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Abstract 

The aims of this study are to clarify the role of mTOR in mediating cerebral ischemic brain damage 
and the effects of rapamycin on ischemic outcomes. Ten minutes of forebrain ischemia was in-
duced in rats, and their brains were sampled after 3 h, 16 h, and 7 days reperfusion for histology, 
immunohistochemistry and biochemical analysis. Our data demonstrated that cerebral ischemia 
resulted in both apoptotic and necrotic neuronal death; cerebral ischemia and reperfusion led to 
significant increases of mRNA and protein levels of p-mTOR and its downstream p-P70S6K and 
p-S6; elevation of LC3-II, and release of cytochrome c into the cytoplasm in both the cortex and 
hippocampus. Inhibition of mTOR by rapamycin markedly reduced ischemia-induced damage; 
suppressed p-Akt, p-mTOR, p-P70S6K and p-S6 protein levels; decreased LC3-II and Beclin-1; and 
prevented cytochrome c release in the two structures. All together, these data provide evidence 
that cerebral ischemia activates mTOR and autophagy pathways. Inhibition of mTOR deactivates 
the mTOR pathway, suppresses autophagy, prevents cytochrome c release and reduces ischemic 
brain damage. 
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Introduction 
Stroke continues to present a significant public 

health challenge for society. Approximately 80% of all 
strokes are ischemic [1]. Although various neuropro-
tective agents have been shown to be efficacious in 
reducing ischemic brain damage in animal stroke 
models, none of these drugs has demonstrated effi-
cacy in clinical stroke patients. Recanalization of the 
occluded blood vessel using thrombolytic drugs or 
mechanical device remains the major therapeutic ap-
proach for cerebral ischemic stroke [2]. However, 

reperfusion itself may exacerbate brain injury, result-
ing in an extension of damage after ischemia [3-6]. It 
has been reported that cardiopulmonary resuscitation 
for victims of cardiac arrest within and outside of the 
hospital can successfully restore spontaneous circula-
tion in approximately 70,000 patients a year in the 
United States. Unfortunately, approximately 60% of 
these patients subsequently die in the hospital as a 
result of extensive brain damage introduced by 
reperfusion [7].  
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The mammalian target of rapamycin (mTOR) 
pathway is an essential cellular signaling pathway 
involved in a number of important physiological 
functions, including cell growth, proliferation, me-
tabolism, protein synthesis, and autophagy [8]. There 
is accumulating evidence that the mTOR pathway 
may be involved in the pathophysiology of certain 
neurological diseases, such as the tuberous sclerosis 
complex, genetic and acquired epilepsy, brain tumors 
as well as neurodegenerative diseases [9-18], in most 
of which the mTOR pathway is excessively activated. 
Rapamycin is a macrolide antibiotic possessing potent 
immunosuppressive and anti-proliferative properties 
[19]. Rapamycin binds to mTOR and prevents the 
phosphorylation of its downstream substrates p70 
ribosomal protein S6 kinase (P70S6K), eukaryotic 
translation initiation factor 4E-binding protein 1 
(4E-BP1) and other proteins involved in transcription, 
translation, and cell cycle control and further affecting 
cell survival or death [20]. Rapamycin associates with 
its intracellular receptor, FK 506-binding protein of 12 
kDa (FKBP12), and the resulting complex interacts 
with the FKBP12-rapamycin binding (FRB) domain 
located in the C-terminus of mTOR [21]. To date, 
FK506 binding protein 12 is the only known target of 
rapamycin [22].  

Given the potential role of mTOR in a number of 
neurologic disorders, enthusiasm is now focusing 
upon the mTOR pathway as a potential therapeutic 
target for ischemic cerebrovascular diseases. Howev-
er, the results obtained so far are controversial. On the 
one hand, it has been reported that cerebral ischemia 
and oxygen glucose deprivation (OGD) suppress the 
mTOR pathway and that upregulating mTOR offers 
neuroprotection [23-28]. On the other hand, there is a 
growing body of evidence suggesting that rapamycin 
promotes neuronal viability and reduces neurological 
damage in several ischemic injury models through 
inhibiting mTOR pathway [29-33]. The objectives of 
this study were to clarify the role of mTOR in ischemic 
brain damage and the effects of rapamycin on is-
chemic outcome. To that end, rats were subjected to 10 
min of forebrain ischemia, activation of the mTOR 
pathway was examined by phosporylation of mTOR, 
P70S6K and S6, cell death was assessed using routine 
histology and TUNEL staining, and autophagy was 
evaluated by microtubule-associated protein 1 light 
chain 3 (LC3) II and the Bcl2-interacting protein Be-
clin-1. The results demonstrated that cerebral ische-
mia activated the mTOR pathway, increased autoph-
agy markers, and led to the release of cytochrome c 
into the cytoplasm. Treatment with rapamycin sig-
nificantly reduced neuronal death, and its protective 
effects were associated with the suppression of mTOR 
signaling and the inhibition of autophagy and cyto-

chrome c release. 

