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LABORATORY INVESTIGATION

Effect of elevation of vascular endothelial growth factor
level on exacerbation of hemorrhage in mouse brain
arteriovenous malformation

*Philip Cheng, BA,' Li Ma, MD, PhD,"2 Sonali Shaligram, PhD,' Espen J. Walker, PhD,’
Shun-Tai Yang, MD,' Chaoliang Tang, MD,! Wan Zhu, PhD,' Lei Zhan, RN,' Qiang Li, MD, PhD,"?
Xiaonan Zhu, MD,' Michael T. Lawton, MD,® and Hua Su, MD'

'Department of Anesthesia and Perioperative Care, Center for Cerebrovascular Research, University of California, San
Francisco, California; 2Department of Neurosurgery, Beijing Tiantan Hospital, Capital Medical University, Beijing, People’s
Republic of China; and *Department of Neurological Surgery, University of California, San Francisco, California

OBJECTIVE A high level of vascular endothelial growth factor (VEGF) has been implicated in brain arteriovenous
malformation (bAVM) bleeding and rupture. However, direct evidence is missing. In this study the authors used a mouse
bAVM model to test the hypothesis that elevation of focal VEGF levels in bAVMs exacerbates the severity of bAVM hem-
orrhage.

METHODS Brain AVMs were induced in adult mice in which activin receptor-like kinase 1 (Alk1, a gene that causes
AVM) gene exons 4—6 were floxed by intrabasal ganglia injection of an adenoviral vector expressing Cre recombinase to
induce Alk1 mutation and an adeno-associated viral vector expressing human VEGF (AAV-VEGF) to induce angiogen-
esis. Two doses of AAV-VEGF (5 x 10° [high] or 2 x 10° [low]) viral genomes were used. In addition, the common carotid
artery and external jugular vein were anastomosed in a group of mice treated with low-dose AAV-VEGF 6 weeks after
the model induction to induce cerebral venous hypertension (VH), because VH increases the VEGF level in the brain.
Brain samples were collected 8 weeks after the model induction. Hemorrhages in the bAVM lesions were quantified on
brain sections stained with Prussian blue, which detects iron deposition. VEGF levels were quantified in bAVM tissue by
enzyme-linked immunosorbent assay.

RESULTS Compared to mice injected with a low dose of AAV-VEGF, the mice injected with a high dose had higher lev-
els of VEGF (p = 0.003) and larger Prussian blue—positive areas in the bAVM lesion at 8 or 9 weeks after model induc-
tion (p = 0.002). VH increased bAVM hemorrhage in the low-dose AAV-VEGF group. The overall mortality in the high-
dose AAV-VEGF group was 26.7%, whereas no mouse died in the low-dose AAV-VEGF group without VH. In contrast,
VH caused a mortality of 50% in the low-dose AAV-VEGF group.

CONCLUSIONS Using mouse bAVM models, the authors provided direct evidence that elevation of the VEGF level
increases bAVM hemorrhage and mouse mortality.

https://thejns.org/doi/abs/10.3171/2019.1.JNS183112

KEYWORDS brain hemorrhage; brain arteriovenous malformations; vascular endothelial growth factor; activin
receptor—like kinase 1; venous hypertension; mouse model; vascular disorders

(bAVM) is unpredictable, life threatening, and may
result in long-term disability.!? Existing methods for
preventive eradication of bAVMs include microsurgical
resection, radiosurgery, or embolization, often multimod-

T HE rupture of a brain arteriovenous malformation

al. Each of these treatment modalities carries a nontrivial
rate of procedural complications, although the mortality
rate varies among hospitals.1%% With the advancement
of imaging techniques, more patients with asymptomatic
bAVM will be diagnosed. The treatment of asymptomat-

ABBREVIATIONS AAV = adeno-associated viral vector; Ad-Cre = adenoviral vector expressing Cre recombinase; Ad-GFP = adenoviral vector expressing green fluorescent
protein; bAVM = brain arteriovenous malformation; CCA = common carotid artery; EJV = external jugular vein; IACUC = Institutional Animal Care and Use Committee; UCSF
= University of California, San Francisco; VEGF = vascular endothelial growth factor; VH = venous hypertension; WT = wild type.
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ic patients has become increasingly controversial because
the natural history for these patients may be less morbid
than for those undergoing invasive therapies.'%!!:26-28:34
There is currently no specific medical therapy available to
patients with bAVM.

