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Abstract

Evidence suggests that autophagy may be a new therapeutic target for stroke, but whether acti-
vation of autophagy increases or decreases the rate of neuronal death is still under debate. This
review summarizes the potential role and possible signaling pathway of autophagy in neuronal
survival after cerebral ischemia and proposes that autophagy has dual effects.
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Introduction

Nerve cell survival depends on the balance between the for-
mation and degradation of cellular proteins and damaged
organelles. The ubiquitin-proteasome system and autophagy
pathway are the two major mechanisms for maintaining this
balance. The ubiquitin-proteasome system is an important
route for the degradation of short-lived proteins whereas au-
tophagy is responsible for the degradation of long-lived pro-
teins and damaged organelles (Pan et al., 2008). The activa-
tion of autophagy has been observed in many diseases such
as cardiovascular disease (Martinet et al., 2007), cerebral
hemorrhage (Hu et al., 2011), pancreatic cancer (Grasso et
al., 2012) and neurodegenerative disease such as Alzheimer’s
disease and Parkinson’s disease (Shacka et al., 2008). There
are three types of autophagy: macroautophagy, microau-
tophagy, and chaperone-mediated autophagy (Rubinsztein
et al., 2005; Levine and Kroemer, 2008). Macroautophagy
occurs through autophagosomes, double-membrane-bound
vesicles that fuse with lysosomes which subsequently de-
grade proteins. Microautophagy is the engulfment of cyto-
plasmic cargo directly by the lysosomal membrane through
the processes of invagination, protrusion, and separation.
Chaperone-mediated autophagy transports unfolded pro-
teins via lysosomal chaperonin heat-shock constitutive pro-
tein 70 (Hsc70) and lysosomal membrane-2A (LAMP-2A),
a lysosomal membrane receptor (Periyasamy-Thandavan
et al., 2009). Macroautophagy is the most common and the
best-studied form of autophagy. Cerebral ischemia is the
leading cause of death and disability worldwide. Two major
therapeutic strategies are currently being used to treat ce-
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rebral ischemia (Gabryel et al., 2012). The first is the use of
thrombolytic, antithrombotic and anti-aggregation drugs.
However, these drugs have a narrow therapeutic window
of 3 hours, and could lead to hemorrhagic complications.
The second is neuroprotection. But, most neuroprotective
agents show poor efficacy or severe toxicity/side effects and
thus new therapeutic agents for the treatment of ischemic
stroke need to be developed. Recent studies show that mac-
roautophagy is activated in cerebral ischemia and indicate
that autophagic induction might serve as a new therapeutic
target for stroke (Wen et al., 2008; Wei et al., 2012). The
relationship between autophagy and cerebral ischemia is
unclear; one report suggests activation of autophagy protects
neurons from death (Carloni et al., 2008), whereas another
indicates it has a more destructive role (Koike et al., 2008). In
this review, we introduce macroautophagy (herein referred
to as autophagy), and focus on its potential role and possible
signaling pathways in cerebral ischemia.

The process of autophagy and its functional

complexes

Autophagy plays an important physiological role in the pro-
cess of cellular growth and differentiation (Gabryel et al.,
2012) and is extremely important in maintaining cellular
homeostasis which requires the continual turnover of non-
functional proteins and organelles. The process of autophagy
consists of several sequential steps (Klionsky and Ohsumi,
1999; Mizushima, 2007; He and Klionsky, 2009): (1) Seques-
tration. A unique membrane, called an isolation membrane,
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sequesters cytoplasmic constituents including organelles to
form an autophagosome. (2) Transportation. The material
sequestrated by autophagosomes is transported to the lyso-
some. (3) Degradation. Autophagosomes fuse with lysosomes.
These structures are often called “autolysosomes” or “auto-
phagolysosomes.” Both the inner membrane and the materials
contained within the autophagosome are degraded by lyso-
somal hydrolases. (4) Utilization of degradative products. The
degraded material is exported to the cytoplasm for reuse.

