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Eph receptor tyrosine kinases and their cell-surface-bound ligands, the ephrins, regulate axon guidance and
bundling in the developing brain, control cell migration and adhesion, and help patterning the embryo. Here
we report that two ephrinB ligands and three EphB receptors are expressed in and regulate the formation of
the vascular network. Mice lacking ephrinB2 and a proportion of double mutants deficient in EphB2 and
EphB3 receptor signaling die in utero before embryonic day 11.5 (E11.5) because of defects in the remodeling
of the embryonic vascular system. Our phenotypic analysis suggests complex interactions and multiple
functions of Eph receptors and ephrins in the embryonic vasculature. Interaction between ephrinB2 on arteries
and its EphB receptors on veins suggests a role in defining boundaries between arterial and venous domains.
Expression of ephrinB1 by arterial and venous endothelial cells and EphB3 by veins and some arteries
indicates that endothelial cell-to-cell interactions between ephrins and Eph receptors are not restricted to the
border between arteries and veins. Furthermore, expression of ephrinB2 and EphB2 in mesenchyme adjacent to
vessels and vascular defects in ephB2/ephB3 double mutants indicate a requirement for ephrin-Eph signaling
between endothelial cells and surrounding mesenchymal cells. Finally, ephrinB ligands induce capillary
sprouting in vitro with a similar efficiency as angiopoietin-1 (Angl) and vascular endothelial growth factor
(VEGF), demonstrating a stimulatory role of ephrins in the remodeling of the developing vascular system.
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The family of Eph receptor tyrosine kinases and their
ephrin ligands play important roles in a variety of pro-
cesses during embryonic development of mammals,
lower vertebrates, and invertebrates such as Caenorhab-
ditis elegans. They regulate topographic map formation
in the retinotectal/retinocollicular system (Cheng et al.
1995; Drescher et al. 1995; Nakamoto et al. 1996; Frisen
et al. 1998) and play essential roles in the formation and
fasciculation of brain commissures (Henkemeyer et al.
1996; Orioli et al. 1996; Park et al. 1997). They have
additional important functions in patterning of embry-
onic structures of the brain (Xu et al. 1995, 1996) and
somites (Durbin et al. 1998). Ephrins control migration
of neural crest cells into branchial arches and somites
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(Krull et al. 1997; Smith et al. 1997; Wang and Anderson
1997). In these systems, ephrin—-Eph interactions are
thought to be mainly repulsive, that is, navigating
growth cones or migrating cells expressing Eph receptors
would turn away from cells expressing the corresponding
ephrin ligand (Drescher et al. 1995; Nakamoto et al.
1996; Brennan et al. 1997; Krull et al. 1997, Wang and
Anderson 1997). Repulsive interactions and complemen-
tary expression patterns suggest that ephrins and Eph
receptors define spatial boundaries in the developing em-
bryo (Gale et al. 1996).

The ephrin-Eph system functions in cell-to-cell rather
than long range communications, because Eph receptors
and all known ephrin ligands are attached to the plasma
membrane (Davis et al. 1994; Orioli and Klein 1997).
Ephrins can be divided into two subclasses: EphrinA li-
gands (ephrinA1-A5) are tethered to the cell surface via a
glycosylphophatidylinositol (GPI)-anchor, whereas eph-
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rinB ligands (ephrinB1-B3) are inserted into the plasma
membrane via a transmembrane region followed by a
conserved cytoplasmic domain. This subdivision also
matches the binding preferences of ephrinA and ephrinB
molecules for the corresponding EphA or EphB receptor
subfamilies, respectively, whereas within these subfami-
lies, interactions are highly promiscuous (Brambilla et
al. 1995; Gale et al. 1996). Unlike soluble ligands for
other receptor tyrosine kinases, ephrin molecules appear
to be presented in a clustered state to acquire high stimu-
lating activation towards their cognate Eph receptors
(Davis et al. 1994). The state of aggregation could per-
haps determine differential signaling responses of the
Eph receptor (Stein et al. 1998) and ephrin-expressing
cells may elicit different responses in Eph receptor-ex-
pressing neighbors depending on their degree of ligand
clustering. With their highly conserved cytoplasmic do-
mains, transmembrane ephrinB molecules resemble
membrane receptors. Accumulating evidence points to
an active signaling role for ephrinB molecules, resulting
in reverse or—in combination with their ligand func-
tion—Dbidirectional signal transduction (Briickner and
Klein 1998).

Evidence from an in vivo angiogenesis assay and in
vitro studies suggested roles for ephrins and Eph recep-
tors in the formation of blood vessels. EphrinAl has in
vivo angiogenic properties during inflammatory angio-
genesis induced by tumor necrosis factor a (Pandey et al.
1995). Clustered ephrinB1 promotes endothelial capil-
lary-like assembly and cell attachment in vitro (Stein et
al. 1998). During embryonic development, the first step
of blood vessel formation involves the differentiation of
primitive mesodermal cells into vascular endothelial
cells, which ultimately will line the internal surfaces of
all vessels. Two processes can be distinguished. Vascu-
logenesis defines the formation of tubular structures
from a dispersed population of endothelial cell precur-
sors into a rather homogeneous honeycomb-like primary
capillary network, the so-called primary capillary plexus
of the embryo and extra-embryonic structures such as
the yolk sac (Risau and Flamme 1995). Vasculogenesis
also results in the formation of the primordia of the heart
and large trunk vessels, such as the dorsal aorta and the
cardinal veins. In a second process, termed angiogenesis,
the primary vascular network is remodeled into a hier-
archical network of small and large vessels through
sprouting of new vessels, remodeling, and splitting of
existing vessels. Moreover, avascular tissues such as the
neuroepithelium are vascularized by sprouting of new
capillaries. Angiogenesis is a complex process involving
endothelial cell proliferation, chemotactic migration,
and functional maturation (Risau 1997).

Recent studies have identified several receptor tyro-
sine kinases expressed on endothelial cells and their li-
gands as key regulators of vascular development during
embryogenesis. Vascular endothelial growth factor
(VEGF) and its tyrosine kinase receptor VEGF-R1/Flk-1
are essential for vasculogenesis and endothelial cell dif-
ferentiation, whereas the VEGF-R2/Flt receptor is criti-
cally required for the organization of the embryonic vas-
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culature (Fong et al. 1995; Shalaby et al. 1995, 1997; Car-
meliet et al. 1996; Ferrara et al. 1996). Angiopoietin-1
(Ang-1) and its tyrosine kinase receptor Tie-2/Tek are
important regulators of angiogenesis and heart develop-
ment, whereas Tie-1 receptors are important for blood
vessel integrity (Dumont et al. 1994; Puri et al. 1995;
Sato et al. 1995; Suri et al. 1996). Recently, ephrinB2 has
been shown to be required for the remodeling of the em-
bryonic vascular system (Wang et al. 1998). Because of its
exclusive expression on arteries and the complementary
expression of one of its cognate receptors, EphB4, on
veins, it was suggested that ephrinB2 acts both as a li-
gand and as a receptor for EphB4 and that reciprocal,
possibly repulsive signaling between these two types of
vessels is crucial for angiogenic remodeling during the
maturation of the vascular network (Wang et al. 1998;
Yancopoulos et al. 1998).

