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Abstract

Background and Purpose: Remote ischemic postconditioning (RPostC) is an emerging concept for cerebral
infarction protection, and it has better application prospects in clinical practice. However, little is known about the
neuroprotection mechanisms of RPostC in cerebral ischemia/reperfusion (I/R) injury. In the present study, we
investigated the effects of RPostC on neural cells apoptosis and long-term neurological outcomes in focal cerebral
I/R injury in the rat middle cerebral artery occlusion model.

Methods: Focal cerebral ischemia was induced by middle cerebral artery occlusion using the intraluminal
filament technique in male rats. RPostC was generated by 3 cycles of femoral artery 10-minute occlusion/reperfusion
on the right limb at the onset of middle cerebral artery reperfusion. Adult male wistar rats were treated with remote
post conditioning after 90 minutes of occlusion (beginning of reperfusion). Infarct volumes were assessed at 24h and
21d of stroke onset. Neurological scores were assessed at 24h and 3d,5d, 7d,10d, 14, 21d after the onset of middle
cerebral artery reperfusion. Apoptosis-related molecules were studied at 24h of stroke onset by Western blotting.

Results: RPostC treatment up-regulated Bcl-2 and heat-shock protein 70 (HSP70) expression and down-
regulated Bax expression. RPostC treatment also reduced infarct volumes at 24h and 21d, meanwhile, it also
improved the neurologic scores and the long-term neurological outcomes compared with the I/R-only group.

Conclusion: These findings indicate that RPostC inhibits focal cerebral I/R injury and improves the neurological

outcomes. This neuroprotective effect is likely achieved by anti-apoptotic mechanisms.

Keywords: Remote ischemic postconditioning; Ischemia/reperfusion;
Apoptosis; Middle cerebral artery occlusion model; Heat-shock protein
70; Bcl-2; Bax

Introduction

Brain ischemia is becoming a leading cause of morbidity and
mortality world-wide [1]. Its major pathophysiological manifestation
is an acute brain ischemia-reperfusion injury [2]. Despite extensive
researchs on reperfusion injury treatment in the past several decades, few
neuroprotectants have been successfully from basic research into clinical
application. A variety of clinical trials of pharmacological neuroprotective
strategies in stroke have been disappointing [3-5]. Therefore, innovative
treatment strategies for protecting brain against the detrimental effects of
this form of injury are required in order to improve clinical outcomes in
patients with brain ischemic injury. Researchers are now interested in the
brain’s endogenous strategies for neuroprotection [6,7]. Harnessing the
endogenous protection elicited by the brain’s ability to “condition” itself
has recently emerged as a powerful new strategy for limiting brain injury
(8,9].

Ischemic postconditioning (PostC), which is defined as rapid
intermittent interruptions of blood flow in the early phase of reperfusion
and mechanically alters the hydrodynamics of reperfusion, has been
verified to protect tissues from I/R injury [10]. The clinical applicability
of PostC is limited because PostC can interrupt intermittent reperfusion
of vital organs and require mechanical intervention, which is improbable
in acute coronary syndromes and stroke [11]. The concept of ischemic
PostC has been extended to remote ischemic postconditioning (RPostC),
which induced by cycles of a few minutes of I/R applied to a distal artery
territory (femoral or renal artery) either immediately after the beginning of
heart reperfusion or just a few minutes before heart reperfusion [11-13].

RPostC has greater potential for clinical application than conventional
ischemic PostC, because it cannot only be performed following
ischemia, but also protects ischemia-sensitive organs through measures
on the non-critical remote organs, avoiding the high risk of inducing
ischemia from PostC in the vital organ, such as the brain or the heart
[14]. RPostC is a simple and harmless method that provides a new tool
to protect organs from I/R injury. It is a kind of endogenous protective
measure, which can trigger an endogenous protective effect, enhance
ischemic tolerance in the brain, and ultimately reduce nervous system
damage following ischemia-reperfusion [15]. Recently, the protective
effect of RPostC against focal cerebral ischemia in rats was also verified
[16]. However, its potential protective mechanisms have not been
established.