Autophagy depends on the interaction of different com-
plexes that are composed of several different autophagy-re-
lated (Atg) proteins. The complexes include (1) two ubiqui-
tin-like conjugation systems, Atgl12-Atg5 and Atg8/LC3-PE
(microtubule-associated protein 1A/1B-light chain 3 -phos-
phatidylethanolamine) conjugate systems (Klionsky and Emr,
20005 Suzuki et al., 2005; Periyasamy-Thandavan et al., 2009);
(2) a phosphatidylinositol 3-kinase (PI3K) complex; (3) the
Atgl/Unc-51-like kinase (ULK) complexes; (4) mAtg9; and (5)
the Atg2-Atgl8 complexes (Longatti and Tooze, 2009; Chen
and Klionsky, 2011; Mizushima et al., 2011).

Apoptosis, necrosis and autophagy in cerebral

ischemia

Stroke is the third most common cause of death worldwide
and the major cause of adult neurological disability. It can be
caused by a number of different disorders and results in tem-
porary or permanent disruption of blood supply to the brain.
Approximately 80% of stroke cases are due to primary cere-
bral ischemia resulting in infarction, whilst 20% are attribut-
ed to cerebral hemorrhage (Markus, 2012). When blood flow
to the brain is interrupted, cells undergo a series of molecular
events which include excitotoxicity, mitochondrial dysfunc-
tion, acidotoxicity, ionic imbalance, oxidative stress and in-
flammation. These molecular events can lead to cell death and
irreversible tissue injury (Ouyang and Giffard, 2012). There is
no doubt that neurons have a vital role in the nervous system
and so it is particularly important to protect them from insult
and death in cerebral ischemia.

There are two morphological types of cell death following
cerebral ischemia, necrosis and apoptosis (Puyal and Clarke,
2009). Morphological characteristics of necrosis include vacu-
olation of the cytoplasm, breakdown of the plasma membrane
and an induction of inflammation around the dying cell by
release of cellular contents and proinflammatory molecules
(Edinger and Thompson, 2004). Apoptosis is also termed type
I programmed cell death (type I PCD) (Shintani and Klion-
sky, 2004) and is characterized by nuclear condensation and
fragmentation, cleavage of chromosomal DNA into internu-
cleosomal fragments and the formation of apoptotic bodies,
which are removed by phagocytosis without the breakdown
of the plasma membrane (Edinger and Thompson, 2004).
Recently, studies have identified that aside from necrosis
and apoptosis, a third type of cell death that occurs during
ischemic stroke, autophagy (Adhami et al., 2006; Rami et al.,
2008) which can also be termed type II PCD (Ouyang et al.,
2012).

The correlation between apoptosis, autophagy and necrosis
and their pathologic processes in ischemic stroke is not clear.
Some studies have shown that neurons at the core of ischemia
tend to undergo necrosis, while neurons in the penumbra
(surrounding region) are subjected to apoptosis (Sabri et
al., 2013). However, some in vivo experiments indicate that
both apoptosis and autophagy are activated in the ischemic
penumbra (Pamenter et al., 2012). Terminal deoxynucleotidyl
transferase-mediated dUTP-biotin in situ nick end labeling
(TUNEL) and propidium iodide (PI) are used as markers of
apoptosis and necrosis, respectively (Unal Cevik and Dalkara,
2003). According to a study by Balduini et al. (2012), auto-
phagy-positive neurons that were also TUNEL-positive were
mainly found in superficial layers of the cerebral cortex 24
hours after hypoxia-ischemia, with only scattered necrotic
cells observed in the same area. They also reported that after
ischemia, necrotic cells (PI-positive) were mainly detect-
ed in the hippocampus and the deep layers of the cerebral
cortex, and most cells in the superficial layers of the cortex
were PI-positive (necrotic) at later time points (48-72 hours
after hypoxia-ischemia). When 3-methyladenine (3-MA)
and wortmannin, two type III PI3K inhibitors), were used
to inhibit autophagy in a model of neonatal hypoxia-isch-
emia, activation of the autophagic pathway was significantly
reduced and there was a switch from apoptosis to necrosis in
cell death. In contrast, it could be observed that necrotic cell
death and brain injury were reduced when rapamycin, the in-
hibitor of the mammalian target of rapamycin (mTOR), was
administered to increase autophagy (Balduini et al., 2009).
The activated pathways of autophagy and apoptosis also share
some common components. For example, BCL2L11 (also
known as BIM), a BH3-only protein, is considered a novel
molecular link between autophagy and apoptosis. BCL2L11
recruits Beclin-1, the homologue of yeast Atg6, to microtu-
bules by bridging Beclin-1 and dynein light chain 1 (DYNLLI,
also known as LC8), and it can inhibit autophagy and pro-
mote apoptosis (Luo and Rubinsztein, 2013). In summary,
the crosstalk among the three types of cell death, especially
between autophagy and apoptosis, is very complex and not
understood.

