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Endothelial expression of the Notch ligand Jagged1
is required for vascular smooth muscle development

Frances A. High*, Min Min Lu*, Warren S. Pear, Kathleen M. Loomes*$, Klaus H. Kaestner", and Jonathan A. Epstein*|

*Department of Cell and Developmental Biology and Cardiovascular Institute, TfAbramson Family Cancer Research Institute, Institute for Medicine
and Engineering, and Department of Pathology and Laboratory Medicine, and "Department of Genetics and Institute for Diabetes, Obesity,

and Metabolism, University of Pennsylvania, Philadelphia, PA 19104; *Division of Gastroenterology, Hepatology, and Nutrition, Children’s
Hospital, Philadelphia, PA 19104; and SDepartment of Pediatrics, University of Pennsylvania School of Medicine, Philadelphia, PA 19104

Edited by Eric N. Olson, University of Texas Southwestern Medical Center, Dallas, TX, and approved December 18, 2007 (received for review

October 10, 2007)

The Notch ligand Jagged1 (Jag1) is essential for vascular remod-
eling and has been linked to congenital heart disease in humans,
but its precise role in various cell types of the cardiovascular system
has not been extensively investigated. We show that endothelial-
specific deletion of Jag1 results in embryonic lethality and cardio-
vascular defects, recapitulating the Jag? null phenotype. These
embryos show striking deficits in vascular smooth muscle, whereas
endothelial Notch activation and arterial-venous differentiation
appear normal. Endothelial Jag1 mutant embryos are phenotypi-
cally distinct from embryos in which Notch signaling is inhibited in
endothelium. Together, these results imply that the primary role of
endothelial Jag1 is to potentiate the development of neighboring
vascular smooth muscle.

he development and remodeling of the vasculature involves

a number of complex processes, and the Notch signaling
pathway has been shown to be one critical determinant (1-6).
Notch is a short-range signaling pathway that occurs between
membrane-bound receptors and ligands expressed on adjacent
cells. Binding of ligands induces a proteolytic cleavage of the
Notch receptor, releasing its intracellular domain (ICD). This
truncated form of Notch then translocates to the nucleus where
it forms an active transcriptional complex with the DNA-binding
protein CSL [also known as CBF1, Su(H), Lag-1, RBP-J] and the
coactivator Mastermind-like (MAML) (7).

Mammals express four Notch receptors (Notch 1-4) and five
ligands [Jagged (Jag) 1 and Jag2 and DIl (Delta-like) 1, D113, and
Dll4]. Targeted disruption of several of these signaling compo-
nents results in embryonic lethality associated with cardiovas-
cular defects (1, 2, 4-6). However, the precise roles of each
signaling component are only beginning to be teased apart. The
emerging data suggest that Notch plays multiple, distinct roles in
cardiovascular development. Studies performed in zebrafish and
later in mice demonstrated a requirement for Notch in the
specification of arterial and venous fate in the developing
endothelium, and inhibition of Notch in endothelium results in
arterial-venous malformations (5, 8, 9). In addition, endothelial
Notch signaling plays a critical role in angiogenesis during both
development and disease (10-16).

Another critical function for Notch is in vascular smooth
muscle development. In vitro studies have shown that Notch can
either promote or inhibit smooth muscle gene expression, de-
pending on context (17-20). However, in vivo studies show that
in the context of development, Notch plays a critical role in
promoting vascular smooth muscle differentiation. Smooth mus-
cle precursors derive from multiple sources during embryogen-
esis. Smooth muscle of the developing aortic arch arteries is
derived from the cardiac neural crest, whereas vascular smooth
muscle elsewhere in the thorax and abdomen derives from lateral
plate mesoderm (21). We previously demonstrated a cell-
autonomous requirement for Notch in neural crest precursors
during aortic arch smooth muscle differentiation. Inhibition of
Notch signaling in the neural crest results in congenital heart
defects, including pulmonary artery stenosis and aortic arch
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patterning defects (22). However, the identity of the Notch
ligand in this process was thus far unknown.

