Lo L

P

2N

Endothelial expression of constitutively active
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Timothy R. Carlson**, Yibing Yan'*, Xiaoqing Wu**, Michael T. Lam**, Gale L. Tang*, Levi J. Beverlys,
Louis M. Messina*, Anthony J. Capobianco$, Zena Werb', and Rong Wang*'1

*Pacific Vascular Research Laboratory, Division of Vascular Surgery, Department of Surgery and 'Department of Anatomy, University of California,
San Francisco, CA 94143; and 5The Wistar Institute, University of Pennsylvania, Philadelphia, PA 19104

Communicated by Henry R. Bourne, University of California, San Francisco, CA, May 26, 2005 (received for review March 23, 2005)

Direct communication between arteries and veins without inter-
vening capillary beds is the primary pathology of arteriovenous
malformations (AVMs). Although Notch signaling is implicated in
embryonic arteriovenous (AV) differentiation, its function in the
adult mammalian vasculature has not been established due to the
embryonic lethality that often occurs in both gain- and loss-of-
function mutants. We expressed a constitutively active Notch4,
int3, in the adult mouse endothelium by using the tetracycline-
repressible system to suppress int3 during embryogenesis. int3
caused profound blood vessel enlargement and AV shunting,
which are hallmarks of AVM, and led to lethality within weeks of
its expression. Vessel enlargement, a manifestation of AVM, oc-
curred in an apparently tissue-specific fashion; the liver, uterus,
and skin were affected. int3-mediated vascular defects were ac-
companied by arterialization, including ectopic venous expression
of ephrinB2, increased smooth muscle cells, and up-regulation of
endogenous Notch signaling. Remarkably, the defective vessels
and illness were reversed upon repression of int3 expression.
Finally, endothelial expression of a constitutively active Notch1
induced similar hepatic vascular lesions. Our results provide gain-
of-function evidence that Notch signaling in the adult endothelium
is sufficient to render arterial characteristics and lead to AVMs.
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hierarchically branched vascular network of arteries, arte-
rioles, capillaries, postcapillary venules, and veins is essen-
tial for adequate support throughout the body. How vascular
hierarchy and arteriovenous (AV) communication are estab-
lished during embryonic development and how such exquisite
organization is maintained in adults, however, remains poorly
understood. Mechanical forces such as blood flow and shear
stress have long been hypothesized to regulate these processes
(1). These mechanical cues ultimately trigger biochemical re-
sponses in the endothelial cell (EC) lining of blood vessels and
its pericyte and smooth muscle cell (SMC) support layers to
generate biological effects (2). Less is known about the genetic
and biochemical pathways that regulate blood vessel caliber and
AV identity. Overexpression of VEGF or angiopoietin-1 can
induce blood vessel dilation (3, 4), although these proteins are
best known for their ability to promote neovascularization.
Notch, originally discovered in Drosophila, is best known for its
function in controlling cell fate decisions and creating boundaries
through cell-cell communication (5). The core Notch signaling
pathway involves ligand-induced activation of the receptor, proteo-
lytic cleavage, and subsequent translocation of its intracellular
domain to the nucleus, where it functions as a transcriptional
regulator (5). Notch proteins lacking the extracellular domain are
constitutively active (5). Mammalian Notch receptors (Notch 1, 3,
and 4) and their cell-surface ligands [Delta like-4 (DI14), Jagged-1,
and Jagged-2] are expressed in blood vessels (6). Manipulation of
several genes in the Notch pathway in mice leads to embryonic
lethality due to defects in vascular remodeling. Although the
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phenotypes are complicated, loss of Notch function often leads to
reduction of blood vessel diameter (7-13), whereas gain of Notch
function leads to dilation (14). In addition, Notch signaling can
regulate AV differentiation during embryogenesis (10, 13, 15, 16).