Autophagy in cerebral ischemia

Autophagy is the process by which a membrane engulfs or-
ganelles and cytosolic macromolecules to form an autopha-
gosome, with the engulfed materials being delivered to the
lysosome for degradation (Yoshimori, 2007). Neuronal auto-
phagy has two unique features. Autophagy was not observed
in the brain of mice that had been deprived of food for 48
hours and it is thought that brain nutrients could be com-
pensated from other organs under conditions of starvation
(Mizushima et al., 2004). Second, localization of autophago-
somes and lysosomes is different; autophagosomes are located
throughout the cytoplasm but lysosomes are mainly located
in the juxtanuclear cytoplasm of the cell body in the neuron.
To form autolysosomes, autophagosomes which are formed in
dendrites and synaptic terminal regions need be transported
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to lysosomes in the cell body. This means that when dendrites
or axons are damaged, autophagosomes that have formed
in dendrites and synaptic terminal regions cannot fuse with
lysosomes to degrade sequestrated material (Komatsu et al.,
2007).

Autophagy can be subclassified into basal and induced
autophagy. Basal autophagy is considered a “housekeeping”
process in neurons (Mizushima and Komatsu, 2011), where-
as induced autophagy may be a promising neuroprotective
strategy in neurodegenerative diseases. Induction of autoph-
agy may serve to rid neurons of aberrant protein aggregates
—a common hallmark of neurodegenerative diseases. Many
studies have suggested that either the absence of autophagy or
inadequate autophagy may be an underlying cause of neuro-
degenerative diseases (Puyal et al., 2012). Although currently
there is no unified theory as to the role autophagy plays in
cerebral ischemia, based on studies over past few years, the
following five viewpoints ischemia have emerged.

(1) Activation of autophagy in cerebral ischemia protects
neurons from death. Carloni et al. (2010) suggested that in
neonatal hypoxia-ischemia, autophagy may be part of an inte-
grated pro-survival signaling complex that includes PI3K-Akt-
mTOR. When either autophagy or PI3K-Akt-mTOR pathways
were interrupted, cells underwent necrotic cell death. Wang
et al. (2012) reported that neuronal survival was promoted
during cerebral ischemia when autophagy was induced by
nicotinamide phosphoribosyltransferase (Nampt, also known
as visfatin), which is the rate-limiting enzyme in mammalian
NAD" biosynthesis and regulates the TSC2-mTOR-S6K1 sig-
naling pathway. These studies suggest that autophagy may be
a potential target for post-ischemic neuronal protection.

(2) Activation of autophagy in cerebral ischemia has a de-
structive role. Mice deficient in Atg7, the gene essential for au-
tophagy induction, showed nearly complete protection from
both hypoxia-ischemia-induced caspase-3 activation and
neuronal death, indicating autophagy is essential in triggering
neuronal death after hypoxia-ischemia injury (Koike et al.,
2008). Wen et al. (2008) confirmed autophagy was activated in
a permanent middle cerebral artery occlusion (MCAO) mod-
el. In their paper, the infarct volume, brain edema and motor
deficits could be significantly reduced by administration of
3-MA (an autophagy inhibitor). The neuroprotective effects
of 3-MA were associated with an inhibition of ischemia-in-
duced upregulation of LC3-I1, a marker of active autophago-
somes and autophagolysosomes. Moreover, it was observed
that the inhibition of autophagy, either by direct inhibitor
3-MA or by indirect inhibitor 2ME2 (an inhibitor of hypoxia
inducible factor-1a; HIF-1a) might prevent pyramidal neuron
death after ischemia in the study of Xin et al. (2011).

(3) The degree of autophagy determines the fate of cells in
cerebral ischemia. Kang and Avery (2008) proposed that levels
of autophagy were critical for the survival or death of cells:
physiological levels of autophagy promote survival, whereas
insufficient or excessive levels of autophagy promote death.
This hypothesis was confirmed in an oxygen and glucose
deprivation model that observed dual roles of the autophagy
inhibitor 3-MA in different stages of re-oxygenation (Shi et
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al., 2012). Twenty-four hours prior to reperfusion, 3-MA trig-
gered a high rate of neuronal death. However, during 4872
hours of reperfusion, 3-MA significantly protected neurons
from death. It is possible that prolonged oxygen and glucose
deprivation/reperfusion triggers excessive autophagy, switch-
ing its role from protection to deterioration.

