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Abstract

Arteriovenous malformations (AVMs) are dangerous vascular lesions of
largely unknown etiology. Those that occur in the brain (BAVMs) are particularly
devastating, since they often lead to hemorrhagic stroke. Current treatment
strategies are limited and may be as risky as the disease itself. At their core, AVMs
are an aberration of normal vascular hierarchy caused by enlarged direct
connections between the artery and the vein, which shunt blood past the capillary
bed. Influenced by the discovery of a Notch-regulated program of arteriovenous
(AV) specification, I hypothesized that disruption of this program could cause
BAVM. My thesis work identifies increased endothelial Notch signaling as a
candidate lesion in brain AVMs by showing that it is sufficient to cause BAVM-like
abnormalities in a mouse model, and that it is upregulated in human BAVM tissue
samples. Furthermore, it demonstrates that a sustained increase in Notch signaling
is required to maintain the BAVMs in our mouse model, since high-flow AVMs
rapidly regress to capillaries once Notch transgene is turned off. This work will be
presented as three chapters, the first two of which have been published (PMID:
18667694 and PMID: 19546852), and the third of which is submitted for

publication.
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Introduction

Arteriovenous Malformations (AVMs) are dangerous vascular lesions of
unknown etiology

Human AVMs are described as fast-flow lesions consisting of an abnormal
tangle of vessels. The core defect is enlarged connections between the artery and
vein which allow arteirovenous (AV) shunting of blood flow past the capillaries.(1)
As a result, two threatening vascular conditions arise. First, the shunt “steals” blood
from perfusing capillaries, causing local tissue ischemia. Second, the rapid AV
shunting of blood exposes the abnormal shunts to extreme hemodynamic forces,
often resulting in their hemorrhagic rupture. While AVMs can occur in any tissue,
those that occur in the brain are particularly devastating. Brain AVMs (BAVM)
contribute to half of the hemorrhagic stroke in children, and about 2% of all
stroke.(2) Risk of hemorrhage from BAVM is high, and most AVMs will hemorrhage
over the course of a lifetime.(3) To prevent this, BAVMs are generally pre-emptively
treated by surgical excision, embolization, radiation or some combination thereof.
Treatment of rupture-prone BAVMs within the vulnerable brain parenchyma also
has associated risks, which are substantial enough to warrant a clinical trial to
determine whether treatment results in better outcomes than the natural course of
the disease.(4)

Unfortunately the etiology of human BAVMs remains obscure, preventing
rational design of molecular therapy. Theories on AVM formation have been based

primarily on skin AVMs, which are most accessible, and can be observed at an early
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stage of formation.(5) Small telangectasias in the skin are first visible at a much
smaller size, and presumably earlier stage, than those in internal organs. This is
particularly true since the angiograms that detect internal AVMs are generally
performed only when the AVM has grown large enough to disrupt organ function.
Careful histological analysis of skin AVMs at different timepoints has suggested that
the dilation of the post-capillary venule is the first defect in AVM formation.(5)
However, in contrast to the development of skin telangectasias, which often increase
with age, many of the AVMs in internal organs are believed to be congenital.(3) For
example, brain AVMs are often discovered in young people, before the age of 30, and
similarities between brain AVMs and embryonic vessel patterns has suggested that
they are formed by defects in early vascular development.(2, 6) In the absence of

chronic imaging data on AVM development, these theories remain speculative.

Genetic linkage identifies causal lesions in a subset of hereditary AVMs
Traditional, forward genetic, linkage association studies in hereditary AVM
disease revealed causal mutations in Alk1, endoglin, Smad4, RASA1, and PTEN,

identified as dominant mutations in families with multiple affected members.(7-11)

Hereditary Hemorhagic Telangectasia (HHT)

In HHT, AVMs form throughout the tissues of the body, including brain, but
also liver, lung, gut and skin. The disease has been linked to heterozygous
mutations in the Alk1 and endoglin genes, endothelial TGF-beta receptor and co-

receptor, respectively.(7) Mice completely deficient in Alk1 or endoglin are
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embryonic lethal, with impaired vascular remodeling and AVMs. Mice with
heterozygous loss-of-function mutations in Alk1 or endoglin are viable, but
occasionally develop vascular malformations in later life. Conditional deletion of
Alk1 in adult mice results in spontaneous AVM formation in growing mice.(12)
Conditional deletion of endoglin also results in AVMs in growing tissues, and as in
embryonic studies, the AVMs form between arteries and veins with proper
specification.(13, 14) SMAD4, a downstream mediator of Alk1 and endoglin
signaling has also been implicated in AVM development.(8, 15) In mice, deletion of
SMADA4 specifically in the endothelium, using Tie2-cre, results in impaired vascular
modeling and embryonic lethality.(16) Therefore, multiple components of the TGF-

beta signaling cascade result in similar AVM phenotypes.

RASA1

Mutations in RASA1 have been implicated in another subset of AVMs
associated with capillary malformations.(9, 17) In the families investigated, RASA1
loss-of-function mutations resulted in small, rounded, red or pink capillary
malformations (CM) in the skin, as well as AVMs, leading researchers to designate
the newly defined disease as CM-AVM. Penetrance of the CM phenotype was 96.5%
in individuals with RASA1 mutations. Frequency of detected AVMs lower but still
highly significant, with a penetrance of 32.6% (33/101). AVMs in these individuals
formed in a variety of areas, including skin, bone, muscle and brain. Of the AVMs,

one third (6/18) were intracranial. Two intracranial AV fistulas were also found.



PTEN

AVMs have been associated with Cowden syndrome (CS) and Bannayan-
Riley-Ruvalcaba (BRR) syndrome, diseases linked to heterozygous PTEN
mutations.(10) In a related disease, Proteus-like Syndrome, a germline PTEN
mutation was also identified, and further, that a second hit knocked out the normal
copy of PTEN in an AVM that developed.(11) Endothelial deletion of PTEN is
embryonic lethal, as embryos fail to remodel the initial vascular plexus.(18)
Deletion of one allele of PTEN in mice resulted in increased angiogenesis in tumor

and plug implant assays.(18)

However, familial AVMs account for only a small portion of human BAVMs.
For example, among a population of 638 BAVM patients, only 14 (~2%) were
attributed to HHT mutations, the primary form of familial AVMs (19). Thus, the

molecular cause of the overwhelming majority of sporadic AVMs remains unknown.

Notch controls a genetic program of arteriovenous specification

Recent work in developing vertebrate embryos has identified a genetic
program of AV specification. Strikingly, disruption of this AV specification program
led to failed vascular remodeling and enlarged AV connections reminiscent of the
core defect in human AVMs.(20-23) The Notch receptor is a critical mediator of
arteriovenous (AV) specification, consistent with conserved roles in developmental
lineage decisions throughout metazoans.(24, 25) Notch is activated through direct

cell-cell communication with ligand expressing cells.(26) The exquisite sensitivity
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of the Notch receptor likely contributes to its utility in amplifying small differences
between adjacent cells. In the endothelial cells of the zebrafish, fate-mapping
analysis by dye injection revealed that “the vascular fate of an angioblast is
determined in the lateral plate mesoderm (LPM). Arterial and venous precursors
are spatially mixed within LPM, and an individual angioblast contributes to only one
or the other of these vessels.”(27) The Notch downsteam gene gridlock, zebrafish
homologue to Hey2, was identified as a critical determinant of AV specification on
the basis that is was in the right place at the right time (LPM prior to the formation
of the dorsal aorta, and later in the dorsal aorta), and was necessary for dorsal aorta
formation. These observations led to a model in which high Notch activity in
hemangioblasts is necessary for arterial specification, while low levels of Notch
activity inhibit arterial specification.(28)

Studies in mouse support a key role for Notch signaling in AV specification.
Notch1 and Notch4 are expressed in the endothelium, where expression is arterial
specific.(29) Complete deletion of Notch1 is embryonic lethal, and while Notch4
deletion is not, the combination of Notch1 and Notch4 deletion results in a more
severe phenotype than Notch1 alone.(30) The endothelial expression pattern of
D114 suggested that it was the ligand for endothelial Notch receptors, and deletion of
D114 confirmed that it was necessary for vascular development.(22, 31, 32)
Interestingly, D114 is haploinsufficient, suggesting that the activation of Notch
receptors by DII4 is dose-dependent. In DIl4 mutants, arterial markers ephrin-B2,
connexin37, connexin40 and neuropilin-1 are lost, and EphB4 is ectopically

expressed in the arterial endothelium.(31, 33) Complete endothelial deletion of
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RBP]J-kappa, a critical downstream mediator of Notch signaling, causes similar
vascular defects with loss of arterial markers ephrin-B2 and CD44.(22) Conversely,
endothelial specific expression of constitutively-active Notch4 is sufficient to induce
arterial markers ephrin-B2 and Dll4 in venous endothelium, with a concomitant
reduction in venous marker EphB4.(21) Over-expression of D114 in the endothelium
triggers increased Notch activation, as evidenced by increased expression of the
Notch responsive gene Hey1.(34) In these DIl4 GOF embryos, arterial markers
Notch1 and connexin37 are expressed ectopically in the venous endothelium, as
EphB4 is suppressed.(34) Notch responsive basic helix-loop-helix transcription
factors Hey1 and Hey?2 are likely mediators of the effects of Notch signaling, since
their combined deletion results in a vascular phenotype which resembles Notch1
null mice, and is accompanied by a similar reduction in ephrin-B2, CD44 and
neuropilin-1.(33)

In mouse, as in zebrafish, VEGF acts upstream of Notch. In vitro experiments
with mouse ES cells show that VEGF signaling is important in the development of
the endothelial cell lineage from undifferentiated cells, and in the induction of
arterial identity. Presented with increasing concentrations of VEGF, ES cells
upregulate Notch receptors and ligands.(35) Similar findings have been reported
with already differentiated endothelial cells in vitro.(36, 37) In vivo experiments
showed that the induction of D114 at the sprouting front of the retinal vasculature
following oxygen induced vaso-obliteration is dependent on VEGF signaling, which
could be disrupted by the injection of VEGF-binding protein, and increased through

the injection of soluble VEGF.(38) In the heart, overexpression of VEGF increases
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the proportion of ephrin-B2+ endothelial cells.(39) Although the specific pathways
downstream of VEGF receptor activation which induce the expression of D114 are
not entirely clear, Pi3K and ERK kinases, and the Foxc1 and Foxc2 transcription
factors are involved. Both Pi3K and ERK kinases can be activated by VEGFR
stimulation, but they have divergent downstream effects. Zebrafish embryos
deficient in phospholipase C gamma-1, in the ERK pathway downstream of VEGF,
are impaired in their ability to induce the expression of arterial markers Notch5 and
ephrin-B2.(40) However, inhibition of Pi3K can partially rescue vascular defects in
gridlock mutant zebrafish, caused by low levels of Notch activity, suggesting that
Pi3K opposes ERK mediated induction of arterial specification.(41) Consistent with
this, cells with loss of Pi3K signaling preferentially contribute to the artery in
chimeric zebrafish, while cells with gain of Pi3K signaling preferentially contribute
to the vein.(41) Foxcl/Foxc2 are necessary for expression of arterial markers
Notch1, Notch4, D114, and ephrin-B2, but not venous marker EphB4 in mouse
embryos.(42) Itis not yet entirely clear how Foxc1/Foxc2 are regulated in
endothelial cell development, but there is some evidence for a connection with VEGF
signaling.(43)

While a long list of proteins are specifically expressed in arteries, vein-
specific markers are rare. This led to the perception that venous specification is the
default pathway. However, the discovery that Coup-TFII expression is necessary
and sufficient for venous specification has altered that perception.(44) Embryos
with complete loss of Coup-TFII develop an enlarged DA, with some areas of the

developing CV completely absent.(45) A similar phenotype, though not quite as
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severe is observed in upon endothelial specific deletion of Coup-TFII.(44) Markers
of arterial specification, Hey1, ephrin-B2 and neuropilin1 were increased in the
venous endothelium, showing that Coup-TFII normally suppresses the expression of
these arterial markers in the vein, acting upstream of Notch target genes Hey1 and
ephrin-B2.(44) Conversely, overexpression of Coup-TFII throughout the
endothelium resulted in the formation of a massive vessel in the embryo, in the
location of the DA, but which did not express the arterial markers neuropilin1 and
Jagl, but did express the venous marker EphB4.(44) Strikingly, absence of Coup-
TFII in selected cells of chimeric embryos prevented these cells from contributing to
the endothelium of the developing vein, although they could still contribute to the

artery.(44)

Arteriovenous specification may regulate the establishment of vascular
hierarchy

One of the first questions that arose in the study of AV specification is
whether the genes involved are “markers” or “makers.”(46) That is, do they merely
show the identity of the vessels which become artery or vein, or do they have a
requisite functions in the development of vascular structure. Of particular interest
is whether these molecules help to establish AV hierarchy, the highly stereotyped
refinement of vessel diameters between the arteries and the veins. The experiments
which identified the arterial expression pattern of ephrin-B2 and the venous
expression pattern of EphB4 answered provided a partial answer to this question

almost immediately. Knock-out of either of these receptors disrupted the
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remodeling of the initial vascular plexus, suggesting a role as “makers.”(47)
However there were some caveats to these experiments. Given the important
function of blood flow in remodeling of these plexi (in the head and in the yolk sac)
and the defects in flow predicted by the AV shunts that form within large vessels
surrounding the heart in these mutants, the role of the receptors in remodeling the
vasculature is confounded by flow effects.(20)

Notch is thought to regulate the specification of arterial and venous fates, and
ephrin-B2 and EphB4 are believed to mediate the functional consequences of this
specification on the cellular organization of the vasculature. The reason is that, just
as Notch has conserved functions as a mediator of cell fate decisions, ephrin/Eph
interactions function in many systems to regulate the spatial organization of cells
through repulsive and attractive signaling. The best examples of this are the in the
neuronal system, in which these molecules were first discovered.(48) Prior to their
discovery of complimentary EphB4/ephrin-B2 expression in the vasculature, Wang
and Anderson described repulsive signaling initiated by ephrin-B1 and -B2 ligands
to cells with EphB receptors.(49) They found that when neural crest cells were
induced to grow through a grid with alternating stripes coated or not with ephrin-B
ligands, they selectively grew on the stripes not coated with ephrin-B2. Therefore,
the immediate thought, once the pattern and requirement for EphB4/ephrin-B2 in
the vasculature had been described, was that they might function to maintain the
separation of arterial and venous cells.

Eph/ephrin repulsive signaling in the neuronal system prompted

experimenters to examine repulsion in the endothelium. In vitro experiments
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showed that EphB4+ cells were repelled from ephrin-B2+ substrate, but that
ephrin-B2+ cell were not repelled from EphB4+ substrate, demonstrating that
repulsion could be triggered by activation of the EphB4 receptor by ephrin-B2, and
not vice versa.(50, 51) [n vivo experiments support the hypothesis that the major
function of ephrin-B2 ligand in vascular development is the activation of EphB
receptors, since vascular development proceeds without obvious abnormalities in
mice in which the ephrin-B2 intracellular domain is replaced by beta-
galactosidase.(52) In contrast to the embryonic lethality caused by global or
endothelial specific deletion of ephrin-B2, these mice are born live with apparently
normal vascular remodeling, but die soon after, likely from heart valve defects.
These results imply that the extracellular domain, but not the intracellular domain,
of ephrin-B2 is essential for vascular remodeling, consistent with a requirement for
forward EphB4 activation, but not reverese ephrin-B2 activation.

