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Abstract  
Autophagy is involved in neural cell death after cerebral ischemia. Our previous studies showed that 

rapamycin-induced autophagy decreased the rate of apoptosis, but the rate of apoptosis was 

creased after the autophagy inhibitor, 3-methyladenine, was used. In this study, a suture-occluded 

method was performed to generate a rat model of brain ischemia. Under a transmission electron 

microscope, autophagic bodies and autophagy lysosomes were markedly accumulated in neurons 

at 4 hours post brain ischemic injury, with their numbers gradually reducing over time. Western 

blotting demonstrated that protein levels of light chain 3-II and cathepsin B were significantly in-

creased within 4 hours of ischemic injury, but these levels were not persistently upregulated over 

time. Confocal microscopy showed that autophagy was mainly found in neurons with positive light 

chain 3 signal. Injection of rapamycin via tail vein promoted the occurrence of autophagy in rat brain 

tissue after cerebral ischemia and elevated light chain 3 and cathepsin B expression. However, in-

jection of 3-methyladenine significantly diminished light chain 3-II and cathepsin B expression. 

Results verified that autophagic and lysosomal activity is increased in ischemic neurons. Abnormal 

components in cells can be eliminated through upregulating cell autophagy or inhibiting autophagy 

after ischemic brain injury, resulting in a dynamic balance of substances in cells. Moreover, drugs 

that interfere with autophagy may be potential therapies for the treatment of brain injury. 
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INTRODUCTION 

    

Cell death due to cerebral ischemia has been 

attributed to necrosis and apoptosis
[1-2]

; 

however, there is increasing evidence that 

autophagy may be involved in mediating 

neuronal death in cerebral ischemia
[3-5]

. Au-

tophagy is a regulatory process that is acti-

vated for bulk removal of cellular proteins 

and organelles
[6]

. For autophagic degrada-

tion, proteins are targeted and transported to 

membrane-enclosed vesicles. The vesicles 

are fused with lysosomes and their contents 

are degraded by lysosomal enzymes, pre-

dominantly cathepsin B
[7-8]

. Microtubule-ass- 

ociated protein light chain 3, a mammalian 

homolog of yeast ATG8, is synthesized and 

split into light chain 3-I, which activates 

transcription factor 4 protease, thereby ac-

tivating autophagy process. Light chain 3-I 

and lipidic phosphatidyl ethanolamines are 

then connected and form light chain 3-II
[9]

. 

The protein levels of the membrane com-

ponents of light chain 3-II are often used to 

measure autophagic activity
[10]

. Autophagic 

cell death is characterized by the existence 

of a large amount of autophagy or lysosomal 

autophagy. In neurons, autophagy is en-

hanced in several conditions, including nu-

trient starvation, development, and neuro-

degeneration
[11]

. Autophagic cell death oc-

curs in neurons during normal develop-

ment
[12]

. Theoretically, autophagy may help 

promote cell survival, either by purging the 

cell of damaged organelles, toxic metabo-

lites, and intracellular pathogens or by ge-

nerating the intracellular building blocks re-

quired to maintain vital functions during nu-

trient-limiting conditions. By contrast, auto-

phagy may also promote cell death through 

excessive self-digestion and degradation of 

essential cellular constituents
[13-14]

. In fact, 

there is increasing evidence that autophagy 

may be involved in mediating neuronal death 

in cerebral ischemia
[6, 9-10, 15]

.  

When cerebral infarction occurs, 

up-regulation or inhibition of cell autophagy 

can allow the elimination of abnormal cell 

components, as well as maintain the dy-

namic balance of energy substrates. This 

phenomenon may provide a further theoret-

ical basis for the treatment of cerebral in-

farction and may present a possible novel 

drug target. In the present study, a rat model 

of permanent middle cerebral artery occlu-

sion was used as a brain ischemic model to 

examine the role of autophagy at different 

time points in ischemic brain.  

 

 

RESULTS 

 

Quantitative analysis of experimental 

animals 

Sixty adult rats were equally and randomly 

assigned to four groups: sham-surgery, 

model, rapamycin, or 3-methyladenine. 

