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Abstract
The temporal dynamics of neuronal autophagy and apoptosis in the ischemic penumbra following stroke remains unclear. Therefore, in 
this study, we investigated the dynamic changes in autophagy and apoptosis in the penumbra to provide insight into potential therapeutic 
targets for stroke. An adult Sprague-Dawley rat model of permanent ischemic stroke was prepared by middle cerebral artery occlusion. 
Neuronal autophagy and apoptosis in the penumbra post-ischemia were evaluated by western blot assay and immunofluorescence staining 
with antibodies against LC3-II and cleaved caspase-3, respectively. Levels of both LC3-II and cleaved caspase-3 in the penumbra gradually 
increased within 5 hours post-ischemia. Thereafter, levels of both proteins declined, especially LC3-II. The cerebral infarct volume in-
creased slowly 1–4 hours after ischemia, but subsequently increased rapidly until 5 hours after ischemia. The severity of the neurological 
deficit was positively correlated with infarct volume. LC3-II and cleaved caspase-3 levels were high in the penumbra within 5 hours after 
ischemia, and after that, levels of these proteins decreased at different rates. LC3-II levels were reduced to a very low level, but cleaved casp-
ase-3 levels remained high 72 hours after ischemia. These results indicate that there are temporal differences in the activation status of the 
autophagic and apoptotic pathways. This suggests that therapeutic targeting of these pathways should take into consideration their unique 
temporal dynamics.
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Graphical Abstract

Neuronal autophagy and apoptosis in the ischemic penumbra following permanent ischemic stroke: 
dynamic changes that may serve as drug targets for neuroprotection

Introduction
Cerebral ischemia (stroke) is one of the most serious neuro-
logical disorders, with high morbidity and mortality, and is 
a major cause of permanent disability and death worldwide 
(Klowka et al., 2010). A thorough understanding of the 
mechanisms underlying neuronal damage, neuronal survival 
and neural repair in ischemic stroke is urgently required for 
the development of effective treatment strategies.

Recent studies have shown that, in addition to necrosis 
and apoptosis, autophagy is another type of cell death in 

ischemic stroke (Jiang et al., 2014, 2005; Kroemer et al., 2005; 
Rami et al., 2008). Cells in the infarct core die within several 
minutes after stroke (Olsen et al., 1983), whereas in the sur-
rounding region (ischemic penumbra) cell death proceeds 
slowly over a period of hours or even days post-insult, and 
the major types of cell death are apoptosis and autophagy 
(Balduini et al., 2012). Necrosis is considered an irreversible 
form of cell death. Therefore, the ischemic core is not a tar-
get that neurologists and clinicians should focus on. The rel-
atively slow progression of cell death in the penumbra makes 
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it an attractive therapeutic target.
Numerous studies have shown that autophagy and apop-

tosis are simultaneously activated in the penumbra following 
ischemic stroke (Lo, 2008; Rami et al., 2008). Autophagy is 
a cellular process that normally recycles damaged organ-
elles, certain pathogens and long-lived cytoplasmic proteins 
by lysosomal degradation (Yoshimori, 2007). The role that 
autophagy plays in cerebral ischemia is controversial. Some 
studies have suggested that autophagy protects neurons 
from death under physiological conditions, and insufficient 
or excessive autophagy accelerates cell death (Komatsu et al, 
2006). These observations suggest that autophagy may be a 
potential target for post-ischemic neuroprotection (Su et al., 
2014; Shao and Liu, 2015). Indeed, it has been reported that 
treatment with inhibitors of autophagy significantly decreas-
es brain damage, and activation of autophagy in cerebral 
ischemia results in a negative outcome (Degterev et al., 2005; 
Descloux et al., 2015). Thus, it is reasonable to hypothesize 
that the extent and time window of autophagy would affect 
the efficacy of these drugs in ischemic stroke. Apoptosis 
is also activated in neurons in the penumbra in ischemic 
stroke, but the correlation between autophagy and apop-
tosis, and the dynamics of these pathological processes in 
ischemic stroke are unclear. Studies have demonstrated that 
autophagy-positive neurons that are also apoptosis-positive 
are found in the superficial layers of the cortex 24 hours after 
ischemic stroke. However, at 48–72 hours, there is a switch 
from apoptosis to necrosis in the same area (Balduini et al., 
2012), suggesting that there are time-dependent differences 
between autophagy, apoptosis and necrosis.

