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Editor's Summary

 
 
 

help to shrink AVMs and may be a new approach to treating AVMs and other vascular diseases.
These findings suggest that strategies to manipulate Notch receptor signaling in blood vessel endothelial cells may 
Notch4 receptor signaling, which prompted arterial endothelial cells to start expressing the venous marker EphB4.
enlarged AVM vessels to a venous endothelial cell specification. This reprogramming was activated by a decrease in 
cells, thrombotic occlusion, or vessel rupture. Rather, it required reprogramming of arterial endothelial cells in the
the mouse brain. Surprisingly, the authors discovered that AVM regression was not induced by loss of endothelial 
became similar in size to capillaries. This shrinkage in size enabled blood flow to return to oxygen-deprived tissues in
fluorescence microscopy. When Notch4 signaling was normalized, they found regression of enlarged AVMs, which 
imaging data of the mouse brain vasculature viewed through a window cut into the cranium with two-photon
signaling could induce the regression of AVMs. Using their mouse brain AVM model, they obtained four-dimensional 

. first wanted to establish whether correction of Notch4et alto induce AVMs in mice. In their new work, Murphy 
sufficientbrain. Overexpression of a constitutively active form of Notch4 in endothelial cells lining blood vessel walls is 

The Notch receptor is a master regulator of arteriovenous development and is up-regulated in AVMs in human

restoration of blood flow to capillary beds and the reversal of hypoxia in mouse brain tissue.
receptor signaling in established AVMs in mouse brain reduces the size of enlarged blood vessels, resulting in 

. now show that dialing down Notch4et aland they often result in stroke or death. In a tour-de-force study, Murphy 
AVMs, which can be found in any tissue, are particularly problematic in the brain, where surgical options are limited,
vessels, particularly the veins, become inflated in size and eventually rupture, resulting in hemorrhage and ischemia. 

bloodveins, thus bypassing the capillary beds and diverting blood flow away from tissues. In these vascular diseases, 
Arteriovenous malformations (AVMs) are a class of vascular abnormalities in which arteries connect directly with
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VASCULAR D I S EASE
Notch4 Normalization Reduces Blood Vessel Size
in Arteriovenous Malformations
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Abnormally enlarged blood vessels underlie many life-threatening disorders including arteriovenous (AV) mal-
formations (AVMs). The core defect in AVMs is high-flow AV shunts, which connect arteries directly to veins,
“stealing” blood from capillaries. Here, we studied mouse brain AV shunts caused by up-regulation of Notch
signaling in endothelial cells (ECs) through transgenic expression of constitutively active Notch4 (Notch4*).
Using four-dimensional two-photon imaging through a cranial window, we found that normalizing Notch
signaling by repressing Notch4* expression converted large-caliber, high-flow AV shunts to capillary-like ves-
sels. The structural regression of the high-flow AV shunts returned blood to capillaries, thus reversing tissue
hypoxia. This regression was initiated by vessel narrowing without the loss of ECs and required restoration of
EphB4 receptor expression by venous ECs. Normalization of Notch signaling resulting in regression of high-flow
AV shunts, and a return to normal blood flow suggests that targeting the Notch pathway may be useful ther-
apeutically for treating diseases such as AVMs.
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INTRODUCTION

Abnormally enlarged high-flow blood vessels often continue to expand,
leading to life-threatening ruptures. These dangerous vascular lesions
underlie the pathology of a wide range of “high-flow” vascular diseases
such as arteriovenous (AV) malformations (AVMs), hereditary hem-
orrhagic telangiectasia, and aneurysms (1). The hemodynamic stress
exerted on the vasculature by these high-flow lesions can cause hem-
orrhagic rupture (1, 2). The ability to safely and noninvasively con-
strict the high-flow large vessels by molecular intervention holds
promise to treat these life-threatening conditions for which there
are currently limited effective treatments.

Normally, arteries carry blood from the heart to the capillaries
through a series of vessels with a successive reduction in caliber to re-
duce blood flow. Capillaries, where exchange of nutrients and wastes
occurs, are the smallest diameter vessels with the lowest blood flow.
Postcapillary venules join sequentially wider veins to return blood
back to the heart. This AV interface is critical for proper tissue perfu-
sion. High-flow AV shunts are direct connections of arteries to veins,
displacing the perfusing capillaries, thus creating positive feedback be-
tween increased vessel diameter and accelerated blood flow, and often
resulting in vessel rupture. High-flow AV shunts are the fundamental
defect in AVMs, causing both tissue ischemia and hemorrhage.

Notch receptors are transmembrane proteins that promote arterial
at the expense of venous endothelial cell (EC) specification by enhancing
expression of arterial molecular markers, such as ephrin-B2, and sup-
pressing the expression of venous markers, such as EphB4 (3). The
transmembrane signaling molecule ephrin-B2 was the first gene found
to be expressed by the ECs of arteries but not veins, and is a key
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marker of arterial ECs (4). Its cognate tyrosine kinase receptor, EphB4,
was the first venous endothelial marker identified (4). COUP-TFII, a
member of the orphan nuclear receptor superfamily expressed by
venous but not arterial ECs, acts upstream of Notch and actively pro-
motes venous EC specification by repressing the expression of Notch
(5). These AV-distinctive genes are crucial in the morphogenesis of the
embryonic vasculature, and their differential expression patterns in ar-
terial and venous vessels persist in adult vascular endothelium (6, 7),
suggesting that postnatal retention of AV specification may have a role
in maintaining vascular structure and function. Supporting this no-
tion, we and others have reported that Notch activity in the endothe-
lium is aberrantly increased in patients with brain AVMs (8, 9). This
suggests that aberrant Notch signaling may be a molecular defect
underlying AVMs and that targeting Notch signaling may be a new
therapeutic strategy for the treatment of high-flow vascular diseases
such as AVMs.