(4) After cerebral ischemia, the time at which autophagy
is induced determines its role. Autophagy could play a pro-
tective role in ischemic preconditioning but have a different
effect once ischemia/reperfusion has occurred (Ravikumar et
al., 2010). Infarct volume, brain edema and motor deficits in-
duced by permanent focal ischemia were significantly reduced
after ischemic preconditioning treatment. 3-MA suppressed
neuroprotection induced by ischemic preconditioning, while
rapamycin reduced infarct volume, brain edema and motor
deficits induced by permanent focal ischemia (Sheng et al.,
2010). This hypothesis was supported by a study by Yan et
al. (2011) in which 3-MA administrated through intracere-
broventricular injection before hyperbaric oxygen precondi-
tioning, attenuated the neuroprotection of hyperbaric oxygen
preconditioning against cerebral ischemia. Moreover, 3-MA
treatment before middle cerebral artery occlusion aggravated
subsequent cerebral ischemic injury. In contrast, pretreatment
with rapamycin mimicked the neuroprotective effect of hy-
perbaric oxygen preconditioning (Yan et al., 2011). Carloni et
al. (2008, 2010) also showed that when 3-MA and rapamycin
were injected 20 minutes before hypoxia-ischemia, 3-MA
inhibited autophagy, significantly reduced beclin-1 expres-
sion and caused neuronal death, while rapamycin increased
autophagy and decreased brain injury. In addition, 3-MA
administrated by intracerebroventricular injections strongly
reduced the lesion volume (by 46%) even when given 4 hours
after the beginning of the ischemia (Puyal et al., 2009). Gao et
al. (2012) found that rapamycin applied at the onset of reper-
fusion might attenuate the neuroprotective effects of ischemic
postconditioning. Conversely, 3-MA administered before
reperfusion significantly reduced infarct size and abolished
the increase of brain water content after ischemia. Targeting
autophagy either pre- or post-treatment has different results
and this may reflect the different effects of autophagy at ear-
ly and late stages (He et al., 2012). The time of intervention
could be related to the degree of autophagy at different stages
of ischemia and further studies are necessary to confirm this.

(5) Autophagy may be interrupted in cerebral ischemia. A
common feature of many neurodegenerative diseases is the
accumulation of an abnormally large number of autophagic
vacuoles (autophagosomes and autolysosomes) or the fre-
quent appearance of irregularly shaped autophagic vacuoles.
Enhanced autophagosome formation seems to be reflected by
increased density of autophagic vacuoles, but these increased
autophagic vacuoles may also imply impaired autolysosomal
degradation (Komatsu et al., 2007). Rami et al. (2008) also
observed a dramatic up-regulation of Beclin-1 and LC3 in
rats after cerebral ischemia. These results indicate that auto-
phagy was activated in the brain following ischemia. Recently,
however, it has been hypothesized that the increase in pro-
teins may reflect a failure in lysosomal function leading to an
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accumulation of autophagosomes, or an improvement in the
activity of autophagy (Xu et al., 2012). Liu et al. (2010) found
that accumulation of LC3-II was observed in sham-operated
rats after treatment with lysosomal inhibitor-chloriquine, but
the further change of LC3-II levels in post-ischemic brain
tissues was not observed. The results indicated that accumu-
lation of autophagy-associated protein following ischemia
could be the result of failure of the autophagy pathway. Puyal
and Clarke (2009) demonstrated that lysosomal activity de-
tected by LAMP-1 and cathepsin D was increased in neurons
with punctate LC3 expression in neonatal focal cerebral
ischemia model. The failure of autophagosome and lysosome
fusion caused an increase of autophagosomes. The deficiency
of acid phosphatase activity in the lysosome could lead to
the increase of autophagosomes and autolysosomes. Further
studies are required to verify whether the activity of autopha-
gy is enhanced in cerebral ischemia.