Recent developments in cardiac physiology have indicated that
PostC significantly reduces infarct size and inhibits inflammation and
apoptosis [17-21]. Zhao [22] at first documented that PostC reduced
infarct size in cerebral I/R injury. However, the effects of RPostC on
long-term neurogocal outcomes and whether the protective effect of it is
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associated with inhibition of apoptosis in-vivo reported less previously.
In the current study, we tested the role of RPostC in apoptosis focal
cerebral I/R injury in rats

Materials and Methods
Animal models of focal cerebral ischemia

The animals were randomly divided into three groups of
experiments in sham, I/R and RPostC groups. All treatments and
outcome measurements were performed by investigators blinded to
the surgical groups. All experiments were performed following an
institutionally approved protocol in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. Male Wistar rats (280 to 330 g) were used. Animals were
anesthetized with 1% to 2% isoflurane under spontaneous respiration
in a 30% oxygen/70% nitrous oxide mixture and subjected to MCAO
as described previously, with minor modifications [23]. In brief, we
exposed the right common carotid artery, internal carotid artery, and
external carotid artery surgically. A 4-0 monofilament nylon suture
with a rounded tip was inserted into the internal carotid artery through
the external carotid artery stump and gently advanced to occlude the
MCA. After 90 minutes of MCAOQ, the suture was removed to restore
blood flow (reperfusion confirmed by laser Doppler). Sham-operated
rats were manipulated in the same way, but the MCA was not occluded.
Regional cerebral blood flow (rCBF) was monitored by laser-Doppler
flowmeter with using of a flexible probe over the skull as described
earlier [24]. rCBF was measured before ischemia, during MCAO, and
during reperfusion. Animals that did not show a CBF reduction of at
least 70% were excluded from the experimental group, as well as animals
that died after ischemia induction. Mean arterial blood pressure (of
the left femoral artery), pH, arterial blood gases, and blood glucose
levels before, during, and after ischemia were measured. All surgical
procedures were performed under an operating stereomicroscope.

Rectal temperature was maintained between 37°C and 37.5°C with
a thermostat-controlled heating pad. The right femoral artery was
cannulated, and physiologic parameters including rectal temperature,
mean arterial blood pressure (MABP), pH, PCO2, and PO2 were
monitored throughout all experiments.

Remote ischemic postconditioning (RPostC)

An incision along the vascular route was made on each side
of the femoral triangle of the hind-limb, and the bilateral femoral
arteries were dissected out. The left femoral artery was cannulated for
continuous monitoring of arterial blood pressure, and blood samples
were analyzed for arterial blood gases and plasma glucose before the
beginning of MCAO, at the onset of reperfusion and 90 minutes after
reperfusion.

RPostC was induced by clamping the right femoral arteries for
3 cycles of 10-minute I/R with an interval of 10 minutes at the onset
of MCA reperfusion. A rectal probe was inserted to monitor core
temperature. The animal was irradiated with a heating lamp to maintain
the rectal temperature at about 37°C. The wounds were sutured after
RPostC. Sham RPostC operations and all surgical procedures, except
right femoral artery occlusion, used anesthesia.

Analysis of infarct volumes

For brain infarction at 24h after ischemia, rats were killed with
a lethal dose of sodium pentobarbital and transcardially perfused to
remove all intravascular blood. Coronal brain sections (2mm thick)
were stained with 2.3.5-triphenyltetrazolium chloride (TTC, Sigma, St

Louis, MO, USA). Infarct volumes were quantified using computer-
assisted image analysis [22]. To eliminate confounding effects of edema
and swelling, the indirect method was used (contralateral volume
minus uninfarcted ipsilateral volume). For 21d brain infarction, frozen
sections (interval 2mm) were stained with hematoxylin and eosin
(HE). Infarction volumes were quantified as described earlier [23] and
expressed as percentage of hemisphere.

Assessments of sensorimotor functions

An 18-point Modified neurological severity score (mNSS) and
adhesive tap-removal test were used for the assessment of posttraumatic
neurological impairments, as previous described [25-27]. All outcome
measurements were performed by investigators blinded to the surgical
groups. The mNSS and adhesive tap-removal test were assessed at 1d,
3d, 5d, 7d, 10d, 14d and 21d after experiments by following standard
methods. All rats had been pretested before 5 days of experiments and
trained for 3 days to eliminate the individual difference rats. Adhesive
tap-removal test was assessed for sensorimotor neurological deficits,
and performed in triplicate and an average value calculated for each
rat on each day of testing. Baseline assessment was done the day before
MCAO.