Here, we use a mouse model of Notch-mediated AVMs (10) and
two-photon excited fluorescence imaging (11) to obtain four-dimensional
(4D) vascular topology and blood velocity data from the mouse brain
vasculature. We demonstrate that high-flow AV shunts can be shrunk
to capillary-like vessels after normalization of Notch signaling through
an EphB4-dependent mechanism that does not require the loss of ECs.
RESULTS

Repression of Notch4* causes the specific regression
of high-flow AV shunts
In our Notch4*-Tet (Tie2-tTA;TRE-Notch4*) mouse model of AVM,
Notch4*, a truncated Notch4 lacking the extracellular domain and
thus constitutively active, is expressed specifically in ECs using a tem-
porally regulatable tetracycline-repressible system (12). Notch4* is un-
der the control of the tetracycline-responsive element (TRE) and is only
activated by the tetracycline transactivator (tTA) driven by the Tie2
promoter expressed in ECs. Treatment with doxycycline, a tetracycline
derivative, led to rapid repression of Notch4* expression to baseline
ceTranslationalMedicine.org 18 January 2012 Vol 4 Issue 117 117ra8 1

http://stm.sciencemag.org/


R E S EARCH ART I C L E

 o
n 

Ja
nu

ar
y 

18
, 2

01
2

st
m

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

levels by 24 hours (fig. S1). Because Notch4* was rapidly repressed by
doxycycline, henceforth, we refer to doxycycline-mediated Notch4* re-
pression simply as Notch4* repression. Notch4* expression leads to
high-flow AV shunts in the brains of these mice (10). To directly test
whether these high-flow AV shunts can be normalized after the repres-
sion of Notch4*, we combined two-photon microscopy with a cranial
window placed over the right parietal cortex of the mouse brain (fig.
S2) to visualize vascular topology and hemodynamics over time.

To avoid the potential confounding effects of hemorrhage and ill-
ness in severely affected Tie2-tTA;TRE-Notch4* mice, we focused on
high-flow AV shunts in the mice about postnatal day 12 (P12), when
most of the animals had just developed abnormal AV shunts. The mini-
mum diameter of these AV shunts at P11 to P13 averaged 22.2 mm ±
SD 7.3, ranging from 8.1 to 51.3 mm (n = 46 shunts in 13 mice), about
2 to 10 times the diameter of the capillaries in age-matched controls,
which averaged 4 mm ± SD 0.5, ranging from 2.7 to 5.0 mm (n = 9
capillaries in 3 mice, P < 0.000002; Fig. 1, A to D). Centerline flow
velocity through AV shunts was much higher than in control capil-
laries, averaging 37.7 mm/s ± SD 14.4 (n = 11 shunts in 11 mice),
compared to 2.1 mm/s ± SD 1.0 in control capillaries (n = 9 capil-
laries in 3 mice, P < 0.0000008; Fig. 1, A to D), and as reported (13).

We then analyzed the vessel diameter and blood flow in AV shunts
before and after Notch4* repression. We found that both the diameter
and the flow were significantly decreased within 48 hours of Notch4*
repression (Fig. 1, E to M) relative to that in untreated mutant animals
(fig. S3). The diameter changed primarily in the AV shunt and distal
vein; adjacent arterial vessels were less affected (Fig. 1, E to L). To de-
termine whether advanced AVMs also regressed upon Notch4* repres-
sion, we examined severely affected, ataxic mice at a later time point
(P22) and found that the mature AVMs also regressed (fig. S4).

Not all AV shunts enlarge with continuedNotch4* expression, a var-
iability likely caused by systemic or regional hemodynamic changes.
Therefore, we sought to identify a subset of “growth-prone” AV shunts
to further test the effects of Notch4* repression. We found that among
a growth-prone population of AV shunts, defined by continued growth
over several days, all were induced to regress by Notch4* repression
(ten AV shunts in eight mice, fig. S5). In contrast, with continuedNotch4*
expression, all of this population continued to grow (five AV shunts in
two mice, fig. S5). Supporting these data, we also show similar findings
in a separate experiment using mice with a mixed genetic background
(fig. S8B).

When imaging for >1 week was possible, we observed the complete
regression of the AV shunt such that the AV shunts returned to micro-
vessels resembling capillaries (fig. S6), a finding also confirmed by ex
vivo analysis (fig. S6). Structurally, this regression involved the nor-
malization of smooth muscle cell coverage; that is, the wrapping of
smooth muscle cells around vessels, typical of arteries, was restored
after Notch4* repression (fig. S7). Time point analysis of vessel nar-
rowing indicated that the onset of diameter and velocity reductions
occurred within 12 to 24 hours of Notch4* repression (fig. S8). These
data suggest that Notch4* repression results in the prompt narrowing
of high-flow AV shunts.

Notch4* repression directly induces narrowing
of AV shunts
Given that reductions in blood flow are known to cause vessel regres-
sion (14), we asked whether Notch4* repression leads to shunt regres-
sion directly or indirectly through the reduction of AV shunt flow. To
www.Scien
discriminate between these possibilities, we measured blood flow in
the upstream feeding artery, the AV shunt, and an adjacent artery.

If Notch4* repression directly reduces the diameter of the AV shunt,
we would expect increased resistance and decreased flow through the
AV shunt (Fig. 2A). Consequently, the total flow through the feeding
artery would also be reduced. Furthermore, the AV shunt blood flow
would redistribute to adjacent arteries, thus increasing blood flow in
adjacent arteries. Our empirical measurements matched these predic-
tions; total blood flow was reduced, but flow through an adjacent
artery to the AV shunt was increased (Fig. 2, B to D).