Notch receptor and ligand expression persists in adult arteries but
not veins (6, 17). Mutations in Notch3 or Jagged! lead to the human
diseases CADASIL (cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy) and Alagille
syndrome, respectively, both of which result in vascular pathology
(16). Thus, understanding of the function of Notch in adult blood
vessels is of significant interest. We have discovered that int3, when
expressed in adult endothelium, causes AV shunting and subse-
quent AV malformation (AVM), which are reversible upon repres-
sion of int3. Therefore, Notch signaling may provide cues to further
investigate the genetic control of blood vessel hierarchy and AV
communication.

Materials and Methods

Mice. The Tie2-tTA construct contains the tetracycline transactiva-
tor (tTA) between the 2.1-kb Tie2 promoter and 10-kb enhancer
(18). The TRE-int3 transgene (in which 7RE designates the tetra-
cycline response element) encodes amino acid 1411-1964 of mouse
Notch4, and the TRE-NotchlICD transgene encodes amino acid
1756-2556 of human Notchl. Mice were derived in the FVB/N
background as described in ref. 37. Primer sequences for genotyping
are listed in Supporting Text, which is published as supporting
information on the PNAS web site.

Vascular Staining. LacZ activity was detected by standard protocols
(19) or with an anti-B-galactosidase antibody (MP Biomedicals,
Irvine, CA). Lectin staining was performed as described in ref. 20.
Immunostaining was performed with anti-CD31 (MEC13.3,
Pharmingen) and anti-SMC-a-actin (anti-a-SMA) (1A4-AP,
Sigma). Quantitative analysis was performed by measuring the pixel
density of lectin and LacZ staining using NIH IMAGE 1.62 software.

Isolation of Liver ECs and Gene Expression Analysis. Mouse liver ECs
were isolated with anti-CD31-coated magnetic beads (Dynal, Great
Neck, NY) as described in ref. 21. Total RNA was extracted from
whole liver or CD31-positive liver ECs with TRIzol (Invitrogen)
and reverse-transcribed. Normalized expression was calculated
using hypoxanthine guanine phosphoribosyltransferase (HPRT) as a
reference. Primer sequences are listed in Supporting Text.

Abbreviations: AV, arteriovenous; AVM, arteriovenous malformation; EC, endothelial cell;
SMC, smooth muscle cell; Dox, doxycycline; tTA, tetracycline transactivator; TRE, tetracy-
cline response element; «-SMA, SMC-a-actin.
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Vascular Shunting. Fifteen-micrometer fluorescent microspheres
(Molecular Probes) were injected into the portal vein of anesthe-
tized mice, and tissues were examined with a fluorescence dissecting
microscope. For casting studies, blood was cleared by left ventric-
ular perfusion with 0.85% (wt/vol) saline. Five milliliters of Microfil
compound (Flowtech, Carver, MA) (2.5 ml of MV-120 mixed with
2.5 ml of MV diluent) was then injected through the left ventricle.
Tissues were fixed in 10% formalin and then cleared with ethanol-
methyl salicylate.

Cell Proliferation. Mice were injected with 40 mg/kg BrdUrd and
killed after 3 h. Staining was performed with a BrdUrd kit (Zymed).

Echocardiography. Echocardiography was performed as described
in ref. 22. Details are provided in Supporting Text.

Results

tTA Drives Transgene Expression Specifically in Adult ECs. We first
generated Tie2-tTA mice in which the T4 is expressed in ECs by the
Tie2 promoter and enhancer (18). To assess transgene expression
in adult mice, we performed a reporter assay with mice carrying
LacZ under the control of the TRE (23). To achieve adult expres-
sion in this experiment and all others, doxycycline (Dox), a more
stable derivative of tetracycline, was administered throughout the
gestation period until weaning (3 weeks). In the liver, LacZ activity
was detected in the hepatic arterial, portal, and central venous, as
well as the sinusoidal endothelium (Fig. 14). EC-specific staining
was detected in arteries, veins, and capillaries in all organs exam-
ined, including the uterus and brain (Fig. 1 B and C) but not outside
of the circulatory system. To assess the proportion of ECs with
active tTA, we compared the B-galactosidase staining pattern to
that of Lycopersicon esculentum lectin staining, which labels all ECs.
The proportion of ECs containing detectable tTA activity varied
across organs and was estimated to be 5% in the liver, 15% in the
uterus, and 25% in the brain (Fig. 1D; see also Fig. 6, which is
published as supporting information on the PNAS web site).