Two Notch ligands, Jagl and DIl4, are prominently expressed
in the vasculature. Targeted disruption of each of these genes in
mice results in embryonic lethality associated with cardiovascu-
lar defects, suggesting that both play essential, nonredundant
functions (1, 2, 5, 6). DII4 has recently emerged as the critical
ligand in Notch signaling between adjacent endothelial cells,
negatively regulating blood vessel growth during both develop-
ment and tumor angiogenesis (10-16). Jagl, on the other hand,
has been less extensively studied. Jagl knockout mice die be-
tween embryonic day (E) 10.5 and E11.5 with defects in yolk sac
and embryonic vasculature (6). However, the mechanism by
which loss of Jagl leads to embryonic lethality is unclear,
particularly as Jagl is expressed in multiple parts of the cardio-
vascular system, including endothelial cells, vascular smooth
muscle, and the cardiac outflow tract (22-24).

The importance of Jagl in human disease is evident from its
role in Alagille syndrome, a congenital disorder linked to
mutations in the JAGI gene (25, 26). One of the principal
findings in Alagille syndrome is congenital heart disease, espe-
cially pulmonary artery stenosis, and vascular disease including
a predisposition to intracranial bleeding (27, 28). Therefore, a
better understanding of the role of Jagl in cardiovascular
development promises to provide insight into the pathogenesis
of Alagille syndrome and other forms of congenital heart and
vascular diseases.

In this study, we show that endothelial-specific deletion of Jag!
results in embryonic lethality and cardiovascular defects, similar
to the gross defects reported for the complete Jagl knockout.
Furthermore, we show that expression of vascular smooth mus-
cle markers is severely diminished in the endothelial-specific
Jagl mutant embryos. Conversely, our data suggest that Notch
signaling in the endothelium remains intact in the absence of
Jagl. Together, these findings suggest that a primary role of
endothelial Jagl is to promote vascular smooth muscle differ-
entiation.

Results and Discussion

To elucidate the role of Jagl in endothelial cells, we generated
endothelial-specific Jagl knockout mice. We crossed a condi-
tional allele of Jagl (Jagl/™*) (29) with Tie2-Cre (30), which we,
and others, have shown to be specific for endothelial cells and
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Fig. 1. Endothelial-specific Jag1 mutants display cardiovascular defects.
(A-C) E10.5 embryos with yolk sacs. Control yolk sacs (A) display prominent
blood vessels (arrow) that are absent from both endothelial-specific (B) and
global (C) Jag? mutants. (D-F) E10.5 control (D), endothelial Jag? mutant (E),
and global JagT mutant (F) embryos demonstrating cardiovascular defects in
mutants including pericardial effusions (arrows in E and F), dilated blood
vessels (black arrowheads in E and F), and hemorrhage (white arrowheads in
E and F). (G and H) Whole-mount PECAM immunostaining of E10.5 control (G),
endothelial Jag? mutant (H), and global Jag? mutant (/) embryos. Mutant
embryos show a less intricate vascular network over forebrain vesicles (ar-
rows). (J and K) In situ hybridizations for Jag1 on frontal sections through
E10.5 control (J) and mutant (K) embryos. Mutant embryos show loss of Jag1
expression in the dorsal aortae (arrows) and aortic arch arteries (arrowheads),
but not pharyngeal endoderm (*). (L and M) Immunostaining for Jag1 on
sections through the dorsal aorta of E10.5 control (L) and mutant (M) embryos,
showing loss of endothelial Jagged1 protein in mutants. (Magnifications: A-F,
X40; G-K, X100; L and M, X400.)

