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Abstract

In this study, we hypothesized that an increase in integrin a,p; and its co-activator vascular endothelial growth factor play important
neuroprotective roles in ischemic injury. We performed ischemic preconditioning with bilateral common carotid artery occlusion for 5
minutes in C57BL/6] mice. This was followed by ischemic injury with bilateral common carotid artery occlusion for 30 minutes. The time
interval between ischemic preconditioning and lethal ischemia was 48 hours. Histopathological analysis showed that ischemic precondi-
tioning substantially diminished damage to neurons in the hippocampus 7 days after ischemia. Evans Blue dye assay showed that ischemic
preconditioning reduced damage to the blood-brain barrier 24 hours after ischemia. This demonstrates the neuroprotective effect of isch-
emic preconditioning. Western blot assay revealed a significant reduction in protein levels of integrin a, B, vascular endothelial growth
factor and its receptor in mice given ischemic preconditioning compared with mice not given ischemic preconditioning 24 hours after isch-
emia. These findings suggest that the neuroprotective effect of ischemic preconditioning is associated with lower integrin a,f; and vascular
endothelial growth factor levels in the brain following ischemia.
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Introduction

Cerebral ischemia is a leading cause of death and disability
globally. Developing new therapeutic strategies for cerebral
ischemic injury is a major aim of scientists. Ischemic pre-
conditioning (IP), which induces ischemic tolerance, is a
brief, non-lethal, ischemic event one or several days prior to
subsequent severe ischemia. Previous studies have found that
the neuroprotective effects of IP are mediated by an attenu-
ation of the mechanisms of injury, the activation of innate
defense mechanisms, and the enhancement of endogenous

repair processes (Gidday et al., 2006). However, the detailed
mechanisms remain unclear.

Integrin a,B;, a member of the integrin family, is involved
in angiogenesis and tumor growth, and has been shown
to play an important role in animal models of focal brain
ischemia (Haring et al., 1996; Okada et al., 1996; Abumiya
et al., 1999; Del Zoppo and Mabuchi, 2003). In primates,
integrin ayf; is not expressed in the non-ischemic basal gan-
glia, but is expressed exclusively in the microvessels of the
ischemic basal ganglia after middle cerebral artery occlusion
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Figure 1 IP improved the histopathology of
the hippocampus following global cerebral
ischemia in mice (hematoxylin-eosin
staining).

Mice were subjected to histopathological assay
at 24 hours post ischemia. Hematoxylin-eo-
sin-stained hippocampal tissue from the sham,
IP, Isch and IP + Isch groups (X 200). In the
sham and IP groups, no obvious pathological
abnormalities are observable in the hippocam-
pal CA1-3 and DG region. Marked morpholog-
ical changes are visible in the hippocampus of
the Isch group, especially in the CA1-3 region;
neuronal cell loss, nuclear shrinkage and dark
staining of neurons are observed. Fewer dam-
aged neurons and more normal neurons are
present in these regions in the IP + Isch group,
compared with the Isch group. Scale bars: 100
pum. IP: Ischemic preconditioning; Isch: isch-
emia; CA: cornu ammonis; DG: dentate gyrus.
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Figure 2 IP reduced blood-brain barrier dysfunction in mice with global cerebral ischemia.

(A-D) The whole brains in the sham, IP, Isch and IP + Isch groups. (E) The permeability of the blood-brain barrier was determined by Evans Blue
extravasation test 24 hours after ischemia or sham surgery. Evans Blue content is expressed as pig/g brain tissue. Data are presented as the mean *
SEM, with eight samples in each group. One-way analysis of variance followed by Bonferroni post hoc analysis was used. **P < 0.01, vs. sham group;

##P < 0.01, vs. Isch group. IP: Ischemic preconditioning; Isch: ischemia.

or middle cerebral artery occlusion/reperfusion (Okada et
al., 1996). Furthermore, inhibition of integrin a,f; preserves
microvascular patency, reduces blood-brain barrier (BBB)
breakdown, and ameliorates ischemic damage in animal
models of focal brain ischemia (Abumiya et al., 2000; Shi-
mamura et al., 2006a, b; Kiessling et al., 2009).

