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Abstract

Ischemic postconditioning is a concept originally defined to contrast with that of ischemic
preconditioning. While both preconditioning and postconditioning confer a neuroprotective effect
on brain ischemia, preconditioning is a sublethal insult performed in advance of brain ischemia,
and postconditioning, which conventionally refers to a series of brief occlusions and reperfusions
of the blood vessels, is conducted after ischemia/reperfusion. In this article, we first briefly review
the history of preconditioning, including the experimentation that initially uncovered its
neuroprotective effects and later revealed its underlying mechanisms-of-action. We then discuss
how preconditioning research evolved into that of postconditioning — a concept that now
represents a broad range of stimuli or triggers, including delayed postconditioning,
pharmacological postconditioning, remote postconditioning — and its underlying protective
mechanisms involving the Akt, MAPK, PKC and Katp channel cell-signaling pathways. Because
the concept of postconditioning is so closely associated with that of preconditioning, and both
share some common protective mechanisms, we also discuss whether a combination of
preconditioning and postconditioning offers greater protection than preconditioning or
postconditioning alone.
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INTRODUCTION

In this article we will review the protective effects and underlying mechanisms of both
ischemic preconditioning and postconditioning against stroke. While postconditioning is
performed after ischemia/reperfusion[1, 2], preconditioning is conducted before ischemic
onset[3], and the former is considered to be derived from the latter[2]. We will first review
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the literature about ischemic preconditioning, and discuss how the concept of
preconditioning research evolved into that of postconditioning. Thereafter, we will discuss
various in vivo and in vitro models of postconditioning and the potential protective
mechanisms present in these approaches, and finally, we will discuss whether the
combination of preconditioning and postconditioning offers greater protection than
preconditioning or postconditioning alone.

THE PROTECTIVE EFFECTS OF ISCHEMIC PRECONDITIONING IN BOTH
HEART AND BRAIN ISCHEMIA

Preconditioning in the brain is a phenomenon in which the brain protects itself against future
injury by adapting to low doses of noxious insults [4-7](Fig.1). Investigators from diverse
backgrounds have used different approaches to show that stimuli such as anesthetic agents,
hypothermia/hyperthermia, hypoxia/ischemia, as well as low doses of certain toxins can
promote preconditioning-dependent protective responses via the activation of endogenous
protective mechanisms, and thus potentially lessen the impact of a subsequent and more
severe attack [4].

The concept of ischemic preconditioning was first described in ischemic hearts by Murry et
al. in 1986 [3]. The cardioprotective effect was observed in a canine experimental model by
preconditioning 4 cycles of a 5 minute ischemia interspersed with a 5 minutes reperfusion
before a sustained 40 minute circumflex artery occlusion. This effect disappeared when the
myocardium was subjected to a 3 hour ischemia, indicating the beneficial effects were
limited to short-term ischemia [3, 8]. Nevertheless, this phenomenon indicates that the heart
has an important endogenous response to resist a cardiac ischemia-reperfusion injury. In
1993, beneficial effects of delayed preconditioning (late preconditioning) were shown by
Kuzuya and Marber [9, 10]. In their experiments a significant myocardial protective effect
was found when sustained ischemia was conducted 24 hours after the initial preconditioning
stimulus, including reduced infarct size and decreased endothelial injury. The “second
window of protection” appeared relatively long and lasted several days [9, 10]. For the last
decade, studies by many independent groups have demonstrated, in several species tested
with different protocols, the robust cardioprotective effect of myocardial preconditioning,
which had in common brief episodes of sublethal ischemia [11].

In addition to myocardium, the phenomenon of ischemic preconditioning for acute
ischemia—reperfusion injury has been reproduced in other organs including the liver[12],
kidney [13]and brain[4]. Similar to cardiac preconditioning, the development of a tolerant
brain appears to result from the activation of endogenous mechanisms of protection against
brain injuries. In early studies of ischemic/hypoxic brains, several papers documented
increased survival times in rats and hippocampal CA1 neuron protection during anoxia when
the brains were exposed earlier to brief anoxia [14, 15], but these findings were not
recognized at that time as a type of ischemic preconditioning.

The concept of cerebral ischemic tolerance was first introduced in the early 1990s. Kitagawa
et al. reported the neuroprotective effects against neuronal cell death when adding 2 minutes
of transient ischemia 24 hours before global cerebral ischemia in rats [16, 17]. After that, the
preconditioning-dependent protective responses have been found in many species, including
gerbils [18-20], rats [21-23], and mice [24], and also in brain slices [25], as well as in
murine cell culture [26]. In addition, preconditioning can be induced not only by a sublethal
ischemia or hypoxia, but also by a number of pharmacological agents, including Ginkgolide
B[27], resveratrol[28], adenosine[29], isoflurane[30], estrogen[31], Erythropoietin[32].
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Rapid and delayed preconditioning in both the heart and the brain have different
mechanisms. Generally, early preconditioning is related to a rapid response such as changes
in ion channel permeability and post-translational modifications of proteins, while late
preconditioning involves gene activation and protein synthesis [33-36]. In most
experiments, the protective effects on the brain need hours and sometimes days to fully
manifest; thus, delayed preconditioning has been studied more often. To date, studies on the
mechanisms of both cardiac and cerebral preconditioning at the molecular, cellular and
tissue levels span more than 20 years [37, 38]. These studies have shown that the
neuroprotective mechanisms of preconditioning involve a series of molecular regulatory
pathways. The major signaling pathways that participate in the brain in ischemic/hypoxic
preconditioning are briefly summarized as below:

1. Activation of the N-methyl-D-aspartate (NMDA): One of the important
neuroprotective mechanisms of brain ischemic preconditioning is through mild
activation of NMDA receptors [39]. Consistent exposure of cortical cells to low
levels of glutamate or NMDA to induce NMDA-receptor activation has a
preconditioning effect [26].