some hematopoietic cells during development [supporting in-
formation (SI) Fig. 5]. We were unable to detect any conditional
knockouts of 44 live births resulting from Tie2-Cre+;Jagl*'* by
Jaglfexlfloxcrosses, indicating embryonic lethality. At E10.5
Tie2-Cre+;Jagl/<!flor mutant embryos were present in expected
Mendelian ratios but were readily distinguishable from their
littermates by the absence of large blood vessels in the yolk sac
(Fig. 1 A and B). In addition, the mutant embryos were smaller
and showed signs of cardiovascular failure, including pericardial
effusions, dilated, blood-filled vessels, and localized hemorrhage
(Fig. 1 D and E). By E11.5, all of the mutant embryos were
necrotic and being resorbed. This phenotype is indistinguishable
from that seen in global Jagl knockouts that we generated by
crossing with CMV~-Cre transgenic mice to mediate ubiquitous
recombination of the Jagl/’* allele (Fig. 1 C and F). Detailed
information on the distribution of genotypes in offspring from
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Tie2-Cre and CMV-Cre Jaglf* crosses is available in SI Tables 1
and 2. To investigate the patterning of the vasculature in Jagl
mutants, we performed whole-mount immunostaining for the
endothelial marker platelet-endothelial cell adhesion molecule
(PECAM). At E10.5 the blood vessels in the head region of both
endothelial-specific and global Jag/ mutant embryos appeared
abnormal and were less finely branched when compared with
littermate controls (Fig. 1 G-I). These defects were mild and
were not evident at E9.5 (data not shown), so it is possible that
they may be secondary to developmental delay and not caused
by a primary role for Jagl in vessel patterning. Together, the
phenotypes we observed were similar to those previously re-
ported in complete Jagl null embryos (6).

In situ hybridizations for Jagl on sections through Tie2-
Cre+;Jagl/ov/flx embryos at E10.5 revealed loss of Jagl mRNA
expression in arteries of the mutant embryos, including the
dorsal aorta and the aortic arch arteries. In contrast, normal Jagl
expression was maintained in other tissues, including the pha-
ryngeal endoderm (Fig. 1 J and K). Immunohistochemistry
confirmed that Jagl protein was specifically deleted from the
endothelium in Tie2-Cre+;Jaglofox embryos (Fig. 1 L and M).
We therefore conclude that Jagl expression in endothelial cells
is essential for cardiovascular development, and that the embry-
onic lethality in Jagl null embryos can be accounted for by loss
of Jagl expression in the endothelium.

We previously demonstrated a critical role for Notch in
differentiation of vascular smooth muscle precursors, and in vitro
studies suggest that Jagl may play a role in smooth muscle
development (20). However, an in vivo requirement for this
Notch ligand during smooth muscle differentiation has not been
investigated to our knowledge. We hypothesized that endothelial
Jagl expression might promote smooth muscle development. In
control embryos at E10.5, the smooth muscle marker SM22« is
prominently expressed around the dorsal aorta and in neural
crest-derived smooth muscle of the aortic arch arteries (Fig.
24-A""). Smooth muscle « actin («¢SMA), another marker that
is expressed at a slightly later time point in smooth muscle
development, is expressed in the dorsal aorta of control embryos
at E10.5 (Fig. 2 C and C’). In contrast, both SM22« and «SMA
are dramatically down-regulated in Tie2-Cre+;Jaglfo¥flx mu-
tants at this time point (Fig. 2 B-B’' and D and D'), whereas
endothelial markers remained unperturbed (Fig. 2 E and F). It
is unlikely that the loss of smooth muscle markers in the mutant
embryos could be secondary to cardiovascular collapse, as
SM22« expression in the dorsal aorta was severely diminished at
E9.5 when mutant embryos are indistinguishable from their
littermates (data not shown).

We also examined vascular smooth muscle development in the
yolk sac vasculature by whole-mount immunostaining for «SMA
in combination with the endothelial marker PECAM. Control
yolk sacs contained many prominent blood vessels that stained
strongly for aSMA. Tie2-Cre+;Jaglfio*iflox yolk sacs showed far
fewer large vessels. Notably, these vessels failed to express
aSMA (Fig. 2 G-G'' and H-H'"). We therefore conclude that
endothelial Jagl expression is required for smooth muscle
development in both embryonic and yolk sac blood vessels.
Subsequent loss of vascular wall integrity and cardiovascular
collapse is the likely cause of lethality in these embryos.

