
3487

Abstract. – OBJECTIVE: The aim of this study 
is to investigate the effect of Integrin β1 on neu-
rological behavior and neurovascular regenera-
tion in rats with a cerebral ischemia-reperfusion 
injury. 

MATERIALS AND METHODS: Rat middle ce-
rebral artery occlusion (MCAO) was performed 
with a modified suture embolization method. 
Neurological function score of each rat was re-
corded. Cerebral infarct volume was calculated 
by Image J after TTC stain. Subsequently, be-
havioral tests were performed to evaluate neu-
ronal damage, including griping strength test, 
corner test, cylinder test and sucrose prefer-
ence test. The expression levels of VEGF, HIF-
1α, Claudin5, and ZO-1 in rat brain tissues were 
detected by Western blot and quantitative Re-
verse Transcriptase-Polymerase Chain Reaction 
(qRT-PCR), respectively. 

RESULTS: Neurological function score of the 
rat was remarkably decreased after cerebral 
ischemia-reperfusion. Anti-Integrin β1 admin-
istration aggravated neurological deficit and 
increased cerebral infarct volume of I/R rats. 
Symptoms of hemidysesthesia, dyskinesia, and 
affective disorder of rats were worse after an-
ti-Integrin β1 administration in I/R rats. Anti-Inte-
grin β1 administration downregulated VEGF and 
HIF-1α in rat brain tissues (p<0.05). However, no 
significant differences in Claudin5 and ZO-1 ex-
pressions were found before and after Integrin 
β1 treatment. 

CONCLUSIONS: The inhibition of Integrin β1 
pathway during cerebral ischemia-reperfusion 
aggravates the behavior and neurovascular re-
generation of I/R rats. In the process of cerebral 
ischemia-reperfusion, Integrin β1 plays a key 
role in the repair and protection of neurovascu-
lar units by promoting angiogenesis.
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Introduction 

Cerebral ischemia (CI) is one of the cardio-cere-
brovascular diseases that causes heavy social and 
economic burdens1,2. Cerebral ischemia-reperfu-
sion injury (I/R) is a condition that cerebrovascu-
lar recanalization fails to improve the symptoms 
of cerebral ischemia, but even worsens neurolog-
ical deficits at the lesion side. I/R would result in 
a series of pathological changes, mainly including 
inflammation, cell apoptosis, destruction of the 
blood-brain barrier, oxidative stress, and calcium 
overload3,4.

Integrin, as an integral membrane protein com-
plex, was first proposed by Tamkun et al in 1986 
(Tamkun JW, DeSimone DW, Fonda D, Patel RS, 
Buck C, Horwitz AF, Hynes RO. Structure of in-
tegrin, a glycoprotein involved in the transmem-
brane linkage between fibronectin and actin. Cell 
1986; 46: 271-282). Integrin is an essential mem-
ber in cell adhesion molecule family. It is greatly 
involved in cell adhesion, differentiation, growth, 
migration, neural development and angiogene-
sis via regulating intracellular pathway with ad-
hesion proteins of cytoskeleton5,6. Integrin is a 
non-covalent heterodimer formed by an α subunit 
(120-185 kD) and two β subunits (90-110 kD). It 
has been found that there are 18 α subunits and 9 
β subunits, which could constitute more than 20 
integrins7-9.

Accumulating evidence has shown that integ-
rins are closely related to different stages of neu-
ral development and neuropathological process-
es10,11. Under normal conditions, a large amount of 
Integrin β1 expressed by endothelial cells could 
enhance the adhesion between endothelial cell 
membranes. Integrin β1 exerts a crucial role in 
cell junctions, stable maintenance of the blood-
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brain barrier and selective filtration function12. 
After cerebral ischemic injury, Integrin β1 inhib-
its neuronal apoptosis and protects nerve cells via 
multiple pathways. Loss of vascular and neuronal 
matrix nutritional function after ischemia results 
in substantial damage. Functional repair after ce-
rebral ischemia requires for the reconstruction of 
both nerves and blood vessels13.