Vascular endothelial growth factor (VEGF) is involved
in normal and pathological angiogenesis.>** The level of
VEGEF is abnormally high in resected bAVM tissue,'’-2236
which may increase blood-brain barrier permeability and
bAVM hemorrhage.'®3'#! However, the association of high
VEGEF level and bAVM hemorrhage is suggested in the
analysis of surgical specimens and patients’ blood. The
causal effect of VEGF levels on bAVM hemorrhage could
not be proven using these methods, because surgery and
vascular rupture can also increase VEGF expression.

The abnormal vessels in human bAVMs are exposed
to variable degrees of increased intraluminal flow and
venous hypertension (VH). We showed previously that
VH created by anastomosis of the common carotid ar-
tery (CCA) with the external jugular vein (EJV) increases
VEGEF levels in the brains of mice and rats.!>#044

In this study, we tested our hypothesis that an increase
of VEGEF level in the brains of mice that have an AVM-
causing gene mutation increases bAVM hemorrhage.
We investigated this through increase of the dose of the
adeno-associated viral vector expressing VEGF (AAV-
VEGF) at the time of bAVM phenotype induction® or
through induction of VH 6 weeks after bAVM model in-
duction.

Methods

Animals and Experimental Groups

The experimental protocols involving animal usage
were approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of California, San
Francisco (UCSF), and conformed to NIH guidelines.
The staff of the Animal Core Facility and the IACUC of
UCSF provided animal husbandry under the guidance of
supervisors who are certified Animal Technologists, and
TIACUC faculty members and veterinary residents located
on the Zuckerberg San Francisco General Hospital cam-
pus provided veterinary care.

Adult (8- to 10-week-old) Alklf mice (AlkI [activin re-
ceptor—like kinase 1] exons 4—6 flanked by loxP sites)*
in C57BL/6J background were used. Brain AVM was in-
duced by coinjection of an adenoviral vector expressing
Cre recombinase (Ad-Cre; 2 x 107 plaque-forming units)
to delete the Alkl gene and of AAV-VEGF to induce brain
angiogenesis. Two doses of AAV-VEGF were used: 1) low
dose: 2 x 10° viral genomes; and 2) high dose: 5 x 10°
viral genomes. Our previous studies showed that the low-
dose AAV-VEGEF is sufficient to induce AVM formation
in Alkl-deleted mouse brains.3® A higher dose of AAV-
VEGF was used here to test the impact of elevation of
VEGF on bAVM hemorrhage. AAV-VEGF was prepared
as described previously.?** Ad-Cre virus was purchased
from Vector Biolabs. Brain samples were collected 8
weeks after the viral vector injection; our previous study
showed that the bAVMs are fully developed 8 weeks after
model induction.®
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TABLE 1. Experimental groups

Viral Vector Injected

Mouse Group Ad-Cre AAV-VEGF VH
1 + High dose No
2 + Low dose No
3 + Low dose Sham VH
4 + Low dose Yes
5 = Low dose Yes
6 + AAV-LacZ Yes

Mice in all groups were Alk127% (2 alleles of Alk1 were flanked by loxP sites).
* Mice injected with Ad-GFP, an Ad-Cre control vector.

Mice were randomly assigned to 6 groups (Table 1),
as follows: 1) injected with Ad-Cre and high-dose AAV-
VEGEF (45 mice); 2) injected with Ad-Cre and low-dose
AAV-VEGEF (20 mice); 3) injected with Ad-Cre and low-
dose AAV-VEGF, and then subjected to sham VH (ex-
plored CCA and EJV) (6 mice); 4) injected with Ad-Cre
and low-dose AAV-VEGF, and then subjected to VH (6
mice); 5) injected with adenoviral vector expressing green
fluorescent protein (Ad-GFP) and low-dose AAV-VEGF,
and then subjected to VH (6 mice); or 6) injected with Ad-
Cre and low-dose AAV-LacZ, and then subjected to VH (5
mice). In addition, we also collected brains from 4 normal
mice for control in the analysis of VEGF level in the brain
(Fig. 1). For the VH study, we randomly assigned mice
injected with Ad-Cre and low-dose AAV-VEGF into VH
and non-VH groups 6 weeks after model induction.

