NEURAL REGENERATION RESEARCH
November 2016, Volume 11, Issue 11

0
@
www.nrronline.org b

@ RESEARCH ARTICLE

Effect of ephrin-B2 on the expressions of
angiopoietin-1 and -2 after focal cerebral ischemia/
reperfusion

Hui Xiao', Qing Huang’, Jia-qi Wang’, Qing-qing Deng’, Wen-ping Gu” :

1 Department of Neurology, Changsha Municipal Central Hospital, Changsha, Hunan Province, China
2 Department of Neurology, Xiangya Hospital, Central South University, Changsha, Hunan Province, China

How to cite this article: Xiao H, Huang Q, Wang JQ, Deng QQ, Gu WP (2016) Effect of ephrin-B2 on the expressions of angiopoietin-1 and -2
after focal cerebral ischemia/reperfusion. Neural Regen Res 11(11):1784-1789.

Open access statement: This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike 3.0 License, which allows others to remix, tweak, and build upon the work non-commercially, as long as the author is credited and
the new creations are licensed under the identical terms.

Graphical Abstract

*Correspondence to:
Wen-ping Gu, M.D.,
guwenping393@sohu.com.

Angiopoietin-1 and -2 play an important role in ephrin-B2 triggering of angiogenesis after transient
focal cerebral ischemia
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Abstract

Ephrin-B2 has been shown to participate in angiogenesis, but the underlying mechanisms involved remain unclear. In this study, a rat
model of focal cerebral ischemia was prepared by focal middle cerebral artery occlusion, followed by 24-hour reperfusion. Then, ephrin-B2
protein was administered intracerebroventricularly for 3 consecutive days via a micro-osmotic pump. Western blot assay and quantitative
real-time reverse transcription PCR demonstrated the expression levels of angiopoietin-1 (Ang-1) mRNA and protein in the penumbra
cortex of the ephrin-B2 treated group were decreased at day 4 after reperfusion, and increased at day 28, while the expression levels of
angiopoietin-2 (Ang-2) were highly up-regulated at all time points tested. Double immunofluorescent staining indicated that Ang-1 and
Ang-2 were both expressed in vascular endothelial cells positive for CD31. These findings indicate that ephrin-B2 influences the expres-
sions of Ang-1 and Ang-2 during angiogenesis following transient focal cerebral ischemia.

Key Words: nerve regeneration; focal cerebral ischemia/reperfusion; ephrin-B2; angiogenesis; angiopoietin-1; angiopoietin-2; neuroprotection

regulating the selective, detective and extensive functions of
tip cells in angiogenic sprouting (Sawamiphak et al., 2010a;

Introduction
Previous studies demonstrated that angiogenesis occurs

(Krupinski et al., 1994) and plays a key role in the recovery
of neurological function after cerebral infarction (Ergul et al.,
2012). In addition, ephrin-B2 in endothelial cells promotes
angiogenesis and endothelial cell proliferation through the
signal transduction of Eph-B4 ligands, which is achieved by
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Sawamiphak et al., 2010b; Salvucci and Tosato, 2012). Our
research indicated that ephrin-B2 was highly up-regulat-
ed in the ischemic penumbra after focal cerebral ischemia
(Xiao et al., 2014a, b). Ephrin-B2 facilitated angiogenesis in
the ischemic penumbra after cerebral ischemia in rats and
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improved neurological function defects (Xiao et al., 2014a,
b). However, the signaling pathway of ephrin-B2-regulated
angiogenesis after cerebral ischemia has not been clarified.
Angiopoietin protein families are the major effectors of
angiogenesis, among which angiopoietin-1 (Ang-1) and -2
(Ang-2) are the most widely studied. In this study, we inves-
tigated the underlying mechanisms of ephrin-B2-regulated
angiogenesis by administering ephrin-B2 protein intracere-
broventricularly to mice via a micro-osmotic pump to exam-
ine the expression levels of Ang-1 and Ang-2 using western
blot assay, PCR, and double immunofluorescence.

Materials and Methods

Preparation of cerebral ischemia/reperfusion rat models
Eighty-five adult male Sprague-Dawley rats of clean grade,
weighing 280 + 20 g, aged 8-10 weeks, were purchased from
the Experimental Animal Center of Central South University
(license No. SCXK (Xiang) 2011-0003). All rats were housed
at room temperature (25°C) on a 12-hour light/dark cycle
and allowed free access to food and water. All attempts were
made to minimize the pain and distress of the experimental
animals. The experimental protocol was in accordance with
guidelines of Central South University and the Guide for the
Care and Use of Laboratory Animals (National Institutes
of Health Publication No. 80-23) and was approved by the
Institutional Animal Care and Use Committee of Central
South University (Approval No. 2012-11).

