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Abstract  
The role of vascular endothelial growth factor A in platelet adhesion in cerebral microvessels in the early stage of subarachnoid hemorrhage 
remains unclear. In this study, the endovascular puncture method was used to produce a rat model of subarachnoid hemorrhage. Then, 30 
minutes later, vascular endothelial growth factor A antagonist anti-vascular endothelial growth factor receptor 2 antibody, 10 μg, was in-
jected into the right ventricle. Immunohistochemistry and western blot assay were used to assess expression of vascular endothelial growth 
factor A, occludin and claudin-5. Immunohistochemical double labeling was conducted to examine co-expression of GP Ia-II integrin and 
type IV collagen. TUNEL was used to detect apoptosis in the hippocampus. Neurological score was used to assess behavioral performance. 
After subarachnoid hemorrhage, the expression of vascular endothelial growth factor A increased in the hippocampus, while occludin and 
claudin-5 expression levels decreased. Co-expression of GP Ia-II integrin and type IV collagen and the number of apoptotic cells increased, 
whereas behavioral performance was markedly impaired. After treatment with anti-vascular endothelial growth factor receptor 2 antibody, 
occludin and claudin-5 expression recovered, while co-expression of GP Ia-II integrin and type IV collagen and the number of apoptotic 
cells decreased. Furthermore, behavioral performance improved notably. Our findings suggest that increased vascular endothelial growth 
factor A levels promote platelet adhesion and contribute to early brain injury after subarachnoid hemorrhage. This study was approved by 
the Biomedical Ethics Committee, Medical College of Xi’an Jiaotong University, China in December 2015.
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Graphical Abstract   

Vascular endothelial growth factor A (VEGFA) increases during early subarachnoid hemorrhage and plays 
a key role in platelet adhesion
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Introduction 
Aneurysmal subarachnoid hemorrhage (SAH) is a severe 
cerebrovascular disease. Approximately half of SAH pa-
tients die in the acute phase, and most survivors suffer 
from delayed cerebral ischemia and neurological deficits, 
which dramatically reduce their quality of life (van Gijn et 
al., 2007). Numerous studies show that early brain injury, 
a group of pathophysiological processes that occur during 
the first 72 hours after SAH, contributes to high mortality 
and neurological deficits (Macdonald et al., 2011; Sehba 
et al., 2012; Suzuki et al., 2018). Over the past decade, the 
mechanisms of early brain injury have been studied exten-
sively, revealing a complex process that includes cortical 
spreading depression, oxidative stress, inflammation, dis-
ruption of the blood-brain barrier and microthrombosis 
(Bederson et al., 1995; Piepgras et al., 1995; Britz et al., 
2007; Busija et al., 2008; Kozniewska and Romaniuk, 2008; 
Yuan et al., 2010; Chrissobolis et al., 2011; Friedrich et al., 
2012; Pisapia et al., 2012; Sabri et al., 2012; Sehba et al., 
2012; Yuen et al., 2014; Li et al., 2015).

A large number of studies have focused on microthrom-
bosis formation, a critical event in SAH (Sehba et al., 2005; 
Friedrich et al., 2012; Sabri et al., 2012; Naraoka et al., 2014). 
In a mouse SAH model, microthrombus formation was di-
rectly observed after pial arteriole constriction. The more se-
vere the arterial contraction, the more extensive the throm-
bosis (Friedrich et al., 2012). Activation of the coagulation 
cascade, including increased platelet activating factor, Von 
Willebrand factor and tissue factor, is observed in patients 
after SAH, which may be an early predictor of the occur-
rence of delayed cerebral ischemia (Hirashima et al., 1997; 
Frijns et al., 2006; Vergouwen et al., 2008).

Our previous study showed that a rapid increase in va-
sopressin leads to enhanced platelet aggregation in SAH 
rats (Liu et al., 2016c). Inhibiting the interaction between 
vasopressin and V1a receptor could thus reduce micro-
thrombosis and apoptosis, and thereby improve neurological 
function. However, how platelet adhesion (the primary step 
in microthrombosis) occurs and its role in early brain inju-
ry are poorly understood. Under physiological conditions, 
endothelial cells with their tight junctions play an important 
role in anti-thrombosis. In an SAH model, an impairment in 
endothelial function in the basilar artery leads to platelet ad-
hesion and aggregation (Ohkuma et al., 1993). Therefore, an 
understanding of the pathocytological changes in endotheli-
al cells after SAH is the key to unraveling the primary step in 
microthrombosis.