Stereotactic Injection of Viral Vectors

After being anesthetized with 2% isoflurane inhala-
tion, the mice were placed in a stereotactic frame with a
holder (David Kopf Instruments). A burr hole was drilled
in the pericranium 2 mm lateral to the sagittal suture and
1 mm posterior to the coronal suture. Two microliters of
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FIG. 1. Anincrease of AAV-VEGF dose increased VEGF protein in the
brain. Control, uninjected brain; Low, mice injected with low-dose AAV-
VEGF,; High, mice injected with high-dose AAV-VEGF. There were 4
mice in the control group, 9 in the low-dose AAV-VEGF group, and 10 in
the high-dose AAV-VEGF group.



viral suspension containing 2 x 107 plaque-forming units
of Ad-Cre or Ad-GFP and 5 x 10° (high-dose) or 2 x 10°
(low-dose) viral genomes of AAV-VEGF or 2 x 10° viral
genomes of AAV-LacZ was stereotactically injected into
the right basal ganglia at a rate of 0.2 ul/min. The needle
was withdrawn 10 minutes after the injection was finished.
The wound was closed with a suture.

Venous Hypertension

VH was created in mice 6 weeks after viral vector
injection (induction of bAVM phenotype) by using the
method described in our previous paper.*’ Briefly, after the
mice were anesthetized with inhalation of 2% isoflurane,
the right proximal CCAs were sutured to the right distal
EJVs through an anterior (“ventral” in animals) midline
cervical incision.

The sagittal sinus pressure was measured 1 day after
the anastomosis of CCA and EJV. Through a scalp inci-
sion made in the midline over the sagittal suture, the pa-
rietal skull overlying the sagittal sinus was thinned using
a drill. The sagittal sinus pressure was then measured by
cannulating the sagittal sinus with a 36-gauge Nanofil
needle connected to a pressure transducer and signal am-
plifier (PowerLab).

ELISA

Brain tissues (I mm?) containing the vector injection
site were collected as described previously* and lysed in
a cell lysis buffer (R&D Systems) and phenylmethylsul-
fonate (Cell Signaling). The protein concentrations were
measured using Bradford reagents (Bio-Rad). Protein (1
mg) was used to quantify human VEGF expression by
using a Quantikine ELISA kit (R&D Systems) because
the AAV-VEGF vector that we have used in this study ex-
presses human VEGF, and the sample was analyzed ac-
cording to the manufacturer’s instructions.

Lectin Perfusion

After mice were anesthetized using 2% isoflurane in-
halation, 100 ul of fluorescent Lycopersicon esculentum
(tomato) lectin or DyLight 488 or DyLight 594 (Vector
Laboratory) was injected into the EJV and allowed to cir-
culate for 20 minutes. The mouse was then intracardially
perfused with phosphate-buffered saline containing hepa-
rin (1 U/ml) to remove blood in the vessels. The brain was
snap-frozen with dry ice and stored at —80°C.

Quantification of Vessel Densities and Dysplastic Vessels

Brains were cut into 20-um-thick coronal sections with
a Leica RM2155 Microtome (Leica Microsystems). For
the low-dose AAV-VEGF group, 2 sections, 0.5 mm ros-
tral and 0.5 mm caudal to the needle track, were selected
for vessel quantification. For the high-dose AAV-VEGF
group, due to severe hemorrhage we had to select the 2
sections 0.7 to 0.9 mm rostral and caudal to the needle
track for vessel quantification. Sections were coverslipped
with Vectashield mounting medium containing DAPI
(Vector Laboratories), which stains cell nuclei. Three ar-
eas (to the right, to the left, and below the injection site)
within the angiogenic region of each section were imaged
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under a x20 microscopic objective lens. Vessel density was
quantified using NIH Image 1.63 software and reported as
mean vessel counts/mm?. The dysplasia index (number of
vessels larger than 15 wm in diameter per 200 vessels) was
calculated as previously described.?16-3

Quantification of Hemorrhage

Two sections per brain, selected as described above,
were used for the detection of iron deposition. An iron
staining kit (Prussian blue stain, Sigma-Aldrich) was
used. Slides were incubated in freshly prepared working
iron stain solution for 10 minutes, washed in distilled wa-
ter, and then counterstained with pararosaniline solution
for 3 minutes. The area with positive staining (blue) was
quantified using NIH Image 1.63 software. Data are pre-
sented as the percentage of blue-positive area in the entire
hemisphere or pixels/hemisphere.

Statistical Analyses

The quantification was done by researchers who were
blinded to the treatment groups. Data are presented as
the mean + SD. Due to the skewed nature of the Prus-
sian blue—positive area, the data observations were log-
transformed prior to the analysis. GraphPad Prism 6 was
used for data analysis. One-way ANOVA was used to
determine statistical significance among multiple groups,
followed by pairwise multiple comparisons using the post
hoc Tukey test. Fisher exact probability test was used for
dichotomous variables comparing mortalities between
groups. Statistical significance was set at p < 0.05. Sample
sizes are indicated in the figure legends.

