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Abstract The role of vascular endothelial growth factor
(VEGF) in early brain injury (EBI) after subarachnoid hem-
orrhage (SAH) remains unclear. The aim of this study was to
investigate effects of anti-VEGF therapy on EBI after SAH.
C57BL/6 male mice underwent sham or filament perforation
SAH modeling, and vehicle or two dosages (0.2 and 1 μg) of
anti-VEGF antibody were randomly administrated by an in-
tracerebroventricular injection. Neuroscore, brain water con-
tent, immunoglobulin G staining, and Western blotting were
performed to evaluate EBI at 24–48 h. To confirm the role of
VEGF, anti-VEGF receptor (VEGFR)-2 (a major receptor of
VEGF) antibody was intracerebroventricularly administered
and the effects on EBI were evaluated at 24 h. A higher dose,
but not a lower dose, of anti-VEGF antibody significantly
ameliorated post-SAH neurological impairments and brain
edema at 24–48 h post-SAH. Post-SAH blood-brain barrier
disruption was also inhibited by anti-VEGF antibody. The
protective effects of anti-VEGF antibody were associated with
the inhibition of post-SAH induction of VEGF, VEGFR-2,
phosphorylated VEGFR-2, interleukin-1β and a matricellular
protein tenascin-C (TNC). Anti-VEGFR-2 antibody also

suppressed post-SAH neurological impairments and brain
edema associated with VEGFR-2 inactivation and TNC
downregulation. These findings demonstrated that VEGF
causes post-SAH EBI via VEGFR-2 and TNC and that anti-
VEGF therapy is effective for post-SAH EBI.
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Abbreviations
ANOVA Analysis of variance
BBB Blood-brain barrier
CSF Cerebrospinal fluid
EBI Early brain injury
EGF Epidermal growth factor
IL Interleukin
MAPK Mitogen-activation protein kinase
PBS Phosphate-buffered saline
PDGF Platelet-derived growth factor
p-VEGFR-2 Phosphorylated vascular endothelial growth

factor receptor-2
SAH Subarachnoid hemorrhage
TNC Tenascin-C
VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
ZO Zona occludens

Introduction

Subarachnoid hemorrhage (SAH) is a serious life-threatening
type of stroke caused by bleeding into the subarachnoid space
surrounding the brain. It elicits a wide range of stress
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responses in brain tissues and results in brain injury. The term
early brain injury (EBI) is a concept to explain pathophysio-
logical changes that occur in brain within 72 h of SAH [1].
The mechanism of post-SAH EBI is complex and involves
many pathways, such as hypoxia, molecular alteration, in-
flammation response, and imbalance of ionic homeostasis,
causing cell apoptosis and blood-brain barrier (BBB) disrup-
tion [2]. Enhanced BBB permeability promotes immune mol-
ecules to enter into brain tissue and aggravates homeostatic
imbalance, and the vicious circle may lead to further aggrava-
tion of brain injury [1, 2]. Thus, the progress of BBB disrup-
tion has a pivotal role during EBI that is induced by SAH.

Vascular endothelial growth factor (VEGF) has a signifi-
cant role in vascular permeability and angiogenesis during
embryonic vasculogenesis and in physiological and patholog-
ical angiogenesis in non-neural vessels, and these effects are
mediated by VEGF receptor (VEGFR)-2, which is present on
endothelial cells [3]. It has also been demonstrated that VEGF
enables to enhance BBB permeability in normal mice brain [4]
and inflammatory disease of mice brain [5]. Kusaka et al. [6]
reported that a Src-family kinase inhibitor reduced BBB per-
meability, as well as the expression of VEGF and the phos-
phorylation of mitogen-activation protein kinases (MAPKs)
in the cerebral cortex after experimental SAH. However, no
studies have investigated effects of the direct blockage of
VEGF on EBI or BBB disruption after SAH.