Animals in the model, rapamycin, and 

3-methyladenine groups were injected with 

normal saline, rapamycin and 

3-methyladenine respectively, via the tail 

vein at 1, 3, 5, 7, and 15 days after model 

induction. All 60 rats were included in the 

final analysis.  

 

Ultrastructural features of mature 

autophagy after brain ischemia 

The gold standard for identifying mature au-

tophagy under a transmission electron mi-

croscope is the formation of foamy cytoplas-

mic vacuoles
[16]

. In the sham-surgery group, 

pre-existing autophagic bodies were occa-

sionally observed in cortical neurons. These 

normal cortical neurons contain a number of 

ribosomes, nuclei, rough endoplasmic reti-

culum, and mitochondrion. In the model 

group, significant changes were observed at 

4 hours after brain ischemia at the ultra-

structural level. These changes included a 

baseline level of autophagy and lysosomal 

bodies, as well as a small amount of mito-
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chondria. An accumulation of autophagic

and lysosomal bodies occurred in neurons, while the 

polyribosomes, nuclei, Golgi complex, and mitochon-

drion appeared to be normal.  

 

In the rapamycin group, double-membrane vesicles 

formed in the cytoplasm, indicating the presence of 

autophagic bodies. In the 3-methyladenine group, no 

double-membrane structures of autophagic bodies or 

lysosomes were observed. At 24 hours after brain 

ischemia, the model group showed a large number of 

newly produced autophagic and lysosomal bodies. In 

the rapamycin group, the formation of cytoplasmic au-

tophagic bodies with double membrane structure and 

dense stained particles was observed. In the 

3-methyladenine group, there were no 

double-membrane structures of autophagic or lyso-

somal bodies observed, but vacuole formation at the 

outer edge of the nucleus was seen (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1  Ultrastructural features of brain tissue after cerebral ischemia (transmission electron microscopy).   

Brain sections were obtained from the neocortical area near the injury site and stained using the osmium-uranyl-lead method. 

Arrows show polyribosomes. Scale bars: 500 nm. AL: Autolysosome; G: Golgi apparatus; M: mitochondrion; N: nucleus; MCAO: 
middle cerebral artery occlusion. 4 hours: accumulation of autophagic bodies and autophagic lysosomes; 1 day: increase in the 
number of autophagic bodies; 3, 5, 15 days: the number of autophagic bodies did not increase.  
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At 5 days following brain ischemia, the amount of auto-

phagic and lysosomal bodies decreased compared with 

the 3-day animals in the model group. In the rapamycin 

group, besides the formation of cytoplasmic double 

membrane autophagic bodies and densely stained par-

ticles, autophagic bodies with multiple membrane struc-

tures and mitochondrion with normal morphology were 

also visible. No further changes in the 3-methyladenine 

group were visible at the 5-day time point (Figure 1). At 

15 days after brain ischemia, only a small number of 

autophagic and lysosomal bodies were observed in the 

model group. In the rapamycin group, some double 

membrane autophagic bodies were seen in the cytop-

lasm, and could sometimes be observed in high density 

stained particles. The 3-methyladenine group remained 

the same as at previous time points (Figure 1). 

 

Expression and distribution of light chain 3 and 

cathepsin B after brain ischemia 

Positive signal for light chain 3 was mainly located in the 

membrane of neocortical neurons. Cathepsin B was 

mainly located in the cytoplasm, which is consistent with 

previous studies
[9, 17]

 (Figure 2). Light chain 3 expression 

quickly reached its peak at 3 days after an ischemic brain 

insult and then began to decrease. Cathepsin B did not 

sustain its expression after brain ischemia either, show-

ing a similar pattern of changes to light chain 3. In the 

sham-surgery, model, and rapamycin groups, light chain 

3 and cathepsin B expression significantly increased, but 

significantly decreased in the 3-methyladenine group 

(Figure 3).   