In the present study, we investigate the relationship be-
tween neuronal autophagy and apoptosis in the penumbra at 
1, 2, 3, 4, 5, 6, 12, 24, 48 and 72 hours post-permanent isch-
emic stroke. We anticipate that our findings should help in 
the development of novel and effective treatments for stroke.

Materials and Methods
Animals
Male Sprague-Dawley rats (specific-pathogen-free, 7 weeks 
of age, 250–280 g) were from Beijing HFK Bio-Technology 
Co., Ltd (Animal license number: SCXK (Beijing) 2014-
0004, Beijing, China). The animals were managed using 
animal welfare practices and were housed under a 12:12 
hour light cycle at 22 ± 1 °C. Water and food were provided 
ad libitum. All animal experiments were approved by the 
animal committee of Kunming University of Science and 
Technology (Kunming, China). All surgeries were performed 
under anesthesia (10% chloral hydrate, 0.4 mL/100 g), and 
all efforts were made to minimize pain and distress to the 
experimental animals.

A total of 132 rats were randomly divided into 11 groups 
(n = 12 per group) as follows: 1-, 2-, 3-, 4-, 5-, 6-, 12-, 24-, 
48- and 72-hour groups, and a sham (control) group. Six 
rats from each group were used to evaluate autophagy and 
apoptosis by western blot assay and immunofluorescence 
staining, and the remaining six rats were used for infarct vol-
ume and neurological deficit score assessments.

Preparation of the rat models of ischemic stroke
A rat model of ischemic stroke using permanent middle ce-
rebral artery occlusion (MCAO) was prepared as described 
previously (Hoehn et al., 2005). Rats were first anesthetized 
with 10% chloral hydrate (i.p., 360 mg/kg). Then, the left 
common carotid artery (CCA), internal carotid artery (ICA) 
and external carotid artery (ECA) were separated away from 
adjacent muscles and nerves. A 4-0 nylon monofilament 
with a polylysine tip (diameter 0.36 mm, Beijing Shadong 
Biotechnology Co., Ltd, Beijing, China) was inserted from 
a mini-incision on the ECA and inserted into the middle 
cerebral artery (MCA). The nylon monofilament was kept 
in place over the duration of the experiments. Rats in the 
control group were subjected to the same experiments, 
except that insertion of the nylon monofilament was not 
performed. Laser Doppler flowmetry was used to monitor 
regional cerebral blood flow during surgery to guarantee the 
robustness of the experimental stroke model.

Neurological deficit score
Neurological deficit score was assessed by an assistant blind-
ed to experimental design, as previously described (Rogers 
et al., 1997) at 1, 2, 3, 4, 5, 6, 12, 24, 48 and 72 hours after 
MCAO: 0, no neurological symptoms; 1, failure to extend 
right paw completely; 2, the strength of the right fore-limb 
is noticeably reduced; 3, rotating and crawling towards the 
right side; 4, unable to walk spontaneously.

Measurement of cerebral infarct volume
1, 2, 3, 4, 5, 6, 12, 24, 48 and 72 hours after MCAO, the animals 
were sacrificed with 10% chloral hydrate (i.p., 400 mg/kg), the 
brain tissues were quickly removed and frozen for 20 min-
utes at −20°C, and then sliced into sections of 2 mm thick-
ness. The slices were stained with 0.5% triphenyltetrazolium 
chloride (TTC) solution (Sh-haling Biotechnology Co., Ltd, 
Shanghai, China) for 15 minutes at 37°C. The infarct area 
was visibly pale. Infarct size (%) = A° / A’ × 100%, where A° 
represents the infarct volume, A’ represents the volume of 
the homolateral hemisphere.