Notch has been implicated in smooth muscle proliferation and
survival in addition to differentiation (31). Therefore, loss of
vascular smooth muscle cells in these mutants could be caused
by defective differentiation of smooth muscle precursors or
decreased proliferation or increased apoptosis of smooth muscle
cells. To distinguish between these possibilities, we performed
coimmunostaining for SM22a and Ki67, a marker of prolifer-
ating cells. Whereas endothelial-specific Jagl mutant embryos
showed a significant reduction in the total number of SM22a-
positive cells, there was no significant difference in the number
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Vascular smooth muscle development in endothelial-specific Jag1 mutants. (A-A’" and B-B’’) Immunostaining for SM22« (green) on frontal sections

through E10.5 control (A-A'’) and mutant (B-B’’) embryos. Control embryos show prominent SM22« expression in dorsal aorta (arrow in A, higher magnification
in A’) and a few cells in the aortic arch arteries (arrowheads in A, higher magnification in A"’). Mutant embryos show significant loss of SM22« in dorsal aorta
(arrowsin Band B’) and aorticarch arteries (arrowheadsin Band B''). (C, C’, D, and D) Immunostaining for «SMA (green) on frontal sections through E10.5 control
(Cand C’) and mutant (D and D’) embryos. Control embryos express aSMA in the dorsal aorta (arrows in Cand C’), whereas mutant embryos lack aSMA expression
(arrows in D and D’). (E and F) High-magnification images of the endothelial-smooth muscle interface in the dorsal aorta of E10.5 control (E) and mutant (F)
embryos, immunostained for SM22a (green) and von Willebrand factor (vWF, red). (G-G'’ and H-H'’) E10.5 yolk sacs whole-mount immunostained for PECAM
(green) and aSMA (red). Control yolk sacs (G-G'’) show large blood vessels with prominent aSMA expression, whereas mutant yolk sacs (H-H'') show fewer large
blood vessels that were abnormal in appearance and lacked «SMA expression. (/ and J) Representative images of SM22q, Ki67 coimmunostaining on sections
through the dorsal aorta of E10.5 control (/) and mutant (J) embryos. (K) Quantification of total number of SM22a-positive cells in the dorsal aortae of control
and mutant embryos. (L) Quantification of percentage of SM22a-positive cells that coexpress Ki67 in the dorsal aortae of control and mutant embryos. Error bars

indicate 1 SD. *, P < 0.001. (Scale bars: A-D’, 100 um; E and F, 5 um; G-H'’, 200 um; / and J, 50 um.)

of cells that were Ki67-positive (Fig. 2 I-L), suggesting that loss
of smooth muscle was not caused by diminished proliferation.
We also investigated smooth muscle cell survival by using
TUNEL assays, which failed to reveal significant levels of
apoptosis in either control or mutant embryos (data not shown).