Materials and methods 
Animals 

Forty-eight male Wistar rats (6-8 weeks, 240±10 g 
body weight), purchased from Charles River Labora-
tories, were used in this study. The animal procedures 
were approved by the Institutional Animal Care and 
Usage Committee (IACUC) at North Carolina Central 
University and follows the National Institutes of 
Health Guide for the Care and Use of Laboratory 
Animals. All animal procedures were conducted un-
der anesthesia. Animals were divided into vehicle- 
and rapamycin-treated groups (n=24 in each group), 
each consisting of a sham-operated control, ischemia 
plus 3 h, 16 h and 7 days of reperfusion (n=6, in each 
subgroup).  

Rapamycin injection 
Rapamycin (LC Laboratories, USA) stock solu-

tion was prepared by dissolving 100 mg in 5 ml of 
100% ethanol (20 mg/ml) and stored at −20°C. 
Working solution is made by diluting the stock solu-
tion in 5% Tween 80 and 5% polyethyleneglycol 400 to 
a final concentration of 4% ethanol immediately be-
fore intraperitoneal (i.p) injection. Rapamycin (6 
mg/kg/d) was injected 7 days prior to the induction 
of ischemia and continued daily until the animals 
were sacrificed.  

Operative Procedures 
The animals were fasted overnight prior to sur-

gery but had free access to water. Anesthesia was in-
duced by inhalation of 3.0% isoflurane in a mixture of 
N2O and O2 (70:30) and maintained at 1.0-2.0% during 
surgery. A midline incision was made in the ventral 
cervical area to expose the common carotid arteries. A 
central catheter was inserted into the right jugular 
vein for the withdrawal of blood. A tail artery was 
cannulated for blood pressure monitoring. A rectal 
thermometer was inserted to monitor body tempera-
ture. Head temperature was monitored by placing 
another needle thermometer subcutaneously on the 
temporal muscle. Both rectal and head temperatures 
were maintained close to 37 ± 0.5°C by lamp heating 
combined with an Automated Thermal Control Unit 
(DC Temperature Controller, FHS 40-90-8D, Bowdoin, 
ME) during the whole experimental process. Blood 
pressure was monitored using a pressure monitor 
(BP-1, World Precision Instruments).  

Induction of Ischemia 
Transient forebrain cerebral ischemia (10 min) 

was induced using a two-vessel occlusion (2-VO) 
method plus systemic hypotension, with which both 
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the common carotid arteries were occluded with 
vascular clamps for 10 min and blood was withdrawn 
through the central catheter inserted into the jugular 
vein to maintain the blood pressure at 40 to 50 mm Hg 
during the ischemic period. Ischemia was terminated 
by reinfusion of the shed blood and removal of the 
carotid clamps. Animals that experienced the same 
surgical procedure but without occlusion of the 
common carotid arteries and withdrawal of blood 
were used as sham-operated controls. The rats were 
euthanatized at 3 h, 16 h and 7 days after reperfusion, 
and their brains were removed. In order to reduce the 
animal numbers, one hemisphere from each animal 
was used for morphological studies and the other for 
biochemical analyses. 

Histology and Immunohistochemistry  
Brains were placed into a pre-cooled rat brain 

matrix, cut into 3 coronal blocks of 4 mm each and 
fixed with 4% paraformaldehyde for 24 h. The blocks 
were dehydrated in ascending concentration of etha-
nol, embedded in paraffin, and sectioned at 5 μm 
thickness. For routine histology, the sections were 
stained with celestine blue and acid fuchsin. Neuronal 
death was examined under a light microscope at 400× 
magnification. Bright red-stained acidophilic neurons 
with shrunken, triangular dense purple nuclei were 
considered as dead neurons. The numbers of dead 
cells were counted in 5 microscopic fields in the pari-
etal cortex and throughout the hippocampal CA1 
subregion. The results are presented as percentage of 
dead neurons,  

For immunohistochemistry, the sections were 
de-paraffinized and rehydrated. The sections were 
immersed in 0.1 M citric acid and steamed in a 
high-pressure cooker for 10 min for antigen retrieval. 
Endogenous non-specific biding sites were blocked 
using 3% hydrogen peroxide at 37°C for 60 min. The 
sections were incubated with a monoclonal an-
ti-phospho-S6 primary antibody (dilution 1:200) at 
4°C overnight. After sequential incubation with pe-
roxidase conjugated donkey anti-rabbit IgG. 
3,3'-Diaminobenzidine (DAB) was then used as a 
chromogen to view the reaction using a light micro-
scope. The sections were counterstained by hematox-
ylin. All incubations were performed in a humidified 
chamber. Negative controls were run in parallel using 
adjacent sections incubated without primary anti-
body.  

TUNEL Staining 
The sections were de-paraffinized, rehydrated, 

and fixed with 4% formaldehyde for 15 min. The sec-
tions were permeabilized using 100 μl of a 20 μg/ml 
Proteinase K solution (10 min at room temperature). 