Tenascin-C (TNC) belongs to the extracellular matrix pro-
tein family and upregulates during inflammation [7]. It exerts
various functions through binding to cell surface receptors,
other matrix proteins, and growth factors [7]. Our previous
studies reported that TNC concentration in the cerebrospinal
fluid (CSF) was increased in SAH patients with worse out-
comes [8], and that TNC was implicated in EBI after experi-
mental SAH in rats [9]. In this study, we aimed to investigate if
anti-VEGF therapy is effective against post-SAH EBI and if
TNC is involved in VEGF-induced EBI.

Materials and Methods

All procedures were approved by the Animal Ethics Review
Committee of Mie University, and were carried out according
to the institution’s Guidelines for Animal Experiments. One
hundred and eighty sixC57BL/6malemice (age 10–12weeks,
25–30 g; SLC, Hamamatsu, Japan) were used, maintained on
a constant 12-h light/12-h dark cycle in a temperature- and
humidity-controlled room, and given ad libitum access to feed
and water.

Experimental SAH Model and Study Protocol

The endovascular filament perforation SAH model was pro-
duced as previously described [10]. Briefly, mice were

anesthetized with intraperitoneal tribromoethanol (250 μg/g
body weight). The left common, internal and external carotid
arteries were exposed, and a sharpened 4–0 monofilament
nylon suture was advanced rostrally into the left internal ca-
rotid artery about 15 mm from the external carotid artery
stump to perforate the bifurcation of the left anterior and mid-
dle cerebral arteries. The filament was advanced 3 mm into the
left internal carotid artery without perforating the artery for
sham operation. Blood pressure and heart rate were noninva-
sively monitored during operation from the tail. Mice rectal
temperature was kept at 37 °C during surgery. After the sur-
gery, 1 mL of normal saline was injected subcutaneously to
prevent dehydration, and then the mice were returned to the
clean cages and kept the room temperature at 25±1 °C.

First, to evaluate the effect of anti-VEGF antibody treat-
ment, mice were randomly divided into five groups: sham+
vehicle (n=24), sham+1 μg anti-VEGF antibody (n=18),
SAH+vehicle (n=35), SAH+0.2 μg anti-VEGF antibody
(n=11) and SAH+1 μg anti-VEGF antibody (n=34) groups.
The vehicle or antibody was intracerebroventricularly admin-
istrated after 30 min of operation. Neurological score, SAH
severity, and brain water content were evaluated at 24 and
48 h, and BBB permeability and Western blotting of VEGF,
VEGFR-2, phosphorylated VEGFR-2 (p-VEGFR-2), and
TNC were assessed at 24 h post-operation. To exclude the
possibility of a nonspecific response to intracerebroventricular
protein injection, 1 μg normal goat immunoglobulin G (IgG;
Abcam, Cambridge, MA) was also injected as an isotype con-
trol, and the effect on neuroscore, SAH severity, and brain
water content were evaluated at 24 h.

Secondly, to confirm the role of VEGF in EBI, effects of a
selective inhibition of VEGFR-2, a major receptor of VEGF,
were evaluated.Micewere randomly divided into four groups:
sham+vehicle (n=12), sham+2 μg anti-VEGFR-2 antibody
(n=12), SAH+vehicle (n=17), and SAH+2 μg anti-VEGFR-
2 antibody (n=17) groups. The vehicle or antibody was
intracerebroventricularly administrated at 30 min post-opera-
tion. After 24 h, neurological score, brain water content, and
Western blotting of VEGFR-2, p-VEGFR-2, and TNC were
evaluated.