2. Regulation of protein kinase cell signaling transduction pathways such as mitogen-
activated protein kinases (MAPK), and Akt and protein kinase C (PKC) pathways.
The MAPK signaling pathway plays a significant role in cerebral ischemic injury.
Two MAPK pathway kinases, extracellular signal-regulated kinase (ERK) and c-
Jun N-terminal protein kinase (JNK) are generally known to promote cell survival
and proliferation (ERK) or induce apoptosis (JNK). The roles of MAPK cascades
in regulating neuronal death and survival depend on the types of cells and the
magnitude and timing of insults. Neuronal apoptosis and cerebral ischemia both
induce the robust activation of MAPK cascades. However, preconditioning-induced
neuroprotection against ischemia is mediated by MAPK-activated protein kinases
including ERK, JNK and p38 [40, 41]. Akt activation also contributes to ischemic
tolerance. Akt is transiently activated in non-preconditioned rats after ischemia/
reperfusion, but the activation is long-lasting in the preconditioned animals, which
contributes to the inhibition of neuronal apoptosis and prevention of infarction
enlargement induced by preconditioning [42]. Furthermore, the neuronal protection
of hypoxic/ischemic preconditioning requires sequential activation of the vascular
endothelial growth factor (VEGF) receptor and Akt phosphorylation [43, 44]. In
addition to the MAPK and Akt pathways, PKC pathways also play critical roles in
ischemic tolerance, as ischemic preconditioning increases adenosine levels and
initiates a series of intracellular signaling events via G-protein coupled receptor
signaling, leading to activation of phospholipases, production of diacylglycerol,
calcium influx and PKC activation [45]. Further studies report that preconditioning
is associated with subcellular translocation of specific subtypes of PKC, suggesting
ePKC is essential for the induction of ischemic tolerance [25, 46]. ePKC is found
to target mitochondrial Katp channel, and treatment with the Katp channel
openers diazoxide or pinacidil before global ischemia attenuates hippocampal
neuronal injury [47].

3. Regulation of lipid raft/caveolae signaling. Recent progress in membrane biology
has proposed roles for the calveolae that reside within specialized membrane
microdomains known as lipid rafts in many cellular events including apoptotic cell
death. Several isoforms of proteins, caveolins-1, 2, 3 with size ~ 22 kDa, are found
to reside in the flask-shaped caveolae. The responses of caveolin-1 and -2 to
ischemic stimulation appear to be dependent on ischemic duration during the
cerebral ischemic injury. The expression of caveolin-1 in the ischemic penumbral
and core areas is significantly down-regulated after rats are exposed to 1 hour of
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focal cerebral ischemia [48]. However, a remarkable increase of caveolin-1 and
caveolin-2 was reported in the vascular endothelial cells at 48hours, 1-week, and 2-
weeks after 3 hours of ischemia [49]. Caveolin-1 plays a role in protecting neuronal
cells from oxidative injury by modulating nitric oxide (NO) production; Cav-1 KO
ischemic brains showed impaired angiogenesis and increased apoptotic cell death
in an experimental ischemic stroke model [49]. It appears to participate in the
hypoxic tolerance in neuroblastoma cells [50]. Caveolins are also involved in signal
transduction by regulating the functions of caveolae-associated signaling molecules
such as PKC and tyrosine kinase-associated receptors, as well as endothelial nitric
oxide synthase (eNOS) [51-55]. In ischemic preconditioning of the heart,
caveolin-1 and caveolin-3 appear to interact with proapoptotic pP38MAPKa and
anti-apoptotic p38MAPKGP, respectively, and such interactions function as a
molecular switch for the conversion of an ischemia-reperfusion—induced cell death
signal into a preconditioning-induced survival signal [56].

4. Activation of transcription factors. Currently several transcription factors are
known to be sensitive to regulation by hypoxia/ischemia and participate in
ischemic/hypoxic preconditioning, including activating protein 1 (AP1) [57],
cAMP response element-binding protein (CREB) [58, 59], nuclear factor kappa-
light-chain-enhancer of activated B cells (NFiB) [60], hypoxia-inducible factors
(HIF) [61, 62], early growth response 1 and the redox-regulated transcriptional
activator SP1 [63]. Among the transcription factors, HIF isoforms have garnered
the most experimental support in the transcriptional regulation of ischemic/hypoxic
preconditioning so far [64], therefore, a more detailed discussion follows. HIF is a
heterodimer with an unstable a-subunit (HIFa) and a stable B-subunit (HIFB). The
post-translational hydroxylation of HIFa is oxygen-dependent. Under typical
oxygen conditions, HIFa becomes hydroxylated at 2 prolyl residues by members of
the prolyl-4 hydroxylase domain family. Under hypoxic conditions, HIFa cannot
degrade and subsequently accumulates and transactivates about 100 genes [65].
These genes encode proteins involved in oxygen transport (erythropoietin),
angiogenesis (VEGF and angiopoietin-2), vasomotor control (adrenomedullin and
[B-adrenergic receptors), cell survival (erythropoietin and VEGF), pH regulation
(carbonic anhydrases), and energy metabolism (glucose transporters and glycolytic
enzymes). HIF1 has an important role in the complex transcriptional response to
ischemic/hypoxic brain damage. Ischemic preconditioning activates HIF1 and its
target genes. HIF1 activation is neuroprotective [66], as a neuron specific HIFa
deletion exacerbates ischemic brain injury [67]. However, HIF1a knockdown mice
maintain their ability to develop ischemic tolerance as a result of ischemic
preconditioning, suggesting that HIF1a might not be essential for conferring robust
neuroprotection [67]. The precise mechanisms of transcriptional regulation of HIF
remain to be further clarified.

In summary, ischemic/hypoxic preconditioning is modulated by a complex cellular
regulatory process that involves multiple cellular signaling pathways and leads to enhanced
tolerance to ischemia/hypoxia. The changes associated with protein kinase cell signaling
pathways and transcriptional and translational pathways adapt the brain to a relative
homeostatic state that allows it to be refractory to lethal ischemic insults. Despite the fact
that ischemic pre- and postconditioning are conducted at distinct time courses, both share
some common protective mechanisms; therefore, the elucidation of the cell signaling
pathways in ischemic preconditioning may shed light on those of ischemic postconditioning.
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THE EVOLUTION OF ISCHEMIC PRECONDITIONING TO RAPID
POSTCONDITIONING IN HEART ISCHEMIA

As discussed above, preconditioning refers to a brief ischemia that does not cause injury to
the ischemic organ but prevents ischemic injury caused by a subsequent, prolonged ischemia
[3, 68]. It has served as a powerful tool in understanding the endogenous mechanisms by
which the ischemic organs are protected [68].

Unlike ischemic preconditioning, which has been studied for decades, ischemic
postconditioning is a relatively novel concept [2] (Fig.1). The term ischemic
postconditioning was originally adopted to contrast with that of ischemic preconditioning
[69, 70]. It was also believed to be derived from the concept of partial or controlled
reperfusion [70]. However, more than 50 years ago, Sewell and colleagues have reported
that intermittent reperfusion, which equates to the current concept of ischemic
postconditioning, abolished fibrillation [71], and, such protection was once observed in a
clinical case reported in 1994 in which the patient was subjected to acute myocardial
ischemia [72]. Although this protective phenomenon was repeated by Na and colleagues in
1996 [73], who found that postconditioning was as effective as preconditioning in
preventing ventricular fibrillation in cats,, only after Z.Q Zhao and colleagues published
their first study on ischemic postconditioning in a myocardial ischemic model have
postconditioning studies thrived [2]. The protective effects of postconditioning in
myocardial ischemia has been confirmed by many other studies [74] including studies using
models of rats [75], mice [76], rabbits [77] and pigs [78], as well as in vitro settings [79].
The intensive research on postconditioning in the heart has led to clinical trials. Statt et al.
reported that postconditioning performed by 4 cycles of a 1 minute reperfusion/1 minute
occlusion via an angioplasty balloon, reduced acute myocardial injury in patients who had
ongoing myocardial infarction [80]. Taken together, the concept of ischemic
postconditioning in myocardial research has been well-established.