Although less is known about the specific downstream effects of ephrin-B2
and EphB4 signaling in the endothelium, other studies have shed light on general
Eph/ephrin signaling as a class. Downstream of Eph receptor activation,
metalloproteinase cleavage allows the separation of the Eph/ephrin complex.(53)
Activation of the Eph receptor then causes actin cytoskeletal rearrangments, which
are controlled by Rho family GTPases bound to the Eph receptor.(54, 55) Detailed
proteomic analysis of tyrosine phosphorylation downstream of EphB2 receptor
activation, combined with computational analysis of the kinases involved, provided
a high-resolution map of the relevant kinase signaling, touching upon signaling

involved in cytoskeletal rearrangment, polarity and migration.(56) When EphB2+
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and ephrinB1+ cells are mixed, they spontaneously reorganize into EphB2 and
ephrinB1 clusters, though repulsive cues. Clustering was used a readout in an
siRNA screen of the critical kinases and phosphylation targets, which revealed
significant overlap with the phosphoylated proteins and predicated kinase
pathways identified by mass spectrometry.(56)

Many of the predictions about the role of AV specification, repulsive signaling
and the separation of arteries and veins have been derived from in vitro cell culture
experiments, in which the behavior and repulsion of individual endothelial cells can
be monitored in real time. However, the critical question is how such repulsive
behavior contributes to the shaping of the vascular system in vivo. The separation of
the first artery and vein, the dorsal aorta (DA) and the cardinal vein (CV), in the
mouse embryo in the Wang lab has provided a platform for understanding this. In
embryonic development, a lumenized DA forms first, and a developing venous
plexus subsequently gives rise to the lumenized CV. It was observed that loss-of-
function in either EphB4 or ephrin-B2 resulted in an increase in the number of
endothelial cells in the DA at the expense of the cardinal vein.(21) However, the
total number of cells in the two vessels combined was not altered, indicating that
the enlarged DA was caused by defective allocation of ECs, and not increased
proliferation.(21) Furthermore, in the absence of ephrin-B2, EphB4+ cells were
retained within the DA.(21) This data suggested that a heterogenous mixture of
arterial and venous endothelial cells were contained within the DA, and that
EphB4/ephrin-B2 signaling was required to expel the EphB4+ venous cells,

prompting their contribution to the CV. Indeed, in early embryonic development,
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capillary bridges can be observed between these two vessels, suggesting a path for
their migration.(21) Time-lapse imaging in the more accessible zebrafish embryo
supported this hypothesis, by directly showing the migration of endothelial cells
from the DA to the developing CV.(57)

Although the general conclusions that are drawn from both the mouse and
zebrafish models are similar, i.e. that EphB4 /ephrin-B2 repulsive signaling results
in segregation of arterial and venous fated cells to the developing DA and CA, there
are also some notable differences. In contrast to the mouse, where disruption of
EphB4/ephrin-B2 causes venous cells to be retained in the arterial position,(21) in
zebrafish, morpholino suppression of EphB4 or ephrin-B2 causes endothelial cells
to be retained in a large vessel with venous characteristics.(57) Furthermore,
zebrafish data suggests that ephrin-B2 mediated reverse signaling plays an
important role in maintaining ECs in the DA, since knockdown of ephrin-B2 or
expression of a dominant negative version, missing the intracellular domain (AC-
ephrin-B2), causes transplanted endothelial cells to contribute to the CV rather than
DA.(57) In mouse, repulsive signals generated by EphB4 activation seem much
more likely to be important, since the intracellular domain of ephrin-B2 is not
required for vascular development.(52)

The differences between mouse and zebrafish are not necessarily
contradictory. The close proximity of DA and CV in zebrafish, relative to the mouse,
make it more difficult to assign arterial or venous specification by location. Given
this ambiguity, vein identity was assigned by the enclosure of GATA+ erythrocytes,

which occurs in the fish vein and not artery.(57) However, it is possible that mixed
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arterial and venous cells would still encircle the GATA+ cells. A reconciliatory
proposition is that, following disruption of EphB4 /ephrin-B2 mediated repulsion,
the large vessel that forms in mouse and zebrafish may not be completely either
arterial or venous, but a precursor to both. Likewise, the finding that ephrin-B2
reverse signaling plays an important role in zebrafish, but not in mouse, may be an
artifact of the techniques used. In the mouse mutant, AC-ephrin-B2 is still expressed
from the endogenous promoter.(52) In the zebrafish chimera, the all of the
transplanted cells (a mixture of endothelial and non-endothelial) contain RNA
expressing AC-ephrin-B2.(57) One consequence is that AC-ephrin-B2 expression is
no longer regulated in the zebrafish experiment, meaning that ephrin-B2 may be
expressed at unphysiologically high levels, and from venous cells that do not
typically express it. Another difference is that in zebrafish, the grafted cells compete
with wild-type cells, whereas in the mouse, there is no such competition, since all
cells express AC-ephrin-B2. Many reasons that might explain why zebrafish AC-
ephrin-B2 cells preferentially contribute to the CV, such increased cis-activation of

the repulsive EphB4 receptor, would not be replicated in the mouse experiment.

A reverse genetic approach to understanding arteriovenous malformations
Thus, embryonic studies have uncovered a program of AV specification that
is essential for vascular remodeling. (58) Most of the knowledge of the molecular
mechanisms of brain AVM has been gained through a forward genetics approach, in
which the phenotype was linked to genetic lesions. Mutations in Alk1, endoglin,

Smad4, RASA1 and PTEN have all been linked to human AVMs in studies of familial
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inheritance.(7-11) However, mutations in these genes have been identified in only a
small portion of the human disease, and most BAVMs are sporadic, which has
limited genetic understanding through studies of inheritance.(2) Moreover, Alk1,
endoglin, Smad4, RASA1 and PTEN do not yet have a well-understood function in
the vasculature, and thus the mechanism through which they cause the formation of
AVMs remains unclear. To gain new insight into the molecular etiology of human
brain AVMs, I hypothesize that disruption of the AV specification program may be
an unappreciated cause of AVMs. [ use a reverse genetic approach to determine
whether disruption of the AV specification program, by upregulation of endothelial
Notch signaling, is sufficient to induce BAVM-like lesions in an animal model. I then
use immunofluorescent histology to test whether Notch signaling is upregulated in
human BAVMs. Finally, | use our animal model to examine the cellular and
molecular mechanisms underlying the astonishing regression of AVMs and

normalization vascular hierarchy, once constitutive Notch signaling is turned off.
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Endothelial Notch4 signaling induces hallmarks
of brain arteriovenous malformations in mice
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Brain arteriovenous malformations (BAVMs) can cause devastating
stroke in young people and contribute to half of all hemorrhagic
stroke in children. Unfortunately, the pathogenesis of BAVMs is
unknown. In this article we show that activation of Notch signaling
in the endothelium during brain development causes BAVM in
mice. We turned on constitutively active Notch4 (int3) expression
in endothelial cells from birth by using the tetracycline-regulatable
system. All mutants developed hallmarks of BAVMs, including
cerebral arteriovenous shunting and vessel enlargement, by 3
weeks of age and died by 5 weeks of age. Twenty-five percent of
the mutants showed signs of neurological dysfunction, including
ataxia and seizure. Affected mice exhibited hemorrhage and neu-
ronal cell death within the cerebral cortex and cerebellum. Strik-
ingly, int3 repression resolved ataxia and reversed the disease
progression, demonstrating that int3 is not only sufficient to
induce, but also required to sustain the disease. We show that int3
expression results in widespread enlargement of the microvascu-
lature, which coincided with a reduction in capillary density,
linking vessel enlargement to Notch’s known function of inhibiting
vessel sprouting. Our data suggest that the Notch pathway is a
molecular regulator of BAVM pathogenesis in mice, and offer hope
that their regression might be possible by targeting the causal
molecular lesion.

angiogenesis | cell signaling | endothelial cell | stroke | cerebrovascular

pproximately 600,000 people worldwide harbor brain arte-

riovenous malformations (BAVMs) that can potentially
rupture, leading to stroke and death. Historically, 50% of
BAVMs first present with hemorrhage (1). Development of
noninvasive imaging methods has increased BAVM detection
before hemorrhage, but the efficacy of current treatments,
primarily surgical resection, is questionable. Accompanying risk
of mortality (3%) and morbidity (9%) may outweigh the risk of
rupture itself (2). An ongoing clinical trial (ARUBA) is testing
the hypothesis that invasive treatment may not provide a signif-
icant improvement over the natural course of the disease (2).

BAVMs disrupt normal vessel hierarchy and are caused by the
replacement of capillary beds, which separate arteries from
veins, with enlarged and tangled vessels. The retention of
characteristics of embryonic brain vasculature in BAVMs has led
to the speculation that they form during early brain development
(3). Studies of a more accessible skin arteriovenous malforma-
tion (AVM) in human beings suggests that enlargement of
postcapillary venules precedes AVM formation (4), but exper-
imental evidence is required to validate such mechanisms. An
animal model that mimics the characteristics of human BAVMs,
principally arteriovenous shunting, would open avenues to un-
derstanding their cellular and molecular pathogenesis.

The primary factors regulating vessel hierarchy were once
thought to be hemodynamic forces (5). It is now known that
genetic programs contribute to the development of vascular
hierarchy by specifying arteries and veins (6). Notch signaling has
emerged as a critical genetic mediator in the differentiation of
arteries and veins. Originally discovered in Drosophila, the
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transmembrane Notch receptor is conserved throughout the
animal kingdom and is best known for its function in dichoto-
mous cell fate decisions through cell-cell communication (7).
Ligand binding to its extracellular domain results in sequential
cleavage events and release of an active intracellular domain
(ICD), which then translocates to the nucleus and initiates
transcription of downstream genes (7). Thus, nuclear localization
of Notch-ICD is a hallmark of Notch activation.

In the vascular system, Notch receptors and ligands are
expressed in arteries but not veins (8) and are necessary and
sufficient to induce ephrin-B2, a faithful marker of arterial
identity (9-11). Notch loss-of-function mutations impair vascu-
lar development, resulting in arteriovenous shunting in both
zebrafish and mouse embryos (10, 12). Notch gain-of-function
also results in abnormal vascular remodeling in embryos, dem-
onstrating that proper spatial and temporal patterns of Notch
activity are critical for this process (13). Because BAVMs are
thought to occur during brain development (3), we hypothesized
that expression of constitutively active Notch4 would induce
BAVMs during the neonatal period, when areas of the brain, such
as the neocortex and cerebellum, expand by nearly 10-fold (14).

Results

Expression of Constitutively Active Notch4 (int3) in the Endothelium
Results in Hemorrhage, Neurological Damage, and Death in Neonates.
To test our hypothesis that Notch4 activation in the endothelium
of the developing brain would cause BAVM, we expressed int3
specifically in the endothelium from birth in tetracycline-
regulated mice (Tie2-tTA;TRE-int3) (11). Endothelial-specific
expression was demonstrated by a TRE-LacZ reporter (11, 15)
[supporting information (SI) Fig. S1]. In addition, Notch4-ICD
was detected in the nuclei of a subset of mutant but not control
endothelial cells (ECs) (Fig. 14 and B). Because int3 is a portion
of Notch4, the anti-Notch4-ICD staining could not distinguish
int3 from endogenous Notch4. However, the staining did not
detect endogenous levels of Notch4 in the control, suggesting
that staining in the mutant represents int3 expression. The
nuclear accumulation of Notch4-ICD indicates increased Notch4
activity specifically in ECs of mutant mice.
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Fig. 1. Endothelial expression of int3 causes ataxia and death in neonatal
mice. (A and B) Increased Notch4 activation specifically in the ECs lining
lectin-perfused vessels of P29 mutant brain was revealed by nuclear staining
of Notch4 intracellular domain (N4-ICD). DAPI-labeled EC nuclei (white ar-
rowheads). (C) Kaplan-Meier survival curve shows that all mutants died by
P36. (Scale bar, 50 um.)

Mutant mice died between 2 and 5 weeks of age (Fig. 1C).
Signs of neurological dysfunction, including ataxia and seizure,
were evident in 27 of 107 mutant mice. Ataxia ranged in severity,
from mice unable to right themselves to those with splayed rear
legs. We occasionally noticed seizure episodes in which the mice
ran wildly before collapsing. All but one of the cases of ataxia
(23/24) and seizure (5/6) occurred before P22, suggesting that
younger mice are more susceptible to these phenotypes.

To investigate potential causes for the neurological dysfunc-
tion, we examined mutant brains and found prominent hemor-
rhage by gross inspection (Fig. 2B) and by histology (Fig. 2 C-F).
Hemorrhage occurred most often in the cerebellum, followed by
the neocortex, but never in brainstem. We examined six of the
ataxic mice and found hemorrhage in the cerebellum (see Fig. 2
C and D). Hemorrhage appeared more widespread than the
neurological phenotype, because we also observed hemorrhage
in all ill mutant mice without detectable ataxia (13 of 13; see Fig.
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Fig. 2. Brain hemorrhage occurred in all mutant mice. (A and B) Multifocal
hemorrhage (arrowheads) revealed in mutants after vascular perfusion. (C
and D) H&E stained sagittal sections of perfusion fixed cerebellum from a
mutant with ataxia show hemorrhage (green asterisk) and thrombosis (green
arrowhead). (E) H&E stained sagittal section of cerebellar folia from a mutant
without ataxia shows hemorrhage (green asterisk) and adjacent dropout of
granular and Purkinje neurons (yellow arrowhead). Normal neuronal archi-
tecture (yellow arrow) is away from the hemorrhage. (F) H&E stained axial
section of a severely affected mutant shows intraventricular hemorrhage
(white arrow) immediately adjacent to a large, thrombosed vessel (green
arrowhead) and parenchymal hemorrhage (green asterisk) in the cerebrum.
(Scale bars: C and F, 400 um; D, 100 um; E, 200 um.)
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Fig. 3. Enlarged and tangled blood vessels developed in all mutant mice.
Vessel enlargement occurred within the parenchyma and on the surface of the
brain. Large tangled vessels were shown in the parenchyma of the cerebellum
and midbrain by vascular casting at P27 (B; white arrowheads) and in the
lateral meninges by whole mountimaging of Cy3-labeled lectin perfusion (D).
(A and C) Abnormal vessels were not observed in littermate controls. (Scale
bar, 200 pm.)

2E) and none in their littermate controls. Thrombosis, often a
consequence of hemorrhage (16), was seen in hemorrhagic areas
(see Fig. 2 D and F). As with the neurological phenotype,
hemorrhage was most severe in mice ill before P22. Blood was
found in the ventricle of 4 of 11 ill mice before P21 (see Fig. 2F).
Neuronal cell death consistently occurred adjacent to hemor-
rhage (see Fig. 2F), suggesting that hemorrhage led to neuronal
damage. Foci of pyknotic and karyorectic nuclei, often associ-
ated with macrophage infiltrations, were detected in the Pur-
kinje and granular layers of the cerebellum, as well as areas of
the neocortex and midbrain (see Fig. 2E). Signs of calcification,
an indication of earlier cerebral damage, occurred in multiple
cases (data not shown). Therefore, increased endothelial Notch4
activation results in hemorrhage, which likely causes neuronal
damage and ataxia in the mutant mice.

Vessel Enlargement and Hallmarks of BAVMs in Mutants Before
Hemorrhage. Because increased Notch4 activation was targeted
to ECs specifically, we investigated lesions underlying hemor-
rhage and found vascular abnormalities resembling BAVMs.
Vascular perfusion with casting agents (Fig. 3B) or fluorescent
lectins (Fig. 3D and Fig. S2) revealed enlarged and tangled
vessels, hallmarks of BAVMs (1, 17). We verified that arteries,
veins, and intervening vessels were all enlarged, by examining the
arterial and venous branches of the middle-cerebral vessels (see
Fig. S2). To determine whether the enlarged vessels had smooth
muscle coverage, we performed immunofluorescence with anti-
smooth muscle a-actin (SMA) and found strong staining in these
vessels (Fig. S3). Vessel enlargement occurred before hemor-
rhage, neuronal cell death, or signs of neurological dysfunction
(Fig. S4), suggesting that it is a primary defect.

Because hemorrhage occurred primarily in the cerebellum,
followed by the neocortex, and never in brainstem, we tested
whether vessel enlargement correlated with hemorrhage. A
decrease in the proportion of small vessels and an increase in the
proportion of larger vessels were most significant in the cere-
bellum, followed by the neocortex, and least in brainstem (Fig.
4). Therefore, regional enlargement correlated with hemor-
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Fig.4. Increased vessel size and decreased vessel density correlated with the
frequency of hemorrhage. Shown is immunofluorescence in sagittal sections
of brain regions. Density graphs represent FITC-lectin perfused (red) and total
CD31 immunostained (black) vessels in each region (per squared millimeter).
A Proportion of vessel with given diameter represents the percent change in
the proportion of small (<7.5 um), medium (7.5-20 um), and large (>20 pm)
diameter vessels in each region, relative to average controls. (A and B) Tie2-
tTA (n = 6) and Tie2-tTA,TRE-int3 (n = 3); (C, D, E, and ), Tie2-tTA (n = 6) and
Tie2-tTA; TRE-int3 (n = 5). Values represent mean = SEM. (Scale bars, 200 um.)

rhage, supporting the hypothesis that vessel enlargement con-
tributes to hemorrhage.

Endothelial Notch activity decreases vessel density by inhib-
iting sprouting angiogenesis (18). To investigate vessel density,
we quantified CD31 positive vessels. Vessel density was de-
creased significantly in the cerebellum, and progressively less so
in the neocortex and brainstem (see Fig. 4). Vessel density was
inversely correlated with the proportion of large vessels (>50
wm) across all of these regions (Fig. S5), suggesting that vessel
enlargement is linked to the reduction in vessel density.

