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DEVELOPMENTAL B IOLOGY

Nitric oxide synthase and reduced arterial tone
contribute to arteriovenous malformation
Lawrence Huang1†, Feng Cheng1†‡, Xuetao Zhang1, Jacek Zielonka2, Matthew A. Nystoriak3§,
Weiwei Xiang1, Kunal Raygor1, Shaoxun Wang1, Aditya Lakshmanan1, Weiya Jiang1, Sai Yuan1,
Kevin S. Hou1, Jiayi Zhang1, Xitao Wang1, Arsalan U. Syed3, Matea Juric2, Takamune Takahashi4,
Manuel F. Navedo3, Rong A. Wang1*

Mechanisms underlying arteriovenous malformations (AVMs) are poorly understood. Using mice with endothe-
lial cell (EC) expression of constitutively active Notch4 (Notch4*EC), we show decreased arteriolar tone in vivo
during brain AVM initiation. Reduced vascular tone is a primary effect of Notch4*EC, as isolated pial arteries from
asymptomatic mice exhibited reduced pressure-induced arterial tone ex vivo. The nitric oxide (NO) synthase
(NOS) inhibitor NG-nitro-L-arginine (L-NNA) corrected vascular tone defects in both assays. L-NNA treatment
or endothelial NOS (eNOS) gene deletion, either globally or specifically in ECs, attenuated AVM initiation, as-
sessed by decreased AVM diameter and delayed time to moribund. Administering nitroxide antioxidant 4-
hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl also attenuated AVM initiation. Increased NOS-dependent pro-
duction of hydrogen peroxide, but not NO, superoxide, or peroxynitrite was detected in isolated Notch4*EC

brain vessels during AVM initiation. Our data suggest that eNOS is involved in Notch4*EC-mediated AVM forma-
tion by up-regulating hydrogen peroxide and reducing vascular tone, thereby permitting AVM initiation and
progression.
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INTRODUCTION
Arteriovenous (AV) malformations (AVMs) are devastating high-
flow vascular anomalies that shunt blood directly from arteries to
veins by displacing intervening capillaries, capable of causing
both hemorrhage and ischemia (1, 2). Developing better therapeutic
interventions requires an improved understanding of the mecha-
nisms underlying AVM pathogenesis.

Recent reports demonstrate that Notch signaling, including
Notch1 and Notch4, is aberrantly increased in human brain
AVMs (3–5). Notch4 gene polymorphisms are also potential risk
factors for human brain AVMs (6). Downstream of Notch signaling,
loss-of-function mutations in ephrin type-B receptor 4 (EphB4)
have been implicated in human AVM in a form of capillary malfor-
mation–AVM (7). Expression of mutant KRAS in cultured endothe-
lial cells (ECs) induced up-regulation of Notch pathway genes, such
as Notch1, Dll4, Jag1, and Jag2, thus linking Notch signaling to
KRAS mutation–induced human brain AVM (8). Furthermore,
Notch signaling interacts with activin receptor–like kinase 1 signal-
ing, whose haploinsufficiency leads to hereditary hemorrhagic tel-
angiectasia (HHT), a human vascular disorder that is characterized
by AVMs (9). These findings suggest that Notch signaling is in-
volved in human AVM pathogenesis.

Postnatal perturbation of Notch signaling, a master regulator of
AV specification, leads to AVMs in mice (10–15). Notch receptors
(Notch1 and Notch4) and ligands (Dll1, Dll4, Jag1, and Jag2) are
expressed in arterial but not venous ECs (16, 17). Notch determines
arterial EC fate by promoting the expression of arterial molecular
markers while suppressing the expression of venous molecular
markers (18). Our previous comparative studies show that constitu-
tively active Notch1 and constitutively active Notch4 both induce
AVMs (13). While Notch1 is expressed in many tissues, Notch4 is
more restricted to the endothelium. Therefore, we focused on the
role and mechanisms of Notch4 in AVM formation. We show
that endothelial-specific expression of constitutively active Notch4
(Notch4*; Notch4*EC herein), induces AVMs with 100% penetrance
in mice (10, 12, 14).

The degree of constriction and dilation of small-diameter arter-
ies and arterioles is a key determinant of capillary perfusion pres-
sure and blood flow (19). Accordingly, it is plausible that impaired
regulation of vascular tone in resistance arteries contributes to cap-
illary enlargement and flow-perpetuated AV shunt growth. Thus, to
understand the mechanisms by which Notch4*EC elicits AVMs, we
hypothesize that vascular tone (e.g., pressure-induced constriction)
(20) is compromised in Notch4*EC mice, contributing to AVM for-
mation by disrupting normal vasoconstriction. Because the endo-
thelial nitric oxide (NO) synthase (NOS) (eNOS) pathway is a
critical modulator of vascular function, including resting arterial
tone and cerebral blood flow (21–23), we tested the role of eNOS
in modulating AVM formation in Notch4*EC mice.
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RESULTS
Mice expressing Notch4* in ECs exhibited impaired cerebral
vascular tone
To test whether the expression of Notch4* in ECs affects cerebro-
vascular tone in vivo, we used our mouse model carrying Tie2-
tTA;TRE-Notch4* transgenes, in which Notch4* is specifically ex-
pressed in ECs (i.e., Notch4*EC mice) (10). We measured diameters
of arterial branches of the middle and anterior cerebral arteries (24)
and their first-order arterioles through an open cranial window in
anesthetized postnatal day 16 (P16) Notch4*EC (in which
Notch4*EC expression was turned on from birth) and Tie2-tTA
control mice. We measured vessel diameters at baseline with
topical administration of artificial cerebrospinal fluid (aCSF) and
at a maximally dilated state with aCSF devoid of Ca2+ and contain-
ing 1 μM of the L-type Ca2+ channel antagonist nifedipine (0 Ca2+
aCSF + nifedipine) using our established procedures (Fig. 1A) (24).
We verified the in vivo assay in genetic control mice by showing the

known inverse correlation between vessel diameter and tone (fig.
S1) and detected a statistically significant reduction in arteriolar
tone in Notch4*EC versus control mice (Fig. 1B).

To verify the manual quantification, we implemented a compu-
tational unbiased edge detection method for quantifying vessel di-
ameter (fig. S2). Comparative analysis between edge detection and
manual measurements showed a positive linear correlation in mea-
sured diameters and tone (fig. S3). Using this method, we con-
firmed the reduction in arteriolar tone in Notch4*EC versus
control mice (Fig. 1C). We also measured vasodilation in response
to acetylcholine (ACh) and did not detect a statistically significant
change in ACh-induced vasodilation in Notch4*EC arteries or arte-
rioles compared to those of controls (fig. S4). These data indicate
that cerebrovascular tone is suppressed in mice with constitutively
active endothelial Notch4.

We further assessed pressure-induced arterial tone on intact ce-
rebral arteries isolated from 5- to 6-week-old Notch4*EC mice, in

Fig. 1. Impaired in vivo cerebral vascular tone in mice expressing Notch4* in ECs. (A) Representative images of middle cerebral and anterior cerebral arteries and
branches in live postnatal day 16 (P16) Tie2-tTA and Tie2-tTA;TRE-Notch4*mice visualized through an open cranial window. Scale bars, 150 μm. aCSF, artificial cerebrospinal
fluid. (B) Arterial and arteriolar tone in the absence (−) and presence (+) of NG-nitro-L-arginine (L-NNA) treatment (30mg/kg) (percentage change frommaximum passive
diameter). (In the absence of L-NNA, artery: Tie2-tTA, n = 24mice; Tie2-tTA;TRE-Notch4*, n = 27mice; P = 0.1385, t test; arteriole: Tie2-tTA, n = 27mice; Tie2-tTA;TRE-Notch4*,
n = 29 mice; P = 0.001, t test.) (In the presence of L-NNA, artery: Tie2-tTA, n = 10 mice; Tie2-tTA;TRE-Notch4*, n = 10 mice; P = 0.0936, t test; arteriole: Tie2-tTA, n = 10 mice;
Tie2-tTA;TRE-Notch4*, n = 10 mice; P = 0.913, t test.) (C) Arteriolar tone by edge detection from line profiles (Tie2-tTA, n = 17 mice; Tie2-tTA;TRE-Notch4*, n = 19 mice; P =
0.02, t test).
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which Notch4*EC expression was induced for 10 days. Note that
these adult Notch4*EC mice did not exhibit brain AVMs (10), and
we therefore provide a model to assess the primary effect of
Notch4*EC on arterial tone in the absence of confounding factors
associated with the presence of AVMs. Pressure-dependent vaso-
constriction was observed in control arteries but was nearly abol-
ished in Notch4*EC arteries (Fig. 2, A and B). We tested whether
vasoconstriction in response to direct membrane depolarization
and activation of voltage-dependent calcium channels was affected
in arteries from Notch4*EC mice (20). This response was similar
between groups, suggesting that loss of tone was not due to
reduced Ca2+-dependent smooth muscle contractile function (fig.
S5). To assess the role of NOS, we tested whether the loss of vascular

