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Cardiovascular ephrinB2 function is essential for embryonic angiogenesis
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SUMMARY

EphrinB2, a transmembrane ligand of EphB receptor results in angiogenic remodeling defects identical to those
tyrosine kinases, is specifically expressed in arteries. In seen in the conventionalephrinB2 mutants. These data
ephrinB2 mutant embryos, there is a complete arrest of indicate that ephrinB2 is required specifically in
angiogenesis. However, ephrinB2 expression is not endothelial and endocardial cells for angiogenesis, and that
restricted to vascular endothelial cells, and it has been ephrinB2 expression in perivascular mesenchyme is not
proposed that its essential function may be exerted in sufficient to compensate for the loss of ephrinB2 in these
adjacent mesenchymal cells. We have generated mice in vascular cells.

which ephrinB2 is specifically deleted in the endothelium

and endocardium of the developing vasculature and heart.

We find that such a vascular-specific deletion afphrinB2  Key words: EphB4, EphrinB2, Angiogenesis, Vasculature, Mouse

INTRODUCTION (TGHB) (Goumans et al., 1999; Pepper, 1997; Oshima et al.,
1996; Dickson et al., 1995) and neuregulin (Kramer et al.,
The development of the embryonic vasculature involves th&996; Meyer and Birchmeier, 1995; Marchionni et al., 1993),
remodeling of a primitive capillary plexus into a more to surrounding support cells (reviewed by Flamme et al., 1997;
organized, highly branched vessel network (Risau an#lanahan, 1997). Endothelial cells must also interact with one
Flamme, 1995). The primary vascular plexi are laid dowranother, coordinating vessel integrity, identity, growth and
during the process of vasculogenesis, in which endotheliaémodeling via such molecules as Delta-4 (Krebs et al., 2000;
precursors aggregate to form blood islands in the yolk sashutter et al., 2000), integrinta (Friedlander et al., 1995;
and endothelial strands in the embryo proper (Risau anBrooks et al., 1994) and VE-cadherin (Gory-Faure et al., 1999;
Flamme, 1995). Angiogenesis, the adaptive morphogenetBreier et al., 1996). Therefore, both endothelial-support cell
transformation of these simple networks, results in organizeénd inter-endothelial communication are required for proper
highly branched, hierarchical networks of large and smalessel assembly (Gale and Yancopoulos, 1999; Hanahan, 1997;
vessels. Remodeling during angiogenesis occurs through tRk@lkman and D’Amore, 1996; Risau and Flamme, 1995).
sprouting of new branches, the pruning of existing branches, EPH receptor tyrosine kinases and their transmembrane
the fusion of neighboring capillaries and the splitting ofligands, the ephrins (Wilkinson, 2000), have recently been
individual capillaries (intussuception), as well as endotheliashown to be expressed in and around the developing circulatory
proliferation, apoptosis and migration (reviewed by Patansystem (reviewed by Adams and Klein, 2000). Several studies
2000; Yancopoulos et al., 2000). Integral to this process is theve implicated ephrin signaling in endothelial cell behavior
recruitment of supporting pericytes (Schor et al., 1995) andnd angiogenesis (Adams et al., 2001; Helbling et al., 2000;
smooth muscle cells (Oh et al., 2000; Yancopoulos et al., 2008dams et al., 1999; Gerety et al., 1999; Stein et al., 1998; Wang
Folkman and D’Amore, 1996). et al., 1998; Daniel et al., 1996; Stein et al., 1996). EphrinB2
Angiogenesis involves a complex series of reciproca(Efnb2 — Mouse Genome Informatics) is specifically expressed
interactions between the endothelial cells of the developino arterial endothelial cells, amphrinB2homozygous mutant
blood vessels and neighboring cells. Perivasculamice die at E9.5 with severe cardiovascular defects (Adams et
mesenchymal cells provide endothelial cells with signals suchl., 1999; Wang et al., 1998). To daéphrinB2is the only
as vascular endothelial growth factor (VEGF) (Carmeliet et algphrin ligand whose knockout shows an angiogenic phenotype
1996; Ferrara et al., 1996) and angiopoietin 1 (Angl) (DavigAdams et al., 1999). Deletion of tlephrinB2 cytoplasmic
et al., 1996; Suri et al., 1996; Sato et al., 1995; Dumont et adomain yields an identical vascular phenotype, consistent with
1994). In turn, endothelial cells send signals of their own, suctie notion that this transmembrane ligand functions in reverse
as platelet-derived growth factor (PDGF) (Hellstrom et al.signaling (Adams et al., 2001).
1999; Hirschi et al., 1999), transforming growth facfor Initial studies suggested that the main ligand function of
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ephrinB2 is exerted in the arterial endothelium, where iPGKneo and right arm fragment was then joined to the left arm
mediates signaling to veins via EphB4 (Ephb4 — Mous&onstruct. The resulting targeting construct thus contained 3 loxP sites
Genome Informatics), a receptor more abundantly expressédd. 1A, ‘Targeting vector' triangles). Cre recombinase mediated
on venous endothelial cells (Gerety et al., 1999; Wang et afeletion between the first and second sites results in loss of the
1998). Consistent with this notioEphb4mutant mice show epg”ﬂsgf:mpex‘?” °°d'“? re'gltc)inll while ?eft'%”thtwee” the second
- - o : - oS-~ and third loxP sites results in deletion of the neo cassette.
angiogenic defects similar or identical tp thosepirinB2: Electroporation and selection of AB-1 ES cells (strain 129 SvJ)
mice (.Gerety. et al., 1999). However, n ContrastEmhb4,' were performed essentially as described (Ma et al., 1998), with the
Whlc_h is (estrlcted to the Cardlovascylar system, expression cheption that FIAU selection was omitted. ES cell targeting
ephrinB2is not restricted to endothelial cells, but is also founckfficiency via G418 selection was one out of 12 clones. Homologous
in mesenchymal cells, pericytes and vascular smooth musalecombination of the targetedphrinB2 locus in ES cells was
cells surrounding sites of active angiogenesis (Gale et al., 200dgnfirmed byHindlIll restriction digest of genomic DNA and Southern
Shin et al., 2001; Adams et al., 1999; Wang et al., 1998). Thesotting. A 1 kbHindlll-Xba genomic fragment upstream of the left
observations suggested that ephrinB2 might mediate suppdm was used as a southern probe (Fig. 1A, ‘Probe A) to distinguish

cell to endothelial cell communication, as well as inter-the wild-type (6 kb) or targeted (4 kbphrinB2locus (Fig. 1B). _
endothelial interactions (Adams et al., 1999; Gale and To remove the Floxed PGKneo selection cassette, we used transient