In this report we implicate additional Eph receptors
and ephrins in vascular development, thus indicating a
much greater level of complexity in ephrin-Eph interac-
tions. In contrast to Wang et al. (1998), we find that the
ligand ephrinB1 is coexpressed with ephrinB2 in arteries,
that ephrinB1 and EphB3 are coexpressed with EphB4 in
venous endothelial cells, and that EphB3 is expressed by
some arteries. Our findings therefore suggest that cell-
to-cell interactions between ephrins and Eph receptors
are not restricted to the border between arteries and
veins, but occur and are required throughout most of the
embryonic vasculature. Consistent with our expression
data, we show that double-mutant mice deficient in both
EphB2 and EphB3 receptor signaling have a partially
penetrant phenotype that resembles much of the
ephrinB2/~ phenotype. Prominent expression of
ephrinB2 and EphB2 in mesenchymal cells adjacent to
endothelial cells further indicates that ephrins and Eph
receptors regulate and are required for interactions be-
tween endothelial and mesenchymal cells. Finally, we
demonstrate in vitro capillary sprout-inducing activity
for both ephrinB1 and ephrinB2, describing a stimulatory
cellular response for these ligands during angiogenic re-
modeling.

Results

Coexpression of multiple ephrins and Eph receptors
in yolk sac and embryonic blood vessels

Wang et al. (1998) recently generated an ephrinB2/tau-
lacZ allele to demonstrate ephrinB2 expression specifi-
cally in arteries and absent on veins. Conversely, in situ
hybridization analysis indicated exclusive expression of
EphB4 on veins. No other Eph receptor or ephrin ligand
was detected on blood vessels. Our own expression
analysis, however, indicates the presence of additional
ephrinB molecules and EphB receptors in blood vessels.
Although immunostainings for ephrinB2 showed strong
expression on arteries (Fig. 1A) and barely detectable ex-
pression on veins (Fig. 1B), staining with the EphB3 re-
ceptor ectodomain protein probe fused to alkaline phos-
phatase (EphB3-AP), which binds to several ephrinBs,
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Figure 1. Expression of ephrinB ligands and EphB receptors in
yolk sac blood vessels. Whole mount stainings of E9.5 yolk sacs
with an anti-ephrinB2 antibody (A,B) or with alkaline phospha-
tase (AP) fusion proteins (C-H). Vitelline arteries were identi-
fied as the posterior vascular domain of the yolk sac (white
arrowhead in A,C,E,G), vitelline veins as the anterior domain of
the yolk sac (black arrowheads in B,D,F,H), respectively. Immu-
nohistochemistry detects expression of ephrinB2 protein on
yolk sac arteries (A), but not, or only at very low levels, on the
venous domain (B). Arterial expression of ephrinB2 and possibly
other ephrinB ligands was confirmed by binding of the EphB3-
AP fusion protein (C). Weaker staining was observed on vitel-
line veins, revealing presence of ligands on both domains of the
yolk sac vasculature (D). EphrinB2-AP detects receptors on vi-
telline veins (F), but gives weaker staining on arteries (E). Bind-
ing of ephrinB1-AP to all vessel types (G,H). (I) RT-PCR analy-
sis. mRNAs for at least two ligands (ephrinB1 and ephrinB2) and
three receptors (ephB2, ephB3, ephB4) were found in E9.5 yolk
sac (y) and embryo (e). No PCR products were obtained in con-
trol reactions (c) without reverse transcription.

revealed the presence of ephrinB ligands on both arteries
and veins (Fig. 1C,D). Next, we assayed for EphB receptor
expression using ligand—AP probes. Whereas ephrinB2-
AP preferentially stained veins (Fig. 1E,F), ephrinB1-AP
bound equally well to arteries and veins (Fig. 1G,H), in-
dicating the presence on veins of at least two EphB re-
ceptors with different binding preferences for the two
ephrinB ligands. RT-PCR analysis confirmed the pres-
ence of ephrinB1, ephrinB2, EphB2, EphB3, and EphB4
mRNAs in yolk sacs (Fig. 1I).

ephrinB-EphB interactions in angiogenesis

Next, we assayed for expression of ephrinB ligands and
EphB receptors in E9.5 wild-type embryos by in situ hy-
bridization analysis and AP-fusion protein staining.
EphB1 is largely confined to the nervous system, and
ephrinB3 and EphB2 are expressed in neuroectoderm and
heart (data not shown; Henkemeyer et al. 1996; K. Briick-
ner, J.P. Labrador, P. Scheiffele, A. Herb, P.H. Seeburg,
and R. Klein, in prep.); EphB2 was also found in embry-
onic mesenchyme (see below). Two ephrins, ephrinBl
and ephrinB2, and two EphB receptors, EphB3 and
EphB4, were expressed on embryonic blood vessels. Eph-
rinB2 and EphB4 were expressed in complementary pat-
terns; ephrinB2 mRNA was found in arteries, including
dorsal aorta and aortic arches (Fig. 2B), whereas EphB4
was expressed on all major veins, including anterior and
posterior cardinal, and umbilical veins (Fig. 2F; Wang et
al. 1998). In contrast to published data (Wang et al. 1998),
EphB3 was also prominently expressed on all major
veins, and, in addition, showed specific expression on
aortic arches (Fig. 2E). mRNA expression patterns were
independently confirmed by detecting receptor protein
through ephrinB2-AP staining of veins and aortic arches
(Fig. 2D). As in yolk sacs, ephrinB2 was not the only
ligand expressed by embryonic blood vessels. ephrinB1
mRNA was found in all major blood vessel primordia
(Fig. 2C). Coexpression of ephrinB1 and ephrinB2 on dor-
sal aorta and aortic arches was confirmed by radioactive
in situ hybridization analysis by use of oligonucleotide
probes (K. Briickner, J.P. Labrador, P. Scheiffele, A. Herb,
P.H. Seeburg, and R. Klein, in prep.). Sections of whole-
mount stained embryos revealed that essentially all en-
dothelial cells lining the veins analyzed in our study,
including anterior and posterior cardinal and umbilical
veins, coexpress ephrinB1 and two receptors, EphB3 and
EphB4 (Fig. 2H-J). Similar coexpression of B subclass li-
gands and receptors was observed in cultured human mi-
crovascular endothelial cells and found to be of func-
tional relevance for in vitro angiogenesis (Stein et al.
1998). Thus, our findings demonstrate coexpression of
two ephrinB ligands on arteries, coexpression of eph-
rinB1, ephrinB2, and EphB3 on aortic arches, and coex-
pression of ephrinB1, EphB3, and EphB4 in veins, sug-
gesting complex cell-to-cell interactions via ephrins and
Eph receptors on endothelial cells in many vascular
structures.