Vascular endothelial growth factor (VEGF), especially 
VEGFA, is known for its angiogenic activity and has been 
well studied in embryology and oncology (Ferrara et al., 
2003). VEGF induces embryonic angiogenesis through its 
receptor (VEGFR), which is mainly located on endothelial 
cells (Ferrara et al., 2003). Using animal models of SAH, 
Kusaka et al. (2004) and Liu et al. (2016b) found that VEGF 
and VEGFR levels rose during early brain injury, and were 
related to an increase in blood-brain barrier permeability. 

Anti-VEGF treatment reduced the neurobehavioral impair-
ments and brain edema.

We hypothesized that increased VEGFA might promote 
endothelial thrombotic damage at the early phase of SAH 
via interaction with VEGFR-2. In this study, we investigat-
ed if VEGFA is involved in platelet adhesion and whether 
anti-VEGFR-2 therapy is effective against early brain injury 
after SAH.
  
Materials and Methods  
Animals
Healthy adult male Sprague-Dawley rats weighing 250–300 
g were purchased from the Experimental Animal Center 
of Xi’an Jiaotong University, China (production license 
number: SCXK [Shaan] 2012-003). The rats were housed 
at constant temperature (20–25°C) and humidity (50–60%) 
under a 12-hour light/dark cycle and allowed free access to 
food and water. The rats were acclimated for 1 week before 
experiments.

This study strictly complied with the Recommendations in 
the Guide for the Care and Use of Laboratory Animals of the 
National Institutes of Health (NIH Publications No. 80-23, 
revised 1996). All protocols were approved by the Biomed-
ical Ethics Committee, Medical College of Xi’an Jiaotong 
University, China in December 2015.

Rats were randomly divided into the following groups: 
sham (n = 20), SAH (n = 20), SAH + vehicle (n = 20), and 
SAH + antagonist (anti-VEGFR-2 antibody; n = 20).

Production of the SAH model
Endovascular puncture protocol was used to produce the 
SAH model (Bederson et al., 1995). The rats were anesthe-
tized with an intraperitoneal injection of ketamine-xyla-
zine (80 mg/kg) and positioned on the operating table. A 
sharpened 3.0 prolene suture was introduced into the right 
external carotid artery through the internal carotid artery. 
The suture was inserted into the intracranial internal carotid 
artery. When resistance was felt, the suture was pushed 3 
mm further to penetrate the internal carotid artery near the 
bifurcation with the middle cerebral artery. Endovascular 
occlusion time was approximately 30 seconds. In the sham 
group, a similar procedure was carried out, except that punc-
turing of the bifurcation was not performed. During the op-
eration, body temperature was kept at 37 ± 0.5°C.

Subarachnoid blood clots were assessed to reduce the im-
pact of differences in SAH severity (Sugawara et al., 2008). 
Blood clots on a total of six segments of the basilar artery 
and the circle of Willis were graded from 0 to 3 (Sugawara et 
al., 2008). Grade 0 indicates no subarachnoid blood. Grade 
1 indicates minimal subarachnoid blood. Grade 2 indicates 
moderate blood clot. Grade 3 indicates that blood clots cov-
ered all arteries within the segment. The score for each rat 
was the sum of the grades in the six segments. Severity of 
SAH was based on the score as follows: 0–7: mild SAH; 8–12: 
moderate SAH; and 13–18: severe SAH (Sugawara et al., 
2008). Only rats with moderate and severe SAH were includ-
ed in this study.