To express int3 in ECs, we generated TRE-int3 mice and then
crossed them with Tie2-tTA mice. As expected, in the Tie2-tTA/
TRE-int3 double transgenics (also called mutants), int3 expression
during development led to embryonic lethality. However, mutants
fed with Dox were born live and healthy. To assess transgene
expression, we analyzed ECs isolated from the liver. At 1 week
postweaning, mutants expressed slightly higher levels of int3 mRNA
than did controls, and int3 mRNA levels peaked at ~3 weeks
postweaning. int3 mRNA levels fell to background within 1 week
after readministration of Dox (Fig. 1E). Thus, Tie2-tTA drives
transgene expression not only in an EC-specific fashion, but also in
a temporally regulatable fashion.

int3 Causes Lethality and Blood Vessel Enlargement. Within 4 to 7
weeks after weaning, >80% of mutants died or were killed due to
severe illness (Fig. 24). Over the same time period, none of the
controls (7ie2-tTA, TRE-int3, and nontransgenic) became sick or
died. Sick mice exhibited weight loss, respiratory distress, lethargy,
and a disheveled coat. To identify the effects of EC int3, we
performed gross phenotypic analysis of moribund mutants and
detected enlarged and tortuous blood vessels in several organs, most
notably the skin, uterus, and liver, at an approximate frequency of
60%, 90%, and 100%, respectively (Fig. 2 B-D). Based on ana-
tomical, histological, and AV marker analyses, both the arteries and
veins were enlarged in the skin and uterus (data not shown).
Cardiac enlargement also occurred in 100% of moribund mutants.
By contrast, we did not detect any cardiovascular defects in the
controls. The effect of int3 on blood vessels appeared to be
organ-specific, as evidenced by the fact that we did not observe
obviously enlarged blood vessels in the brain, despite the presence
of tTA activity (and, presumably, int3 expression) in this organ.
Expression of int3 affected the liver most severely, and thus we
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Fig. 1. Tie2-tTA drives transgene expression specifically in adult ECs. (A-C)
B-Galactosidase staining of liver (A, 100 um), uterus (B, 10 um), and brain (C,
100 wm) sections. Arrow, hepatic artery; p, portal vein; ¢, central vein; v,
uterine vein; a, uterine artery. (Scale bars, 25um.) (D) Percentage of tTA-
positive ECs in Tie2-tTA/TRE-LacZ organs. (E) int3 expression by quantitative
RT-PCR. Each bar represents normalized int3 expression in a Tie2-tTA/TRE-int3
mouse relative to a TRE-int3 mouse.

focused our analyses on the hepatic vasculature. Upon dissection,
we observed enlarged and tortuous blood vessels on the surface of
mutant livers (Fig. 2D). Further histological and vascular casting
analyses demonstrated that hepatic arteries were significantly en-
larged (Figs. 2 £ and F and 3F). Comparatively, the portal and
central veins were mildly enlarged (Figs. 2E and 3F). To confirm
this finding, we examined 100-wm-thick liver sections that were
immunostained for both CD31 and a-SMA and observed enlarged
and tortuous hepatic arteries accompanied by increased a-SMA
staining (Fig. 2F). The vascular SMC content often varies in dilated
blood vessels, and thus we further performed a-SMA immuno-
staining. Low levels of a-SMA were observed in livers from control
mice, and the staining was confined to a subset of hepatic arteries
(Fig. 4A4). In contrast, strong a-SMA staining was observed in
hepatic arteries and portal and central veins of mutant liver (Fig.
4B). Increased a-SMA was also observed in the enlarged uterine
vessels (data not shown). Taken together, these findings demon-
strate that expression of int3 in ECs results in hepatic arterial
enlargement and enhanced SMC content.