It is possible that regression of the AV shunt might also be caused
indirectly by the effects of reduced flow in the AV shunt after Notch4*
repression (Fig. 2A). Two possible scenarios might lead to reduced
flow in the AV shunt. In one, resistance in the adjacent artery is re-
duced, “stealing” blood flow from the AV shunt. However, in this sce-
nario, total systemic resistance to flow should also be reduced, and thus,
combined flow through the AV shunt and the adjacent artery should
be increased, which we did not observe. In a second scenario, systemic
flow is reduced by events either upstream or downstream of the AV
shunt and adjacent artery. However, in this scenario, flow through both
the AV shunt and the adjacent artery should be reduced, which we also
did not observe. These data suggest that there is a direct mechanism for
AV shunt regression after Notch4* repression.

The mechanism for vessel regression does not
require the loss of ECs
To understand the cellular mechanism of AV shunt regression, we asked
whether reduction in the total number of ECs or the area covered by
individual ECs could be involved. To this end, we used the ephrin-B2–
H2B–eGFP mouse line to provide nuclear labeling of ECs within the
AV shunt (10). In the presence of Notch4*, ECs in the AV shunt, re-
gardless of arterial or venous origin, expressed ephrin-B2–H2B–eGFP.
The H2B-eGFP (enhanced green fluorescent protein) fusion protein is
extremely stable and can persist for months (15). Thus, within the AV
shunt, in the short time frame of examination, ephrin-B2–H2B–eGFP
serves as a general EC marker without arterial specificity.

We performed 4D imaging of AV shunt diameters and cell numbers
in 23 AV shunts in seven Tie2-tTA;TRE-Notch4*;ephrin-B2–H2B–eGFP
mice, at time points up to 48 hours after Notch4* repression. Figure 3A
shows such an example: AV shunt regression was detected between 20
and 28 hours, but the cell count was not reduced in the regressing AV
shunts at 28 hours or even at 36 hours after further vessel regression.
Another example is provided in fig. S9. More analysis at 0 and 24 or
28 hours after Notch4* repression showed that all shunts regressed by
40% ± SD 14% by 24 or 28 hours. The onset of AV shunt regression
was variable, sometimes occurring as early as 12 hours after Notch4*
repression. About 70% (18 of 23) of these AV shunts regressed with-
out detectable loss of cells at 24 or 28 hours, judged by counting the
eGFP+ nuclei. These results suggest that AV shunt regression did not
depend on the loss of vascular cells. We confirmed that this was the
case with an alternative method of tracking EC nuclei using our Tie2-
tTA induction system in conjunction with a TRE-H2B-eGFP reporter.
We first verified that this reporter was a specific and robust marker of
EC nuclei; analysis of cell labeling in the sections revealed that 91.4% ±
SEM 3.4% of 4′,6-diamidino-2-phenylindole–positive (DAPI+) ECs but
none of the adjacent mural cells were GFP+ (fig. S10). We then analyzed
vessel diameter and EC number up to 36 hours after Notch4* repres-
sion. By 12 hours, we detected vessel regression in 36 of 38 AV shunts
ceTranslationalMedicine.org 18 January 2012 Vol 4 Issue 117 117ra8 2
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Fig. 1. Repression of Notch4* induces the normalization of AVMs. (A to C)
Two-photon time-lapse imaging of cortical brain vessels through a cranial

dextran. AV shunts (E and F) were reduced in diameter after the repression of
Notch4*by doxycycline (G to L). Centerline velocity in the regressingAV shunt
window in wild-type mice. Plasma was labeled by intravenous injection of
FITC-dextran. (A) Line depicts the path of blood fromartery through arteriole,
capillary, venule, and vein. (B) Images of the artery, capillary, and vein in
which blood velocity wasmeasured by line scan along the axis are depicted.
Diameters of the vessels were measured transaxially. (C) Velocity tracing, as
calculated from line scans. Note that both the velocity and the pulse (the
range in velocity) were reduced from artery to capillary to vein. (D) Table sum-
marizes measurements in control and Notch4* mutant mice. (E to L) Two-
photon time-lapse imaging of cortical brain vessels through a cranial window
in Notch4*mutant mice. Vessel topology was visualized by intravenous FITC-
www.Scien
was obtained by direct measurement of the velocity of individual red blood
cells (F, H, J, and L). Repression ofNotch4*decreasedblood flowvelocity in the
AV shunt within 48 hours (compare F to H). (M) Quantification of the changes
in shunt diameter without repression of Notch4* (Notch4*-On) or with repres-
sion of Notch4* (Notch4*-Off) at 48 hours. Diameter wasmeasured at the nar-
rowest point between artery and vein in Notch4*-On mice before and after
treatment (n = 22 AV shunts in 10mice with and n = 35 AV shunts in 11mice
withoutNotch4* repression). Reduction in shunt diameter inNotch4*-On con-
dition is 6%and inNotch4*-Off condition is 49%. P<0.0003by Student’s t test.
Error bars represent SEM between individual AV shunts. Scale bars, 50 mm.
ceTranslationalMedicine.org 18 January 2012 Vol 4 Issue 117 117ra8 3
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from the four mice examined (fig. S11A). Only 9 of the 36 regressing
AV shunts exhibited loss of ECs. Twenty-seven AV shunts regressed
without detectable loss of ECs (fig. S11B). We did detect EC loss later
(fig. S11B), after AV shunt regression, but this was not correlated with
either shunt diameter or degree of regression (fig. S11, C and D). An
example of this is shown in Fig. 3B, where AV shunt regression was
detected between 12 and 20 hours, but cell count was not reduced until
www.Scien
36 hours after Notch4* repression. These data suggest that the initia-
tion of AV shunt regression does not require the loss of ECs.

Ex vivo staining for VE-cadherin, a marker of cell-cell junctions
between ECs, in mutant mice before and after repression of Notch4*
suggests that the area encompassed by individual ECs was reduced
during vessel regression (fig. S12). Therefore, mean area, but not the
total number, of ECs was reduced during the acute regression of AV
shunts after Notch4* repression.