Scholars14,15 have shown that Integrin β1 con-
tributes to repair central nervous system inju-
ry with a large number of extracellular matrix 
growth factor receptors and other cell membrane 
protein factors. Integrin β1 is also related to the 
proliferation of endothelial cells and the recon-
struction of the blood-brain barrier via upregu-
lating VEGFR. In the present work, we mainly 
explored the role of Integrin β1 in regulating I/R 
and its underlying mechanism.

Materials and Methods

Experimental Rats
Adult male CD-1 rats weighing 20-30 g were 

randomly assigned into 4 groups, namely sham 
group, MCAO control group (vehicle group), 
ischemia-reperfusion (I/R group), and anti-Integ-
rin β1 group. MCAO in rats was achieved using 
suture embolization method introduced by Longa 
et al16. Rats in sham group underwent the same 
procedures except for nylon suture. Intraventric-
ular injection of 5 µL of 2% DMSO (dimethyl 
sulfoxide) was performed 15 min before ischemia 
and 15 min after reperfusion in rats of the vehi-
cle group. For rats in the anti-integrin β1 group, 
intraventricular injection of 5 µL of 2% DMSO 
was performed 15 min before ischemia. 10 ng/mL 
anti-integrin β1 diluted in saline was administrat-
ed in tail vein 30 min before model construction. 
This investigation was approved by the Animal 
Ethics Committee of China-Japan Union Hospital 
of Jilin University Animal Center.

Behavioral Detections
Griping strength test: Muscle damage repair 

of rats was evaluated by griping strength meter 
(GSM). Rats were pulled back quickly in hori-
zontal direction when their paws grabbed in the 
bar. Forelimb griping strength was recorded when 
the grip was released. Grip strengths of forelimbs 
were recorded. Three successful records were tak-
en and the average grip strength was calculated. 

Corner test: The rat was placed between two 
boards at a 30° angle facing the corner. Both 

sides of the vibrissae were stimulated when the 
rat reached deep into the corner, wherein the rat 
reared and turned either to the left or right to exit 
the corner. Turns involving a rearing movement 
were scored. A total of 10 proper turns were re-
corded for each animal in each session with an 
interval of 1 min. Lateral index (LI) = (turns to 
the right-turns to the left)/total turns. 

Cylinder test: The rat was placed in a trans-
parent cylinder (20 cm in diameter and 40 cm in 
height). Exploration of rats in the cylinder was 
observed for 5 min. A mirror can be placed when 
necessary to ensure that the forelimb activity of 
rat can be recorded even if the rat turns away 
from the tester.

Sucrose preference test: The rat was trained 
to adapt to a 1% sucrose solution (w/v) for 48 
h at the beginning of the experiment; after the 
training session, the rats were deprived of wa-
ter and food for 23 h, followed by the sucrose 
preference test, in which the rats were housed 
in individual cages for 4 h and had free access 
to two bottles that contained 1% sucrose or tap 
water. To prevent a preference for the position, 
the location of both bottles was changed every 
2 h during the test. At the end of 1 h, the su-
crose preference (SP) score was expressed as 
the percentage of the total liquid.

Immunohistochemistry
Brain tissues that were already fixed in parafor-

maldehyde were sliced into 2 mm sections. Brain 
sections were treated with 75% ethanol, 85% eth-
anol, 95% ethanol I, 95% ethanol II, 100% ethanol 
I, and 100% ethanol II, sequentially. Subsequent-
ly, sections were dehydrated and embedded with 
paraffin. HE (hematoxylin-eosin) staining was 
performed before the sections were treated with 
xylene and ethanol. 