Vascular endothelial growth factor (VEGF) is one of the
most important growth factors involved in vasculogenesis
and angiogenesis. Park et al. (2014) found that IP dramati-
cally augments VEGF and phosphorylated fetal liver kinase
1 (pFlk-1) immunoreactivity in the pyramidal cells of the
hippocampal CALl region after transient cerebral ischemia in
gerbils. Previous studies demonstrated that the expression
levels of VEGF and integrin a,f; are closely related (Abumiya
et al., 1999), and that integrin o,(; plays a role in the acti-

766

vation of the VEGF receptor (Soldi et al., 1999). In animal
models of focal brain ischemia, integrin o, [, antagonists
appear to ameliorate damage by modulating VEGF and its
receptor (Shimamura et al., 2006a). This suggests that in-
creased expression of integrin oy; may play a harmful role
during early cerebral ischemic injury, and that the neuropro-
tective effects of integrin af; inhibition may be mediated
through the modulation of VEGF and its receptor.

Previous studies of integrin a,f; focused on ischemic
brain damage, but the role of integrin a,f; in IP-mediated
neuroprotection has rarely been reported. Liu et al. (2010)
demonstrated that IP effectively attenuates the upregulation
of integrin a,B; mRNA expression after ischemia. Therefore,
in this study, we investigated the effect of IP on integrin o, {3;,
VEGEF and its receptor to clarify the relationship between
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Figure 3 IP prevented the increase in integrin a, and (3, expression in the cerebral cortex and hippocampus of mice with global cerebral
ischemia 24 hours after the ischemic event.

(A, C) Representative bands of the western blot assay for integrin a, and P, protein expression, respectively. (B, D) The relative intensities of inte-
grin ay and B respectively. f-Actin was used as an internal control. ¥*P < 0.05, **P < 0.01, vs. sham group; #P < 0.05, vs. Isch group. Data are ex-
pressed as the mean + SEM from six independent animals (one-way analysis of variance followed by Bonferroni post hoc analysis). The experiment
was performed in triplicate. IP: Ischemic preconditioning; Isch: ischemia.
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Figure 4 IP prevented the increase in VEGF and pFlk-1 expression in the cerebral cortex and hippocampus in mice with global cerebral

ischemia 24 hours after ischemia.

(A, C) Representative bands of the western blot assay for VEGF and pFlk-1 protein expression. B and D show the relative intensities of VEGF and
pFlk-1. B-Actin was used as an internal control. *P < 0.05, vs. sham group; #P < 0.05, vs. Isch group. Data are expressed as the mean + SEM from
six independent animals (one-way analysis of variance followed by Bonferroni post hoc analysis). The experiment was performed in triplicate. IP:
Ischemic preconditioning; Isch: ischemia; VEGF: vascular endothelial growth factor; pFlk-1: phosphorylated fetal liver kinase 1.

these proteins and neuroprotection.

Materials and Methods

Animals

A total of 78 clean male C57BL/6] mice weighing 22-25 g
(certificate No. 0052588) were supplied by the Experimental
Animal Center of Sun Yat-sen University in China and housed
in separate cages under standard conditions. The animals
were fed a standard diet and maintained under a 12-hour

light-dark cycle. All surgery was performed under chloral
hydrate (350 mg/kg, intraperitoneally) anesthesia, and all ef-
forts were made to minimize pain and stress to the animals.
The procedures conformed to the Guide for the Care and
Use of Laboratory Animals published by the US National In-
stitutes of Health (NIH Publication No. 85-23, revised 1996).
The animal experiments were performed in accordance with
international ethical standards and were approved by the re-
search ethics committee of Sun Yat-sen University in China.
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Surgical operation
A total of 78 mice were randomly divided into the following
groups: sham operation (Sham; n = 18), IP (n = 20), ischemia
(Isch; n=20), and IP followed by ischemia (IP + Isch; n = 20).
The two-vessel occlusion model of global cerebral isch-
emia was used (Liu et al., 2010). To induce lethal ischemia,
mice were anesthetized with chloral hydrate (350 mg/kg, in-
traperitoneally) (Weijia Technology, Guangzhou, China) and
allowed spontaneous respiration throughout the surgical
procedure. Through a midline cervical incision, the bilateral
common carotid arteries were exposed and clipped with
two vascular clamps simultaneously for 30 minutes. The
ischemic preconditioning was produced in a similar manner
for a period of 5 minutes (Wu et al., 2001; Cho et al., 2005).
In the IP + Isch group, the second ischemic insult (30 min-
utes) was performed 48 hours following the preconditioning
ischemic event. Sham-operated animals received the same
surgical procedures except that the carotid arteries were not
clipped. The mice were placed on a heating pad after surgery
until they recovered from anesthesia.