Results

High-Dose AAV-VEGF Elevated VEGF Level in Brain
Tissue Around the Vector Injection Sites

To determine if an increase of the AAV-VEGF dose
raised the VEGF level in the brain, brain tissues around
vector injection sites were collected 8 weeks after the vec-
tor injection. VEGF levels were quantified using ELISA.
Because the AAV-VEGF that we used expresses human
VEGF,s, we used a human VEGF Quantikine ELISA kit,
and we did not detect any human VEGF in control mice
that did not receive AAV-VEGF injection. Compared to
low-dose AAV-VEGF-injected mice (18 = 21.9 pg/mg
brain tissue), mice injected with high-dose AAV-VEGF
expressed a significantly higher VEGF protein (78 + 47.5
pg/mg; p = 0.003, Fig. 1). Therefore, the high AAV-VEGF
dose increased VEGF level in the brain.

Vascular Structures Around the Vector Injection Sites
Were Severely Damaged in Mice Treated With High-Dose
AAV-VEGF

Vascular structures were severely damaged at the vec-
tor injection sites of the high-dose AAV-VEGF group (Fig.
2A). Unlike in the low-dose group, we had to select sec-
tions farther away from the needle tracks, which had less
vascular damage, for performing vessel quantification. We
were not able to detect the differences in vessel densities
between the high-dose (1099 + 191.2/mm?) and low-dose
(1141 + 188.9/mm?) AAV-VEGEF groups with the sections
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FIG. 2. Vascular structures were severely damaged near the needle track in mice that received high-dose AAV-VEGF. A:
Representative images of brain sections near the needle track in the high-dose AAV-VEGF group. Vessels are shown in white.

B: Representative images of brain sections used for vessel quantifications. Dysplastic vessels are indicated by asterisks. Bar = 50
pm. C: Quantification of vessel density. D: Quantification of dysplasia index. There were 10 mice in the low-dose AAV-VEGF group

and 9 in the high-dose AAV-VEGF group.

we had selected (p = 0.63). Similarly, we were not able
to detect a difference in the dysplasia index (vessels > 15
mm/200 vessels) between low-dose (8.7 = 2.1) and high-
dose (9.8 + 1.3) groups (p = 0.19, Fig. 2B and D).

Increase of AAV-VEGF Dose Exacerbated Hemorrhage in
bAVM Lesions and Increased Mouse Mortality

To analyze bAVM hemorrhage, iron deposition in
bAVMs was quantified using sections stained by Prussian
blue. The severity of bAVM hemorrhage was calculated as
the percentage of the Prussian blue—positive area over the
total area of the ipsilateral hemisphere. Due to the skewed
nature of the Prussian blue—positive area, the data obser-
vations were log-transformed prior to the analysis. The
results showed that bAVMs in the high-dose AAV-VEGF
groups have larger Prussian blue—positive areas (2.0 + 0.3)
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compared to those in the low-dose AAV-VEGF groups
(1.4 £0.7; p=0.002, Fig. 3).

The overall mortality in the high-dose AAV-VEGF
group was 26.7% (4/15) during the follow-up of 8-9 weeks
after model induction. No mouse in the low-dose groups
died during the same period (OR 9.0, 95% CI 0.4-187.1).

VH Exacerbated bAVM Hemorrhage and Increased
Mortality

The abnormal vessels in human bAVMs are exposed to
varying degrees of increased intraluminal flow and VH.
To study whether VH exacerbates bAVM phenotype se-
verity, we created VH in mice 6 weeks after bAVM model
induction in a group of low-dose AAV-VEGF-treated
mice. As we have demonstrated before,**" the sagittal si-
nus pressure increased 4- to 6-fold (approximately 8 mm
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Hg) immediately after the anastomosis of the CCA and
the EJV, and was sustained for up to 2 weeks. Brain sam-
ples were collected 2 weeks after VH. We found massive
hemorrhage in the bAVM lesions of mice subjected to VH
(Fig. 4). VH also caused some microhemorrhages in the
angiogenic region of the wild-type (WT) brain. VH did
not cause hemorrhage in the brain of mice injected with
Ad-Cre and AAV-LacZ. Therefore, deletion of Alkl alone
or injection of AAV vector does not cause brain hemor-
rhage. VH increased mortality of bAVM mice; 50% of
mice in the bAVM VH group (3 of 6 mice) died before the
end of the experiment. Only 1 mouse died in the control
group treated with low-dose AAV-VEGF and Ad-GFP (no
Alkl deletion, no bAVM) and VH (Fig. 5).