EphB4 is up-regulated in AV shunts after
Notch4* repression
We then asked whether recovery of venous specification, which was
repressed in the presence of Notch4*, might underlie the observed re-
gression of AV shunts after Notch4* repression. Coup-TFII is a venous
marker that acts upstream of Notch. Therefore, we hypothesized that
Coup-TFII expression would be retained in the cells of venous origin
in the AV shunt, making it possible to trace the original venous segment
and to assess the reestablishment of venous specification upon Notch4*
repression. To determine Coup-TFII expression, we used a nuclear lacZ
reporter of Coup-TFII promoter activity, Coup-TFII+/fl-stop-nLacZ;Tie2-Cre
(5). The lacZ expression is controlled by a floxed-STOP sequence. Tie2-
Cre–mediated excision ensures that the lacZ reports the expression of
Coup-TFII in Tie2+ endothelial and hematopoietic cell lineages.

In wild-type control mice, Coup-TFII expression was localized to
the EC nuclei of the venous branches, including capillaries, but was
absent in the arterial branches in the brain (Fig. 4A). In mutant mice
expressingNotch4* (Fig. 4, B and C), regardless of whether Notch4* was
ON or OFF, Coup-TFII expression was maintained throughout the
venous branches, as in control animals. Thus, Coup-TFII expression
marked the venous boundary of AV shunts, suggesting that part of the
AV shunts originated from the vein.

EphB4, in contrast to Coup-TFII, is a venous marker that acts
downstream of Notch (4, 16), making it possible to trace the effects
of Notch4* on the repression of venous specification. We used a lacZ
reporter of EphB4 promoter activity (16) to examine EphB4 expression
before and after Notch4* repression. In control mice, EphB4tau-lacZ was
expressed throughout the veins, venules, and capillaries of the brain
vasculature (Fig. 4D). Notch4* expression decreased the expression of
EphB4tau-lacZ, resulting in patchy expression in the vein and very little
expression in AV shunts (Fig. 4E).
Fig. 2. AVM narrowing is the primary event in AVM regression. (A) Illustra-
tion of potential ways in which AV shunt regression takes place. The primary
event can be either the acute narrowing of the AV shunt or a reduction in
flow, caused by either “steal” from an adjacent artery or a systemic reduction
in flow. The acute AV shunt narrowing model, predicting the increase in ad-
jacent artery flow and reduction in feeding artery flow, best fits the empirical
observations. We do not observe increased feeding artery flow, as predicted
by the adjacent artery steal model, or a decrease in adjacent artery flow, as
predicted by a systemic flow reduction model. (B and C) Two-photon time-
lapse imaging of cortical brain vessels through a cranial window in Notch4*
mutant mice. Vessel topology was visualized by plasma labeling by intra-
venous FITC-dextran. Centerline velocity in the regressing AV shunt, feeding
artery (FA), and adjacent artery (AA) was obtained by direct measurement of
the velocity of individual red blood cells. Repression of Notch4* decreased
blood flow velocity by 48 hours in shunt and feeding artery but increased
velocity in the adjacent artery. (D) Summary of percentD in calculated flow in
vessels either 48 hours after Notch4* suppression or after 48 hours with no
Notch4* suppression. Scale bars, 50 mm.
ceTranslationalMedicine.org 18 January 2012 Vol 4 Issue 117 117ra8 4
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To examine arterial marker expression during vessel regression, we

used an ephrin-B2 reporter. We have previously shown that ephrin-B2
expression is up-regulated through the AV shunt in Notch4*-On mu-
tants (10).Here, using ephrin-B2tau-lacZ reportermice, we confirmed this
up-regulation (Fig. 4H) and show that ephrin-B2 expression was nor-
malized when Notch4* was turned off (Fig. 4I). To determine whether
Notch4* repression leads to the normalization of a broader arterial spec-
ification program in the AV shunts, we examined the expression of ad-
ditional arterial-specific proteins Dll4, Jag1, and Cx40 (Fig. 4, J to U).
We found that all of these genes were expressed preferentially in the
arteries in control mice; however, their expression extended throughout
AV shunts and veins when Notch4* was switched on in mutant mice,
and became normalized whenNotch4* was switched off (Fig. 4, J to U).
www.ScienceTranslationalMedicine.org
These data, combined with the Coup-
TFII expression pattern, suggest thatNotch4*
induced arterial identity and repressed ve-
nous identity in the venous segment of AV
shunts. Repression of Notch4* resulted in
the loss of the arterial markers ephrin-B2,
Dll4, Jag1, and Cx40 (Fig. 4, I, O, R, and U,
respectively) with a concomitant increase
in EphB4 expression in the regressing AV
shunts (Fig. 4F).

To determine whether EphB4 was re-
expressed at the cellular level, we used the
TRE-H2B-eGFP reporter to mark ECs in
Tie2-tTA;TRE-Notch4*;TRE-H2B-eGFP
mice expressingNotch4* transgenes by eGFP
expression (Fig. 5A). We found that EphB4
protein expression was repressed to ~50%
of control levels in the TRE-H2B-eGFP+

venous ECs of Tie2-tTA;TRE-Notch4*;TRE-
H2B-eGFP mutant mice relative to Tie2-
tTA;TRE-H2B-eGFP control mice. Once
the Notch4* transgene was turned off,
EphB4 expression normalized to control
levels in the venous cell population.