Western blotting

Western blotting analysis was performed by following the standard
method as we described previously [28]. Briefly, brain hemisphere
tissues from the right cortical samples of rats were dissected on
ice followed by protein extraction. Protein concentrations in the
supernatants were measured with Bradford assay (Bio-Rad, Hercules,
CA, USA). Equal amount of protein were separated in a 4-20% Tris-
glycinegel (Invitrogen) (40pg/lane) and then transferred onto PVDF
Membranes. The membranes were incubated with primary anti-HSP70,
anti-Bax and anti-Bcl-2 antibody (1:1000; Biovendor R&D, NC, USA)
and anti-B-actin antibody (1:10000; Sigma) at 4°C overnight. And
then the membranes were incubated with an anti-rabbit secondary
antibody. (1:10000, GE Healthcare, UK) for 1h at room temperature,
developed by enhanced chemiluminescent (Pierce, Rockford, IL, USA).
Densitometric analysis was performed for quantitation with Imagin J
software.

TUNEL assay

A TUNEL assay was used to assess DNA damage. The sections
from the right cortical samples (n=5 for each group) were treated
as instructed with an in situ cell death detection kit (Roche, Basel,
Switzerland). Diaminobenzidine (Sigma) was used as a chromogen.
TUNEL-positive cells displayed brown staining within the nucleus of
apoptotic cells. DNA fragmentation was quantified under high-power
magnification (x400) by an investigator who was blinded to the studies
and was expressed as number per square millimeter.

Statistical analysis

The statistical analyses were performed by using SPSS 17.0 for
Windows. Data were expressed as mean+s.e.m. Infarction volume
was analyzed by Student ¢ test. Mortality rate was analyzed by 2-sided
Fisher exact test. Neurobehavioral assessments were analyzed by
repeated measures ANOVA. Differences with P<0.05 were considered
statistically significant.

Results

Neurological outcomes and mortality rate

To test whether the RPostC can improve neurological outcomes in
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longer survival time after stroke, 16 rats (n=38 per group) were treated
with either I/R or RPostC. There was a statistically significant in RPostC
group compared with I/R group on modified neurological severity A ’ o -
score (mNSS) (P=0.001) and adhesive tap-removal test (P=0.000). e
There was a significant interaction effect between treatments and time Q c ‘
for neurological functional recovery (up to 21 days after focal stroke
in rats) (Figure 1A). However, there was no significant difference in e ‘ -
mortality between RPostC group (5/20, 25%) and I/R group (8/20,
0 P00 (e ) & @ e
RPostC protected against focal ischemia and reperfusion - ﬁ @
At 24h after ischemia, infarct volume in RPostC group was - ﬁ -
significantly smaller than I/R group (P = 0.031), stained by TTC.
Representative samples of TTC-stained brain sections in the sham, - e -
I/R and RPostC groups are shown in Figure 2A. The infarct volume
of 3 groups in sham, I/R and RPostC groups are shown in Figure
2B. At 21d after stroke, frozen sections (interval 2mm) were stained Sham IR RPostC
with hematoxylin and eosin (HE) in Figure 2C. Infarction volumes
were quantified as described earlier and expressed as percentage K o) it B+ vl 4
|
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w Figure 2: RPostC conferred neuroprotection against focal cerebral
a0 F ischemia and reperfusion injury (n = 6). A) Representative TTC
staining of the cerebral infarct in comparable sections of rat brain
20 F from the sham, I/R and RPostC groups at 24h after reperfusion.
B) Representative HE staining of the cerebral infarct in RPostC
. < Z : < - . group comparable with the I/R group at 21d after reperfusion. C, D)
0 Quantification of infarct volumes, stained by TTC and HE. RPostC
1 3 5 T 10 14 21 significantly decreased infarction volumes in comparison with the
= I/R group. Infarct volumes are expressed as the mean = s.e.m.
Time post stroke (d) *P < 0.05 in RPostC group comparison with I/R group. (TTC = 2,
. . 3, 5-triphenyltetrazolium chloride; HE= hematoxylin and eosin;
Figure 1: The neurological outcomes were assessed at 1d, 3d, 5d, 7d, _ . . e
10d, 14d and 21d after ischemia. Neurological function had a statistically RPostC = remote ischemic postconditioning)

