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Abstract

Remote ischemic postconditioning (RIP) refers to an ischemia conducted in a distant organ that
protects against a prior ischemia in another organ. We tested whether RIP protects against focal
ischemia in the rat brain. Stroke was generated by a permanent occlusion of the left distal middle
cerebral artery combined with a 30 min occlusion of the bilateral common carotid arteries (CCA) in
male rats. After CCA release, RIP was generated by 3 cycles of 15 min occlusion/15 min release of
the left hind femoral artery. The results showed that rapid RIP performed immediately after CCA
release reduced infarction by 67% measured at 2 d after stroke. In addition, delayed RIP initiated as
late as 3 h, but not 6 h, still robustly reduced infarction by 43% 2 d after stroke. RIP's protective
effect was abolished by injecting the protein synthesis inhibitor, cycloheximide, and the afferent
nerve blocker, capsaicin, suggesting that RIP blocks ischemic injury by modulating protein synthesis
and nerve activity. Nevertheless, rapid RIP did not reduce infarction size 2 months after stroke while
it ameliorated the outcome of the behavioral test. In conclusion, RIP attenuates brain injury after
focal ischemia.
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1. Introduction

Ischemic preconditioning refers to a short period of sublethal ischemia conducted in one organ
protecting against a subsequent prolonged ischemia in the same organ [8,14,17]. Numerous
reports have confirmed that it is the strongest endogenous neuroprotectant against brain injury
after stroke [8,14,17]. However, the clinical translation of ischemic preconditioning is only
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feasible when stroke occurrence is predictable. Ideally, the clinical application of one treatment
targeting stroke requires that the treatment be applied after stroke onset, such as ischemic
postconditioning [30]. We have recently demonstrated that ischemic postconditioning protects
against stroke [6,7,22,31], in which ischemic postconditioning is conducted by a series of brief
occlusion and release of the bilateral common carotid arteries (CCA) after reperfusion.

The above concepts of both conventional preconditioning and postconditioning have been
extended to that of remote pre- [23] and postconditioning [1,11,13], in which pre- or
postconditioning is induced in a distant non-vital organ. Previous studies have demonstrated
that both remote pre- [16] and postconditioning [13] performed in the limbs reduces ischemic
injury in the heart. For cerebral ischemia, a few groups have demonstrated that remote
preconditioning performed in the hind limbs attenuates hippocampal injury after transient
global ischemia [9,10,26,33,34]. Most recently, we have shown that remote preconditioning
performed in the ipsilateral hind limb reduces brain injury after focal ischemia [23]. However,
whether remote postconditioning inhibits brain injury after cerebral ischemia is unknown. In
this study, we tested the hypothesis that limb remote postconditioning protects the brain from
stroke and the potential protective mechanisms related with protein synthesis and afferent nerve
pathways.

Remote postconditioning reduced infarct size

To study the acute protective effect of remote postconditioning, infarct sizes were measured
at 2d after stroke. The results show that control ischemia caused infarct size of 44.4+1.0% (Fig.
2). Treatment with isoflurane alone did not affect infarct size. However, rapid remote
postconditioning conducted immediately at CCA release significantly reduced infarct size to
14.5+2.8% (P<0.001) (Fig.2). In addition, delayed remote postconditioning performed 3h after
CCA release also significantly reduced infarct size to 25.4+6.3% (P<0.01). However, delayed
remote postconditioning initiated at 6h did not significantly reduce infarct size (Fig.2).

To further test the reproducibility of remote postconditioning's protection, the protective effect
of rapid remote postconditioning was repeated by a different individual in our laboratory. The
result demonstrated that rapid remote postconditioning significantly reduced infarct size from
58.4+2.3% to 44.5+3.6 (P=0.008).

Both protein synthesis inhibitor and nerve blocker abolish the protective effect of rapid
remote postconditioning

We then studied the potential mechanisms of remote postconditioning. Treatment of the protein
synthesis inhibitor, cycloheximide, increased infarct size from 18.5+4.2% in rats receiving
vehicle to 35.3+4.7% (P<0.05), while capsaicin injection increased infarct size to 47.5+2.9%
from 18.9+4.5% in rats receiving vehicle (P<0.001) (Fig.3). Note that treatment with either
cycloheximide or capsaicin alone did not affect infarct size in rats receiving control ischemia.

Long-term protective effect and behavioral test of rapid remote postconditioning

At last, we studied whether rapid remote postconditioning offers long-term protection. The
results showed that it did not affect the infarct size measured 2 months after stroke; however,
the neurological functions, which were stimated by the behavioral test of vibrissae method,
were markedly improved by rapid remote postconditioning (Fig.4).
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3. Discussion

We found that both rapid and delayed remote postconditioning, which were conducted
immediately or 3h after reperfusion in the ipsilateral hind limb, protected against focal cerebral
ischemiainrats. It is plausible that remote postconditioning protects the ischemic brain through
protein synthesis and afferent nerve activity, since inhibition of protein synthesis and nerve
activity abolished its protection. However, the effect of rapid remote postconditioning on
infarct size was lost at two months after stroke while it improved the neurological outcomes.