FROM THE HEART TO THE BRAIN: RAPID ISCHEMIC POSTCONDITIONING
PROTECTS AGAINST CEREBRAL ISCHEMIA

As previously discussed, ischemic postconditioning was initially defined in the field of
myocardial ischemia research as a series of brief mechanical occlusions and reperfusions [2,
73]. Since then, its protective effects have been tested in other organs with ischemia/
reperfusion injury, including cerebral ischemia (Table 1). The mechanisms of ischemic brain
injury share many similarities to those of myocardial ischemic injury. For instance, both the
brain and the heart are subjected to reperfusion injury after ischemia and free radical
products play a critical role. In addition, both apoptosis and necrosis occur in the ischemic
brain and heart [81-83] and similar cell-signaling pathways contribute to cell death. These
pathways include the Akt/PKB survival pathways [84], the MAPK pathways [85], the PKC
pathway [86, 87], cytochrome c/caspase-mediated apoptotic pathways [88], and calpain-
mediated necrotic pathways [89]. Furthermore, ischemic preconditioning reduces ischemic
damage in both the brain and the heart [3, 68]. Based on these similarities, testing whether
postconditioning also protects against cerebral ischemia was a logical and intriguing idea.
We have summarized the major studies of postconditioing against cerebral ischemia in
Table-1.

Rapid postconditioning is induced immediately or a few minutes after reperfusion, and it is
the main form of postconditioning in heart research. Therefore, we and others sought to
determine whether rapid postconditioning is effective against focal cerebral ischemia [1, 90].
Our initial study reported that the magnitude of the reduction in infarct size after rapid
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postconditioning is a function of ischemic severity —meaning, it is less effective with longer
periods of ischemia [1, 69]. We found that rapid postconditioning reduced infarct size by
~80%, ~51%, and ~17%, respectively, after a 15, 30 or 60 minute CCA occlusion combined
with permanent dMCA occlusion. Following this study we compared the impact of cycle
number and duration of reperfusion/occlusion on the protective effect of rapid
postconditioning using the ischemic model of a 30 minute bCCA occlusion combined with
permanent dMCA occlusion [91]. Our results showed that rapid postconditioning conducted
10 to 30 seconds after reperfusion reduces infarct size, but not when initiated at 3 minutes
after reperfusion. Taken together, this study suggests that the protective effects of rapid
postconditioning depend on the number and duration of cycles of reperfusion and occlusion
and the onset time of postconditioning [91].

In our experiments robust protection by rapid postconditioning is observed only in moderate
or mild brain ischemia in which the bilateral CCA occlusion time was 15 or 30 minutes [1],
while protection is mild in more severe ischemia (60 min of CCA occlusion). Xing and
colleagues also found that rapid postconditioning reduces infarction by only 16% and 12%,
1 and 3 days after stroke, respectively, in a MCA suture occlusion model [92]. Therefore, in
our studies rapid postconditioning does not appear to generate the same level of protection
in the ischemic brain as has been shown in the ischemic heart [2]. However, we have not
tested if optimized conditions as defined in our recent study [91] afford better protection in a
longer period of ischemia, and Xing and colleagues did not compare the protective effect
with different postconditioning parameters. Therefore, we cannot exclude the possibility that
the relatively weak protection observed is due to the use of sub-optimal parameters.

In contrast to our finding, Pignataro and colleagues demonstrated very strong protection
with postconditioning in a severe focal ischemic model [90, 93] where the MCA was
occluded for 100 minutes. In their study postconditioning with 10 minutes of occlusion
started after 30 minutes reperfusion offered no protection, however, postconditioning with 3
cycles of 5 minute reperfusion/5 minute occlusion reduced infarction by 38%, and 1 cycle of
10 minute occlusion initiated after 10 minutes of reperfusion reduced infarct size by ~70 %
compared to rats subjected to control ischemia. Again, this study suggests that onset time of
postconditioning is critical in generating optimal neuroprotective effects.

A few groups have studied the protective effects of rapid postconditioning on transient
global cerebral ischemia. Rehni and Singh have shown that rapid postconditioning
attenuates behavioral deficits after global ischemia in mice [94]. However, they did not
report how rapid postconditioning affects neuronal loss. Nevertheless, Wang et al. showed
that rapid postconditioning applied immediately after reperfusion attenuates neuronal death
in both the hippocampus and the parietal cortex after 10 minutes of transient global ischemia
[95].

The protective effects of postconditioning were further studied using in vitro models.
Scartabelli et al. showed that rapid postconditioning with brief oxygen glucose deprivation
(OGD) blocks ischemic injury in rat organotypic hippocampal slice cultures [96]. In this
study postconditioning with 3 minutes of OGD started at 5 minutes after reperfusion reduced
cell injury by about 40%. In addition, Pignataro et al. found that postconditioning with
oxygen glucose deprivation (OGD) reduced neuronal death in cortical culture [90].
Postconditioning with 30 minutes of OGD conducted at 10, 30 or 60 minutes after
reperfusion did not reduce the cell death caused by 120 minutes OGD; however, with 10
minutes OGD initiated after 10 minutes of reperfusion, postconditioning robustly blocked
cell death [90]. This study suggests that the onset time and duration of postconditioning are
critical for generating neuroprotection for in vitro models, as seen in animal models.

Curr Drug Targets. Author manuscript; available in PMC 2012 May 07.
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Rapid ischemic postconditioning, which interrupts early reperfusion after stroke, reduces
infarction. However, the extremely short therapeutic time windows of rapid
postconditioning, which spans a few seconds to minutes after reperfusion, may hinder its
clinical translation. In the case of heart injury, ischemic postconditioning must be induced
immediately after reperfusion to generate protection; however, with brain injury the
possibility still exists that delayed postconditioning performed at later time points could be
protective. First, delayed neuronal death is usually observed after transient global ischemia.
It may take 2 to 3 days for ischemic brain tissues to die, especially for those neurons in the
hippocampus. Neurons in the ischemic penumbra after focal ischemia may also die in a
delayed pattern. Second, like ischemic preconditioning, which has at least two therapeutic
time windows (rapid preconditioning performed 1 to 3 hours before stroke onset and delayed
preconditioning induced 1 to 7 days before stroke onset) [9, 17, 68], postconditioning may
protect against cerebral ischemia at multiple time windows. Third, ischemic
postconditioning with different paradigms has different therapeutic time windows. The fact
that ischemic postconditioning with certain parameters in the delayed time window is not
protective does not exclude the possibility that postconditioning with other parameters at
later time points could be protective.