High dose

Low dose

>

Discussion

— Excessive VEGF expression appears to play an impor-
. - tant role in bAVM pathophysiology.* In this study, using a
—;Er mouse bAVM model, we demonstrated that an increase of
_— "am brain VEGF level through either increasing AAV-VEGF
Cele® dose or creating cerebral VH exacerbates bAVM hemor-
rhage and increases mortality.
hd : VEGEF expression in the brain is high during embry-
Low High onic development and is reduced in the adult brain.*
VEGEF expression is higher in surgically resected bAVM
lesions compared to normal brain tissue.”'®22 Our previ-
ous studies showed that VEGF stimulation is necessary
for induction of AVM formation in the brains of adult
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FIG. 3. Elevation of the AAV-VEGF dose increased bAVM hemorrhage.
A: Representative images of Prussian blue—stained sections. The iron
depositions (blue) in bAVMs indicate hemorrhage. The nuclei were

counterstained with Fast Red. Bar = 1 mm. B: Quantification of Prussian mice.*”* Blocking VEGF signaling through bevacizu-
blue-positive area. Log,,: the data were 10 log-transformed. Numbers in mab (an anti-human VEGF antibody) treatment or over-
subgroups were as follows: n = 9 for low-dose AAV-VEGF group and n = expression of SFLT1 (the extracellular domain of VEGF
20 for high-dose VEGF group. Figure is available in color online only. receptor 1, a soluble form of the VEGF receptor 1) reduces

bAVM severity.**#43 All of these data support the notion
that VEGF plays an important role in bAVM pathogenesis.
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FIG. 4. Brain VH exacerbated hemorrhage in bAVMs. A: Representative imag-

es of Prussian blue-stained sections. Iron depositions (blue) in bAVMs indicate

hemorrhage. The nuclei were counterstained with Fast Red. Bar = 100 pym.

B: Quantification of Prussian blue—positive area. Numbers in subgroups were

as follows: n = 6 for CV no VH group; n = 3 for CV VH group; n = 5 for GV VH

P — v . . group; and n = 4 for CL VH group. CL = mice injected with Ad-GFP and AAV-
Ccv CcVv GV CL LacZ (WT brain); CV = mice injected with Ad-Cre and low-dose AAV-VEGF

E— (AVM model); GV = mice injected with Ad-GFP and low-dose AAV-VEGF (an-
VH giogenesis in WT brain). Figure is available in color online only.
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FIG. 5. Survival curve. The 0 on the x-axis means the first day of week 7
after model induction. Numbers in subgroups were as follows: n = 15 for
high-dose VEGF group; n = 11 for low-dose VEGF group; n = 6 for VH
CV group; n =6 for VH GV group; and n = 5 for VH CL group. CL = mice
injected with Ad-GFP and AAV-LacZ (WT brain); CV = mice injected
with Ad-Cre and low-dose AAV-VEGF (AVM model); GV = mice injected
with Ad-GFP and low-dose AAV-VEGF (angiogenesis in WT brain).

Therefore, blocking VEGF signaling could be a promising
strategy to reduce bAVM hemorrhage in patients.

Partial obliteration of bAVM increases the VEGF level
in bAVM, which is associated with a high hemorrhage
rate;’’ these findings suggest that elevation of VEGF is
associated with bAVM hemorrhage. In the present study,
using mouse bAVM models, we provide direct evidence
to support the notion that an increase of the VEGF level
exacerbates bAVM hemorrhage. A significant number of
mice in the high-dose AAV-VEGF group died between the
7th and 8th weeks after bAVM induction.

Certain angioarchitecture and corresponding hemody-
namic features of bAVM are associated with bAVM hem-
orrhage, and secondary VEGF elevation might be one of
the underlying causes. Our group identified a prolonged
venous drainage time in ruptured bAVMs compared to the
unruptured lesions.> We also found that bAVMs with re-
stricted venous outflow and unbalanced high inflow have
a higher future hemorrhage risk.?* These clinical findings
suggest that a restricted venous drainage and accompa-
nying VH might enhance bAVM hemorrhage. VH could
induce VEGF expression. In animal models, VH increas-
es brain VEGF expression.*#* In Alk/-deficient mouse
brains, increased focal tissue perfusion and VEGF stimu-
lation have a synergistic effect to promote vascular dys-
plasia.’® In this study, we documented that creation of VH
in mice with bAVMs caused severe hemorrhage in bAVM
lesions and high mortality. The phenotype was similar
to what we found in bAVM lesions of mice treated with
high-dose AAV-VEGF. Therefore, our data suggest that
increased VEGEF in response to VH contributes to hemor-
rhage in bAVM lesions. This might be one of the underly-
ing causes of increased hemorrhage risk in patients with
bAVMs with draining vein stenosis or exclusively deep
venous drainage, which causes restricted venous drainage
and concurrent VH.