The sections were then stained using a TUNEL kit 
(DeadEndTM Fluorometric TUNEL System, G3250, 
USA). In brief, 100 μl Equilibration Buffer was added 
onto the sections at room temperature for 10 min, 
followed by application of 50 μl TdT reaction mix to 
the tissue. After a 60-min incubation period at 37°C in 
a humidified chamber, the reaction was stopped using 
2X SSC. The slide was washed and mounted with 
Vectashield® mounting medium containing propid-
ium iodide (PI). The slides were examined under a 
Nikon Eclipse E600 FN fluorescent confocal micro-
scope. The number of positively stained cells was 
counted in 5 fields in the parietal cortex and 
throughout the CA1 region at Bregma -3.8 mm level. 
The results are presented as the percentage of TUNEL 
positive neurons in all dead neurons.  

Real-time quantitative PCR 
TRIzol kit (Invitrogen, Carlsbad, California, 

USA) was used to extract the total RNA from the cor-
tical sample. The total RNA concentration was meas-
ured using a Nano Drop Spectrophotometer 
(ND-1000, Thermo Scientific, USA) at 260 nm ab-
sorbance. Two micrograms total RNA treated with 
M-MLV reverse transcriptase were used for synthe-
sizing the first-strand of cDNA according to the 
manufacturer’s recommendations (Promega, USA). 
The resulting cDNA was then subjected to real-time 
quantitative PCR for evaluation of the relative mRNA 
levels of mTOR and GAPDH (as an internal control). 
Gene-specific amplification was performed using an 
ABI 7900HT real-time PCR system (Life Technologies, 
Carlsbad, California, USA) with a 15-μl PCR mix 
containing 0.5 μl of cDNA, 7.5 μl of 2X SYBR Green 
master mix (Invitrogen, Carlsbad, California, USA), 
and 200 nM of the appropriate oligonucleotide pri-
mers. After 40 cycles of amplifications, the Ct 
(threshold cycle) value of each sample was calculated 
from the threshold cycles using the instrument’s 
software (SDS 2.3), and the relative expression of the 
mTOR mRNA was normalized to the GAPDH value. 
Relative expression level was calculated by ΔCt = (the 
Ct values of mTOR in experimental group - the Ct 
values of GAPDH in experimental group) - (the Ct 
values of mTOR in sham control group-the Ct values 
of GAPDH in sham control group). 

Western blotting  
The cortical and hippocampal tissues were sep-

arated on ice-cold plate, frozen in liquid nitrogen and 
stored in a -80°C freezer till use. The tissues were in-
dividually homogenized using a suspension buffer 
containing 15 mM Tris base/HCL (pH 7.7), 0.25 M 
sucrose, 15 mM NaCl, 1.5 mM MgCl2, 2.5 mM EDTA, 
0.25 mM Na3VO4, 25 mM NaF, 1 mM EGTA, 2 mM 
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NaPPi, and with addition of a protease inhibitor 
cocktail (Complete Tablets, Roche), 1 mM DTT, and 
0.5 mM PMSF. Cytosolic and nuclear fractions were 
separated through a series of centrifugations. Protein 
concentrations were measured using a Microplate 
BCA Protein Assay kit (Thermo Scientific). Twen-
ty-five micrograms of protein from each sample were 
loaded to 4%–12% NuPAGE gels (Invitrogen, Carls-
bad, CA, USA) for electrophoresis. The proteins were 
transferred to PVDF membranes (Millipore), and 
probed with the primary antibodies listed in Table 1. 
Both target protein bands and internal loading control 
protein bands were viewed on LI-COR Biosciences 
Odyssey Infrared Fluorescent scanner (Lincoln, NE, 
USA), band intensities were calculated using LI-COR 
software, and results were presented as a ratio of the 
target protein band fluorescent intensity over the 
loading control protein band intensity.  

Statistical analysis 
Data are represented as mean±s.d. Parametric 

pathological data and semi- quantitative data were 
analyzed with variance (ANOVA) with Bonferroni 
post hoc comparison. Student’s t test was employed 
when comparisons were made between vehicle- and 
rapamycin-treated groups at an identical reperfusion 
endpoint. P < 0.05 was considered statistically signif-

icant. All statistical analyses were performed using 
SPSS statistical software package version 13.0.  

Table 1. Primary antibodies used in this study.  

Antibodies Source Dilutions Manufacturer Application 
p-mTOR (Ser 2448) Rabbit 1:200 Cell Signaling WB 
p-P70S6K (T421/S424) Rabbit 1:800 Cell Signaling WB 
p-S6 (Ser235+236) Rabbit 1:200 Thermo WB,IHC-P 
p-AKT (Ser473) Rabbit 1:800 Cell Signaling WB 
Beclin-1 Rabbit 1:800 Cell Signaling WB 
LC3A/B Rabbit 1:800 Abcam WB 
Cyt c Rabbit 1:1000 Cell Signaling WB 
β-actin Mouse 1:1000 Cell Signaling WB 
IHC-P, Immunohistochemistry for paraffin section; WB, Western blot. 