Intracerebroventricular Injection

An intracerebroventricular injection was performed by a mod-
ification of the method previously described [10]. Mice were
placed in a stereotactic head holder and the needle of a 2 μL
Hamilton syringe (Hamilton Company, Reno, NV) was
inserted through a burr hole perforated on the skull into the
left lateral ventricle using the following coordinates relative to
the bregma: 1 mm lateral, 0.2 mm posterior, and 2.2 mm be-
low the horizontal plane of the bregma. Sterile 2 μL
phosphate-buffered saline (PBS; vehicle), polyclonal anti-
VEGF antibody (0.2 or 1 μg in 2 μL PBS; AF-493-NA,
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R&D System, Minneapolis, MN), polyclonal anti-VEGFR-2
antibody (2 μg in 2 μL PBS; AF644, R&D System, Minne-
apolis, MN) or nonspecific IgG (1 μg in 2 μL PBS; Abcam,
Cambridge, MA) was injected at a rate of 1 μL/min at 30 min
post-operation. The dosage of anti-VEGF or anti-VEGFR-2
antibodies was determined based on previous reports [11, 12].
The needle was slowly removed after 5 min of an injection,
and the wound was quickly sutured.

Neurobehavioral Test

Neurobehavior functions were blindly assessed using the
modified Garcia’s neurological score system as previously
described [13]. The evaluation consists of six tests that can
be scored 0 to 3 or 1 to 3. These six tests include spontaneous
activity, spontaneous movement of four limbs, forepaw
outstretching, climbing, body proprioception, and response
to whisker stimulation (Online Resource, Table S1). Animals
were given a total score of 2 to 18 in 1-number steps, and
higher scores indicated better function.

SAH Grade

The severity of SAH was blindly evaluated using high-
resolution pictures of the base of the brain taken at each sac-
rifice [10]. The SAH grading system was as follows: the basal
cistern was divided into six segments, and each segment was
allotted a grade from 0 to 3 depending on the amount of
subarachnoid blood clot in the segment; grade 0, no subarach-
noid blood; grade 1, minimal subarachnoid blood; grade 2,
moderate blood clot with recognizable arteries; and grade 3,
blood clot obliterating all arteries within the segment. The
animals received a total score ranging from 0 to 18 after
adding the scores from all six segments. Mice with
SAH grade scores ≤7, which had no significant brain
injury, were excluded [10].

Brain Water Content

Brain edema was determined using the wet/dry method as
previously described [10]. After sacrificing mice under deep
anesthesia, the brain was quickly removed, separated into the
left and right cerebral hemispheres, cerebellum, and brain
stem, and weighed (wet weight). The brain specimens were
dried in an oven at 105 °C for 72 h and weighed again as dry
weight. The percentage of water content was calculated ac-
cording to the following formula: [(wet weight−dry weight)/
wet weight]×100 %.

Immunohistochemical Staining

Immunohistochemical staining of IgG was performed to eval-
uate BBB permeability as previously reported [14]. Under

deep anesthesia, mice were sacrificed by intracardial per-
fusion with 30 mL PBS followed by 15 min of 10 %
neutral buffered formalin at 60–80 mmHg. The brains
were removed, fixed in 10 % neutral buffered formalin
for approximately 12 h at 4 °C and embedded in paraf-
fin. Four-micrometer-thick coronal sections at 1.0 mm
posterior to the bregma were cut. After dewaxing and
rehydration, the sections were placed in 1 mmol/L ethyl-
enediaminetetraacetic acid (pH 8.0) heating in water bath
for 20 min to retrieve antigen. After being incubated in
1 % hydrogen peroxide (H2O2) for 10 min to quench any
endogenous peroxidase activity, the sections were
blocked with 10 % horse serum for 1 h at room temper-
ature followed by overnight incubation at 4 °C with bi-
otinylated horse anti-mouse polyclonal IgG (1:100; Vec-
tor Laboratories, Burlingame, CA), and then with an
avidin-biotin-horseradish peroxidase complex (Vectastain
ABC Kit; Vector Laboratories, Burlingame, CA) for 1 h
at room temperature. Color reactions were developed in
diaminobenzidine/H2O2 solution, and the sections were
lightly counterstained with hematoxylin. Four continuous
pictures of the left temporal cortex were photographed
under light microscope (×20) and the relative quantity
of IgG was calculated by Image Pro Plus 6.0 software
(Media Cybernetics Inc., Rockville, MD).