int3 Triggers Vascular Shunting Before Hepatic Artery Enlargement.
To test whether EC expression of int3 results in AV shunting in
adults, we performed vascular casting. There are three possible
hepatic shunts: portosystemic (portal vein to central vein), AV
(hepatic artery to central vein), and arterioportal (hepatic artery to
portal vein). The casting reagent filled the liver vasculature in two
phases: an early phase entering through the hepatic arteries and a
late phase entering through the portal veins. It did not pass through
the sinusoids, and thus the central veins, in the absence of shunting,
were invisible. Both control and mutants at 1-2 weeks postweaning
displayed a hierarchically branched network of hepatic arteries
running alongside portal veins (Fig. 3 A and B). Both vessel types
were relatively straight, and no shunts were observed. At 3—4 weeks
postweaning, after the induction of int3 but before any signs of overt
illness, the hierarchical network of portal veins and hepatic arteries
appeared similar between the mutants and controls. However, we
found several central vein casts in the mutants, which connect with
portal veins directly (Fig. 3 C and D). At this stage, we did not detect
obvious hepatic artery enlargement. As the health of the mutants
deteriorated, we observed more severe portosystemic shunting as
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Fig. 2. int3 expression in adult mice leads to lethality and blood vessel
enlargement. (A) Survival curve. (B-D) Gross phenotype. (E) Hematoxylin/
eosin liver sections. Hepatic arteries are encircled. p, portal veins; ¢, central
veins. (F) Anti-CD31 (brown) and a-SMA (red) double staining of liver sections.
Arrows, hepatic arteries; p, portal veins. (Scale bars, 50 um.)

well as massively enlarged and tortuous hepatic arteries, often
accompanied by AV shunts (Fig. 3 E and F and data not shown).

To determine the physiological impact of shunts, we injected
fluorescent microspheres that are too large (15 um in diameter) to
pass through capillaries into the portal vein and then examined their
retention in the liver and the lung. As predicted from the casting
studies, all microspheres were retained in the livers when these
injections were performed on control and mutants at 1-2 weeks
postweaning (Fig. 3 G, H, M, and N). Despite the presence of
portosystemic shunts by vascular casting in mutant livers at 3—4
weeks postweaning, most beads were retained in the liver (Fig. 3 /,
J, 0, and P). In sharp contrast, microspheres injected into the portal
vein of moribund mutants completely bypassed the liver and lodged
in the lungs, indicating the presence of portosystemic shunts (Fig.
3K, L, Q, and R). These findings indicate that EC expression of int3
leads to shunting, which is the earliest vascular abnormality de-
tected thus far.

int3-Triggered Animal Iliness and the Hepatic AVM Are Reversible. To
test whether sustained expression of int3 is required for the main-
tenance of vascular defects, we fed moribund mice with Dox.
Remarkably, within a few days of Dox treatment, the mice became
more active, gained weight, and ultimately recovered from their
illness (Movies 1 and 2, which are published as supporting infor-
mation on the PNAS web site). The hepatic blood vessels in the
mutants treated with Dox for only 1-2 weeks showed evidence of
regression of both vessel enlargement and shunting, as shown by
histology, vascular casting, and microsphere perfusion (Fig. 4 C, E,
and G). Livers from moribund mice treated with Dox for 4—7 weeks
displayed a near complete regression of enlarged hepatic arteries as
well as a dramatic reduction in a-SMA immunoreactivity (Fig. 4 D
and F). At this stage, only occasional shunts were detected, and,
accordingly, very few microspheres bypassed the liver (Fig. 4H).
These data show that both the animal illness and hepatic vascular
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Fig. 3. Portosystemic shunting in Tie2-tTA/TRE-int3 mice. (A-F) Liver vascu-
lar casts of control (A, C, and E) and Tie2-tTA/TRE-int3 (B, D, and F) mice at the
indicated age postweaning (PW). Arrowheads, hepatic arteries; arrows, con-
nections between portal (p) and central (c) veins. Central veins were distin-
guished from portal veins by the absence of adjacent hepatic arteries. (Scale
bars, 0.2 mm.) (D Inset) A higher magnification of the shunt. (G-R) Light and
fluorescence photomicrographs after portal vein microsphere injections into
control (G, I, K, M, O, and Q) and Tie2-tTA/TRE-int3 (H, J, L, N, P, and R) mice.
Li, liver; Lu, lung.