 

Quantitative changes of light chain 3-II and 

cathepsin B after brain ischemia 

N terminal light chain 3 antibody could recognize a light 

chain 3-II band
[17]

. In the present study, western blot 

showed changes in light chain 3-II (Figure 4A) and Ca-

thepsin B (Figure 4B) expression in ischemic rat brain at 

different time points. Consistent with previous immuno-

histochemical results, the expression of light chain 3-II 

peaked at 3 days after the injury and decreased after-

wards; while Cathepsin B peaked at 1 day post injury and 

then decreased until the 3-day time point (P < 0.05). 

Additionally, compared with the sham-surgery group and 

model group, light chain 3-II and Cathepsin B showed an 

increase in expression in the rapamycin group, and a 

decrease in expression in the 3-methyladenine group   

(P < 0.05; Figure 5). 

 

 

DISCUSSION 

 

Transmission electron microscopy revealed signs of au-

tophagy following brain ischemia, including double 

membraned structures and cytoplasmic material or ab-

normal autophagic organelles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2  Light chain 3 (red) and Cathepsin B (green) immunohistochemistry in the brain of rats with middle cerebral artery 
occlusion (laser scanning confocal microscope).  

Three kinds of staining were used in the brain sections. Nuclei of neurons were labeled with blue, light chain 3 red and 
Cathepsin B was labeled green. Drugs were injected via the tail vein at 0, 4 hours, 1, 3, 5, 15 days after middle cerebral artery 
occlusion (A–F, respectively). Light chain 3-II signal significantly increased at 4 hours until 3 days after brain ischemia, and then 

decreased after 5 and 15 days. Scale bars: 32.7 nm. 
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Autophagic lysosomes containing some heterogeneous 

or homogeneous dense material were also observed. All 

of these changes provide strong morphological evidence 

of autophagy pathway activation. In the ultra-early phase 

(before 4 hours) of ischemic brain insult, brain tissues 

showed few changes, with swelling of some vascular 

cells, neurons and astrocytes, as well as mitochondria. In 

the early phase (4 hours), electron microscopy revealed 

accumulation of autophagic bodies and autophagic ly-

sosomes. In the acute phase of brain ischemia (1 day), 

the ischemic area appeared to be pale in color as well as 

displaying mild tissue swelling. Neurons, glial cells, and 

endothelial cells showed characteristics of ischemic 

changes. Under a transmission electron microscope, the 

double membrane structure of the autophagic bodies 

and autophagic lysosomes could be observed, showing 

a significant increase in the presence of this structure. At 

3 days after cerebral ischemia, many neurons disap-

peared, infiltration of neutral granulocytes, lymphocytes, 

and macrophages into the tissue was observed, as well 

as brain edema. The double membrane structure of the 

autophagic bodies and autophagic lysosomes could be 

observed, but the number did not further increase com-

pared with that at 1 day following ischemia. At 5 and 15 

days after ischemia, the infarcted tissues liquefied and 

showed atrophy. The bilayer membrane structure, and 

Figure 3  Confocal microscopic images of light chain 3 (red) and cathepsin B (green) immunohistochemistry at 1 day after 
middle cerebral artery occlusion.  

Three kinds of staining were used in brain sections. Nuclei of neurons were labeled with blue, light chain 3 red and cathepsin B 
was labeled green. (A) Sham-surgery group; (B) model group; (C) rapamycin group; (D) 3-methyladenine (an autophagy 
inhibitor) group. Drugs were injected via the tail vein at 1 day after middle cerebral artery occlusion. The groups treated with 
3-methyladenine showed an increased number of cells and enhanced cellular activities. Scale bars: 32.7 nm. 

Figure 4  Middle cerebral artery occlusion-induced changes of light chain 3 (LC3; A) and cathepsin B (B) protein expression in 
ischemic rat brain over time.  

Extracts from the ischemic and sham-operated (Sham) cortex were separated using gel electrophoresis and protein levels of 
LC3 and cathepsin B were detected. β-actin was used as the loading control. Drugs were injected via the tail vein at 4 hours, 1, 
3, 5, 15 days after middle cerebral artery occlusion. Results are represented as mean ± SD. Groups with heterogeneity of 

variance were analyzed with paired t-test. aP < 0.05, vs. sham-surgery group. 
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autophagic bodies, could no longer be seen at this stage, and few autophagic lysosomes were present. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Microtubule associated protein light chain 3 is a mammal 

ATG8-PE conjugate, which remains on the autophago-

somal membrane even after the fusion of autophagic 

bodies and autophagic lysosomes. 

