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Abstract. The role and mechanism of the mTOR signaling 
pathway in the impaired cognitive function in cerebral 
ischemia-reperfusion were examined in the present study. 
Sprague-Dawley (SD) rats were divided into the sham opera-
tion, cerebral ischemia, cerebral ischemia‑reperfusion and 
cerebral ischemia-reperfusion adaptive groups. A Morris 
water maze test was carried out in the different treatment 
groups at 2 weeks after surgery to detect cognitive function. 
After the experimental animals were sacrificed, fluorescent 
quantitative PCR test was used to detect the key signaling 
molecules in the mTOR signaling pathway in the different 
treatment groups, such as mTOR, p-mTOR, AKT and p-AKT 
gene mRNA expression. The protein expression was deter-
mined by enzyme-linked immunosorbent assay and western 
blotting. mTOR expression and localization in the different 
treatment groups was detected by immunohistochemistry, 
and the positive cell rate was determined. Compared with 
the sham operation group, the levels of mTOR, p-mTOR, 
AKT and p-AKT mRNAs and hippocampal proteins were 
significantly lower in the cerebral ischemia group and cere-
bral ischemia-reperfusion group (P<0.05). Levels of mTOR, 
p-mTOR, AKT and p-AKT mRNAs and proteins in the 
cerebral ischemia-reperfusion adaptive group decreased but 
did not show significant differences (P>0.05). The Morris 
water maze results showed that, the adaptive ability and the 
cognitive functions were improved significantly in the cere-
bral ischemia-reperfusion adaptive group when compared 
with the cerebral ischemia and cerebral ischemia-reperfusion 
groups (P<0.05). The number of mTOR‑positive cells in 
hippocampus was significantly higher in the sham operation 

and cerebral ischemia-reperfusion adaptive groups, but there 
was no difference between these groups. In conclusion, 
mTOR signaling pathway improves the cognitive function in 
cerebral ischemia-reperfusion in rats.

Introduction

Cerebral circulation disorders such as the incidence of 
sudden ischemic cerebral events have been on the increase 
in China (1). Statistical results show that, there were approxi-
mately 800,000 individuals suffering from ischemic cerebral 
disease in China in 2015 (2). Due to its rapid onset and high 
mortality rate, ischemic cerebral disease has become the third 
leading cause of death and primary disabling disease. Clinical 
statistics show that, cerebral ischemic reperfusion often leads 
to different degrees of brain injury, accompanied by cognitive 
dysfunction, mental decline, epilepsy and other diseases (3). 
These diseases seriously adversely affect patient health and 
quality of life. Therefore, the mechanisms of reperfusion after 
cerebral injury has become an important field in the study of 
cerebral ischemia-reperfusion (4).

Previous findings  suggested that as a serine/threonine 
protein kinase, mTOR signaling pathway plays an impor-
tant role in cell growth, proliferation, apoptosis and other 
physiological processes (5). The mTOR signaling pathway 
is associated with various neurological diseases, such as 
epilepsy, Alzheimer's disease and many other cognitive 
dysfunction diseases (6-8). In addition, the enhancing activity 
of key signaling molecules in mTOR signaling pathway such 
as AKT, can inhibit programmed cell death of neurons (6,7) 
promoting improvement of cognitive function. The mTOR 
signaling pathway is composed of a plurality of genes, and is 
associated with numerous signal transduction pathways, such 
as the PI3K/AKT signal path (8). AKT gene promotes cell 
proliferation and metabolism, and can inhibit cell death to a 
certain extent. Additionally, AKT promoted the increase of NO 
levels in cells, thereby reducing the incidence of vasospasm 
and promoting the dissolution of thrombus (9). Thrombosis 
is thought to be an important inducing factor of other related 
diseases following cerebral ischemia‑reperfusion.

To the best of our knowledge, this is the first study to inves-
tigate the role and mechanism of mTOR signaling pathway in 
the impaired cognitive function in cerebral ischemia‑reper-
fusion to reveal the correlation between mTOR signaling 
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pathway and the cognitive dysfunction in cerebral ischemia-
reperfusion, and provide some theoretical and experimental 
basis for the treatment of cerebral ischemia.

Materials and methods

Materials
Experimental animals. The present study was conducted on 
48 Sprague-Dawley (SD) rats (average body weight, 248±37 g; 
age, 2.4±0.6 weeks). The rats were divided into the sham 
operation, cerebral ischemia, cerebral ischemia‑reperfusion 
and the cerebral ischemia-reperfusion adaptive groups (addi-
tion of 0.5 mmol anthocyanin when reperfusion).