Delayed neuronal death occurs 2 to 3 days after transient global ischemia, therefore, a
transient global ischemia model might be the most ideal to test whether delayed ischemic
postconditioning is protective. In a global ischemia model with induction by 4-vessel
occlusion, neuronal death was not detected by 2 days post-ischemia. Using this model,
Burda and colleagues found that delayed postconditioning with a single 5 minute ischemia
induced 2 days after reperfusion reduced neuronal death in the hippocampus by about 94%
when measured 7 days after global ischemia, a time point at which neuronal death is
considered to be matured [97]. Other groups have confirmed this protective phenomenon in
similar global ischemia models[98, 99].

We tested the hypothesis that delayed postconditioning with different parameters reduces
infarct size in focal ischemia. Our results showed that delayed postconditioning performed at
3 and 6 hours after stroke robustly reduces infarct size, with the strongest protection
achieved by delayed postconditioning with 6 cycles of 15 minute occlusion/15 minute
release of the ipsilateral CCA executed from 6 hours. We found that this delayed
postconditioning attenuates reduction in 2-[(18)F]-fluoro-2-deoxy-D-glucose (FDG)-uptake,
resulting in improved metabolism and reduced edema and blood brain barrier leakage. A
prerequisite for performing postconditioning is that reperfusion must be first achieved,;
reperfusion in ischemic stroke patients is usually achieved by tissue plasminogen activator
(tPA) application. Nevertheless, t-PA may have side effects that worsen ischemic injury.
Thus, we were very interested in testing whether delayed postconditioning counteracts the
exacerbating effects of t-PA. Our results showed that delayed postconditioning can reduce
the infarct size increased by t-PA application [100].

Most recently, Feng and colleagues demonstrated that delayed postconditioning with 3
cycles of 5 min ischemia performed 4 h after thrombotic cerebral ischemia[101], which
supports our results of delayed postconditioning in focal ischemia. Most recently, Leconte
and colleagues tested an audacious hypothesis that delayed hypoxic postconditioning
performed 5 days after stroke in mice, and 14 hours after OGD in culture, would protect
against neuronal injury [102]. Focal ischemia was induced by 1 hour of MCA suture
occlusion in mice. Delayed hypoxic postconditioning was performed by chronic intermittent
hypoxia starting either 1 day or 5 days post-ischemia and lasting to day 43 when the animals
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were euthanized. Although both the 1 and 5 day time points offered no protection on
infarction in the ischemic region, delayed postconditioning starting at 5 days attenuated the
delayed thalamic atrophy measured at 43 days. In addition, the in vitro study showed that
hypoxic postconditioning performed 14 hours after OGD reduces neuronal death measured
48 hours after OGD [102]. Taken together, this study further confirmed the protective
effects of delayed postconditioning.

PHARMACOLOGICAL POSTCONDITIONING

Similarly to ischemic preconditioning, a major challenge for the clinical translation of
ischemic postconditioning is the high risk of applying an ischemic event to an organ that has
already been subjected to a severe ischemia. Other challenges include the availability of the
artery leading to the ischemic area, and whether reperfusion can be achieved in a timely
manner. To avoid these problems, it would be ideal to find drugs that match the actions of
ischemic postconditioning, such as anesthetics or drugs that mimic a brief ischemia, or drugs
that share common mechanisms of ischemic postconditioning. Thus, in recent years the
protective effects of pharmacological postconditioning have been explored.

As a means to induce pharmacological postconditioning, the anesthetic isoflurane, which
had already been used to induce preconditioning to protect against brain ischemia, was a
good candidate to test. In a suture MCA occlusion model, Lee et al. conducted
postconditioning by maintaining 2% isoflurane for 60 minutes starting at the time the MCA
occluding suture was removed. In this study, no isoflurane was used during the MCA
occlusion. For rats receiving control ischemia, only 1 minute of isoflurane was used for the
MCA suture removal [103]. They found that isoflurane postconditioning robustly reduces
brain infarction and attenuates neurological deficits. Lee et al. also found that rapid
isoflurane postconditioning protects against ischemic injury in slice organ cultures [103] in
which OGD was maintained for 15 minutes and postconditioning was instituted by
application of isoflurane after OGD. They found that the protective effects of isoflurane
postconditioning are dependent on the duration and concentration of isoflurane exposure.
Lastly, isoflurane postconditioning started at 0 or 10 minutes, but not greater than 30
minutes post reperfusion, reduced cell damage, suggesting a similar therapeutic time
window to ischemic postconditioning [103]. In addition to isoflurane, sevoflurane can also
be used as postconditioning in both in vivo stroke and in vitro OGD model[104, 105].
Interestingly, postconditioning with isoflurane, sevoflurane or desflurane inhibited cell death
in the SH-SY5Y cells, which are human-like neurons[106].

Rapid postconditioning with brief OGD also blocks ischemic injury in rat organotypic
hippocampal slice cultures [96]. Results showed that postconditioning with 3 minutes of
OGD started at 5 minutes after reperfusion reduced cell injury by about 40%. In the same
study, the protective effects of postconditioning were also induced by adding a low dose of
the pharmacological agent, 3,5-dihydroxyphenylglycine (DHPG, a group 1 mGlu receptor
agonist), 5 minutes after reperfusion and incubating for 30 minutes. It has been reported that
high doses of DHPG exacerbate, while low doses inhibit, neuronal injury [96].

Pharmacological treatments have also been used to mimic delayed postconditioning
conducted at 2 days after reperfusion in a rat global ischemia model [97]. In these studies,
global ischemia was induced by 4-vessel occlusion, and pharmacological postconditioning
was conducted by injection of 3-nitropropionic acid (3-NP), norepinephrine or bradykinin
[107, 108]. Delayed postconditioning at 2 days with an intraperitoneal injection of
norepinephrine, bradykinin or 3NP resulted in increased neuronal survival after global
ischemia [97] The protective effects in these cases are comparable to those induced by
delayed postconditioning with 5-6 min of ischemia [97]. In support of these studies, a most
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recent study also reports that kanate application, one most recent study reports that kanate
application 2 days post-ischemia inhibited hippocampal neuronal injury after global
ischemia[99].