Inhibition of EphB4 signaling
impairs regression of AV shunts
To determine whether EphB4 signaling is
necessary for the regression of AV shunts,
we used a soluble form of the EphB4
(sEphB4) receptor to competitively inhibit
EphB4 receptor signaling (17) after re-
pression of Notch4* (Fig. 5B). If regres-
sion depends on EphB4 signaling,
sEphB4 receptor should inhibit the re-
duction in AV shunt diameter induced
by suppression of Notch4*. Indeed, the
mean change in the diameter of AV shunts
(−11.5% ± SD 20.8) was significantly re-
duced relative to mice not treated with
sEphB4 (−49.3% ± SD 19.3, P < 0.004).
As a control for the recombinant protein
treatment, we examined AV shunt regres-
sion in mice injected with recombinant hu-
man fibronectin. The mean change in AV
shunt diameter in these mice (39.7% ± SD 16.9) was not significantly
different from the regression in mice without recombinant protein
treatment (P > 0.5). Thus, sEphB4 significantly impaired the regres-
sion of AV shunts.

Regression of AV shunts alleviates hypoxia
To investigate the functional effect of AV shunt regression, we asked
whether AV shunt regression reversed vascular dysfunction. We first
examined blood velocity in arterial branches adjacent to the AV shunt
and found that blood velocity increased with Notch4* repression but
decreased with continued Notch4* expression (Fig. 2D). Markedly,
these decreasing velocities could be promptly increased by Notch4* re-
pression and shunt regression (fig. S5). Perfusion of capillary vessels
Fig. 3. Regression is initiated by reorganization of ECs. (A) Two-photon time-lapse imaging through a
cranial window in mouse brain of nuclei marked by ephrin-B2+/H2B-eGFP in a Notch4*mutant mouse. Plasma

was labeled by intravenous Texas Red–dextran. In the AV shunt shown, vessel diameter was reduced by
28 hours after Notch4* repression, whereas the GFP+ nuclei of ECs were retained after vessel regression at
36 hours. Because these images are Z-stacks through the vessel, cell 6 presented at 36 hours was also
present earlier but out of the imaging plane. (B) Two-photon time-lapse imaging through a cranial
window of nuclei marked by Tie2-tTA/TRE-GFP in a Notch4* mutant mouse. Plasma was labeled by intra-
venous Texas Red–dextran. In the AV shunt shown, vessel diameter was reduced by 20 hours after
Notch4* repression, whereas the GFP+ nuclei representing ECs were retained at 20 hours, and even at
28 hours when the vessel regressed further. At 36 hours, further regression was evident, and some EC loss
was observed in the large shunt, V1, but not in the smaller shunt, V2. Scale bars, 50 mm.
18 January 2012 Vol 4 Issue 117 117ra8 5
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(Fig. 6, A toC) with a tomato lectin that binds to the endothelium sug-
gests that tissue perfusion was globally increased after AV shunt re-
gression.

Using hypoxyprobe staining, we then examined hypoxia in
Notch4* mutant mice with neurological defects before and after
Notch4* repression. The hypoxyprobe detects tissue exposed to a
partial oxygen pressure of <10 mmHg, close to the hypoxic thresh-
www.Scien
old expected to cause dysfunction of neuronal cells (18). We detected
an increase in hypoxyprobe staining in the cerebellum and cerebral
cortex of sick Notch4*-expressing mice relative to their littermate
controls (Fig. 6, D and F). When Notch4* was repressed for 72 hours
in severely affected Notch4* mutant mice, hypoxyprobe staining in-
tensity was significantly reduced, and approached that of control
animals (Fig. 6E).
Fig. 4. Turning off Notch4* normalizes AV
specification in AV shunts. (A to I) Whole-
mount LacZ staining of the surface vascula-
ture of the cerebral cortex reveals expression
of Notch upstream venous specification gene
Coup-TFII, downstream venous marker EphB4,
and downstream arterial marker ephrin-B2.
Perfused vessels were counterstained by
colorimetric 3,3′-diaminobenzidine reac-
tion with horseradish peroxidase–bound
tomato lectin. (A to C) LacZ staining of
Tie2-cre activated Coup-TFII reporter. (A) In
control mice, Coup-TFII was expressed in
the veins, venules, and capillaries up to the
arterioles. (B) InNotch4*-expressingmutants,
Coup-TFII was expressed in the vein and
venous portion of the AV shunt. (C) After
repression of Notch4*, the narrowest point
in AV shunts was found between Coup-TFII–
positive and Coup-TFII–negative endothelium.
(D to F) LacZ stainingof EphB4 reporter. (D) In
control mice, EphB4 was expressed in the
veins and venules up to the capillaries. (E) In
Notch4*-expressing mutants, EphB4 expres-
sionwas reduced throughAVshunts, venules,
and veins. (F) After the repression ofNotch4*,
EphB4 expression was increased in the re-
gressingAV shunt. (G) In controlmice, ephrin-
B2 expression was detected in the arteries
and arterioles up to the capillaries. (H) In
Notch4*-expressing mutants, ephrin-B2 ex-
pression was detected in the arteries, the
AV shunts, and extending into the veins. (I)
After repression of Notch4*, ephrin-B2 ex-
pression was decreased in the regressing
AV shunts and veins. Closed arrowheads in-
dicate venules; open arrowheads indicate
arterioles. n = 3 (A to C, G, and I), n = 4 (H),
and n = 8 (D to F) for each condition. Scale
bars, 100 mm. (J to U) Whole-mount immu-
nofluorescence staining of cerebral cortex
after FITC-lectin perfusion. (J to L) Endo-
thelial localization of Notch4-ICD was un-
detectable in control mice (J) but was
present in a focal manner consistent with
nuclear localization throughout the artery
and vein in Notch4*-On mice (arrowheads
in K); this was reduced once Notch4* was
turned off (L). Arterial markers Dll4 (M to O),
Jag1 (P to R), and Cx40 (S to U) were ex-
pressed in the artery but not the vein in
control mice (M, P, and S). All of these mark-