significant better performance in RPostC group compared with I/R group.
RPostC significantly decreased neurologic deficits. A) Modified neurological
severity score (MNSS). B) Adhesive tap-removal test. *P < 0.05 in RPostC
group comparison with I/R group. (mNSS = modified neurological severity
score; RPostC = remote ischemic postconditioning)

RPostC reduced number of apoptotic cells after reperfusion

Representative photomicrographs of TUNEL staining in the peri-
infarct zone of rat brain sections from sham, I/R and RPostC were
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shown in Figure 3A. TUNEL staining (brown) was negative in the
brain sections of sham animals at 24h after reperfusion. Figure 3B: A
large number of TUNEL-positive cells in the ischemic penumbra of rat
brain were seen in the I/R whereas in contrast, Figure 3C: only a few
TUNEL-positive cells were observed in the RPostC group. As shown
in Figure 3D, RPostC significantly reduced the number of TUNEL-
positive cells at 24h after reperfusion, in comparison with I/R *P < 0.05.

Influence of postconditioning on apoptosis-related molecules

Postconditioning increased the level of anti-apoptotic HSP70
and Bcl-2 protein and inhibited Bax expression in Figures 4 and 5.
The protein levels of HSP70 and Bcl-2expression in the I/R group
were greater than the sham-operated rats. Moreover, this increase
was much more prominent in the postconditioning group. But Bax
expressions of I/R group were greater than those in sham-operated
and postconditioning groups. RPostC improved HSP70 and Bcl-2
expression and decreased Bax expression.

Discussion

Cerebral I/R injuries often occur in clinical practice and are
associated with frequent morbidity and mortality. Until now, the
primary treatment for cerebral ischemia is recanalization of the
occluded blood vessels to allow early reperfusion, either by the
administration of a thrombolytic drug or intervention with mechanical
devices [29]. However, it is now clear that reperfusion has the potential
to induce additional lethal injuries that are not present at the end of
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Figure 3: RPostC reduced number of apoptotic cells after reperfusion (n = 6).
A-C) Representative photomicrographs of TUNEL staining in the peri-infarct
zone of rat brain sections from sham, I/R and RPostC at 24h after reperfusion.
The arrow indicates TUNEL-positive cells. Scale bars = 20 um. D) The bar
graph shows quantitative analysis of the number of TUNEL-positive cells in
the ischemic penumbra of rats in 3 groups. Values are expressed as the
mean * s.e.m. *P < 0.05 in RPostC comparison with I/R. (TUNEL = terminal
deoxynucleotidyl transferase-mediated dUDP-biotin nick end-labeling;
RPostC = remote ischemic postconditioning)
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Figure 4: RPostC increased the level of HSP70 protein expression. The
protein levels of HSP70 expression in the I/R group were greater than those
in sham-operated rats. Moreover, this increase was much more prominent in
the RPostC group. Five independent experiments yielded similar results. A)
Representative blots showing the effects of RPostC on HSP70 expression. B)
The bar graph showed semiquantification of the Western blotting analysis for
HSP70. Values are expressed as the mean + s.e.m. *P < 0.05 in comparison
with sham. #P < 0.05 in RPostC comparison with I/R (n=5)

sham

the ischemic period. This phenomenon has been termed “reperfusion
injury” [30]. It is important to improve the ability of brain tissue to
tolerate I/R injury. Developments in brain protection have indicated
that PostC is an interesting strategy to reduce reperfusion injury in
multiple animal models as well as in-vitro settings [31]. But, the clinical
applicability of PostC is limited because it can interrupt intermittent
reperfusion of vital organs and require mechanical intervention, which
is improbable in acute coronary syndromes and stroke [11].