Eighty-five rats were randomly divided into three groups:
five rats in a normal group underwent no intervention; 40
rats in an ischemia/reperfusion group were narcotized to
prepare the middle cerebral artery occlusion (MCAO) model
(Longa et al., 1989); and 40 rats in an ephrin-B2-Fc treated
group were administered ephrin-B2-Fc followed by MCAO.
According to the sampling time, rats in the ischemia/reper-
fusion and ephrinB2-Fc treated groups were randomly di-
vided into day 4, 7, 14 and 28 subgroups (n = 10 per group).

Cerebral ischemia/reperfusion models were prepared as
previously described (Longa et al., 1989). Sutures were per-
formed with a nylon fishing line of 0.26 m diameter, dipped
into nail polish at the 5 mm head end, smoothed on the
surface, dried, and marked at the 18-20 mm end. The right
middle cerebral artery of all the rats was occluded with the
line plugged into the 18-20 mm end. When the iris color
of the rat right eye turned a lighter color, this was recorded
as the start of the ischemia. Two hours later, the suture was
removed to achieve reperfusion. When the animal recovered
from anesthesia, scoring was conducted using the Longa
rating method (Longa et al., 1989) to determine whether the
model was successful. A score of 1-3 indicated successful
surgery. The room temperature was maintained at 20-30°C
during surgery.

Intracerebroventricular injection of ephrin-B2-Fc via
micro-osmotic pumps

At 24 hours after reperfusion, 10% chloral hydrate (0.35
mL/100 g) was used to anesthetize the rats and micro-os-
motic pumps (Durect, Cupertino, CA, USA) were implanted

subcutaneously into the rats. The head of the rat was stabi-
lized by a stereotaxic apparatus (Stoelting, Wood Dale, IL,
USA), punctured at the lateral ventricle, with the anterior
fontanelle as the base point of puncture (Kim et al., 2013),
anchored at 2 mm to the left side of the midline, 2.6 mm
behind the anterior fontanelle and 2 mm in depth. A needle
was left in situ for 5 minutes to observe whether the punc-
ture site was bleeding. Then micro-osmotic pumps were
inserted at a 2 mm depth by intraventricular administration.
Ten micrograms (concentration 100 pg/mL) of recombinant
murine ephrin-B2-Fc chimera (R&D Systems, Minneapolis,
MN, USA) was diluted with 0.9% sodium chloride and add-
ed to an osmotic pump (Durect), which was then injected
into the lateral ventricle at a speed of 1 uL/hour for 3 days.

Double immunofluorescence staining

Five rats from each group were chosen at each time point.
Normal saline and 4% paraformaldehyde were perfused
through the heart to stabilize tissues, which were cut into
frozen slices (40-pm thick) through the coronal plane of the
caudate putamen. Their membranes were ruptured with 0.3%
Triton and the sections were sealed with normal animal se-
rum. Drops of primary antibody were added after the slices
were rinsed. Primary antibody concentrations: anti-CD31
mouse monoclonal antibody (1:500, incubated for 48 hours
at 4°C; Abcam, Cambridge, MA, USA), anti-Ang-1 rabbit
polyclonal antibody (1:100, incubated for 48 hours at 4°C;
Abcam), and anti-Ang-2 rabbit polyclonal antibody (1:500,
incubated for 48 hours at 4°C; Abcam). Appropriate fluo-
rescent secondary antibodies were added after rinsing with
PBS: goat anti-mouse IgG-Cy3 (1:50, incubated for 2 hours at
20°C; Boster, Wuhan, China) and goat anti-rabbit IgG-FITC
(1:50, incubated for 2 hours at 20°C; Boster). The nucleus
was marked after 5-minute 4',6-diamidino-2-phenylindole
(DAPI) staining. Slices were observed and photographed un-
der a BX50 fluorescence microscope (Olympus Co., Tokyo,
Japan). A confocal microscope (Zess, Oberkochen, Germany)
was used to observe the stained slices and scanned images.