tone in Notch4*EC arteries was sensitive to the NOS inhibitor NG-
nitro-L-arginine (L-NNA). Consistent with this, Notch4*EC arteries
exhibited a greater degree of vasoconstriction in response to L-NNA
compared to control arteries (Fig. 2, C and D), such that no differ-
ences in tone were observed in the presence of L-NNA (Fig. 2E). On
the basis of the results of ex vivo arterial diameter experiments, we
determined whether NOS activity underlies the loss of arteriolar
tone in vivo. Whereas Notch4*EC mice had reduced arteriolar
tone relative to control mice, these differences were abolished in
the presence of L-NNA (Fig. 1B). These data suggest that endothe-
lial Notch4* suppresses small-diameter cerebrovascular tone via the
enhanced activity of NOS.

Fig. 2. Impaired ex vivo cerebral vascular tone inmice expressing Notch4* in ECs. (A) Representative diameter recordings from pressurized Tie2-tTA and Tie2-tTA;TRE-
Notch4* cerebral arteries over a range of intravascular pressures. Solid and dashed lines indicate active and passive diameters, respectively. (B) Arterial tone (percentage
change frommaximumpassive diameter) measured in isolated cerebral arteries over a range of intravascular pressures. (n = 8 arteries from sevenmice per group; Tie2-tTA
versus Tie2-tTA;TRE-Notch4* at 20 mmHg, P = 0.4783; 40 mmHg, P = 0.0667; 60 mmHg, P = 0.0121; 80 and 100 mmHg, P < 0.0001, t test). (C) Representative diameter
recordings from pressurized (60 mmHg) cerebral arteries in the absence and presence of 50 μM L-NNA. The maximum passive diameter was recorded at the end of the
experiment in Ca2+-free perfusate containing nifedipine (nifed; 1 μM) and forskolin (fsk; 0.5 μμ). (D) L-NNA–induced constriction (percentage change in diameter nor-
malized to maximum passive diameter for vessels shown in (D). (n = 5 arteries from four mice per group; P = 0.0431, t test.) (E) Arterial tone at 60 mmHg of intravascular
pressure in the absence (−) and presence (+) of 50 μM L-NNA (n = 5 arteries from four mice per group; Tie2-tTA versus Tie2-tTA;TRE-Notch4* in the absence of L-NNA, P =
0.0085; in the presence of L-NNA, P = 0.3763, t test). Error bars, SEM.
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Mosaic Notch4* expression in ECs was sufficient to reduce
vascular tone and initiate brain AVMs
Because somatic mutations, oftenmosaic, are found in human brain
AVMs, we tested whether Notch4* expression was mosaic in our
Notch4*EC brain AVM mouse model. The transgenic Notch4*
does not contain an extracellular domain and does not require
ligand binding to signal, but rather it is constitutively cleaved and
translocated into the nucleus, thus presenting a nuclear staining
pattern. We detected nuclear Notch4* using an antibody to the cy-
toplasmic domain of the Notch4 receptor. This antibody, in princi-
ple, should also recognize the endogenous Notch4, but because the
endogenous Notch4 is expressed at lower levels and not concentrat-
ed in the nucleus, it is not detected by this antibody. Accordingly,
this antibody practically detects only transgenic Notch4*. We iden-
tified individual Notch4*-positive ECs in arteries, veins, and capil-
laries, using double staining for Notch4* and vascular endothelial
(VE)–cadherin, which highlights EC boundaries. We measured
the fluorescence intensity of Notch4* immunostaining (Notch4 in-
tracellular domain; Notch4ICD) in EC nuclei in P12 cortexes (fig.
S6A), when enlargement of capillary-like vessels become apparent
in Notch4*EC mice (13). We found that ~60% of ECs were Notch4*
positive and evenly distributed throughout arteries, veins, and cap-
illaries in Notch4*EC mice (fig. S6B), without obvious difference in
Notch4* intensity in individual ECs from arteries, veins, and capil-
laries (fig. S6C). As a control, Notch4ICD was not detected in brain
blood vessels of Tie2-tTA mice (fig. S6A).

L-NNA decreased AVM diameter in brains of mice
expressing Notch4* in ECs
To evaluate the effects of pharmacological inhibition of NOS on
Notch4*EC-mediated brain AVM, we examined tomato lectin–per-
fused whole-mount brain preparations of Notch4*EC mice.
Notch4*EC expression was induced at birth by withdrawing tetracy-
cline treatment. Notch4*EC mice along with genetic control mice
(carrying Tie2-tTA) were treated with saline or L-NNA daily start-
ing from P1, and AV connection diameters were measured at their
narrowest point at P24 (or at moribund if mice became moribund
earlier than P24; Fig. 3A; see Materials and Methods for assessing
moribundity). By P24, all Notch4*EC mice are expected to have de-
veloped enlarged AV connections with a diameter of ≥12.5 μm,
while connections of this diameter are not observed in control
mice after P12 (13). Accordingly, enlarged AV connections were
widespread in saline-treated Notch4*ECmice at P24.While NOS in-
hibition by L-NNA treatment did not completely prevent brain
AVM initiation, as AV shunts, ≥12.5 μm remained (Fig. 3A and
fig. S7), AV connection diameter was smaller in L-NNA–treated
Notch4*EC mice at P24 (14 ± 2 μm) compared to saline-treated
Notch4*EC mice (30 ± 2 μm; Fig. 3B). L-NNA–treated Notch4*EC
mice exhibited a smaller fraction (1 ± 1%) of severely enlarged
AV connections with a diameter ≥ 30 μm compared to that in
saline-treated Notch4*EC mice (44 ± 5%; Fig. 3C).

To determine whether NOS inhibition affected brain AVM ini-
tiation, Notch4*EC and genetic control mice were treated with saline
or L-NNA daily starting on P1, and AV connection diameters were
measured at P12, when vessel enlargement become apparent in
Notch4*EC mice (13). At P12, AV connection diameter in L-
NNA–treated Notch4*EC mice (6 ± 1 μm) was smaller compared
to that in saline-treated Notch4*EC mice (15 ± 1 μm) and was not
statistically different from that in saline- (5 ± 0.2 μm) or L-NNA–

treated genetic controls (5 ± 0.1 μm) (Fig. 3, D and E). In addition,
L-NNA–treated Notch4*EC mice exhibited a smaller fraction (2 ±
2%) of enlarged AV connections with a diameter of ≥12.5 μm com-
pared to that in saline-treated Notch4*EC mice (56 ± 4%; Fig. 3F).
These data suggest that L-NNA treatment attenuated AVM initia-
tion at P12. Together, our data at P24 and P12 suggest that NOS
inhibition by L-NNA treatment attenuated the initiation and
delayed the progression of brain AVM in Notch4*EC mice. Next,
we investigated whether L-NNA treatment can reverse established
AVMs. Saline or L-NNAwas injected daily starting from P16, when
AVMs are established, and AV connection diameters weremeasured
at P24, when a majority of the mice got ill. The AV connection di-
ameter in L-NNA–treated Notch4*EC mice (30 ± 4 μm), although
slightly reduced, was not statistically different than from saline-
treated Notch4*EC mice (34 ± 2 μm; fig. S8), suggesting that L-
NNA treatment could not reverse established AVMs.