Possible autophagy signaling pathways in

cerebral ischemia

Cerebral ischemia can activate multiple signaling pathways
that subsequently feed into the autophagy pathway. Mam-
malian target of rapamycin (mTOR) is a 289 kDa serine/
threonine protein kinase that regulates transcription, cyto-
skeleton organization, cell growth and cell survival. By bind-
ing to different co-factors, mTOR can form two distinct pro-
tein complexes, nTORC1 (mTOR complex 1) and mTORC2
(mTOR complex 2) (Jung et al., 2010). The classification of
mTORC1 and mTORC2 are based on their components and
sensitivity to rapamycin. mTORCI is responsible for the in-
hibitory effect of rapamycin, moreso than mTORC2. Recent
studies suggest that the PI3K/Akt/mTOR pathway could reg-
ulate acute nervous system injury in cerebral hypoxia-isch-
emia (Chong et al., 2012).

PI3K consists of class I, class II and class III. Class I PI3K
plays an important role in the PI3K-Akt-mTOR pathway.
PI3K phosphorylates and activates Akt which in turn phos-
phorylates and inactivates tuberous sclerosis complex (TSC)
1/2. Inactivated TSC1/2 increases the activation of Rheb
which is part of the Ras family GTP-binding protein, and
mTOR is subsequently activated. Autophagy is inhibited by
activating mTOR (Glick et al., 2010). Beclin-1, a component
of the class III PI3K, is essential for the initial steps of auto-
phagy and could also induce autophagy via the interaction
with other components of the class III PI3K pathway in
cerebral ischemia (Xingyong et al., 2013). Peroxisome prolif-
erator-activated receptor-y (PPAR-y), a member of nuclear
hormone receptor superfamily, is a ligand-activated tran-
scription factor. PPAR-y activation antagonizes beclin-1-me-
diated autophagy via upregulation of Bcl-2/Bcl-xl which
interact with beclin-1 in cerebral ischemia/reperfusion (Xu
etal.,2013).

AMP-activated protein kinase (AMPK) is a serine/thre-
onine protein kinase and consists of three subunits: a catalyt-
ic a-subunit and regulatory B and y-subunits. Each subunit
appears to have distinct functions. The most studied is the

catalytic a-subunit which contains a threonine phosphoryla-
tion site that when phosphorylated, activates AMPK.. AMP
which binds to sites located on the y-subunit can enhance the
phosphorylation of AMPK by LKB1, and AMPK activation
could subsequently inhibit the activity of mTOR to induce
autophagy (Poels et al., 2009; Li and McCullough, 2010).

Nuclear factor kappa B (NF-kB) is a transcription fac-
tor that regulates expression of multiple genes (Chen et
al., 2011). Recent experiments have demonstrated that the
knockout of p50 (NF-kB1) enhanced autophagy by repres-
sion of mTOR in cerebral ischemic mice (Li et al., 2013).
NF-kB-dependent p53 signal transduction pathway is also
associated with autophagy and apoptosis in the rat hippo-
campus after cerebral ischemia/reperfusion insult (Cui et al.,
2013). Mitogen-activated protein kinases (MAPKs) include
extracellular signal-related kinase (ERK), Jun NH2 termi-
nal kinase (JNK) and p38 (Lien et al., 2013). MAPK is one
upstream regulator of mTORCI1 and autophagy could also
be induced via MAPK-mTOR signaling pathway in cerebral
ischemia/reperfusion (Wang et al., 2013).

Hypoxia is a common cause of cell death and occurs in
ischemic stroke. Hypoxia-inducible factor 1 (HIF-1) is a key
transcriptional factor that is activated in response to hypox-
ia during cerebral ischemia (Althaus et al., 2006). HIF-1 is
composed of a constitutively expressed HIF-1p subunit and
an inducibly expressed HIF-1a subunit. Since ubiquitination
is inhibited under hypoxic conditions, HIF-1a can accumu-
late and dimerize with HIF-1p. This dimer activates tran-
scription of a number of downstream hypoxia-responsive
genes, including vascular endothelial growth factor (VEGF),
erythropoietin (EPO), glucose transporter 1, and glycolytic
enzymes (Xin et al., 2011). Bcl-2 and adenovirus E1B 19 kDa
interacting proteins 3 (BNIP3) with a single Bcl-2 homology
3 (BH3) domain is a subfamily of Bcl-2 family proteins and
also serves as an important target gene of HIF-1a (Cho et
al., 2012). BNIP3 can compete with beclin-1 for binding to
Bcl-2 and beclin-1 is released to trigger autophagy (He and
Klionsky, 2009; Glick et al., 2010). BNIP3 also binds and
inhibits Rheb, an upstream activator of mTOR, so it could
activate autophagy by inhibiting mTOR activity. However,
these models still require additional genetic testing in vivo
(Zhang and Ney, 2011). The induced p53 stabilization by
up-regulation of HIF-1a also plays an important role in
post-ischemic autophagy activation (Xin et al., 2011).