ers were up-regulated in the artery, through the AV shunt, and into the vein in Notch4*-On mice (N, Q, and T). When Notch4* was turned off, the
expression in theAV shunt and vein was lost but remained in the artery (O, R, and U). n=5 for allmutants,n=2 for each control. Scale bars, 100 mm. See next
page for continuation of figure.
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Finally, we determined the histopathological changes in the brain
parenchyma with and without Notch4* repression. Histological anal-
ysis of Notch4* mutant mice without Notch4* repression revealed foci
of pyknotic nuclei, often surrounding a core of decreased nuclear den-
sity, consistent with ischemia-induced necrosis (four of six mice, Fig. 6G).
www.ScienceTranslationalMedicine.org 18
Such regions occasionally also contained
evidence of hemorrhage. Notch4* repres-
sion for several weeks eliminated these
pyknotic and acellular regions (nine of
nine mice), although structural damage
could still be detected (Fig. 6H), pre-
sumably representing the evolution of
the earlier ischemic damage. In support
of this, hemosiderin deposits suggested
the resolution of earlier hemorrhages.
These findings suggest structural healing
of earlier lesions after Notch4* repres-
sion. Thus, regression of AV shunts in-
duced by Notch4* repression normalizes
cerebrovascular flow patterns and tis-
sue oxygenation, providing a physio-
logical explanation for recovered brain
function.
DISCUSSION

Here, we report that genetic reprogram-
ming of AV specification converts high-
flowAVshunts to low-flowmicrovessels.
Using in vivo time-lapse imaging at single-
cell resolution, we show thatNotch4* re-
pression leads to a narrowing of AV
shunts that was not dependent on loss
of ECs, initiating AVM regression. Mech-
anistically, this involves the restoration of
venous programming in the high-flow
AV shunts by Notch4* repression.

Notch induces reversible
arterial programming of the
venous compartment
Previously, we have observed expanded
expression of the arterial marker ephrin-
B2 in the vasculature after up-regulation
of Notch signaling in mice (10, 12, 19).
Arterial ECs in coronary artery develop-
ment have been reported to arise from
venous vessels (20). However, it is cur-
rently unknown whether venous ECs
had been reprogrammed to an arterial
specification or whether arterial ECs
had expanded. Using venous markers up-
stream (Coup-TFII) (5) and downstream
(EphB4) (19) of Notch, we now show
that Notch is sufficient to reprogram
differentiated venous endothelium in
the postnatal mouse. We show here,
in normal brain endothelium, that Coup-TFII is preferentially ex-
pressed in venous but not arterial endothelium. Upstream of Notch,
Coup-TFII expression is not affected by Notch4* expression, identi-
fying ECs of venous origin. Expression of Notch4* led to the mis-
expression of the arterial markers ephrin-B2, Dll4, Jag1, and Cx40
January 2012 Vol 4 Issue 117 117ra8 7
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in Coup-TFII–positive veins, confirming that Notch4* expression con-
verts venous ECs into arterial ECs. Expression of Notch4* also led to the
suppression of the venous marker EphB4 in the Coup-TFII–positive
cells, demonstrating a simultaneous loss of venous expression in ECs
of the venous lineage. Besides AV marker expression, venous segments
converted by Notch4* repression also exhibit the features of arteries,
including arterial structure and flow velocity. Thus, our data suggest
that Notch is sufficient to induce veins to become arteries.

We further demonstrate that this conversion of veins to arteries
by Notch up-regulation is reversible. Notch4* repression led to re-
expression of the venous marker EphB4 in Coup-TFII–positive ves-
sels, as well as structural and hemodynamic normalization. Thus,
our results suggest that venous vessels induced to become arteries
by Notch4* expression reverted back to veins after repression of
Notch4*. The reversible arterial specification in postnatal vascu-
lature suggests that AV lineage specification is genetically pliable, and
a single genetic manipulation is sufficient to switch AV specifica-
tion postnatally.

AV reprogramming elicits narrowing of high-flow AV
shunts without EC loss
The mechanism underlying the regression of AV shunts after Notch4*
repression involves ephrin-B2 and EphB4-mediated EC reorganiza-
tion, rather than a reduction of EC number. Although the role of
Eph/ephrin signaling in the endothelium is not yet clear, our finding
www.Scien
is consistent with the established functions of ephrin-B2/EphB4 in
regulating cell migration through repulsive signaling (21). We think
that once reexpressed in Coup-TFII+ ECs, EphB4mediates ephrin-B2
signaling and elicits EC repulsion involving actomyosin contraction
(Fig. 7). Supporting a critical role for ephrin-B2/EphB4 signaling in
this normalization process, the specific regression of vessels occurs at
the AV interface, whereas the adjacent arteries often do not regress.
Furthermore, the regression of AV shunts after Notch4* repression
can be blocked by sEphB4.

The mechanism of AV normalization after Notch4* repression is
distinct from the apoptotic mechanism of vessel regression after with-
drawal of the growth factor VEGF (vascular endothelial growth fac-
tor). Microvessels in tumors and normal tissues regress after VEGF
inhibition (22). Regression in these vessels is attributed to apoptosis
of ECs (23). Another model of vessel regression is the hyaloid vascu-
lature of the eye (24). In vivo imaging of hyaloid vessel regression
shows that apoptosis of ECs obstructs the lumen and capillary blood
flow, triggering the apoptosis of remaining ECs in the capillary seg-
ment and ultimately its regression (25). Thus, apoptosis and a sub-
sequent reduction in blood flow are thought to precipitate vessel
regression in these settings.