Yancopoulos, 1999; Gerety et al., 1999). Consistent with thisexpression of Cre recombinase. Uncut pBS185 plasmid (Invitrogen)

o containing CMV-driven Cre recombinase expression was
recent studies in mouse (Adams et al.,, 1999) ¥edopus electroporated into homologously recombinant ES cells, and the cells

(Helbling et al., 2000) have attributed a role to mesenchymegere plated at high density. After 48 hours of growth, the cells were
derived ephrinB2 signals in restricting blood vessel growth t@ypsinized and replated at low density. Between 10 and 14 days of
the intersomitic space. In these experiments, however, ephrfiowth, individual colonies were picked and replated into 96-well
signaling was disrupted throughout the embryo, obscuring itslates. Southern blot analyses of genomic DNA isolated from plate
essential site of action. replicates identified ES clones that had undergone deletion of the
We were interested in determining whether endotheliaPGKneo cassette but retained an intact exon | (Fig. 1A, ‘Floxed
ephrinB2 expression is essential for angiogenesis, or [Pcus’; Fig. 1C, ‘Neo deleted’). Genomic DNA was cut wkitmdlll,
ephrinB2 derived from perivascular mesenchyme is sufficier@d @ 1.2 kiicaRI-Hindlll genomic fragment was used as a Southemn
to drive vascular remodeling. We therefore constructed robe (Fig. 1A, ‘Probe BY). Wild-type, exon 1-deleted and fully

o . . eleted loci were indistinguishable using this Southern blot strategy,
conditional allele ofephrinB2 that can be excised by the ¢ they all generate a band of approximately 6kb (Fig. 1C,

expression of Cre recombinase (Cre) in a tissue of interegfjigtype’). Blastocyst injection of floxe@phrinB2ES cells were
(Nagy, 2000; Orban et al., 1992). Endothelial-specific deletioferformed essentially as described (Ma et al., 1998). Germline
was accomplished by the use of a transg&@2-Cre mouse chimeras were crossed onto a pure C57/Bl6 background and all
line that expresses Cre in endothelial cells of the embrysubsequent breeding was done in a C57/BI6 background.
(Kisanuki et al., 2001). This endothelial specific knockout of _

ephrinB2leads to angiogenic remodeling and cardiac defect§€N°YPINg N _

that are indistinguishable from those of the conventionaPCR genotyping for the conditionaphrinB2allele (floxed allele)

; formed with a' primer specific for the'3oxP site insertion,
ephrinB2 knockout (Wang et al., 1998). These data’V@s Per .
demonstrate that ephrinB2 is absolutely required in th -AAGTTATAAGCTTCAACGCGTCC-3 (TF3), and a 3 primer

. - . the genomic region downstream of exon 1-GAGC-
endothelial and endoqardlal cells of the developing MOUSE CCAGGTTCTAGAATAACTTCG-3 (RF1) (product size of 320
embryo for proper cardiovascular development of both arterigs,) “ Genotyping of theephrinB2-laczallele was carried out with
and veins. In all cases examined, ephrinB2 expression e following lacZ-specific primer pair: 'SCGCCCGTTGC-
adjacent mesenchymal tissue was not sufficient to compensate CACAGATG-3  (UX-161) and 5CCAGCTGGCGTAA-
for the loss of endothelial expression in neighboring vesselsTAGCGAAG-3 (UX-160G) (product size of 370 bp). TA&e2-Cre
transgene was detected by allele specific primers, withpairGer
in the Tie2 promoter, 5GGGAAGTCGCAAAGTTGTGAGTT-3
(Tie2T5F1) and a '3 primer in the Cre gene, 5CTA-

MATERIALS AND METHODS GAGCCTGTTTTGCACGTTC-3 (Cre2) (product size of 490 bp).
) ) The wild-type ephrinB2 locus was detected with a' Primer
Generation of a floxed ephrinB2 allele that includes sequence flanking the insertedo®P site, and a'3

Genomic clones for thephrinB2 locus were previously isolated primer downstream of the first exon-GCTGCCCGCGGCCGG-
(Wang et al., 1998). A double-stranded oligonucleotide containing theCCCAACG-3 (BrgF1l) and 5CCGTTAGTGGCAACGTCCTCC-

34 bp loxP site sequence and &ltdlll restriction site was inserted GTCCTCG-3 (HL-I-R2h) (product size of 580bp). Conditional
into anEagd restriction site at position —45 bp in theWBTR of an  knockout mice were identified by the presencxiP-allele specific,
ephrinB2genomic clone that included the first coding exon. FromlacZ allele specific andie2Cre specific PCR products. Homozygous
this modified clone anEag-EcdRl restriction fragment, which ephrinB2-lacZembryos were identified by the presencelafZ-
encompassed the sequence from Ithé® site through the end of specific PCR products and the absence of wild-ggieinB2specific
coding exon |, was ligated to a 2.8 Kbd-Ead genomic fragment PCR products (in duplicate). HomozygaghrinB2-loxPmice were
used as the left targeting arm. A 100 BpoRI-Xba genomic identified by the presence of loxP-allele specific PCR products and
fragment starting at the end of exon | was cloned downstream of thike absence of wild-typephrinB2specific PCR products. In all
left targeting arm, thereby restoring the complete genomic sequeneebryos, a small amount of tissue was collected from the tail region
of this locus. For construction of the right targeting arm, a 5Xeb for genomic DNA isolation and genotyping. To demonstrate deletion
Aspr18 genomic fragment starting 100 bp downstream of first codingf ephrinB2-loxPexon | in vivo, the following primers were used
exon was cloned in multiple steps downstream loikR site-flanked  to distinguish intact (636 bp) and deleted (309 bphrinB2-loxP
PGK-neomycirgene (Floxed PGKneo, a generous gift from J. Yoonalleles: 5-CGGCCGGTCCATAACTTCGTATAGCA-3 (HLF1) and