Autophagic cell death is activated in the nervous system
in response to oxidative stress (Kubota et al., 2010). Oxida-
tive stress can occur in cerebral ischemia and could increase
reactive oxygen species such as superoxide, hydroxyl radical
and hydrogen peroxide. Recent studies have reported that
selenium provides neuroprotection through preserving
mitochondrial function, decreasing reactive oxygen species
production and reducing autophagy (Mehta et al., 2012).
Autophagy can also be induced under conditions of excito-
toxicity which can also occur in cerebral ischemia (Puyal et
al., 2012). Although excitotoxic glutamate blocks autophagic
flux, it could also induce autophagy in hippocampal neurons
(Kulbe et al., 2014). Sustained elevations of Ca*" in the mi-
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Figure 1 Possible autophagy signaling pathways in cerebral ischemia.
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The figure shows the many different signaling pathways involved in the activation of autophagy during cerebral ischemia. When activated, Akt and
NF-kB activate mTOR to inhibit autophagy in cerebral ischemia. However, the activation of AMPK could inhibit the activity of mTOR and induce
autophagy. Hypoxia caused by cerebral ischemia activates HIF-1a and induces autophagy through BNIP3 and p53. Excitotoxicity could induce
autophagy by ER stress and block autophagic flux by glutamate in cerebral ischemia. Autophagy could also be induced through ROS and inhibited
through PPAR-y. PPAR-y: Peroxisome proliferator-activated receptor-y; AMP: Adenosine 5-monophosphate; PI3K: phosphatidylinositol 3-ki-
nase; ROS: reactive oxygen species; HIF-1a: hypoxia inducible factor 1a; Bcl-2: B cell lymphoma/leukmia-2; Bcl-xL: B-cell lymphoma-extra large;
AMPK: AMP-activated protein kinase; AMPK: AMP-activated protein kinase; Akt/PKB: protein kinase B; NF-«B: nuclear factor kappa B; ER: endo-
plasmic reticulum; BNIP3: Bcl-2 and adenovirus E1B 19 kDa interacting proteins 3; mTOR: mammalian target of rapamycin.

tochondrial matrix are a major feature of the intracellular
cascade of lethal events during cerebral ischemia. Recently, it
was reported that endoplasmic reticulum stress is one of the
effects of excitotoxicity (Ouyang and Giffard, 2012). When
endoplasmic reticula were exposed to toxic levels of excitato-
ry neurotransmitters, Ca’* was released via the activation of
both ryanodine receptors and IP3R, leading to mitochondri-
al Ca** overload and activation of apoptosis. During endo-
plasmic reticulum stress, Ca’" increase seems to be required
for activating autophagy. The signaling pathways mentioned
above and their relationship to cerebral ischemia and auto
phagy are shown in Figure 1.

Conclusions

Although autophagy has no unified role in cerebral ischemia,
increasing evidence supports the notion that autophagy is a
double-edged sword. We believe that the degree of autopha-
gy is critical to its role (neuroprotective or deteriorative) in
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ischemic stroke. Physiological levels of autophagy are favor-
able to neuronal survival, but excessive or inadequate levels
could be harmful and cause injury. The mechanisms of
autophagy underlying cerebral ischemia and whether auto-
phagy activity is really enhanced in cerebral ischemia should
be further investigated. It is also important to study the time
point at which autophagy inhibitors and activators should
be administered. Tian et al. (2010) have used green fluores-
cent protein (GFP)-fused LC3 transgenic mice to detect au-
tophagy in vivo and this could be helpful in monitoring au-
tophagic processes in live stroke patients as well as clarifying
the detailed roles of autophagy in the ischemic brain. The
idea that the time point of autophagy induction determines
the fate of neurons during cerebral ischemia provides a new
treatment strategy for ischemic stroke patients.
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