Expression of ephrins and Eph receptors
at endothelial-mesenchymal interfaces

During somitogenesis, ephrinB ligands, and EphB2 and
EphA4 receptors are expressed in and are partially re-
quired for somitogenesis, whereas in parallel regulating
neural crest migration and motor axon guidance (Durbin
et al. 1998 and references therein). We now show that
intersomitic vessels (identified by Flk-1 expression, Fig.
3A) that form at somite boundaries express EphB3 and
EphB4 receptors (Fig. 3C,D) at a time when ephrinB2 is
expressed in the caudal half of somites (Fig. 3B). Double
immunostaining for ephrinB2 and PECAM-1 demon-
strates the close contact between ephrinB2-expressing
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Figure 2. Expression of ephrinB ligands and EphB receptors in
embryonic blood vessels. (A) Schematic drawing of the embry-
onic vasculature with veins in blue and arteries and aortic
arches (black arrowheads) in red [modified from Streeter (1918)].
Whole-mount in situ hybridization on E9.5 wild-type embryos
with antisense probes as indicated (B,C,E,F) and an ephB4 sense
control (G), anterior is up, dorsal on the left. mRNA for
ephrinB2 (B) is expressed in dorsal aorta (white arrow) and aortic
arches (white arrowhead), whereas ephrinB1 transcripts (C) are
found in all major vessels including dorsal aorta, aortic arches
(white arrowhead), cardinal and umbilical veins (black arrows).
Receptors binding ephrinB2-AP are localized in cardinal and
umbilical veins, and in aortic arches (D). Expression of ephB3 (E)
and ephB4 (F) in anterior and posterior cardinal and tail veins,
sinus venosus. ephB3 is also expressed in aortic arches (white
arrowhead, E). (H-]) Cross sections of whole-mount in situ hy-
bridized embryos with the indicated antisense probes showing
vessel walls of the anterior cardinal vein (approximately the
same position for all three embryos). Dorsal is up. Note expres-
sion of ephrinB1, ephB3, and ephB4 in all or most endothelial
cells (arrowheads). (K,L) AP stainings of E10.5 wild-type em-
bryos. (K) Ligands of EphB3 in head vessels of different diam-
eters including branches of anterior cardinal vein (arrowhead)
and capillaries (white arrows). (L) Receptors of ephrinB2 in
larger head vessels as well as capillaries. (ACV) anterior cardinal
vein; (BA) branchial arches; (DA) dorsal aorta; (LB) limb bud;
(SV) sinus venosus; (PCV) posterior cardinal vein; (UV) umbili-
cal vein; (L) vessel lumen.

cells of the dermomyotome with vascular endothelial
cells that express EphB receptors (Fig. 3E,F). This sug-
gests a functional interaction between somitic ephrinB2
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and endothelial Eph receptors in the morphogenesis of
intersomitic vessels and the connecting capillary net-
work. The umbilical vein originating at the sinus veno-
sus near the heart represents another example of possible
functional interactions between a mesenchymal EphB
receptor and endothelial ephrinB ligands. EphB2 expres-
sion, visualized by staining for B-galactosidase of ephB2-
lacZ heterozygotes, was found in mesenchymal cells im-
mediately adjacent to the umbilical vein (Fig. 3G),
whereas venous endothelial cells, identified by PE-
CAM-1 staining (Fig. 3H), express ephrinB1 and EphB3/
EphB4 receptors (see Fig. 2).

Requirement for ephrinB2 and EphB2/EphB3 receptors
in yolk sac and embyonic vascular development

Targeted inactivation of the mouse ephrinB2 gene
(Bergemann et al. 1995) (see Materials and Methods) re-
vealed a requirement for ephrinB2 in the formation of

PECAM-1

Figure 3. Cell-cell contacts between ligand- and receptor-ex-
pressing endothelial and mesenchymal cells. Whole-mount in
situ hydrization on E9.5 embryos with antisense probes as in-
dicated. The trunk region is shown, rostral is up, dorsal is left
(A-D). Expression of fIk-1 (A), ephB3 (C), and ephB4 (D) in in-
tersomitic vessels. (B) ephrinB2 is expressed in the caudal half of
somites. Somite boundaries are indicated with a bracket. (E,F)
Whole-mount immunohistochemistry on E9.5 wild-type em-
bryos with antibodies against PECAM-1 (brown), staining inter-
somitic vessels, and ephrinB2 (violet) staining dorsal somites.
Tangential section, dorsal is up, rostral is left. A higher magni-
fication of the area indicated by a white box (E) is shown (F).
Note that endothelial cells are in direct contact with ephrinB2-
expressing somitic cells. (G) Cross section through an E10.5
EphB2lacZ mutant heterozygote (Henkemeyer et al. 1996) at
the level of the umbilical vein near the sinus venosus, stained
for B-galactosidase activity, dorsal is up. Expression of EphB2
(B-gal) can be seen in mesenchymal cells adjacent to unstained
endothelial cells of the vessel wall, as identified by PECAM-1
staining (H).



the embryonic vasculature. ephrinB2~/~ mutants at E9.5
and E10 were growth retarded and exhibited an inflated
pericardium with a beating heart, but with little, if any,
blood flow in the embryo (data not shown). E9.5 wild-
type yolk sacs exhibited hierarchically organized vessel
architecture with numerous large vitelline vessels,
whereas ephrinB2~/~ mutants of the same stage had pale
yolk sacs (Fig. 4B) and contained a primitive vascular
plexus consisting of a uniformly organized network of
small interconnecting vessels (data not shown), much
like the recently reported phenotype of ephrinB2/tau-
lacZ mutants (Wang et al. 1998). Our independently gen-
erated ephrinB2~/~ mutant therefore confirms that eph-
rinB2 has an essential role in early vascular develop-