and B. Wold) derived from pPNT (Tybulewicz et al., 1991). This5-CCGTTAGTGGCAACGTCCTCCGTCCTCG-ZHL-I-R2h).
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To generate conditionally deletegphrinB2 embryos, we first E8.25 and E9.5, fixed in 0.25% glutaraldehyde/PBS for 5 minutes,
generated mice heterozygous for both ¢pharinB2-lacZallele and  rinsed twice with PBS, and stained overnight at 37°C in X-Gal buffer
the Tie2-Cre transgene gphrinB2acZ+; Tie2-Cre*). These mice were [1.3 mg/ml potassium ferrocyanide, 1 mg/ml potassium ferricyanide,
then crossed teephrinB2loxP (ephrinB2°XP#) heterozygous (or 0.2% Triton X-100, 1 mM MgGland 1 mg/ml X-Gal in phosphate-
ephrinB2oxPlloxP homozygous) mice. EphrinB2  conventional buffered saline (PBS, pH 7.2)]. For antibody staining, embryos were
knockouts were generated by intercross ephrinB3acZ+ first fixed overnight in 4% paraformaldehyde/PBS at 4°C. For section
heterozygotes (Wang et al., 1998). For vascular-spedfie staining, embryos were embedded in 15% sucrose and 7.5% gelatin
Recombinase expression, we used Tie2Cre transgenic mouse in PBS, and 15um sections were collected on a cryostat. Whole-
(Kisanuki et al., 2001). THEe2Creexpression pattern was examined mount staining procedures with anti-PECAM1 antibody (clone MEC
by crossingTie2Cre mice to the R26R RoskcZ reporter mice  13.3, Pharmingen, 1:200 overnight at 4°C) and Bug&lactosidase
(Soriano, 1999). Embryos were collected at E8.25-E9.5 and processadtibody (3-prime 5-prime, 1:1000, overnight at 4°C) were essentially
as described below by X-gal development or immunofluoresceras described (Wang et al., 1998). Either HRP-conjugated secondary

double-labeling. antibodies (Jackson, 1:200, overnight at 4°C) or secondary antibodies
] ) ) o conjugated to FITC or Alexa-568 (Jackson, 1:200, and Molecular
lacZ and immunohistochemical staining Probes 1:250, 1 hour at room temperature) were used for whole-mount

To examindacZ expression, mouse embryos were dissected betweestaining. For immunofluorescent detection on sections, secondary

A H X NE E HE A
Wildtype locus L 1 ” | 11 ]
[ vl e 1
— 6 Kb =—r= 2 \
] ] - ]
n n "o 1
X NE ~ E H E A
Targeting vector I_’D | L/
H X PGKneo /7
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(with neo) l 1 ] Ll 1
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€ 4 kb 3
Floxed locus H X N E E H E A
(after Cre excision of neo) L 1 *’ 1 1 ] 1
H X
——2kb—3
Targeted locus H X E H E A
(after Cre excision of EphrinB2) | 1 ' ] Ll ]
P represents LoxP site Southern probe A Southern probe B
LOXP+
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Fig. 1. Generation of the FloxegphrinB2locus. (A) Restriction maps of the wild-typphrinB2locus, the targeting vector, the initial targeted
locus, floxed locus after neo deletion and targeted locus after complete deletion. The targeting vectolocdrgdas (arrowheads) flanking
the first coding exon (gray bar). It also contains a floxed PGK-neomycin (‘PGKneo’) selection cassette that was subsequedthyremo
transient Cre expression to avoid disturbing norapalrinB2transcription (see C). (B) Confirmation of homologous recombination of the
targeting vector by Southern blotting. The ES cell genomic DNA has been digestétingiih, and hybridized with Southern probe A (see
A). Wild-type (6 kb) and targeted (4 kb) loci differ byHandlll site flanking the 5loxP site (see A). (C) Identification of ES cells that have
undergone PGKneo cassette deletion (see A) after tra@@iereacombinase expression. Genomic DNA was digestedHittlll, and
hybridized with southern probe B (see A). ‘Neo deleted’ indicates loss of PGKneo cassette with retention of the first ézorofiede

entire region or deletion of the floxed exon are not distinguishable from wild type in this Southern blot. (D) ConfirnegfiwimBRexon 1
deletion in mice. Progeny of @aphrinB2°XP#* X CMV-Crecross show intact (long) or deleted (short) PCR products with primers specific for
the loxP allele.
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antibodies conjugated to FITC or Alexa-568 (Jackson, 1:200, antimepoints of vascular development (Dumont et al., 1995;
Molecular Probes 1:250) were applied for 1 hour at room temperaturBumont et al., 1992). Th&@ie2 promoter/enhancer is well
For whole-mount immunofluorescent staining, embryos were clearegharacterized and has been shown to drive specifically
in Vectorshield (Molecular Probes) for 20 minutes subsequent to trl‘?anscription in the majority of embryonic endothelial cells
final antibody wash, then mounted on a slide whose coverslip Wa(?‘:chlaeger et al., 1995; Schlaeger et al., 1997).

elevated by a bridge of two coverslips on each side. This enabled usephrinBZexpréssion ’in the vasculaturé is first seen around

to avoid crushing the embryos. All confocal microscopy was carrie . ) . -
out on a Leica SP confocal (Leica). All brightfield images were 8.25, immediately after the formation of the primary vascular

captured using an Axiocam CCD camera (Zeiss). plexus (Wang et al., 1998). HomozygoephrinBacZlacz
mutants first exhibit cardiovascular defects around E9 (Wang
In situ hybridization et al., 1998). These two timepoints define the interval during

In situ hybridization was carried out essentially as described (Wanghich ephrinB2 function is first required in the vasculature. To
et al., 1998; Birren et al., 1993). E9 embryos were cryosectioned gerify that theTie2Cre transgene is expressed during this
15 um, and adjacent sections were hybridized with RNA probesnterval, we crossedie2-Cré mice to the Rosa26 reporter
against theephrinB2EC domain (Wang et al., 1998) afitkl (Kdr—  (R26R) strain (Soriano, 1999). In the R26R reporter mice, a
Mouse Genome Informatics; a generous gift from T. Sato). floxed transcriptional/translational stop cassette (floxed STOP)
(Lakso et al.,, 1992) is present between the ubiquitously
expressing Rosa26 promoter and theZ gene. Any cell
RESULTS expressingCre will excise the floxed STOP, allowiniaczZ
, . . expression in that cell and all its progeny (Nagy, 2000). Using
Generation of a conditional ephrinB2 allele
To study the role of ephrinB2 specifically in the vasculature
we generated doxP flanked (floxed)ephrinB2 allele. A A
targeting construct was created with ¢oP site inserted into
the 3 UTR at —45bp, and a second site inserted 100 b
downstream of exon | as part oflexP flanked neomycin
resistance cassette (floxed PGKneo, Fig. 1A, ‘PGKneo’). Thi
arrangement placed loxP sites flanking exon I, which encode
the ephrinB2 signal peptide, followed by thed cassette.
Homologous recombinant ES cells were identified by G41!
selection and southern analysis (Fig. 1B, ‘loxP-neo/+’). The
floxed neo cassette was then deleted by transiemet
expression in ES cells. ES cells with only the neo casset
deleted, and an intatbxP-flanked exon | (Fig. 1A, ‘Floxed
locus’), were identified by Southern analysis (Fig. 1C), anc
used to generate chimeric mice. Subsequent intercrossing of
ephrinB2oXP* mice generated homozygoephrinB2xP/loxP
mice at expected Mendelian ratios. No obvious detriment t
the development and reproductive capacity of the mic
carrying two floxed alleles was observed. This suggests that tl
genomic alteration introduced had no measurable effect c
ephrinB2expression or function.