L-NNA treatment decreased AVM diameter in brains of
moribund mice expressing Notch4* in ECs
To assess the full effect of NOS inhibition on brain AVM formation
in Notch4*EC mice, we evaluated the mice at the moribund stage.
We used immunostaining of VE-cadherin, because it did not
require perfusion and could be performed on moribund mice that
were too weak to be perfused sufficiently. Expression of VE-cadher-
in showed that moribund L-NNA–treated Notch4*EC mice exhibit-
ed a less severe AVM phenotype compared to moribund saline-
treated Notch4*EC mice (fig. S9A), with decreased AV connection
diameter (19 ± 2 μm + L-NNA versus 30 ± 4 μm + saline) and
smaller fraction of severely enlarged AV connections with a diam-
eter of ≥30 μm over total AV connections quantified (14 ± 6% + L-
NNA versus 44 ± 10% + saline), despite being harvested at older
ages (fig. S9, C to E). Genetic controls without Notch4*EC expres-
sion treated daily with saline or L-NNA exhibited no gross vascular
phenotype after 40 or 50 days, respectively (fig. S9, B and C). These
results suggest that L-NNA–mediated attenuation of Notch4*EC
brain AVM persisted until the late stages of disease progression.

L-NNA treatment delayed illness progression in mice
expressing Notch4* in ECs
In our Notch4*EC brain AVM model, Notch4*EC activation from
birth leads to death by 5 weeks of age (14). Because L-NNA treat-
ment attenuated vessel enlargement, we evaluated its effect on
disease outcome. Administering L-NNA daily delayed but did not
prevent illness in Notch4*EC mice (median moribund age: P30 + L-
NNA versus P25 + saline; Fig. 4A). Saline- or L-NNA–treated
genetic controls without Notch4*EC expression did not result in
illness or moribundity during this time window. These results
suggest that decreased brain AV connection diameter in L-NNA–
treated Notch4*EC mice was accompanied by delayed illness
progression.

AVM formation in Notch4*EC mice is widespread and not
limited to the brain (10, 12). We previously demonstrated that
one compensatory response to peripheral AV shunting was cardio-
megaly (10). To assess whether Notch4*EC-associated heart enlarge-
ment was affected following NOS inhibition, we measured heart-to-
body weight ratio at P24, when enlarged brain AV connections were
readily detected. Heart-to-body weight ratio in Notch4*EC mice was
lower when treated with L-NNA compared to saline treatment
(Fig. 4B). These results provide further evidence that inhibiting
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Fig. 3. L-NNA decreased AVM diameter in brains of mice expressing Notch4* in ECs. (A) Lectin-perfused vasculature on P24 surface cerebral cortex of Tie2-tTA and
Tie2-tTA;TRE-Notch4* mice treated with saline or L-NNA (a, artery; v, vein; dashed lines, example AV connections; arrowheads, example points of measurement for AV
connection diameter; scale bars, 100 μm). (B) Arteriovenous (AV) connection diameter (Tie2-tTA + saline, n = 7 mice; Tie2-tTA + L-NNA, n = 9 mice; Tie2-tTA;TRE-Notch4* +
saline, n = 6 mice; Tie2-tTA;TRE-Notch4* + L-NNA, n = 6 mice; P = 0.0002, t test). (C) Fraction of AV connections with a diameter of ≥30 μm over total AV connections
quantified [same n numbers as in (B); P < 0.0001, t test]. (D) Lectin-perfused vasculature on P12 surface cerebral cortex of Tie2-tTA and Tie2-tTA;TRE-Notch4*mice treated
with saline or L-NNA (dashed lines, example AV connections; arrowheads, example points of measurement for AV connection diameter; scale bars, 100 μm). (E) AV con-
nection diameter [Tie2-tTA + saline, n = 6 mice; Tie2-tTA + L-NNA, n = 7 mice; Tie2-tTA;TRE-Notch4* + saline, n = 4 mice; Tie2-tTA;TRE-Notch4* + L-NNA, n = 5 mice; Tie2-
tTA;TRE-Notch4* + L-NNAversus Tie2-tTA;TRE-Notch4* + saline, Padj < 0.0001; Tie2-tTA;TRE-Notch4* + L-NNAversus Tie2-tTA + saline, Padj = 0.2631; Tie2-tTA;TRE-Notch4* + L-
NNAversus Tie2-tTA + L-NNA, Padj = 0.3582; Tukey’s multiple comparisons test following a two-way analysis of variance (ANOVA) to analyze the effects of Notch4*EC and L-
NNA]. (F) Fraction of AV connections with a diameter of ≥12.5 μm over total AV connections quantified [same n numbers as in (E); Tie2-tTA;TRE-Notch4* + L-NNA versus
Tie2-tTA;TRE-Notch4* + saline, Padj < 0.0001; Tie2-tTA;TRE-Notch4* + L-NNAversus Tie2-tTA + saline, Padj = 0.5605; Tie2-tTA;TRE-Notch4* + L-NNAversus Tie2-tTA + L-NNA, Padj
= 0.5336; Tukey’s multiple comparisons test following a two-way ANOVA to analyze the effects of Notch4*EC and L-NNA]. Error bars, SEM.
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NOS reduced the overall severity of Notch4*EC-mediated vessel
enlargement.

eNOS deletion decreased AVM diameter in brains of mice
expressing Notch4* in ECs
To evaluate the effects of deletion of eNOS on Notch4*EC-induced
brain AVM formation, we examined tomato lectin–perfused whole-
mount brain preparations of Notch4*EC mice without and with
eNOS deletion at P24 (or at moribund if mice became moribund
earlier than P24; Fig. 5A and figs. S10 and S11), where Notch4*EC
expression was activated at birth by withdrawing tetracycline treat-
ment. Deletion of eNOS attenuated Notch4*EC-mediated brain
AVM formation at P24. Notch4*EC mice lacking both eNOS
alleles exhibited decreased AV connection diameter (25 ± 2 versus
34 ± 2 μm with Tie2-tTA;TRE-Notch4*;eNOS+/+; Fig. 5B) and de-
creased fraction of severely enlarged AV connections with a diam-
eter of ≥30 μm over total AV connections quantified (27 ± 6 versus
53 ± 4% with Tie2-tTA;TRE-Notch4*;eNOS+/+; Fig. 5C). Thus, our

data suggest that eNOS deletion attenuates brain AVM formation in
Notch4*EC mice, similar to pan-NOS inhibition by L-NNA treat-
ment, while vessel diameters were variable and individual animals
exhibited a wider range of phenotype.

eNOS deletion delayed illness progression in mice
expressing Notch4* in ECs
Similar to the treatment of mice with L-NNA, eNOS deletion
delayed illness in Notch4*EC mice (median moribund age: P28.5
in Tie2-tTA;TRE-Notch4*;eNOS−/− mice versus P23 in Tie2-
tTA;TRE-Notch4*;eNOS+/+ mice; Fig. 5D). eNOS deletion in
genetic controls without Notch4*EC expression did not result in
illness or moribundity during this time window. These results
suggest that, similar to L-NNA treatment, genetic deletion of
eNOS delayed disease progression in Notch4*EC mice.

eNOSdeletion reduced the severity of cardiomegaly inmice
expressing endothelial Notch4*
To assess whether Notch4*EC-associated heart enlargement was af-
fected following eNOS deletion, we measured heart-to-body weight
ratio at P24. Heart-to-body weight ratio was decreased in Tie2-
tTA;TRE-Notch4*;eNOS−/− mice compared to Tie2-tTA;TRE-
Notch4*;eNOS+/+ mice (Fig. 5E; images of hearts are shown in fig.
S12). These results suggest that similar to L-NNA treatment, eNOS
deletion reduced the overall severity of Notch4*EC-mediated AV
shunting.

Endothelial-specific eNOS deletion decreased AVM
diameter in brains of mice expressing Notch4* in ECs
eNOS expression is not restricted to ECs. We thus performed post-
natal deletion of eNOS specifically in ECs using Tie2-tTA;TRE-
Notch4*;Cdh5(PAC)-CreERT2;eNOSf/f mice, with EC-specific dele-
tion of eNOS verified by whole-mount immunostaining (fig. S13).
Endothelial-specific deletion of eNOS decreased AV connection di-
ameter at P24 [mean AV connection diameter of 19 ± 2 μm in Tie2-
tTA;TRE-Notch4*;Cdh5(PAC)-CreERT2;eNOSf/f compared to 35 ± 3
μm in genetic controls; Fig. 5, F and G, and figs. S14 and S15], con-
sistent with Notch4*EC mice with global germline eNOS knockout.
Similar to eNOS global knockout, endothelial-specific eNOS dele-
tion delayed illness in Notch4*EC mice [median moribund age:
P32 in Tie2-tTA;TRE-Notch4*;Cdh5(PAC)-CreERT2;eNOSf/f mice
versus P24 in Tie2-tTA;TRE-Notch4*;eNOSf/f mice; Fig. 5H].
eNOS deletion in genetic controls without Notch4*EC expression
did not result in illness or moribundity during this time window.
The heart-to-body weight ratio was also decreased in Tie2-
tTA;TRE-Notch4*; Cdh5(PAC)-CreERT2;eNOSf/f mice compared
to Tie2-tTA;TRE-Notch4*;eNOSf/f mice (Fig. 5I; images of hearts
are shown in fig. S16).