Western Blotting

Western blotting was performed as previously described
[15]. The left cerebral cortex was separated and used.
Equal amounts of protein samples were loaded on SDS-
PAGE gels, electrophoresed, and transferred onto a
polyvinylidene difluoride membrane. The membranes
were blocked with 5 % bovine serum albumin for 2 h at
room temperature followed by incubation overnight at
4 °C with polyclonal goat anti-VEGF antibody (0.5 μg/
mL; AF-493-NA, R&D System, Minneapolis, MN), poly-
clonal goat anti-VEGFR-2 antibody (0.5 μg/mL; AF644,
R&D System, Minneapolis, MN), monoclonal rabbit anti-
p-VEGFR-2 antibody (1:1000; #4991, Cell Signaling
Technology, Danvers, MA), polyclonal rabbit anti-zona
occludens (ZO)-1 antibody (1:200; 61-7300, Thermo
Fisher Scientific, Rockford, IL), polyclonal goat anti-
interleukin (IL)-1β antibody (0.25 μg/mL; AF-401-NA,
R&D System, Minneapolis, MN) and monoclonal mouse
anti-TNC antibody (0.18 μg/mL; 10337, Immuno-
Biological Laboratories, Takasaki, Japan). Immunoreac-
tive bands were detected with a chemiluminescence re-
agent kit (ECL Prime; Amersham Bioscience, Arlington
Heights, IL) and quantified by densitometry with Image J
software (NIH, Bethesda, MD). β-tubulin (1:1000; sc-
9104, Santa Cruz Biotechnology, Santa Cruz, CA) was
blotted on the same membrane as a loading control.

Mol Neurobiol (2016) 53:4529–4538 4531



Statistical Analysis

Neurological scores and SAH grade were expressed as medi-
an±25th–75th percentiles, and were analyzed using Mann-
Whitney U tests or Kruskal-Wallis tests, followed by Steel-
Dwass multiple comparisons. Other values were expressed as
mean±standard deviation and one-way analysis of variance
(ANOVA) with Tukey-Kramer post hoc test was used. Mor-
tality was compared using chi-square tests. P<0.05 was con-
sidered significant.

Results

Anti-VEGFAntibody Treatment Ameliorates
Neurobehavior and Alleviates Brain Edema After 24
and 48 h of SAH

Comparisons of physiological parameters revealed no signifi-
cant differences among the groups (data not shown). No sham-
operated mice died, and the mortality of SAH mice was not
different among vehicle (25.7 %, 9 of 35), 0.2 μg (27.3 %, 3 of
11), and 1 μg (23.5 %, 8 of 34) anti-VEGF antibody treatment
groups. Six mice were excluded due to less severe SAH (n=2
per group), and in the remaining animals, SAH grade was sim-
ilar among the 3 SAH groups at 24 h post-operation (Fig. 1a).

Neurological scores were significantly impaired in SAH
animals compared with the sham groups at 24 h, and were
significantly improved after 1 μg anti-VEGF antibody treat-
ment compared with the SAH+vehicle and SAH+0.2 μg anti-
VEGF antibody groups (P<0.05, Fig. 1b). Post-SAH brain
edema occurred in the left cerebral hemisphere, and was also
significantly alleviated after 1 μg anti-VEGF antibody treat-
ment compared with the SAH+vehicle and SAH+0.2 μg anti-
VEGF antibody groups (P<0.05, Fig. 1c).

Based on the findings in the 24-h study, we eliminated the
SAH+0.2 μg anti-VEGF antibody group from the 48-h and
the following mechanism studies. At 48 h post-SAH, neuro-
logical scores were also significantly aggravated in the SAH+
vehicle group compared with the sham+vehicle group, and
significantly ameliorated after 1 μg anti-VEGF antibody ad-
ministration (P<0.05, respectively), although the SAH sever-
ity was similar (Fig. 2a, b). Post-SAH brain edema in the left
cerebral hemisphere was also significantly alleviated after
1 μg anti-VEGF antibody treatment (P<0.05, Fig. 2c).