Western blot assay

Five rats from each group were selected and euthanized by
cutting the brain quickly after intraperitoneal anesthesia
with 10% chloral hydrate. About 100 mg of cerebral cor-
tex in ischemic penumbra (7-11 mm after the frontal pole
in the frontal plane) was separated from the brain on ice,
proteolytic cleavage was conducted, and the brain tissues
were grinded in an ice bath. The supernatant was separated
using a centrifuge and protein concentrations were deter-
mined using the BCA method (Yang et al., 2012). Protein
samples were transferred to a nitrocellulose membrane and
sealed with skimmed milk after being separated by vertical
electrophoresis. Subsequently, rabbit anti-Ang-1 polyclonal
antibody (1:500; Abcam), rabbit anti-Ang-2 polyclonal an-
tibody (1:1,000; Abcam) and goat anti-rabbit IgG (1:2,000;
Santa Cruz, Dallas, TX, USA) were added to the protein
samples, the first two of which were incubated at 4°C over-
night while the third was incubated at room temperature
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Figure 1 Effect of ephrin-B2 on
Ang-1 and Ang-2 mRNA levels
in the ischemic penumbra of rat
cerebral cortex.
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(A) Compared with the ischemia/reperfusion group, Ang-1 mRNA levels in the penumbra cortex in the ephrin-B2 treated group were decreased
by day 4 and slightly up-regulated on day 28 (*P < 0.05, ischemia/reperfusion group). (B) Compared with the ischemia/reperfusion group, Ang-2
mRNA levels in the penumbra cortex in the ephrin-B2 treated group were slightly up-regulated after reperfusion in all the subgroups (**P < 0.01,
vs. ischemia/reperfusion group). Data are expressed as the mean + SD. Comparisons between groups were conducted by a two-tailed Student’s ¢-test.
Comparisons among groups were performed by analysis of variance. d: Days; Ang-1: angiopoietin-1; Ang-2: angiopoietin-2.

and exposed in an X-box after a luminous photosensitive
agent (Biodragon, Beijing, China) was added. A gel imag-
ing system (Bio-Rad Laboratories, Inc., Berkeley, CA, USA)
was utilized to analyze the scanned results and measure
the mean absorbance values of protein bands. The ratio of
absorbance values between GAPDH and the target protein
band was the relative value of the target protein.

Fluorescence quantitative RT-PCR

About 100 mg of cerebral cortex in the ischemic penumbra
was separated (the region of the penumbra was defined as a
7-11 mm range from the coronal plane to the frontal pole
and the tissue region between the cerebral longitudinal fis-
sure of the ischemic part and 1/3 of the upper portion of the
lateral sulcus of the brain cortex, with a 1 mm inner longi-
tudinal fissure removed). Total RNAs were extracted using
TRIZOL one-step method (Zhou et al., 2012) and then
reverse transcribed into cDNA. Fluorescence quantitative
RT-PCR was used to detect the expression levels of Ang-1
and Ang-2 mRNA in brain tissues. Premier 5.0 (PREMIER
Biosoft, Palo Alto, CA, USA) was used to design primers
that were synthesized by Sangon Biotech (Shanghai, Chi-
na). The upstream sequence of primers for the Ang-1 gene
was 5'-CAC CGT GAG GAT GGA AGC CTA-3', and the
downstream sequence was 5-TTC CCA AGC CAA TAT
TCA CCA GA-3', with a product length of 92 bp. The up-
stream sequence of primers for the Ang-2 gene was 5-CAG
TAG CAT CAG CCA ACC AGG A-3', and the downstream
sequence was 5-GAC CAC ATG CGT CGA ACC AC-3/,
with a product length of 116 bp. B-actin: Upstream 5'-CGT
TGA CAT CCG TAA AGA C-3', downstream 5-TGG AAG
GTG GAC AGT GAG-3'; with a product length of 201 bp.
The reaction system included 2 pL ¢cDNA. The volume of
upstream and downstream primers was 0.4 uL each. The
volume of DEPC-treated ultra-pure water and SYBR Green
was 20 uL and 10 pL, respectively. The reaction was carried
out in a LightCycler PCR thermal cycler (Roche Germany).
Amplification conditions were as follows: preheated for 10
seconds at 95°C then 94°C for 45 seconds, 57°C for 1 min-
ute, and 72°C for 1 minute for 30 circles, using the 27"
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(RQ) method (Schefe et al., 2006) to collect relative quanti-
tative data.

Statistical analysis

Data are expressed as the mean + standard deviation (SD),
and were compared by two-tailed Student’s t-test and anal-
ysis of variance. P < 0.05 was considered statistically signifi-
cance. All data were processed using the SPSS 13.0 statistical
software package (SPSS, Chicago, IL, USA). Diagramming
was completed by using GraphPad Prism 5 software (Graph-
Pad Software Inc., La Jolla, CA, USA).

Results

Effect of ephrin-B2 on Ang-1 and Ang-2 mRNA
expression levels in the ischemic penumbra of rat cerebral
cortex

Fluorescence quantitative RT-PCR indicated that Ang-
1 mRNA levels in the ischemia/reperfusion group were
decreased at 4 days after ischemia/reperfusion, started to
increase at 7 days and peaked at 28 days compared with the
normal group. Compared with the ischemia/reperfusion
group, Ang-1 mRNA levels in the ephrin-B2 treated group
were decreased at 4 days, and increased slightly at 28 days (P
< 0.05; Figure 1A).