Endothelial Notch4* expression did not result in a
significant change in cGMP production in aortae, DAF
staining in cerebral vasculature, or nitrite/nitrate levels in
isolated cerebral vessels
Our results show that NOS inhibition or eNOS deletion attenuated
brain AVM initiation and its progression, suggesting a role for
eNOS and potentially other NOS isoforms in Notch4*EC mice.
We thus investigated whether Notch4*EC expression affected NO
production. First, we measured cyclic guanosine monophosphate
(cGMP) production, a surrogate for NO production (25), in the

Fig. 4. L-NNA treatment delayed illness progression in mice expressing
Notch4* in ECs. (A) Kaplan-Meier analysis of Tie2-tTA;TRE-Notch4* mice treated
with saline (n = 34 mice) or L-NNA (n = 18 mice), with monitoring starting on
P12. Blue indicates median moribund age (P < 0.0001, log-rank/Mantel-Cox
test). (B) Heart-to-body weight ratio at P24 (Tie2-tTA + saline, n = 3 mice; Tie2-
tTA + L-NNA, n = 3 mice; Tie2-tTA;TRE-Notch4* + saline, n = 7 mice; Tie2-tTA;TRE-
Notch4* + L-NNA, n = 4 mice; P = 0.002, t test.). Error bars, SEM.
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Fig. 5. eNOS deletion decreased AVM diameter in brains of mice expressing Notch4* in ECs. (A) Vasculature on P24 surface cerebral cortex of Tie2-tTA and Tie2-
tTA;TRE-Notch4*mice without (eNOS+/+) and with (eNOS−/−) endothelial nitric oxide synthase (eNOS) deletion. (B) AV connection diameter (Tie2-tTA;TRE-Notch4*;eNOS+/+,
n = 9 mice; Tie2-tTA;TRE-Notch4*;eNOS−/−, n = 12 mice; P = 0.0114, t test). (C) Fraction of AV connections with a diameter of ≥30 μm over total AV connections quantified
[same n numbers as in (B); P = 0.0044, t test]. For (B) and (C), n = 3 mice per group for Tie2-tTA;eNOS+/+ and Tie2-tTA;eNOS−/−. (D) Kaplan-Meier analysis of Tie2-tTA;TRE-
Notch4*micewithout (eNOS+/+) and with (eNOS−/−) eNOS deletion (Tie2-tTA;TRE-Notch4*;eNOS+/+, n = 17mice; Tie2-tTA;TRE-Notch4*;eNOS−/−, n = 24mice; P = 0.0024, log-
rank/Mantel-Cox test). (E) Heart-to-body weight ratio at P24 (Tie2-tTA;TRE-Notch4*;eNOS+/+, n = 8 mice; Tie2-tTA;TRE-Notch4*;eNOS−/−, n = 10 mice; P = 0.0062, t test; Tie2-
tTA;eNOS+/+, n = 4 mice; Tie2-tTA;eNOS−/−, n = 5 mice). (F) Vasculature on P24 surface cerebral cortex of Tie2-tTA and Tie2-tTA;TRE-Notch4* mice without and with endo-
thelial-specific deletion of eNOS. (G) AV connection diameter [Tie2-tTA;TRE-Notch4*;eNOSf/f, n = 6 mice; Tie2-tTA;TRE-Notch4*;Cdh5(PAC)-CreERT2;eNOSf/f, n = 7 mice; P =
0.0004, t test; n = 6 mice per group for Tie2-tTA;eNOSf/f and Tie2-tTA;Cdh5(PAC)-CreERT2;eNOSf/f ]. (H) Kaplan-Meier analysis of Tie2-tTA;TRE-Notch4*mice without and with
endothelial-specific eNOS deletion [Tie2-tTA;TRE-Notch4*;eNOSf/f, n = 6 mice; Tie2-tTA;TRE-Notch4*;Cdh5(PAC)-CreERT2;eNOSf/f, n = 9 mice; P = 0.017, log-rank/Mantel-Cox
test]. (I) Heart-to-body weight ratio at P24 [Tie2-tTA;TRE-Notch4*; Cdh5(PAC)-CreERT2;eNOSf/f, n = 6mice; Tie2-tTA;TRE-Notch4*;eNOSf/f, n = 5mice; P = 0.0245, t test; Tie2-tTA;
eNOSf/f, n = 6 mice; Tie2-tTA; Cdh5(PAC)-CreERT2;eNOSf/f, n = 6 mice]. Dashed lines, example AV connections; arrowheads, example points of measurement for AV con-
nection diameter; scale bars, 100 μm. For Kaplan-Meier analyses, monitoring started on P12, and blue indicates median moribund age. Error bars, SEM.
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aortae of Notch4*EC and control mice. We did not detect a change
in ACh-stimulated, NO-dependent aortic cGMP production in
Notch4*ECmice at P12 (in which Notch4*EC expression was activat-
ed at birth) or in adult Notch4*EC mice in which Notch4*EC was
expressed for 10 days (these mice are not expected to develop
brain AV shunts during this time frame; Fig. 6A) (10). These data
suggest that Notch4*EC expression did not affect NO production in
arteries, either during AVM initiation or independent of brain AVM
initiation (in adult mice without brain AVM).

Second, we assessed NO production in cortical sections using
the NO indicator 4-amino-5-methylamino-2′,7′-difluorofluores-
cein (DAF-FM) diacetate. DAF-FM fluorescence was detected in ar-
terial branches but not veins, capillaries, or AV connections in
control brains as well as Notch4*EC brains at P12 (Fig. 6B). Mice
were treated with L-NNA to measure NOS-dependent NO produc-
tion. We did not detect differences in L-NNA–sensitive DAF fluo-
rescence between Notch4*EC arterial branches and those of control
(Fig. 6C). Third, we assessed nitrite/nitrate level, an indicator of NO
production, in isolated brain blood vessels and did not detect a dif-
ference between Notch4*EC and control groups at either P12 or P16
(Fig. 6D). Together, the results suggest that Notch4*EC expression
did not result in a detectable change in NO in aortae or cere-
bral vessels.

Tempol treatment delayed illness progression and
decreased brain AVM diameter in moribund mice
expressing Notch4* in ECs
Our data show that eNOS contributed to AVM formation without
statistically significant changes in NO levels. Besides producing NO,
eNOS activity may also result in increased generation of cellular ox-
idants. To test whether increased oxidant levels are involved in
Notch4*-mediated brain AVM formation, we used Tempol (4-
hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl), which is a potent,
in vivo–compatible antioxidant. Tempol can scavenge biologically
relevant free radicals and thus prevent oxidative damage to biomol-
ecules. While Tempol does not directly scavenge hydrogen perox-
ide, it can inhibit hydrogen peroxide–driven processes and prevent
H2O2-dependent oxidations by interfering with myeloperoxidase-
catalyzed oxidation and nitration processes (26, 27). Notch4*EC ex-
pression was activated at birth (P0) by withdrawing tetracycline
treatment, and Notch4*EC and genetic control mice were treated
with Tempol daily starting on P1. Tempol treatment delayed
illness in Notch4*EC mice (median moribund age: P28 + Tempol
versus P25 + vehicle; Fig. 7A). Vehicle- or Tempol-treated genetic
controls without Notch4*EC did not result in illness or moribundity.