Currently, there are at least two types of ischemic postconditioning, conventional and remote
postconditioning. The conventional postconditioning refers to a series of brief, repetitive
mechanical occlusion/reperfusion of the occluded blood vessels after ischemia/reperfusion
[31,35]. We demonstrated in 2006 that conventional postconditioning, which was performed
by 3 cycles of 30 sec occlusion/10 sec release of the bilateral CCA after reperfusion, robustly
reduced infarct size in the same focal ischemia model used in this current study [31]. This
protective concept of ischemic postconditioning has been confirmed by a number of groups
using in vivo global and focal ischemia models [6,12,19,28], and in vitro ischemic models
[19].

In our current study, we further tested our hypothesis that remote postconditioning, which is
conducted in the ipsilateral hind limb, protects against focal ischemia. This idea was derived
from our most recent study showing that remote limb preconditioning reduces infarct size
[23]. In our previous study, remote preconditioning performed immediately, 12h and 48h
before the onset of cerebral ischemia robustly reduced infarct size; remote preconditioning was
conducted in the ipsilateral hind limb by 3 cycles of 15 min occlusion/15min release of the
femoral artery [23]. In addition, other previous studies have shown that remote
postconditioning reduces heart injury after ischemia [1]. We therefore speculated that limb
ischemia could be extrapolated to remote postconditioning. Indeed, as expected, we have
demonstrated that remote postconditioning conducted immediately after reperfusion markedly
reduced infarct size. To our surprise, the therapeutic time windows of remote postconditioning
can be as late as 3h after reperfusion, which provides a wide time window for clinical
translation.

To further examine the reproducibility of the protective effect of rapid remote postconditioning,
another individual in our laboratory independently repeated the experiment, and the result
shows significant protection at 2d after stroke. Although it seems less protective in the latter
experiment (24% reduction of infarction) compared with that in the former experiment (67%
reduction in Fig.2), this difference may be caused by the experimental variability from different
operators. Although in both experiments the CCA occlusion time was the same (30 min), the
actual ischemic severity can be different due to the exact occlusion sites of the MCA,; the more
proximal the occlusion site, the worse the injury. The infarct size of the control ischemia is
58.4% for the confirming experiment, which is larger than the infarction of 45.8% in the former
experiment (Fig. 2). Therefore, the protective effect of remote postconditioning may be
dependent on ischemic severity.

The underlying protective mechanisms of remote postconditioning are unknown. Nevertheless,
research from remote preconditioning against ischemia in other organs may shed light on our
understanding of the protective mechanisms of remote postconditioning. 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 reduced heart infarction by activating ePKC in
rats [29]. However, pretreatment with the ganglion blocker, hexamethonium, inhibited ePKC
activation thus blocking remote preconditioning's protection [29]. In addition, Schoemaker and
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colleagues showed that bradykinin released during remote preconditioning stimulates sensory
nerves and offers protection, which is blocked by the ganglion blocker, hexamethonium [25].
Moreover, inhibition of afferent nerves with capsaicin also abolishes remote preconditioning's
protection against gastric ischemia, in which remote preconditioning was conducted in the
heart or liver by two-5 min ischemic occlusions of the coronal or hepatic arteries [4].
Accordingly, we have found that both hexamethonium and capsaicin abolished the protective
effect of remote preconditioning against stroke (unpublished results). As expected, we
currently demonstrated that capsaicin treatment reversed remote postconditioning's protection,
suggesting that the afferent nerve pathways may sever a connection between the remote organ,
limb, and the ischemic brain.

Moreover, we demonstrated that the protein synthesis inhibitor, cycloheximide, also robustly
attenuated the protective effect of remote postconditioning. Cycloheximide is usually used to
test the hypothesis that preconditioning protects against ischemic injury via protein synthesis
[2]. Inthose studies, preconditioning was carried out a few hours to days before ischemia onset
[2,15,27]. Thus, preconditioning may stimulate the organ to adapt to a future ischemic event,
including protein synthesis. It is thus not surprising that a protein synthesis inhibitor blocks
the protective effect of preconditioning. Nevertheless, remote postconditioning is performed
immediately after stroke onset; it seems that there is no time for the brain to synthesize the new
protein for neuroprotection. Therefore, the result that protein synthesis inhibition abolished
remote postconditioning's protection is beyond of our expectation. Our result implies that
protein synthesis may play critical roles in brain recovery after remote postconditioning.