CONVENTIONAL ISCHEMIC POSTCONDITIONING IS EXTENDED TO
REMOTE POSTCONDITIONING

As discussed above, classical pre- or postconditioning is conducted in the same organ that
receives prolonged ischemia [3, 17, 109, 110]; its clinical application is limited by the risk
of applying an additional ischemia to a vital organ, such as the brain or the heart. The
concept of conventional ischemic pre- and postconditioning has been extended not only to
pharmacological pre- and postconditioning, but also to remote ischemic pre- and
postconditioning [111]. Previous studies have shown that remote preconditioning performed
in limbs [112, 113], in a kidney [111], or in mesentery [114] protects against a subsequent
ischemia in the heart. Similarly, many studies have shown that remote postconditioning
reduces ischemic injury in the heart[115-117].

Although the protective effects of remote pre- and postconditioning have been studied
extensively in the research field of myocardial ischemia [118], they have received much less
attention in the field of stroke. In the area of remote preconditioning against brain ischemia,
there are only a few studies demonstrating that limb ischemia reduces delayed neuronal
death in the hippocampal CA 1 region [119-124]. More recently, we provided solid
evidence that limb remote preconditioning reduces infarct size in a focal ischemia model in
rats. Our results showed that when limb ischemia is conducted immediately, 12 hours, or 48
hours before cerebral ischemia, limb preconditioning protects against focal cerebral
ischemia in rats. We found that the protective effects of remote preconditioning could be
induced in the single hind limb ipsilateral to the ischemic hemisphere.

Based on this study in our own laboratory and other studies showing that remote
postconditioning reduces heart injury after ischemia [125], we further tested our hypothesis
that remote postconditioning conducted in the ipsilateral hind limb protects against focal
ischemia. From this study we were able to demonstrate that remote postconditioning
conducted immediately after reperfusion markedly reduces infarct size[126]. Stroke was
generated in male rats by a permanent occlusion of the left distal middle cerebral artery
combined with a 30 minute occlusion of the bilateral common carotid arteries (CCA). After
CCA release, remote postconditioning was generated by 3 cycles of a 15 minute occlusion/
15 minute release of the left hind femoral artery. We found that rapid remote
postconditioning performed immediately after CCA release reduces infarction by 67%
measured at 2 days after stroke. In addition, we found that, delayed remote postconditioning
initiated as late as 3 hours, though not 6 hours, still robustly reduces infarction by 43% 2
days after stroke. Remote postconditioning’s protective effect was abolished by injecting the
protein synthesis inhibitor, cycloheximide, and the afferent nerve blocker, capsaicin,
suggesting that remote postconditioning blocks ischemic injury by modulating protein
synthesis and nerve activity [126]. These results suggest that remote postconditioning
provides a wide therapeutic time window for clinical translation. Our studies are supported
by other recent reports showing that limb ischemic postconditioning is neuroprotective in
neonatal and adult rats[127, 128].

POSTCONDITIONING OFFERS LONG-TERM PROTECTIVE EFFECTS AND
IMPROVES BRAIN FUNCTION AFTER STROKE

Whether postconditioning provides lasting protection and preserves brain function has been
studied. This is another critical issue demanding confirmation because some
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neuroprotectants such as post-ischemic hypothermia [129] and rapid ischemic
preconditioning [68] have been shown to provide protection for only a few days after
ischemia. In addition, reducing injured brain tissue may not translate into the preservation of
neurological function [130].

In a long-term study we found that rapid postconditioning performed immediately after
reperfusion reduces lesion size ~40% in rats subjected to ischemia when measured 30 days
after ischemia [131]. In addition, using a vibrissae test detecting asymmetrical forelimb
usage, we found that rapid postconditioning improves neurological function [131]. In global
ischemia rapid postconditioning also improves subject performance on spatial learning and
memory in a water maze test 3 weeks after reperfusion [95], suggesting that rapid
postconditioning provides long-term protection in global ischemia, which is consistent with
its protective effects on neuronal survival.

We found that both rapid postconditioning and delayed postconditioning offer long-term
protection and improve functional recovery. Our results showed that delayed ischemic
postconditioning conducted at 6 hours after stroke attenuates brain injury and improves the
outcomes of behavioral tests up to 2 months using 4 standard methods, including the
vibrissae test, postural reflex test, tail hang test, and home cage test [100].

In contrast, our recent study showed that remote postconditioning did not reduce infarct size
measured at 2 months after stroke, although the infarction measured at 2 days post-stroke
was reduced, suggesting that remote preconditioning in our study only executes transient
protection on infarct size. Nevertheless, the same study that remote postconditioning
improved the outcome of the behavioral test up to 2 months post-ischemia. The underlying
mechanisms of the improved neurological function without infarction remain to be clarified.

COMBINATION OF RAPID POSTCONDITIONING WITH PRECONDITIONING
OFFERS NO SYNERGISTIC PROTECTION

The protective mechanisms of preconditioning and postconditioning have been extensively
studied in the heart, and results suggest that they have some mechanisms in common. For
example, both pre- and postconditioning protect the ischemic organ by enhancing adenosine
activity, reducing the products of reactive oxygen species and lipid peroxidation [2, 132],
inhibiting JINK/P38 activities [133], and promoting ERK1/2 activity [134]. The above
discussed mechanisms regarding postconditioning against cerebral ischemia also share
similarities to those of preconditioning in cerebral ischemia. Therefore, the combination
study may provide further clues to understanding how both pre- and postconditioning exert
their protective effects. In addition, because they may both be feasible in certain clinical
settings in which stroke occurrence is predictable, a combination study may help clinicians
determine whether a combination of both pre-and postconditioning is an option for clinical
translation.

Our laboratory recently compared the protective effects of rapid and delayed
preconditioning to those of postconditioning, and studied the protective effects of
postconditioning combined with either rapid or delayed preconditioning [91], which refers
to two therapeutic time windows well-defined for preconditioning. Rapid preconditioning in
rats was induced by transiently occluding the left AIMCA for 15 minutes at 60 minutes before
stroke [91], while delayed preconditioning was induced by occluding the left dMCA for 5 or
15 minutes at 3 days before the stroke. Postconditioning of 10 cycles of 10 second
occlusion/10 second reperfusion was conducted immediately after reperfusion. We found
that the protective effects of postconditioning are comparable to those of rapid
preconditioning, but are less effective than delayed preconditioning. We further addressed
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whether postconditioning plus preconditioning can generate a synergistic effect [91]. We
found that postconditioning combined with either rapid or delayed preconditioning provides
no additional reduction in infarction. Our results are consistent with a previous study where
Pignataro and colleagues reported that the protective effects of postconditioning are
comparable to those of delayed preconditioning in a suture MCA occlusion model in rats,
while a combination of postconditioning with preconditioning provided no greater
protection [90].

In the above combination studies, both pre- and postconditioning were induced by a similar
modality: a brief ischemia, or a series of brief ischemia. These scenarios offered no
synergistic protection. However, combining two different modalities, for example, ischemic
postconditioning with hypoxic preconditioning or with 3-NP preconditioning, or vice versa,
may provide greater protection, and this needs further study.