“ephB2/B
Figure 4. Vascular defects of ephrinB2~/~ and ephB2/ephB3
double-mutant embryos. E9.5 yolk sacs of wild-type (A), eph-
rinB2~/~ (B) and ephB2/ephB3 double-homozygous mutants (C).
Lack of major vessel visible in freshly dissected homozygous
mutant yolk sacs. (D-I) Whole-mount immunohistochemistry
for PECAM-1. Vasculature in the trunk region of E10 embryos
stained for PECAM-1, rostral is up, dorsal is left. Appearance of
dorsal aorta (white arrow), aortic arches (white arrowheads), and
anterior cardinal vein (black arrow) in a wild-type embryo (D)
compared with ephrinB2~/~ mutants (E,F) and an ephB2/B3
double mutant (G) showing irregular shapes or complete disrup-
tion of major vessels. (H) Trunk region of double heterozygous
embryo (het/het) showing intact dorsal aorta and fourth aortic
arch (white arrowheads). (I) Trunk region of ephB2/ephB3
double-mutant embryo with defective fourth aortic arch and
dorsal aorta close to the arch (white arrowheads). (J,K) Cross
section through aortic arches of embryos shown in H and I,
rostral is up. Note that the normal vessel lumen (J) has not
formed in the double mutant (K).

ephrinB-EphB interactions in angiogenesis

ment. Moreover, we conclude that ephrinB1 expressed in
a partially overlapping domain is unable to compensate
for the lack of ephrinB2, suggesting distinct functions of
these two ligands in cell-to-cell interactions between
embryonic endothelial cells.

The observed expression of EphB2 and EphB3 receptors
in yolk sacs, and of EphB2 and EphB3 in embryonic mes-
enchyme and endothelial cells, respectively, prompted
us to examine ephB2/ephB3 double-mutant mice (Orioli
et al. 1996) for defects in vascular remodeling. With 30%
penetrance (10 of 32 double mutants), we recovered
double-homozygous embryos with vascular defects.
These mutants showed pale yolk sacs with few blood
vessels (Fig. 4C), were growth retarded compared with
their normal littermates and occasionally had extended
pericardial sacs (data not shown). No vascular defects
were observed in single ephB2 or ephB3 homozygotes,
possibly due to very low penetrance. In the embryo, vas-
cular defects were similar, but not identical to those ob-
served in ephrinB2~/~ mutants. In the trunk region, dor-
sal aorta, aortic arches, and large anterior, cardinal veins
are easily recognizable in PECAM-1-stained wild-type
embryos (Fig. 4D). Figure 4E shows a representative
ephrinB2~/~ mutant embryo, in which the dorsal aorta
primordia had formed normally, whereas the fourth aor-
tic arch and anterior cardinal vein were abnormal. In
more severe cases of ephrinB2~/~ mutants, we observed
embryos with one or no dorsal aorta, whereas cardinal
veins were always abnormal (Fig. 4F). Severely affected
ephB2/ephB3 double homozygotes had abnormally
shaped major vessel primordia (Fig. 4G). Less severely
affected embryos showed normal dorsal aortas and car-
dinal veins, but lacked a functional fourth aortic arch
that forms the outflow tract of the heart (Fig. 4H,1I). Cross
sections through this area of the trunk revealed that en-
dothelial cells had failed to organize into a luminar ves-
sel (Fig. 4],K). Taken together, these data indicate that a
significant proportion of embryos require EphB2/EphB3
receptors for proper vascular development. Both
ephrinB2~/~ and ephB2/ephB3 double mutants show a
variable phenotype with respect to the formation of large
vessel primordia by vasculogenesis, suggesting the coop-
eration of other ligands, possibly ephrinB1, and recep-
tors, such as EphB4, in this process.

Defective angiogenesis of head, heart, and intersomitic
vessels in ephrinB2 and ephB2/ephB3 mutant embryos

At E10, wild-type embryo heads contained a highly or-
ganized vascular system with large diameter branches
extending from the anterior cardinal vein (arrowheads
in Fig. 5A) and internal carotid artery. In contrast,
ephrinB2~/~ mutants exhibited a primitive vasculature
with uniformly sized, poorly organized vessels (Fig. 5B).
Likewise, ephB2/ephB3 double homozygotes have
fewer, small diameter head vessels (Fig. 5C) or, in severe
cases, were arrested at the primary capillary plexus stage
(data not shown), indicating that angiogenesis had not
occurred or was severely delayed. Whole-mount staining
with AP fusion proteins revealed partially overlapping
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Figure 5. Defects in the vasculature of
head, heart, and somitic vessels in eph-
rinB2~/~ and ephB2/ephB3 receptor double
mutants. Head region of PECAM-1-whole-
mount stained E10 embryos (A-C).
Branches of anterior cardinal vein of larger
diameter are indicated by white arrow-
heads (A). Note the absence of large diam-
eter vessels in the head of an ephB2/ephB3
double-mutant embryo (C). In more severe
examples of receptor double mutants (data
not shown) and in all ephrinB2~/~ mutant
embryos (B) head vasculature remains or-
ganized as a primitive capillary plexus.
PECAM-1-stained hearts of wild-type (D),
ephrinB2~/~ (E), ephB2/ephB3 double mu-
tants (F) at E10. Note smaller size of the
heart and reduced trabeculation in ven-
tricle (Ve) in ephrinB2~/~ (E) and ephB2/
ephB3 double mutants (F) compared with
wild-type heart (D). (G,H) Sections of PE-
CAM-1-stained hearts of wild-type (G) and
ephB2/ephB3 double mutants (H). (I-M)

expression of ephrinB ligands and EphB receptors in head
vessels, including the capillary bed of the head (Fig. 2K,L).

Normal heart ventricles are filled with numerous
myocardial trabeculations, finger-like projections of the
myocardial wall lined by PECAM-1 positive endocardial
cells (Fig. 5D,G). In contrast, ephrinB2~/~ and ephB2/
ephB3 mutant hearts were smaller and contained fewer
and less intricately folded trabeculae in heart ventricles
(Fig. 5E,F,H). This phenotype is reminiscent of that seen
in embryos lacking Angl (Suri et al. 1996) or its receptor
Tie-2 (Sato et al. 1995).