Remaote postconditioning no longer reduced infarct size at 2 months after stroke, but still
improved neurological functions, suggesting its transient protection on infarct size with long-
term protection on neurological function. Therefore, infarct size alone does not reflect the
protective effect of a neuroprotectant. Such transient protection for infarct size is not new for
neuroprotectants. A previous report has demonstrated that post-ischemic hypothermia (30 °C)
attenuated hippocampal CA1 neuronal loss measured at 3 days but not at 2 months after
transient global ischemia [5]. Similar transient protection was reported for the protective effect
of rapid ischemic preconditioning [18]. Nevertheless, future studies need to address why
remote postconditioning did not reduce infarction but still improved neurological functions at
2 months after stroke.

In conclusion, limb remote postconditioning reduced infarct size of focal ischemia in rats in a
prolonged time window as late as 3h after reperfusion. It appears that remote postconditioning
protects against ischemia via the nerve pathway and via modulating protein synthesis.

4. Experimental Procedure

Focal Cerebral Ischemia

Focal cerebral ischemia was generated in male Sprague—Dawley rats (270 to 330 g) as
previously described [7,31,32]. Experimental protocols were approved by the Stanford
University Administrative Panel on Laboratory Animal Care. Anesthesia was induced by 5%
isoflurane and maintained with 1-2% isoflurane in 20% O, plus 80% air during surgery and
early reperfusion. Core body temperatures were monitored with a rectal probe and maintained
at 36.5-37.5°C using a heating pad and lamp during the whole experiment. Focal ischemia was
induced by occluding the bilateral CCAs for 30 min combined with permanent occlusion of
the left distal middle cerebral artery (MCA) above the rhinal fissure. The right femoral artery
was cannulated for blood collecting for blood gas analysis. Arterial pO,, pCO, and pH, were
controlled in normal ranges.
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Limb remote postconditioning

For the initial experiments testing the protective effect of remote postconditioning, male
Sprague—Dawley rats were randomly assigned into 5 groups (Fig. 1). Group 1 rats were
subjected to control ischemia (n=6); rats were returned to the home cage 30 min after stroke.
For rats in groups 2 (n=6), 3 (n=11), 4 (n=8), and 5 (n=6), the left femoral artery was separated
below the left groin ligament for later induction of femoral artery occlusion (group 3, 4 and 5)
or for sham limb surgery (group 2). Rats in group 2 were exposed to an extra 90 min of 1-2%
isoflurane starting from 30 min after stroke; this group serves as a control for group 3, in which
rats were anesthetized with 1-2% isoflurane for 90 min during remote postconditioning.
Remote postconditioning was conducted in the left limb by occluding and releasing the femoral
artery for 3 cycles; each occlusion or release lasted for 15 min. Remote postconditioning was
initiated immediately, 3 h and 6 h after bilateral CCA release in groups 3, 4 and 5, respectively,
which was performed in a blind manner. At 30 min after stroke onset, a second person who
did not perform surgery randomly assigned the rats into different groups. The rat brains were
harvested 2 d after stroke for TTC staining, as described, by a person who was blind to the
experimental conditions.

To further confirm the reproducibility of the acute protective effect of remote postconditioning,
experiments of group 2 (n=8) and 3 (n=10) were repeated by a different individual in our
laboratory. The rats were sacrificed 2d after stroke, perfused with 4% PFA, stained with cresyl/
violet staining for infarction measurement, as described [32].

Behavioral testing

The vibrissae-elicited forelimb placement test was used to quantify motor asymmetry [7,24,
32] caused by a unilateral cortical stroke. In brief, forelimb placing was induced by gently
brushing the rats' vibrissas on each side against the edge of a table; rats respond reflexively by
placing their forelimb on that side onto the countertop. Reflexive placing is disrupted
contralateral to the cortical injury. The reflex was tested 10 times on each side per trial, and
two trials occurred per test session. The percentage of vibrissa stimulations in which a paw
placement occurred was calculated. Rats were divided into three groups: 1) sham surgery
without ischemia; 2) ischemia for 30 min of CCA occlusion plus permanent distal MCA
occlusion (control ischemia), 3) ischemia plus remote postconditioning conducted immediately
after CCAs release. Rats were gently handled for 3 d before stroke, and behavior baseline was
tested on the day before surgery. Two to three persons who were blind to the experimental
conditions performed all behavior tests, on days 1, 2, 7, 14, 21, 30, 37, 44, 51, and 60 d post-
stroke. At the end of the test, the rats were sacrificed, perfused with 4% PFA, stained with
cresyl/violet staining for infarction measurement.

Drug injection: Two drugs, the afferent nerve blocker, capsaicin, and the protein synthesis
inhibitor, cycloheximide, were used to study the potential protective mechanisms of remote
postconditioning.