defects regress once int3 expression is turned off, demonstrating
that int3 is required for the maintenance of these abnormalities.

int3 Induces Robust Arterialization in Adult Blood Vessels. Because
the Notch pathway is implicated in AV specification during em-
bryogenesis and because ephrinB2 is an arterial EC marker that is
genetically downstream of the Notch signaling pathway (16), we
next examined ephrinB2 expression. Semiquantitative RT-PCR
analysis demonstrated a strong up-regulation of ephrinB2 in the
mutant liver (data not shown). To confirm this finding and to
determine the localization of the increased ephrinB2 expression, we
used reporter mice, ephrinB2-taulacZ, in which LacZ is present in
arteries under the control of the ephrinB2 regulatory sequences
(19). Hepatic arteries in control ephrinB2-taul.acZ mice stained

Carlson et al.
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Fig. 4. int3-induced hepatic vascular effects are reversible. (A-D) Liver
sections stained with anti-a-SMA from control (A), moribund Tie2-tTA/TRE-
int3 (B), and moribund Tie2-tTA/TRE-int3 mice fed with Dox (C and D). (E-H)
Liver vascular casts (E and F) and microsphere assay (G and H) of moribund
Tie2-tTA/TRE-int3 mice fed with Dox. (E Inset) A shuntin another region of the
same liver. Arrows, hepatic arteries; p, portal veins; ¢, central veins; arrow-
heads, fibrosis surrounding regressed hepatic arteries; Li, liver; Lu, lung. (Scale
bars: A-D, 50 um; E and F, 0.2 mm.)

strongly for LacZ; the portal veins and periportal sinusoids stained
weaker; and the pericentral sinusoids and central veins were
negative (Fig. 54). In contrast, we observed stronger LacZ stain-
ing in the enlarged hepatic arteries and portal veins of Tie2-tTA/
TRE-int3 /ephrinB2-tauLacZ mice (Fig. 5B). In addition, there was
an extension of LacZ-positive sinusoidal ECs from the periportal to
the pericentral region (Fig. 5SB). Furthermore, we observed ectopic
or increased LacZ staining in otherwise negative or low LacZ ECs
in the uterine veins and in the trachea despite a similar overall
vascular density (Fig. 5 C-F). These results suggest that int3
expression leads to more ECs exhibiting arterial identity.

To examine whether int3 induced EC proliferation, we per-
formed in vivo BrdUrd labeling experiments. We observed a slight
but statistically insignificant increase in the number of BrdUrd-
positive sinusoidal ECs in the mutant livers compared with controls
by histological evaluations (Fig. 5G). Because these analyses relied
on morphological criteria to identify sinusoidal ECs, we injected
BrdUrd into mice and then analyzed the number of
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CD31*BrdUrd* nuclei relative to total CD31" nuclei in isolated
ECs. Again, we found a slight but insignificant increase in EC
proliferation in mutants relative to controls (0.98% = 0.22% versus
0.71% = 0.15%, P = 0.38). Thus, EC expression of int3 does not
lead to significant increases in EC proliferation.

Up-Regulation of Notch Pathway Gene Expression in the Mutant Liver.
To investigate the potential molecular mechanisms of int3, we
performed quantitative RT-PCR on total liver RNA (Fig. 5H). As
expected, we observed increased transcription of Heyl, a down-
stream Notch target (12). int3 caused the up-regulation of endog-
enous Notch4 and DIl4, genes that are expressed primarily in arterial
ECs (6). Furthermore, the mRNA level of Notchl, which is
expressed primarily in ECs in the liver (24), was slightly increased.
Our results are consistent with in vitro studies that show that
expression of int3 leads to the up-regulation of D//4 in cultured ECs
(25) and demonstrate that int3 can up-regulate the expression of
endogenous Notch pathway genes in vivo.