Arteriovenous Shunting Occurs in all Mutants. The fundamental
defect in human BAVMs is high-flow arteriovenous shunting.
Blood velocity in carotid arteries can double in BAVM patients,
a clinical indication of arteriovenous shunting (19). We mea-
sured carotid blood velocity with high-resolution ultrasound and
found increased carotid blood velocity in all mutants by 3 weeks
of age (Fig. 54). This noninvasive approach allowed for pro-
gressive measurements in the same animal, demonstrating that
carotid blood velocity increased in a short time window between

Murphy et al.

17

A n Tie2-tTA; TRE-int3
o & 225 t !
B2 F——T |
°E I
E=
O 2175 - TT I
= £ SoE R Tie2-tTA; TRE-int3
EK]
EQ 125 Y :
s / TieZ-{TA ]
m'g -
=3 Q/’_ﬂ"’/ i
m 07555 P17 P21 P23 P29 Tie2-tTA

post-natal age (days)
B
BF
-

Tie2-tTA

Tie2-tTA;TRE-int3

Fig. 5. All mutants developed shunting and arteriovenous malformations.
(A) Increased carotid blood flow was detected by P21. Maximal (systolic)
carotid blood velocity was measured by pulsed-wave Doppler ultrasound.
Tie2-tTA and Tie2-tTA; TRE-int3 (n = 9 and n = 6) at P15; (n = 12 and n = 14)
atP17;(n=16and n =26)atP21;(n =18andn =12)atP23;(n=14andn =
9) at P29; values represent mean = SEM. Changes were highly significant from
P21 (**, P < 0.00005). Typical Doppler traces from mice at P21 (A Right). (B)
Brain arteriovenous shunts developed by P19 as shown by fluorescent micro-
sphere passage. The microspheres bypassed the brain and lodged in the lung
in the mutants but not controls. BF, Bright-field; FITC, green fluorescent
images.

P17 and P21 (see Fig. 54). Furthermore, at P21, velocity in
mutants with neurological dysfunction was significantly higher
than those without neurological dysfunction (2.6 = 0.5 m/sec;
n = 6versus 1.9 £ 0.5 n = 20, respectively; P = 0.007). Because
of limitations of this assay, we were unable to examine sick
mutants before this age, and they often exhibited severe neu-
rological defects. As a result, the cohort of mice examined did
not display severe neurological defects, which may contribute to
the minimal increase at P15.

To more directly test for arteriovenous shunts, we performed
a microsphere passage assay (11). Microspheres lodged within
the control brain (Fig. 5B) but bypassed the mutant brain and
lodged in the downstream lung (7ie2-tTA n = 6; Tie2-tTA; TRE-
int3 n = 5). This result demonstrates the existence of arterio-
venous shunts in the brain, mimicking the principal defect of
human BAVMs.

To directly visualize arteriovenous shunts, we distinguished
arterial from venous branches with the arterial marker ephrin-
B2. Expression of the reporter in ephrin-B2""%Z mice (6) was
strong in the middle cerebral arteries and weak in the middle
cerebral veins (Fig. 64). In mutants, direct connections between
the arteries and veins were prominent at P21 (Fig. 6B). Similar
arteriovenous connections within the cerebellum were detected
by using a nuclear GFP reporter in ephrin-B2+/CFF mice (20).
Cerebellar interfolial arteries (GFP+) in the control follow a
typical pattern of branching and ramifying into a fine capillary
bed within the granular layer before coalescing into the draining
veins (GFP—) (Fig. 6C) (21). However, in mutants there were
enlarged vascular connections, replacing normal capillaries,
between the interfolial arteries and veins (Fig. 6D). Therefore,
direct arteriovenous shunts were visible in the surface and deep
cerebellar vasculature of mutant mice.

Repression of int3 Rescues Moribund Mice. Taking advantage of the
tetracycline-regulated expression system, we tested whether
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ephrinB2-H2B-eGFP

Fig. 6. Enlarged arteriovenous connections developed on the meningial
surface and in the parenchyma of mutant brains. (A and B) X-gal staining of
ephrin-B2*/t2Z brains revealed the middle cerebral artery (MCA, red arrow-
heads) on the lateral side of the brain. High magnification image of the boxed
areain Bshows direct arteriovenous connections (black arrowheads) between
arterial branches of the MCA (A) and venous vessels (V) in Tie2-tTA; TRE-
int3;ephrin-B2*/t*2<Z mice (B'). (C and D) Fluorescent images of sagittal cere-
bellar 100-pum thick sections show enlarged connections (white arrowheads)
between GFP-labeled interfolial arteries of Tie2-tTA; TRE-int3;ephrin-B2+/ttacZ
mice (A) and draining veins (V) in the mutant (D) and not control (C). (Scale bar,
50 um.)

repression of the causal genetic lesion could reverse disease
progression in mutant mice. Vascular enlargement and shunting
occurred in all mutant animals by P21, so this time-point was
chosen for a regression study. Littermates were allowed to
express the int3 transgene from birth until P20 or P21, at which
time sick mutants were fed doxycycline (Dox), a more stable
derivative of tetracycline (Tet), to repress int3 expression. No
mutants survived to P32 without Dox treatment (n = 19), but 8
of 9 mutants fed Dox appeared outwardly healthy and active at
P35, and were healthy until killed by P64 (Fig. 74). The one
exception was a severely affected mutant that died in the first day
of treatment.

To investigate the reversal of brain abnormalities specifically,
we examined the recovery of ataxic mice. Ataxia in all seven mice
examined was resolved within just days of transgene repression
(Fig. 7B). These findings suggest that repression of endothelial
int3 expression, the causal stimulus, recovers brain function in
mutant mice.

Discussion

We demonstrate that increased Notch4 activity causes vascular
abnormalities with the characteristics of BAVM, implying that
increased Notch4 activation is a potential molecular cause of
human BAVM. Our findings also suggest that regression of this
devastating disease may be possible by targeting the causal
molecular lesion. The activated Notch4 model provides a pow-
erful platform for the study of the pathogenesis and regression
of BAVM-like lesions. In addition, our studies of pathogenesis
in this model provide experimental support for the hypothesis
that BAVMs occur in the developing brain and that they can be
induced by vessel enlargement.
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Fig. 7. Repression of int3 resolved ataxia and prevented death. (A) Repres-

sion of int3 with Dox at P20 or P21 allowed the survival of mutant mice, as
shown by the Kaplan-Meier curve. Tie2-tTA; TRE-int3 Dox-off (n = 23) and
Tie2-tTA; TRE-int3 Dox-on (n = 15) at 20 days; Tie2-tTA, TRE-int3 Dox-off (n =
0) and Tie2-tTA, TRE-int3 Dox-on (n = 5) at 40 days. (B) Ataxia was resolved by
int3 repression. Still frames were taken from a movie of a severely ataxic
mutant at P19, and upon its recovery at P22, after 3 days of Dox treatment.

Notch4 Activation Is a Candidate in the Molecular Regulation of BAVM
Pathogenesis. Molecular etiology of BAVM is unknown. Muta-
tions in the TGF-p signaling pathway, primarily loss-of-function
ENG (endoglin) and ACVRLI (ALK-1) alleles, have been asso-
ciated with BAVMs (22). However, these mutations are impli-
cated in only =2% of all BAVMs (23). We found that consti-
tutively active Notch4 causes BAVM-like lesions promptly in
neonates, identifying activation of the Notch4 pathway as a
potent molecular candidate in the development of human
BAVMs.

The primary characteristic of human BAVMs is the develop-
ment of arteriovenous shunting (1). In patients, this is detected
by arteriography, the gold standard in the diagnosis of this
vascular lesion (24), and also by ultrasound measurement of
increased carotid blood flow (25). We demonstrated the pres-
ence of arteriovenous shunting by similar methods in mice,
including anatomical connections between arteries and veins,
functional passage of beads too large for capillaries, and in-
creased carotid blood velocity.

Enlarged and tangled vessels are another key characteristic of
BAVMs (1). We detected massively enlarged and tangled vessels
by perfusion labeling with a casting agent and fluorescently
labeled lectins. In contrast to human BAVMs, which usually
develop as a single nidus (23), the vascular abnormalities in
mutants were multifocal and widespread. This difference is likely
because of the expression of the int3 transgene throughout the
endothelium.

Hemorrhage, often resulting in neuronal damage and ataxia,
is the most feared consequence of human BAVM (26). All of the
sick mutants examined developed brain hemorrhage, often with
adjacent neuronal cell death. Approximately 25% of the mice
developed neurological deficits, including ataxia and seizure.

Repression of int3 Expression Leads to Recovery of Sick Mice. It is
commonly thought that natural regression of BAVMs does not
occur (27); instead they increase in size and eventually rupture
(26). Regression of BAVMs has been reported in only a handful
of cases, which are thought to be caused by thrombotic occlusion,
a naturally occurring event similar to the embolizing treatments
used clinically (27). The recovery of brain function in our mutant
mice that resulted from molecular intervention is provocative.

One potential caveat is that Dox, which is used to repress
transgene expression, can also inhibit both vessel growth and
hemorrhage (28-30), and may therefore contribute to recovery.
Because the dose of Dox for transgene repression is similar to
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that used for inhibition of vessel growth, we are currently unable
to delineate these two effects. However, similar Tet-regulated
mouse genetic approaches were used to show that tumors regress
after repression of transgenic oncogene expression, inspiring the
oncogene addiction theory (31-33). It is possible that Notch4-
induced BAVM-like lesions require continuous Notch4 activa-
tion for their maintenance.

Regardless whether the Dox-mediated regression is because of
repression of transgene expression or because of its direct effect
on vessel growth and hemorrhage, the recovery of the ill mice is
evocative. Although further studies are required to determine
whether this is a result of regression of the BAVM-like lesions,
our findings raise the hope that inhibition of the causal molecular
lesion may lead to regression of the disease.

High Penetrance and Rapid Onset of BAVM-Like Lesions in the Acti-
vated Notch4 Mutants Provide a Robust Platform to Model Human
BAVM Pathogenesis. Our transgenic mice provide a much needed
mouse model for the study of BAVM pathogenesis. The study of
the cellular and molecular etiology of BAVMs is limited by the
lack of a good animal model for this disease (34). Mice with
mutations in endoglin or ALK-1 have advanced the understand-
ing of molecular contributions to AVMs. Autosomal dominant
mutations in these genes are responsible for the human hered-
itary hemorrhagic telengectasia (HHT) (22), which involves
AVMs primarily in the skin, liver and lung, along with a 4%
incidence in the brain (35). Of 22 endoglin*/~ mice that devel-
oped an HHT phenotype, 8 showed signs of brain hemorrhage
by ~40 weeks of age (36). Vascular brain casts showed small
clusters of capillaries or aneurismal dilations in 3 of 10 endog-
lin*/~ mice (37). Cerebrovascular abnormalities are also ob-
served in ~2% of Alk-1"/~ mice (38). However, it is unknown
whether either the endoglint/~ or Alk-1*/~ mice develop arte-
riovenous shunting. Therefore, our activated Notch4 mice pro-
vide a model for molecular understanding of both the develop-
ment and potentially the regression of BAVMs.

Notch4 Activity May Selectively Induce BAVM-Like Lesions in Growing
Brains. BAVMs typically affect children and younger people.
Based primarily on the belief that BAVMs retain embryonic
vascular structures, it has been speculated that BAVMs occur
during brain growth (26). Our data supports the theory that the
growing brain is more vulnerable to BAVM formation. First, we
found that hallmarks of BAVM are prominent when the trans-
gene is expressed in the neonatal period, when the brain grows
rapidly, but not when it is expressed in the postweaning mouse
(11), when brain growth is reduced. Second, we found that vessel
enlargement was greatest in the cerebellum and cortex and least
in the brainstem, which correlates with the greater growth in the
cortex and cerebellum than in the brainstem at this stage (39).
Third, when AVMs occur in older mice, they appear to affect the
liver, skin, and uterus, three actively remodeling tissues in adult
mice (11). These data support the hypothesis that Notch func-
tions in a temporal and spatial specific manner, and that the
developing brain is particularly susceptible to Notch4-mediated
formation of BAVM-like lesions.

Vessel Enlargement May be a Mechanism for the Onset of BAVMs. The
cellular mechanism of BAVM formation is currently unknown.
A few models, however, are proposed. The most favored model
is that BAVMs represent a failed transition from embryonic
brain vasculature to adult brain vasculature (3). Supporting
evidence for this theory has rested heavily on the interpretation
of the morphological structure of adult BAVMs. Another theory
is that BAVMs are not necessarily congenital abnormalities, but
can form de novo through vessel enlargement. This theory is
based on the observation that enlargement of postcapillary
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venules is the first observable phenotype in the development of
AVMs in human skin (4).

Our data support the theory of de novo formation of BAVMs
through vessel enlargement in the context of growing brain. We
are able to measure carotid blood flow, a sensitive indicator of
brain arteriovenous shunting, longitudinally in our mutant mice.
By this measurement, we were able to show that in individual
mutant mice, there was no shunting at P15, but that shunting
increased dramatically over the subsequent 6-day period. In
addition, the diameters of all vessels, including those at the
capillary level, were enlarged. The enlargement of vessels before
brain hemorrhage or neurological phenotypes suggests that it
plays a causal role in the development of BAVM-like lesions.
Thus, our data support the hypothesis that vessel enlargement
promotes the development of BAVMs.

An alternative possibility is that Notch activation disrupts the
arteriovenous interface by increasing arterial specification. We
and others have shown that Notch activity promotes arterial
specification in ECs in vivo in embryonic and adult mice, as
determined by the expression of arterial markers, such as
ephrin-B2 (9-11). In this study we found that in neonatal brain
endothelium, Notch4 activity increased ephrin-B2 expression in
capillaries and veins. Interestingly, expression was most mark-
edly increased in direct arteriovenous connections, suggesting
that induction of arterial specification in these ECs may disrupt
the proper formation of the capillary bed connecting the artery
and vein.

Notch Activity May Promote Vessel Enlargement by Inhibiting Sprout-
ing. We previously reported that Notch activity promotes vessel
enlargement (11), and others subsequently demonstrated a
reduction in vessel density (18), but the relationship of these
functions is unclear. We observed a correlation between vessel
enlargement and vessel density, suggesting that Notch’s role in
decreasing vessel density might be intimately involved with vessel
enlargement and BAVM development. Supporting our finding,
it was recently reported that retroviral expression of the Notch
ligand D114 increases lumen diameters and reduces vessel density
in grafted tumors in mice (40). The observation that impaired
endothelial sprouting can result in vessel enlargement was first
made in mice exclusively expressing the VEGF 5 isoform (41).
In both the VEGF mutant and our previous studies (11),
proliferation was not significantly altered, suggesting that in-
creased vessel size may simply reflect the retention of cells that
would have otherwise contributed to sprouts. Therefore, Notch
activation may promote vessel enlargement by inhibiting vessel
sprouting.

In summary, we believe that this work opens an area of
research to advance the molecular understanding of BAVM
pathogenesis and provides hope for the treatment of this dev-
astating disease.

Methods

Mice. Tet sucrose solution (0.5-mg/ml Tet, 50-mg/ml sucrose, Sigma) was
administered to pregnant mothers from plugging, and withdrawn from pups
at birth, and Dox (200-mg/kg diet, Bio-Serv) diet was administered to mutant
mice at P20-21 as we described (11, 42). All animals were treated in accor-
dance with the guidelines of the University of California San Francisco Insti-
tutional Animal Care and Use Committee.

Vascular Imaging. p-gal was detected by activity or with an anti-g-gal antibody
as we described (11). Casting and FITC-lectin staining were performed as we
described (11). Cy3-streptavidin (Jackson Immuno) was used to detect biotin-
ylated lectin (Vector Labs); these reagents were coinjected into circulation (25
g of each in 200-ul PBS). Immunostaining was performed with anti-CD31,
anti-a-SMA, and anti-Notch4 (Upstate) according to our published protocols
(43, 44).
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Statistical Analysis. All values represent the mean = SEM. Kaplan-Meier
survival curves were generated with STATA-IC software. See S/ Methods for
density and diameter analysis.

Vascular Shunting. Fifteen-um fluorescent microspheres (Molecular Probes)
were injected into the left carotid artery of anesthetized mice, and tissues
were examined with a fluorescence dissecting microscope. For ultrasound
measurements of carotid velocity, mice were anesthetized with isoflurane and
body temperature was maintained on a heat pad. Carotid blood flow and
diameter were measured noninvasively by ultrasound biomicroscopy (Vevo
770; Visualsonic Inc.). Doppler incident angles were between 70° and 80°. A
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Endothelial Notch signaling is upregulated in human
brain arteriovenous malformations and a mouse model
of the disease

Patrick A Murphy', Gloria Lu', Steven Shiah', Andrew W Bollen? and Rong A Wang'

Brain arteriovenous malformations (BAVMs) can cause lethal hemorrhagic stroke and have no effective treatment.