The concept of ischemic PostC has been extended to RPostC.
RPostC was found to induce ischemic tolerance not only within the
same piece of tissue, but also in distant tissues as well as in distant
organs [32]. Ren [16] further demonstrated that RPostC reduced infarct
volume, significantly improved neurological function, and protected
brain function in a rat model of left artery permanent occlusion.
Ischemic postconditioning is shown to prevent cerebral ischemic
injury in various animal experiments, so the RPostC has more potential
contribution to the clinical treatment of stroke.

Recently, RPostC generated by 3 cycles of 15 minutes each I/R of
the left-hind femoral artery also protected against focal ischemia in
rats [16]. The RPostC regimen was selected on the basis of its efficacy
in a previously published model [33]. In the present study, our results
showed that RPostC, which was induced by 3 cycles of 10 minutes I/R
of the hind-limb at the onset of MCA reperfusion, reduced infarct
size in the short and long term, and promoted long-term neurological
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Figure 5: Bcl-2 and Bax expression at 24h after stroke onset.
(A), Representative blots showing the effects of RPostC on Bcl-
2 expression. (B) The bar graph showed semiquantification of the
Western blotting analysis for Bcl-2. (C), Representative blots showing
the effects of RPostC on Bax expression. (D) The bar graph showed
semiquantification of the Western blotting analysis for Bax. Bars
represent mean = s.e.m (n=5). *P< 0.05 in RPostC and I/R groups
comparison with sham. #P < 0.05 in RPostC group comparison with

I/R group

functional recovery after I/R injury. Our results further demonstrated
that RPostC alleviated reperfusion injury after focal cerebral ischemia
as was consistent with a previous report, and improved long-term
neurological functional outcomes, which has been less reported so for.

The early moments of reperfusion are important in the pathogenesis
of post-ischemic injury. A previous study has demonstrated that PostC

reduces cerebral I/R injury and provides neuroprotection in contexts of
both focal and global ischemia [34]. The present study further supports
that opinion. However, the specific mechanisms triggered by RPostC
are still unclear. In addition, the earlier study was performed after
partial reperfusion in a model of permanent focal ischemia. Whether
such a protective phenomenon is applicable to other I/R models need
to be elucidated.

The protective mechanisms underlying RPostC have not been fully
elucidated. Emerging evidence indicates that it may share common
mechanistic signaling pathways with the conventional ischemic
preconditioning, postconditioning, and remote preconditioning [34].
PostC has been proven to confer neuroprotection in experimental
cerebral ischemia [35]. Research reported that PostC reduced neuronal
death and neurobehavioral deficit after global ischemia, by inhibited
apoptotic pathways [36,37]. And, studies have demonstrated that
PostC exerts an anti-apoptotic effect on the heart and cerebral both
in-vivo and in-vitro [38,39].

Previous work has shown that PostC can increase HSP70
expression, which is associated with a reduction of cytochrome ¢
release from the mitochondria [39,40]. Ischemic injury has been
shown to induce the expression of heat shock proteins (HSPs). HSPs
are a family of functionally-related proteins and are believed to be
involved in the cellular repair processes by re-folding proteins and to
act as molecular chaperones in physiological processes [41]. The highly
inducible member of the family of HSPs, HSP70 has been found to
be associated with tolerance to ischemic injury in the brain [42]. Just
as PostC, Our study also revealed that RPostC increased the level of
HSP70 in the cortex during cerebral I/R. Whether other endogenous
protective molecules besides HSP70 are involved in the protection
afforded by RPostC in cerebral ischemia requires further study.

In addition, our study showed that RPostC significantly inhibited
apoptosis of cortical neurons caused by I/R injury, which was proved
by DNA fragmentation and activated caspase-3. To further clarify the
mechanism of RPostC protection, we investigated the expressions of
key apoptosis-related molecules, including Bcl-2 and Bax. Our study
showed that RPostC increased the level of anti-apoptotic Bcl-2 protein
and inhibited Bax expression.

In conclusion, our study demonstrated that RPostC reduced cerebral
infarct size in the short and long term, and improved neurological
outcomes in the long term after I/R injury. This neuroprotective effect
was associated with inhibiting apoptosis molecules of the mitochondrial
pathway and activating endogenous protective protein.
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