceraldhyde 
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phosphate dehydrogenase was used as an internal 

control. PCR primers were synthesized by Invitrogen, 

Shanghai, China (Table 2).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Western blot analysis of rat brain tissue  

Total protein of brain tissue was extracted as previously 

described
[41]

. Equal amounts of protein were 

electrophoresed through a reducing sodium dodecyl 

sulfate polyacrylamide gel and electroblotted onto a 

polyvinylidene difluoride membrane. After incubation in 

blocking buffer (5% non-fat dried milk, 

phosphate-buffered saline and 0.1% Tween-20) at room 

temperature for 1 hour, membranes were incubated with 

mouse anti-rat Bcl-2 monoclonal antibody (1:800; Santa 

Cruz Biotechnology, Santa Cruz, CA, USA), rabbit 

anti-rat caspase-3 polyclonal antibody (1:600; Santa 

Cruz Biotechnology) or rabbit anti-β-actin polyclonal 

antibody (1:3 000; Santa Cruz Biotechnology) overnight 

at 4°C. Protein levels were detected with goat anti-rabbit 

or anti-mouse IgG-horseradish peroxidase-linked 

secondary antibodies (1:2 000; Santa Cruz 

Biotechnology) at room temperature for 1 hour and 

developed with Super ECL Plus detection reagent 

(Applygen Technologies, Beijing, China). Films were 

scanned and the intensities of immunoblot bands were 

quantified by densitometry using image analysis software 

(Image Master Total Lab version 1.00; Amersham 

Pharmacia Biotech, Tokyo, Japan). The band 

absorbance values were calculated as a ratio of 

Bcl-2/β-actin or caspase-3/β-actin. 

Statistical analysis  

All data were statistically processed using SPSS 11.5 

software (SPSS, Chicago, IL, USA) and expressed as 

mean ± SD. Mean comparisons between two points were 

performed using two-sample t-test. A value of P < 0.05 

was considered statistically significant.  
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