Evaluation of BBB disruption

The integrity of the BBB was assessed by quantitative mea-
surement of Evans Blue (Sigma-Aldrich, St. Louis, MO, USA)
content 24 hours after ischemia or sham surgery in eight
animals per group (Kozler et al., 2003). Briefly, sterilized 2%
Evans Blue solution was administered intravenously at a
dosage of 4 mL/kg. Thirty minutes after injection, mice were
perfused with saline to remove intravascular Evans Blue dye.
Brains were rapidly removed, and each sample was weighed,
homogenized with 2.5 mL phosphate-buffered saline (PBS),
and mixed with 2.5 mL 60% trichloroacetic acid to precipitate
protein. The samples were centrifuged for 30 minutes at 1,000
x g and the absorbances of the supernatants were measured
at 610 nm using a spectrophotometer (Genesys 10S; Thermo
Electron Corporation, Madison, W1, USA). Evans Blue is ex-
pressed as pg/g of brain tissue against a standard curve.

Histological evaluation

Mice chosen randomly from the four groups (1 = 4 in the
Sham group; n = 6 each in the other three groups) were
anesthetized with chloral hydrate (350 mg/kg, intraperitone-
ally) 7 days after cerebral ischemia or sham operation, and
then perfused transcardially with normal saline followed by
4% formaldehyde solution. All brains were then postfixed
in the same fixative at 4°C, dehydrated, and then embedded
in paraffin blocks. Coronal sections of 5 um thickness were
stained with hematoxylin and eosin. The morphology of
neurons was observed, and damaged and normal neurons
were counted at 200X magnification with a ruled counting
plate (Olympus, Tokyo, Japan).

Preparation of tissue extracts

Twenty-four hours after the last surgical operation, six mice
per group were killed with an overdose of chloral hydrate
and then transcardially perfused with ice-cold PBS (pH 7.4).
The brains were removed quickly, and the cerebral cortex
and hippocampus were rapidly dissected on a cold plate and
frozen immediately in liquid nitrogen. All tissues were stored
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at —80°C until assay. Brain tissue was homogenized in 1 mL
of ice-cold Tris buffer (pH 7.2, 4°C) containing 50 mM Tris,
1 mM ethylenediamine tetraacetic acid, 6 mM MgCl, and
5% (w/v) protease inhibitor cocktail. After homogenization,
samples were sonicated for 10 seconds and then centrifuged
at 20,800 x g for 20 minutes at 4°C. Afterwards, supernatants
were collected for western blot assay. The protein concentra-
tions were determined in each sample using a commercially
available bicinchoninic acid protein assay kit (Key GEN Bio-
tech, Nanjing, China).

Western blot assay

To examine the expression of integrin a,f;, VEGF and its
receptor pFlk-1 in the cortex and hippocampus, western
blot assay was performed as described in a previous study
(Jiang et al., 2013). Samples from treated mice were re-
solved using sodium dodecyl sulfate polyacrylamide gradi-
ent gels (20 mg protein per lane). Proteins were transferred
onto nitrocellulose membranes (Bio-Rad, Hercules, CA,
USA). The membranes were blocked in 5% non-fat milk
and then incubated with polyclonal mouse anti-integ-
rin a, (1 pg/mL), mouse anti-integrin B; (1 pug/mL), rabbit
anti-VEGF (1 pg/mL) or rabbit anti-pFlk-1 (1 pg/mL) (all
from Santa Cruz Biotechnology, Santa Cruz, CA, USA) over-
night at 4°C. After three washes with Tris-buffered saline
containing Tween-20, the membranes were incubated with
anti-mouse-horseradish peroxidase (Santa Cruz Biotechnol-
ogy) or goat anti-rabbit-horseradish peroxidase (Santa Cruz
Biotechnology) for 30 minutes at room temperature. The ex-
periment was performed in triplicate, and B-actin was used as
an internal control. The optical density values were calculated
with Quantity One image analysis software (Bio-Rad).

Statistical analysis

The data followed a normal distribution. Data were ex-
pressed as the mean + SEM and analyzed with SPSS 13.0
software (SPSS, Chicago, IL, USA). Comparisons were per-
formed using one-way analysis of variance followed by Bon-
ferroni post hoc analysis. P values less than 0.05 were consid-
ered statistically significant.