Western Blot
The total protein was extracted by TRIzol re-

agent (Invitrogen, Carlsbad, CA, USA). Protein 
samples were then separated by 10% SDS (sodi-
um dodecyl sulphate) protein electrophoresis af-
ter the concentration of each sample was adjusted 
to the same level. Proteins were then transferred 
to a PVDF (polyvinylidene difluoride) membrane 
(Millipore, Billerica, MA, USA) and routinely 
immunostained at 4 °C overnight (diluted in 1: 
500). Membranes were then incubated with the 
secondary antibody (l: 1000) at room tempera-
ture for 1 h. All membranes were exposed by en-
hanced chemiluminescence (ECL) method.
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Statistical Analysis
SPSS11.0 software (Statistic Package for Social 

Science) was used for statistical analysis (SPSS 
Inc., Chicago, IL, USA). Continuous variables 
were expressed as mean ± standard deviation. The 
independent sample t-test was used to compare the 
data between the two groups. Data among differ-
ent groups were compared using one way-ANO-
VA, followed by Student-Newman-Keuls (SNK) 
test. p<0.05 indicated the difference was statisti-
cally significant.

Results

Neuroprotective Effects of Integrin β1 
on Focal I/R Rats

Neurological function score was remarkably 
lower in the vehicle group than that of the I/R group 
(p<0.05), indicating the successful construction of 
the MCAO rat model. Higher neurological function 
score was found in the anti-Integrin β1 group com-
pared with that of I/R group (p<0.05, Figure 1A), 
suggesting that anti-Integrin β1 stimulates the neu-

Figure 1. Neuroprotective effects of Integrin β1 on focal I/R rats. A, Neurological function score in the four groups. 
B, Cerebral infarct area in the four group. C, Effect of Integrin β1 on ischemic damages in neuronal cells. After MCAO/
reperfusion, brain tissues were stained by H&E staining (magnification ×400). a, sham group; b, I/R group; c, vehicle group; 
d, anti-Integrin β1 group (*p<0.05).
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rological deficit in I/R. Subsequently, we detected 
cerebral infarct area in the four groups. The infarct 
area was remarkably larger in the anti-Integrin β1 
group than that of I/R group (p<0.05, Figure 1B). 
To explore the effect of Integrin β1 on neurons of 
I/R rats, we investigated the morphological chang-
es of neuronal cells in the ischemic hemisphere of 
MCAO-induced rats. No significant pathological 
changes were seen in brain tissues of the sham 
group. However, edema and necrosis were seen 
around the infarcted tissue with dark stained and 
pyknotic nucleus in I/R group and vehicle group. 
The condition of edema and necrosis were even 
worse in the anti-Integrin β1 group (Figure 1C).

Effect of Integrin β1 on Behavioral 
Tests of I/R Rats

Grip strength was lower in rats of I/R group than 
that of vehicle group at different time points. Besides, 

lower grip strength was observed in the anti-Integ-
rin β1 group compared with that of I/R group on the 
1st, 3rd, 5th, and 7th day, respectively (p<0.05, Figure 
2A). Corner test results showed that LI was higher 
in the anti-Integrin β1 group compared with that of 
I/R group and vehicle group (p<0.05, Figure 2B). 
Cylinder test revealed that limb asymmetry score 
was the highest in the anti-Integrin β1 group at dif-
ferent time points (p<0.05, Figure 2C). Finally, su-
crose preference test demonstrated that there was no 
significant difference in SP of the four groups even 
though SP was elevated in every group (p>0.05, Fig-
ure 2D). The above data showed that anti-Integrin β1 
administration aggravates neurological deficit. 

Effect of Integrin β1 on Neurovascular 
Regeneration

Compared with that of the preoperative level, 
VEGF expression was remarkably reduced on the 

Figure 2. Effect of Integrin β1 on behavioral tests of I/R rats. A, Grip strength in the four groups. B, LI in the four groups. C, 
Limb asymmetry score in the four groups. D, SP in the four groups. 



Integrin β1 protects cerebral ischemia-reperfusion injury

3491

postoperative first day, which was gradually in-
creased on the 3rd, 5th, and 7th day in the anti-Inte-
grin β1 group (p<0.05, Figure 3A). No significant 
difference was found in VEGF expression be-
tween the anti-Integrin β1 group and I/R group at 
different time points (p>0.05, Figure 3B). Similar 
results were obtained when detecting protein ex-
pression of HIF-1α (Figure 3C and 3D), indicating 
that Integrin β1 promotes neurovascular regener-
ation via regulating VEGF and HIF-1α in I/R rats. 