 

The light chain 3-II protein level was therefore used to 

determine the number of autophagic bodies in the cy-

toplasm. Light chain 3-II was mainly located in auto-

phagic bodies, and lower levels were present in the au-

tophagic lysosomal membrane. The present study 

showed that light chain 3-II increased significantly at 4 

hours to 3 days after brain ischemia, and then decreased 

at 5 days and 15 days post-insult. This observation in the 

present study is not consistent with a previous study 

showing the sustained expression of light chain 3-II
[18]

. 

However, these findings still support the theory that au-

tophagic bodies and autophagic lysosomal membrane 

light chain 3-II is mainly distributed in the living cell 

membrane of neurons. Light chain 3-II protein expres-

sion increased 1 day after ischemia, but quickly de-

creased after this peak, and Cathepsin B showed a sim-

ilar change in pattern of expression. Light chain 3 im-

munopositive signal was mainly located in surviving 

neurons, and an increased level of immunofluorescence 

in brain sections was observed from 1 day post-ischemia. 

Taken together, the cell ultrastructure and biochemical 

results showed that upon ischemic brain injury, a lyso-

somal autophagy pathway in neurons was activated, but 

not with sustained activity over time. 

 

Additionally, in some studies into light chain 3 expression 

following brain hypoxia-ischemia, increased light chain 3 

was reported in adults rather than in newborns
[19-20]

. In 

the adult mouse model of brain hypoxia-ischemia, light 

chain 3-I decreased, but there was no increase in light 

chain 3-II
[3-4]

. In another study that used the mouse brain 

ischemia model, light chain 3-II increased within 1 day, 

with activation of the autophagy pathway leading to loss 

of neurons
[18]

. 

 

With the fact that neuronal loss happened after the acti-

vation of the autophagy pathway, we pharmacologically 

inhibited the autophagy to see if autophagy could be 

neuroprotective at this time period. We also showed that 

the groups with autophagy inhibitor showed an increased 

number of cells and enhanced cellular activity, consistent 

with the theory that the activation of autophagy may be a 

mechanism for the neuroprotective response
[21]

. In the 

study with ATG gene knockout, it was found that auto-

phagy is neuroprotective in damaged protein aggrega-

tion-induced cellular injury
[22]

. However, the 

over-activation of the autophagy pathway could result in 

excessive cell death, as shown previously
[23]

 and in the 

present study, named autophagic cell death. Characte-

ristic autophagy is considered as autophagic vesicle 

accumulation in the cytoplasm
[24]

. However, whether 

autophagy is a failure to rescue dying cells or is a pro-

grammed cell death reaction is yet to be understood
[12, 25]

. 

Increasing evidence suggests that autophagy is critical in 

maintaining the cellular stability of the neuron. For ex-

Figure 5  Expression levels of light chain 3 (LC3) and cathepsin B at 1 day after middle cerebral artery occlusion.  

Extracts from the ischemic and sham-operated (Sham) cortex were separated via gel electrophoresis and protein levels of LC3 
and cathepsin B were detected using immunoblotting.  

β-actin was used as the loading control. Drugs were injected via the tail vein at 1 day after middle cerebral artery occlusion. 
Results are represented as mean ± SD. Groups with heterogeneity of variance were analyzed with paired t-test. aP < 0.05, vs. 

sham-surgery group (sham); bP < 0.05, vs. model group. (A) Sham-surgery group; (B) model group; (C) rapamycin (Rapa) 
group; (D) 3-methyladenine (3-MA; an autophay inhibitor) group. 
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ample, the genetic loss of this pathway led to neurode-

generation and other diseases
[26-27]

; the conditional 

knockout of key genes in the autophagy pathway, such 

as ATG5 or ATG7, resulted in intracellular accumulation 

of proteins and neuronal death
[28-29]

. Considering all the 

evidence, autophagy could function as the induced cel-

lular reaction to stressful stimuli, such as ischemia and 

hypoxia, and could partly ameliorate ischemic damage. 