We next evaluated the effects of Tempol on Notch4*EC-mediated
brain AVM severity by examining cortical vasculature of severely

Fig. 6. Endothelial Notch4* expression did not result in a significant change in cGMP production in aortae, DAF staining in cerebral vasculature, or nitrite/
nitrate levels in isolated cerebral vessels. (A) Acetylcholine (ACh)–stimulated cyclic guanosine monophosphate (cGMP) production in aorta (P12: Tie2-tTA, n = 8 mice;
Tie2-tTA;TRE-Notch4*, n = 8 mice; P = 0.8248, t test; 8 weeks: Tie2-tTA, n = 7 mice; Tie2-tTA;TRE-Notch4*, n = 8 mice; P = 0.3754, t test). (B) 4-Amino-5-methylamino-2′,7′-
difluorofluorescein (DAF-FM) staining and lectin-perfused vasculature on P12 surface cerebral cortex of Tie2-tTA and Tie2-tTA;TRE-Notch4*, with or without L-NNA treat-
ment. Scale bars, 100 μm. (C) Quantification of L-NNA sensitive DAF-FM fluorescence intensity by arterial diameter (A.U., arbitrary units; Tie2-tTA, n = 6 mice; Tie2-tTA;TRE-
Notch4*, n = 6 mice; > 60 μm, P = 0.389; 35 to 55 μm, P = 0.4138; <30 μm, P = 0.5951, t test.) (D) Nitrite/nitrate level in isolated brain blood vessels at P12 (Tie2-tTA, n = 8
mice; Tie2-tA;TRE-Notch4*, n = 9 mice; P = 0.7562, t test) and P16 (n = 6 for both groups; P = 0.3785, t test). Error bars, SEM.
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affected, moribund Notch4*EC mice. At moribund, Tempol-treated
Notch4*EC mice exhibited less severe AVM compared to vehicle-
treated Notch4*EC mice (Fig. 7B and fig. S17), with decreased AV
connection diameter (17 ± 2 μm + Tempol versus 26 ± 2 μm +
vehicle) and smaller fraction of enlarged AV connections with a di-
ameter of ≥12.5 μm over total AV connections quantified (60 ± 9%
+ Tempol versus 97 ± 1% + vehicle), despite being harvested at older
ages (Fig. 7, C to E). Tempol- or vehicle-treated genetic controls
without Notch4*EC expression exhibited no gross vascular pheno-
type. Together, these data show that Tempol attenuated Notch4*EC-
mediated brain AVM formation and delayed brain AVM-associated
moribundity. However, when Tempol was administered from P16
with established AVMs, AV connection diameter in Tempol-
treated Notch4*EC mice (29 ± 4 μm) was not statistically different
from that in saline-treated Notch4*EC mice (34 ± 2 μm; fig. S8), sug-
gesting that Tempol treatment was insufficient to reverse estab-
lished AVMs.

Increased hydrogen peroxide, but not superoxide or
peroxynitrite levels detectable in isolated cerebral vessels
of mice expressing Notch4* in ECs
Because one of the best-known protective effects of Tempol is its
action as a superoxide dismutase (SOD) mimetic (28), we measured
superoxide radical anion production in isolated brain vessels, using
a liquid chromatography–mass spectrometry (LC-MS) assay that
used hydroethidine (HE) as a probe. We monitored the superox-
ide-specific product 2-hydroxyethidium (2-OH-E+; formed from
the reaction between HE and superoxide radical anion). However,
we did not detect a statistically significant increase in either total
SOD-sensitive or L-NG-nitro arginine-methyl ester (L-NAME)–
sensitive 2-OH-E+ levels between Notch4*EC and control brain
vessels (fig. S18).

To further assess the potential formation of cellular oxidants that
can lead to vascular dilation, we used the state-of-the-art mass spec-
trometric boronate probe, o-MitoPhB(OH)2, and measured its ox-
idation and nitration products in isolated brain blood vessels of
Notch4*EC and control mice. The level of the major oxidation
product, o-MitoPhOH, was higher in Notch4*EC brain blood
vessels compared to that of controls and was reduced by L-

Fig. 7. Tempol treatment delayed illness progression and decreased brain AVM diameter in moribundmice expressing Notch4* in ECs. (A) Kaplan-Meier analysis
of Tie2-tTA;TRE-Notch4*mice treated with vehicle (n = 55 mice) or Tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl; n = 26 mice), with monitoring starting on P12.
Blue indicates median moribund age (P < 0.0001, log-rank/Mantel-Cox test). (B) Lectin-perfused vasculature on surface cerebral cortex of moribund Tie2-tTA;TRE-Notch4*
mice and age-matched Tie2-tTA mice treated with vehicle or Tempol (dashed lines, example AV connections; arrowheads, example points of measurement for AV con-
nection diameter; scale bars, 100 μm). (C) AV connection diameter (Tie2-tTA + vehicle, n = 6 mice; Tie2-tTA + Tempol, n = 7 mice; Tie2-tTA;TRE-Notch4* + vehicle, n = 10
mice; Tie2-tTA;TRE-Notch4* + Tempol, n = 10 mice; P = 0.0043, t test). (D) Fraction of AV connections with a diameter of ≥12.5 μm over total AV connections quantified
[same n numbers as in (C); P = 0.0012, t test]. (E) Age at which Tie2-tTA;TRE-Notch4* mice were moribund. Error bars, SEM.
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NAME treatment (Fig. 8A). We further used the o-MitoPhB(OH)2
probe to discriminate between H2O2- and ONOO−-mediated oxi-
dation (29). LC–tandemMS analyses showed increased levels of the
phenolic product, o-MitoPhOH, but not ONOO−-specific product,
cyclo-o-MitoPh. As expected, treatment of the vessel with the per-
oxynitrite generator, SIN-1, led to the appearance of the cyclo-o-
MitoPh product (Fig. 8B). These data suggest a NOS-dependent in-
crease in hydrogen peroxide but not peroxynitrite production in
brain vessels of mice expressing Notch4*EC. Last, because H2O2
can lead to 3-nitrotyrosine (3-NT) production upon peroxidase-

catalyzed oxidation of nitrite (30–32), we performed immunofluo-
rescence staining of 3-NT and showed increased protein tyrosine
nitration in the cortex of Notch4*EC mice, with higher 3-NT
levels in Notch4*EC arteries, veins, and capillaries compared to
that of controls (Fig. 8, C and D).

DISCUSSION
Here, we report several findings on the molecular mechanism un-
derlying AVM formation (fig. S19). First, the expression of activated

Fig. 8. Increased hydroperoxide and NT but not peroxynitrite levels in isolated
cerebral vessels of mice expressing Notch4* in ECs. (A) Hydrogen peroxide
product o-MitoPhOH in isolated brain blood vessels at P16 [Tie2-tTA + vehicle, n = 13
mice; Tie2-tTA + NG-nitro arginine-methyl ester (L-NAME), n = 10 mice; Tie2-tA;TRE-
Notch4* + vehicle, n = 13 mice; Tie2-tA;TRE-Notch4* + L-NAME, n = 11 mice; Tie2-tTA +
vehicle versus Tie2-tTA;TRE-Notch4* + vehicle, Padj = 0.0122; Tie2-tTA + vehicle versus
Tie2-tTA + L-NAME, Padj = 0.3899; Tie2-tTA;TRE-Notch4* + vehicle versus Tie2-tTA;TRE-
Notch4* + L-NAME, Padj = 0.0116; Tukey’s multiple comparisons test following a two-
way ANOVA to analyze the effects of Notch4*EC and L-NAME]. (B) Peroxynitrite-
specific product cyclo-o-MitoPh in isolated brain blood vessels at P16. Cyclo-o-
MitoPh was below the detection limit for Tie2-tTA and Tie2-tTA;TRE-Notch4* blood
vessels. Tie2-tTA blood vessels treated with SIN-1 served as a positive control for
peroxynitrite. (C) Expression of 3-nitrotyrosine (3-NT) in brain blood vessels at P16.
Scale bars, 100 μm. (D) Fluorescence intensity of 3-NT normalized to that of CD31
(Tie2-tTA, n = 6 mice; Tie2-tA;TRE-Notch4*, n = 8 mice; artery, P = 0.0305; vein, P =
0.0051; capillary, P = 0.0091, t test). Error bars, SEM.
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Notch4* in ECs compromises vascular tone, which contributes to
the hyperdilation of capillaries, enlargement of AV connections,
and AVM initiation. Second, eNOS is involved in Notch4*EC-medi-
ated AVM formation. Third, Notch4*EC increases eNOS-dependent
hydrogen peroxide production and protein tyrosine nitration,
which can compromise vascular tone and contribute to AVM for-
mation. This study may open future investigations to further eluci-
date mechanisms underlying AVM pathogenesis as well as Notch
regulation of vascular pathophysiology.