Western blot assay
The rats were sacrificed at 1, 2, 3, 4, 5, 6, 12, 24, 48 and 72 
hours after MCAO. The penumbral cortex on the occluded 
side was dissected out and placed on ice. The tissue was ho-
mogenized in RIPA lysis buffer (Beijing BLKW Biotechnol-
ogy Co., Ltd, Beijing, China), followed by centrifugation at 
13,000 × g for 15 minutes at 4 °C. The resulting supernatants 
were retained. The proteins were separated by SDS-PAGE 
and transferred onto a polyvinylidene fluoride (PVDF) 
membrane (Millipore, Billerica, MA, USA), and then blocked 
with 10% nonfat milk for 1.5 hours at room temperature. 
After a wash step with TPBS (PBS containing 0.1% polysor-
bate 20), the membranes were labeled with rabbit antibod-
ies against rat LC3B (Cell Signaling Technology, Danvers, 
MA, USA; 1:1,000), cleaved caspase-3 (Cell Signaling Tech-
nology; 1:1,500) or beta actin (Sigma, St. Louis, MO, USA, 
1:10,000) overnight at 4°C. After washing, the membranes 
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were incubated with horseradish peroxidase (HRP)-con-
jugated anti-rabbit IgG (Beijing Tiangen Bio-Technology, 
Beijing, China) for 1 hour at room temperature. The reac-
tion was visualized by enhanced chemiluminescence (ECL), 
and fluorescence densitometry was performed (Bio-Rad, 
Hercules, CA, USA). The protein signals were normalized 
to the beta actin signal. Results were expressed as the ratio 
of the fluorescence intensity of LC3-II or cleaved caspase-3/ 
beta-actin.

Immunofluorescence staining
Six rats from each group at each time point were anesthe-
tized with 10% chloral hydrate (i.p., 400 mg/kg) and tran-
scardially perfused with physiological saline, followed by 
4% paraformaldehyde (Beijing Tiangen Biotechnology Co. 
Ltd., Beijing, China) at 1, 2, 3, 4, 5, 6, 12, 24, 48 and 72 hours 
after permanent MCAO. The brains were then removed and 
dehydrated in 20% sucrose solution. Subsequently, the brain 
tissues were cut into sections (20 μm in thickness) using a 

freezing microtome (SLEE, Mainz, Germany). The sections 
were washed with PBS three times, 5 min each, and perme-
abilized with 0.2% Triton X-100 in PBS for 15 minutes at 
room temperature. After washing, the sections were blocked 
with 10% normal goat serum for 1 hour. The sections 
were then incubated with rabbit antibody against rat LC3-
II (Cell Signaling Technology; 1:400) or cleaved caspase-3 
(Cell Signaling Technology; 1:300), or with PBS (negative 
control) overnight at 4°C. After washing, the sections were 
labeled with Alexa Fluor 594-conjugated anti-rabbit IgG 
(Invitrogen, Shanghai, China; 1:800) for 2 hours in the dark. 
Then, the sections were counterstained with 4′,6-diamidi-
no-2-phenylindole (DAPI) in PBS (1:1,000) for 5 minutes. 
After a wash step, the fluorescence signals were detected with 
a fluorescence microscope (Nikon Instruments Co., Ltd., To-
kyo, Japan). The results were expressed as the percentage of 
positive cells. At high power (× 200), the number of positive 
cells and the total number of cells were counted in 10 ran-
domly selected fields for each section, and five sections were 

Figure 2 Effects of ischemic stroke on cerebral infarct volume.
(A) The infarct volume was evaluated by TTC staining at 1, 2, 3, 4, 5, 6, and 12 h following permanent ischemic stroke. White and red regions in-
dicate infarcted and normal tissue, respectively. (B) The infarcted area expands progressively over time. At 12 h, the infarct volume reaches a max-
imum and remains at this high level between 24 and 72 h after MCAO (the data for the last three time points is not shown). *P < 0.05, vs. control, 
1-h, 2-h and 3-h groups; **P < 0.01, vs. control, 1-h, 2-h, 3-h and 4-h groups; ##P < 0.01, vs. 5-h and 12-h groups. Data are expressed as the mean 
± SEM (n = 6; one-way analysis of variance and Dunnett’s test). MCAO: Middle cerebral artery occlusion; TTC: triphenyltetrazolium chloride; h: 
hour(s).