To verify that the floxeéphrinB2allele was able to undergo |B
Cre-mediated deletiorgphrinB2°xP* mice were crossed to a
CMV-Cremouse, in whiclCre is expressed in all cells of the
early embryo (Zinyk et al., 1998). Embryos that inherited bott
the ephrinB2°*P allele and theCMV-Cre transgene show
deletion of the loxP allele by PCR analysis (Fig. 1D, right
panel, lower band, ‘deleted’). Embryos that inherited the
ephrinB2°X allele but noCre transgene showed no deletion Fig. 2. Tie2-Cre activity in early embryogenesis is restricted to the
(Fig. 1D, left panel, upper band, ‘intact’). Sequencing of thesvasculature. (A-E) Widespread vascular activityfie2-Cre in the
PCR products confirmed the deletion event (data not showrprogeny of alie2-Cre X R26RlacZ reporter cross at E8.25, revealed
Deletion ofephrinB2exon | by Cre recombinase removes theby X-gal staining (blue color). (A) The highly vascularized yolk sac
signal peptide, creating a null allele similar in structure to th(YS) shows intens&ie2-Cre activity. The primitive vasculature
original conventionakphrinB2knockout allele (Wang et al., throughout the embryo proper (arrowheads) also sfi@@Cre

fros gl

1 with ndacZ marker incl ) activity. (B) Close-up photograph of intersomitic sprouts (arrows)
998), but with ndacz marker included from the dorsal aorta (DA) of a similar embryo to (A) shdve-
Embryonic endothelial-specific Cre expression Creactivity in vessels undergoing angiogenic sprouting. (C-E)

. o . . Sections of littermates of A, showiffge2-Cre activity in vessels
To knock outephrinB2 specifically in endothelial cells, we (arowheads) of the head (C), hindbrain (D) and trunk (E). The
used an endothelial-specifire-expressing transgenic mouse endocardial lining of the heart is also positive (E, arrows), as
line, Tie2Cre (Kisanuki et al., 2001)Tie2, a pan-endothelial expected (Kisanuki et al., 2000). Sections were counterstained with
receptor tyrosine kinase, is expressed from the earlieHematoxylin.
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this reporter line, we confirmed thafie2-Cre is active this litter for comparison (Fig. 3B). The vascular-specific
throughout the vasculature as early as E8.25 (Fig. 2). At thienockout €phrinB2 1acZ/loxP-Tie2.Cre*) embryos appeared
stage, the yolk sac, a highly vascularized extra-embryonisimilar to the conventionaphrinB2acZlacZ mytants in their
tissue, shows widesprede2Cre activity (Fig. 2A 'YS’). The  reduced size, underdevelopment and vascular disorganization
primitive vasculature of the embryo proper also showe®- (compare Fig. 3C with 3B). Conditional and conventional
Cre activity (Fig. 2A, arrowheads) throughout the vessels oknockout embryos were recovered at expected Mendelian
the head, heart region and trunk (Fig. 2C-E, respectivelyatios at E9.5 (1 in 3.9 and 1 in 3.8 respectivety113 and
arrowheads). The endothelial lining of the heart, thew=42). 100% of conditional mutants recovered at this stage
endocardium, is also positive, as expected (Fig. 2E, arrowshow growth arrest and vascular defects of the yolk sac,
(Kisanuki et al., 2001; Schlaeger et al., 1997). As ephrinB2mbryo proper and hearn=29).

activity is thought to play a role in angiogenic sprouting ] ) o )

(Adams et al., 1999), we wanted to confirm flia2Crewas  EphrinB2 is required in endothelial cells for proper

active in endothelial sprouts. Intersomitic vessels derived fror€ripheral angiogenesis

vascular sprouts of the dorsal aorta showed clés2Cre  Yolk sac

activity (Fig. 2B, arrows, ‘DA). ThusTie2Creis specifically A prominent site of angiogenesis in the early embryo is the
expressed in the endothelium, including angiogenic sprout§olk sac, where a primitive vascular plexus of small diameter
from a timepoint early enough to dele¢phrinB2when its  capillaries is assembled by E8.5. This plexus rapidly remodels
angiogenic function is first required (Adams et al., 1999; Wanehto a complex, hierarchically branched network. In the yolk

et al., 1998). sac, ephrinB2 expression is restricted to the endothelium of the
N ) ) _ arteries (Wang et al.,, 1998) and is required for angiogenic

Vascular-specific deletion of ephrinB2 results in remodeling of the primary yolk sac plexus (Adams et al., 1999;

growth arrest Wang et al., 1998). In situ hybridization of sectioned yolk sac

In order to knock outphrinB2in the vasculature, we generated from E9 embryos with RNA probes tephrinB2 and Flk1

mice heterozygous for both the conventioratbZ-marked confirmed that expression ephrinB2was restricted to the
ephrinB2allele (Wang et al., 1998) and thie2-Cretransgene endothelial Flk1 positive cells (compare Fig. 4A with D). As
(ephrinB2acZ+:Tie2-Cre*), and crossed them &phrinB2°xP*  expected, therefore, in both the conditional and conventional
(or ephrinB2oxPoxP) mice. We collected embryos from this knockouts,ephrinB2expression is absent from the yolk sac
cross at E9.5 and visualized the vasculature by whole-mouf(fig. 4B,C versus A).