Intracranial hemorrhage with an obvious hematoma is
the most common presentation in patients with bAVM. Si-
lent intralesional hemorrhage has been found in 30% of
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unruptured bAVMs."* Conditional deletion of Alkl during
the embryo development stage resulted in bAVM devel-
oping spontaneously, which is accompanied with severe
intracranial hemorrhage.?>* Most mice died shortly after
birth. However, the hemorrhagic phenotype in the Alk/-
deficient adult bAVM model is less severe.’ We have previ-
ously shown that deletion of the Itgh8 gene with Alkl ex-
acerbated bAVM hemorrhage in our adult mouse model.?*
Therefore, in addition to elevation of VEGF, abnormalities
in other genes functioning in angiogenesis may also play a
role in bAVM hemorrhage.

Study Limitations
There are several limitations of this study, as follows.

1) The vessel density and the number of dysplastic vessels
were not quantified properly in the brains of the high-
dose AAV-VEGEF group due to the severe hemorrhage.
For these brains, we had to select sections farther away
from the injection site for vessel quantification. There-
fore, the vessel density and the number of dysplastic
vessels in the high-dose AAV-VEGF group were un-
derestimated. We were not able to show the differences
between high- and low-dose AAV-VEGF groups.

2) Due to the extremely high mortality in the low-dose
AAV-VEGF/VH group, we did not add more mice to
measure VEGF expression in this study. We showed in
our previous studies that VH increases VEGF expres-
sion in mouse and rat brain.!*# The mice used in this
study had the same strain/type as the mice we used in
our previous study;" they were all in C57BL/6J back-
ground. Even though all conditions used in this study
were the same as those used in our previous investiga-
tion, the mice in the current study may not have had the
same level of VEGEF in their brains as in the previous
study.

3) We have tested anti-VEGF therapies previously and
have shown the following: bevacizumab treatment
inhibits bAVM formation and progression,* which
has led to a clinical trial at UCSF (ClinicalTrials.gov,
NCTO02314377); and intravenous injection of AAV-
sFLT1 attenuates the severity of bAVM phenotypes.*+*
Unfortunately, we did not analyze hemorrhage in these
studies. We will do so in future studies.

4) In this study, we used the AAV vector to overexpress ex-
ogenous VEGF chronically to demonstrate that increas-
ing the VEGEF level chronically before and after bAVM
formation increases bAVM hemorrhage. We have also
created VH in mice in which bAVM is still develop-
ing to test if an increase of venous pressure increases
bAVM hemorrhage. However, these models may not
completely mimic the clinical scenario, because a surge
of VEGEF level, increases of other angiogenic factors,
and changes of hemodynamics other than VH may con-
tribute to bAVM hemorrhage.

5) In addition to increasing the VEGF level in the brain,
VH also increased the pressure in the brain venous sys-
tem and the sagittal sinus. VH also increased inflamma-
tory factors, such as matrix metalloproteinase (MMP9)
activity and leukocyte infiltration.#* Therefore, VH
can increase bAVM hemorrhage through other mecha-
nisms.



6)

Because increasing the AAV-VEGF dose elevated ex-
ogenous VEGF level in the bAVM lesion, to demon-
strate that an increase of endogenous VEGF can also
increase bAVM hemorrhage, we created VH in mice
with bAVMs, because VH can increase the endogenous
VEGF level in the brain.'*** As shown in Fig. 4, VH sig-
nificantly increased bAVM hemorrhage and mortality.
However, due to the high mortality rate (50%), we did
not induce VH in more mice with bAVMs. Therefore,
the sample size in this study is small.

Conclusions

In this paper, we provided direct evidence that eleva-

tion of the VEGF level increases bAVM hemorrhage and
mortality in a mouse bAVM model. Therefore, inhibition
of VEGF might be a promising strategy to prevent bAVM
hemorrhage or reduce the severity of hemorrhage.
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