Effect of Integrin β1 on Maintaining 
Permeability and Integrity 
of Blood-Brain Barrier

Postoperative expressions of Claudin5 and ZO-
1 were remarkably elevated than those of preop-
erative levels in the vehicle group, I/R group and 
anti-Integrin β1 group. However, no significant 
differences in Claudin5 and ZO-1 expressions 

were found among the three group at different 
time points (p>0.05, Figure 4A-4D), indicating 
that Integrin β1 could not change the permeabili-
ty and integrity of blood-brain barrier.

Discussion 

Cerebral ischemia-reperfusion injury is mani-
fested as sensation, dyskinesia and emotional cog-
nitive impairment. Behavioral tests are the most di-
rect and effective ways to assess neural function17. 
Direct evaluation of nerve function injury can be 
determined via analyzing forelimb grip strength, 
coordination and integration capacities, and pref-
erence for sucrose18. In the present investigation, 
behavioral tests were rarely influenced by subjec-
tive factors, which could effectively simulate the 
clinical condition of CI patients.

Figure 3. Effect of Integrin β1 on neurovascular regeneration. A, Protein expression of VEGF in the four groups. B, The mRNA level 
of VEGF in the four groups. C, Protein expression of HIF-1α in the four groups. D, The mRNA level of HIF-1α in the four groups.
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Clinical trials and animal experimental studies 
of I/R have found that brain tissue is extremely 
sensitive to hypoxia. Adaptive changes of brain 
tissues are observed after cerebral ischemia 
is caused by local vessel obstruction19,20. Such 
pathological change is verified in the neuro-
vascular regeneration of brain tissue at the late 
stage of injury21. VEGF is a vascular endothelial 
growth factor that regulates angiogenesis under 
various pathophysiological conditions. It is an ef-
fective vasoactive polypeptide and neurotrophic 
factor with specific biological effects22,23. VEGF 
secretes relevant collagenases and tissue factors 
by selectively acting on endothelial cells. It also 
regulates extracellular matrix of endothelial cells 
and eventually induces neovascularity24-26. In this 
experiment, VEGF and HIF-1α expression were 
remarkably reduced on the first day after treat-
ment of anti-Integrin β1 and then gradually in-

creased with the prolonged intervention time. The 
anti-Integrin β1 was treated 30 minutes before 
modeling, the Integrin β1 was neutralized and 
VEGF and HIF-1α expression were remarkably 
reduced on the first day. However, the Integrin β1 
was continuously synthesized and secreted in the 
brain tissue, VEGF and HIF-1α were upregulated 
with the increasing level of Integrin β1. So it was 
suggested that VEGF and HIF-1α were regulated 
in brain tissue after I/R via Integrin β1 pathway. 

Some studies27,28 demonstrated that neuro-
nal-astrocyte-cerebral vascular endothelial cell 
pathway regulates the microenvironment dynam-
ics in the brain. However, the specific regulatory 
mechanism still remains unclear. Occludin is one 
of the most important factors in maintaining the 
integrity of the blood-brain barrier. It is reported 
that decreased transcriptional and translational 
levels of Occludin disintegrate the tight junc-

Figure 4. Effect of Integrin β1 on maintaining permeability and integrity of blood-brain barrier. A, Protein expression of 
Claudin5 in the four groups. B, Protein expression of ZO-1 in the four groups.
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tion structure, thereafter destroying the integrity 
of blood-brain barrier29. Claudin3 and Claudin5 
were overexpressed on the membrane of brain 
vascular endothelial cells. 

Claudin5 expression was remarkably decreased 
in ischemic brain tissue, which was positively cor-
related with the permeability of the blood-brain 
barrier damage of tight junction30. There are three 
kinds of cytoplasmic attachment proteins, namely 
ZO-1, ZO-2, and ZO-3, which act as cytoplasmic 
attachment proteins connecting to the intracellu-
lar matrix. Relative researches have pointed out 
that ZO-1 was downregulated in ischemic brain 
endothelial cells31. Our study elucidated that pro-
tein expressions of Claudin5 and ZO-1 did not 
alter on the postoperative 1st, 3rd, 5th, and 7th day, 
which may be explained by the activation of other 
pathways during I/R process.