antibody staining for PECAM1, a pan-endothelial marker The restriction ofephrinB2 expression in yolk sac to the
(Fig. 3). We observed a dramatic underdevelopment oféndothelium suggested that the phenotype of the endothelial
ephrinB2acZ/loxPTie2.Cret  embryos (Fig. 3C) compared specific knockout in this tissue should be identical to that seen
with wild-type littermates (Fig. 3A):
they were smaller and appea
developmentally less advanced. TI EpbrinE2
hearts were swollen, but were ¢
beating. Blood was occasionally s
flowing through the aortic archs
anterior cardinal veins (ACVs) a
dorsal aorta. The vasculature
conditional knockouts was disorgani:
and less intricately developed than
of wild-type littermates, or littermat
that lack theTie2-Cretransgene or ot
of the targeteeéphrinB2alleles (Fig. 3D
F). A conventionaéphrinB2mutant wa
collected and stained side-by-side \

LacZ/LacZ EphrinBELEcz‘““P

Tie2-Cre+

F LacZo : LoxP/+ . " LacZi+
Fig. 3.Gross morphology of conditional Ephring2 ~Papiape . = i ™
ephrinB2knockout embryos and littermates. ; ' L)
Comparison of embryos from an > !. 4 _
L] e / 4

ephrinB22¢Z+: Tie2-Cre* X ephrinB2oxPH o 1e. A
cross (A,C-F), and from agphrinBJacZ+ : {s o
intercross (B) by anti-PECAML1 staining at . : v st
E9.5. The conditionaphrinB2knockout ' - o &
embryo (C) is growth retarded compared Pt [ N
with its wild-type littermates (A) and
littermates that lack either tfiée2-Cre

allele or one of the targeteghrinB2alleles
(D-F). AnephrinB2-laczhomozygous
embryo (B) shows developmental arrest
similar to the conditional knockout embryo
(compare with C).
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LacZ/+ LacZ/LacZ LacZ/LoxP & ) . L
EphrinB2 EphrinB2 EphrinB2 ;Tie2-Cre Fig. 4. Yolk sac angiogenesis is

defective in conditionaéphrinB2
knockout embryos. (A-F) Restriction
of ephrinB2mRNA expression to
endothelial cells of the E9 yolk sac is
revealed by in situ hybridization with
ephrinB2(A-C) andFIk1 (an
endothelial-specific marker, D-F)
RNA probes on sections of
ephrinB22cZ+ control (A,D)
ephrinB2acZlacZ (B E) and conditional
ephrinB2knockout (C,F) yolk sacs at
E9. EphrinB2 mRNA in controls is
expressed ifrlk1-positive endothelial
cells (A versus D), and is lost in both
conventional (B) and conditional (C)
ephrinB2mutants. (G-1) Identical
defects in yolk sac vessel remodeling
are seen iephrinB2acZ'acZ (H) and
conditionalephrinB2(l) knockout
embryos compared with
ephrinB22°Z+ controls (G) are
revealed by whole-mount anti-
PECAM1 staining of E9.5 yolk sacs.
The large (arrow) and small
(arrowheads) branches in control yolk
sacs (G) are instead a plexus of
equally sized capillaries (arrowheads)
in both mutants (H,I).

Flk-1 |[[ EphrinB2 |

Pecam-1

in the conventionakphrinB2 knockout. Examination of the where no arteriovenous (AV) interface is apparent at E9.5,
yolk sac vasculature of endothelial-speafhrinB2knockout  suggested that ephrinB2 from perivascular mesenchymal cells
embryos €phrinB2acZ/loxP. Tie2.Cre*) at E9.5 confirmed this, might signal to EphB4-expressing vessels (Gerety et al., 1999).
revealing that the failure of arterial and venous angiogenesiBouble-labeling of E9.5 embryos fromTae2-Cre X R26R
identical to that seen in thephrinB2acZ'acZ homozygous lacZ reporter cross with anti-PECAM1 and aftisal
embryos (Fig. 4l versus 4H, and data not shown). The yolk saonfirmed thaflie2Cre is active only in the endothelium of
vasculature in the conditional knockout was a homogeneouke hindbrain (Fig. 5D-F, green and red channels, respectively,
capillary bed, suggesting an arrest in development of arteriegsrows). We confirmed vessel-specific deletion by in situ
and veins at the primary plexus stage. This is in stark contralsybridization on conventionally and conditionally knocked-out
to the yolk sac vasculature of littermates, where extensivembryos and littermates (Fig. 5G-L). ComparisoemfrinB2
remodeling of vessels is seen by this age (compare Fig. 4@obe andFIkl probe staining shows thaphrinB2 was

with 1). selectively lost in the endothelium (Fig. 5I,L versus 5G,J,
) ] o ) arrows), and was still present in the non-vascular tissues (Fig.

EphrinB2 expressed in arteries is required for 5G versus |, arrowheads) of conditional knockout embryos.

remodeling of the anterior cardinal vein FIk1 in situ hybridization signals confirmed the presence of

The anterior cardinal veins are the main vessels that transpemndothelial cells in these samples (Fig. 5J-L).

blood from the head back through the sinus venosus to theWe anticipated that the endothelial specific knockout of
heart. These lateral vessels appear around E8.5, after thphrinB2might result in a rescue by mesenchymal ephrinB2
formation of the dorsal aorta. Each ACV arises initially fromof the ACV phenotype seen conventioreghrinB2acZlacz

the fusion of multiple small vessels present in the laterahomozygous mutants. To our surprisphrinB2acZ/loxP-Tie2.
mesenchyme of the hindbrain and head (Coffin and Pool&re" embryos at E9.5 show a failure of ACV assembly and
1988). The early, small diameter vessels that will give rise teemodeling (compare Fig. 5M with O, arrows). This defect
the ACVs express EphB4 receptor (Gerety et al., 1999was indistinguishable from that seen @phrinB2acZlacz
EphrinB2 is expressed extensively in the hindbrairhomozygotes (compare Fig. 5N with O, arrows). To understand
mesenchyme surrounding the developing ACV, as well as ihow the loss of endothelial ephrinB2 could affect the
neighboring neuroepithelium (Fig. 5A-C, red channel, blackdevelopment of venous vessels apparently not in direct contact
and white arrowheads, respectively) (Wang et al., 1998). Botwith ephrinB2-expressing arteries, we colleattirinB2acZ+
ephrinB22¢Z and Ephb42°Z homozygous embryos show a embryos at the 12-13 somite stage (E8.5), a timepoint at which
failure of ACV assembly, resulting in a plexus of disorganizedhe ACV is in the process of forming, and 24 hours before the
small-diameter vessels (Fig. 5N) (Adams et al., 1999; Geretyutant phenotype is clearly visible in the ACV. The embryos
et al., 1999). This angiogenic remodeling defect, in a placeere stained with anti-PECAM1, and afitgal to detect the
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ephrinB2lacZ expression. As expected (Wang et al., 1998), th&ndothelial ephrinB2 is required for angiogenesis of