In contrast, we did not detect an increase in the expression of
Angl (angiopoietin-1), VEGF-A, or eNOS (endothelial nitric oxide
synthase), genes that can promote blood vessel enlargement in adult
mice (Fig. 5I) (3, 4, 26). We also examined genes involved in
epithelial-to-mesenchymal transitions, because constitutively active
Notch can induce EC expression of a-SMA while inhibiting vas-
cular endothelial (VE)-cadherin expression (27, 28). Although
a-SMA and platelet derived growth factor receptor-o and -B were
up-regulated, we did not detect a decrease in VE-cadherin expres-
sion in Tie2-tTA/TRE-int3 liver (Fig. 5I). In summary, arterial-
specific genes and genes in the Notch signaling pathway are
up-regulated in response to int3 expression.

Cardiomegaly Is a Compensatory Response to int3-Induced AV Shunt-
ing. Autopsies revealed that the mutants developed enlarged hearts
(Fig. 7, which is published as supporting information on the PNAS
web site). Therefore, we investigated whether the cardiac enlarge-
ment was associated with a primary heart defect or resulted from
the pathophysiological effects of AV shunting. Cardiomegaly that
occurs after the onset of primary heart failure is a compensatory
response to the marked reduction in cardiac output (29). By
contrast, cardiomegaly in response to peripheral vascular defects
such as AV shunting is a compensatory response to an increase in
cardiac output (30). Echocardiography demonstrated that cardiac
output and estimated left ventricular mass were ~25-35% higher
in Tie2-tTA/TRE-int3 mice than in controls (Fig. 7). This increase
in cardiac output and heart mass correlated with an increase in left
ventricular end diastolic and systolic volume (Fig. 7). Considered
together, these findings are consistent with the notion that cardio-
megaly and, eventually, heart failure are compensatory effects of
peripheral AVM. This conclusion is supported by our finding that
cardiomegaly and heart failure were reversed when int3 was turned
off (data not shown).

Expression of Constitutively Active Notch? in the ECs Leads to a
Similar Vessel Enlargement Phenotype. To investigate whether
Notch1 bears similar function, we crossed the Tie2-tTA mice with
mice expressing constitutively active Notchl under the control of a
TRE. Tie2-tTA/TRE-Notch1ICD mice survived and appeared phe-
notypically normal throughout the monitoring period. However, at
1 year of age, three of four Tie2-tTA/TRE-NotchlICD mice dis-
played enlarged hepatic blood vessels containing excessive SMCs
(Fig. 8, which is published as supporting information on the PNAS
web site). Taken together, these data demonstrate that constitu-
tively active Notchl and Notch4 can elicit vascular enlargement in
mice when expressed in adult ECs, suggesting that the effects are
specific to the Notch genes.
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Discussion

int3 Leads to Reversible AV Shunting in the Established Adult Vascu-
lature. The objective of this study was to ascertain the function of
int3 in the adult endothelium. The mammalian vasculature is a
complex system that exhibits diverse anatomical and physiological
properties in different organs. By focusing on the liver, our data
provide crucial insights into the mechanism of inf3 action. The first
detectable vascular abnormality is portosystemic shunting, formed
de novo days after maximal int3 expression. An obvious concern
is whether int3 exacerbates developmental defects in Tie2-tTA/
TRE-int3 mice due to leaky transgene expression. We have not
detected any abnormal vascular structures in mice 2 weeks after
weaning when int3 expression is low by histology, vascular casting,
microsphere perfusion, or overall health monitoring. Therefore,
our data suggest that the AV shunts develop as a direct conse-
quence of int3 expression in adulthood. Our finding that repression
of int3 expression rapidly improves the animals’ health and induces
regression of the mutant phenotype further supports this notion.

The involvement of Notch signaling in AV communication has
been envisaged based on embryonic studies of both fish and mouse
Notch mutants. For example, in zebrafish, the loss-of-function
Notch mutants mib*?* and EGFPSuDN cause AV shunting (31).
Recent studies of mice demonstrate that the loss-of-function Notch
mutants D/4*/~ (11) and EC deletion of Rbpsuh (10) exhibit
embryonic AV shunting. To our knowledge, our data provide the
first demonstration that activation of Notch signaling can induce
AV shunts, suggesting that proper levels of Notch signaling are
critical for the maintenance of functional AV interfaces.