Results

IP protected against ischemic brain injury
Hematoxylin-eosin staining revealed no obvious pathological
abnormalities in the hippocampus in the Sham and IP groups.
In comparison, neuronal cell loss, dark staining of neurons
and nuclear shrinkage were observed in the Isch group. Dam-
aged neurons were fewer in the IP + Isch group (Figure 1).

IP reduced BBB dysfunction in cerebral ischemic mice
Evans Blue assay showed that the levels of Evans Blue in the
brain were higher in the Isch group than in the Sham group
(P<0.001). IP decreased Evans Blue content in the brain (P
< 0.01; Figure 2).

IP suppressed the increase in integrin a, and [, expression
in the cerebral cortex and hippocampus following cerebral
ischemia

Twenty-four hours after the ischemic insult, integrin a,
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protein levels in the cortex and hippocampus of mice were
determined. As shown in Figure 3A, B, integrin o, protein
levels in the cortex were not significantly different among
Sham, IP and IP + Isch groups (~1.14-fold increase over
Sham in both the IP and IP + Isch groups, with no signif-
icant difference among them). However, integrin a, levels
were significantly increased in the Isch group compared
with the Sham group (~2.01-fold increase; P < 0.05). Inte-
grin a, levels were lower in the IP + Isch group compared
with the Isch group. In the hippocampus, integrin a, levels
in the IP group were increased slightly compared with the
Sham group (~1.50-fold increase over Sham; no significant
difference). Integrin a, levels were significantly elevated in
the Isch group (~4.13-fold increase over Sham; P < 0.01).
Levels in the IP + Isch group (~1.80-fold increase over
Sham) were lower than those in the Isch group (P < 0.05).

Changes in integrin P, expression among the four groups
were similar to those observed for integrin a, (Figure 3C, D).
The integrin B, levels in the IP group were 1.31-fold (cortex)
and 0.96-fold (hippocampus) those in the Sham group (no
significant differences). In the Isch group, the levels were
elevated 3.92-fold in the cortex and 2.38-fold in the hippo-
campus (both P < 0.05, compared with the Sham group).
In the IP + Isch group, integrin B, levels were 1.32-fold
(cortex) and 1.11-fold (hippocampus) the levels in the Sham
group (both P < 0.05). Therefore, IP seems to attenuate the
increase in integrin o {3; induced by ischemic insult.

IP prevented the increase in VEGF and pFlk-1 expression in
the cerebral cortex and hippocampus 24 hours after ischemia
As shown in Figure 4A, B, VEGF expression levels in the cor-
tex and hippocampus in the IP group were slightly increased
in comparison with the Sham group (1.45-fold and 1.44-fold
increases over Sham, respectively [both P > 0.05]). Expres-
sion levels in the cortex and hippocampus were increased
significantly in the Isch group (~9.08-fold and ~4.20-fold
increases over Sham, respectively [both P < 0.05]). The ex-
pression levels were lower in the IP + Isch group than in the
Isch group (~2.37-fold and ~2.86-fold lower in the cortex
and hippocampus, respectively). The difference between the
Isch and IP + Isch groups was significant in the cortex (P
< 0.05), but no significant difference was observed for the
hippocampus. Similar trends were observed in pFlk-1 ex-
pression (Figure 4C, D). The levels of pFlk-1 in the IP group
were 0.90-fold (cortex) and 1.31-fold (hippocampus) those
in the Sham group (P > 0.05). In the Isch group, pFlk-1 lev-
els were elevated 3.80-fold and 2.02-fold in the cortex and
hippocampus, respectively (both P < 0.05, compared with
Sham group). Expression levels in the IP + Isch group were
significantly lower than those in the Isch group (1.38-fold in
the cortex and 1.39-fold in the hippocampus [P < 0.05, only
for the cortex]).

Discussion

Clinical studies suggest that IP is beneficial to the human
brain. In a retrospective study, patients with a previous ipsi-
lateral transient ischemic attack (TIA) had a more favorable

outcome after cerebral infarction than patients without a
prior TIA (Moncayo et al., 2000). This suggests that ischemic
tolerance induced by the TIA results in a better neurological
outcome after a more severe subsequent ischemic event. Nu-
merous animal studies on the neuroprotective mechanisms
of IP suggest that ischemic tolerance is produced by multiple
mechanisms, including vascular changes (Gidday et al., 2006).