1728

Liu ZW, Zhao JJ, Pang HG, Song JN (2019) Vascular endothelial growth factor A promotes platelet adhesion to collagen IV and causes early 
brain injury after subarachnoid hemorrhage. Neural Regen Res 14(10):1726-1733. doi:10.4103/1673-5374.257530

Drug administration
Anti-VEGFR-2 antibody was administered via an intrace-
rebroventricular injection. Briefly, rats were positioned on 
a stereotaxic frame (Kent Scientific Co., Torrington, CT, 
USA). Anti-VEGFR-2 antibody (10 μg; 1 mg in 1 mL phos-
phate-buffered saline (PBS); murine; Abcam, Cambridge, 
UK) was injected into the right lateral ventricle with a micro-
injector (Gaoge, Shanghai, China) through a hole drilled in 
the skull (4.0 mm below the skull, 1.5 mm lateral and 0.8 mm 
posterior to the bregma). The injection speed was 1 μL/min. 
The injection was performed 30 minutes after SAH. PBS (0.01 
M) was used as vehicle. The dose of anti-VEGFR-2 antibody 
and administration protocol were partially based on previous 
studies (Krum et al., 2008; Liu et al., 2016b). Normal mouse 
immunoglobulin G1 (IgG1, 10 μg; Abcam, Cambridge, UK) 
was injected as an isotype control to exclude the possibility 
of a nonspecific response to intracerebroventricular protein 
injection. After injection, the microinjector was removed and 
the incision was quickly sutured.

Brain tissue preparation
All rats were sacrificed 24 hours after SAH. After saline per-
fusion, the brains were removed immediately. For TUNEL 
and immunostaining, the brains were fixed in 4% parafor-
maldehyde overnight at 25°C. For western blot assay, the 
brains were frozen immediately and stored at −80°C for use.
The brains were fixed in paraformaldehyde, dehydrated 
through a graded ethanol solution series, permeabilized with 
xylene, and embedded in paraffin. Then, 5–10-μm transverse 
serial sections were cut on a slicer. For every rat, five sections 
each (bregma −4.16 mm, including the hippocampus) were 
randomly chosen for TUNEL and immunostaining.

Immunohistochemistry
VEGFA, occludin and claudin-5 expression was assessed by 
immunohistochemistry. Sections were heated in an oven 
for approximately 20 minutes, deparaffinized with xylene, 
and rehydrated in an ethanol series. Endogenous peroxidase 
activity was blocked with 3% hydrogen peroxide for 10 min-
utes. The sections were washed with PBS for 15 minutes, im-
mersed in 10 mM citrate buffer (pH 6.0), heated at 95°C for 
30 minutes in a microwave oven, cooled at 25°C for approx-
imately 20 minutes, and then washed in PBS. Sections were 
subsequently blocked in 5% goat serum in PBS for 1 hour 
at 25°C, and then incubated with primary antibody (rabbit 
anti-VEGFA polyclonal antibody, 1:200, Beijing Biosynthe-
sis; rabbit anti-occludin polyclonal antibody, 1:200, Invitro-
gen, Carlsbad, CA, USA; mouse anti-claudin-5 polyclonal 
antibody, 1:500, Invitrogen) overnight at 4°C. The sections 
were then washed for 15 minutes in PBS, incubated with 
biotinylated goat anti-rabbit IgG (Beijing Biosynthesis) for 
60 minutes at room temperature, and washed for 15 minutes 
in PBS. Sections were incubated with horseradish peroxi-
dase-labeled streptavidin (Beijing Biosynthesis) for 30 min-
utes at room temperature, and then with diaminobenzidine 
(Beijing Biosynthesis). Hematoxylin was used as a counter-
stain. The intensity of the signal was calculated using ImageJ 

software (Bethesda, MD, USA). The intensity of the light 
source and aperture on the microscope (Olympus, Tokyo, 
Japan) were kept constant. The images were transformed 
into grayscale images, and after thresholding, the percentage 
of the total stained area was calculated for VEGFA, occludin 
and claudin-5 in the hippocampus.

Western blot assay
The frozen brain tissues were solubilized in RIPA buffer 
on ice using a tissue homogenizer. Sodium dodecyl sul-
fate-polyacrylamide gel (10% or 12%) electrophoresis was 
used to separate the protein samples. The proteins were elec-
trotransferred onto polyvinylidene fluoride membranes, and 
then blocked for 2 hours in a solution of nonfat milk and 
Tris-buffered saline-Tween 20. The membranes were then 
incubated with primary antibody against VEGFA (1:1000, 
rabbit; Abcam), occludin (1:1000, rabbit; Invitrogen), clau-
din-5 (1:1000, mouse; Invitrogen) or beta-actin (1:1000; 
Beijing Biosynthesis) overnight at 4°C. The membranes were 
washed with Tris-buffered saline-Tween 20 for 30 minutes, 
and then incubated with horseradish peroxidase-conjugated 
secondary antibody (1:10,000, mouse or rabbit; Jackson Im-
munoResearch, West Grove, PA, USA) at room temperature 
for 1 hour. A chemiluminescence detection kit (Heliosense 
Biotechnologies Inc., Xiamen, China) and X-ray film (Heli-
osense Biotechnologies Inc.) were used to detect target pro-
tein signals. The protein signals were analyzed with Image 
Lab ver. 5.2 (Bio-Rad, Hercules, CA, USA).