We have reported that Notch4* expression in the endothelium
disrupted biological control of blood flow by allowing the selective
growth of higher-flow/lower-resistance AV connections, at the
expense of lower-flow/higher-resistance AV connections, while
the nearby lower-flow AV connections regress (13). This work led
us to the hypothesis of the current paper that vascular tone is com-
promised in the Notch4*mice, thereby permitting and perpetuating
higher-flow AV shunt growth into larger, focal AVMs. Supporting
this hypothesis, ex vivo data in isolated mesenteric arteries from
HHT type 1 heterozygous knockout mice (33) and computational
modeling (34) suggest that compromised vascular tone contributes
to HHT pathology. In addition, mice lacking serum response factor
in smooth muscle cells lose contractile protein expression and
develop retinal AV shunts (35). However, direct measurement of
impaired arterial tone in animals that develop AVMs has been
lacking. We demonstrate here that vessels connected to AVMs ex-
hibited compromised vascular tone in vivo. Arteriolar tone was
compromised in Notch4*EC brains during the early stage of AVM
formation, suggesting that decreased vascular tone may be a
causal mechanism in AVM formation. Additional support for this
notion comes from our ex vivo arterial tone data, where the arterial
tone was reduced in isolated arteries from asymptomatic Notch4*EC
mice. The ex vivo study in asymptomatic mice is advantageous in
revealing the primary effect of Notch4*EC on arterial tone without
confounding factors from the complex in vivo environment. Last,
inhibiting NOS abolished Notch4*-mediated arterial tone impair-
ment both in vivo and ex vivo and attenuated AVM formation.

While the reduced vascular tone is critical for AVM formation in
immature Notch4*EC mice, the reduced arterial tone detected in
adult Notch4*EC asymptomatic mice was insufficient to induce
brain AVMs within 10 days of Notch4*EC expression induction.
We believe that the reduced arterial tone in the adult Notch4*EC
brain was not sufficiently severe to induce brain AVMs. There
may be other temporal factors required for brain AVM formation.
Our data, however, suggest that impaired cerebral vascular tone
contributes to brain AVM formation. Furthermore, our data
suggest that reduced vascular tone in the upstream arteriolar
system results in capillary enlargement (i.e., enlargement of AV
shunts), initiating AVMs in immature brains.

The conclusion that reduced vascular tone leads to capillary en-
largement is also supported by our data showing that about 40% of
ECs in the enlarging capillaries do not express Notch4*. These
Notch4*-negative ECs were part of enlarged AV shunts due to com-
promised vascular tone. We did not notice regional expression of
Notch4* that was correlated to AVM formation; instead, the positive
and negative Notch4*-expressing cells were evenly distributed
throughout the vasculature. Compromised vascular tone, particu-
larly arteriolar tone, led to both capillary enlargements and subse-
quent flow-perpetuated focal AVM growth. This mosaic and even
distribution of Notch4*-positive cells suggest that a mosaic

expression pattern is sufficient to induce AVM formation in this
animal model. This finding is relevant, as somatic mutations
(likely mosaic) are found in humans (8). Therefore, uniform expres-
sion of causal gene is not required; rather, mosaic expression is suf-
ficient to compromise vascular tone leading to AVM formation.

Inhibition of NOS by L-NNA, which restored arterial tone, at-
tenuated AVMs in immature Notch4*EC mice. It is currently
unclear, however, whether Notch4*EC acts directly on the upstream
arteriolar system, capillaries, or both, as changes in capillaries can
send retrograde signals to regulate vascular tone of the upstream ar-
terial system (36). Regardless, our data suggest that reduced arteri-
olar tone contributes to AVM formation.

The presented data also suggest that eNOS modulates
Notch4*EC-mediated vascular tone defects and brain AVM forma-
tion. Notch4*EC increased eNOS-mediated hydrogen peroxide pro-
duction. Hydrogen peroxide can compromise vascular tone,
potentially initiating AVMs. Our data also show that NOS inhibitor
L-NNA attenuated AVM initiation in Notch4*EC mice. Further-
more, both postnatal endothelial deletion and global germline dele-
tion of eNOS attenuated AVM formation in Notch4*EC mice.
Although eNOS deletion results in an impaired vascular tone in
mice (37), it did not lead to detectable changes in AV diameter con-
nections in eNOS-deficient mice in the absence of Notch4* (Fig. 5,
B and G). Together, these results suggest that eNOS signaling con-
tributes to Notch4*EC-mediated brain AVM formation.

Beyond eNOS, another NOS in ECs, neuronal NOS (nNOS),
may also contribute to Notch4*EC-mediated brain AVM formation.
Increased nNOS levels are known to functionally compensate for
eNOS deficiency (38–40). Supporting this notion, pharmacological
inhibition of NOS attenuated Notch4*EC-mediated brain AVM for-
mation more robustly than eNOS genetic deletion. Together, these
data suggest that NOS signaling modulates Notch4*EC-mediated
brain AVM formation.

Our results also suggest that NOS-dependent production of hy-
drogen peroxide is involved in the regulation of vascular tone in the
Notch4*EC brain AVMmouse model. We detected increased and L-
NAME–sensitive hydrogen peroxide production in Notch4*EC
brain vessels. Increased protein nitration in Notch4*EC brain
vessels without the formation of peroxynitrite suggests that hydro-
gen peroxide drives protein nitration in the presence of nitrite and
myeloperoxidase (30, 31). Furthermore, our functional data show
that either inhibition of eNOS/NOS or the presence of Tempol an-
tioxidant (41) attenuated AVM formation. Hydrogen peroxide is
known to cause vasodilation (42, 43). Together, our data support
a model in which increased eNOS-mediated hydrogen peroxide
and reduced vascular tone contribute to Notch4*EC-mediated
AVM formation.

While hydrogen peroxide levels and protein nitration were
higher in Notch4*EC brain vessels, we did not detect statistically sig-
nificant changes in levels of NO or nitrite/nitrate in Notch4*EC
brain vessels or in cGMP levels in Notch4*EC aortae. Overexpres-
sion of a gain-of-function Notch mutant in cultured human umbil-
ical vein ECs (HUVECs) increases eNOS activity and NO levels
(44). It is possible that these HUVECs contain pure ECs and thus
exhibit higher NO levels than our isolated brain vessels with a small
fraction of ECs, 40% of which were negative for Notch4*. It is also
possible that these HUVECs overexpress higher levels of gain-of-
function Notch mutations in vitro and thus more robustly
promote NO detection than Notch4*EC in brain vessels in vivo.
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Even if Notch gain-of-function mutations, including Notch4*, in-
crease NO production, it would be consistent with the reduced vas-
cular tone and AVM formation seen in our Notch4*EC mice.
Therefore, it is possible that Notch4*EC affected eNOS, which, in
turn, reduces Notch4*EC-mediated vascular tone and thus may
further promote AVM formation.

Somatic activating mutations in KRAS (KRASG12V) were re-
cently identified, with high prevalence in brain AVM patient
samples (8, 35). The link between KRAS and Notch is currently
under investigation. Expression of KRASG12V in HUVECs up-reg-
ulates Notch pathway genes, e.g., DLL4, JAG1, JAG2, NOTCH1,
HES1, and HEY2 (8, 45). In another study, expression of
KRASG12D also up-regulates Notch2, Notch4, hairy/enhancer-of-
split related with YRPW motif 1 (HEY1), and HEY2 in HUVECs
(45, 46). However, there were no detectable changes in the expres-
sion of Notch ligand Dll4 in zebrafish expressing KRASG12D in the
endothelium (47). Therefore, continued studies are needed to ascer-
tain the link between KRAS and Notch signaling.