 

Results 
Rapamycin Significantly Ameliorated Ische-
mia-Induced Neuronal Death  

In the cortical area, there were only few scattered 
dead neurons detected in sham-operated animals 
(sham). Number of dead neurons increased after 3 
and 16 h of reperfusion following a 10 min forebrain 
ischemic episode. As a result, the percentage of dead 
cells increased from 8% to 12% at 3 and 16 h of 
reperfusion, respectively. The number of dead neu-
rons increased drastically to 30% after 7 days of 
reperfusion. Rapamycin treatment significantly ame-

liorated neuronal 
death after 7 days 
but not at 3 or 16 hrs 
of reperfusion. Thus, 
the percentages of 
dead neurons in the 
cortex were 7.8% 
and 9.3% at 3 and 16 
h of reperfusion, 
respectively, while 
this value was low-
ered to 9% at 7 days 
(p<0.01 versus vehi-
cle group). A set of 
representative mi-
crophotographs is 
presented in Fig. 1 
A, and a summa-
rized bar graph is 
presented in Fig. 1B. 

In the hippo-
campal CA1 area, 
there were no dead 
neurons observed in 
the sham controls. 
After 3 h of reperfu-
sion, very few scat-
tered dead neurons, 

 
Fig. 1. Brain damage in the cortical and hippocampal CA1 areas at various reperfusion stages following 10 min forebrain ischemia and 
reperfusion (I/R) injury. A,C. Representative microphotographs showing histological outcomes in the cortex (A) and hippocampal CA1 (C) 
area; B,D. summarized percentage of death in each group in the cortex (B) and CA1 (D). Celestine blue and acid fuchsin staining. Arrows 
indicate dead neurons. Bar=50 µm. Data are presented as means ± s.d. *p<0.05, ** p< 0.01 vs. sham in the same treatment group, ## 
p<0.01 between rapamycin- (RAPA) and vehicle-treated groups at an identical reperfusion stage. 
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less than 5% of the total CA1 population, were de-
tected. The percentage of dead neurons increased to 
an average of 11% after 16 h of reperfusion, and a 
drastic increase to close to 100% death was observed 
after 7 days in all animals. Rapamycin treatment 
completely blocked the damage in the CA1 area at 3 
and 16 h of reperfusion and significantly reduced the 
damage to less than 10% after the 7 days of recovery. 
A set of representative photomicrographs are pre-
sented in Fig. 1C, and a summarized bar graph is 
presented in Fig. 1D. 

Rapamycin Reduced the Number of TUNEL 
Positive Neurons 

To characterize the nature of the cell death after 
cerebral ischemia in the vehicle- and rapamy-
cin-treated animals, we performed TUNEL staining 
and counter labeled the sections with propidium io-
dide using a separate set of frozen brain sections. The 
results showed that there were no TUNEL positive 
neurons detected at 3 and 16 h of reperfusion in the 
cortical and hippocampal CA1 areas in both the vehi-
cle- and rapamycin-treated animals. After 7 days of 
reperfusion, the number of TUNEL positive neurons 
increased significantly in both the cortex and the CA1 
areas. Interestingly, not all dead neurons were 
TUNEL positive. In fact, the TUNEL positive neurons 
constituted 48% of all the dead neurons in the cortex 
and 56.8% in the CA1. These results suggest that is-
chemic neuronal death is both an apoptotic and ne-
crotic feature. Rapamycin treatment significantly re-
duced TUNEL positive cells in both the cortex and 
CA1. As shown in Fig. 2, TUNEL positive cells could 
hardly be found in the rapamycin groups at 7 days of 
reperfusion in both the cortex and CA1. 

Ischemia Increased the mRNA and Protein 
Levels of mTOR 

To determine whether the mTOR pathway was 
activated after ischemic reperfusion, we measured 
both the mRNA and protein levels of mTOR. Mes-
senger RNA levels of mTOR were detected in cortical 
tissues by reverse transcription-polymerase chain 
reaction (RT-PCR). The Ct values (the number of the 
threshold cycle) of each group were recorded and 
compared. The results showed that the mTOR mRNA 
levels were up-regulated after 16 h of reperfusion 
following 10 min of forebrain ischemia in the rat brain 
(Fig. 3). To confirm whether ischemia induced the 
upregulation of mTOR signaling at the translational 
level, we measured the protein levels of p-mTOR, 
p-P70S6K, and p-S6 using Western blot analysis and 
the cytosolic fractions of both the cortical and hippo-
campal tissues. Consistent with the mRNA data, the 
protein levels of p-mTOR and its downstream effector 

molecules p-P70S6K and p-S6 were elevated signifi-
cantly after reperfusion. The p-mTOR level increased 
mildly after 3 and 16 h and significantly after 7 day of 
reperfusion in both the cortex and hippocampus. 
Phospho-P70S6K was transiently increased after 3 h of 
reperfusion and then returned to its baseline level 
after 16 h and 7 days in the cortex. In the hippocam-
pus, p-P70S6K exhibited a decreasing trend after 
reperfusion. Phospho-S6, which has been used as a 
major indicator for mTOR pathway activation, signif-
icantly increased after 3 h of reperfusion in both the 
cortex and hippocampus, returning to its baseline 
level after 16 h and 7 days in the cortex but remaining 
elevated at 16 h and 7 days in the hippocampus (Fig. 
4).  