Double immunolabeling
Polymer-horseradish peroxidase and alkaline phosphatase 
Kit (Beijing ZSGB-bio) was used to detect GP Ia-II and 
collagen IV, to assess platelet adhesion to collagen. Sections 
were dewaxed and rehydrated as described above. Alkaline 
phosphatase and endogenous peroxidase activities were 
blocked consecutively with 3% acetic acid and 3% hydro-
gen peroxide for 10 minutes, followed by a 15-minute wash 
in PBS. Sections were incubated with 0.2% trypsin for 5 
minutes at room temperature, immersed in 1 mM Tris/
EDTA buffer (pH 9.0), heated at 95°C for 30 minutes in a 
microwave oven, cooled at room temperature for 20 min-
utes, and then washed in PBS. Non-specific protein binding 
was blocked with 5% goat serum in PBS for 1 hour at room 
temperature. Sections were then incubated with primary 
antibodies (mouse anti-rat GP Ia-II integrin monoclonal 
antibody, 1:200, Santa Cruz Biotechnology, Santa Cruz, CA, 
USA; rabbit anti-rat collagen IV monoclonal antibody, 1:250, 
Abcam) overnight at 4°C, and washed in PBS for 15 minutes. 
Sections were then incubated with secondary antibodies 
(rabbit horseradish peroxidase polymer, Beijing ZSGB-bio; 
mouse alkaline phosphatase polymer, Beijing ZSGB-bio) for 
60 minutes at room temperature, and washed in PBS for 15 
minutes. Afterwards, the sections were incubated with di-
aminobenzidine and GBI-Permanent Red, and hematoxylin 
was used as a counterstain. The area fraction obtained with 
ImageJ was used to assess the interaction between collagen 
IV (brown) and platelets (red).
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TUNEL assay
Apoptosis was detected using a TUNEL kit (Promega, Fitch-
burg, WI, USA). Briefly, sections were deparaffinized and 
rehydrated, rinsed in 0.1 M PBS for 10 minutes, and then re-
acted with proteinase K (20 μg/mL) for 10 minutes at 25°C. 
After washing in PBS, the sections were incubated with 
equilibration buffer (200 mM potassium cacodylate, 25 mM 
Tris-HCl, 0.2 mM DTT, 0.25 mg/mL bovine serum albumin, 
2.5 mM cobalt chloride) for 10 minutes at room tempera-
ture. The specimens were then incubated in labeling reaction 
mix (terminal deoxynucleotidyl transferase and deoxynu-
cleotides) for 1 hour at room temperature in the dark. The 
sections were then incubated with 2× saline citrate (300 mM 
NaCl, 30 mM sodium citrate) for 10 minutes at 25°C, washed 
in PBS, and reacted with 4′,6-diamidino-2-phenylindole for 
15 minutes at 25°C in the dark. Fluorescence microscopy 
(Olympus) was used to acquire images. The positive control 
was produced by adding DNaseI for 5 minutes at 25°C. PBS 
instead of terminal deoxynucleotidyl transferase was used 
for the negative control.

Neurological scores
Neurological deficits were evaluated as described previously 
(Sugawara et al., 2008) 24 hours after operation. Spontaneous 
activity, movements of all limbs and movements of forelimbs 
were each scored from 0–3, while climbing the wall of the 
wire cage, reaction to touch on both sides of the trunk and 
response to vibrissae touch ranged from 1–3. The six param-
eters were summed, and the final score ranged from 3–18.

Statistical analysis
Statistical analyses were performed using SPSS 18.0 (SPSS 
Inc., Chicago, IL, USA). All data followed a normal distribu-
tion and were expressed as the mean ± SD. One-way anal-
ysis of variance was used for comparisons among multiple 
groups. Least significant difference test was used to compare 
two groups. P < 0.05 was considered statistically significant.