Conclusions

We observed that the inhibition of the Integrin 
β1 pathway during cerebral ischemia-reperfusion 
aggravates the neuronal behaviors of I/R rats. In 
the process of cerebral ischemia-reperfusion inju-
ry and repair, Integrin β1 plays a key role in the 
repair and protection of neurovascular units by 
promoting angiogenesis.

Conflict of Interests

The Authors declare that they have no conflict of interests.

References

 1) Tsai CF, Thomas B, sudlow Cl. Epidemiology of 
stroke and its subtypes in Chinese vs white popu-
lations: a systematic review. Neurology 2013; 81: 
264-272.

 2) appelros p, sTegmayr B, TerenT a. Sex differences in 
stroke epidemiology: a systematic review. Stroke 
2009; 40: 1082-1090.

 3) KuroKi T, TanaKa r, shimada y, yamashiro K, ueno y, 
shimura h, uraBe T, haTTori n. Exendin-4 inhibits 
matrix metalloproteinase-9 activation and reduc-
es infarct growth after focal cerebral ischemia in 
hyperglycemic mice. Stroke 2016; 47: 1328-1335.

 4) duong Cn, Kim Jy. Exposure to electromagnetic 
field attenuates oxygen-glucose deprivation-in-
duced microglial cell death by reducing intracel-
lular Ca(2+) and ROS. Int J Radiat Biol 2016; 92: 
195-201.

 5) hamaia s, Farndale rw. Integrin recognition motifs 
in the human collagens. Adv Exp Med Biol 2014; 
819: 127-142.

 6) BarCzyK m, CarraCedo s, gullBerg d. Integrins. Cell 
Tissue Res 2010; 339: 269-280.

 7) moser m, legaTe Kr, zenT r, Fassler r. The tail of 
integrins, talin, and kindlins. Science 2009; 324: 
895-899.

 8) liang d, Xu w, zhang Q, Tao BB. Study on the ef-
fect of Integrin alphaVbeta6 on proliferation and 
apoptosis of cervical cancer cells. Eur Rev Med 
Pharmacol Sci 2017; 21: 2811-2815.

 9) arnaouT ma, goodman sl, Xiong Jp. Structure and 
mechanics of integrin-based cell adhesion. Curr 
Opin Cell Biol 2007; 19: 495-507.

10) luo Bh, Carman CV, springer Ta. Structural basis 
of integrin regulation and signaling. Annu Rev Im-
munol 2007; 25: 619-647.

11) aoudJiT F, Vuori K. Integrin signaling inhibits pa-
clitaxel-induced apoptosis in breast cancer cells. 
Oncogene 2001; 20: 4995-5004.

12) sChmid rs, shelTon s, sTanCo a, yoKoTa y, KreidBerg 
Ja, anTon es. Alpha3beta1 integrin modulates 
neuronal migration and placement during early 
stages of cerebral cortical development. Devel-
opment 2004; 131: 6023-6031.

13) BelVindrah r, graus-porTa d, goeBBels s, naVe Ka, 
muller u. Beta1 integrins in radial glia but not in 
migrating neurons are essential for the formation 
of cell layers in the cerebral cortex. J Neurosci 
2007; 27: 13854-13865.

14) hall pe, laThia Jd, miller ng, Caldwell ma, 
FFrenCh-ConsTanT C. Integrins are markers of hu-
man neural stem cells. Stem Cells 2006; 24: 
2078-2084.

15) hirsCh e, BarBeris l, BranCaCCio m, azzolino o, Xu 
d, KyriaKis Jm, silengo l, gianCoTTi Fg, Tarone g, 
Fassler r, alTruda F. Defective Rac-mediated prolif-
eration and survival after targeted mutation of the 
beta1 integrin cytodomain. J Cell Biol 2002; 157: 
481-492.

16) longa ez, weinsTein pr, Carlson s, Cummins r. Re-
versible middle cerebral artery occlusion without 
craniectomy in rats. Stroke 1989; 20: 84-91.