PROTECTIVE MECHANISMS OF POSTCONDITIONING AGAINST STROKE

Current studies about the underlying protective mechanisms of postconditioning focus on
rapid ischemic postconditioning (Table-1). Since rapid ischemic postconditioning interrupts
early reperfusion, its protective effects must be closely associated with changes in cerebral
blood flow (CBF) after reperfusion, and with subsequent events, such as free radical
production, endothelial function, and changes in BBB integrity and inflammation that occur
due to interrupted CBF. In our studies, we first confirmed whether rapid postconditioning
attenuates the hyperemic response induced by reperfusion, and whether it mitigates
hypotension thereafter. CBF was measured by a laser Doppler probe in the penumbra in rats
subjected to 15 or 30 minutes of bilateral CCA occlusion combined with permanent MCA
occlusion [1, 91]. We detected a clear hyperemic response after reperfusion in rats subjected
to 15 minutes occlusion, and CBF was recovered to pre-ischemic levels in rats with 30
minutes occlusion [1, 91]. We showed that rapid postconditioning with mechanical
interruption results in CBF changes, and CBF at 30 minutes after reperfusion was improved
[91]. Wang and colleagues confirmed this effect in a global ischemia model [95].

Next, we examined whether rapid postconditioning attenuates ROS production and
apoptosis, as early reperfusion is considered to cause significant ROS products leading to
apoptosis. We found that rapid postconditioning profoundly attenuated the amount of
superoxide at 30 minutes after reperfusion in a model of 30 minutes CCA occlusion plus
permanent MCA occlusion [1]. Consistent with our findings, Xing and colleagues reported
that rapid postconditioning attenuates lipid peroxidase levels in a focal ischemia model [92].
Moreover, delayed postconditioning performed 2 days after global ischemia increased the
activity of antioxidant enzymes, including superoxide dismutase and catalase [108]
Furthermore, we showed that rapid postconditioning blocked terminal deoxynucleotidyl
transferase-mediated uridine 5’-triphosphate-biotin nick end labeling (TUNEL) positive
staining, a marker of apoptosis, in the penumbra 2 days after stroke [1]. Wang and
colleagues further showed that rapid postconditioning reduces cytochrome c release from the
mitochondria to the cytosol, a critical cascade for apoptosis induction [95]. Most recently,
delayed postconditioning performed 2 days after global ischemia, and remote limb
postconditioning were also reported to inhibit ROS activity and promote SOD
expression[127, 135]. Taken together, these data suggest postconditioning may reduce
ischemic injury by blocking ROS activity and apoptosis.

The protective effects of rapid postconditioning on inflammation after stroke have also been
explored. Rapid postconditioning inhibits myeloperoxidase (MPO) activity, an indicator of
leukocyte accumulation, IL-1p and TNF-a mRNA expression, and ICAM-1 protein
expression in the ischemic cortex at 24 hours after ischemia [92]. In addition, protein levels
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of the key innate immune response mediator, TLR-4 receptor, were inhibited by delayed
postconditioning performed 4 hours post-ischemia[101]. These results suggest that both
rapid and delayed postconditioning may produce an anti-inflammatory effect.

Consistent with the improvement in CBF after rapid postconditioning, we have reported that
delayed postconditioning enhances glucose uptake or metabolism as detected by micro PET
imaging [100]. In addition, delayed postconditioning attenuates edema formation and blood
brain barrier (BBB) leakage.

Multiple pathways are involved in neuronal death after stroke, including PKC pathways,
MAPK pathways, and the PI3K/Akt Pathway (Fig.2). These pathways contain both pro- and
anti-apoptotic signals; it is their balance that decides the fate of ischemic neurons after
stroke. In the PKC pathways, at least 11 isozymes of the PKC family exist, including SPKC
and ePKC [136]. While 8PKC activity usually leads to cell death [87], ePKC activity
promotes neuronal survival [86]. PKC isozymes differ as to their intracellular location and
function, and their activities are regulated by their cleavage form, phosphorylation, and
subcellular location. Our results showed that rapid postconditioning has no affect on the
protein levels of total 5SPKC, but blocks the increase in levels of its cleaved form at 1 hour
after stroke in the penumbra, which is indicative of 8PKC activity [131]. Although rapid
postconditioning had no effect on phosphorylated SPKC (thr 505) levels, which were
decreased by 24 hours after stroke onset, it strongly inhibited decreases in phosphorylated
ePKC after stroke. Thus, rapid postconditioning may reduce ischemic damage by inhibiting
the worsening effect of 5SPKC while promoting a beneficial effect of ePKC activity [131]. A
recent study also showed that remote limb ischemic postconditioning inhibited 6PKC
activity [127].

Ischemic injury and neuronal survival are modulated by the MAPK pathways, including the
extracellular signal-regulated Kinase 1/2 (ERK1/2), P38, and c-Jun N-terminal kinase (JNK)
pathways [137]. As we have reviewed, JINK and p38 appear to be clearly detrimental after
stroke, and their inhibition blocks apoptosis in many neuronal death paradigms [137].
However, ERK1/2’s activity is involved in both neuroprotection as well as injury
exacerbation [137]. In general, most studies agree that ERK1/2 phosphorylation is
transiently increased after stroke, suggesting increases in ERK1/2 activity are induced by
ischemia/reperfusion. Such an increase, however, appears to be a double-edged sword that
involves both the beneficial effects of growth factors, estrogen, preconditioning, and
hypothermia on the ischemic brain, but also the promotion of inflammation and oxidative
stress, and, when inhibited, a reduction in ischemic damage [137]. Given such incongruity,
we were very interested in studying which changes in ERK1/2 activity are involved in the
protective effects of postconditioning.

In our pilot study, ERK1/2 phosphorylation (P-ERK1/2) was increased from 1 to 24 hours
after stroke, and rapid postconditioning reduced its level in the penumbra [131]. Our results
imply a detrimental role for P-ERK1/2 after ischemia, but we did not determine whether or
not its inhibition contributed to the protection of rapid postconditioning in our report. Our
observation conflicted with Pignataro and colleagues’ study showing that rapid
postconditioning enhances ERK1/2 phosphorylation [90]. Furthermore, they showed that
increases in P-ERK1/2 may be unrelated to the protective effect of rapid postconditioning
because U0126, the antagonist of ERK1/2, did not block the protective effects of rapid
postconditioning. More detailed experiments will be required to resolve the discrepancy
between our results and those of Pignataro et al.