 

 
Fig. 2. TUNEL immunofluorescent staining in the cortex and CA1 at 7 days of 
reperfusion in vehicle- and rapamycin-treated animals. A-D. Representative images 
from the cortex and CA1 in vehicle- (A,C) and rapamycin-treated (B,D) animals. E. 
Summarized percentage of TUNEL positive cells over total number of dead cells in 
the cortex and CA1. Green color denotes TUNEL positive neurons, red, propidium 
iodide staining. Bar=50 µm. Data are presented as means ± s.d. ## p<0.01 between 
rapamycin- (RAPA) and vehicle-treated groups at an identical reperfusion stage.  
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Fig. 3. mTOR mRNA expression in normal control and ischemic groups. Relative 
expression level was calculated by ΔCt = (the Ct values of mTOR in experimental 
group - the Ct values of GAPDH in experimental group) - (the Ct values of mTOR in 
sham control group-the Ct values of GAPDH in sham control group). ** p<0.01, 
Student’s t test. 

 

Rapamycin Inhibited Ischemia-Activated 
mTOR Signaling Pathway  

To determine whether the neuroprotective ef-
fects of rapamycin on ischemic brain damage are as-
sociated with inhibition of the mTOR pathway, we 
measured the protein levels of p-mTOR, p-P70S6K, 
and p-S6 using Western blotting. As shown in Fig. 4, 
in the cortex, p-mTOR and p-S6 were moderately but 
significantly reduced in the sham-operated animals 
by rapamycin. However, p-P70S6K was mildly in-
creased in the rapamycin-treated sham group. After 
ischemia and reperfusion, all three mTOR pathway 
markers were significantly suppressed by rapmaycin 
at all three reperfusion endpoints, with the most 

pronounced inhibition observed for p-S6 (Fig. 4 A-D). 
In the hippocampus, mTOR and p-70S6K were de-
creased in the rapamycin-treated controls, and p-S6 
levels were hardly detectable in both the vehicle- and 
rapamycin-treated controls. After ischemia, the 
changes in the p-mTOR and p-S6 levels in the hippo-
campus were similar compared to the cortex, which 
showed a decreased level of mTOR and a much more 
pronounced reduction of p-S6 in all three reperfusion 
endpoints. The changes in p-P70S6K did not show a 
consistent pattern in the hippocampus: increasing at 3 
h, no difference at 16 h and decreasing again at 7 days 
of reperfusion in the rapamycin-treated animals 
compared to the vehicle-treated ischemic animals 
(Fig. 4 E-J). An inhibition of p-S6 was observed in both 
structures at all reperfusion endpoints. 

The activation of the mTOR pathway after cere-
bral ischemia and its inhibition by rapamycin were 
further confirmed by p-S6 immunohistochemistry. 
Consistent with the results obtained from the protein 
blotting, p-S6 positive neurons increased after 3 h of 
reperfusion and persisted for 7 days of reperfusion in 
both the cortex and hippocampus. The p-S6 was lo-
cated in the cytoplasm, and p-S6 positively stained 
neurons were not only observed in the CA1 area but 
also in the CA3 and dentate gyrus areas (Fig. 5). Con-
sistent with the protein data, the number of p-S6 pos-
itive neurons significantly decreased after rapamycin 
intervention. 

 
 

 
Fig. 4. Phosphorylation of the mTOR pathway after ischemia and reperfusion (I/R) in vehicle- and rapamycin-treated animals. A,E. Representative Western blots of p-mTOR, 
p-P70S6K, p-S6. B-D,F-H semi-quantification of band intensities of the aforementioned proteins. Data are presented as means ± s.d. * p< 0.05, **p<0.01 versus sham in the same 
treatment group, #p<0.05, ## p<0.01 between rapamycin- (RAPA) and vehicle-treated groups at an identical reperfusion stage. 
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Fig. 5. mTOR activity as reflected by phosphorylated p-S6 protein in vehicle- and rapamycin-treated animals with 16 h of reperfusion. Arrows indicate p-S6 positive neurons. CX, 
cortex; DG, dentate gyrus. Bar= 50 µm.  

 
Fig. 6. Western blot of p-Akt after ischemia and reperfusion (I/R) in vehicle- and rapamycin-treated animals. A,C. Representative Western blots of p-Akt in the cortex (A) and 
hippocampus (C); B,D. Semi-quantification of band intensities in the cortex (B) and hippocampus (D). Data are presented as means ± s.d. * p< 0.05, **p<0.01 versus sham in the 
same treatment group, #p<0.05, ## p<0.01 between rapamycin- (RAPA) and vehicle-treated group at an identical reperfusion stage. 