Main reagents. The reagents used were RNA kit (Takara 
Bio, Dalian, China). mTOR, p-mTOR, AKT and p-AKT 
primary antibodies were goat anti-rabbit antibodies and 
rabbit anti-rat secondary antibodies labeled by HRP (Acris 
Antibodies, San Diego, CA, USA). Animal cells total protein 
extraction kit (Axygen Biosciences, Union City, CA, USA) and 
immunohistochemistry kit (Tiangen Biotech Co., Ltd., Beijing, 
China) were also used.

Instruments. Fluorescence quantitative PCR instrument 
(Applied Biosystems, Foster City, CA, USA); gel imaging 
instrument (Bio-Rad Laboratories, Inc., Hercules, CA, USA); 
low temperature refrigerated centrifuge (Hitachi, Tokyo, Japan); 
ultra low temperature freezer (Haier, Beijing, China); and 
protein electrophoresis apparatus (Beijing Liuyi Biotechnology 
Co., Ltd., Beijing, China) were used in the study.

Methods
Morris water maze test. The water maze test used in this study 
was carried out as described by Porcile et al (10).

Step-down test. The step-down test in this study was 
performed according to Lu et al (11).

Fluorescence quantitative PCR
RNA extraction. The hippocampal tissue samples were used as 
the research object. Equal volume splitting solution was added 
in a cold EP tube. RNA Plus was also added after percussion 
uniformly with transfer liquid gun and the specific instruc-
tions of the experimental protocol were followed.

Fluorescence quantitative PCR. In order to detect the RNA 
expression of mTOR, p-mTOR, AKT and p-AKT in different 
samples, we used SYBR-Green 1 dye method, performed as 
per specific experimental protocol instructions. Primers used 
were produced by Suzhou Genewiz Biological Engineering 
Co., Ltd. (Suzhou, China) (Table I).

Enzyme-linked immunosorbent assay (ELISA). The experi-
ment was carried out according to the specification of ELISA 
kit (Axygen Biosciences) with improvements (12). Total protein 
was extracted and quantified with Coomassie Brilliant Blue 
staining. The total protein of 100 mg was diluted by diluent in 
the kit. Then, 100 µl was added to 50 µl test solution for ELISA 
test to measure the expression of different proteins.

Western blotting. In this study, we used an animal cells 
total protein extraction kit (Axygen Biosciences) to extract 
total protein from samples. The specific instructions of the 

protocol were referred to with improvements (13). Coomassie 
Brilliant Blue staining was used to quantify after extracting 
total protein. Rabbit polyclonal mTOR antibody (dilution, 
1:500; cat. no. ab2732), rabbit monoclonal p-mTOR antibody 
(dilution, 1:500; cat. no. ab109268), rabbit polyclonal AKT 
antibody (dilution, 1:500; cat. no. ab8805) and rabbit mono-
clonal p-AKT antibody (dilution, 1:500; cat. no. ab81283) were 
all purchased from Abcam (Cambridge, MA, USA).

Immunohistochemistry. In this study, routine antibody incuba-
tion and staining of tissue samples from mouse hippocampal 
CA3 region were performed with streptavidin-peroxidase 
(SP) method. The criteria for immunohistochemical evalu-
ation were as follows: Membrane staining ratio <10% or 
negative after staining was considered as negative; only the 
cell membrane stained or membrane staining ratio >10% was 
considered positive.

Statistical analysis. Data are expressed as mean ± standard 
deviation. Statistical analysis was performed using SPSS 10.0 
software (Chicago, IL, USA). P<0.05 was considered to indi-
cate a statistically significant difference.

Table I. Primers for fluorescence quantitative PCR.

Molecules	 Primer sequences

mTOR-F	 GTAGCTAGCTAGCATCGTCCAG
mTOR-R	 GTCGTAGCTGCTAGCTACGTCG
p-mTOR-F	 CGTAGGGATGCTATGATTCGC
p-mTOR-R	 GTAGTTAGTCGCGTAGCTGACTC
AKT-F	 GCTGGCTGATGCTAGCTACCG
AKT-R	 GTGTCGGCAGTCGTAGCAGC
p-AKT-F	 GTGAGCAGTGCTGACGCTACG
p-AKT-R	 GTAGGCTAGCCAGTCGATGCTCG
GAPDH-F	 CGTAGGGCTAGCTAGCTAGATAC
GAPDH-R	 CGTAGCTGAGAGTTAGCTAGCATC

F, forward; R, reverse.