Figure 1 Effect of ischemic stroke on the neurological deficit score.
Two hours following MCAO, the rats displayed a significant neurologi-
cal deficit. The neurological deficit score was notably increased 5 hours 
after ischemia. **P < 0.01, vs. control, 2-h, 3-h and 4-h groups; ##P < 
0.01, vs. 5-h and 6-h groups. Data are expressed as the mean ± SEM (n 
= 6; one-way analysis of variance and Dunnett’s test). MCAO: Middle 
cerebral artery occlusion; h: hour(s).

Figure 5 Dynamic changes in autophagy and apoptosis after stroke.
Within 5 h of permanent ischemic stroke, the LC3-II/cleaved caspase-3 
ratio displayed a slight decreasing trend. From 12 to 72 h following 
ischemia, the ratio declined, showing that autophagy was reduced 
during this stage. At 72 h after stroke, more neurons underwent apop-
tosis, but not autophagy. *P < 0.05, vs. 1-h, 2-h and 12-h groups; **P < 
0.01, vs. 24-h and 72-h groups. Data are expressed as the mean ± SEM (n 
= 6; one-way analysis of variance and Dunnett’s test). h: Hour(s).
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Figure 6 Effects of ischemic stroke on the immunoreactivities for LC3-II and cleaved caspase-3 in the ischemic penumbra (immunofluorescence 
staining, × 200).
(A, B) Representative fluorescence microscopic images of immunofluorescence staining for LC3-II and cleaved caspase-3. Abundant positive cells (in-
cluding LC3-II and cleaved caspase-3-positive cells) were found in the penumbra 1–12 h following ischemic stroke; however, a few positive cells were 
detected in the corresponding area in the control group (C, D). Both the percentage of LC3-II-positive cells (C, **P < 0.01, vs. control, 3-h and 6-h 
groups; ##P < 0.01, vs. 6-h and 72-h groups) and cleaved caspase-3-positive cells (D, *P < 0.05, vs. 1-h group; **P < 0.01, vs. control group; ##P < 0.01, 
vs. 6-h and 72-h groups) reached the highest level 5 h after permanent ischemic stroke. Thereafter, the ratio of LC3-II-positive cells gradually declined, 
and remained at a very low level 72 h after MCAO. Comparatively, the percentage of cleaved caspase-3-positive cells only slightly decreased, and re-
mained high between 12 and 72 h after MCAO. The arrow indicates LC3-II or cleaved caspase-3-positive cells (red-colored). Data are expressed as the 
mean ± SEM (n = 6; one-way analysis of variance and Dunnett’s test). MCAO: Middle cerebral artery occlusion; h: hour(s).

Figure 3 Effects of ischemic stroke on LC3-II protein levels in the rat 
ischemic penumbra (western blot assay).
(A) Representative western blot assay. (B) Densitometric quantification 
showing that LC3-II protein was significantly expressed 1 h following 
stroke compared with the sham control group. LC3-II protein levels 
were stable from 2 to 5 h after permanent MCAO. Levels rapidly de-
clined starting at 6 h, and were similar to those in the control group at 
72 h. *P < 0.05, vs. 1-h and 12-h groups; **P < 0.01, vs. 12-h and 48-h 
groups; ##P < 0.01, vs. 24-h and 48-h groups. Data are expressed as the 
mean ± SEM (n = 6; one-way analysis of variance and Dunnett’s test). h: 
Hour(s).