Results
SAH-induced death and brain tissue changes
A total of 114 rats were included in this study. The mortality 
was 0% in the sham group, and 22.3% in the SAH groups. 
Brains were photographed immediately after removal, and 
13.8% of the brains with mild SAH were excluded from the 
study. The excluded rats were supplemented for each group. 
Large blood clots were observed on the brains of the SAH 
groups (Figure 1). There was no subarachnoid hemorrhage 
or blood clot in the sham group. Scores for the SAH brains 
ranged from 8 to 18, indicating moderate or severe SAH 
(Figure 1).

Increased expression of VEGFA after SAH
Western blot assay and immunohistochemistry were used to 
assess the expression of VEGFA post-SAH in the hippocampus. 
Both western blot assay and immunohistochemistry indicated 
that compared with the sham group, VEGFA was significantly 
increased at 24 hours after SAH (P < 0.01; Figure 2).

VEGFA antagonist increases the expression of occludin 
and claudin-5 in the hippocampus after SAH
Western blot assay and immunohistochemistry were used 
to assess the expression of occludin and claudin-5 after SAH 
in the hippocampus (Figures 3 and 4). Results for occlu-
din and claudin-5 were similar. In sections from the sham 
group, microvessels were stained brown. The SAH and SAH 
+ vehicle groups did not show visible coloration. In enlarged 
images, some of the microvessels appeared discontinuous. 
In rats administered anti-VEGFR-2 antibody, the endothe-
lial connections were tight and expression of occludin and 
claudin-5 was increased. There was a significant difference 
between the sham and SAH groups (P < 0.01). The area 
fraction in the SAH + antagonist group was significantly in-
creased compared with the SAH + vehicle group (P < 0.01). 
The western blot assay results were consistent with these 
findings. Compared with the sham group, expression of both 
occludin and claudin-5 was significantly reduced in the SAH 
and SAH + vehicle groups (P < 0.01). In comparison, in rats 
given anti-VEGFR-2 antibody treatment, the expression of 
occludin (P < 0.05) and claudin-5 (P < 0.01) was significant-
ly increased.

VEGFA antagonist decreases platelet adhesion in the 
hippocampus after SAH
Double immunolabeling was performed for GP Ia-II and 
collagen IV in the hippocampus to assess platelet adhesion 
to collagen (Figure 5). There were few or no platelets and 
microthrombi in microvessels in the sham group. Howev-
er, numerous GP Ia-II structures were observed directly 
adhering to collagen IV in microvessels with or without 
incomplete endothelium in the SAH and SAH + vehicle 
groups (P < 0.01). The number of these structures was 
significantly reduced in the SAH + antagonist group (P < 
0.01).

VEGFA antagonist decreases apoptosis in early brain 
injury after SAH
Early brain injury after SAH was assessed in the hippo-
campus (Figure 6). TUNEL assay showed that compared 
with the sham group, there was a significant increase in 
TUNEL-positive cells in the SAH and SAH + vehicle groups 
(P < 0.01). The number of these cells was significantly re-
duced in the SAH + antagonist group compared with the 
SAH + vehicle group (P < 0.01).

VEGFA antagonist improves behavioral performance in 
rats with early brain injury after SAH
Neurological scoring was used to assess the neuroprotec-
tive effect of VEGFR-2 antagonist. Rats in the sham group 
showed no obvious abnormalities in behavior, while rats 
in the SAH groups exhibited varying degrees of neurologi-
cal impairment. The scores in the SAH and SAH + vehicle 
groups were significantly reduced compared with the sham 
group (P < 0.01). In contrast, the score in the SAH + antag-
onist group was significantly improved compared with the 
SAH + vehicle group (P < 0.05; Figure 7).
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 Figure 1 Brain gross observation and SAH 
grade in rats.
(A, B) The rat brains were harvested 24 hours 
after operation. The SAH brain was covered with 
blood clots (A), while the sham brain was not 
(B). (C) The grades of SAH ranged from 8 to 18, 
indicating moderate to severe SAH. Data are 
expressed as the mean ± SD (one-way analysis of 
variance followed by the least significant differ-
ence test). SAH: Subarachnoid hemorrhage.