The Akt pathway plays a critical role in neuronal survival after stroke (Fig.2). Akt
dysfunction results in apoptosis induction, while Akt activity blocks apoptosis by
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phosphorylating its substrates, including GSK3p, FKHR and Bad. Akt activity is considered
to be regulated by phosphorylation, which is modulated by upstream molecular signals, such
as PTEN (phosphatase and tensin homologue deleted on chromosome 10) and PDK1
(phosphoinositide-dependent protein kinase-1). Akt activity is increased when
phosphorylation of PTEN and PDK1 is improved, and GSK3p (glycogen synthase kinase
3pB) phosphorylation supports cell survival [138]. Dephosphorylation of GSK3p leads to its
activation and to phosphorylation of B-catenin, which results in B-catenin degradation and
apoptosis [138]. We and others found that rapid postconditioning increases both Akt
phosphorylation (measured by Western blot) [90, 98, 105, 131, 139] and Akt activity
(assayed by in vitro kinase assay) [131]. Furthermore, Akt inhibition by injection of the
PI3K inhibitor, LY 294002, partially blocks the protective effects of rapid postconditioning
[90, 131]. However, rapid postconditioning does not affect phosphorylation of PTEN or
PDKZ1 but it does inhibit an increase in GSK3p phosphorylation. We found that rapid
postconditioning blocks p-catenin phosphorylation, but has no effect on total or non-
phosphorylated B-catenin protein levels [131]. Taken together, the Akt pathway plays a
critical protective role in postconditioning. Our results are further supported by a recent in
vitro experiment showing that Akt inhibition abolishes the postconditioning protective effect
of OGD and DHPG in hippocampal slice cultures [96].

In addition, KaTp channels may also play a critical role in brain injury after stroke. After
ischemia, ATP depletion results in the opening of Katp channels, which is critical for the
induction of the protective effect of ischemic preconditioning as well as postconditioning in
the heart. There are two types of Katp channels that vary by location: sarcolemmal and
mitochondrial. Mitochondrial Katp channels have been studied the most as their opening
generates an outward current that stabilizes the mitochondrial membrane and blocks cell
death. In the same vein, Lee and colleagues reported that both a general channel blocker,
glibenclamide, and a mitochondrial channel blocker, 5-HD, abolish the protective effect of
isoflurane postconditioning, suggesting that Katp channels may be involved in the
protective mechanisms of postconditioning[103].

Compared to traditional rapid postconditioning, little is known about the underlying
protective mechanisms of remote postconditioning. Nevertheless, in the heart, accumulating
evidence suggests that neural pathways serve as a connection between the remote
preconditioned organ and the heart. Wolfrum et al. reported that remote preconditioning
with brief mesenteric artery occlusion/reperfusion reduces heart infarction by activating
ePKC in rats [140]. This protection was blocked by pretreatment with the ganglion blocker,
hexamethonium [140]. Another study showed that sensory nerve stimulation resulting from
bradykinin release after remote preconditioning confers a protective effect on the heart; this
effect was abolished by hexamethonium [141]. Moreover, inhibition of afferent nerves with
capsaicin also abolished the protective effects of remote preconditioning against gastric
ischemia when remote preconditioning is conducted in the heart or liver by two-5 minute
ischemic occlusions of the coronal or hepatic arteries [142]. Consistent with these findings,
we recently demonstrated that capsaicin treatment reverses the protective effects of remote
postconditioning, suggesting that afferent nerve pathways may sever a connection between
the remote organ or limb, and the ischemic brain [126]. Moreover, we have demonstrated
that the protein synthesis inhibitor, cycloheximide, also robustly attenuates the protective
effects of remote postconditioning; however, the underlying mechanisms of action are not
clear. Cycloheximide is usually used to test the hypothesis that preconditioning protects
against ischemic injury via protein synthesis [143]. It is not surprising that a protein
synthesis inhibitor would block the protective effects of preconditioning because
preconditioning is carried out a few hours to days before ischemia onset [143-145], and
preconditioning may have time to stimulate the organ to adapt to a future ischemic event,
including protein synthesis. In the case of remote postconditioning, the brain may have no

Curr Drug Targets. Author manuscript; available in PMC 2012 May 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhao et al.

Page 14

time to synthesize new proteins for neuroprotection because postconditioning is performed
immediately after reperfusion. Therefore, why protein synthesis inhibition abolishes the
protective effects of remote postconditioning remains elusive. Additionally, recent studies
have examined the effects of remote postconditioning on some cell signaling pathways, and
reported that remote postconditioning promoted Akt phosphorylation and inhibited Bax
protein levels, SPKC activity and ROS production[127, 128], as observed in the protective
effects of conventional postconditioning.

SUMMARY, CONCLUSION, AND FUTURE DIRECTION

Extensive studies on the protective effects and underlying mechanisms of ischemic
preconditioning have evolved into research focused on rapid, delayed and remote ischemic
postconditioning. The concept of rapid ischemic postconditioning against cerebral ischemia
is now well-established. It seems to reduce ischemic injury by blocking the overproduction
of ROS and lipid peroxidation, and by inhibiting apoptosis. Akt and Ka1p channel activity
also contributes to its protective effects. In addition, there are associated changes in the
MAPK pathway, and 6PKC and ePKC activities. However, the underlying protective
mechanisms of delayed and remote postconditioning remain unclear and require further
study.

Because rapid postconditioning is applied immediately following reperfusion, it is able to
attenuate the detrimental responses induced by reperfusion, such as free radical products and
the associated interruption of various cell signaling pathways. However, delayed
postconditioning is applied a few hours, or even a few days after reperfusion; therefore, it
may modulate the secondary responses that occur much later after reperfusion injury. For
instance, it may attenuate CBF inhibition that occurs at later time points after initial
reperfusion, or regulate the inflammatory response, a relatively delayed detrimental event
following stroke. Additionally, it may promote angiogenesis and neurogenesis. Future
studies will be required to determine exactly how delayed postconditioning affects these late
cascades after stroke.
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CBF Cerebral blood flow
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ERK1/2 Extracellular signal-regulated kinase %2
eNOS Endothelial nitric oxide synthase
GSK3B Glycogen synthase kinase 3
HIF hypoxia-inducible factors
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JNK c-Jun N-terminal kinase
KATP channels ATP-sensitive potassium channel channels
LAD Left anterior descending artery
MPO Myeloperoxidase
NF¢B Nuclear factor kappa-light-chain-enhancer of activated B cells
3-NP 3-Nitropropionic acid
NMDA N-methyl-D-aspartate
NO Nitric oxide
OGD Oxygen glucose deprivation
PTEN Phosphatase and tensin homologue deleted on chromosome 10
PDK1 Phosphoinositide-dependent protein kinase-1
PKC Protein kinase C
ROS Reactive oxygen species
tPA Tissue plasminogen activator
TUNEL Terminal deoxynucleotidyl transferasemediated uridine 5’-
triphosphate-biotin nick end labeling
VEGF Vascular endothelial growth factor
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Hypoxia .
Hypothermia :—Iyzoma
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\ Neurotoxic agents
Delayed Rapid preconditioning: Rapid postconditioning: Delayed postconditioning:
Preconditioning: 30 min to 3 hours before A few seconds to minutes A few hours to days
1 to 7 days before ischemia ischemia after reperfusion after reperfusion
l l Ischemia l l l
L I
Fig. 1.