Figure 4 Effects of ischemic stroke on cleaved caspase-3 levels in the 
ischemic penumbra (western blot assay).
(A) Representative western blot. (B) Densitometric quantification 
showing that cleaved caspase-3 protein levels gradually increased be-
tween 1 and 5 h, reaching the highest level at 5 h after MCAO. The 
levels declined from 6 to 72 h after MCAO, but were persistently high 
compared with the sham control, indicating that the apoptotic rate 
remained high 72 h after stroke. *P < 0.05, vs. 1-h, 2-h, 3-h and 4-h 
groups; **P < 0.01, vs. 5 h and 6 h groups; ##P < 0.01, vs. 12 h and 
sham control groups. Data are expressed as the mean ± SEM (n = 6; 
one-way analysis of variance and Dunnett’s test). h: Hour(s).
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counted from each tissue sample. All counting was manually 
performed by an investigator blinded to treatment. The re-
sults were expressed as the percentage of LC3-II or cleaved 
caspase-3-positive cells/total cells.

Statistical analysis
All data were presented as the mean ± SEM. Statistical anal-
yses were carried out using SPSS 13.0 software (SPSS China, 
Shanghai, China). Statistical differences were evaluated by 
one-way analysis of variance followed by Dunnett’s test. P < 
0.05 was considered statistically significant.

Results
Neurological deficit
There was an obvious neurological deficit in the rats 2–5 
hours following permanent MCAO. Between 5 and 12 hours, 
the neurological deficit worsened dramatically, with the neu-
rological deficit score reaching a maximum by 12 hours and 
remaining elevated until 72 hours after permanent MCAO 
(Figure 1). None of rats in the control group exhibited neu-
rological deficits.

Cerebral infarct volume
Figure 2 shows that the infarct is detectable at 2 hours, and 
that it slowly expands within 4 hours after MCAO. The isch-
emic core then rapidly expands 5–12 hours post-MCAO to 
occupy the territory of the penumbra, which is nearly unde-
tectable at 12 hours, with the infarct volume peaking at this 
time.

The autophagy process after stroke
Compared with the control group, LC3-II was prominent-
ly expressed in the ischemic penumbra 1 hour following 
permanent MCAO, and then levels gradually increased 2 to 
5 hours after MCAO, peaking at 5 hours. Thereafter, levels 
rapidly declined between 6 and 72 hours after MCAO. Levels 
of this autophagy marker were low by 48 hours (Figure 3).

The apoptotic process after stroke
Similar to LC3-II, cleaved caspase-3 was robustly detected 
in the ischemic penumbra at 1 hour, and then gradually in-
creased from 2 to 5 hours after permanent MCAO, reaching 
the highest level at 5 hours. Afterwards, levels declined from 
6 to 72 hours after MCAO. Notably, the reduction in cleaved 
caspase-3 levels was milder than that for LC3-II. 72 hours 
after ischemic stroke, caspase-3 levels remained elevated, in-
dicating that the apoptotic rate remained high 72 hours after 
stroke (Figure 4).

Dynamic changes in autophagy and apoptosis after stroke
Because ischemia activated apoptosis and autophagy in the 
ischemic penumbra (Zhang et al., 2013; Yu et al., 2015), we 
investigated the dynamic changes in autophagy and apopto-
sis after stroke. The levels of cleaved caspase-3 were higher 
than that of LC3-II at each time point. The levels of LC3-
II were about half that of cleaved caspase-3, with a slight 
change 1 day after stroke. After that, the LC3-II/cleaved 

caspase-3 ratio rapidly declined (Figure 5). At 72 hours after 
stroke, more neurons were apoptotic, without autophagy.

Immunofluorescence staining
Similar to the western blot assay results, both the percentage 
of LC3-II and cleaved caspase-3-positive cells in the ischemic 
penumbra gradually increased within 5 hours following per-
manent ischemic stroke, and reached a maximum at 5 hours 
(Figure 6). After that, the ratio of LC3-II-positive cells de-
clined by 12 hours after stroke. In comparison, the percent-
age of cleaved caspase-3-positive cells showed only a slight 
reduction.