 

Rapamycin suppressed p-Akt 
Akt serves as both an upstream regulator and a 

downstream target of the mTOR pathway [34]. To 
study the effects of rapmaycin on the phosphorylation 
of Akt, we measured p-Akt using Western blotting. 
The results showed that the p-Akt content slightly 
increased after 3 h and returned to its control level at 
16 h and 7 days of recovery in both the cortex and 
hippocampus. In contrast, rapamycin significantly 
inhibited the protein level of p-Akt in the 
sham-operated control and after 3 h, 16 h and 7 days 

of reperfusion following transient forebrain ischemia 
in both the cortex and hippocampus (Fig. 6). 

Ischemia Increased- and Rapamycin Inhibit-
ed-Autophagy Markers  

To assess the level of autophagy after ischemia 
and rapamycin treatment, we measured two com-
monly used autophagy markers, LC3-II and Beclin-1, 
in the cytosolic fractions. As demonstrated in Fig. 7, 
LC3-II increased drastically after 3 h of reperfusion 
following ischemia and persisted for at least 7 days in 
both the cortex and hippocampus. However, the Be-
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clin-1 level was not increased after ischemia and 
reperfusion in the cortex while the level of the hip-
pocampus increased after 7 days of reperfusion. Ra-
pamycin treatment reduced the LC3-II levels to equal 
or below the baseline levels in both the cortex and 
hippocampus after ischemia and reperfusion up to 7 
days. The influence of rapamycin on Beclin-1 was 
more complex. In the cortex, the Beclin-1 level de-
creased at 3 h and 7 days in the rapamycin-treated 
animals; however, its level in the hippocampus mod-
erately increased after rapamycin treatment at 3 h and 
16 h and decreased after 7 days of reperfusion. 

Rapamycin suppressed-ischemia induced Cy-
tochrome c release 

Cytochrome c release is a critical step in activat-
ing the caspase-dependent cell death pathway. To 
examine whether rapamycin has any effect on cell 
death pathway activation, we detected cytochrome c 
release in the cytosolic fraction in vehicle- and 
rapamycin-treated animals. Cytosolic cytochrome c 
levels increased moderately at 3 h of reperfusion, 
peaked at 16 h and remained elevated at 7 days of 
recovery in both the cortex (Fig. 8A, 8B) and 
hippocampus (Fig. 8C, 8D). Rapamycin blocked 
ischemia-induced cytochrome c release after 3 and 16 
h and 7 days of reperfusion. 

 

 
Fig. 7. LC3-II and Beclin-1 protein levels in the cortex (A-C) and hippocampus (D-F). A,D. Representative Western blots in the cortex (A) and hippocampus (D). B,C. Bar graphs 
summarize the band intensities of LC3-II (B) and Beclin-1 (C) in the cortex. E,F. Bar graphs summarize the band intensities of LC3-II (E) and Beclin-1 (F) in the hippocampus. Data 
are presented as means ± s.d. * p< 0.05, **p<0.01 versus sham in the same treatment group, #p<0.05, ## p<0.01 between rapamycin- (RAPA) and vehicle-treated groups at an 
identical reperfusion stage. 

 
Fig. 8. Cytochrome c levels in the cytosolic fractions of the vehicle and rapamycin-treated animals. A,C. Representative Western blots in the cortex (A) and hippocampus (C). 
B,D. Summarized band intensities in the cortex (B) and hippocampus (D). Data are presented as means ± s.d. * p< 0.05, **p<0.01 versus sham in the same treatment group, 
#p<0.05, ## p<0.01 between rapamycin- (RAPA) and vehicle-treated groups at an identical reperfusion stage. 
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Discussion 
The present study has revealed that transient 

forebrain ischemia-caused neuronal death (both 
apopototic and necrotic in nature) is associated with 
activation of the mTOR signaling pathway, autopha-
gy and cytochrome c release. Inhibition of the mTOR 
pathway by rapamycin significantly reduced neu-
ronal death. In addition, rapamycin inhibited au-
tophagy and cytochrome c release in ischemic rats. 
Thus, mOTR plays an injury role in cerebral ischemia.  

Transient forebrain ischemia induces delayed 
selective neuronal death [35]. The neuronal death oc-
curs after 3 days of reperfusion following a transient 
forebrain ischemic reperfusion injury [36]. It has been 
controversial whether such delayed neuronal death is 
apoptotic or necrotic in nature. On the one hand, is-
chemia causes proapoptotic factors such as cyto-
chrome c, Smac/Diablo, apoptosis-inducing factor 
(AIF) and endonuclease G to be released from the 
mitochondria and subsequently activates caspa-
se-dependent and caspase-independent apoptotic cell 
death pathways [37-39]. On the other hand, not many 
cells fall into the typical apoptotic morphology, and 
cell membrane rupture and subcellular organelle 
damage such as mitochondria swelling are common. 
As such, a new term, necroptosis, has been used to 
describe the nature of ischemic cell death due to the 
fact that ischemic neuronal cell death has both apop-
totic and necrotic components [40,41]. In the present 
study, neuronal death reached to close to 30% in the 
cortex and close to 100% in the CA1 after 7 days of 
reperfusion. In contrast, only 48% and 56.8% of the 
total dead cells in the cortex and CA1 areas, respec-
tively, were TUNEL positive, suggesting that transi-
ent forebrain ischemia causes both necrotic and 
apoptotic neuronal death. Although it has been ar-
gued that TUNEL staining is not specific for apopto-
sis, our results showed that TUNEL did not label all 
dead cells, suggesting the TUNEL kit we have used is 
relatively specific for apoptosis.  