The cellular and molecular basis for this disease is largely unknown. We have previously shown that expression of
constitutively-active Notch4 receptor in the endothelium elicits and maintains the hallmarks of BAVM in mice, thus
establishing a mouse model of the disease. Our work suggested that Notch pathway could be a critical molecular
mediator of BAVM pathogenesis. Here, we investigated the hypothesis that upregulated Notch activation contributes
to the pathogenesis of human BAVM. We examined the expression of the canonical Notch downstream target Hes1

in the endothelium of human BAVMs by immunofluorescence, and showed increased levels relative to either autopsy
or surgical biopsy controls. We then analyzed receptor activity using an antibody to the activated form of the Notch1
receptor, and found increased levels of activity. These findings suggest that Notch activation may promote the
development and even maintenance of BAVM. We also detected increases in Hes1 and activated Notch1 expression

in our mouse model of BAVM induced by constitutively active Notch4, demonstrating molecular similarity between the
mouse model and the human disease. Our work suggests that activation of Notch signaling is an important molecular

candidate in BAVM pathogenesis and further validates that our animal model provides a platform to study the

progression as well as the regression of the disease.
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Brain arteriovenous malformations (BAVMs) are character-
ized by a nidus of coiled, tortuous, and enlarged vascular
lesions that shunt blood directly from feeding arteries to
veins.' They often rupture, resulting in hemorrhagic stroke in
young people, most commonly between 20 and 40 years of
age.! BAVMs contribute to half of the hemorrhagic strokes in
children,? and 2% of all strokes." Currently, surgical resection
is the primary treatment, but not all BAVMs can be removed
safely.” Most BAVMs are sporadic, making it difficult to
identify the molecular cause by genetic association.! To date,
the cellular and molecular basis for BAVM pathogenesis
remains largely unknown. This limited knowledge of BAVM
etiology has impeded the rational design of molecular
interventions.

Fundamentally, AVMs are a disruption of normal arter-
iovenous (AV) hierarchy, which was historically thought to be

governed by hemodynamic forces.* The discovery of
genes with arterial or venous-specific expression in the
developing mouse embryo has catalyzed advances in our
understanding of the genetic control of AV specification
and the establishment of AV hierarchy.5 Notch, a
transmembrane receptor first identified in fruit fly, and in-
volved in cell fate determination and tissue patterning
throughout metazoans, has emerged as a critical mediator
of AV differentiation.® Studies in zebrafish and mouse
development demonstrated that Notch signaling was
necessary and sufficient for the expression of arterial-
specific genes.®” Furthermore, we have demonstrated that
endothelial Notch signaling regulates the luminal size of
developing mouse arteries by promoting of arterial
specification, and increasing the arterial allocation
of endothelial cells.® Abnormal Notch signaling induced
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enlarged AV connections and shunting in both mouse and
zebrafish embryo, suggesting a link between AV specification
and arteriovenous malformations (AVMs).*”

Among the four mammalian Notch receptors and five li-
gands, Notch receptors 1 and 4 and their ligands DIl1, DIl4,
and Jagl are preferentially expressed in the arterial and not
venous endothelium.” Cell-cell mediated activation of the
Notch receptor, by ligand binding to the extracellular do-
main, results in sequential cleavage events and release of an
active intracellular domain (ICD).'® Once cleaved, the ICD
translocates to the nucleus, where it must form a complex
with the sequence-specific DNA-binding protein Rbpj to
promote the transcription of downstream genes. Tran-
scription factors of the Hairy/Enhancer of Split (Hes) and
Hes-related families of proteins, such as Hesl, are canonical
target genes, and mediate many of Notch’s downstream
functions.'® Therefore, Notch-ICD is a constitutively active
mutant. Likewise, the Notch4 mutant that lacks the extra-
cellular domain is constitutively cleaved and activated
(Notch4*)."! Thus, nuclear localization of cleaved Notch-
ICD and expression of Hesl are features of active Notch
signaling.

To investigate whether upregulation of endothelial Notch
signaling can disrupt AV hierarchy and cause AVMs in adult
mice, we used a tetracycline-regulated transgenic system to
express Notch4* transgene specifically in the endothelium of
adult mice (Notch4*-Tet), and reported AVMs in liver, skin,
and uterus.'” Expression of the transgene in immature
Notch4*-Tet mice during post-natal brain growth resulted in
hallmarks of BAVM in all mice, including enlarged and tor-
tuous AV connections, shunting, and hemorrhagic stroke.?
In both adult and immature Notch4*-Tet mice, the disease
progression was reversed when the Notch4* transgene was
turned off, demonstrating that Notch4* is critical to sustain
the disease'>'> The urgent question that arose out of this
fundamental research is whether increased Notch signaling
underlies the development and maintenance of human
BAVM.

Notch loss-of-function mutations in JAGI, NOTCH3, and
NOTCH]I are known to cause Alagille syndrome,14 cerebral
autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy,'* and aortic valve anomalies,'” respec-
tively, but it is not clear whether Notch signaling is involved in
human BAVM pathogenesis. In this study, we test the hy-
pothesis that Notch signaling is upregulated in human BAVMs
by examining Notch-signaling activity in the endothelium of
human BAVM relative to autopsy and surgical biopsy controls.
We demonstrate increased levels of the activated-Notchl re-
ceptor and canonical Notch target Hesl in BAVM tissue. We
reveal similar increases in our Notch4*-Tet mouse model of
BAVM-like abnormalities. Our work puts forward the hy-
pothesis that Notch activation causes and maintains human
BAVMs, and provides molecular validation of our Notch4*-Tet
model of BAVM as a valuable system to dissect the molecular
and cellular basis of BAVM pathogenesis.

MATERIALS AND METHODS

Clinical Samples

The UCSF Committee on Human Research approved the use
of human tissue samples for this study. BAVM samples and
surgical biopsy controls were obtained by surgical resection
and prepared by the UCSF hospital pathology lab. Samples
were fixed in 10% neutral-buffered formalin, paraffin em-
bedded, and cut at 5um. Control sections were either cere-
bral cortex or cerebellum. The cerebral cortex control
sections were histologically normal temporal lobe from sei-
zure resection cases or cerebral cortex from autopsy brains,
which were histologically normal in patients without evi-
dence of neoplastic disease. Cerebellar control sections were
also from autopsy brains in patients with no evidence of
neoplastic disease. In addition to two autopsy controls from
UCSE, five autopsy controls were received as formalin-fixed
sections from the Harvard Brain Tissue Resource Center,
which is supported in part by PHS Grant number R24-MH
068855. These autopsy samples were also paraffin embedded
and cut at 5 um. Human small intestine biopsy was formalin-
fixed, paraffin-imbedded, and sectioned at 5 um by the UCSF
hospital pathology lab. Snap frozen human small intestine
tissue samples were provided by the Cooperative Human
Tissue Network, which is funded by the National Cancer
Institute, and sectioned at 10 um.

Mice

Brain tissue was harvested from Notch4*-Tet (Tie2-tTA; TRE-
Notch4*) mutants and littermate genetic controls (Tie2-tTA)
at post-natal day 20." To suppress the gene expression, Tet
sucrose solution (0.5 mg/ml Tet, 50 mg/ml sucrose, Sigma)
was administered to pregnant mothers from plugging, and
withdrawn from pups at birth as we described.'® All animals
were treated in accordance with the guidelines of the UCSF
Institutional Animal Care and Use Committee.

Preparation of Mouse Tissue

Endovascular labeling of perfused vessels was performed with
FITC-lectin (Vector Labs, Burlingame, CA, USA) as de-
scribed.”? Following perfusion with 1% paraformaldehyde
(PFA) at 100 mm Hg, brain tissue was fixed overnight in 4%
PFA, and then dehydrated in 70% ethanol in water, and 100%
ethanol before xylene treatment and paraffin embedding.
Small and large intestine was fixed overnight in 4% PFA, and
paraffin-embedded according to the methods used for brain
tissue.

Immunofluorescent Staining

For the purposes of comparison, BAVM sections were always
stained with control sections. Tissue sections were depar-
affinized in xylene and rehydrated. Following antigen re-
trieval by sodium citrate, the samples were blocked with
Avidin/Biotin Blocking Kit (Vector Labs) and then 10% goat-
serum and 0.2% Triton X-100 in PBS. Hesl-stained samples
were also treated with 500 U/ml DNAse I for 10 min at 37°C
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(Promega, Madison, WI, USA) before blocking. Primary
treatment was performed overnight at 4°C in block. Sec-
ondary treatment was performed with biotinylated anti-
rabbit or anti-mouse antibodies (Vector Labs) in block.
Tertiary treatment was performed with streptavidin-Cy3 in
PBS (JacksonImmuno, West Grove, PA, USA). Slides were
stored in VectaShield plus DAPI (Vector Labs).

Antibodies

Hesl antibody was kindly provided by Dr Nadean Brown
(at the Children’s Hospital Medical Center, Cincinnati, OH,
USA). We also used activated-Notch1 antibody (Val1744, Cell
Signaling, Beverly, MA, USA) and human CD31 antibody
(JC70/A, DAKO, Carpinteria, CA, USA).

Data Analysis

Stained tissue sections were imaged using a x 40 objective on
a Zeiss Axiovert fluorescent microscope (Thornwood, NY,
USA) with Intelligent Imaging software (Denver, CO, USA).
In BAVM sections, the three or four vessels with the strongest
endothelial cell staining were imaged. Large vessels with a
thick media, characteristic of arteries, were imaged. In au-
topsy control and surgical biopsy control samples, three or
four vessels of similar caliber to the BAVM vessels were im-
aged. CD31 or non-specific IgG was imaged in the same
vessel in adjacent sections. The same exposure time was used
for all slides stained with a given antibody and the non-
specific IgG control. Individual fluorescent channel in-
tensities were exported as 16-bit TIFF files and analyzed by a
blinded examiner using Image]. The examiner picked the
three cells, lining each vessel lumen, which showed the most
intense Hesl or activated-Notchl staining by eye. They then
circumscribed the DAPI-labeled nuclei of these cells, and
measured the mean intensity of Hesl or activated-Notchl
signal in the enclosed area. Paraffin sections of brain from
Notch4*-Tet (Tie2-tTA:TRE-Notch4*) mutants and genetic
controls (Tie2-tTA) were processed in the same way. Hesl
and activated-Notchl staining in the nuclei of endothelial
cells of mouse tissue was normalized to non-specific IgG
staining. Staining in human tissue is shown as unadjusted
mean intensity values.

Statistical Analysis

Each individual case or control, consisting of at least three
intensity measurements from each of three separate vessels,
was processed to provide a mean value and s.em. A
two-tailed Wilcoxon’s rank sum non-parametric test was
performed with STATA-IC (College Station, TX, USA) to
determine the significance of the difference between these
mean values from the BAVM cases relative to those of the
autopsy controls. The same analysis was performed to de-
termine the significance of the difference in mean values
between BAVM cases and surgical biopsy controls.

Notch upregulation in human brain AVM
PA Murphy et al

Confocal Imaging of Crypt Cells

For nuclear localization of Hes1 staining in the crypt cells of
human small intestine, sections were imaged using a x 63
oil-immersion objective on a Zeiss LSM510 microscope. The
same exposure settings were used for Hesl-stained samples
and IgG control.

RESULTS

Notch Signaling Pathway Activity is Increased in the
Endothelium of Human BAVMs

To examine Notch activity in BAVMs we analyzed the
expression of the canonical Notch downstream target
Hesl in endothelium of human BAVMs by immuno-
fluorescence. We chose Hesl because it is a direct
transcriptional target of activated Notch both in vitro'®'” and
in vivo'®'"® and because Hesl antibodies have been well-
characterized in immunostaining of Notch gain- and loss-
of-function tissue.?>** To verify the specificity of the Hesl
antibody in our brain samples, we examined Hesl staining in
a control. In the mouse intestine, Hesl expression has been
well characterized in the nuclei of the crypt cells at the base of
the villi.>***® We found that the Hesl antibody staining
faithfully replicated the established pattern in both paraffin-
fixed (Figure la, b) and fresh frozen (data not shown) mouse
large and small intestine. To confirm the specificity of the
Hesl antibody in human tissue, we also stained paraffin-fixed
(Figure le) and fresh frozen (data not shown) human small
intestine, and found that the Hesl antibody stained the nu-
clei of crypt cells in the human tissue as well (Figure le-3).
As a negative control, we performed staining of adjacent
sections of small intestine with the same concentration
of non-specific IgG, and did not observe similar patterns
(Figure 1c, d, f).

We then stained paraffin sections of human BAVMs
by immunofluorescence (Supplementary Table 1). We
detected Hesl protein in areas of the endothelium of
human BAVMs (Figure 2b), where it was found in the
nuclei of endothelial cells (ECs), consistent with the
nuclear localization of the transcription factor
(Figure 2b-1).

To determine whether Notch activity was increased in
the endothelium of human BAVMs, we compared
staining intensity with control human brain sections from
autopsy (Supplementary Table 1). We detected little or no
Hesl in autopsy controls, although strong CD31 staining
confirmed the endothelium was intact in these samples
(data not shown). We quantified this difference by measuring
the fluorescent intensity of nuclear Hesl in the most strongly
stained EC nuclei in BAVM samples, and comparing
this to controls. We found that the average Hesl intensity in
the strongly stained areas of BAVMs is significantly
higher than autopsy controls (Figure 2f; N=12 BAVM
samples, N=7 controls; P=0.001). Among individual
samples, 9 of 12 BAVM samples had higher mean Hesl
intensity than the most intense autopsy control. As
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Figure 1 Hes1 staining of crypt cell nuclei of the gut confirms antibody specificity. (a, b) Positive control stained with Hes1 antibody. Typical staining
pattern shown by immunofluorescence in the crypt cells of mouse large (a) and small intestine (b), demonstrates specificity of the Hes1 antibody. High
magnification of the crypt (boxed area in b) shows co-localization of Hes1 and DAPI nuclear label (b-1 to b-2). (c-d) Negative control for Hes1 staining, non-
specific IgG in adjacent sections. (e) Typical staining pattern shown by immunofluorescence in the crypt cells of human small intestine, demonstrates the
specificity of the Hes1 antibody. High magnification confocal imaging of the crypt shows co-localization of Hes1 and DAPI nuclear label (e-1 to e-3). (f)
Negative control with non-specific IgG in an adjacent section to (e) does not show the same staining pattern. Scale bars (a & ¢) 100 um, (b & d) 50 um, (e &f)
100 um.

a negative control, we wused a non-specific IgG Autopsy samples are excellent controls for human BAVM
primary antibody on adjacent tissue sections, and did not see  because they are screened for the absence of any detectable
a similar staining pattern (Figure 2c). brain pathologies, however they are not subject to the same
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Figure 2 Increased Hes1 staining in the endothelium of human brain arteriovenous malformations (BAVMs). (a, b) Immunofluorescent staining for Hes1 in
paraffin sections from surgical biopsy controls (a) and human BAVMs (b). Increased Hes1 staining is evident in the endothelium of human BAVMs
(arrowheads, b). (c) Negative control for Hes1 staining, non-specific IgG in an adjacent section to (b). (d & e) CD31-stained sections adjacent to (a & b),
respectively. Low-magnification (e’) shows the location of (e) within a large vascular structure (box with asterisk). High magnification of the boxed areas in
(a-e) shows co-localization of Hes1 staining with the DAPI nuclear label (a-1 to ¢-1 and a-2 to ¢-2) in cells lining CD31-labeled vessels (d-1 & e-1).