Our findings suggest that the cellular mechanism underlying the
regression of the high-flow vessels after Notch4* repression does not
involve EC apoptosis, but likely is due to reorganization of ECs result-
ing from restoration of venous identity.
Fig. 5. Venousmarker EphB4 is reexpressed
in venous ECs and is required for AV shunt
regression. (A) Sagittal sections showing
veins in the cerebellum of Tie2-tTA;TRE-
Notch4*;TRE-H2B-eGFP mutants before and
5 days after Notch4* repression, with litter-
mate Tie2-tTA;TRE-H2B-eGFP control mice.
EphB4 expression in TRE-eGFP+ cells was
visualized by immunofluorescence staining.
EphB4 expression was selectively reduced
in Notch4*-expressing mutant mice but re-
covered after Notch4* repression. Graph
shows quantification of EphB4 fluorescence
signal intensity in TRE-GFP+ cells. n = 4 for
mutants, n = 3 for controls, an average of
~12 cells per vessel and >5 vessels per
mouse. (B) Two-photon time-lapse imaging
of cortical brain vessels through a cranial
window in Notch4* mutant mice. Plasma
was labeled by intravenous FITC-dextran.
Treating Notch4* mutant mice with soluble
EphB4 (sEphB4) inhibited the regression
of the AV shunt examined 48 hours after
Notch4* repression. In a Notch4* mutant
mouse littermate treated with soluble hu-
man fibronectin (sFN) as control, the AV
shunt was reduced in diameter 48 hours
after Notch4* repression. Shown is quan-
tification of changes in minimal AV shunt
diameter after 48 hours in mice without
repression of Notch4* (Notch4*-On, n =

35 AV shunts in 11 mice), with repression of Notch4* (Notch4*-Off, n =
22 AV shunts in 10 mice), with repression of Notch4* and sEphB4 intra-
venous treatment (+sEphB4, n = 26 AV shunts in 5 mice), and with re-
pression of Notch4* and sFN control intravenous treatment (+sFN control,
n = 13 AV shunts in 2 mice). Scale bars, 50 mm. Error bars represent SEM
between individual AV shunts.
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Future implications
Direct in vivo imaging in this study demonstrates the regression of
high-flow large vessels to capillary-like vessels by a single genetic ma-
nipulation that represses expression of Notch4*. Markedly, vascular
normalization was not accompanied by hemorrhage and vascular dam-
age. Rather, AV shunt regression safely reversed tissue hypoxia and
tissue dysfunction. We have focused on AVMs in mouse brain, but
the finding likely applies to AVMs in other tissues given that we have
previously identified Notch4*-mediated AVMs in the liver, skin, uterus,
and lung in the mouse (12, 19, 26). Thus, we believe that exploiting the
tractable brain AVMmouse model system will provide important clues
into the cellular and molecular regulation of AVMs in general. AV
shunts are a core component of a range of high-flow vascular lesions
(1). Thus, our demonstration of complete and safe normalization of
dangerous high-flow AV shunts in animals may spur development
of molecular therapeutic strategies to induce the regression of these
dangerous high-flow vessels and treat these devastating diseases.
MATERIALS AND METHODS

Mice
Tie2-cre, Tie2-tTA, and TRE-Notch4*mice are published (8, 10, 12, 19),
as are ephrin-B2+/H2B-eGFP (27), EphB4+/tau-lacZ (16), ephrin-B2+/tau-lacZ

(4),mT/mG (28), TRE-H2B-eGFP (29), and Coup-TFII+/fl-stop-nLacZ mice
(30). Tetracycline solution [Tet (0.5 mg/ml), sucrose (50 mg/ml),
Sigma] was administered to mothers and withdrawn at birth (10).
Doxycycline treatment was initiated with intraperitoneal injection
Fig. 6. Notch4* repression normalizes vascular perfusion and tissue
oxygenation. (A to C) Vascular perfusion of surface vessels of the ce-
rebral cortex by fluorescent tomato lectin. After repression of Notch4*,
capillary perfusion was increased. (D to F) Immunofluorescence (red)
staining for hypoxyprobe (pimonidazole) adduct in coronal section of
mouse cortex. Patches of staining were visible in mutant mice with
neurological defects before Notch4* suppression (D). Staining was re-
duced 72 hours after suppression of Notch4* (E). Control tissue shows
an absence of staining (F). Quantification of staining intensity in cor-
tical brain relative to nonspecific immunoglobulin G controls. Control
before treatment is 30.8 arbitrary units (AU) ± SD 20.6; Notch4* mu-
tant before treatment is 69.0 AU ± SD 34.2; control after treatment is
35.5 AU ± SD 25.6; Notch4* mutant after treatment is 27.6 AU ± SD
13.8. P < 0.05 versus all other groups by one-way analysis of variance
(ANOVA) and Newman-Keuls multiple comparison test. n = 9 at 0 hours
Notch4*-Off, n = 8 at 72 hours Notch4*-Off. (G to J) Hematoxylin and
eosin staining of sagittal paraffin sections of cerebellum. In Notch4*
mutant mice before Notch4* repression (0 hours Notch4*-Off), areas of
hemorrhage (open arrowhead) and necrotic tissue (closed arrowhead) were
visible (G). After 28 days of Notch4* suppression (28 days Notch4*-Off ),
areas of scarring were visible (open arrow), but areas of hemorrhage and
necrotic tissue had been resolved (H). The numbers of Purkinje cells were
decreased in (H) when compared to these cells in the corresponding area
in control (J) (solid arrows). Granular cells [open arrow in (H)] were found in
the scarred area. Scale bars, 100 mm.
Fig. 7. Model for AVM regression after Notch4* repression. (A) In control
mice, Notch and ephrin-B2 are expressed in arteries and capillaries. Coup-TFII

and EphB4 are expressed in veins and capillaries. (B) In mutant mice, Notch4*
is forcibly expressed throughout the endothelium, causing the repression of
EphB4 and the expression of ephrin-B2 in AV shunts. The venous marker
Coup-TFII, upstream of Notch, is retained, demarcating the original arterial-
venous boundary. (C) Repression of Notch4* allows EphB4 to be reexpressed
in the Coup-TFII+ venous segment. Normalization of ephrin-B2/EphB4 signal-
ing in ECs results in their reorganization, which initiates AV shunt narrowing
and AVM regression.
ceTranslationalMedicine.org 18 January 2012 Vol 4 Issue 117 117ra8 9
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[500 ml of 1 mg/ml in phosphate-buffered saline (PBS)], followed by
doxycycline diet (200 mg/kg, Bio-Serv) (10, 12). All animals were treated
in accordance with the guidelines of the University of California San
Francisco Institutional Animal Care and Use Committee.