Figure 1. Results of water maze test. *P<0.05 indicates significant difference 
between groups.
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Results

Morris water maze test in rats. Water maze test results showed 
that  (Fig.  1) the escape latency in the cerebral ischemia 
group and the cerebral ischemia-reperfusion group were 
69.3 and 75.3 sec, respectively, which differed significantly 

from that in the sham operation group (11.2 sec) (P<0.05). It 
suggested that cerebral ischemia and subsequent reperfusion 
affected the memory ability of rats to a certain extent.

Step-down test in rats. Step-down test results showed 
that (Fig. 2) in comparison with the sham operation group 
(7.6 sec), learning time was greatly extended in the cerebral 
ischemia group (43.2 sec) and the cerebral ischemia-reperfu-
sion group (39.7 sec) or the learning ability of rats decreased 
significantly in the latter two groups (P<0.05). Although the 
learning ability of the cerebral ischemia-reperfusion adaptive 
group (11.2 sec) was poorer than that of the sham operation 
group, there was no significant difference between the two 
groups (P>0.05). The results indicated that cerebral ischemia 
and subsequent reperfusion affected the learning ability of rats 
to a certain extent.

Detection of mRNA gene in rats of the different treatment 
groups. In this experiment, rat hippocampus tissue samples in 
the treatment groups were investigated. Expression of mTOR, 
p-mTOR, AKT and p-AKT mRNAs in different samples were 
measured by fluorescence quantitative PCR. The results are 
shown in Fig. 3. Levels of mTOR, p-mTOR, AKT and p-AKT 
mRNAs in hippocampus in rats of the sham operation group 
were, respectively 13.2‑, 23.6‑, 14.3‑ and 28.5‑fold than that 
in the cerebral ischemia group, and there were significant 

Figure 2. Results of step-down test. *P<0.05 indicates significant difference 
between groups.

Figure 3. Expression of different mRNAs in rats of different treatment groups. Expression level of (A) mTOR mRNA, (B) p-mTOR mRNA, (C) AKT mRNA, 
and (D) p-AKT mRNA. *P<0.05 indicates a significant difference between groups.
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differences in each mRNA level between the two groups 
(P<0.05). Levels of the above mRNAs in the cerebral ischemia-
reperfusion adaptive group were, respectively, 19.3‑, 32.4‑, 
18.7‑ and 35.2‑fold that in the cerebral ischemia group, and 
there were significant differences in each mRNA level between 
the groups (P<0.05). The levels of mTOR, p-mTOR, AKT and 
p-AKT mRNAs in the cerebral ischemia-reperfusion group 

were, respectively, 1.5‑, 2‑, 3‑, 1.7‑ and 2.1‑fold that in the cere-
bral ischemia group, and there were no significant differences 
(P>0.05). This indicated that there was a correlation between 
mTOR signaling pathway and cerebral ischemia-reperfusion.

Detection of proteins in rats of the different treatment groups. 
We investigated proteins extracted from different samples. 
The levels of mTOR, p-mTOR, AKT and p-AK proteins in 
the different groups were determined by ELISA. The results 
are shown in Fig. 4. Expression of mTOR protein in the sham 
operation group was significantly higher than that in the 
cerebral ischemia and cerebral ischemia-reperfusion groups 
(P<0.05). By contrast, the mTOR protein level did not differ 
significantly between the cerebral ischemia-reperfusion 
adaptive and sham operation groups (P>0.05). p-mTOR, AKT 
and p-AKT protein levels all showed the same trend. 

Detection of protein levels in rats of different treatment 
groups by western blotting. The levels of mTOR, p-mTOR, 
AKT and p-AKT proteins in different groups were deter-
mined by western blotting. The results are shown in Fig. 5. 
As seen in Fig.  5, levels of mTOR, p-mTOR, AKT and 
p-AKT proteins in the sham operation group and cerebral 
ischemia‑reperfusion adaptive group were significantly 
higher than in the cerebral ischemia group and cerebral 

Figure 4. Expression of different proteins in rats of different treatment groups. Expression level of (A) mTOR protein, (B) p-mTOR protein, (C) AKT protein, 
and (D) p-AKT protein. *P<0.05 indicates a significant difference between groups.

Figure 5. Detection of protein levels in rats of the different treatment groups 
by western blotting.
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ischemia-reperfusion group, which was consistent with the 
ELISA results.