The method for capsaicin injection was modified from previous studies [3,20]. Capsaicin was
dissolved in 10% ethanol, 10% Tween-80 and 80% saline to a final concentration of 4 mg/ml.
Under isoflurane anesthesia, rats were subcutaneously injected with capsaicin or vehicle for 4
consecutive days (n=6): day 1, 12.5 mg/kg; day 2, 12.5 mg/kg, twice at 12 h intervals; day 3,
25 mg/kg at 12 h intervals; day 4, 25 mg/kg. To check the effectiveness of the capsaicin
denervation, a drop of 0.1 mg/ml solution of capsaicin was instilled into the eye of each rat
and their protective movements were observed. All animals pretreated with capsaicin showed
no wiping movements, thus confirming functional denervation of the capsaicin-sensitive
nerves. Focal ischemia and rapid remote postconditioning was performed 2 weeks after the
last capsaicin injection. The operator performing the surgery was blind to the rats' conditions.
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Cycloheximide was dissolved in saline. The dosage was adopted from previous studies [21].
After focal ischemia, rats were intraperitoneally (i.p) injected with 1 mg/kg cycloheximide or
vehicle before postconditioning induction (n=7).

All rats receiving drug and vehicle treatments were sacrificed 2 days after stroke for infarction
measurement.

Infarct size measurement

The rats were reanesthetized with an overdose of isoflurane at desired time after stroke,
perfused intracardially with 100 ml of cold 10 mM sodium phosphate buffered saline (PBS;
pH 7.4). The rats were then decapitated and the brains rapidly removed and sectioned coronally
at 2 mm intervals, generating a total of 5 sections. As defined above, slices were incubated for
20 min in a 2% solution of 2,3,7-triphenyltetrazolium chloride (TTC) at room temperature and
fixed by immersion in 2% paraformaldehyde solution, or cut on a cryostat and stained with
cresyl/violet. Using a computerized image analysis system (NIH image, version 1.61), the area
of infarction on both sides of each section was measured. Infarct size of the ischemic cortex
was normalized to the non-ischemic cortex and expressed as a percentage, and an average value
from the 5 slices was presented, as described [7,31,32]. For rats surviving 2 months, brain
slices from 5 blocks of each brain were stained with cresyl/violet. The normal cortices in both
the ipsilateral and contralateral hemispheres were measured, from which the infarct was
calculated according to the formula: [(area of the cortex in the non-ischemic hemisphere — area
of the normal cortex in the ischemic hemisphere)/area of the non-ischemic cortex] x 100%.

Statistical Analyses

One-way analysis of variance (ANOVA) was used to compare each group on infarct size
followed by Fisher's least square difference post hoc test when there were multiple groups; t-
test was used to compare infarct size when only two groups were studied. For behavioral tests,
one-way repeated measures anova Was used to compare a test at different time points in the same
group, and two-way anova Was used to compare between remote postconditioning and control
ischemia, followed by Student—Newman—Keuls test. Tests were considered statistically
significant at P-values < 0.05. Data were presented as meanss.e.m.
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Fig. 1.

Surgery protocols. Rats were divided into 5 groups. Group 1: control ischemia was induced
by 30 min occlusion of the bilateral CCA combined with a permanent occlusion of the left
MCA. Group 2: a corresponding isoflurane group was used as a control for group 3, for which
rapid limb postconditioning was conducted in the left hind limb by 3 cycles of 15 min occlusion/
reperfusion. For group 4 and 5, limb postconditioning was induced 3h and 6h after CCA release,

respectively.
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Fig. 2.

Remote limb postconditioning reduced infarct size measured at 2d after stroke. A:
Representative infarcts stained by TTC from each group. Rat brains were cut into 5 slices and
stained by TTC. Infarct cortex of each slice was measured and normalized to non-ischemic
cortex, and expressed as percentage. B: Bar graphs show the average infarct size of the 5 slices.
Control, control ischemia; Isoflu, isoflurane of 90 min after reperfusion. * vs 6h, P=0.014; ***
vs control, isoflu, P<0.001; ## vs control, isoflu, P<0.01.
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Fig.3.

The effects of capsaicin and cycloheximide on rapid remote postconditioning's protection. The
infarct size of control group from Fig. 2 was re-portrayed with the rest of the 6 groups receiving
drugs or vehicles plus rapid remote postconditioning after focal ischemia. Cap, capsaicin;
cyclo, cycloheximide. * vs vehicle for cycloheximide, p=0.019; *** vs vehicle for capsaicin,
P<0.001.
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Fig. 4.

Long-term protective effect of rapid remote postconditioning. A: Rapid remote
postconditioning attenuated neurological deficits after stroke. * vs sham P<0.001, # vs control
ischemia, P<0.001. B: Rapid remote postconditioning did not block ischemic injury measured
at two months after stroke. The bar graph represents the average.
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