Figure 2 Immunohistochemistry and western blot assay for VEGFA 
in the hippocampus after SAH.
(A–C) VEGFA immunoreactivity in the hippocampus of the sham 
(A), SAH (B) and SAH + vehicle (C) groups. VEGFA-positive cells 
are stained brown (red arrows), and the area fraction was calculated 
in three regions of interest in each section, including the CA1–3 and 
dentate gyrus, using three coronal sections from each rat. (D) Western 
blot assay results for VEGFA expression. VEGFA is approximately 34 
kDa and β-actin is approximately 42 kDa. (E) Protein expression levels 
of VEGFA are expressed as a ratio to β-actin levels for normalization. 
(F) Quantitation of VEGFA immunoreactivity. Western blot assay was 
performed in triplicate for each brain. Data are expressed as the mean ± 
SD (n = 5; one-way analysis of variance followed by the least significant 
difference test). **P < 0.01, vs. sham group. VEGFA: Vascular endothe-
lial growth factor A; SAH: subarachnoid hemorrhage.

Figure 3 Effect of VEGFA on the immunoreactivity and expression 
of claudin-5 in the hippocampus after SAH.
(A–D) Claudin-5-positive cells in the hippocampus in the sham (A), 
SAH (B), SAH + vehicle (C) and SAH + antagonist (D) groups. Posi-
tive endothelium was stained brown (red arrow). Endothelial damage 
is shown in the enlarged image (4× greater magnification, B and C). 
Area fraction was calculated in three regions of interest in each section, 
including CA1–3 and the dentate gyrus, using three coronal sections 
from each rat. (E) Western blot assay for claudin-5 expression. Clau-
din-5 is approximately 23 kDa and β-actin is approximately 42 kDa. 
(F) Protein expression levels of claudin-5 are expressed as a ratio of 
claudin-5 to β-actin levels for normalization. (G) Quantitation of clau-
din-5 immunoreactivity. Data are expressed as the mean ± SD (n = 5; 
one-way analysis of variance followed by the least significant difference 
test). **P < 0.01, vs. sham group; ##P < 0.01, vs. SAH + vehicle group. 
VEGFA: Vascular endothelial growth factor A; SAH: subarachnoid 
hemorrhage.

Discussion
Early brain injury comprises many pathophysiological pro-
cesses, which contribute to delayed ischemic neurological 
deficits post SAH. Microthrombosis plays an important role 
in early brain injury. In this study, we investigated an early 
step in this process, platelet adhesion to collagen IV in mi-
crovessels, in a rat endovascular perforation model of SAH. 
We found that VEGFA may contribute to endothelial tight 
junction damage and increase this adhesion during early 
brain injury. Anti-VEGFR-2 treatment reduced the adhesion 
and apoptosis, and improved neurological scores.

VEGFA expression increased in the rat hippocampus post 
SAH, in keeping with a previous study (Liu et al., 2016b). 
VEGFA is a key factor involved in revascularization, endo-
thelial cell migration and proliferation. For these processes, 
connections between endothelial cells must first be weak-
ened. Hence, up-regulated VEGFA might weaken vascular 
endothelial tight junctions via VEGFR-2 located on endothe-
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Figure 4 Effect of VEGFA antagonist on the immunoreactivity and expression of occludin in the hippocampus after SAH.
(A–D) Occludin immunoreacitivity in the hippocampus in the sham (A), SAH (B), SAH + vehicle (C) and SAH + antagonist (D) groups. Positive 
endothelium is stained brown (red arrow). Endothelial damage is shown in the enlarged image (4× higher magnification, B and C). Area fraction 
was calculated in three regions of interest in each section, including the CA1–3 and the dentate gyrus, with three coronal sections from each rat. (E) 
Western blot assay results for occludin expression. Occludin is approximately 65 kDa and β-actin is approximately 42 kDa. (F) Protein expression 
levels of occludin are expressed as a ratio of occludin to β-actin levels for normalization. (G) Quantitation of occludin immunoreactivity. Data are 
expressed as the mean ± SD (n = 5; one-way analysis of variance followed by the least significant difference test). **P < 0.01, vs. sham group; #P < 
0.05, ##P < 0.01, vs. SAH + vehicle group. VEGFA: Vascular endothelial growth factor A; SAH: subarachnoid hemorrhage.