These results suggest that endothelial Jagl affects differenti-
ation of adjacent smooth muscle. We also examined endothelial
cells in the endothelial Jagl mutants. In loss-of-function models
for endothelial Notch signaling, blood vessels lose arterial spec-
ification and assume a venous phenotype. This change is asso-
ciated with loss of EphrinB2 expression, which has been shown
to be a direct target of Notch (5, 8, 32). As veins develop a thinner
vascular smooth muscle layer than arteries, we were interested in
whether or not loss of arterial specification may explain the
smooth muscle phenotype we see in conditional Jagl mutants.
To analyze endothelial Notch activation, we performed immu-
nostaining for the ICD of Notchl, which is the predominant
receptor in endothelial cells but shows minimal activation in
vascular smooth muscle cells (33). This staining revealed nuclear
expression in the endothelial layer of both control and Tie2-
Cre+;Jagloflex embryos (Fig. 3 A and B). Quantification of this
staining revealed no significant difference in the total number of
Notchl ICD-positive endothelial cells between control and
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mutant embryos (Fig. 3C). As this antibody is specific for
Notchl, we cannot exclude the possibility that activation of other
Notch receptors may be disrupted in the mutant embryos. In
addition to Notchl, Notch4 is expressed the endothelium (4).
However, Notch4 expression is not required for embryonic
development (4), so it is unlikely that loss of activation of this
receptor would result in the observed phenotype. We also
examined the expression of the Notch effector EphrinB2, which
was expressed in the dorsal aorta but not the cardinal vein in both
control and Tie2-Cre+;Jagl/¥fox embryos (Fig. 3 D and E).
These results do not reveal any major disruptions in endothelial
Notch activation or arterial specification in the endothelial Jag!
mutants.

To further investigate the possibility that Jagl may play a role
in endothelial Notch activation, we asked whether the pheno-
types resulting from loss of Jagl were similar to those associated
with loss of endothelial Notch signaling. Several mutant mouse
models, including endothelial Notchl and CSL knockouts, dis-
play a characteristic phenotype. In addition to arterial specifi-
cation defects, these embryos demonstrate severe defects in
remodeling of the vascular plexus of the yolk sac and constriction
of the major blood vessels of the embryo proper. The result of
these defects is typically embryonic lethality at E9.5 (4, 5, 34). To
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Fig. 3. Endothelial Notch1 activation and EphrinB2 expression in endothe-
lial-specific Jag1 mutants. (A and B) Immunostaining for Notch1 ICD (N1ICD,
red) with Hoechst nuclear counterstaining (blue) on sections through the
dorsal aorta (DA) of E10.5 control (A) and mutant (B) embryos. (C) Quantifi-
cation of number of endothelial cells with positive nuclear staining for N1ICD
in control and mutant embryos. Error bars indicate 1 SD. (D and E) Immuno-
staining for EphrinB2 (brown) showing expression in the dorsal aorta (DA) but
not the cardinal vein (CV) of both control (D) and mutant (E) embryos. (Scale
bars: 50 um.)

generate our own endothelial loss-of-function model, we used a
mouse in which a dominant negative form of MAML
(DNMAML) can be activated in a tissue-specific manner by
using Cre recombinase (35). This model is a potent and specific
means of inhibiting signaling by all four mammalian Notch
receptors in vivo (22, 35, 36). We activated DNMAML specif-
ically in endothelial cells by crossing with 7ie2-Cre transgenics.
The resulting Tie2-Cre+; DNMAML embryos displayed multiple
abnormalities that strongly resemble those reported in other
endothelial-specific Notch mutants (Fig. 4).

Comparing the phenotypes of Tie2-Cre+;Jagloxfio* and Tie2-
Cre+;DNMAML embryos revealed a number of differences.
Whereas Tie2-Cre+;DNMAML embryos showed severe devel-
opmental delay and pericardial effusions at E9.5, Tie2-
Cre+;Jagl/o*/flx embryos were indistinguishable from their lit-
termates at this time point (Fig. 4 A-C). Cross-sections through
the embryos showed severely narrowed dorsal aortae in the
Tie2-Cre+;DNMAML mutants, whereas the dorsal aortae were
grossly normal in the Tie2-Cre+;Jagl*f* mutants (Fig. 4 D-F).
Examination of the yolk sac vasculature at E9.5 also revealed
differences between Tie2-Cre+;DNMAML and Tie2-
Cre+;Jagloflor_ embryos. As previously mentioned, the yolk
sacs of Tie2-Cre+;Jagl/*!flox embryos contained very few large
vessels when compared with controls. The Tie2-Cre+; DNMAML
yolk sacs also lacked large vessels, but had a rough texture that
was not evident in the Tie2-Cre+;Jaglflox yolk sacs (Fig. 4
G-I). This phenotype indicates a severely underdeveloped vas-
culature that is characteristic of a lack of angiogenic remodeling.
We examined the yolk sac vessels in more detail with whole-
mount immunostaining for the endothelial marker PECAM,
followed by confocal microscopy. The fine capillary network of
the Tie2-Cre+;Jagl/¥fox yolk sacs was not significantly different
from control yolk sacs. In contrast, the vasculature of the
Tie2-Cre+;DNMAML yolk sacs showed no evidence of remod-
eling from the primary vascular plexus into a fine capillary
network (Fig. 4 J-L). By E10.5, all Tie2-Cre+;DNMAML em-
bryos were necrotic, indicating that they die between E9.5 and
E10.5, 1 full day earlier than Tie2-Cre+;Jagl* ¥ embryos.