Nonspecific control IgG (16.7 % mortality, 1 of 6) did not
show any protective effects (data not shown).

Anti-VEGFAntibody Treatment Prevents BBB
Disruption After SAH

The IgG staining results showed that post-SAH BBB disrup-
tion significantly occurred in the left cerebral cortex,

especially in the temporal lobe (Fig. 3). The IgG extravasation
was significantly suppressed after 1 μg anti-VEGF antibody
administration compared with the SAH+vehicle group
(P<0.05; Fig. 3b and c). Western blotting results showed that
the expression of the tight junction protein ZO-1 was signifi-
cantly reduced in the left cerebral cortex in the SAH+vehicle
group compared with the sham groups (P<0.05; Online
Resource, Figure S1). However, the expression of ZO-1 was
significantly preserved after 1 μg anti-VEGF antibody treat-
ment compared with the SAH+vehicle group, supporting the
protective effects of anti-VEGF antibody against post-SAH
BBB disruption (P<0.05; Online Resource, Figure S1).

VEGF Neutralization Prevents Post-SAH TNC Induction

Western blotting analyses showed that the expression of
VEGF, VEGFR-2 and p-VEGFR-2 was significantly in-
creased in the left cerebral cortex, and was effectively
inhibited by the administration of 1 μg anti-VEGF antibody
at 24 h post-SAH (Fig. 4). VEGF neutralization and VEGFR-
2 inactivation were also associated with the inhibition of post-
SAH TNC induction. Anti-VEGF therapy also suppressed a
post-SAH increase in IL-1β in the cerebral cortex (Online
Resource, Figure S2).

Blockage of VEGFR-2 Suppresses Post-SAH
Neurobehavioral Impairments, Brain Edema, and TNC
Induction

Comparisons of physiological parameters revealed no signif-
icant differences among the groups (data not shown). No
sham-operated animals died, and the mortality of SAH mice
was 17.6 % (3 of 17 mice) in the both SAH+vehicle and
SAH+anti-VEGFR-2 antibody groups. Two mice were ex-
cluded from either group due to less severe SAH, and SAH
grade in the remaining animals was similar between the 2
SAH groups (Fig. 5a). The anti-VEGFR-2 antibody treatment
significantly improved neurological scores and ameliorated
brain edema after SAH compared with the SAH+vehicle
group (P<0.05, respectively; Fig. 5b, c). Anti-VEGFR-2 an-
tibody effectively inhibited the expression of VEGFR-2 and
p-VEGFR-2, and downregulated the expression of TNC after
SAH compared with the SAH+vehicle group (P<0.05, re-
spectively; Fig. 6).

Discussion

In the present study, we first demonstrated that experimental
SAH upregulated VEGF expression in the cerebral cortex,
causing BBB disruption via VEGFR-2 and at least partly
TNC. Both anti-VEGF and VEGFR-2 treatments were effec-
tive against post-SAH EBI.
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Aneurysmal SAH is a devastating cerebrovascular disease
with more than 50 % combined mortality and morbidity rates
[16]. EBI is believed to be one of the most important determi-
nants of poor outcome [2]. However, the mechanisms are
complex and still indistinct [6, 10, 15]. BBB disruption is
known to be an important component of EBI [17, 18]. En-
hanced BBB permeability allows inflammatory cytokines and

pathological molecules to enter into brain tissue and may
cause or aggravate immune reactions and homeostatic imbal-
ance, leading to further brain injuries [1, 2]. Therefore, it may
be a reasonable strategy to attenuate EBI by preventing BBB
disruption after SAH.