Immunohistochemical detection in rats of the different 
treatment groups. The distribution and expression of mTOR 
protein in the different treatment groups were detected by 
immunohistochemistry. As shown in Fig. 6 when compared 
with the sham operation and cerebral ischemia-reperfusion 
adaptive groups, the expression of mTOR protein in the 
hippocampus of rats was lower in the cerebral ischemia group 
and cerebral ischemia-reperfusion group, which was consis-
tent with the ELISA results. The mTOR-positive cell count 
results in the different treatment groups (Table II) showed that 
the numbers of mTOR-positive cells in the hippocampus of 
rats in the sham operation group (84.3%) and cerebral isch-
emia‑reperfusion adaptive group (65.3%) were significantly 
higher than that in the cerebral ischemia group (9.03%) and 
cerebral ischemia-reperfusion group (7.54%). This suggested 
that cerebral ischemia and cerebral ischemia-reperfusion 
reduced the mTOR protein level in the hippocampus.

Discussion

Clinical statistics show that, cerebral ischemia, is a common 
disease in modern society, having high morbidity, disability 
and mortality rate, and is one of the main brain diseases 

endangering the lives of patietns (13). Previous findings have 
shown that the main treatment method for cerebral ischemia 
is the timely recovery of blood perfusion in the ischemic 
area of the brain (14). There is evidence from clinical results 
indicating that cerebral reperfusion does not promote the 
recovery of brain hypoxia (15). Instead it leads to cerebral 
ischemic tissue dysfunction resulting in further aggravation in 
the patient's condition (16). An animal study on cerebral isch-
emia in rats showed that the cognitive ability decreased after 
cerebral ischemia-reperfusion (17,18). The detection results 
in the hippocampus showed that the neurons in the CA1 area 
were severely damaged, and the learning and cognitive ability 
decreased. This suggests inability of brain ischemic reperfu-
sion to restore neurons, further causing structural damage 
to neurons to a large extent (19), however, the mechanism 
involved is not clear. It has been shown that the addition of 
hydrogen salt solution when reperfusion improved the injury 
of cerebral neurons by cerebral ischemia-reperfusion to a 
certain extent, which was characterized by the result that there 
was no significant decrease in cognitive function in rats (20). 
The addition of anthocyanin during reperfusion also allevi-
ates the damage in cognitive function to some extent, but the 
signal transduction pathways involved are not clear (21).

In the present study, we investigated the mTOR signaling 
pathway in the hippocampus of rats before and after cere-
bral ischemia-reperfusion. The results showed that, mTOR 

Table II. The number of immunohistochemically positive cells in rats of the different treatment groups.

	 Cell	 Positive cell	 Positive cell	 Negative cell	 Negative cell
Groups	 counts	 counts (N)	 rate (%)	 counts (N)	 rate (%)

Sham operation	 400	 376	 94	 24	 6
Cerebral ischemia	 400	 36	 9	 364	 91
Cerebral ischemia-reperfusion adaptive	 400	 328	 82	 72	 18
Cerebral ischemia-reperfusion	 400	 42	 10.5	 358	 89.5

Figure 6. Immunohistochemical detection in rats of the treatment groups. (A) Sham operation group. (B) Cerebral ischemia group. (C) Cerebral ischemia‑reper-
fusion adaptive group. (D) Cerebral ischemia-reperfusion group. Magnifiication, x100.
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signaling pathway related signaling molecules and gene 
expression significantly decreased in the cerebral ischemia 
and cerebral ischemia‑reperfusion groups when compared 
with the healthy rats (P<0.05). Moreover, in rats with appro-
priate treatment after cerebral ischemia-reperfusion, there was 
no significant difference in the expression of mTOR signaling 
pathway related genes in hippocampus when compared with 
healthy rats (P>0.05), and its cognitive function was not 
significantly decreased, suggesting the decline of cognitive 
function in rats after cerebral ischemia-reperfusion may be 
generated through the mTOR signaling pathway. Further 
studies on the mTOR signaling pathway have found that the 
mTOR signaling pathway participates in many physiological 
and biochemical reactions in cells  (22,23). For example, 
previous results have shown that the mTOR signaling pathway 
can sense the changes of intracellular energy as well as 
intracellular nutrients, thus regulating many physiological 
reactions in cells including gene transcription, translation, 
ribosome generation and amino acid intake. Furthermore, 
the mTOR signaling pathway plays an important role in the 
regulation of multiple neural processes, such as formation 
and development of the brain, formation and maturation of 
synapses and neural cell proliferation (22,23).

In this study, it is clarified that mTOR signaling pathway 
plays a role of regulation in cognitive dysfunction after cere-
bral ischemia-reperfusion, which provides some theoretical 
and experimental basis for the treatment of cerebral ischemia.
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