MATERIALS AND METHODS
Mice
Tie2-tTA and TRE-Notch4* mice were generated as previously de-
scribed (10, 48). eNOS−/− (NOS3−/−) (49), eNOSf/f (50), and
Cdh5(PAC)-CreERT2 (51) lines have been published. The genetic
background of the mice used in this study was FVB/N or 3+ gener-
ations backcrossed into FVB/N background with eNOS knockout.
Both male and female mice were used for experiments, except that
male mice were used for measuring arterial tone ex vivo. Tie2-tTA,
which expresses tetracycline-controlled transactivator (tTA), was
used as our baseline control; the Tie2-tTA control mice do not
develop any AVM phenotype. Notch4* expression was regulated
in Tie2-tTA;TRE-Notch4* mice as previously described (14). Tetra-
cycline solution [tetracycline (0.5 mg/ml) and sucrose (50 mg/ml);
Sigma-Aldrich] was administered to pregnant mothers frommating
or plugging and withdrawn from pups at birth. L-NNA (30 mg/kg
in saline; Sigma-Aldrich) was administered intraperitoneally (intra-
gastrically before P11). Tempol (50 mg/kg in saline; Sigma-Aldrich)
was administered intraperitoneally (intragastrically before P11) and
was additionally supplied in drinking water (5 mg/ml). Animals
were maintained and treated in accordance with the guidelines of
the University of California San Francisco Institutional Animal
Care and Use Committee with approved protocol number:
AN199765-00.

Arterial tone, arteriolar tone, and ACh-induced
vasodilation in vivo
For in vivo intravital imaging at P16, endothelial Notch4* expres-
sion was induced at birth by withdrawing tetracycline treatment.
Mice were anesthetized with combined 17.5% ketamine (100 mg/
ml; Zoetis) and 2.5% xylazine (100 mg/ml; Akorn Animal Health)
diluted in physiological saline (Henry Schein Animal Health) and
intraperitoneally administered 0.01 ml/g mouse weight. After surgi-
cal plane anesthesia was achieved, surgery proceeded as described
previously (24). Briefly, a steel plate with a diameter of ~2 mm
was attached to the parietal skull using a 1:1 ratio of dental
cement and cyanoacrylate glue. The head plate was then secured
to the holding frame, and a circular craniectomy was performed.
After dura opening, first aCSF and then aCSF lacking calcium but

containing 1 μM L-type Ca2+ channel inhibitor nifedipine (called
“Ca2+-free aCSF + nifedipine” thereafter) were pipetted onto the
exposed surface of the brain. For L-NNA–treated groups, L-NNA
(30 mg/kg) was injected 15 min before image capture followed by
Ca2+-free aCSF + nifedipine pipetted onto the exposed surface of
the brain. Images were acquired using a stereo microscope (Leica
MZ12.5) with an attached camera (Zeiss AxioCam ICc5). Pial arter-
ies (diameter range in aCSF: 20 to 67 μm) and their first-order ar-
terioles (12 to 38 μm) were identified and analyzed using ImageJ
[National Institutes of Health (NIH)]. Images were analyzed
under a magnification of ×200 to clearly show the boundary of
the arterioles. Two locations in the arteries and two locations in
the arterioles were analyzed per mouse for the majority of the ex-
periments. The diameters of arteries/arterioles in each mouse were
quantified by two experimenters blindly, and results for the vascular
tone of arteries or arterioles in each mouse were averaged for com-
parison. Statistically significant differences between mutant and
control groups were additionally analyzed by performing edge de-
tection on intensity line profiles at locations determined by one to
two blind experimenters (further described below). Arterial and ar-
teriolar tone were expressed as a decrease in diameter relative to the
diameter obtained when incubated in Ca2+-free aCSF + nifedipine
(1 μM): [(D2 − D1)/D2 × 100%, where D2 = diameter in Ca2+-free
aCSF + nifedipine and D1 = diameter in aCSF]. Arterial and arte-
riolar tone with L-NNA treatment was calculated as: [(D2−D1)/D2
× 100%, where D2 is diameter in Ca2+-free aCSF + nifedipine and
D1 is diameter in aCSF + L-NNA injection]. ACh-induced vasodi-
lation was expressed as the percentage change in diameter before
and after ACh treatment: [(D2 − D1)/D1 × 100%, where D2 is di-
ameter after ACh treatment and D1 is diameter before ACh
treatment].

Vessel diameter estimate from intensity line profiles
Rectangular selections (representing vessel segments of interest) of
shapem × n, consisting ofm intensity line profiles perpendicular to
the vessel wall and spanning the vessel boundaries (where n > is the
apparent vessel segment diameter), were acquired at the approxi-
mate same locations as those used for manual measurements.
Edge detection was performed on individual line profiles by con-
volving the line profile with the one-dimensional Laplace filter [1,
−2, 1] and finding the zero-crossings. Zero-crossings with the
largest positive and largest negative local intensity variation
(window length of three pixels) were identified as the two edges
for computing vessel diameter. The diameter of the vessel
segment of interest was estimated from the trimmedmean (discard-
ing the lowest 10% and the highest 10%) of m diameters.

Arterial tone measurements ex vivo
Male mice were used at 5 to 6 weeks old. Notch4*EC expression was
repressed from birth until 10 days before tissue harvest when tetra-
cyclinewas withdrawn. Posterior cerebral arteries with diameters on
the order of 100 μm were isolated and cannulated on glass micro-
pipettes in a 5-ml myograph chamber (Living Systems Instrumen-
tation), as previously described (52, 53). Arteries were pressurized
to 20 mmHg and allowed to equilibrate while continuously super-
fused (37°C, 30 min, 3 to 5 ml/min) with physiological saline solu-
tion (PSS) consisting of: 119 mM NaCl, 4.7 mM KCl, 2 mM CaCl2,
24 mM NaHCO3, 1.2 mM KH2PO4, 1.2 mM MgSO4, 0.023 mM
EDTA, and 10 mM D-glucose aerated with 5% CO2/20% O2
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(balance N2). Bath pH was closely monitored and maintained at
7.35 to 7.40. Following equilibration, contractile function was con-
firmed in arteries upon challenge with 60 mM [K+]o, made by isos-
motic replacement of NaCl with KCl. After washout (10 min),
intravascular pressure was increased to 40, 60, 80, and 100
mmHg. In a set of experiments, intravascular pressurewas increased
to 60 mmHg before application of L-NNA (50 μM). The luminal
diameter of arteries was continuously recorded with a charge-
coupled device camera and the edge detection function of IonOptix
software. Arterial tone was expressed as a decrease in diameter rel-
ative to themaximum passive diameter at a given intravascular pres-
sure obtained at the end of each experiment using Ca2+-free PSS
containing the L-type Ca2+ channel inhibitor nifedipine (1 μM):
[(DP − DA)/DP × 100%, where DP is passive (in 0 Ca2+/nifedipine
PSS solution) diameter and DA is active (in Ca2+ containing PSS
solution) diameter].

Fluorescent probes, immunostaining, and imaging
For lectin perfusion, fluorescence-conjugated Lycopersicon esculen-
tum lectin (Vector Laboratories) was injected into the inferior vena
cava as previously described (10, 14). VE-cadherin staining [BD
Pharmingen, 555289, clone 11D4.1, Research Resource Identifier
(RRID):AB_395707] and Notch4ICD staining (Millipore, 07-189,
RRID:AB_11211117) were performed as previously described
(54). For 3-NT staining, mice were transcardially perfused with
saline, followed by 4% paraformaldehyde (PFA). Cortex slices
were dissected and postfixed overnight in 4% PFA. Cortex slices
were then blocked in tris-buffered saline (TBS) containing 3%
donkey serum and 0.2% Triton X-100 for 1 hour at room tempera-
ture, followed by incubation with mouse monoclonal anti-NT anti-
body (39B6) (1:100; Santa Cruz Biotechnology, sc-32757,
RRID:AB_628022) overnight at 4°C. After three washes with
TBST (TBS containing 0.1% Triton X-100), samples were incubated
with donkey anti-mouse Alexa Fluor 488 (1:1000; Molecular
Probes, A-21202, RRID:AB_141607) overnight in 4°C. After three
washes with TBST, samples were imaged. For eNOS staining, mice
were transcardially perfused with 1% PFA. Cortex slices were dis-
sected and postfixed for 2 hours in 4% PFA. After washing with
phosphate-buffered saline (PBS), samples were blocked in PBS
with 3% donkey serum, 0.2% Triton X-100, and 2% bovine serum
albumin (BSA) overnight and then incubated with anti-eNOS anti-
body (1:100; Thermo Fisher Scientific, PA1-037, RRID:AB_325774)
overnight. After three washes with PBS containing 0.1% Triton X-
100, samples were incubated with donkey anti-rabbit Alexa Fluor
488 (1:1000; Molecular Probes, A-21206, RRID:AB_2535792) for
2 hours at room temperature. eNOS fluorescence intensity was cal-
culated as the intensity of the vascular area minus the intensity of
the nonvascular area. Imaging was performed using an Axioskop 2
Plus microscope (Zeiss) and SlideBook software (Intelligent
Imaging Innovations).