dorsal aorta was positive f@-gal (Fig. 5P-R, red channel, arteries in the head

arrows), as was the surrounding mesenchyme (Fig. 5P-R, r&@scularization of the head results in a characteristic
channel, black arrowheads). We observed numerous smadilierarchical branching pattern of large to small vessels,
branches emanating from the dorsal aorta (Fig. 5P-R, whiiacluding morphogenesis of the internal carotid artery (ICA)
arrowheads), extending to the forming ACV (Fig. 5P-R,(Coffin and Poole, 1988). IephrinBacZlacZ homozygous
outlined by broken white lines). This reveals that there is autant embryos, this network does not develop properly,
transient continuity between the developing ACV network andesulting in a disorganized, often fused network of capillaries
the fully formed dorsal aorta at early stages, and that most thegég. 6N) (Adams et al., 1999; Wang et al., 1998). EphrinB2
vessels appear to be pruned by E9.5. This transient contact mayexpressed in arterial endothelial cells of the head (Fig. 6A,B,
represent the locus at which arterial ephrinB2 function ised channel, arrows), as well as extensively in the mesenchyme
required for proper ACV morphogenesis. Thus, these dat@nd neuroepithelium of the developing brain (Fig. 6A,B, red
suggest that ephrinB2 expressed in arterial endothelial cells ¢éhannel, black and white arrowheads respectively) (Wang
required for proper angiogenesis of veins. et al., 1998). Previous studies have indicted that ephrinB2

Fig. 5. Defective remodeling of the anterior
cardinal vein (ACV) of conditionally deleted
ephrinB2embryos. (A-C) EphrinB2 expression is
widespread in the hindbrain. Ephrin®Z+ mice at
E9.5 were sectioned and stained for PECAM-1 (A
and C, green channel) afiejal (A and B, red
channel). A merged image in A shows ephrinB2
expression in both arterial endothelium (yellow,
arrows) and non-endothelial mesenchyme (red
channel, black arrowheads) and neuroepithelium
(red channel, white arrowheads). (DIF¢2-Cre
activity is restricted to endothelial cells of the
hindbrain. Embryos from @ie2-Cre X RosatacZ
reporter cross at E9.5, sectioned and stained for
PECAM-1 (D and F, green channel) gidal (D

and E, red channel) show complete overlap
(arrows). A merged image is shown in (D). (G-L)
EphrinB2 mRNA expression is lost specifically in
the hindbrain vasculature of conditional knockout
embryos. Sections througiphrinB22¢Z+ (G,J),
ephrinB2acZiacZ (H K) andephrinB2acZ/loxP. Tig2-
Cre* (conditional knockout, I,L) hindbrain regions
were hybridized with RNA in situ probes to
ephrinB2(G-1) andFIk1 (J-L), and show loss of
ephrinB2in vessels of conditional knockout
embryos (compare G and J with | and L, arrows).
EphrinB2 mRNA is completely absent in the
ephrinBJacZiacZ conventional knockout (H) but
remains in the mesenchyme (white arrowheads) and
neuroepithelium (black arrowheads) of conditional
knockout embryos (compare G versus ). (M-O)
Whole-mount PECAM-1 staining shows a failure
of assembly of the ACV in conditional knockout
embryos compared witiphrinB2acZ* controls
(compare O with M, arrows). EphrinBgZtacZ
embryos show an identical vascular phenotype
(compare O with N). Image in O is a close-up of
embryo in Fig. 3C. (P-R) Vascular sprouts connect
the ACV to the dorsal aorta at E8.5. Whole-mount
staining for PECAML1 (P,R, green channel) §ad
gal (P,Q, red channel) ephrinB22cZ* mice show
multiple vascular branches (P and R, white
arrowheads) interconnecting the ACV primordium
(P-R, outlined by broken white lines) and the
ephrinB2 expressing dorsal aorta (arrows). A
merged image in (P) shows mesenchymal ephrinB2
expression (red, black arrowheads) surrounding the
immature ACV plexus (green channel, outlined by
broken white lines).
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function is essential for angiogenesis of ves
in the head, but were unable to disting!
an autonomous requirement for ephrinB2
the blood vessels, from a requirement
the neighboring head mesenchyme
neuroepithelium (Adams et al., 1999; Wang e
1998).

To examineTie2Cre activity in the head, w
collected embryos at E9.5 from Tae2Cre X
R26R lacZ reporter cross. Double-labeling w
anti-PECAML1 and antg-gal (Fig. 6D-F, gree
and red channels, respectively) confirmed
lacZ expression was only activated in
endothelium of the head (Fig. 6A versus
arrows). To confirm thaephrinB2 expressiol
was selectively lost in the vessels
ephrinB2acZ/loxPTie2.Cret  mice, in  sitt
hybridization with ephrinB2 and Flk1 RNA
probes was performed on conventionally
conditionally ~ knocked-out embryos &
littermates. Comparison aphrinB2probe ani
FIk1 probe staining indicated thaphrinB2was
selectively lost in the vasculature (Fig. 6
versus 6J-L, arrows), and was still present ir
non-vascular sites (Fig. 6G,l, arrowheads)
conditional knockout embryos. As expected
ephrinB2 signal was present @phrinB2acZ/lacz
embryos (Fig. 6H). FIk1l in situ hybridizati
signals in all samples confirmed that the los
vascularephrinB2signals in mutant embryos w
not due to a loss of endothelial cells in tf
samples (Fig. 6J-L, arrows).

In ephrinB2acZ/loxP-Tie2-Cre* embryos th
head vasculature fails to assemble correctly
6M versus 60). The initial head plexus forms,
subsequently remains in a primitive state
disorganized network of dilated capillaries.
ephrinB2acZlacZ homozygous mutant embry
exhibit an identical phenotype (compare Fig.
versus 60). Thus, in the conditional knockot
ephrinB2 the absence of endothelial ephrir
expression results in defective remodeling of
ICA, as well as the branches of the ACV, des
high mesenchymal and neuroepithelial ephri
expression at this stage (Fig. 6A,B, red chai
arrowheads). These data indicate that endotl
ephrinB2 is required autonomously in arteries
proper arterial angiogenesis.