The Ang-2 mRNA levels in the ischemia/reperfusion and
ephrin-B2 treated groups began to increase from day 4,
reached a peak at 14 days, and were slightly reduced at 28
days after ischemia and reperfusion. The Ang-2 mRNA levels
in the ephrin-B2 treated group were significantly higher than
in the ischemia/reperfusion group (P < 0.01; Figure 1B).

Effect of ephrin-B2 on Ang-1 and Ang-2 protein levels in
the ischemic penumbra of rat cerebral cortex

Western blot assay demonstrated that Ang-1 protein levels
of the ischemia/reperfusion and ephrin-B2 treated groups
were lower than those in the normal group after ischemia
and reperfusion at 4 days, started to increase at 7 days, and
peaked at 28 days. Compared with the ischemia/reperfu-
sion group, the Ang-1 protein levels in the ephrin-B2 treat-
ed group was reduced at 4-14 days (P < 0.05 or P < 0.01)
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Figure 2 Effect of ephrin-B2 on the Ang-1 and Ang-2 protein levels in the ischemic penumbra of rat cerebral cortex.

(A) Compared with the ischemia/reperfusion group, Ang-1 protein levels in the penumbra cortex of the ephrin-B2 treated group were decreased
at 4-14 days (*P < 0.05, **P < 0.01), and up-regulated on day 28 (*P < 0.05, vs. ischemia/reperfusion group). (B) Compared with the ischemia/
reperfusion group, Ang-2 protein levels in the penumbra cortex of the ephrin-B2 treated group were markedly up-regulated after reperfusion in
all the subgroups (*P < 0.05, **P < 0.01, vs. ischemia/reperfusion group). The relative expression of the target protein was expressed as the ratio
of absorbance values between the target protein and GAPDH. Data are expressed as the mean + SD. Comparison between groups was conducted
by a two-tailed Student’s t-test. Comparison among groups was performed by analysis of variance test. d: Days; Ang-1: angiopoietin-1; Ang-2:

angiopoietin-2.
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Figure 3 Effect of ephrin-B2 on Ang-1 and Ang-2 distribution in the ischemic penumbra of rat cerebral cortex.
Ang-1 (upper)/Ang-2 (lower) (green) colocalized with the blood vessel marker CD31 (red) in the ischemic border zone. DAPI = blue. Scale bars:
25 um. Ang-1: Angiopoietin-1; Ang-2: angiopoietin-2.; DAPI: 4',6-diamidino-2-phenylindole.

and significantly increased by day 28 (P < 0.01; Figure 2A).
The Ang-2 protein levels in the ischemia/reperfusion and
ephrin-B2 treated groups began to increase from day 4 after
reperfusion, reached a peak at 14 days, and then decreased.
In contrast to the ischemia/reperfusion group, a significant
increase in Ang-2 protein levels was observed in the eph-
rin-B2 treated group (P < 0.05 or P < 0.01; Figure 2B).

Effect of Ephrin-B2 on the Ang-1 and Ang-2 distribution
in the ischemic penumbra of rat cerebral cortex
Double immunofluorescence showed that Ang-1 and Ang-2

were mainly expressed in CD31" endothelial cells and peri-
vascular cells in the ischemic border zone (Figure 3).

Discussion

Ischemia and hypoxia caused by cerebral ischemia are ma-
jor factors that cause neural degeneration and necrosis,
eventually leading to neurologic impairment (Weaver and
Liu, 2015). Previous studies have shown that angiogenesis
occurs in brain tissues after cerebral infarction (Krupinski
et al., 1994). Angiogenesis can improve the blood supply
to the brain, promote neural repair and assist in removing
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necrotic tissues (Ergul et al., 2012; Qin et al., 2014), which
is important for the prognosis of patients with cerebral
ischemia. Ephrins/Eph are one of the ligand receptor sys-
tems of the tyrosine kinase receptor, which is a key factor
in angiogenesis and vasculogenesis (Jeltsch et al., 2013).
Ephrin-B2 participates in angiogenesis and the regulation
of axonal growth simultaneously (Brantley-Sieders and
Chen, 2004). Studies have demonstrated that a lack of
Eph-B4 or Ephrin-B2 in rat embryos caused serious car-
diovascular malformations (Wang et al., 2010). Intraper-
itoneal injection of ephrin- B2 protein promoted angio-
genesis in ischemic tissues (Méansson-Broberg et al., 2008).
Our previous research showed a marked increase in the
expression of ephrin-B2 in the ischemic border area after
focal cerebral ischemia/reperfusion (Xiao et al., 2014a, b).
Continuous injection of recombinant murine ephrin-B2-
Fc chimera into the lateral ventricle via a micro-osmotic
pump promoted angiogenesis and neurological repair
(Xiao et al., 2014a, b) .