VEGF is a crucial factor of angiogenesis that stimulates
vascular permeability under physiological and pathological

Fig. 1 Effects of anti-vascular
endothelial growth factor (VEGF)
antibody treatment on the severity
of subarachnoid hemorrhage
(SAH; a), neurological scores (b)
and brain water content in the left
cerebral hemisphere (c) at 24 h
post-SAH. Data are expressed as
median±25th–75th percentiles (a,
b) and mean±standard deviation
(c). P value, Kruskal-Wallis tests
(a, b) and ANOVA (c)

Fig. 2 Effects of anti-vascular
endothelial growth factor (VEGF)
antibody treatment on the severity
of subarachnoid hemorrhage
(SAH; a), neurological scores (b)
and brain water content in the left
cerebral hemisphere (c) at 48 h
post-SAH. Data are expressed as
median±25th-75th percentiles (a,
b) and mean±standard deviation
(c). P value, Kruskal-Wallis tests
(a, b) and ANOVA (c)
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conditions [19]. It has been reported that the expression of
VEGF was induced in brain after experimental SAH associat-
ed with increased BBB permeability [6, 20, 21]. Some re-
searchers also reported that some drugs or treatments
protected post-SAH BBB integrity associated with decreased
levels of VEGF in brain, suggesting the pivotal role of VEGF
in post-SAH BBB disruption [6, 20–23]. The bioactivity of
VEGF is mediated by VEGFR phosphorylation, and there is

an agreement that VEGFR-2 is the major mediator of the
permeability-enhancing effects of VEGF [3]. Another recep-
tor VEGFR-1 has a very high affinity for VEGF but the kinase
activity of about one-tenth that of VEGFR-2, and may nega-
tively regulate VEGFR-2 signaling [24]. Davis et al. [25]
demonstrated that VEGF induced VEGFR-2 expression and
activated VEGFR-2-mediated downstream signaling to in-
crease BBB permeability in the in vitro BBB model. This

Fig. 3 Effects of anti-vascular
endothelial growth factor (VEGF)
antibody treatment on blood-brain
barrier permeability in the left
temporal cortex at 24 h after
subarachnoid hemorrhage (SAH).
Representative SAH brain slice
showing four continuous areas of
the left temporal cortex (a),
representative immunoglobulin G
(IgG) staining (b), and the sum of
integrated optical density of IgG
(c). Data are expressed as mean±
standard deviation. Arrows
extravasated IgG; P value,
ANOVA
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Fig. 4 Representative Western
blots and effects of anti-vascular
endothelial growth factor (VEGF)
antibody treatment on expression
of VEGF, VEGF receptor
(VEGFR)-2, phosphorylated
VEGFR-2 (p-VEGFR-2), and
tenascin-C (TNC) in the left
cerebral cortex at 24 h after
subarachnoid hemorrhage (SAH).
Expression levels of each protein
are expressed as a ratio of β-
tubulin levels for normalization
and as mean±standard deviation.
P value, ANOVA

Fig. 5 Effects of anti-vascular
endothelial growth factor receptor
(VEGFR)-2 antibody treatment
on the severity of subarachnoid
hemorrhage (SAH; a),
neurological scores (b) and brain
water content in the left cerebral
hemisphere (c) at 24 h post-SAH.
Data are expressed as median±
25th-75th percentiles (a, b) and
mean±standard deviation (c). P
value, Kruskal–Wallis tests (a, b)
and ANOVA (c)
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study first showed that a direct blockage of VEGF pathways
by anti-VEGF or anti-VEGFR-2 antibodies effectively
prevented post-SAH BBB disruption or EBI. It also first indi-
cates that VEGFR-2 is the important receptor that mediates
VEGF-induced EBI after SAH.

TNC is a large extracellular matrix glycoprotein that is
highly expressed during development, particularly in the ner-
vous system and so on [26]. It is a multi-modular protein
comprising four distinct domains: an assembly domain, a se-
ries of epidermal growth factor (EGF)-like repeats, a series of
fibronectin type III-like repeats, and a C-terminal fibrinogen-
like globe, each of which interacts with a different subset of
binding partners [26]. Its expression is downregulated in
healthy adults and transiently induced during immune re-
sponse which is caused by tissue injury [27]. On the molecular
level, it has been reported that the expression of TNC is in-
duced via MAPK pathways by multiple growth factors, in-
cluding fibroblast growth factors, platelet-derived growth fac-
tors (PDGFs), EGFs, and transforming growth factors [7]. In
our previous study, we demonstrated that TNC was upregu-
lated in the cerebral cortex after experimental SAH in rats, and
that a PDGF receptor antagonist suppressed TNC induction
and attenuated EBI via the inactivation of MAPKs [9]. TNC
also induces MAPKs in normal [28] and SAH [9, 29] rats.
Although the relationships between TNC and VEGF have
never been studied in SAH brain, TNC regulates VEGF ex-
pression in tumor [30]. To the best of our knowledge, there are
no studies reporting that VEGF induces TNC. However, as
MAPK may have a significant role in BBB disruption as both