To determine whether the angioge
phenotype of the conditional mutant refle
aberrant perivascular smooth muscle cell (S
recruitment or differentiation, we stair
embryos at E9.5 with antibody ta smoott
muscle actin SMA). At this stage, howeve
there was not yet arty SMA expression in wilc
type embryos in the smaller peripheral vesse
the ICA where phenotypic defects are obse
in the mutant (data not shown). Therefi
it seems unlikely that a defect in S}
differentiation can account for the defec
angiogenesis observed in the mutants. How

Tie2-Cre"X R26R|| EphrinB2-°%"

LacZ/LacZ

Ephrln32 LacZ/LoxP

S |

ii A' _;.-a“_hx PL

Ch.A

I IE phrinB2 -Tie2-Cre‘]
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EphrlnB2

Ephﬂnt_J

Flk-1
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Fig. 6. Defective angiogenesis in the heads of conditionally dekgtadnB2

embryos. (A-C) EphrinB2 expression is widespread in the head. EpkfifiBaice

at E9.5 were sectioned and stained for PECAML1 (A,C, green chann@gahd

(A,B, red channel). A merged image in A shows ephrinB2 expression in both
endothelial (yellow) and non-endothelial (red) mesenchymal (black arrowheads) and
neuroepithelial (white arrowheads) tissues; ICA, internal carotid artery. T»F)
Creactivity in the head is restricted to endothelial cells. Embryos frdia2Cre X
RosalacZ reporter cross at E9.5, sectioned and stained for PECAM-1 (D,F, green
channel) ang-gal (D,E, red channel), show complete overlap. A merged image is
shown in D. (G-L) EphrinB2 mRNA expression is lost specifically in the vessels of
conditional knockout embryos. Sections throeghrinB22cZ+ (G,J),

ephrinB2acZlacZ (4 K) andephrinB2acZ/oxP-Tie2-Cre* (conditional knockout, I,L)

were hybridized with RNA in situ probeseéphrinB2(G-I) andFlk1 (J-L), and

show loss okephrinB2in vessels of conditional knockout embryos (compare G and J
with | and L, arrows)ephrinB2mRNA is completely lost in thephrinB2acZlacz
conventional knockout (H), but remains in the mesenchyme (white arrowheads) and
neuroepithelium (black arrowheads) of conditional knockout embryos (compare G
with 1). (M-O) Whole-mount PECAML1 staining shows arrested vascular remodeling
in the heads of conditionaphrinB2knockouts compared with littermate controls
(compare O with M)ephrinB22cZ'acZ heads show an identical vascular phenotype
(compare O with N). Images in M,O are close-ups of embryos in Fig. 3F,C,
respectively.
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it is possible that earlier markers of undifferentiated pericyted/). Complete loss ofephrinB2in situ signal in theephrinB2

might reveal such a defect.

Endothelial ephrinB2 is required for angiogenesis of

intersomitic vessels

The embryonic trunk is initially vasculariz=-'

by a series of intersomitic vessels (ISVs)
arise from branches of the dorsal a
(DA) and posterior cardinal veins. Thi
vessels grow between adjacent somite
form a simple interconnected netw
dorsally around E8.75. Through exten:
angiogenesis, this  primitive  struct
elaborates an intricate network of sr
capillaries (Fig. 7M), some of whi
eventually invade the developing neural 1
and flanking somites (Drake and Flem
2000; Coffin and Poole, 1988).

EphrinB2 is expressed in the arte
branches of the intersomitic vessels (Fig.
C, red channel, arrows) (Gerety et al., 1!
as well as in the caudal region of adja
developing somites (Fig. 7A-C, red chan
arrowheads) (Adams et al., 1999; Gerety €
1999; Durbin et al., 1998; Wang et al., 1¢
Wang and Anderson, 1997)ephrinB:
homozygous mutants fail to unde
angiogenic remodeling of the intersormr
vasculature (Fig. 7N) (Adams et al., 1€
Gerety et al., 1999). A similar phenotypt
seen in mutants that lack EphB4, whicl
specifically expressed in ISVs and nof
somitic mesenchyme (Gerety et al., 19
Somitic ephrinB2 has also been implicate
ISV guidance in mouse andXenopu
(Helbling et al., 2000; Adams et al., 19¢
although the penetrance of this pheno
appears variable in mice (Gerety et al., 1¢

To confirm that Cre activity is restricted
ISVs in the trunk, we examined embryos fi
a Tie2Cre X R26R lacZ reporter intercros
Double-staining of such embryos
PECAML1 andB-gal confirmed that théacz
reporter was specifically activated in
vessels (Fig. 7D-F, arrows), and not in
somites or other surrounding tissues (com
Fig. 7A with 7D). These data sugges
that ephrinB2 expression should
selectively eliminated in the ISVs
ephrinB2acZ/loxP-Tie2.Cret mice. To confirr
this, in situ hybridization witrephrinB2anc
FIk1 RNA probes was performed. Consis
with theTie2-Cre X reporter data (Fig. 7D-F
these experiments indicated that in
conditional knockoutephrinB2is selectivel
lost in the vasculature (Fig. 7G-1 versus .
insets, arrows, ‘V’), but is still present
somites (Fig. 7G-l, arrowheads, and ins
‘S’). Endothelial cells are still prese
however, as revealed IRkl probe signals i
all genotypes (Fig. 7J-L, arrows, and ins

conventional knockout confirmed the specificity of the
riboprobes used (Fig. 7H).