Rapamycin reduced ischemic brain damage. 
Rapamycin is an mTOR inhibitor. Although rapamy-
cin has been shown to reduce infarct size and to ame-
liorate neurological deficits in animal cerebral focal 
ischemic models [30], in vitro glucose-oxygen depri-
vation [32] and its effects on global ischemia has not 
been reported in adult rodents. In the present study, 
we have shown that pretreatment with rapamycin for 
7 days prior to and 7 days after a transient forebrain 
ischemia significantly reduced cortical and hippo-
campal CA1 neuronal death. As a result, the damage 
in the cortex was reduced from 30% in the vehicle- to 
9% in the rapamycin-treated animals. More convinc-
ingly, the damage in the CA1 was reduced from close 

to 100% in the vehicle- to less than 10% in the ra-
pamycin-treated rats. Further analyses revealed that 
rapamycin reduced both apoptotic and necrotic cell 
death. Therefore, the percentages of TUNEL positive 
cells out of the total dead neurons were significantly 
reduced. In fact, TUNEL positive neurons could 
hardly be found in either the cortex or CA1 at 7 days 
of reperfusion.  

The neuroprotective effect of rapamycin on cer-
ebral ischemia was associated with inhibition of the 
mTOR pathway. Previous studies have shown that 
the mTOR pathway is down-regulated after ischemia, 
which is likely caused by a low cellular energy state 
during the ischemic period [42-45]. In the present 
study, we observed an early activation of the mTOR 
pathway, as reflected by increased levels of p-mTOR, 
p-P70S6K and p-S6 after transient forebrain ischemia. 
The activation of the mTOR pathway was observed 
after 3 h and persisted to 7 days of reperfusion. This 
finding is consistent with the results of Crozier and 
colleagues, who reported an increase in 
PI3K-Akt-mTOR pathway activation after cardiac 
ischemia and reperfusion [46] and those of Fletcher et 
al. who demonstrated mTOR activation after in vitro 
oxygen-glucose deprivation [32]. The activation of the 
mTOR pathway during reperfusion may be induced 
by the restoration of blood flow and glucose to the 
affected region [47,48]. It is not clear whether activa-
tion of the mTOR pathway plays a protective or de-
structive role for ischemic animals. However, it is 
clear that inhibition of mTOR by rapamycin provides 
a potent protection to neuronal cells against ischemia 
and reperfusion injury. It is also worth mentioning 
that rapamycin is a potent immunosuppressant. Be-
cause neuro-inflammation plays an important role in 
mediating ischemia/reperfusion injury, it remains to 
be shown whether the neuroprotective effect of ra-
pamycin against ischemia/reperfusion injury is at-
tributed to mTOR inhibition or immunosuppresion. 
One limitation of this study is that the neurobehav-
ioral evaluation was not performed. Forebrain ische-
mia causes more cognitive disturbance than motor 
dysfunction. Another limitation of this study is that 
rapamycin was given 7 days pre-ischemic and con-
tinued till 7days post-ischemically. This might have 
changed the baseline of mTOR activity in the animals. 
However, we also had a separate group in which the 
rapamycin was only be injected 3 h after reperfusion 
and followed by daily administration for 7 days. The 
same protective effects were observed in post-treated 
animals (Hei, Yang, Liu et al., data not shown). This 
suggest inhibition of mTOR has a therapeutic value 
against cerebral ischemia. 

Rapamycin inhibits Akt. We observed that cere-
bral ischemia increased the phosphorylation of Akt 
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and rapamycin reduced the p-Akt level, especially 
after 16 h and 7 days of reperfusion. Akt (a.k.a protein 
kinase B) serves as both an upstream regulator of 
mTOR and as a downstream target of mTOR signal-
ing. Akt suppresses tuberous sclerosis complex (TSC) 
while the latter suppresses mTOR activation through 
inhibition of Rheb [34]. mTOR consists of mTOR 
complex 2 (TORC2) and mTOR complex 1 (TORC1). 
TORC2 causes phosphorylation of serum- and glu-
cocorticoid-regulated kinase (SGK), Akt and protein 
kinase c (PKC), thereby enhancing cell survival and 
promoting cytoskeleton assembly. TORC1 phosphor-
ylates P70S6K and eukaryotic initiation factor 4E-BP, 
resulting in chromatin proliferation, protein synthesis, 
cell growth, mitochondrial biogenesis, lipogenesis, 
and changes in ion channels and neurotransmission 
[49,50,51,52]. Rapamycin is thought to inhibit 
mTORC1 due to the rapamycin-FKBP12 interaction. 
However, Sarbassov and colleagues found that pro-
longed rapamycin treatment also inhibited the as-
sembly of mTORC2 [53]. It is possible that 7 days of 
rapamycin treatment reduces mTORC2 expression to 
below the level that is required to maintain Akt sig-
naling.  