(f) Quantification of Hes1 staining in BAVM cases and autopsy or surgical biopsy controls. Scale bars (a-e) 200 um. In graph (N =12 BAVM samples, N=7
autopsy controls, N =4 biopsy controls; BAVM vs autopsy controls P = 0.0003; BAVM vs biopsy controls P = 0.05). Average represents mean * s.e.m. of cases.
Individual cases represent mean * s.e.m. of individual endothelial cells in each case.

surgical manipulation as BAVM biopsies, and not fixed as
quickly. This difference in tissue handling is particularly
important because Hesl can be degraded within hours in
some non-endothelial cell types.”” Therefore, we also ex-
amined levels of Hesl staining in ECs of surgical brain
biopsies from patients without BAVM (Supplementary
Table 1), controls which are subject to the same manipulation
and fixation as BAVM samples. Since brain biopsies are not
taken from patients with normal brain function, we have
selected biopsy samples from the least affected patients, to
minimize the potential effects of brain pathology. The com-
bination of these controls provides the most vigorous base-
line expression. We found that, as in the autopsy controls,
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levels of Hes1 staining in the nuclei of ECs was low or absent
(Figure 2a, a-1). We quantified staining intensity in these
samples, as we did in the autopsy controls. We found that
average Hesl intensity in BAVMs is significantly higher than
in biopsy controls (Figure 2f; N=12 BAVM samples, N=4
controls; P=0.039). Among individual samples, 9 of 12
BAVM samples had higher mean Hesl intensity than the
most intense surgical biopsy control. As a negative control,
we used a non-specific IgG primary antibody on adjacent
tissue sections, and did not see a similar staining pattern
(Figure 2¢). CD31 staining confirmed the integrity of the
endothelium in tissue sections from BAVMs (Figure 2e) and
surgical biopsy controls (Figure 2d).
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Figure 3 Increased activated-Notch1 staining in the endothelium in human brain arteriovenous malformations (BAVMs). (a, b) Immunofluorescent staining
for activated-Notch1 in paraffin sections from surgical biopsy controls (a) and human BAVMs (b). Increased activated-Notch1 staining is evident in the
endothelium of human BAVMs (arrowheads, b). (c) Negative control for activated-Notch1 antibody staining, non-specific IgG in an adjacent section to (b).
(d & e) CD31 stained adjacent sections to (a & b) respectively. Low-magnification (e) shows the location of the stained area within a large vascular structure
(box with asterisk). (f) High magpnification of the boxed areas shows co-localization of activated-Notch1 staining with the DAPI nuclear label (a-1 to ¢-1 and
a-2 to ¢-2) in cells lining the CD31-labeled vessels (d-1 & e-1). (f) Quantification of activated-Notch1 staining in BAVM cases and autopsy or surgical biopsy
controls (N=14 BAVM samples, N=7 autopsy controls, N=4 biopsy controls; BAVM vs autopsy controls P =0.0001; BAVM vs biopsy controls P = 0.008).
Scale bar is 200 um. Average represents mean * s.e.m. of cases. Individual cases represent mean *s.e.m. of individual endothelial cells in each case.

To examine Notch receptor activation directly, we
measured the levels of activated-Notchl by immuno-
fluorescence in our sample set. We chose to use the activated-
Notchl antibody because it has previously been validated in
mouse tissue’®* and also detects human forms of activated-
Notch1,% since it was raised against a human antigen. As
with Hes1, we found that ECs in some of the vessels of BAVM
biopsy were strongly positive (Figure 3b). In these ECs, we
detected activated-Notch1 in the nucleus, consistent with the
nuclear translocation of the activated receptor (Figure 3b-1).
As a negative control, we stained adjacent sections of brain
with the same concentration of non-specific IgG, and did not
observe the same pattern (Figure 3¢, c-1). Nuclear staining in

autopsy or surgical biopsy controls was not as intense as in
BAVM samples (Figure 3a, a-1). We quantified differences in
activated-Notchl staining between BAVM samples and
autopsy or surgical biopsy controls, and found that average
activated-Notchl intensity in BAVM is significantly higher
than autopsy controls (Figure 3f; N=14 BAVM samples,
N=7 autopsy controls; P=0.0006), and surgical biopsy
controls (Figure 3f; N=4 biopsy controls; P=0.015).
Among individual samples, 12 of 14 BAVM samples had
higher mean activated-Notchl intensity than the most in-
tense autopsy control, and 10 of 14 had higher mean acti-
vated-Notchl1 intensity than the most intense surgical biopsy
control.
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Notch-signaling Pathway Activity is Increased in Murine
BAVM-like Abnormalities Caused by Endothelial-specific
Expression of Notch4*

We previously reported that endothelial expression of
Notch4*, encoding the truncated intracellular domain of
Notch4, results in Notch4* activity, indicated by nuclear
localization of the intracellular domain of the Notch4
receptor.”> However, because Notch4 antibody staining
cannot differentiate between the Notch4* transgene and en-
dogenous Notch4, we were unable to determine whether
Notch4* expression increased endogenous Notch signaling.
We also demonstrated the increased expression of Notch
downstream genes in whole tissue homogenate from
Notch4*-Tet mice,'* but the lack of spatial resolution pre-
vented the identification of the cells in which Notch signaling
was activated. Here, we tested whether endogenous Notchl
activity and expression of Notch downstream target Hesl is
upregulated in the endothelium of Notch4*-Tet mice.

To determine whether expression of Notch4* increased
Notch-signaling activity in the endothelium during BAVM
formation in Notch4*-Tet mice, we examined the expression
of the canonical Notch downstream gene Hesl in paraffin-
fixed brain sections from Notch4*-Tet mice with BAVM-like
abnormalities. We detected Hesl in the nuclei of ECs, con-
sistent with the nuclear localization of the transcription
factor (Figure 4a, a-1). To control for non-specific staining,
we stained an adjacent section with non-specific IgG of the
host species used to generate the Hesl antibody, at the same
concentration as the specific primary (Figure 4c, c-1). Nu-
clear staining in genetic controls was not as intense as in
Notch4*-Tet mice (Figure 4b, b-1). Antibody staining in-
tensity was calculated from the ratio of Hesl staining to non-
specific IgG staining. We found an increase in Hesl signal
intensity in the Notch4*-expressing mice, relative to controls
(Figure 4d; N=5 controls, N=3 Notch4*-Tet mutants;
P=0.0253).

To determine whether expression of Notch4* increased
levels of endogenous Notch signaling, we examined the levels
of activated-Notchl in the endothelium in paraffin-fixed
brain sections from Notch4*-Tet mice using an antibody to
the activated form of Notchl. We detected activated-Notchl
in the nuclei of ECs, consistent with the nuclear translocation
of the activated-Notchl receptor (Figure 5a, a-1). We con-
trolled for non-specific staining and quantified staining in-
tensity as we had for Hesl (Figure 5c). Nuclear staining in
genetic controls was not as intense as in Notch4*-Tet mice
(Figure 5b, b-1). We found increased levels of activated-
Notchl signal intensity in Notch4*-Tet mice, relative to
controls (Figure 5d; N=5 controls, N =3 Notch4*-Tet mu-
tants; P=0.0253).

In summary, we show that Notch signaling is increased in
human BAVM, using the same tissue preparation, antibodies,
and quantification that we use to show increased Notch-
signaling in our Notch4*-Tet transgenic mouse model of the
disease.
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DISCUSSION

Our study demonstrates that Notch activity is increased in
human BAVMs, supporting the hypothesis that Notch acti-
vation causes and maintains human BAVM.

We found increased levels of the canonical Notch down-
stream gene Hesl in the endothelium of human BAVMs re-
lative to levels in autopsy or surgical biopsy controls, as well
as increased levels of activated-Notchl receptor. Further-
more, we demonstrate molecular similarity between the
BAVM-like abnormalities of our Notch4*-Tet mouse model
and human BAVM, providing molecular validation for this
model of the human disease.

Notch Signaling is Increased in the Endothelium of
Human BAVM

Hesl is a canonical Notch downstream gene, and increased
endothelial Hesl expression indicates increased endothelial
Notch pathway activity. HesI is a direct transcriptional
target of Notch activity.' In the vascular endothelium, HesI
expression is regulated by Notch activity. Transfection of
human umbilical vein endothelial cells with Notch4* resulted
in an approximately sixfold increase in Hesl expression
by quantitative PCR."” Hesl expression is also increased by
the induction of endogenous endothelial Notch signaling
in vitro®" and general Notch signaling in vivo.® Conversely,
interference with endogenous endothelial Notch signaling
decreases Hesl expression in vitro®' and in vivo'®"
Therefore, increased Hesl expression in the endothelium
of human BAVMs indicates increased Notch-signaling
activity.

The specificity of Hesl staining in BAVM is supported by
extensive evaluation in mouse and human tissue. We sys-
tematically tested five Hesl antibodies on frozen and paraf-
fin-fixed tissue, and found that only one gave the expected
staining pattern in the positive controls, intestinal crypt cells
in mouse and human tissue. We chose this positive control
because the distinctive crypt-specific Hesl expression pattern
has been repeatedly demonstrated at both the protein and
RNA level by several investigators.”>**® Demonstrating its
dependence on Notch signaling, Hes1 protein expression in
the crypt cells is lost when Notch receptors are deleted in the
crypt cells, or the y-secretase activity required for Notch
receptor activation is pharmacologically blocked.?>** The
specificity of staining with this particular Hesl antibody
has been reported in both frozen and paraffin-fixed mouse
tissue.”>*">* Although the mouse-derived antigen used to
generate the antibody is 90% similar to human Hesl,*
confirmation of Hesl staining in human crypt cells was a
critical step to verify the antibody-detected Hesl in human as
well as mouse tissue. Our finding of increased Hes1 expres-
sion in the endothelium of human BAVMs is strongly sup-
ported by the validation of antibody specificity in positive
controls.

Notchl is a critically important receptor in the en-
dothelium, and the upregulation of Notchl activity that we
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Figure 4 Increased Hes1 staining in the endothelium of the Notch4*-Tet mouse model of brain arteriovenous malformation (BAVM)-like lesions.

(a-b) Immunofluorescent staining for Hes1 in paraffin sections from Notch4*-Tet mice (a) and genetic controls (b). Increased Hes1 staining is evident in the
endothelium of FITC-lectin perfused vessels in Notch4*-Tet mice. (c) Negative control for Hes1 staining, non-specific IgG in an adjacent section to (a). High
magnification of the boxed areas shows co-localization of Hes1 staining with the DAPI nuclear label (a-1 to c-1 and a-2 to ¢-2) in cells lining the lectin-
perfused vessel lumen (a-3 to ¢-3). (d) Quantification of Hes1 staining relative to non-specific IgG staining in Notch4*-expressing mutant mice and controls
(N=5 genetic controls, N =3 Notch4*-Tet mutants, values represent mean + s.e.m., P=0.0004). Scale bars (a—-c) 200 um.

have demonstrated in human BAVM may be involved in the
development and progression of the disease. Notchl is ne-
cessary for vascular development, and subtle changes in
Notchl levels in humans and mice can cause severe vascular
defects.® In humans, inheritance of a single mutated loss-of-
function allele of Notchl can cause aortic valve disease and
increase the risk of thoracic aorta anuerysm.'>** Studies in
mice demonstrated the importance of endothelial Notchl
signaling, because endothelial-specific deletion of just one
Notchl allele significantly impaired blood flow recovery in
the hindlimb after the femoral artery was occluded,” and
deletion of both alleles is embryonic lethal.®?' At a cellular
level, Notchl deletion in endothelial cells increases their
contribution to angiogenic sprouts rather than retention in
existing vessels.’® Expression of the constitutively active in-

tracellular domain of the Notchl receptor (Notchl-ICD)
specifically in the endothelium is also embryonic lethal®’(our
own unpublished data). We found that even at an adult stage,
expression of Notchl* in the endothelium was sufficient to
cause vascular malformations,'> demonstrating a require-
ment for Notch-signaling homeostasis in adult mice.
Therefore, the requirement for tightly regulated Notchl
signaling in the endothelium suggests that the increased
activity we observed may disrupt vascular organization.

The cause for upregulated Notch activity in the endothelial
cells of BAVM is not yet apparent. Elevated activity may be
a secondary effect of BAVM formation. For example, the
endothelial cells of BAVMs are exposed to a massive increase
in blood flow, which has been shown to increase the ex-
pression of Notch ligand Jagl, Notch4 receptor, and down-
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staining in Notch4*-expressing mutant mice and controls. (N=5 genetic con
Scale bar is 100 um.

stream genes Heyl and ephrin-B2 in endothelial cells
in vitro.”®* However, our animal data have demonstrated
that increased Notch4 signaling can initiate BAVM-like pa-
thology in mice," suggesting that the elevated Notch activity
may be a causal molecular lesion. Therefore, increased Notch
activity seen in human BAVM may not only be a secondary
effect of increased blood flow, but may also be an initial
molecular pathology.

The increase in Notch activity in the endothelium of hu-
man BAVM appears subtle, but this small change is likely
sufficient to cause biological effects. Haploinsufficiencies
of Notch1'®** or its ligands DII1,%° DIl4,'#4%4! and ]agl42
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active-N1

Figure 5 Increased activated-Notch1 staining in the endothelium of the Notch4*-Tet mouse model of brain arteriovenous malformation (BAVM)-like lesions.
(a, b) Immunofluorescent staining for activated-Notch1 in paraffin sections from Notch4*-Tet mice (a) and genetic controls (b). Increased activated-Notch1
staining is evident in the endothelium of FITC-lectin perfused vessels in Notch4*-Tet mice (a). (c) Negative control for activated-Notch1 staining, non-specific
1gG in an adjacent section to (a). High magnification of the boxed areas shows co-localization of activated-Notch1 staining with the DAPI nuclear label (a-1
to ¢-1 and a-2 to ¢-2) in cells lining the lectin-perfused vessel lumen (a-3 to c-3). (d) Quantification of activated-Notch1 staining relative to non-specific IgG

0

trols, N =3 Notch4*-Tet mutants, values represent mean + s.e.m., P=0.004).

impair vascular function in mice and humans. Of the ligands,
DIl4 may be the most critical, because haploinsufficiency of
this gene is embryonic lethal.'®***! Such sensitivity in the
endothelium to receptor or ligand dosage is rare; vascular
endothelial growth factor A (Vegfa) is the only other protein
known to exert such profound vascular effects as a result of
haploinsufficiency.**** Other biological systems have shown
a similar threshold requirement for Notch activity. For ex-
ample, in left-right differentiation in the chick, a transient
increase in extracellular calcium slightly increases Notch re-
ceptor activation on the left side of the developing embryo,*
resulting in the subsequent establishment of asymmetry.
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Similarly, in neuronal development in the fly, small changes
in Notch activity between daughter cells are necessary to
establish asymmetric fates, and mutations that cause either a
general increase or decrease in Notch signaling results in loss
of asymmetry.*® Therefore, even small changes in the level of
Notch activity have the potential to cause severe vascular
effects.

Notch Activation may be a Key Regulator of BAVM
Development

Our study demonstrates increased Notch-pathway activation
in the endothelium of human BAVM. Until now, the in-
volvement of Notch signaling in the development of human
BAVM has not been reported. Genetic understanding of
human BAVM has been limited by the sporadic nature of the
disease. An exception is the development of BAVM in 10—
20% of patients suffering from the autosomal-dominant
disease Hereditary Hemorrhagic Telangectasia (HHT).*
HHT causes widespread AVMs through many tissues, in-
cluding the brain, and has been linked to mutations in the
TGE-f receptors Alkl (ACVRLI) and endoglin (ENG).*® Al-
though HHT is implicated in only 2% of all BAVM,* it has
been the most studied pathway in human BAVM due to this
genetic association. In mouse models, homozygous muta-
tions in these receptors are embryonic lethal, and hetero-
zygous mutations result in vessel enlargement and
hemorrhage, although high-flow arteriovenous shunting
characteristic of BAVMs has not been reported.’*° The low
penetrance and focal development of BAVMs in HHT suggest
that other causes, potentially other signaling pathways, co-
operate with the TGF-f mutations to cause this pattern of
BAVM development.

Other endothelial-signaling pathways appear to be upre-
gulated in human BAVM samples, although animal studies
have not demonstrated that these changes induce BAVM.
VEGFA expression in the BAVM nidus has been observed at
both the RNA and protein level and is increased at the RNA
level in whole-tissue homogenate of the BAVM nidus relative
to control brain biopsies.>® However, while forced expression
of VEGFA in the mouse brain results in increased angio-
genesis, development of AV shunting has not been re-
ported.’”®" Similarly, increased expression of angiopoietin-2
(ANGPT?2) has been reported at the RNA and protein level in
the BAVM nidus®®® but expression of ANGPT2 in the adult
mouse brain has not been reported to result in AV shunt-
ing.”® Gain- and loss-of-function mutations in ANGPT2’s
endothelial receptor, TIE2 (TEK), have been associated with
venous malformations, but not AVMs.® Integrin alpha V
(ITGAV) was also upregulated in the endothelium and
smooth muscle cells of BAVMs.’® However, no gain-of-
function animal studies have been reported. Complete en-
dothelial deletion of Itgav causes no detectable cere-
brovascular defects,** although deletion of Itgav in neuronal
cells results in dilation of blood vessels and hemorrhage,**
suggesting a role in vascular stability through paracrine

effects, but not cell autonomous vascular effects. Therefore,
the molecular basis of BAVM pathogenesis remains largely
unknown.