Discussion
Both researchers and clinicians have given much attention 
to the ischemic penumbra in the study of cerebral injury 
caused by ischemic stroke, because cellular energy metabo-
lism is preserved in the penumbra, and there is the potential 
for recovery when the blood supply is restored. Notably, cell 
damage in this area appears reversible (Lo, 2008). Compar-
atively, the type of cell death in the ischemic core is necrosis, 
which is impossible to survive after ischemia. Autophagy 
and apoptosis in the ischemic penumbra are activated after 
stroke (Pamenter et al., 2012), showing that they may play 
important roles in the pathophysiology of ischemic stroke.
Autophagy is a cell survival process that allows cells to re-
cycle essential nutrients and cytoplasmic constituents, and 
which helps retain ATP (Glick et al., 2010). In ischemic 
stroke, autophagy is up-regulated for cell survival by stress-
ors such as ischemia, nutrient deprivation and reactive ox-
ygen species (ROS). The role that autophagy plays in stroke 
has been studied in animal models, but the results have 
been inconclusive and even contradictory. In particular, it 
is unclear whether increasing or inhibiting autophagy is 
protective after ischemic stroke (Su et al., 2014; Zheng et al., 
2014). Differences in study design and the use of inhibitors 
and activators, as well as differences in animal models may 
contribute to the discrepancies. The appropriate animal 
model is critical for reliable outcome. In the use of animal 
models, the severity of the reduction in cerebral blood flow 
(CBF), as well as its restoration, should be considered to 
better mimic the pathophysiological mechanisms of human 
stroke (Hossmann et al., 2012). The severity of the reduction 
in CBF can be easily controlled, but the dynamics of CBF 
restoration are frequently not addressed. Rapid complete 
reperfusion is commonly used in animal models by most 
researchers. However, in clinical experience, less than 5% of 
all patients achieve complete reperfusion with timely tPA 
and thrombectomy treatments, and most patients seldom 
achieve recanalization (Kahle et al., 2012). Therefore, perma-
nent ischemic stroke models more effectively mimic human 
stroke damage. Hence, an animal model of permanent focal 
ischemia was used in the present study.

Apoptosis is a self-killing function, and cells undergoing 
apoptosis are disposed of in a controlled way that minimizes 
damage and disruption to neighboring cells (Chen et al., 
2014; Ji et al., 2014). Under certain conditions, autophagy is 
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a stress adaptation that suppresses apoptosis (Maiuri et al., 
2007). In ischemic stroke, both autophagy and apoptosis are 
simultaneously activated. To clarify the functional relation-
ship between these processes, we investigated the dynamics 
of autophagy and apoptosis following ischemia.

We found that both autophagy and apoptosis were in-
creased in the penumbra 1 hour after ischemic stroke, 
compared with the control group. Then, levels of LC3-II 
(an indicator of autophagy; Kabeya et al., 2004) and cleaved 
caspase-3 (a marker of apoptosis; Moskowitz et al., 2010) 
steadily increased 2–5 hours following ischemic stroke, 
reaching a maximum at 5 hours. During this stage, infarct 
volume and the severity of the neurological deficit increased 
slowly, suggesting that activation of autophagy and apoptosis 
might have a neuroprotective function, by promoting neuro-
nal survival and inhibiting the infarct core from expanding 
into the penumbra. However, our results are not consistent 
with the findings of previous studies (Hossmann et al., 
2008), which showed that the penumbra disappears and the 
ischemic core reaches its maximum volume between 3 and 6 
hours after MCAO.