In this study, the expression levels of integrin a,f; were
substantially elevated after global cerebral ischemia, consis-
tent with other studies (Okada et al., 1996; Shimamura et
al., 2006a; Kang et al., 2008). We found that IP inhibited this
increase in expression of integrin a,pB; after global cerebral
ischemia. Furthermore, this effect of IP was associated with
reduced ischemic injury to the brain.

To examine how IP affects integrin a,p; expression, two
proteins, VEGF and its receptor pFlk-1, which are linked to
integrin a,f; expression following ischemic injury, were as-
sessed. We observed that VEGF and pFlk-1 expression levels
were reduced by IP, suggesting that this reduction in VEGF
levels after ischemic injury may be beneficial.

Integrin o, f;, a member of the integrin family, plays a
major role in angiogenesis and tumor growth, and has been
shown to play a critical role in animal models of focal brain
ischemia (Haring et al., 1996; Okada et al., 1996; Abumiya et
al., 1999; Del Zoppo and Mabuchi, 2003). Previous studies
have shown that inhibition of integrin a,f; helps preserve
microvascular patency (Okada et al., 1996), reduces BBB
breakdown, and ameliorates damage resulting from focal
brain ischemia (Abumiya et al., 2000; Shimamura et al.,
20064, b; Kiessling et al., 2009). It has been conjectured that
increased expression of integrin a,f; may play a harmful role
during early cerebral ischemic injury, and that inhibition of
integrin a5 expression may reduce ischemic damage.

VEGEF is an endothelial cell mitogen that enhances vas-
cular permeability during angiogenesis. Flk-1, also known
as vascular endothelial growth factor receptor-2, is a recep-
tor for VEGF (Rosenstein et al., 1998). Flk-1 is active in its
phosphorylated form. Previous studies reported that VEGF
was elaborated during ischemic stroke (Hayashi et al., 1997).
Although VEGF has been shown to induce angiogenesis
in the penumbra and to contribute to the recovery of neu-
ronal function after an ischemic event (Zhang et al., 2000;
Manoonkitiwongsa et al., 2004; Yano et al., 2005; Udo et al.,
2008), it also has myriad deleterious effects in early ischemic
stroke, including increasing BBB leakage, elevating the risk
of hemorrhagic transformation, widening the infarction
zone (Zhang et al., 2000; Kaya et al., 2005), and increasing
platelet adhesion (Verheul et al., 2004). In this study, we
found that VEGF levels were lowered by IP, and that the
brain was protected by IP, consistent with a deleterious role
of VEGF in stroke. Therefore, the beneficial effects of IP may
involve integrin af;, VEGF and its receptor. Although these
results are preliminary, our findings provide potential new
therapeutic targets for ischemic injury.

It is known that integrin af; can activate VEGF receptors,
and that the inhibition of integrin a,f; expression reduces
phosphorylation of VEGF receptors, thereby limiting the
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biological effects of VEGF (Soldi et al., 1999). Furthermore,
VEGF was reported to induce integrin o,[; expression in vi-
tro, and expression was highly correlated with integrin o, f; in
vivo (Abumiya et al., 1999). Hence, integrin a,f; expression
may also be suppressed in a VEGF-dependent manner by
IP. The relationship between integrin o, 3; and VEGF is very
complex, and their roles in ischemic injury remain unclear.

One of the limitations of the present study is that all an-
imals were killed at 24 hours, whereas ischemic stroke and
ischemic tolerance may occur over several days. This study
focused on early brain injury, and the long-term effects of 1P
on integrin a,f; were not studied. Future studies will need
to evaluate the long-term impact of IP on integrin a,f, and
more time points should be analyzed. In addition, inhibitors
of integrin o, p; and VEGF should be used before and after
ischemia to determine the role of these proteins in the neu-
roprotective effects of IP.

In summary, I[P improved outcome in the global cerebral
ischemia model, and its effects were associated with inhibi-
tion of integrin a,f, through decreased expression of VEGF
and its receptor. Although the mechanisms of ischemic tol-
erance remain unclear, this study provides insight into the
mechanisms of endogenous neuroprotection, and may help
in the development of novel therapeutic strategies for stroke.
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