Increased endothelial Notch signaling is sufficient to in-
duce vascular abnormalities with the hallmarks of BAVM in
Notch4*-Tet mice, and an increase in both Hesl and acti-
vated-Notchl protein in Notch4*-Tet mice demonstrates
similarity at the molecular level to the human disease. We
have reported that expression of constitutively active Notch4
receptor in the endothelium of our Notch4*-Tet mice results
in enlarged and tortuous BAVM-like vascular abnormalities,
shunting of blood, and hemorrhagic stroke.'> Here, we de-
monstrate that Notch activity is increased in the endothelium
of human BAVM, as it is in Notch4*-Tet mice. We found
similar increases in Hesl and activated-Notchl in human
BAVM and BAVM-like abnormalities in Notch4*-Tet mice.
One key difference between human BAVM and the mouse
model is that human BAVMs are focal,' whereas the BAVM-
like abnormalities in Notch4*-Tet mice are pervasive.'> This
is likely a consequence of the transgenic expression of con-
stitutively active Notch4 throughout the endothelium in the
mouse model. Therefore, increased expression of Hesl and
activated-Notchl demonstrates molecular similarity between
BAVM-like abnormalities in Notch4*-Tet mouse model,
caused by increased endothelial Notch activity, and human
BAVMs.

It is commonly thought that, once they develop, BAVMs
do not regress, but remain as a constant threat of hemor-
rhagic stroke.®> Our animal studies have suggested the tan-
talizing possibility that, in animals at least, BAVM-like lesions
are reversible."” The dependence of BAVMs on the activity of
molecular-signaling pathways is a novel concept, but we have
also shown that AVMs that form in the livers of Notch4*-Tet
mice regress completely after the Notch4* transgene is sup-
pressed, demonstrating that endogenous machinery exists for
the reversal of AVMs once the causative molecular lesion is
removed.'> Our human data does not demonstrate that in-
creased Notch activity promotes the development and
growth of BAVM in humans. Nonetheless, we found that
Notch activity is upregulated in a large portion of human
BAVMs, after their initiation, suggesting that increased Notch
activation may be a potential molecular lesion in human
BAVM pathogenesis.

In conclusion, this study demonstrates increased activation
of endothelial Notch signaling, which we have shown causes
BAVM-like abnormalities in mice, in human BAVMs. It
suggests that activation of Notch signaling is an important
molecular candidate in BAVM pathogenesis, and further
validates that our animal model provides a platform to study
BAVM progression and regression. These findings open a new
area of research to advance the knowledge and treatment of
this devastating disease.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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Summary

Although genetic programs are implicated in arterial venous (AV) differentiation in
embryos, whether AV specification structurally determines AV hierarchy is unknown.
Here, using two-photon excited fluorescent (2PEF) 4D imaging with cellular resolution in
living mice, we demonstrate that endothelial expression of a constitutively-active, pro-
arterial gene, Notch4 (Notch4*), caused high-flow AV shunts by arterializing the venous
portion of the AV connections. Turning off Notch4* restored the venous identity and

normal AV hierarchy by causing specific regression of AV shunts. The normalization of
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the high-flow AV shunts required EphB4 signaling and involved the prompt loss-less
reorganization of endothelial cells in narrowing vessels, leading to blood flow reductions.
Finally, the regression of AV malformations returned shunted blood to perfusing vessels,
reversing tissue hypoxia and neuronal dysfunction. Our data provide direct, in vivo
evidence that Notch4-mediated AV specification can exert dominant effects over
hemodynamics in regulating the AV hierarchy structurally and functionally. Our findings

imply that Notch4 inhibition may lead to degeneration of AV malformations.
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Introduction

The vasculature plays a principal role in health and disease. Its arteries carry blood from
the heart to the capillaries, successively reducing vessel caliber and blood flow.
Capillaries, where exchange of nutrients and wastes occurs, are the smallest diameter
vessels with lowest blood flow. Post-capillary venules join sequentially wider veins to
return blood back to the heart. This arterial venous (AV) hierarchy is critical for proper
tissue perfusion. All blood vessels are lined by endothelial cells (ECs). Arteries have
stronger, veins have weaker, and capillaries have no smooth muscle cell (SMC) layers.
Hemodynamics are known to regulate vessel diameter, EC shape, and SMC content (/)
and are required for the establishment of the AV hierarchy in embryos (2, 3). However,

the biological signals which maintain the AV hierarchy remain unknown.

Notch signaling has emerged as a critical mediator of the genetic programming of arteries
and veins (4). Notch receptors and ligands are transmembrane proteins that promote
arterial at the expense of venous fate by enhancing expression of the arterial molecular
marker ephrin-B2 and suppressing the expression of the venous marker EphB4. The
transmembrane signaling molecule ephrin-B2 was the first gene found to be expressed in
the ECs of arteries and not veins, serving as the most recognized arterial endothelial
marker. Its cognate tyrosine kinase receptor, EphB4, is a venous endothelial marker.
Upstream of Notch, COUP-TFII, a member of the orphan nuclear receptor superfamily,
expressed in venous and not arterial ECs, actively promotes venous differentiation likely

by repressing the expression of Notch (5). These AV specific genes are crucial in the
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morphogenesis of the embryonic vasculature, and their expression patterns are
maintained in adult vascular endothelium (6), suggesting that these genes function in

maintaining the established AV hierarchy.

We have reported that Notch activity is increased in the endothelium of patients with
brain AV Malformation (AVM) disease (7). AVMs are vascular lesions characterized by
a structural disruption of AV hierarchy, in which the direct connection of arteries to veins
displaces the intervening capillaries and creates high-flow AV shunts that cannot perfuse
tissues (8). AVMs generally do not regress in patients (ref). We have generated a mouse
model of AVM by expressing constitutively-active Notch4 (Notch4*) specifically in ECs,
using a temporally-regulatable tetracycline (Tet)-repressible system (77e2-274, 7RE-
Notch4® (9, 10). Strikingly, repression of Notch4* expression in severely affected mice
resulted in a reversal of ataxic neurologic symptoms and recovery from illness. These
results suggest a previously unappreciated possibility that established high-flow AV

shunts may regress, thereby allowing tissue perfusion.

Here, using imaging by advanced two-photon excited fluorescent (2PEF) in the brains of
live Notch4* mice, we obtained 4D vascular topology and blood velocity data necessary
to prove this concept. We demonstrate that Notch4* can arterialize venous segments,
leading to high-flow AVM, which are remarkably converted to capillaries when Notch4*
is repressed. This Notch control of reversible AV conversion is mediated by an ephrin-

B2/EphB4-dependent mechanism.
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Results

Repression of Notch4* causes the specific normalization of AV shunts

To test whether repression of endothelial Notch4* causes the regression of existing brain
AV shunts, we combined two-photon microscopy with a cranial window technique to
visualize brain vasculature over time (Supplementary Figure 2). By postnatal day 12
(P12) most Tie2-tTA; TRE-Notch4* mutants had developed AV shunts. The minimum
diameter of AV shunts at P11-13 averaged 22.2um + s.d. 7.3, ranging from 8.1 to 51.3um
(n=46 AV shunts examined in 13 mice), approximately 2 to 10 times the diameter of the
capillaries in age-matched controls, which averaged 4um + s.d. 0.5, ranging from 2.7 to
5.0um (n=9 capillaries examined in 3 mice, Supplementary Figure 3). Centerline blood
velocity through AV shunts was much higher than in control capillaries, averaging
37.7mm/S £ s.d. 14.4 (n=11 AV shunts in 11 mice), compared to 2.1mm/S £+ s.d. 1.0 in
control capillaries (=9 capillaries in 3 mice, Supplementary Figure 3), and as previously

reporteds.

To determine the timing of Notch4* repression, levels of Notch4* protein in the brains
were assayed by quantitative immunofluorescence, using an antibody to the intracellular
domain of Notch4. Although the antibody detects endogenous and transgenic Notch4, the
signal in Tie2-tTA, TRE-Notch4* mutants over that in controls reflects transgenic Notch4*
expression. Notch4* expression was reduced within 12 hrs of Dox treatment (data not

shown), and decreased to nearly baseline levels within 24 hrs (Supplementary Figure 4).
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Since Notch4* is rapidly repressed by Dox, for clarity we refer to the period of Notch4*

repression, rather than Dox treatment time.

Because ataxia in the mutants is alleviated within 72 hrs of Notch4* repression (9), we
measured changes in the minimal diameter of AV connection at varying timepoints
within the first 48 hrs of Notch4* repression. Strikingly, all abnormally enlarged AV
shunts were reduced (Figure 1, n=22 AV shunts in 10 mice). In untreated mutants,
approximately half of the AV shunts increased and half decreased (Figure 1 and
Supplementary Figure 5, n=35 AV shunts in 11 mice), an underlying variability likely
caused by vascular “steal” effects, a diversion of flow through proximal AV shunts which
“steals” blood flow from distal vessels, ultimately causing their regression
(Supplementary Movie 1). When individual shunts were followed for several timepoints,
10 of 10 AV shunts (in 8 mice) enlarged prior to but regressed after Notch4* repression
(Supplementary Figure 6), but 5 of 5 AV shunts (in 2 mice) continued to enlarge without
Notch4* repression. When imaging for >1 week was possible, we observed the complete
regression of the AV shunt to capillary diameter (Supplementary Figure 7), a finding

confirmed by er v7/vo analysis (Supplementary Figure 7).

Since reduction of blood flow is an important aspect of AV shunt regression, we
measured blood velocity, and found that velocity was reduced in all AV shunts after
Notch4* repression (n=7) (Figure 1). The onset of diameter and velocity reductions

coincided within 12-24hrs of Notch4* repression (Supplementary Figure 8).
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Interestingly, the regression of enlarged AV shunts did not coincide with a general
reduction in the diameters of non-AV shunt vessels. Dramatic regression of the AV shunt
vessel was observed adjacent to arterial or venous vessels with very little change in
diameter (Figure 1). Taken together, these data suggest Notch4* repression leads to

specific normalization of established AV shunts.

Coup-TFII expressing endothelial cells within AV shunts upregulate EphB4

following repression of Notch4*

The specific regression of AV shunts suggested that loss of venous specification in the
presence of Notch4* and recovery of venous specification following Notch4* repression
may underlie the regression. Coup-TFII is a venous marker upstream of Notch. Its
expression should not be affected by Notch4*, and thus it can demarcate the AV
boundary in the AV shunt, making it possible to trace the original venous segment and to
assess the re-establishment of venous specification upon Notch4* repression (35). To
determine Coup-TFII expression, we used a nuclear lacZ reporter of Coup-TFII promoter
activity, Coup-TFI[ ""P"L4%. Tjo2_Cre (11). The lacZ expression is controlled by a
floxed-STOP sequence. Tie2-Cre-mediated excision ensures that the /acZ reports the

expression of Coup-TFII in Tie2+ endothelial and hematopoetic cell lineages.

In the control, the Coup-TFII expression was localized to the endothelial nuclei of the
venous branches, including capillaries, but absent in the arterial branches in the brain

(Figure 2a, a’). In Notch4* mutants, either with mild (Figure 2b, b’) or severe (Figure 2c,
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¢’) phenotype, regardless whether Notch4* was ON (Figure 2b, b’, c, ¢’) or OFF (Figure
2d, d’), Coup-TFII expression was maintained throughout the venous branches, as in
controls. Thus Coup-TFII expression clearly marked the venous boundary of AV shunt

and suggests part of the AV shunt originated from the vein.

EphB4, in contrast to Coup-TFII, is a Notch downstream venous marker (/2, 13), making
it possible to trace the effect of Notch4* on venous repression. We used a lacZ reporter of
EphB4 promoter activity (/2) to examine the EphB4 expression before and after Notch4*
repression. In controls, EphB4"“"“? was expressed throughout the veins, venules, and
into the capillaries of the brains (Figure 2e,e’). Notch4* expression decreased the

expression of EphB4'“ "%

, resulting in patchy expression in the vein and very little
expression in AV shunts (Figure 2f,f”). We have previously shown that the entire AV
shunt in the Notch4* mutants is ephrinB2 positive. These data combined with the Coup-
TFII expression pattern suggest that Notch4* induced arterial identity and repressed

venous identity of venous segment. Repression of Nofch4* resulted in an increase in

EphB4 expression in the regressing AV shunts (Figure 2g,g’).

Loss-less reorganization of endothelial cells in the normalization of AV shunts

The reduction of endothelial diameter suggested that either the total number of ECs was
decreased or that the spacing of the individual ECs was reduced. To examine changes in
EC number and position during AV shunt regression, we used the ephrin-B2-H2B-eGFP

mouse line to provide nuclear labeling of ECs within the AV shunt (/4). In the presence

40



of Notch4*, all ECs in the AV shunt, regardless of arterial or venous origin, expressed
ephrin-B2-H2B-eGFP. The H2B-eGFP fusion protein is extremely stable and can persist
for months (75, 16). Thus, within the AV shunt, in the short time-course of regression,

ephrin-B2-H2B-eGFP acts as a general EC marker without arterial specificity.

Chronic observation of eGFP+ nuclei in the AV shunts of 7Tie2-tTA; TRE-
Notch4*;ephrin-B2-H2B-eGFP mutants revealed that Notch4* repression did not affect
total cell number but their relative spacing, in the regressing AV shunts (Figure 3 and
Supplementary Figure 9, n=23 AV shunts in 7 mice). Ex vivo staining of VE-cadherin
showing cell-cell junctions in mutants before and after repression of Notch4* suggests

that the footprint of individual ECs is reduced in the regression (Supplementary Figure

11).

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 receptor to competitively inhibit EphB4 receptor
signaling (17) following repression of Notch4* (Figure 3). The mean change in the
diameter of AV shunts was -17.8% + s.d. 24.1 (n=26 AV shunts in 5 mice), significantly
less than that without sEphB4 (-47% =+ s.d. 19.3, =22 AV shunts in 10 mice; P<0.0004).
As a control for the recombinant protein, we examined regression in mice injected with

recombinant human fibronectin. The mean change in AV shunt diameter in these mice
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was -35.1% £ s.d. 26.2 (n=13 AV shunts in 2 mice), close to that without sEphB4

(P<0.05). Thus sEphB4 significantly impaired the regression of AV shunts.

Regression of brain AV shunts reverses vascular “steal” effects and alleviates

hypoxia

Brain AVMs are reported not to repress spontaneously (/8). Provocatively, we observed
that neurologic dysfunction was promptly reversed by Notch4* repression in mice with
AVM-like lesions, suggesting a physiologic recovery (9). Imaging of brain vasculature in
mutants revealed that high blood velocity through enlarged AV shunts coincided with
slowed and even stopped flow in distal branches of the arterial tree (Supplementary
Movie 1), reflecting the vascular “steal” effect. These findings suggest that focal brain
hypoxia caused by ischemia leads to neurologic dysfunction in Notch4* mutants.
Reduced blood flow is known to reversibly impair neuronal function in the stroke
penumbra (/9). Thus we hypothesize that rapid reversal of this hypoxia might underlie

the recovery of neuronal defects.

To test this hypothesis, we first examined blood velocity in arterial branches distal to the
AV shunt and found blood velocity increased with Notch4* repression but decreased with
Notch4* expression (Supplementary Figure 12). Strikingly, velocity decreased with
Notch4* in four AV shunts examined but increased after Notch4* repression and

proximal AV shunts regressed (Supplementary Figure 6, n=4). Furthermore, increased
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lectin perfusion of capillary vessels (Supplementary Figure 13) suggests a global increase

in tissue perfusion following AV shunt regression.

We then examined hypoxia in Notch4* mutants with neurologic defects before and after
Notch4* repression, using hypoxyprobe staining. The hypoxyprobe detects tissue
exposed to a partial oxygen pressure of <10mmHg, close to the hypoxic threshold
expected to cause dysfunction of neuronal cells (20). We detected an increase in
cerebellum and cerebral cortex of sick Notch4*-expressing mice, relative to their
littermate controls. Staining intensity correlated with the severity of AV shunting
phenotype, as assessed by staining of surface vasculature (data not shown). When
Notch4* was repressed for 72 hrs in sick Notch4* mutants, hypoxyprobe staining

intensity was significantly reduced, and approached control levels (Figure 4).

Finally, we determined the histopathological changes in the brain parenchyma without
and with Notch4* repression. Histological analysis of Notch4* mutants without Notch4*
repression revealed foci of pyknotic nuclei, often surrounding a core of decreased nuclear
density, consistent with ischemia-induced necrosis (4 of 6 mice, Figure 4). Such regions
occasionally also contained evidence of hemorrhage. Notch4* repression for several
weeks eliminated these pyknotic and acellular regions (9 of 9 mice), although structural
damage could still be detected, presumably representing the evolution of the earlier
ischemic damage (1 of 9 mice). In support of this, hemosiderin depositions suggested the
resolution of earlier hemorrhages. These findings suggest structural healing of earlier

lesions after Notch4* repression.
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Discussion

We show that arterial specification in the postnatal vasculature is genetically
reprogrammable. Endothelial Notch4* expression arterializes venous vessels, and
Notch4* repression restores venous programming in the abnormally arterialized, high-
flow vessels. Using in vivo time-lapse imaging with single-cell resolution, we show that
venous reprogramming leads to reorganization of ECs, leading to the normalization of
AVMs. At a physiologic level, this normalization reverses vascular perfusion defects and
neurological deficiencies (Supplementary Figure 1). Thus, postnatal AV hierarchy

remains plastic, amenable to re- programming by Notch.