Measurement of AV connection diameter
AV connection diameters were measured at their narrowest point as
previously described (13). To compute the mean AV connection di-
ameter for each animal, AV connections were quantified from 5+
fields of view of ~900 by 700 μm2 using ImageJ. We additionally
computed the fraction of AV connections with a diameter of
≥12.5 μm over total AV connections quantified (indicating enlarged

AV connections) or ≥30 μm (indicating severely enlarged AV
connections).

Moribundity
Moribundity was assessed using criteria from the NIH Office of
Animal Care and Use guidelines (https://oacu.oir.nih.gov/). The
moribund condition is defined as a clinically irreversible condition
leading inevitably to death. Commonly used signs of moribundity
include but are not limited to: (i) lack of responsiveness to manual
stimulation, (ii) immobility, (iii) an inability to eat or drink. Mori-
bundity was assessed in an unbiased manner during a daily routine
health check by trained veterinary nurses who were unaware of the
experimental information. The vet nurses inform researchers when
the mice have reached a moribund state.

cGMP assay
Tissue cGMP levels were measured as previously described (55).
Briefly, 2-mm aortic segments were incubated in Dulbecco’s mod-
ified Eagle’s medium containing antibiotics for 3 hours and then
with or without NOS inhibitor L-NNA (2 mM) for 30 min.
Aortic segments were preincubated with phosphodiesterase inhibi-
tor 3-isobutyl-1-methylxanthine (IBMX; 200 μM) for 5 min and
stimulated with ACh (2 μM) for 5 min in the presence of IBMX.
Because of the size of P12 aortae, basal (non–ACh-stimulated)
cGMP production was not measured. Tissues were snap-frozen in
liquid nitrogen and homogenized. cGMP levels were assayed using
cGMP Enzyme Immunoassay Biotrak System, Amersham RPN 226
(GE Healthcare) according to the manufacturer ’s instructions.
NOS-dependent cGMP production was calculated by subtracting
the value in the presence of L-NNA.

Blood vessel isolation
Blood vessels were isolated from the brain by Dextran centrifuga-
tion (56). Briefly, the brain was removed and cut into six pieces in
cold (4°C) modified Krebs-Ringer bicarbonate solution (NaCl,
118.6 mmol/liter; KCl, 4.7 mmol/liter; CaCl2, 2.5 mmol/liter;
MgSO4, 1.2 mmol/liter; KH2PO4, 1.2 mmol/liter; NaHCO3, 25.1
mmol/liter; glucose, 10.1 mmol/liter; and EDTA, 0.026 mmol/
liter). The brain was then homogenized in ice-cold PBS with a
Dounce homogenizer and centrifuged at 2000g at 4°C. The super-
natant was discarded, and the pellet was suspended and layered over
15% Dextran (Sigma-Aldrich) in PBS and centrifuged at 3200g for
45 min at 4°C. The vessel pellet was resuspended in 1% BSA and was
then passed through a 40-μm cell strainer (BD Falcon). Vessels re-
tained on the mesh were washed with 1% BSA/PBS and collected by
centrifugation at 3000g for 10 min at 4°C.

Measurement of NO
For DAF-FM staining, whole-mount cortical sections were incubat-
ed in Krebs-Hepes buffer with 20 μM freshly diluted DAF-FM di-
acetate (Invitrogen, D23844) for 60 min at room temperature.
Samples were washed twice with PBS and washed in 0.1% Triton
X-100 in PBS for 10 min before imaging. L-NNA (30 mg/kg in
saline; Sigma-Aldrich) was administered intraperitoneally 48 and
24 hours before harvest and added during incubation at 1 mg/ml
concentration. DAF-FM fluorescence intensity was quantified
using ImageJ in three types of vessel segments grouped by their di-
ameter: >60 (large), 35 to 55 (medium), and <30 μm (small). We left
a 5-μm gap between the diameter bins to ensure clear separation
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between them. The L-NNA–sensitive intensity was calculated by
subtracting values from L-NNA–treated samples for the same
segment. Total nitrite and nitrate (NO3 + NO2) were measured
using a commercially available fluorometric nitrite/nitrate assay
kit according to the manufacturer’s instructions (Cayman Chemi-
cal). The assay is based on nitrite-mediated nitrosation of 2,3-dia-
minonaphthalene to a fluorescent triazole derivative under acidic
conditions. Nitrate anion is reduced to nitrite with the help of
nitrate reductase before nitrite measurements.

Measurement of superoxide radical anion
Superoxide radical anion (O2

•−) levels in brain blood vessels were
measured by LC-MS–based detection of 2-OH-E+, which is the spe-
cific product of the reaction of O2

•− with hydroethidine (HE; also
known as dihydroethidium) (Invitrogen). Briefly, freshly isolated
blood vessels from one mouse were equally divided into three
parts and pretreated with saline, 50 μM L-NAME (Sigma-
Aldrich), or SOD–polyethylene glycol (100 U/ml) (Sigma-
Aldrich, S9549) in Krebs-Hepes buffer for 30 min. HE was then
added to blood vessels to a final concentration of 50 μM in the
buffer and incubated at 37°C for 30 min. After rinsing with ice-
cold buffer, the vessels were centrifuged, collected, and kept at
−80°C until analyses. Immediately before analyses, HE and its ox-
idation products were extracted from the vessels with ice-cold ace-
tonitrile (50 μl/mg tissue) containing 0.1% formic acid and 3,8-
diamino-6-phenylphenanthridine as an internal standard. After
30 min of shaking at 4°C, the samples were centrifuged (30 min ×
20,000g at 4°C), and the supernatant (1 vol) was diluted with water
containing 0.1% formic acid (3 vol). After additional centrifugation
(15 min × 20,000g at 4°C), the supernatants were transferred into
high-performance LC (HPLC) vials and analyzed by LC-MS, ac-
cording to a published protocol (57, 58).

Measurement of hydrogen peroxide and peroxynitrite
Hydrogen peroxide (H2O2) and peroxynitrite (ONOO−) levels in
brain blood vessels were measured by LC-MS–based profiling of
their products generated in reaction with a triphenylphospho-
nium-linked phenylboronic acid probe, o-MitoPhB(OH)2 (29, 59,
60). Briefly, freshly isolated blood vessels from two mice were
pooled together and incubated in modified Krebs-Ringer bicarbon-
ate solution for 15 min with or without 50 μM L-NAME treatment.
Then, o-MitoPhB(OH)2 was added to blood vessels to a final con-
centration of 50 μM and incubated at 37°C for 90 min. After rinsing
with ice-cold buffer, the vessels were centrifuged, collected, and
stored at−80°C until LC-MS analyses. Immediately before analyses,
o-MitoPhB(OH)2 and its oxidation and nitration products were ex-
tracted from the vessels with ice-cold acetonitrile (10 μl/mg tissue)
containing 0.1% formic acid and (2-methylbenzyl) triphenylphos-
phonium chloride (o-MitoPhCH3) as an internal standard. After 30
min of shaking at 4°C, the samples were centrifuged (30 min ×
20,000g at 4°C), and the supernatant (1 vol) was diluted with
water containing 0.1% formic acid (3 vol). After additional centri-
fugation (15 min × 20,000g at 4°C), the supernatants were trans-
ferred into HPLC vials and analyzed by LC-MS, as described
previously (29). The phenolic product (o-MitoPhOH) served as a
general oxidation product common for H2O2 and ONOO−, while
cyclo-o-MitoPh and o-MitoPhNO2 served as specific products of
ONOO− (29). Samples treated with 100 μM SIN-1 served as a pos-
itive control for ONOO− detection.

Statistical analysis
Results are presented as means ± SEM unless otherwise specified.
Two-tailed, unpaired Student’s t test was used to compare means
between two groups unless otherwise specified. Statistical analysis
was performed using Prism (GraphPad), and P < 0.05 was consid-
ered statistically significant. The numbers of biological replicates are
indicated in the figure legends.

Supplementary Materials
This PDF file includes:
Figs. S1 to S19

View/request a protocol for this paper from Bio-protocol.
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