Related to the shunting effect is the histological manifestation of
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AVMs, which occur in 100% of moribund Tie2-tTA/TRE-int3 mice.
AVMs are devastating vascular anomalies comprising dysplastic
arteries intermingled with arterialized veins (32). TGF-g signaling
has been implicated in one form of AVM, hereditary hemorrhagic
telangiectasia (HHT), because mutations in members of TGF-$
pathway are responsible for HHT (33). The involvement of Notch
signaling in AVMs has been suspected based on the findings that
Notch4 is down-regulated in a form of human AVM, cerebral
cavernous malformation (CCM), and because it appears to be
genetically downstream of the Cceml gene in mice (34). Our data
demonstrate that activation of Notch signaling is sufficient to induce
AVM-like abnormalities in mice.

AVMs have been presumed to be congenital abnormalities that
fail to regress, and surgical resection is the only “cure” for the
disease (32). In contrast to this prevailing view, we show in our
Tie2-tTA/TRE-int3 model that the defective vasculature regresses
upon transgene repression, proposing the tantalizing possibility that
correcting the underlying genetic lesions can cure AVMs. One
caveat of our regression analysis is that we cannot assess the degree
of shunting in individual moribund animals before int3 repression.
However, the overt signs of illness correlate 100% with profound
AV shunting, and, because both the animals’ health and AVMs are
cured by Dox treatment, we are reasonably certain that we are
observing true regression.

int3 and Blood Vessel Size. Genetic regulation of mammalian blood
vessel size is an intriguing but largely unknown subject. The
dramatic enlargement of hepatic arteries in the Tie2-tTA/TRE-int3
mice raises the possibility that int3 may affect vessel size directly.

Carlson et al.
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This possibility is consistent with findings in embryonic studies
(7-14). However, it is well known that AV shunts can alter
hemodynamics and lead to arterial enlargement and tortuosity (35).
Because hepatic artery enlargement occurs subsequently to porto-
systemic shunting, it is likely that this vessel enlarges secondarily to
shunting. Our studies do not exclude, however, the possibility that
int3 expression may regulate vessel caliber directly, but this model
is not ideal to define a direct effect, given the concurrent shunting.

int3 Induces Arterialization of Adult Vasculature. Studies of the Notch
pathway during zebrafish development first demonstrated its in-
volvement in EC AV differentiation. These studies revealed that
loss-of-function mutants exhibit decreased arterial ephrinB2 expres-
sion and ectopic venous marker flt4 expression (31). Loss-of-
function mutants in the Notch pathway, such as Heyl ~/~/Hey2~/~
or Notchl~'~ (12), Dll4~'~ (13), and Rbpsuh '~ (10) also exhibit a
loss of ephrinB2 expression in the embryonic dorsal aortae. Here,
we demonstrate that EC int3 expression is sufficient to induce
ectopic ephrinB2 expression in adult mice. It has been reported that
arterial-like flow increases ephrinB2 expression (36), and thus the
effects of int3 on ephrinB2 expression in the enlarged vessels is
confounded by flow. Our finding that vascular ephrinB2 is up-
regulated in several organs, including tracheas that lack other
detectable blood vessel abnormalities, suggests that int3 can directly
promote ephrinB2 expression and that adult EC can acquire arterial
features.

Another measure of arterialization is vascular SMC content, and
we have observed enhanced a-SMA expression in dilated hepatic
and uterine blood vessel walls. This phenotype is similar to human
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AVM histology and is likely due to AV shunting (35). It is also
possible that int3 up-regulates paracrine factors or acts through
cell-cell interfaces to promote SMC proliferation or migration.
Because of the AVMs, however, this system is not ideal to delineate
the int3-specific effects on SMC.

In summary, we conclude that the primary effect of int3 is to
render arterial characteristics to nonarterial ECs, which triggers
the initial AV shunting that ultimately leads to the progression
of AVM in mice. We believe that our Tie2-tTA/TRE-int3 mouse
model is a powerful tool for dissecting the mechanisms of AVM
pathogenesis, which may ultimately offer prospects for thera-
peutic interventions.
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