Postnatal vessels can be reversibly programmed to arteries by Notch signaling

We previously observed expanded expression of the arterial marker ephrin-B2 in the
adult vasculature following Notch4* expression, but could not determine whether venous
ECs had been arterialized, or if arterial ECs had expanded into venous territory. Using
venous markers upstream (Coup-TFII) and downstream (EphB4) of Notch, we now show
that Notch is sufficient to cause the arterialization of differentiated venous endothelium in
the postnatal mouse. In normal brain endothelium, Coup-TFII is expressed specifically in
venous cells. As Coup-TFII is upstream of Notch, its expression should not be affected
by Notch4* expression, identifying ECs of venous origin. Expression of Notch4* led to
the mis-expression of ephrin-B2, the quintessential arterial marker, in Coup-TFII positive

cells, confirming that Notch4* expression converts venous ECs into arterial ECs.
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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 venous lineage.

We further demonstrate that conversion of venous vessels to arteries by a single genetic
manipulation is reversible. Notch4*-converted vessels exhibit the major hallmarks of
arteries, including expression of arterial molecular markers, structural changes, and
arterial flow velocities. Notch4* repression led to re-expression of EphB4 in Coup-TFII
positive vessels, as well as structural and hemodynamic normalization. Thus, our results
suggest that venous vessels arterialized by Notch4* are converted back to veins upon
repression of Notch4*. The reversible arterial specification in post-natal vasculature
suggests that AV lineage specification is genetically pliable, and a single genetic

manipulation is sufficient to switch AV specification postnatally.

Reprogramming of AV specification restores AV hierarchy

Provocatively, we show the restoration of AV hierarchy by a single genetic manipulation,
despite the presence of pathological blood flow patterns. Notch4* repression caused the
eventual narrowing of large AV shunts to capillaries. The narrowed AV shunts exhibited
the features capillaries. Importantly, this normalization was specific to the AV shunts, as
adjacent arteries and veins generally were unchanged. Thus, Notch4* repression causes

prompt normalization of AV specification and a restoration of AV hierarchy.
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AV reprogramming elicits reorganization of endothelial cells and structural

alteration of high-flow vessels

The mechanism underlying the restoration of AV hierarchy following Notch4* repression
involves ephrin-B2 and EphB4-mediated EC re-organization, rather than a reduction of
EC number. While the role of Eph/ephrin signaling in the endothelium is not yet clear,
our finding is consistent with the established functions of ephrin-B2/EphB4 in regulating
cell migration through repulsive cues (22, 23). We think that once re-expressed in Coup-
TFII+ ECs, EphB4 mediates ephrin-B2 signaling, likely eliciting the EC repulsion.
Supporting a critical role for ephrin-B2/EphB4 signaling in this normalization process,
the specific regression of vessels occurs at the AV interface, while the adjacent arteries
and veins often do not regress. Furthermore, the normalization of AV hierarchy following

Notch4* repression can be blocked by sEphB4.

Our data also suggests that EphB4 re-expression elicits EC organization and initiates the
cascade of AV structural normalization. Cellular reorganization is a cause and not a
consequence of reduction in shunting blood flow. It is well known that blood vessels can
regress due to decreased flow, thus it critical to delineate whether the normalization of
AV shunts is a primary effect of genetic manipulation or a consequence of reduced flow.
High-resolution blood flow measurements following Notch4* repression demonstrate that
regression of AV shunts is the primary effect, causing a specific reduction in flow in the
AV shunt, and not adjacent vessels..Thus, structural reorganization actively opposes
hemodynamic forces by increasing resistance to flow in the AV shunt through narrowing

of the lumen.
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The cell reorganization mechanism of AV normalization following Notch4* repression is
distinct from the apoptotic mechanism of vessel regression following VEGF withdrawal.
Microvessels in tumors and normal trachea regress following VEGF inhibition (24).
Regression in these vessels is attributed to apoptosis of ECs (24). Ex vivo analysis
suggests that it is similar to the programmed regression of the hyaloid microvasculature
after birth, which has been linked to reduced VEGF signaling (25). In vivo imaging of
hyaloid vessel regression shows that the apoptosis of ECs obstructs the lumen and
capillary blood flow, triggering the apoptosis of remaining ECs in the capillary segment
(26). Thus, apoptosis and a subsequent reduction in blood flow serves as a precipitating
event for the regression in these settings. Our findings suggest that the cellular
mechanism underlying the regression of the high-flow vessels following Notch4*

repression does not involve EC apoptosis, but rather EC reorganization.

Targeting Notch to induce normalization of AVMs offers a new therapeutic strategy

to treat this disease.

AVMs “steal” blood flow from adjacent capillaries, causing ischemic hypoxia. It is
generally believed that AVMs are perpetuated by the abnormal hemodynamics they
develop (27) and do not spontaneously regress. In the few cases in which spontaneous
regression has occurred, it has been attributed to thrombotic occlusion and reduction in
flow (28). Our direct in vivo imaging demonstrates the regression of AVMs to capillaries
without occlusion or hemorrhage. Strikingly, the structural reorganization which reverses

tissue hypoxia and neurological dysfunction can be induced by a single genetic
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manipulation. Our demonstration of complete and safe normalization of dangerous high-
flow AVMs in animals may inspire new therapeutic strategies to induce the regression of

even well established AVMs to treat this devastating disease.

Methods:

Mice

Tie2-cre, Tie2-tTA and TRE-Notch4* mice were previously published (7, 9, 10, 30), as
were Ephrin-B2"?5¢CFF (14), EphB4™"“"14% (1), ephrin-B27"“*'*?(]13), and mT/mG
mice (31). Coup-TFI[""P" mice, in which gene deletion results in expression of
nuclear localized lacZ, were also previously published (/7), and kindly provided by the
Tsai lab. Tetracycline sucrose solution (0.5 mg/ml Tet, 50 mg/ml sucrose, Sigma) was
administered to pregnant mothers from plugging, and withdrawn from pups at birth as we
described (9). Doxycycline treatment was initiated with intraperitoneal injection of
500uL of 1 mg/mL solution in phosphate buffered saline (PBS), followed by doxycyline
diet (200-mg/kg diet, Bio-Serv) as we described (9, /0). All animals were treated in
accordance with the guidelines of the University of California San Francisco Institutional

Animal Care and Use Committee.

Soluble EphB4 treatment

Treatment was modified from published protocols (/7). Before doxycycline treatment,

200mL of 200ug/mL recombinant human EphB4 extracellular domain (R&D systems)
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was injected by tail vein, achieving a final concentration of ~4ug/gm, followed by a
second injection of 100mL of 200ug/mL 24hrs later. Recombinant human fibronectin
(R&D systems), also His-tagged and produced in NSO cells, was used as a negative

control at the same concentration.

In vivo imaging

Chronic in vivo imaging of the brains of immature mice was performed as described (32),
with modifications for chronic imaging in immature mice (33, 34). Briefly, a craniotomy
was performed over the right cortex. The window, a Smm glass coverslip (World
Precision Instruments), was placed over artificial cerebrospinal fluid above the
craniotomy, and fixed into place. To stabilize the head for imaging, a custom milled
metal bar with adaptor bolt-holes was attached adjacent to the window, allowing it to be
secured by a custom built adaptor arm on a stereotaxic base (Cunningham). At imaging
timepoints, mice were anesthetized with isoflurane (1.25-1.5%) in pure oxygen, and
warmed with a homeothermic heat blanket (Harvard Apparatus). Fluorescent contrast in
blood plasma was provided by tail vein injection of 2000 kDa FITC-dextran (Sigma), 155
kDa TRITC-dextran (Sigma), or 2000 kDa Texas Red-dextran (prepared according to
published protocols (35) and filtered by dialysis). Two-photon microscopy was
performed with a locally constructed microscope, to be described in detail in a future

publication.

Immunostaining
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To prepare tissue for whole mount staining, 1% paraformaldehye (PFA) fixation by the
right ventricle and biotinylated or FITC-conjugate lycopersicon esculentum-lectin
(Vector Labs) injection was performed as we described (9, 10). Following perfusion, the
cortex surface was removed by scalpel for staining. Tissue was blocked (2% bovine
serum albumin, 0.1% TritonX-100 in PBS) for 1hr at room temperature, and treated with
primary antibody in block overnight at 4C. Tissue was then washed 3x 1.5hrs at 4C with
0.1% TritonX-100 in PBS and treated with secondary antibody in block overnight at 4C.
Tissue was then again washed 3x 1.5hrs at 4C with 0.1% TritonX-100 in PBS and post-
fixed in 1% PFA. Flat mount imaging was performed by placing cortex between a glass
coverslip and slide, as previously described (36). Antibodies used were anti-VE-Cadherin
(BD Pharminogen 555289, 1:200 dilution) and anti-a-SMA (Sigma F377, Clone 1A4,

1:200 dilution) according to our published protocols (10, 37).

Notch4 staining of brain in section was performed according to published protocols (9).
Briefly, brains were perfusion-fixed with or without prior lycopersicon esculentum-lectin
(Vector Labs) injection. After 24hrs of fixation in 1% PFA at 4C, brains were sagittally
bisected and dehydrated in 30% sucrose in PBS overnight at 4C and imbedded in OCT.
10mm sections were cut, washed in PBS, blocked (3% donkey serum, 2% BSA, 0.2%
TritonX-100 in PBS) for 1hr at room temperature, and then treated with primary antibody
overnight at 4C in block. After 3x PBS-T (0.1% TritonX-100 in PBS) washes, sections
were incubated with secondary antibody for 1hr at room temperature, washed 2x 10min

in PBS-T and 2x 10min in PBS, and then stored in VectaShield +DAPI (Vector Labs).
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Antibody used was anti-Notch4 ICD (Millipore 07-189, formerly Upstate, 1:500

dilution).

X-gal/DAB co-staining

Beta-galactosidase staining by X-gal was performed with 3,3’-diaminobenzidine (DAB)
co-staining, according to a published protocol (38) with modifications. Under
ketamine/xylazine and isoflurane anesthesia, 25mg biotinylated /ycopersicon esculentum-
lectin (Vector Labs) in PBS was injected via inferior vena cava and allowed to circulate
for 2 minutes. Perfusion was performed through the right ventricle with PBS, followed by
fixation (0.25% gluteraldehyde, 50mM EGTA and 100mM MgCI2 in PBS). After 10
minutes of fixation on ice, the cortex was X-gal stained at room temperature according to
published protocols (39). The cortex was then fixed with 1% PFA, and blocked (10%
bovine serum albumin and 0.1% TritonX-100 in PBS) for 1hr at room temperature,
incubated with 1:1000 streptavidin conjugated horse-radish peroxidase (Jackson
Immuno) in block for 2hrs at room temperature before washing and staining with DAB

kit (Vector Labs). Stained samples were imaged as flatmounts.
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Figure 1. Repression of Notch4* normalizes vascular hierarchy and flow through
regression of arteriovenous shunts

Two-photon timelapse imaging of cortical brain vessels through cranial window in
Notch4* mutant mice. Plasma labeled by intravenous FITC-dextran. Arteriovenous
shunt (a) is reduced in diameter following the repression of Notch4* (b-d). Centerline
velocity in the regressing AV shunt was obtained by direct measurement of the velocity
of individual red blood cells (panels, a-d). Repression of Notch4* decreased blood flow
velocity in shunt by 48hrs (panels, a&b). (e) Quantification of the changes in shunt
diameter without repression of Notch4* (Notch4*-On) or with repression of Notch4*
(Notch4*-OfY) for 48 hrs. Diameter was measured at the narrowest point between artery
and vein in Notch4*-On mice before and after treatment (77~22 AV shunts in 10 mice
with Notch repression, and 7=35 AV shunts in 11 mice without Notch repression). Error
bars represent s.e.m. between individual AV shunts.
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Figure 2. Veno
Notch4*

Whole mount LacZ staining of the surface vasculature of the cerebral cortex to reveal
expression of Notch upstream venous specification gene Coup-TFII, and Notch
downstream venous marker EphB4. Perfused vessels are counterstained by colorimetric
3,3’-diaminobenzidine (DAB) reaction with horseradish peroxidase (HRP) bound
tomato-lectin. (a-d) LacZ staining of Tie2-cre activated Coup-TFII reporter. (a) In control
mice, Coup-TFII is expressed in the veins, venules and capillaries up to the arterioles.
(b&c) In Notch4* expressing mutants, Coup-TFII is expressed in the vein, and venous
portion of the AV shunt. (d) After repression of Notch4*, the narrowest point in
arteriovenous shunts is found between Coup-TFII positive and Coup-TFII negative
endothelium. (e-g) LacZ staining of EphB4 reporter. (e) In control mice, EphB4 is
expressed in the veins and venules up to the capillaries. (f) In Notch4* expressing
mutants, EphB4 expression is reduced through arteriovenous shunts, venules and veins.
(g) Following the repression of Notch4*, EphB4 expression is increased in the regressing
arteriovenous shunt. Closed arrowheads indicate venules; open arrowheads indicated
arterioles. n=3 for each condition.
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Figure 3. Regression involves the loss-less reorganization of endothelial cells and is
inhibited by sEphB4

(a) Two-photon timelapse imaging through cranial window of nuclei marked by
ephrinB2"#?5“FF in Notch4* mutant mouse. Plasma labeled by intravenous Texas Red-
dextran. During arteriovenous shunt regression between 20 and 36hrs after repression of
Notch4*, there is no loss of GFP+ nuclei. However, the nuclei are closer to each other.
Because these images are Z-stacks through the vessel, cell 6 seems to appear at 36hrs,
despite being present earlier, but out of the imaging plane. n=23 AV shunts in 7 mice.
(b) Two-photon timelapse imaging of cortical brain vessels through cranial window in
Notch4* mutant mice. Plasma labeled by intravenous FITC-dextran. (a) Treating
Notch4* mutant mice with soluble EphB4 (sEphB4) inhibits the regression of the
measured AV shunt over 48hrs of Notch4* repression. In a littermate Notch4* mutant
treated with control soluble human fibronectin (sFN), the AV shunt is reduced in
diameter following 48hrs of Notch4* repression. Quantification of changes in minimal
AV shunt diameter over 48hrs 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 intravenous treatment (+sEphB4, n=26
AV shunts in 5 mice), and with repression of Notch4* and sFN control intravenous
treatment (+sFN control, =13 AV shunts in 2 mice). Error bars represent s.e.m. between
individual AV shunts.
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(a) Immunofluorescent (red) staining for hypoxyprobe (pimonidazole) adduct in coronal
section of mouse cortex. Patches of staining are visible in mutant Notch4*-On mice with
neurologic defects. Staining is reduced after 72hrs of Dox treatment. Control tissue
shows an absence of staining. Quantification of staining intensity in cortical brain relative
to non-specific IgG controls (*P<0.05 vs. all other groups). (b) Hematoxylin and eosin
staining of sagittal paraffin sections of cerebellum. In Notch4*-On mutant, areas of
hemorrhage (open arrowhead) and necrotic tissue (closed arrowhead) are visible. After
28 days of Notch4*-Off, areas of scarring are visible (open arrowhead), but hemorrhage
and necrotic tissue has been resolved. Decreased numbers of purkinje cells (arrowheads),
and granular cells are found in the scarred area. Note that large vessels are visible within

the brain parenchyma both before and after repression of Notch4*.
57
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Normal AV Hierarchy

Disrupting AV Hierarchy
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Supplementary Figure 1. Model for normalization of arteriovenous hierarchy
elicited by repression of Notch4*

(a) In control mice, Notch and ephrinB2 are expressed in arteries and into capillaries.
Coup-TFII is expressed in veins, and into capillaries. EphB4 is also expressed in veins,
overlapping with Coup-TFII. (b) In mutant mice, Notch4* is forcibly expressed
throughout the endothelium, causing the repression of EphB4, and the expression of
ephrinB2 through AV shunts. As expected, the venous marker Coup-TFII is retained,
since it is upstream of Notch, and unlikely to be affected by Notch expression. (c)
Repression of Notch4* allows EphB4 to be re-expressed in Coup-TFII+ cells. EphB4 is
then hypothesized to be activated by ephrinB2 in the AV connection, resulting in
reorganization of endothelial cells. (d) As endothelium reorganize in a ephrinB2-EphB
dependent manner, the AV shunt narrows.
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Supplementary Figure 2. Placement of the chronic imaging window

Two-photon timelapse imaging of cortical brain vessels in wild-type mouse. Perfusion of
the whole brain with fluorescein-labeled agarose shows pial arteries (arrowheads) and the
typical placement of the window (boxed area).
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Supplementary Figure 3. Normal blood velocities in artery, capillary and vein in
wild-type mice

Two-photon timelapse imaging of cortical brain vessels through cranial window in wild-
type mouse. Plasma labeling is provided by intravenous FITC-dextran. (a) Line depicts
the path of blood from artery through arteriole, capillary, venule and vein. (b) Images of
the artery, capillary and vein in which blood velocity was measured by line scan along
the axis depicted. Diameter of the vessel is measured tranaxially. (c) Velocity tracing, as
calculated from line scans. Note that both velocity and the pulse (the range in velocity)
are reduced from artery to capillary to vein.
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Supplementary Figure 4. Notch4* gene suppression occurs within 24hrs of
doxycycline

Frozen sagittal brain sections with fluorescent immunostaining for Notch4 intracellular
domain, with labeling of perfused vessels with tomato lectin staining, and nuclear
labeling by DAPI. Images show overlap of Notch4 stain with DAPI in cells lining lectin-
perfused vessels. Isolation and amplification of the Notch4 staining shows light Notch4
signal in the control vessel nuclei, strong expression in the Notch4*-On vessels, and light
expression after 24hrs doxycycline treatment (24hrs Notch4*-Off). Graph shows
quantification of fluorescent intensity in endothelial cell nuclei of brain vasculature in
Notch4* mutants before and after Dox treatment, and their littermate controls. Error bars
represent s.d. between individual animals (n=4 Notch4*-On, n=5 at 24hrs Notch4*-Off,
and n=5 controls). In each animal, three nuclei in each of three vessels were quantified to
yield an average intensity. *P<0.01.