This process may be limited in its overall function and 

incomplete in its regulation so excessive autophagy 

cannot be prevented
[11, 30]

. 

 

In summary, balancing the autophagy pathway to max-

imize neuroprotection without the effects of excessive 

autophagy is an important consideration for 

post-infraction therapies. It would be ideal to pharmaco-

logically target the natural autophagic pathway at differ-

ent time points after brain ischemia with different com-

pounds that diversely regulate this pathway to precisely 

enable neuroprotection. Moreover, the activity of the 

autophagic pathway could be used in the diagnosis of 

the progression of brain infarction and assist in the pre-

diction of recovery in a clinical setting. 

 

 

MATERIALS AND METHODS 

 

Design 

A randomized, controlled, in vivo animal study. 

 

Time and setting 

All experiments were performed at the Sixth People’s 

Hospital of Shanghai, Shanghai Jiao Tong University, 

China from April 2009 to September 2012. 

 

Materials 

Animals 

A total of 60 adult male Sprague-Dawley rats of specific 

pathogen-free grade, aged 6–8 weeks and weighing 

270–320 g were purchased from Poole BK Zhongying-

hezi Animals Hercynian Limited (certificate No. 

20020008, grade II). NIH Guidelines for Care and Use of 

the Laboratory Animals were followed in all animal pro-

cedures.  

 

Drugs 

Rapamycin powder was purchased from Sigma, St. 

Louis, MO, USA, [assay ≥ 95% (high performance liquid 

chromatography). The chemical structure of rapamycin is 

shown in Figure 6.  

  

3-Methyladenine powder was purchased from Sigma, 

[assay ≥ 95% (high performance liquid chromatography]. 

3-Methyladenine The chemical structure of 

3-methyladenine is shown in Figure 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Methods 

Animal model of rat cerebral ischemia 

The animals were anesthetized with 3% halothane gas 

(30% oxygen and 70% nitrogen) prior to surgery. During 

surgery, the thigh artery was catheterized and pancuro-

nium bromide (0.5 mg/kg per hour) was infused. Endo-

tracheal intubation was performed and anesthesia was 

maintained with 1% halothane administered using a ven-

tilator. A 4.8 mm craniotomy was then performed  (3.8 

mm caudal to bregma, 2.5 mm lateral to midline). Blood 

gas, blood glucose, and hemoglobin volume were moni-

tored before the surgery, 15 minutes after surgery and 

again at 4 hours post-procedure. During the entire sur-

gery, the brain temperature was controlled at 37°C and 

the animal was maintained in the following normal phy-

siological range: mean arterial pressure: 120–    140 

mmHg; oxygen partial pressure: 105–170 mmHg; CO2 

and gas pressure 35–45 mmHg; blood pH: 7.38–7.41. 

The suture model of permanent middle cerebral artery 

occlusion was adopted and modified from Longa et al
 [31] 

using a suture with a diameter of 0.26 mm, and inser-

tion depth at 18.5 ± 0.5 mm. After recovery, the animals 

received an evaluation for neurological deficits using 

the Longa scale as follows
[31]

: 0, normal; 1, cannot fully 

Figure 6  The chemical structure of rapamycin.  

Figure 7  The chemical structure of 3-methyladenine.  
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extend the left forelimb; 2, left limb paralysis and walk-

ing to the left; 3, falls to the left when walking, cannot 

stand or roll; 4, no spontaneous locomotor activity with 

a depressed level of consciousness. Animals that re-

ceived 1 to 3 points were divided into successful models, 

while animals that received 0 or 4 points were removed. 

In the sham-surgery group, only the craniotomy was 

performed. 

 

Drug intervention 

After surgery, animals in the sham-surgery, model, ra-

pamycin, and 3-methyladenine groups were intrave-

nously injected via the tail vein with normal saline     

(0.1 mL), normal saline (0.1 mL) + rapamycin [0.1 mL  

(20 g/mL)], and 3-methyladenine [0.1 mL (600 nmol/L)], 

respectively, at 1, 3, 5, and 15 days after surgery.  