upstream and downstream of VEGF [6], it may be reasonable
to consider that TNC and VEGFmay interact via MAPKs and
affect the BBB integrity. Our recent study also demonstrated
that the expression of TNC is the upstream of BBB disruption
after SAH using TNC knockout mice [31]. Taken together,
this study first showed that VEGF-induced post-SAH BBB
disruption might be mediated at least partly by TNC’s action.

Another interesting finding in this study is that anti-VEGF
antibody downregulated VEGFR-2. VEGF bound to the neu-
tralizing antibody is no longer detected on the Western blot
using the same antibody, and loses the biological effects, lead-
ing to inactivation of the receptor VEGFR-2 and the down-
stream signaling MAPKs [6]. As a result, anti-VEGF neutral-
izing antibody possibly downregulated VEGFR-2, as VEGF
was reported to upregulate VEGFR-2 through MAPKs [32].
Neutralizing VEGF might also downregulate VEGFR-2 via
inhibiting TNC expression, as TNC is known to upregulate
multiple receptors [28, 29]. As well, anti-VEGFR-2 neutraliz-
ing antibody should block the biological effects of VEGFR-2,
that is, the activity, and might suppress MAPKs, leading to
VEGFR-2 downregulation. Thus, the ratio of p-VEGFR-2/
total VEGFR-2 was similar among groups in this study, which
is consistent with a previous study [25]. In addition, this study
showed that anti-VEGF therapy suppressed a post-SAH in-
crease in a pro-inflammatory cytokine IL-1β in the cerebral
cortex, which is involved in post-SAH BBB disruption [33].
IL-1β suppression might also contribute to anti-VEGF
therapy’s protective effects against post-SAHBBB disruption.
IL-1β may induce TNC production by MAPK-dependent or

Fig. 6 Representative Western
blots and effects of anti-vascular
endothelial growth factor receptor
(VEGFR)-2 antibody treatment
on expression of VEGFR-2,
phosphorylated VEGFR-2 (p-
VEGFR-2) and tenascin-C (TNC)
in the left cerebral cortex at 24 h
after subarachnoid hemorrhage
(SAH). Expression levels of each
protein are expressed as a ratio of
β-tubulin levels for normalization
and as mean±standard deviation.
P value, ANOVA
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MAPK-independent pathways [34], while TNC may stimu-
late synthesis of IL-1β [35]. The positive feedback mecha-
nisms between TNC and IL-1β may cause post-SAH BBB
disruption.

The efficacy and safety of anti-VEGF therapy have recent-
ly been proved by various clinical trials as to the normalization
of abnormally permeable tumor vessels [36] or the suppres-
sion of blood-retinal barrier breakdown [37]. We demonstrat-
ed for the first time that anti-VEGF treatment prevented EBI
after SAH via inhibiting the upregulation of TNC in this study.
However, the antibodies were given via an intracerebroven-
tricular injection at 30 min post-SAH, and this diminishes the
translational significance of the study. When considering the
pathophysiology of post-SAH EBI, earlier administration of
the antibodies would result in better outcome, but no data is
available about it. The effects of other administrationmethods,
multiple treatments at different dosages or time courses, ther-
apeutic time window as well as long-term functional out-
comes should be examined before clinical trials. Anti-VEGF
or VEGFR-2 treatments are promising as a new therapy
against post-SAH EBI, and our findings warrant more
research.
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