61



Tie2-tTA; TRE-Notch4*
Notch4*-On +48hrs Notch4*-Off

Notch4*-On +48hrs Notch4*-On

Supplementary Figure 5. Specific regression of arteriovenous shunts after
repression of Notch4*

Two-photon timelapse imaging of cortical brain vessels through cranial window in
Notch4* mutant mice. Plasma labeling is provided by intravenous FITC-dextran. (A)
Regression of existing arteriovenous shunts following 48hrs of Notch4* repression (B)
Regression does not occur without Notch4* repression. Note the reduction in the size of
the distal vessels to the enlarging AV shunt in B.
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Supplementary Figure 6. Arteriovenous shunts are stable until repression of
Notch4*.

(A-C) Color-coded depiction of the arteriovenous shunt imaged by two-photon timelapse
imaging in (D-F), arteries are in red and veins are in blue. AV shunt remains without
repression of Notch4* (B&E), but regresses with 48hrs of Notch4* repression (C&F).
Bottom panels show velocity traces obtained by line scan in the vessels indicated by
yellow or green arrows (A-C). Velocity in AV shunt feeding artery (green) decreases,
resulting in an increase in velocity in the non-AV shunt artery (yellow), during regression
of the AV shunt.
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Supplementary Figure 7. Regression of arteriovenous shunts to capillary diameter
vessels in mice with and without cranial window treatment

(A) Two-photon timelapse imaging of cortical brain vessels through cranial window in
Notch4* mutant mouse. Plasma labeling is provided by intravenous FITC-dextran.
Large AV shunt regresses to capillary diameter within 9 days of Notch4* repression. (B)
Ex vivo imaging of whole mount cortex from mice perfused with FITC-lectin. Prior to
Notch4* repression, large AV shunts can be observed between artery and vein. In a
similarly affected littermate mutant, following 28 days of Notch4* repression, AV
connections are reduced to the diameter of capillaries in littermate control mice. Scale
bar = 100um
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Supplementary Figure 8. Velocity changes coincide with narrowing of AV shunts
and distal vein beginning by 12-24hrs after Notch4* repression

In vivo timelapse imaging of Tie2-tTA; TRE-Notch4*; Tie2-cre; mT/mG mice (green
endothelial fluorescence), with TRITC-dextran labeling of plasma (red). (A) With
repression of Notch4*, AV shunt regression begins between 12 and 24hrs, coinciding
with a reduction in blood velocity through the AV shunt. (B) Without repression of
Notch4*, AV shunt diameter and velocity are maintained. Note the reduction of distal
vessel size. Blood flow was measured in this distal vessel, and was reduced over time.
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Supplementary Figure 9. Narrowing of ephrinB2-GFP+ AV shunt occurs
specifically after Notch4* repression
Two-photon time-lapse imaging through a cranial window following repression of
Notch4* in ephrinB2""?5¢“*F mutant with labeling of plasma by Texas-Red dextran. An
AV shunt shows little change in diameter or centerline velocity (bottom left corner) after
24hrs without repression of Notch4* (b). Within 24hrs of Notch4* repression (¢), the AV
shunt was greatly reduced in diameter, with a reduction in blood velocity. Note that the
same number of cells are present, but grouped closer.

66



Tie2-cre; mT/mG | TRITC-dextran '
Notch4*-On B +48hrs Notch4*-Off

Tie2-tTA; TRE-Notch4*; Tie2-qre' mT/mG

Supplementary Figure 10. Absence of obvious sprouting angiogenesis in regression
In vivo imaging of tip cell in Tie2-cre; mT/mG mouse with TRITC-dextran plasma label.
Large AV shunt before Dox treatment (A, A’) regresses with 48hrs Notch4* repression
(B, B’). No filopodia can be observed in the regressing vessel, although imaging
resolution is sufficient to observe filopodia (C, C’). Note the filopodia extending from
the cell body, which are illuminated by membrane bound GFP, and resolved by two-
photon imaging.
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Supplementary Figure 11. Endothelial cells are narrowed in regressing
arteriovenous shunts

(A-D) Fluorescent immunostaining of VE-cadherin in Notch4* mutant mice, imaged in
whole mount. Areas shown in A&B were imaged by confocal microscopy at high
magnification. Reduction in cell size occurred both axially and transaxially along the
vessel. Note that the dimensions of endothelial cells are reduced both axially and
paraxially along the AV shunt. EC area was reduced (n=4 shunts in 1 Notch4*-On mouse
: 546um” + s.d. 193um) vs. (n=4 shunts in each of 2 Notch4*-Off mice : 239um? + s.d.

68um? and 211.4um’ +s.d. 60um?)
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Supplementary Figure 12. Velocity in distal artery increases as shunt regresses
Two-photon timelapse imaging of cortical brain vessels through cranial window in
Notch4* mutant mouse. Plasma labeling is provided by intravenous FITC-dextran.
Arteriovenous shunt (a) is reduced in diameter following the repression of Notch4* (b).
Centerline velocity in the regressing AV shunt, feeding artery (FA) and distal artery (DA)
was obtained by direct measurement of the velocity of individual red blood cells (panels,
a-d). Repression of Notch4* decreases blood flow velocity in shunt by 48hrs (panels,
a&b) and FA, but increases velocity in DA. Table shows quantification of the changes in
velocity without repression of Notch4* (Notch4*-On) or with repression of Notch4*

(Notch4*-OfY) for 48-72hrs.
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Supplementary Figure 13. Increased perfusion of capillary vessels following
repression of Notch4*

Whole mount immunofluorescent imaging of surface of the cerebral cortex. (A&B)
Perfused vessels highlighted by tomato-lectin in the same region shown by VE-cadherin
immunostaining (A’&B’). Note that many of the VE-cadherin+ capillaries in the
Notch4* mutant are not perfused. Following repression of Notch4*, capillary perfusion
is increased.
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Discussion

BAVMs are a devastating human disease, but the molecular events that lead
to BAVM formation in most cases remain unknown. Although forward genetic
approaches identified causal mutations in Alk1, endoglin, Smad4, RASA1, and PTEN,
together these molecular lesions account for a small percentage of the human
disease. In this thesis work, a novel reverse genetic approach implicates increased
Notch signaling in their formation, and more generally suggests the involvement of
other genes in the developmentally defined AV specification program. I find that
disruption of AV specification, by endothelial-specific expression of constitutively-
active Notch4, causes BAVM-like abnormalities in a mouse model, and that Notch
signaling is upregulated in human BAVM tissue samples. Strikingly, restoration of
AV specification upon the repression of constitutively-active Notch4 is sufficient to
induce the regression of enlarged AV shunts to capillaries, reversing BAVMs in our
animal model. This regression is mediated by Eph/ephrin signaling, key
downstream genes in the AV specification program, and could be blocked by a

soluble form of EphB4.

Although the work described has implicated Notch signaling as a candidate
lesion in human brain AVMs, confirmation requires genetic association in the human
disease. Alk1, endoglin, Smad4, RASA1, and PTEN have been linked to human AVMs
by studies of familial inheritance. However, the majority of human AVMs are
sporadic, which has limited such genetic linkage. Interestingly, de novo mutations in

Smad4, RASA1 and PTEN have all been identified in AVMs.(8, 17) Strikingly the
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majority of AVM associated RASA1 mutations (9/17 AVM affected families) were de
novo, suggesting that these mutations are detrimental to fitness, and therefore
short-lived in the gene pool. In venous malformations, de novo germline mutations
in the Tie2 receptor involved have been identified.(59, 60) Somatic mutation have
also been identified in venous malformation foci, suggesting that this somatic
genetic lesion is involved in the focal development of the disease.(61) Itis possible
that somatic genetic mutations may also be involved in the development of these
sporadic AVMs.(62) This could be one explanation for the focal development of
AVMs. In contrast to mutations in HHT, CM-AVM and PTEN related diseases, gain-
of-function and some of the loss-of-function mutations in Notch signaling are
embryonic lethal in the mouse, indicating that these types of mutations could not be
transmitted through the germline. A precedent for somatic activating mutations in
Notch signaling can be found in the proliferative blood disorder T-ALL, 50% of
which is caused by these mutations.(63) It will be interesting to determine whether
subtle mutations which increase Notch signaling predispose to AVM formation, and
whether somatic activating mutations in Notch receptors have occurred in the

vasculature of patients with AVMs.

Ideally, a better understanding of the role of Notch signaling in human AVMs,
and the mechanism through which Notch activation induces AVMs in animal models
will lead to molecular therapies. One of the significant hurdles is determining what
types of Notch activating mutations are involved in AVM development, if any. For

example, in leukemia, activating mutations can be gain-of-function mutations, such
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as those in the extracellular domain of the Notch receptor that increase its ligand-
independent activity(63), or loss-of-function mutations in Notch repressors, such as
Fbxw?7 ubiquitin ligase(64), which normally increases the degradation of the
activated receptor. The level of the mutation will determine whether inhibition of
the ligand binding(65-67), receptor cleavage(68, 69), or downstream
transcriptional activity(70) are likely to be effective. Another significant hurdle is
addressing a potential requirement for spatially restricted Notch activity in
regression. In the regulated mouse model, endogenous Notch activity is retained
once the Notch4* transgene is repressed. The difference in levels of endogenous
Notch signaling between arterial cells and venous cells may be important in the
separation of arterial and venous endothelium in the AVM. This would limit the
effectiveness of broad inhibition of endothelial Notch signaling, and would require
either specific inhibition of the Notch activating mutation (without effect on

endogenous Notch activity), or venous cell-specific inhibition of Notch.

It may also be useful to re-examine the genes that have been identified in
human AVMs by forward genetics from the perspective of AV specification. The
specific cellular mechanisms through which these genes cause AVM remain
unknown. Itis interesting to speculate that they are involved in a common pathway
mediating AV specification or effecting the refinement of the vascular plexus

downstream of AV specification.

Hereditary Hemorhagic Telangectasia (HHT)
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Although the relationship between the Alk1 and endoglin receptors and AV
specification is still unclear, some work in that direction is notable. Alk1 is
expressed primarily in arteries, not veins, and in Alk1 deficient embryos, ephrin-B2
expression is strongly reduced in arteries.(14, 71) Interestingly, no obvious changes
in the expression of other Notch pathway genes have been detected.(14)

Conditional deletion of Alk1 in adult mice results in spontaneous AVM formation in
growing mice, but the AV specification in these AVMs has not yet been
characterized.(12)

In contrast to the pro-arterial expression pattern and activity of Alk1,
endoglin is expressed in both arteries and veins of the developing embryo, and does
not appear to affect AV specification.(14, 72) In AVMs of embryos deficient in
endoglin, ephrin-B2 expression is strikingly maintained specifically on the arterial
side, suggesting that arterial specification is not altered.(14) Conditional deletion of
endoglin also results in AVMs in growing tissues, and as in embryonic studies, the
AVMs form between arteries and veins with proper specification.(13) Despite the
complete absence of endoglin in the vasculature of these conditional knockouts, Jagl
and ephrin-B2 are properly expressed in the arteries and EphB4 is expressed in the
veins.(13) So, while Alk1l may promote arterial specification, endoglin appears to

cause AVMs without disrupting AV specification.

RASA1
RASA1 is critical for EphB/ephrinB mediated cell sorting.(56) By increasing

the intrinsic GTPase activity of Ras family proteins (which includes the Rho of
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GTPases important for directed cell migration), RASA1 locally reduces GTP-bound
active Ras. This localized activity has been implicated in regulation of cell
polarization and directed migration.(73) In mouse embryonic fibroblasts, derived
from a RASA1 null mouse, cell migration was dramatically impaired in a scratch
wound assay. The defect in the RASA1 null cells did not appear to be entirely
attributable to Ras regulation through GAP activity, since migration defects could be
partially rescued by expression of a catalytically inactive form of RASA1. Further
experiments suggested that RASA1 may regulate the activity of p190 GAP, which in
turn regulates Rho GTPase activity and is therefore linked to actin stress-fiber and
focal adhesion turnover. In endothothelial cells, RASA1 is recruited to EphB4
following ephrin-B2 ligand activation and phosphorylation of the receptor,
suggesting that the pathway might be active in ephrin-B2 /EphB4 mediated cell-
migration within the endothelium.(74) In support of such a function, one of the
most obvious defects in embryos deficient in RASA1 is arrested vascular
development.(75, 76) Although endothelial cells are present in these embryos, the
initial vascular plexus fails to reorganize. Strikingly, in chimeric embryos generated
from a mixture of wild-type and RASA1 null ES cells, the presence of RASA1 null
cells results in the development of focal vascular abnormalities. Although
interactions of RASA1 with any of the diverse Ras signaling pathways could underlie
these defects in cellular migration, disruption of EphB signaling is a very likely
possibility. Given this connection between RASA1, directed cell migration and
ephrin-B2 /EphB4 mediated repulsion, the involvement of RASA1 mutations in a

subset of hereditary human AVMs is provocative.(9, 17)
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PTEN

PTEN is best known as a suppressor of Pi3k activity, which, among many
other functions, has been implicated in AV specification. As discussed earlier, Pi3k
signaling promotes venous specification and inhibits arterial specification in
zebrafish.(41) While there are no direct connections between PTEN and AV
specification in endothelial cells, it is intriguing that re-introduction of PTEN to
deficient prostate cancer cells suppresses EphB4 expression.(77) It is possible that
PTEN deficiency alters the balance of AV specification, by increasing the proportion

of venous specification.

Our results have several more general implications in the genetic regulation of
blood vessel structure. First, arterialization of venous vessels may enhance the
durability and longevity of vein grafts. Technical reasons dictate the use of vein
grafts in bypass surgeries, but their long-term patency is worse than arteries. Veins
downregulate venous markers, but fail to upregulate arterial markers, when grafted
to arterial positions, suggesting that the fundamental problem may be a failure to
switch AV specification.(78) Second, Notch may be required to stabilize nascent
large vessels, suggesting an unexpected target in the treatment of cancers with
Notch inhibitors. Recent work has shown that upon treatment with Notch
inhibitors, tumor vasculature becomes dense, but narrow and poorly perfused.(66)
Although subsequent work suggested that this is caused by a suppression of

sprouting by Notch signaling, our work suggests a complimentary interpretation.
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Finally, the EphB-ephrin-B2 mediated refinement of AV connections we have
observed may provide insight into role of these molecules in establishing AV
hierarchy in normal vascular development. We and others have observed “bridges”
between the dorsal aorta and cardinal vein, which fail to narrow in mutants with
increased Notch4* signaling, or reduced expression of ephrin-B2 and EphB4.(21)
Thus, the cellular behavior during the regression of AV shunts in the post-natal

brain may reflect the process of artery and vein separation during normal vascular

development.
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