At 12–72 hours post MCAO, LC3-II levels in the pen-
umbra rapidly decreased, suggesting that autophagy was 
reduced 48 to 72 hours after ischemic stroke. The LC3-II/ 
cleaved caspase-3 ratio was reduced to a very low level 24 
hours after MCAO, showing that the shift from autophagy to 
apoptosis occurs 24 hours following ischemic stroke. After 
that, more neurons underwent apoptosis, but not autophagy. 
TTC staining showed that the infarct volume reached a max-
imum at 12 hours, indicating that the infarction progressive-
ly enlarged 5–12 hours post-ischemic stroke. Interestingly, 
LC3-II and cleaved caspase-3 levels were still detectable in 
this area 12 to 72 hours after stroke, suggesting that there are 
significant numbers of autophagic and apoptotic neurons 
that can potentially be rescued. It should be mentioned that 
although TTC staining is an indicator of tissue dehydroge-
nase and mitochondrial dysfunction, and is commonly used 
to differentiate viable tissues from nonviable tissues (Bene-
dek et al., 2006), it cannot be used to observe the penumbra. 
Thus, although infarct volume had reached a maximum, 
autophagy and apoptosis might continue to play important 
roles, and LC3-II and cleaved caspase-3 might still be detect-
able in the ischemic core.

In the present study, we found differences in temporal 
dynamics between autophagy and apoptosis following isch-
emia. Studies show that both autophagy and apoptosis are 
involved in neuroprotection and recovery after stroke (Pa-
menter et al., 2012). Suppressing apoptosis after stroke with 
caspase inhibitors, overexpressing anti-apoptotic proteins 
and exercise rescues injured neurons in the penumbra and 
promotes functional recovery (Zhao et al., 2004; Singh et 
al., 2010; Zhang et al., 2013). Previous studies have focused 
on apoptosis during the early phase after stroke, but there is 
a lack of studies on temporal changes after the early phase. 
Although suppressing apoptosis is regarded as a neuro-
protective strategy, autophagy has dual effects in ischemia. 
Activation of autophagy by rapamycin before ischemia and 

in ischemic preconditioning protects neurons from death 
(Sheng et al., 2010; Yan et al., 2011). However, increased au-
tophagy exerts a different effect after ischemia (Ravikumar et 
al., 2010). Some reports showed that activation of autophagy 
protects neurons from death (Carloni et al., 2008; Buckley et 
al., 2014), whereas others indicate that it increases neuronal 
death or abolishes the neuroprotective effects of ischemic 
postconditioning (Koike et al., 2008; Gao et al. 2012). Au-
tophagy also significantly reduces the lesion volume in the 
acute phase (4 hours after the beginning of ischemia) (Puyal 
et al., 2009). Interestingly, in an in vitro ischemia model, 
inhibiting autophagy 24 hours prior to reperfusion mark-
edly increases neuronal death, while it significantly protects 
neurons from death 48–72 hours after reperfusion (Shi et 
al., 2012). These observations indicate that autophagy plays 
different roles based on the extent of autophagy and the time 
window in ischemia. Thus, a comprehensive comparison of 
the effects of different time points of intervention on func-
tional recovery is necessary before the autophagy pathway 
can be used as a therapeutic target for stroke.

In this study, we found that both LC3-II and cleaved 
caspase-3 levels in the penumbra gradually increased from 
1 to 5 hours post permanent ischemic stroke. Thereafter, 
autophagy and apoptosis declined, but the reduction in au-
tophagy was more marked from 24 to 72 hours after MCAO, 
suggesting that within 12 hours after ischemic stroke, treat-
ment should target both autophagy and apoptosis. Cleaved 
caspase-3 continued to be found at high levels, suggesting that 
treatment should focus on apoptosis 12 hours after the insult.

There are several issues that need to be addressed by future 
studies, including (1) the interrelationships and the dynam-
ics of autophagy, apoptosis and necrosis in ischemic stroke; 
(2) the mechanisms of neuroprotection of autophagy and 
apoptosis; (3) the use of different animal models, including 
permanent ischemic stroke, gradually reversed transient 
ischemia and rapid complete reperfusion, to clarify the 
crosstalk between autophagy, apoptosis and necrosis; and (4) 
the development of effective methods for improving neuro-
nal rescue in the penumbra.
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