Ang is another angiogenesis regulatory factor fami-
ly identified after the discovery of vascular endothelial
growth factor (VEGF), among which Ang-1 and Ang-2 are
most widely studied (Davis et al., 1996; Valenzuela et al.,
1999). Tie-2 is the common receptor of Ang-1 and Ang-
2, but Tie-2 has a different biological effect from Ang-1
and Ang-2. Ang-1 binds and phosphorylates Tie-2, which
prevents perithelial cells from breaking away from endo-
thelial cells and enables vessels to maintain a stable state
(Stoeltzing et al., 2003). Ang-2 binds to the endothelial
Tie-2 receptor but does not phosphorylate the Tie-2 re-
ceptor, which competitively blocks the effects of Ang-1,
reduces vessel stability, and breaks the vascular structures.
This process releases the constraints of perivascular cells
and extracellular matrix on endothelial cells, which al-
lows endothelial cells to extravasate through the existing
blood vessels and enhance the capacity of endothelial cell
proliferation and angiogenesis of VEGF (Maisonpierre et
al., 1997). Ang-1 is widely expressed in vascular pericytes
and vascular smooth muscle cells (Davis et al., 1996). Hy-
poxia and inflammatory cytokine stimulation increased
the expression of Ang-2 on endothelial cells (Krikun et al.,
2000; Yuan et al., 2000), where Ang-2 is mainly expressed
(Park et al., 2003). Numerous studies have shown that
cerebral ischemia has a marked effect on the expression
levels of Ang-1 and Ang-2; however, the changes in Ang-
1 and Ang-2 expression are different. After focal cerebral
ischemia in rats, Ang-2 mRNA expression was increased
after 12 hours of ischemia, reached a peak after 24 hours,
declined after 72 hours and increased again 14 days later
(Lin et al., 2000). In situ hybridization showed that Ang-2
mRNA was expressed at the first layer of the infarcted cor-
tex that is an angiogenesis-active region. The expression
level of Ang-1 mRNA increased gradually after 7 days and
reached a peak after 14 days.

Our study found that both Ang-1 and Ang-2 were ex-
pressed in brain tissues in normal rats, but Ang-1 levels
changed more significantly than Ang-2, which was associ-
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ated with the role of Ang-1 in maintaining the stability of
existing blood vessels in the normal physiological state. Our
research also showed that Ang-1 mRNA expression and
protein levels in the ischemic border zone were lower than
those in the normal group after ischemia and reperfusion at
4 days, started to increase at 7 days, and reached a peak at 28
days. Ang-2 mRNA expression and protein levels reached a
peak at day 14 and then slightly reduced at 28 days, followed
by an increase at 4 days after ischemia and reperfusion. Im-
munofluorescence staining demonstrated that both Ang-1
and Ang-2 were expressed in vessels of the ischemic border.
Our research, taken together with previous studies, suggest
that the expression of Ang-2 was enhanced at the early stage
of cerebral ischemia, while the expression of Ang-1 was de-
creased, which reduced the stability of vessels and vascular
structures. This change also released the constraint of peri-
vascular cells and extracellular matrix on endothelial cells al-
lowing endothelial cells to extravasate from the blood vessels
to promote angiogenesis. At the subacute stage of cerebral
ischemia, the down-regulated Ang-2 and up-regulated Ang-
1 helped prevent the perithelial cells from detaching from
the endothelial cells and accelerate maturation and neuro-
vascular stabilization.

Our study also found that compared with the subgroups
of the ischemia/reperfusion group, Ang-1 mRNA expression
and protein levels of the ephrin-B2 treated group were de-
creased at 4 days after ischemia/reperfusion, and increased
at 28 days, while Ang-2 mRNA expression and protein levels
increased remarkably. In view of the biological effects of Ang-
1 and Ang-2, we believe that at the early stage of ischemia/
reperfusion, ephrin-B2 inhibits the expression of Ang-1
and promotes the expression of Ang-2, which facilitates the
sprouting growth of endothelial cells to form new blood ves-
sels. At the subacute stage of ischemia, ephrin-B2 up-regulates
the expressions of Ang-1 and Ang-2, which is beneficial for
endothelial cell proliferation and neurovascular maturation.
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