In the trunk region of wild-type embryos, intersomitic
vessels are arranged in segments located between somite
boundaries. On the dorsal side, they have been remod-
eled into a highly arborized capillary network (Fig. 5I). In
ephrinB2~/~ mutants, intersomitic vessels showed poor
organization and they were less branched than their
counterparts in wild-type embryos (Fig. 5]). In affected
ephB2/ephB3 double homozygotes, intersomitic vessels
were present in the normal segmented pattern. However,
abnormal dorsal branches were observed (arrowhead in
Fig. 5K). Similar abnormal branches within somites were
revealed in PECAM-1-stained sections of ephrinB2~/~
mutants (Fig. 5M, arrows). These results demonstrate a
requirement for EphB2 and EphB3 in heart development
and in remodeling of the vasculature of head and somites.

EphrinB ligands induce capillary sprouting
in an in vitro sprouting angiogenesis assay

To begin to determine the cellular responses to ephrin
signaling in angiogenesis, we used an in vitro sprouting
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Intersomitic vessels ofthe trunk at lumbar level stained for PECAM 1 (E10). (I) Wild-type embryo showmg segmented pattern of
intersomitic vessels (white arrows) and capillary network. Severe disorganization of intersomitic vessels and reduced capillary network
in ephrinB2~/~ mutants (J). ephB2/ephB3 double mutants show milder defects, e.g., abnormal dorsal sprouts from intersomitic vessels
(arrowhead, K). (L,M) Sagittal sections of PECAM-1 stained embryos. (L) Wild-type embryo. (M) ephrinB2~/~ embryo showing two
somites with normal vessels at somitic borders (*) and several somites with abnormal sprouts penetrating into somites (black arrows).

assay that recapitulates some aspects of sprouting angio-
genesis in vivo (Risau 1997). This assay involving adre-
nal-cortex-derived microvascular endothelial (ACE) cells
on microcarrier (MC) beads has been used to evaluate the
sprouting activity of Angl (Koblizek et al. 1998), which
is also required for vascular remodeling (Suri et al. 1996).
By flow cytometry with ephrinB-IgG fusion proteins
(ephrinB-Fc), the presence of receptors for ephrinB1 and
ephrinB2 was detected on ACE cells (data not shown).
Purified ephrinB1-Fc induced a highly significant in-
crease in the number of sprouts with a length exceeding
the diameter of the bead (Fig. 6). The sprouting activity
of ephrinB1 was completely blocked with Fc fusions of
two of the cognate receptors, EphB1 and EphB2 (Gale et
al. 1996) (Fig. 6D). No inhibition was observed in the
presence of EphA5-Fc, a member of the A subclass of
Eph receptors that does not bind to ephrinB1. Similar
sprouting activity was associated with ephrinB2-Fc. In-
terestingly, in this case, the ligand was only effective
when presented in a preclustered form (Fig. 6E). These
results suggest that ephrinB1 and ephrinB2 have stimu-
latory influences on capillary sprouting that may be
qualitatively different depending on their degree of clus-
tering, a fact that may be relevant for their in vivo func-
tions.

As presented above, the vascular phenotype of
ephrinB2 and EphB2/B3 mutants bear a striking resem-
blance to previously characterized mouse mutants of the
Tie and Ang family of RTKs and ligands (Dumont et al.
1994; Puri et al. 1995; Sato et al. 1995; Suri et al. 1996).
Furthermore, our in vitro assay demonstrates very simi-
lar cellular responses of endothelial cells to ligands of
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Figure 6. EphrinB ligands induce sprout-

ing angiogenesis in vitro. Adrenal-cortex-

derived microvascular endothelial (ACE)

cells (passage 11) on beads in three-dimen-

sional fibrin gels incubated with control

sample (A) or purified ephrinB1-Fc (B,C).

(A,B) Phase-contrast photomicrographs. (C)

Fluorescent nuclei of endothelial cells

stained with Hoechst dye. (D,E) Quantita-

tive analysis of sprout formation expressed

as the number of sprouts with lengths ex-

ceeding the diameter of the bead per 50 MC

beads. (D) EphrinB1-Fc (100 ng/ml) was

GST-Tie2  GST used unclustered in either absence or pres-
My - I 1 ence of 20 ng/ml of the receptors EphBl-
- + + Fc, EphB2-Fc, or EphA5-Fc. EphB2-Fc
alone had no sprouting activity in this as-
say. (E) EphrinB2-Fc (74 ng/ml) was used
either unclustered or preclustered and com-
pared with saturating amounts of Ang-1
(670 ng/ml) and VEGF (25 ng/ml). Values
are mean + S.E.M. (n = 4). (F) Angl receptor
(Tie-2) phosphorylates the ephrinBl1 cyto-
plasmic domain in vitro. Bacterially pro-
duced GST-Tie-2 or GST alone were puri-

fied and a fraction (200 ng) was combined with 200 ng of either GST-ephrinB1 extracellular domain (ext.) or GST-ephrinB1 cytoplas-
mic domain (cyto.) and subjected to an in vitro kinase reaction with the use of [y>**P]ATP. Reaction products were analyzed by 10%

SDS-PAGE, stained with Coomassie brilliant blue (not shown), dried,

and exposed to X-ray film. Note that the ephrinB1 cytoplasmic

domain, but not ephrinB1 extracellular domain, is a direct in vitro substrate of Tie-2.

both families, thus raising the possibility that these two
signaling systems may interact in the mediation of this
response. We have recently shown that activated PDGF
receptors can rapidly induce ephrinB tyrosine phos-
phorylation in cis (Briickner et al. 1997). Receptors for
Angl (Tie-2) and VEGEF share structural characteristics
with receptors for PDGF including multiple immuno-
globulin-like domains in their extracellular region and,
importantly, a split kinase domain (Fantl et al. 1993).
Therefore, we asked if there was a similar biochemical
interaction between Tie-2 receptors and ephrinB1. In an
in vitro kinase assay we observed that bacterially ex-
pressed GST-Tie2 is capable of directly phosphorylating
the ephrinB1 cytoplasmic domain (Fig. 6F). These results
suggest cross talk between the signaling pathways trig-
gered by soluble angiogenic factors and by cell-associated
ephrinB proteins.

Discussion

A recent report by Wang et al. (1998) presented a picture
in which ephrinB2 ligands on arteries interact with
EphB4 receptors on veins, and this interaction is required
and sufficient for early remodeling of the embryonic vas-
culature. Here we describe a much more complex situa-
tion, with two transmembrane ephrinB ligands and three
EphB3 receptors expressed in or adjacent to vascular en-
dothelial cells. We demonstrate that two Eph receptors,
EphB2 and EphB3, are critically required for the remod-
eling of the embryonic vasculature. Similar to mice lack-
ing ephrinB2, the angiogenic processes leading to the

network of small and large vessels and requiring sprout-
ing from and pruning of existing vessels are disrupted in
a fraction of ephB2/ephB3 double mutants. Furthermore,
our expression and phenotypic analyses suggest that eph-
rin-Eph interactions are not restricted to the arterial-
venous boundary, but occur throughout most of the vas-
culature, between endothelial cells and at endothelial-
mesenchymal contact zones.