 

Tissue sample preparation 

Animals were sacrificed at 4 hours after the last injection, 

and two animals in each group were perfused with 4% 

paraformaldehyde. Frozen brain sections (50 μm) were 

then processed for immunohistochemistry. The stria-

tum
[32] 

from the two animals was isolated for western blot 

studies. For transmission electron microscopy, rats were 

perfused with 2% glutaraldehyde containing 0.1 mmol/L 

cacodylate. 

 

Electron microscopy of neocortical neuron 

ultrastructural features 

Brain tissues at 4 hours, 1, 3, 5, and 15 days after sur-

gery were processed with conventional osmium-uranyl 

lead staining for electron microscopy analysis. Briefly, 

coronal brain slices (100 μm) were fixed in 2% glutaral-

dehyde in 0.1 mmol/L of dimethyl arsenate buffer (pH 7.4) 

for 1 hour, and then placed in 0.1 mmol/L dimethyl ar-

senate buffer containing 1% osmium tetroxide for 2 hours. 

Slices were then rinsed in distilled water and placed in 

1% aqueous uranyl acetate overnight, followed by 

graded alcohol submersion (100%), dehydration, ace-

tone processing, and finally embedded in Durcupan ACM. 

Slices (0.1 μm) were then prepared and stained with lead 

citrate before electron microscopy (JEM-1230, JEOL, 

Tokyo, Japan).  

 

Immunohistochemistry  

Protocols were adopted from Hu et al 
[16]

. Antigen re-

trieval was performed with 0.01 mol/L sodium citrate 

buffer and blocked with 3% bovine serum albumin in 

0.1% Triton X-100 containing PBS before incubation with 

the primary antibody. The primary antibodies included 

light chain 3 antigen (1:1 000; Abgent, San Diego, CA, 

USA) and cathepsin B (1:1 000; Santa Cruz Biotechnol-

ogy, Santa Cruz, CA, USA). Before secondary antibody 

incubation, the sections were washed again and 

mounted onto slides for confocal microscopy (Nicolet 

Almega XR, Thermo, Marietta, OH, USA). 

 

Western blot assay 

Harvested brain tissues were preserved in a cryo-

chamber at –15°C and then homogenized at 4°C before 

sodium dodecyl sulfate polyacrylamide gel electrophore-

sis. Proteins were then transferred to an immobilon-P 

membrane and incubated with the following primary an-

tibodies: light chain 3 (1:300; Sigma) and cathepsin B 

(1:300; Sigma). The levels of β-actin (Sigma) were used 

as an internal control. The final results were visualized 

with enhanced chemical fluorescence Kodak X-omat LS 

film (Eastman Kodak, Rochester, NY, USA) and absor-

bance was assessed using Kodak ID image analysis 

software (Eastman Kodak).  

 

Statistical analysis 

SAS 6.10 software (SAS Institute Inc., Cary, NC, USA) 

was used for data analysis. Results were represented as 

mean ± SD. Groups with heterogeneity of variance were 

analyzed with paired t-test. P < 0.05 was considered to 

be statistically significant.  

 

Research background: Current research has shown that cere-

bral ischemia may induce neuronal autophagic death. Autophagy 

is a constantly ongoing process, and is considered to be the 

response to further restore normal tissue following injury. 

Research frontiers: After cerebral ischemia, activation of the 

autophagy-lysosomal pathway maintains cellular homeostasis, 

which is a protective mechanism underlying ischemic neuronal 

survival and also provides nutrition and energy. 

Clinical significance: Rapamycin promotes the intracellular 

degradation of damaged organelles by regulating the autopha-

gy signaling pathway. This mechanism may become a future 

target for therapies aimed at treating cerebral infarction. 

Academic terminology: “Autophagy-lysosomal pathway” – the 

main pathway for degradation of abnormal organelles, protein 

aggregates and foreign matter. 

Peer review: This article describes an in-depth study of the 

autophagy-lysosomal pathway in cerebral ischemic neuronal 

injury in rats. Results showed that at 4 hours after cerebral 

ischemia, autophagy, autophagy-lysosome and microtubule- 

associated protein light chain 3 increased significantly in neu-

rons. These studies show a degree of innovation and potential 

clinical value.  
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