sEphB4 treatment
Two hundred microliters of recombinant human EphB4 extracellular
domain (200 mg/ml) (R&D Systems) was injected by tail vein (final
concentration of ~4 mg/kg), followed by 100 ml of 200 mg/ml 24 hours
later (17). Recombinant human fibronectin (R&D Systems) at the
same concentration was a negative control.

In vivo imaging
Chronic in vivo brain vascular imaging was performed as described
(11, 31), with modifications for immature mice (32). Briefly, a craniotomy
was performed over the right cortex. A 5-mm glass coverslip (World
Precision Instruments) was placed over artificial cerebrospinal fluid and
fixed into place. A custommetal bar was attached adjacent to the window,
allowing it to be secured by a custom adaptor arm on a stereotactic base
(Cunningham). For imaging, mice were anesthetized with isoflurane
(1.25 to 1.5%) in pure oxygen on a homeothermic heat blanket (Harvard
Apparatus). Fluorescent contrast agents were injected by tail vein [2000-kD
fluorescein isothiocyanate (FITC)–dextran (Sigma), 155-kD tetramethyl
rhodamine isothiocyanate (TRITC)–dextran (Sigma), or 2000-kD Texas
Red–dextran, prepared according to published protocols (33) and filtered
by dialysis]. Two-photon microscopy was performed with a locally con-
structed microscope, to be described in detail in a future publication.

Immunostaining
Conjugated Lycopersicon esculentum–lectin (Vector Labs) was injected
as we described (10, 12). Brain was fixed by 1% paraformaldehye (PFA)
fixation via the left ventricle. Tissue was incubated in blocking solution
[2% bovine serum albumin (BSA), 0.1% Triton X-100 in PBS],
primary antibody overnight, and secondary antibody overnight. Anti-
bodies were anti–VE-cadherin (BD Pharmingen, clone 11D4.1, 1:200
dilution) and anti–a-smooth muscle actin (Sigma, clone 1A4, 1:200 dilu-
tion) (12, 34). Staining for AV marker expression followed a similar
protocol, except that blocking was with 10% donkey serum and
0.1% Triton X-100 in PBS. Antibodies (2 mg/ml in block) were anti–
Notch4-ICD (intracellular domain) (Millipore), anti-Jag1 (R&D
Systems), anti-Dll4 (R&D Systems), and anti-Cx40 (Santa Cruz).

Notch4 staining followed published protocols (10). Briefly, brains
were perfusion-fixed with or without previous L. esculentum–lectin
(Vector Labs) injection. After overnight fixation in 1% PFA, brains were
sagitally bisected and dehydrated in 30% sucrose in PBS overnight and
embedded in OCT (optimal cutting temperature). Sections (10 mm) were
cut, blocked (3% donkey serum, 2% BSA, 0.2% Triton X-100 in PBS), and
then incubated with anti–Notch4-ICD antibody (Millipore, formerly
Upstate, 1:500 dilution) overnight in block, washed, incubated with second-
ary antibody, washed, and stored in VectaShield + DAPI (Vector Labs).

X-galactosidase/3,3′-diaminobenzidine co-staining
Under ketamine/xylazine and isoflurane anesthesia, 25 mg of biotinylated
L. esculentum–lectin (Vector Labs) was injected via the inferior vena
cava and allowed to circulate for 2 min. Perfusion was performed
through the left ventricle with PBS, followed by fixative (0.25% glutar-
aldehyde, 50 mM EGTA, and 100 mM MgCl2 in PBS). After short fix-
ation, the cortex was stained for b-galactosidase at room temperature
www.Scienc
according to published X-galactosidase protocols (35). The cortex was then
fixed with 1% PFA and blocked (10% BSA and 0.1% Triton X-100 in
PBS), incubated with 1:1000 streptavidin-conjugated horseradish per-
oxidase (Jackson ImmunoResearch) in block, washed, and stained
with a DAB (3,3′-diaminobenzidine) kit (Vector Labs).
SUPPLEMENTARY MATERIAL

www.sciencetranslationalmedicine.org/cgi/content/full/4/117/117ra8/DC1
Fig. S1. Notch4* repression occurs within 24 hours of doxycycline treatment.
Fig. S2. Placement of the chronic imaging window.
Fig. S3. Specific regression of AV shunts after repression of Notch4*.
Fig. S4. Repression of Notch4* induces regression of well-established large AV malformation.
Fig. S5. AV shunts are stable until repression of Notch4*.
Fig. S6. AV shunts regress to capillary diameter vessels in mice with and without cranial window.
Fig. S7. Smooth muscle coverage is normalized by suppression of Notch4*.
Fig. S8. Velocity changes coincide with narrowing of AV shunts and distal vein beginning by 12
to 24 hours after Notch4* repression.
Fig. S9. Narrowing of ephrin-B2–GFP+ AV shunt occurs specifically after Notch4* repression.
Fig. S10. Tie2-tTA;TRE-H2B-eGFP marks brain endothelial cells.
Fig. S11. Loss of endothelial cells is not required for AV shunt regression.
Fig. S12. Endothelial cells are narrowed in regressing AV shunts.
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