Ephrins regulate capillary sprout formation in vitro

We also provide the first demonstration of a direct re-
sponse of endothelial cells to ephrins by showing that
soluble ephrinB ligands induce sprouting behavior by en-
dothelial cells in vitro with comparable potency to
known angiogenic factors such as Angl and VEGEF.
These findings suggest that ephrins have a stimulatory
role in capillary sprout formation. Alternatively, ephrin—
Eph signaling may participate in the regulation of con-
tact inhibition of endothelial cells. Exogenously pro-
vided ephrinB may relieve cells from contact inhibition,
possibly by increasing cell motility, thereby allowing
sprouting to occur in this assay. The relatively simple
assay gave an unexpectedly complex readout, providing
mechanistic insight into ephrin actions on this cell
population. Unclustered ephrinB1 was capable of induc-
ing capillary sprouts, whereas only preclustered eph-
rinB2 showed the same activity. Although it cannot be
excluded that a certain level of spontaneous clustering
occurred in some preparations of ephrinBl chimeras in
the absence of clustering antibodies, our findings corre-
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late well with published experiments on neurons that
showed that unclustered ephrinBl was active in an in
vitro collapse assay. Moreover, ephrinB2-Fc required pre-
clustering to activate EphB4 receptors (Meima et al.
1997). The in vivo correlates of these observations are
uncertain. On the one hand, the efficacy of unclustered
ephrinBl in vitro may imply that this ligand is effective
in vivo even at low expression levels that preclude pre-
sentation of clustered ligand. On the other hand, the re-
quirement for clustered ephrinB2 in vitro may imply
that the presentation of ephrinB2 by cells in vivo in clus-
tered and unclustered form, for example, because of dif-
ferent levels of expression or in response to yet-uniden-
tified molecular signals, could promote qualitatively dif-
ferent responses in endothelial cells.

Boundary formation between arterial
and venous domains

The mechanism of ephrinB and Eph receptor function in
vivo is unclear. The case is complicated, because (1) sev-
eral different ligands and receptors are present on endo-
thelial cells and adjacent structures in at least partially
overlapping expression patterns (this report; Pandey et
al. 1995), (2) ephrinB ligands exhibit largely promiscuous
binding to the various EphB receptors (Flanagan and
Vanderhaeghen 1998), (3) active ligand-receptor com-
plexes require higher order ephrin clusters (this report;
Davis et al. 1994, Gale and Yancopoulos 1997; Stein et
al. 1998), (4) ephrinB ligands and EphB receptors have the
capability to signal bidirectionally (Holland et al. 1996;
Briickner et al. 1997). On the basis of the complementary
expression of ephrinB2 on arteries and EphB4 receptors
on veins, it has been proposed that bidirectional signal-
ing by these two molecules is crucial for the develop-
ment of the embryonic vasculature (Wang et al. 1998). By
analogy to their known repulsive interactions in the ner-
vous system, it was suggested that ephrinB2-EphB4 in-
teractions may form a boundary between arterial and
venous domains that simply prevents cell intermixing
(Fig. 7A; Yancopoulos et al. 1998). It was suggested that
interaction at the boundary may also prevent the fusion
of arterial and venous structures into larger vessels, en-
suring that instead they remodel into a capillary net-
work. This model may in part be correct, but requires in
vitro data showing repulsive interactions between endo-
thelial cells via ephrin-Eph interactions. Our demonstra-
tion of coexpression of ephrinB1, EphB3, and EphB4 in
veins argues for more complex interactions. A model
based on repulsion would require signaling events medi-
ated by the interaction of ephrinB2 with EphB4 that are
distinct from interactions with coexpressed ephrinB1
and EphB3.

Ephrin-Eph interactions during vascular
morphogenesis

Our in situ hybridization analysis and AP whole-mount
stainings, as well as previously published in vitro obser-
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Figure 7. Presumed mechanisms and sites of action of ephrins
and Eph receptors during remodeling of the vasculature. (A) In-
teraction of ephrinB2 ligand expressed on arteries and EphB3
and EphB4 receptors expressed on veins demarcates the bound-
ary between arterial and venous domains. By analogy to the
action in the nervous system, it was suggested that ephrin-Eph
interactions may prevent intermixing of arterial and venous en-
dothelial cells and, following sprouting, may result in the for-
mation of a capillary network (Yancopoulos et al. 1998). How-
ever, this model was based on the exclusive and complementary
expression of ephrinB2 and EphB4. (B) Coexpression of ligands
and receptors on the same type of vessels (e.g., veins) provides a
cell-to-cell signal for endothelial cells that may rather be stimu-
latory and help to promote morphogenesis and sprouting. (C)
Mesenchymal cells adjacent to blood vessels also express eph-
rins or Eph receptors and may help patterning the vasculature.
In the somites, this signal may be inhibitory and prevent sprout-
ing, whereas in other regions, stimulatory signals are conceiv-
able. Mesenchymal cells are also the source of angiogenic fac-
tors such as Angl and VEGF, which may modulate ephrinB-
EphB receptor signaling.

vations (Stein et al. 1998) indicate that endothelial cells
can coexpress ephrin ligands and their cognate Eph re-
ceptors, suggesting that ephrin-Eph signaling partici-
pates in endothelial cell-to-cell communication. The ob-
served defects in aortic arches of ephrinB2~/~ and ephB2/
ephB3 double mutant embryos suggest such interactions
between ephrinB2, EphB3, and possibly ephrinB1 on en-
dothelial cells. Coexpression and interaction of eph-
rinB1, EphB3, and EphB4 on major vein primordia may
be required for remodeling of venous structures. We sug-
gest that cell-to-cell interactions between endothelial
cells of the same vessel type via the ephrin/Eph system
result in stimulatory signals that promote endothelial



morphogenesis and sprouting, eventually resulting in
formation of functional vessels (Fig. 7B). The signaling
events triggered in this process may be qualitatively dif-
ferent from signaling that occurs at the arterial-venous
boundary. Ligand clustering and unidirectional versus
bidirectional signaling could provide the molecular bases
for this difference in signaling.