Our results clearly demonstrate a vital function for Jagl in
endothelium, where it is required for vascular smooth muscle
development. We favor a model in which endothelial Jag1 signals
directly to Notch receptors on vascular smooth muscle cells,
although indirect signaling cannot be excluded. A direct signal-
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Fig. 4. Comparison of phenotypes of endothelial-specific Jag1 and endo-
thelial-specific DNMAML mutants. (A-C) E9.5 embryos. Tie2-Cre+;Jag1flox/flox
mutants (B) are grossly indistinguishable from controls (A), whereas Tie2-
Cre+;DNMAML mutants (C) are developmentally delayed and show pericar-
dial effusions (arrow in C). (D-F) Hematoxylin and eosin-stained sections
through E9.5 embryos with dorsal aortae indicated by arrowheads. Dorsal
aortae in Tie2-Cre+;Jag17lox/flox mutants are morphologically normal, whereas
Tie2-Cre+;DNMAML mutant dorsal aortae are atretic. (G-/) E9.5 yolk sacs
showing loss of large blood vessels in Tie2-Cre+;Jag1flox/flox mutants and
abnormal rough texture in Tie2-Cre+;DNMAML mutants. (J-L) E9.5 yolk sacs
whole-mount immunostained for PECAM (green). Tie2-Cre+;Jag 1flox/flox yolk
sac capillaries appear similar to controls, whereas Tie2-Cre+;DNMAML yolk
sac vessels form a markedly abnormal, highly fused plexus. Images in A-Cand
G-I were photographed at x40 magnification. (Scale bars: D-F, 100 um; J-L,
200 pm.)

ing model is supported by our previous results demonstrating a
requirement for Notch activity in neural crest-derived vascular
smooth muscle differentiation (22), but the specific Notch
receptor responsible for Jagl-mediated signaling in smooth
muscle remains to be identified. Observations from our group
and others have shown that Notchl and Notch4 are the pre-
dominant Notch receptors expressed by vascular endothelium,
whereas Notch2 is expressed by smooth muscle precursors in the
neural crest and Notch3 is expressed by vascular smooth muscle
cells (3, 22, 23, 37, 38).

Our data also suggest that defects associated with loss of
endothelial Notch signaling cannot be accounted for by loss of
endothelial Jagl alone. Although we cannot completely rule out
the ability of endothelial Jagl to signal to adjacent endothelial
cells, we were unable to demonstrate any such activity. The
expression of activated (nuclear) Notchl ICD in endothelium
was unchanged by loss of Jagl, arterial identity was preserved,
and a direct Notch target in endothelium, EphrinB2, was ex-
pressed at normal levels. Also, inhibition of Notch signaling in
endothelium produces a more severe vascular phenotype than
does deletion of Jagl. Therefore, it is likely that a Notch ligand
other than Jagl plays a more dominant role to mediate Notch
signaling between endothelial cells. The most obvious candidate
is D114, which is prominently expressed in the endothelium and
has been shown to act by promoting arterial specification and
inhibiting angiogenesis (5, 11-15). In fact, several reports dem-
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onstrate that loss of D114 can result in defects remarkably similar
to those that we observe in Tie2-Cre+;DNMAML embryos
(1, 2, 5).