In the present study, we observed that transient 
cerebral ischemia and reperfusion activated autoph-
agy. LC3-II and Beclin-1 were dramatically elevated 
after ischemia and reperfusion in both the cortex and 
hippocampus. The increases in LC3-II started early (3 
h) and lasted up to 7 days, which suggests activation 
of autophagy in this model. Similar findings have also 
been reported in neonatal hypoxia-ischemia [54,55] 
and after middle cerebral artery (MCA) occlusion 
[56,57]. However, autophagy is a double edged 
sword. Under physiological conditions, cells maintain 
a balance between synthesis, degradation, and the 
recycling of cellular components through an evolu-
tionarily conserved key homeostatic mecha-
nism—autophagy, in which misfolded or aggregated 
proteins, lipids, and organelles are engulfed by dou-
ble- membrane vesicles, called autophagosomes, and 
degraded after fusing with lysosomes [58]. Decreased 
autophagy is implicated in the pathogenesis of many 
neurodegenerative diseases such as Parkinson’s dis-
ease, Alzheimer’s disease, and Huntington disease 
[59]. However, overactivation of autophagy triggers 
non-apoptotic programmed cell death, termed au-
tophagic cell death, through excessive self-digestion 
and the degradation of essential cellular constituents 
[60,61]. It has been previously shown that transient 
forebrain ischemia activates autophagy, as reflected 
by increased levels of ATG5 and LC3-II and increased 
autophagosomes detected by electron microscopy 
[62]. Whether such an increase in autophagy is a 
normal cellular response to injury signals to remove 

damaged cellular constituents or an active cell death 
mechanism is still under debate. Interestingly, com-
paring the ischemic- vulnerable CA1 to the ischem-
ic-resistant dentate gyrus, the elevation of autophagy 
markers is much pronounced in the CA1, implying an 
association between overly activated autophagy and 
extensive cell damage [62]. The detrimental role of 
autophagy in cerebral ischemic neuronal death has 
been further confirmed by the immuno-colocalization 
of Beclin-1 with TUNEL staining [63]. In the present 
study, we observed that rapamycin inhibited au-
tophagy markers in both the cortical and hippocam-
pal structures. It has been reported that inhibition of 
autophagy mediates the neuroprotective events 
against cerebral ischemic neuronal death [57]. Fur-
thermore, inhibition of autophagy by 
3-methyladenine (3-MA) significantly ameliorated 
ischemic brain damage [63], suggesting that reduced 
autophagy is associated with neuroprotection in a 
cerebral ischemic model.  

Under normal conditions, mTOR inhibits au-
tophagy by modulating more than 20 downstream 
genes that encode proteins that are essential for the 
execution of autophagy [64]. Chemical inhibition of 
mTOR is often used as an approach to activate au-
tophagy. Rapamycin has been shown to increase au-
tophagy in neonatal hypoxia-ischemia [55], in is-
chemic human umbilical vein endothelial cells 
(HUVEC) [29], and in acute cerebral focal ischemia 
[65]. Unexpectedly, we observed that administration 
of rapamycin in rats subjected to transient forebrain 
ischemia suppressed autophagy. It is not known why 
in our experimental setting rapamycin inhibits, in-
stead of activates, autophagy. Perhaps the experi-
mental model, rapamycin dosage, plasma concentra-
tion and timing of the administration lead to these 
results. In addition, an effect of rapamycin to influ-
ence the cross-talk between the survival kinases is 
likely another possibility as activation or inhibition of 
one pathway may affect another elsewhere.  

Cytochrome c release from the mitochondria to 
cytosol plays a pivotal role in activating the apoptotic 
cell death pathway. The released cytochrome c binds 
to apf-1 and procaspase-9 to form apoptosomes, 
which leads to cleavage of caspase-9 and its down-
stream caspase, caspase-3. Caspase-3 then either ac-
tivates caspase-activated DNase (CAD) or directly 
translocates to the nucleus to cause DNA damage [38]. 
We observed an increased cytochrome c level in the 
cytosolic fraction after ischemia and reperfusion, 
which is consistent with previous findings [37,66]. 
Rapamycin treatment prevented the release of cyto-
chrome c induced by cerebral ischemia. These results 
suggest that rapamycin prevents the activation of the 
mitochondria-initiated cell death pathway in addition 
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to inhibiting the mTOR pathway.  
In conclusion, the present data have demon-

strated that transient forebrain ischemia causes both 
necrotic and apoptotic cell death in brain tissues; 
schemia results in the activation of mTOR signaling, 
enhancement of autophagy and release of cytochrome 
c. In addition, rapamycin treatment markedly reduced 
ischemic brain damage, and the protective effects are 
associated with suppression of mTOR signaling, in-
hibition of autophagy and prevention of cytochrome c 
release.  
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