Figure 5 Effect of VEGFA antagonist on the colocalization of GP Ia-II integrin and collagen IV in the hippocampus after SAH. 
(A–D) Double immunolabeling for GP Ia-II integrin and collagen IV in the sham (A), SAH (B), SAH + vehicle (C) and SAH + antagonist (D) 
groups. GP Ia-II is stained red, while collagen IV is stained brown. (E) The number of microthrombi adhering to collagen IV (red arrow) in the 
CA1–3 and dentate gyrus. Data are expressed as the mean ± SD (n = 5; one-way analysis of variance followed by the least significant difference test). 
**P < 0.01, vs. sham group; ##P < 0.01, vs. SAH + vehicle group. VEGFA: Vascular endothelial growth factor A; SAH: subarachnoid hemorrhage.
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lial cells. Our results support this concept as anti-VEGFR-2 
treatment inhibited the reduction in expression of occludin 
and claudin-5 following SAH. Moreover, some microvessels 
appeared disrupted following SAH, indicating that increased 
VEGFA reduces the integrity of microvessels by weakening 
tight junctions. Indeed, a number of previous studies have 
shown that the blood–brain barrier, including microvessels, 
pericytes, extracellular collagen matrix and astrocyte projec-
tions, are disrupted post SAH (Park et al., 2001, 2014; Badaut 
et al., 2002; Lo et al., 2003; Kusaka et al., 2004; Ostrowski et 
al., 2005; Frijns et al., 2006; Naval et al., 2006; Vergouwen et 
al., 2008; Lee et al., 2009; Guo et al., 2010; Wang et al., 2012; 
Fagiani and Christofori, 2013; Wong et al., 2013; Li et al., 
2015; Liu et al., 2016a). Li et al. (2015) found that ZO-1 and 
occludin were markedly down-regulated in a Sprague-Daw-
ley rat model of SAH. Liu et al. (2016a) found that increased 
VEGF expression in the cerebral cortex induced blood-brain 
barrier disruption, aggravated brain edema and impaired 
neural function via VEGFR-2. However, the role of plate-
let adhesion in microvascular disruption remained largely 
unknown. The endothelial tight junctions prevent platelets 
from adhering to the extracellular collagen, helping to main-
tain the hemostatic/thrombotic balance. VEGFA impairs mi-
crovascular integrity and disrupts the connections between 
endothelial cells during the acute phase of SAH, perturbing 
this balance. Extracellular collagen IV is then directly ex-
posed to blood components, including platelets, resulting in 
adhesion.

GP Ia-II is a glycoprotein located on platelets and is re-
sponsible for adhesion between platelets and collagen (Hynes, 
1992). Here, we observed platelet adhesion to collagen IV 
outside microvessels in the rat hippocampus. The number of 
microthrombi was markedly reduced in rats with SAH given 
anti-VEGFR-2 treatment. This indicates that the adhesion 
between platelets and collagen IV was antagonized. Simul-
taneously, the tight junction components occludin and clau-
din-5 were substantially increased in these animals. These 
findings indicate that the antagonist maintained microvessel 
integrity and reduced platelet adhesion.

Our TUNEL data revealed fewer apoptotic cells in the hip-
pocampus in the SAH + antagonist group compared with the 

SAH group. Apoptosis is one of the major causes of neuro-
logical impairment in SAH (Sehba et al., 2012). Anti-VEG-
FR-2 treatment alleviated injury and increased neurological 
scores. These results suggest that VEGFA may contribute to 
early brain injury by promoting apoptosis and microthrom-
bosis.

There are some limitations to this study. First, the endo-
vascular puncture model was chosen to study early brain 
injury (Sehba et al., 2012). However, real-time detection of 
intracranial pressure was not included in the protocol. To 
avoid variability caused by differences in SAH intensity, we 
assessed the SAH grade, and only rats with moderate or 
severe SAH were included in the analyses. Second, some 
reports (Friedrich et al., 2011, 2013) found that collagen IV 
is reduced in SAH rats, which may hinder platelet adhesion. 
The reduction might be caused by inflammation and the re-
lease of collagenases by neutrophils (Friedrich et al., 2013). 
Obviously, microthrombosis is not the only causal factor in 
early brain injury. VEGFA-induced microvascular damage 
may precede inflammation. Further studies are needed to 
clarify the mechanisms of early brain injury in SAH.
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