Interactions between endothelial
and mesenchymal cells

An additional potential site of ephrin-Eph interaction is
at the endothelial-mesenchymal interface (Fig. 7C). We
observed mesenchymal cells of the dermomyotome ex-
pressing ephrinB2 to be in close contact with inter-
somitic vessels that express EphB3 and EphB4 receptors.
This expression is of functional relevance for vascular
remodeling, because it is correlated with a reduction of
the intersomitic capillary bed of ephrinB2~/~ and ephB2/
ephB3 double mutants. Moreover, during somitogenesis,
ephrinB2 is expressed in the caudal half of the somites
(see Fig. 3B; Wang and Anderson 1997) and may partici-
pate in the segmental organization of intersomitic ves-
sels. Consistent with this hypothesis, we found defective
segmental arrangement of intersomitic vessels in eph-
rinB2~/~ mutants and abnormal sprouts penetrating the
somites in ephB2/ephB3 mutants. On the basis of these
phenotypes, we speculate that the nature of the interac-
tion of somitic ephrinB2 with endothelial EphB receptors
may be to suppress sprouts, which are therefore seen in
the mutants. Consequently, EphB3 and EphB4 receptors
would have cell autonomous functions in this structure,
whereas mesenchymal ephrinB2 may function as a li-
gand for these receptors. The reciprocal situation was
observed in the umbilical vein, in which EphB2-express-
ing mesenchymal cells were in close contact with PE-
CAM-1 positive endothelial cells expressing the ligand
ephrinB1. Although we did not find any obvious defects
in this structure in ephB2/ephB3 mutant homozygotes,
perhaps because of functional redundancy with other
EphB receptors or the result of low penetrance, we specu-
late that Eph receptors expressed by cells adjacent to
endothelial cells may serve as ligands for endothelial
ephrins, which would engage in reverse signaling much
the same as has been proposed for anterior commissure
neurons (Henkemeyer et al. 1996; Orioli et al. 1996).
Mesenchymal cells are also the source of angiogenic
factors such as VEGF and Angl, the latter being required
for remodeling of the embryonic vasculature. How might
these two signaling systems interact in the developing
vasculature? EphrinB-EphB interactions may regulate
the expression of Angl or its receptors Tie-2 and Tie-1.
However, our preliminary RT-PCR expression analysis
indicates the presence of Angl, Tie-2, and Tie-1 mRNA
transcripts in ephrinB2~/~ mutants (data not shown). Al-
ternatively, Angl and VEGF may regulate ephrinB-EphB
signaling. Consistent with this hypothesis, we show that
Tie-2 can directly phosphorylate the cytoplasmic do-
main of ephrinB2 at least in vitro. Although in vivo data
are not yet available, it is possible that one of the actions
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of Angl is to activate ephrin—-Eph signaling by inducing
tyrosine phosphorylation and reverse signaling by eph-
rins. Whatever the mechanism, we suggest that mesen-
chymal cells interact with endothelial cells both through
secreted factors and by cell-to-cell signaling via the eph-
rinB-EphB system (Fig. 7C).

Angiogenesis in the nervous system

Vascular development of the nervous system involves
angiogenic sprouting from adjacent vessels into neuro-
ectodermal tissue and may be mediated by similar
mechanisms such as endothelial-mesenchymal interac-
tions. Interestingly, angiogenic sprouting into the ner-
vous system is disrupted in ephrinB2~/~ homozygotes
(data not shown; Wang et al. 1998). Those workers sug-
gested that ephrinB2 ligand signaling was required in ar-
terial endothelial cells after interaction with EphB2-ex-
pressing cells in the neural tube. However, we did not
observe defects in neural tube vascularization in ephB2/
ephB3 double knockout embryos (data not shown). This
may be due to overlapping expression and functional
compensation by other EphB receptors such as EphB1 in
the nervous system. Alternatively, it is possible that
ephrinB2 expressed at various levels of the neural tube
provides a sprout-inducing signal to EphB3/EphB4-ex-
pressing venous endothelial cells, thereby stimulating
capillary ingrowth into the neural tube. Analysis of con-
ditional mutant mice lacking ephrinB ligands in the ner-
vous system will hopefully clarify this issue.

Signaling events induced by ephrin—-Eph interactions

Some evidence suggests that the vascular phenotype ob-
served in the two classes of mutant embryos presented
here is at least in part due to interference with EphB
receptor signaling. Our in vitro data show an induction
of sprouting by soluble (clustered) ephrins, demonstrat-
ing a direct role of EphB receptors in mediating this re-
sponse, which mimics some aspects of vascular remod-
eling in vivo. Activated EphB receptors are known to
bind to the Ras GTPase activating protein, RasGAP (Hol-
land et al. 1997), which in turn recruits other signaling
molecules that may eventually mediate cellular re-
sponses such as changes in actin polymerization and cell
shape (Brickner and Klein 1998). Interestingly, mice
lacking RasGAP show vascular remodeling defects si-
miliar to the phenotypes of the mice described here
(Henkemeyer et al. 1995), raising the possibility that
RasGAP mediates EphB receptor signaling in endothelial
cells.

Reverse signaling by ephrinB ligands may also contrib-
ute to the phenotype of the mice described here. The
vascular remodeling deficit observed in ephB2/ephB3
double-mutant mice must at least partially reflect out-
side-in signaling into endothelial cells, because EphB2
expression is not observed on vessels. Functional redun-
dancy between mesenchymal EphB2 and endothelial
EphB3 receptors may be due to interaction with endo-
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thelial ephrinB1, whose main function may be that of a
receptor. Little is known about signaling events down-
stream of ephrins. Activated ephrinB ligands are phos-
phorylated on tyrosine, thus, initiating phosphotyrosine-
mediated signaling, and at the same time are inhibitory
for signaling by activated receptor tyrosine kinases ex-
pressed in the same cell (Briickner et al. 1997). This sug-
gests that ephrinB signaling in endothelial cells could
participate in cross talk with the many receptor tyrosine
kinases known to be essential for vasculogenesis and an-
giogenesis (Risau 1997).

Future directions

Ephrins and Eph receptors have been found to be ex-
pressed on a variety of solid tumors and in tumor cell
lines (Brambilla and Klein 1995). Our observations that
null mutations in these gene families result in defects in
vascular remodeling raise the possibility that blocking
ephrin-Eph receptor interaction could interfere with
neovascularization of tumor tissue and consequently tu-
mor growth. Conditional mutants lacking ephrins or Eph
receptors in adulthood may be important tools to dem-
onstrate a requirement for these molecules in pathologi-
cal angiogenesis.