Preconditioning and postconditioning time lines and their stimulus types. While
preconditioning is conducted before ischemia onset, postconditioning is induced post
ischemia/reperfusion. Both preconditioning and postconditioning can be performed with a
number of stimuli, and consist of both rapid and delayed time windows.
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Fig. 2.

The cell signaling pathways involved in ischemic postconditioning. Reactive oxygen species
(ROS) eruption after reperfusion causes dysfunction of the Akt cell signaling pathway,
increases saPKC activity while decreases ePKC activity. ROS also activates INK and ERK
activity. Furthermore, the PI3K/AKkt inhibition directly results in dephosphorylation of
GSK3p and Bad, and indirectly causes cytochrome c release from the mitochondria and
caspases activity. Akt inhibition also results in activation of the transcription factor, FKHR
(FOX01), which increases Fas ligand and Bim expression. ROS, reactive oxygen species;
Cyto C, cytochrome c; Cas-3, caspase-3; GSK 3 b, glycogen synthase kinase 3b; PI3K,
phosphoinositide 3-kinase; PKC, protein kinase C; P-Akt, phosphorylated Akt; P-PTEN,
phosphorylated phosphatase and tensin homolog deleted on chromosome 10; P-PDK1,
phosphorylated phosphoinositide-dependent protein kinase-1; JNK, c-Jun N-terminal
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kinases; ERK, extracellular signal-regulated kinases; KATP channels, ATP-sensitive
potassium channels.
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Table 1

Summary of major postconditioning studies in cerebral ischemia
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Reference Species Model Postconditioning Comments on Mechanisms
. : : Inhibit Free radical generation and apoptosis
[1] Rat Focal Rapid: stuttering reperfusion stained by TUNEL
Rat Focal Rapid: intermittent reperfusion, ora | Akt, but not ERK and P38 activity,
single period of ischemia. contributes to postconditioning. However,
[90] these pathways contribute to
preconditioning’s protection. Combination of
Rat Culture OGD Rapid: a single period of OGD postconditioning plus preconditioning offers
no synergistic effect.
It improved neurological and enhanced SOD
. : : and Bcl-2 expression, but inhibitd
[146] Rat Focal Rapid: stuttering reperfusion cytochrome ¢ release, caspase-3 activity,
DNA fragmentation attenuated.
Improved CBF at 30 min after CCA release.
. : - Combination of preconditioning with
[91] Rat Focal Rapid: stuttering reperfusion postconditioning offered no additional
protection.
Akt pathway contributed to its protection;
[131] Rat Focal Rapid: stuttering reperfusion both MAPK and PKC pathways are involved
in the protective mechanisms.
Spatial learning and memory was improved;
[95] Rat Global Rapid: stuttering reperfusion It also improved CBF and blocked
cytochrome c release.
Improved behavioral tests. Wortmannin, an
[94] Mouse Global Rapid: stuttering reperfusion Akt inhibitor, attenuated the beneficial effect
of postconditioning.
at oba apid: stuttering reperfusion nhanced glutamate transporter-1lexpression
[147] R Global Rapid i fusi Enhanced gl 1 i
at oba apid: stuttering reperfusion pregulated Glutamine synthetase
148 R Global Rapid i fusi U lated Gl i h
. : : Suppressed ER stress-induced apoptosis and
[149] Rat Focal Rapid: stuttering reperfusion enhanced Akt activity
[150] Rat Focal Rapid: stuttering reperfusion Mitochondrial Katp channel is invovled
[151] Rat Focal Rapid: 10 min ischemia Na*/Ca?* exchanger (NCX) 3 is essential
mGlul and mGlu5 antagonists and PI13K/Akt
: : : Rapid g: A single period of OGD or | inhibitor abolish postconditioning’s
[96] Rat Hipp slice 30 min OGD DHPG application protection. Combination of pre and
postconditioning has no additive protection.
[105] Rat Focal Rapid sevoflurane postconditioning | Increased Akt, Bcl-2, inhibited p53 and Bax
[139] Rat cortical culture OGD model Rapid: OGD Akt activity is essential
[106] SH-SY5Y cells OGD (I};Spfllﬂzraligﬂurane, sevoflurane or Increased GSK3beta phosphorylation
[108] Rat cortical slices 15 min OGD Rapid: isoflurane K arp channel blockers inhibited
Rat Focal Rapid: isoflurane postconditioning’s protection.
. Mitochondrial Katp channel is essential for
[104] Rat Focal Rapid: Sevoflurane the protection,
Limb postconditioning blocks ischemic
[126] Rat Focal Remote: lime ischemia/reperfusion injury by modulating protein synthesis and
nerve activity.
g : RTI : : Promoted Akt phosphorylation and inhibited
[128] Rat (pups) Hypoxia/ischemia | Remote: lime ischemia/reperfusion Bax expression
[127] Rat Focal Remote: limb ischemia/reperfusion Inhibited ROS and deltaPKC activity
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Reference Species Model Postconditioning Comments on M echanisms
Delayed: 3-NP and s-NE, or a Cycloheximide, inhibitor of protein
[107] Rat Global single period of ischemia, synthesis, blocks the protective effect of
performed 2 days after ischemia postconditioning.
Delayed: bradykinin applied 2 days | SOD activity increased 5h after
(152] Rat Global post-ischemia postconditioning.
. . : Ischemia caused increases in MnSOD
[153] Rat Global D(fsl{a_)i'sgﬁ et;Tr]?gykmm applied 2 days activity and decreases in CuZnSOD activity;
P postconditioning inhibits these changes.
Delayed: 3min ischemia 2 days Inhibited cytochrome c release, Bax
(o8] Rat Global later translocation, and promoted Akt
[99] Rat Global Delayed: kanate 48h post- ischemia | Not investigated
[135] Rat Global Ete;?yed: 5 min ischemia 2 days Inhibited Bax but enhanced SOD
Delayed: 3 cycles of 5 min o .
[101] Tree shrew Focal ischemia at 4 h post-stroke Inhibited TLR4 expression
[100] Rat Focal SDt?(I)ak)éed: performed 3 or 6 h post- Improved CBF and metabolisms
. : Enhanced hypoxia-inducible factor-1a and
[102] Mouse Focal Delayed: hypoxia conducted at 1 its target genes, erythropoietin and

and 5 days post-stroke

adrenomedullin
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