Our suggestion that Jagl acts by signaling to adjacent smooth
muscle precursors to promote their differentiation, whereas D114
signals to adjacent endothelial cells to influence angiogenesis
and arterial specification, is supported by in vitro studies showing
that Notch-dependent activation of the promoter of the smooth
muscle myosin heavy chain gene occurs only when cells are
stimulated with Jagl, but not with DII4 (20). The idea that
different ligands may have differing downstream effects is an
emerging theme in the Notch signaling field (39, 40).

Human mutations in JAGI result in Alagille syndrome, a
congenital disease associated with significant cardiovascular
pathology (25, 26). We suggest that diminished Jagl expression
on endothelial cells results in abnormal smooth muscle devel-
opment, which may be responsible for the pulmonary artery
stenosis that is a frequent finding in Alagille syndrome patients.
Consistent with this finding, we have previously shown that
inhibition of Notch in neural crest cells, which act as smooth
muscle precursors in the pulmonary artery, results in pulmonary
artery stenosis and other congenital heart defects reminiscent of
those seen in Alagille syndrome (22). Defects in smooth muscle
development may also be responsible for other vascular pathol-
ogies seen in patients with Alagille syndrome, such as a predis-
position to intracranial bleeding (28).

Materials and Methods

Mice. Tie2-Cre (30) and CMV-Cre (JAX) mice were genotyped by using previ-
ously described Cre-specific primers (22). Jag77©* and DNMAML mice were
genotyped as described (22, 29). All mice were maintained on mixed genetic
background. Animal protocols were approved by the University of Pennsyl-
vania Institutional Animal Care and Use Committee.
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Immunostaining. Antibodies used for immunohistochemistry and immunoflu-
orescence were anti-Jagged1 rabbit polyclonal H-114 (Santa Cruz Biotechnol-
ogy), anti-Notch1 ICD Val-1744 rabbit polyclonal (Cell Signaling Technology),
anti-EphrinB2 goat polyclonal (R&D Systems), anti-PECAM rat monoclonal
MEC 13.3 (BD Pharmingen), anti-aSMA mouse monoclonal 1A4 (Sigma), anti-
SM22a goat polyclonal (Abcam), anti-Ki67 rabbit monoclonal (Vector Labo-
ratories), and anti-von Willebrand factor rabbit polyclonal (Sigma). Immuno-
staining was performed on paraformaldehyde-fixed, paraffin-embedded
sections. Detailed protocols are available (41).

For whole-mount immunostaining, tissues were fixed for 2 h (yolk sacs) or
overnight (embryos) in 4% paraformaldehyde and stained with anti-PECAM
and anti-aSMA antibodies (as above) followed by secondary detection with
Alexa Fluor-488- or -568-conjugated secondary antibodies (Molecular Probes)
or HRP-conjugated secondary antibodies (Abcam). Yolk sacs were flat-
mounted in 90% glycerol and analyzed by confocal microscopy.

Cell Counting and Statistics. To quantify immunostaining data, fluorescent
images were overlaid by using Adobe Photoshop, and cell counting was
performed with ImageJ software. Cell counts were obtained from multiple
transverse sections through the dorsal aortae from the level of the aortic arch
arteries to the cardiac inflow tract. Counts were averaged for each embryo,
and graphed values represent the means of these values obtained from
multiple embryos. For SM22« and Ki67 staining, ~20-25 sections were ana-
lyzed from each of five control and mutant embryos. For Notch1 ICD staining,
~10 sections were analyzed from each of four control and mutant embryos.

In Situ Hybridization. The in situ probe for Jag1 has been described (22).
Radioactive in situ hybridizations were performed on paraformaldehyde-
fixed, paraffin-embedded sections. Detailed protocols are available (41).
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