Materials and methods

Targeting vector and generation of mutant mice

The replacement-type targeting vector pRA62 consisted of 11.7
kb of ephrinB2 genomic sequences (10.5 kb in the long arm and
1.2 kb in the short arm), a PGK driven neo cassette flanked by
loxP sites and a lacZ gene fused to the transmembrane domain
of mouse trkB [pJP68; position 422-460 in the trkB cDNA (Klein
etal. 1989)], inserted 5 amino acids downstream of the presump-
tive signal peptide of ephrinB2 [nucleotide position 87 in the
mouse ephrinB2 ¢cDNA (Bergemann et al. 1995)]. Cell culture,
electroporation of R1 ES cells, selection with G418, and blasto-
cyst injections were carried out according to standard protocols.
RT-PCR analysis was performed on early embryos and con-
firmed the absence of ephrinB2 mRNA in ephrinB2~/~ mutants
(data not shown). Heterozygous offspring showed no overt
phenotype, but no ephrinB2~/~ mutants were born following
intercrosses of heterozygous females and males, indicating
a recessive lethal phenotype. The number of heterozygotes
born was reduced by half (data not shown) suggesting a
dose-dependent embryonic requirement for ephrinB2. Mutant
phenotypes were analyzed with essentially the same results in
129/svev x C57Bl/6 and 129/svev x CD1 mixed genetic back-
grounds. EphB2 (Nuk) and EphB3 (Sek4) mutant mice have been
described (Henkemeyer et al. 1996; Orioli et al. 1996). The de-
scribed defects were observed in ephB27*/1¢Z.cphB3~/~ mu-
tants in a C57Bl/6 background.

RT-PCR analysis

mRNA was extracted from wild-type yolk sacs and embryos by
standard procedures and subjected to reverse transcription
with oligo(dT),s primers and PCR amplification. To detect
expression of various ephrin/eph genes, the following primer
pairs were used: ephrinB2, 5'-CTGTGCCAGACCAGACCA-
AGA-3' (sense), 5'-CAGCAGAACTTGCATCTTGTC-3' (anti-
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sense); ephrin-B1, 5'-AAGCCACACCAGGAAATCCGC-3’
(sense), 5'-CGGTGCCCGCTGTACCACTAC-3' (antisense);
ephB2, 5'-ATGCCCTTCTCCACCCTCTCC-3' (sense), 5'-TCT-
CCTAGTTATGAGTTCTAC-3’ (antisense); ephB3, 5'-GCTGG-
TGAGTTTGGGGAAGTG-3’ (sense), 5'-GTGACCCCAATCCT-
TAGCAG-3' (antisense); ephB4, 5'-CAGGTGGTCAGCGCT-
CTGGAC-3' (sense), 5'-ATCTGCCACGGTGGTGAGTCC-3’
(antisense).

Whole-mount immunohistochemistry

Wild-type and mutant embryos were isolated, fixed, and stained
with a rat antibody against PECAM-1 (Pharmingen 1:100 dilu-
tion) and secondary antibodies against rat IgG, and avidin-con-
jugated peroxidase (Vector) according to published protocols.
For double immunohistochemistry, embryos were fixed,
bleached with 5% H,0, in methanol for 5 hr, blocked with 3%
instant skim milk powder, 0.1% Triton X-100 in PBS for 2 hr,
and simultaneously incubated with primary antibodies against
PECAM-1 (Pharmingen, 1:100) and ephrinB2 (Santa Cruz, 1:50)
in blocking solution at 4°C overnight. After extensive washes in
blocking solution, embryos were again fixed in 4% paraformal-
dehyde for 2 hr, washed in PBS, and incubated at 65°C for 30
min to inactivate endogenous phosphatases. An additional
blocking for 2 hr was then followed by incubation with second-
ary antibodies (biotinylated anti-rat IgG, Vector, 1:100; anti-
rabbit IgG alkaline phosphatase conjugated, Sigma, 1:100) as
before. Finally, embryos were extensively washed, stained by
alkaline phosphatase reaction, incubated with avidin-conju-
gated peroxidase (Vector) overnight, again washed in blocking
buffer, and developed in 3,3’-diaminobenzidinetetrahydro-
chloride (DAB).

Whole-mount staining with alkaline phosphate fusion
proteins

Embryos and yolk sacs of wild-type embryos (CD1) were dis-
sected, treated with Dent’s fixative (20% DMSO, 80% metha-
nol) for 30 min at room temperature, washed three times with
PBS (5 min each), and incubated with fusion proteins (10 nm) of
Eph receptors or ephrins and human-secreted alkaline phospha-
tase (Brambilla et al. 1995) in DMEM, 10% calf serum, 0.1%
NaN;. Washing, heat inactivation of phosphatases, and color
development was performed as described previously (Cheng and
Flanagan 1994).

Whole-mount in situ hybridization

In situ hybridizations were performed as described (Haramis et
al. 1995) with unbleached E9.5 embryos treated with proteinase
K for 15 min. Probes were used as follows: Flk-1 (Millauer et al.
1993); ephrinB1, a 1.1-kb fragment corresponding to the full-
length coding region (Bouillet et al. 1995); ephrinB2, a 890-bp
fragment extending from nucleotide 4 to 894 (Bergemann et al.
1995); ephB3 (Orioli et al. 1996); ephB4, a 1146-bp fragment
extending from nucleotide 104 to 1250 (Ciossek et al. 1995);
lacZ, a 2.2-kb fragment encoding the carboxy-terminal 790
amino acids of § galactosidase.

In vitro sprouting angiogenesis assay

The assay and generation of Angl* was described (Koblizek et
al. 1998). Purifed Fc fusion proteins were described previously



(Davis et al. 1994; Gale et al. 1996). Clustering of ephrinB2-Fc
was done as described (Wang and Anderson 1997).

In vitro kinase assay

Fusion proteins of GST and mouse Tie2 cytoplasmic domain
(GST-Tie2), human ephrinBl (GST-ephrinBl1) extracellular or
cytoplasmic domain were expressed in bacterial strain XL1-blue
and purified according to standard protocols. GST-Tie2 or GST
(200-300 ng) control were incubated together with similiar
amounts of GST-ephrinB1 substrates in 20 mm HEPES (pH 7.2),
10 mm MnCl,, 1 mm DTT, 5 um ATP, 185 kBq [y->2PJATP
(Amersham), 100 nm sodium orthovanadate, 1x complete pro-
tease inhibitor cocktail (Boehringer Mannheim) for 20 min at
37°C. After separation of proteins by electrophoresis in a 10%
SDS—polyacrylamide gel, the vacuum-dried gel was exposed to
X-ray film (Kodak X-OMAT AR|) for 36 hr.
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