17) Qu hl, zhao m, zhao ss, Xiao T, song Cg, Cao yp, 
JolKKonen J, zhao Cs. Forced limb-use enhanced 
neurogenesis and behavioral recovery after 
stroke in the aged rats. Neuroscience 2015; 286: 
316-324.

18) ausTin mw, ploughman m, glynn l, CorBeTT d. 
Aerobic exercise effects on neuroprotection and 
brain repair following stroke: a systematic review 
and perspective. Neurosci Res 2014; 87: 8-15.

19) ding z, Tong wC, lu XX, peng hp. Hyperbaric ox-
ygen therapy in acute ischemic stroke: a review. 
Interv Neurol 2014; 2: 201-211.

20) hu Q, liang X, Chen d, Chen y, doyCheVa d, Tang 
J, Tang J, zhang Jh. Delayed hyperbaric oxygen 
therapy promotes neurogenesis through reac-
tive oxygen species/hypoxia-inducible factor-1al-



X.-L. Li, Y. Guo, Y.-S. Zhang, Y. Zhao, L. Zhang

3494

pha/β-catenin pathway in middle cerebral artery 
occlusion rats. Stroke 2014; 45: 1807-1814.

21) Jiang y, wei n, zhu J, lu T, Chen z, Xu g, liu X. Ef-
fects of brain-derived neurotrophic factor on local 
inflammation in experimental stroke of rat. Media-
tors Inflamm 2010; 2010: 372423.

22) guo h, zhou h, lu J, Qu y, yu d, Tong y. Vascu-
lar endothelial growth factor: an attractive target 
in the treatment of hypoxic/ischemic brain injury. 
Neural Regen Res 2016; 11: 174-179.

23) wu C, Chen J, Chen C, wang w, wen l, gao K, Chen 
X, Xiong s, zhao h, li s. Wnt/β-catenin coupled 
with HIF-1α/VEGF signaling pathways involved in 
galangin neurovascular unit protection from focal 
cerebral ischemia. Sci Rep 2015; 5: 16151.

24) Chen B, zhang F, li Qy, gong a, lan Q. Protective ef-
fect of Ad-VEGF-Bone mesenchymal stem cells on 
cerebral infarction. Turk Neurosurg 2016; 26: 8-15.

25) Xu al, zheng gy, wang zJ, Chen Xd, Jiang Q. Neu-
roprotective effects of Ilexonin a following tran-
sient focal cerebral ischemia in rats. Mol Med Rep 
2016; 13: 2957-2966.

26) shen sw, duan Cl, Chen Xh, wang yQ, sun X, zhang 
Qw, Cui hr, sun Fy. Neurogenic effect of VEGF 

is related to increase of astrocytes transdifferen-
tiation into new mature neurons in rat brains after 
stroke. Neuropharmacology 2016; 108: 451-461.

27) Xing C, hayaKawa K, loK J, arai K, lo eh. Injury and 
repair in the neurovascular unit. Neurol Res 2012; 
34: 325-330.

28) arai K, Jin g, naVaraTna d, lo eh. Brain angiogen-
esis in developmental and pathological process-
es: Neurovascular injury and angiogenic recovery 
after stroke. FEBS J 2009; 276: 4644-4652.

29) hadrup n, lam hr, loesChner K, morTensen a, lars-
en eh, Frandsen h. Nanoparticulate silver increas-
es uric acid and allantoin excretion in rats, as 
identified by metabolomics. J Appl Toxicol 2012; 
32: 929-933.

30) liu K, sun T, wang p, liu yh, zhang lw, Xue yX. 
Effects of erythropoietin on blood-brain barrier 
tight junctions in ischemia-reperfusion rats. J Mol 
Neurosci 2013; 49: 369-379.

31) gao p, shiVers rr. Correlation of the presence of 
blood-brain barrier tight junctions and expres-
sion of zonula occludens protein ZO-1 in vitro: a 
freeze-fracture and immunofluorescence study. J 
Submicrosc Cytol Pathol 2004; 36: 7-15.