Endothelial-specific ephrinB2  knockout  embryos
(ephrinB2acZ/loxP-Tie2.Cre*) show an arrest in intersomitic
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Fig. 7. Angiogenic arrest of the intersomitic vasculature in conditiepatinB2

knockout embryos. (A-C) EphrinB2 expression is present in vascular and non-vascular
trunk tissues. EphrinBZZ* mice at E8.5 were stained in whole-mount for PECAM1
(A,C, green channel) arjigal (A,B, red channel). The dorsal aorta and its intersomitic
sprouts (A-C, arrows) expresphrinB2-lacZ(red channel), as does the caudal half of
each somite (A,B arrowheads). (D-R§2Cre activity is restricted to endothelial cells

in the trunk. Whole-mount staining for PECAML1 (D,F, green channelpBayal (D,E,

red channel) of E8.5 progeny off@2-Cre X R26RlacZ reporter cross shows thzdgal
expression, reflectingie2-Cre activity (E), is restricted to endothelial cells of the dorsal
aorta and intersomitic vessels (D-F, arrows), as seen in merged image (D, yellow).
(G-L) EphrinB2 mRNA is still expressed in the somites of the conditieplatinB2
knockout, as revealed by in situ hybridization véfihrinB2(G-I) andFIk1 (J-L) RNA
probes in E@phrinB22cZ+ control (G,J) gphrinB2acZiacZ mutant (H,K) and
conditionalephrinB2knockout (I,L) embryos. Somite expressiorephrinB2in caudal

half of somites (G-I, arrowheads) is completely lost in conventional knockout (H) but is
still present in the vessel-specific knockout (1), compared with control embryos (G).
Insets in G-L confirnephrinB2expression in ISVs aphrinB22cZ+ control embryos

(G versus J, arrows), and its absence from these vessels in conventional (H versus K,
arrows) and conditional mutants (I versus L, arrows); S, somite; V, vessel.

(M-O) Absence of intersomitic vessel remodeling at E9.5 is revealed by whole-mount
staining for PECAML in contra#phrinB22cZ+ (M), ephrinB2acZlacZ (N) and

conditional knockout (O) embryos. The ISV network is fused dorsally in both
conventional (N) and conditional (@phrinB2mutants, when compared with the
elaborated network in control embryos (compare N and O with M). ISV guidance
appears normal in both conventional and conditional mutant embryos (M-O,
arrowheads). Images in M,N are close-ups of embryos in Fig. 3F,B, respectively.
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vessel angiogenesis at the primary plexus stage (Fig. 7@®ndocardial lining (Fig. 8D-F, arrows, compare red and green
compare with 7M). The vessels appear fused dorsally with littlehannels fo3-gal and PECAML1, respectively). Specific loss
or no branching. This phenotype is identical to that of thef ephrinB2 from the endocardium, and not from the
ephrinB2acZlacZ mice (compare Fig. 7N with 70) (Gerety et myocardium, of conditional knockout embryos was confirmed
al., 1999). These data indicate that ephrinB2 is required in thgy in situ hybridization (data not shown). In such
intersomitic arteries for proper angiogenesis to occur. Thugonditionally deleted embryosghrinB2acZ/oxP.Tie2-Cret),
remodeling of ISVs requires ephrinB2-EphB4-mediatedve observed defective heart morphogenesis, including looping
interactions between ISVs. Somite-derived ephrinB2 signal idefects, swelling (Fig. 81 versus 8G) and severely reduced
apparently not sufficient to compensate for the requirement farabeculation (Fig. 8L versus J, arrowheads) compared with
ephrinB2 in these vessels. littermate controls. We observed the same phenotype in
We did not observe aberrant branching of ISVs into somitiephrinB22cZ'acZ homozygous embryos (Fig. 8H,K versus
mesenchyme in either our conventional or conditionaBl,L) (Adams et al., 1999; Gerety et al., 1999; Wang et al.,
ephrinB2 knockouts (Fig. 7N,O, arrowheads). This is in1998). Thus, endocardial ephrinB2 is essential for heart
contrast to the phenotype described by Ad~~~
et al., in their conventionagéphrinB2 knockour
(Adams et al., 1999), as well as in a st
employing mis-expression of dominant-negs
Ephb4alleles inXenopus(Helbling et al., 2000
both of which describe aberrant ISV branches
adjacent somites. The difference in the penett
of the ISV branching phenotype between the
conventional ephrinB2 mutations may refle
differences in genetic background (Gupta et
2001; Rohan et al., 2000). Consequently, we
unable to determine whether arteri@phrinBz
expression is required for proper interson
guidance of the ISVs. The question of whe
ephrinB2 in somitic mesenchyme plays a rol
guidance of ISVs will require a conditiol
knockout of the gene specifically in that tissue
a genetic background that allows the penetran
that phenotype.
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Endocardial ephrinB2 is required for heart
development

The endothelial lining of the early embryo
heart, the endocardium, is similar in many resy
to the rest of the vasculature, in terms of ¢
expression, and cell behavior (reviewed by (
and Yancopoulos, 1999; Brutsaert et al., 1
Dumont et al., 1992; Dumont et al., 19¢
Subsequent interactions with its specialized ti
environment leads to morphological chan
including heart looping and myocarc
trabeculation, the formation of endothelial-
lined projections from the supporting myocard

_(Flshman and Ch'en’. 19.97)' In the heart'. ephr Fig. 8. Defective heart morphogenesis in begihrinB2conventional and

is expressed primarily in the endocardium ( ongitional mutant embryos. (A-C) EphrinB2 is primarily expressed in the

8A-C, red channel, arrows) (Wang et al., 19 endocardial lining (arrows) of the heart, as revealed by sections of E9.5

EphrinB2 is also weakly expressed in myocarc  ephrinB22¢Z* embryos stained for PECAM1 (A,C, green channel)xgal (A,B,

or other support cells (Fig. 8A-C, red chan red channel). Some non-endocardial staining is seen (A-C, red channel not

arrowheads) (Wang et al., 1998). The h overlapping with green, arrowheads). (D-F) In the heart, restrictidre®Cre

phenotype in the conventionephrinB2knockour  activity to the endocardial lining is revealed by E9.5 sectiofse@Cre X R26R

is an arrest of development resulting in no loo |§CZ Irr?porter ((:jro?]s emtla)ryos doublg-labeleczl f())r EECAMl (D,F, greefn chgnnel) and

; ; ; ; -gal (D,E, red channel). A merged image (D) shdie&-Cre activity is foun

i‘irgguleltrtllteak?rgornrgalns]zvzclﬁlrrlglilf ttfzzbﬁé::rlfzfgérr only in the PECAMl-pgsitive endocardial lining (arrows). (G-I) E_phrinBz

al., 1999; Gerety et al., 1999; Wang et al., 19! conventional and <_:ond|t|onal er_nbryos show swelling and defective Io_oplng of the
! o i ! A heart compared with contrephrinB22°Z* embryos (compare H and | with G),
TheTie2Cre deleter line we used excises in (o ealed by whole-mount anti-PECAML staining at E9.5. (J-L) PECAM1 stained

heart (Fig. 8D-F, red channel) (Kisanuki et sections of hearts reveal little or no myocardial trabeculation (arrowheads) in both

2001), as early as E8.25 (Fig. 2E, arrows).  the conditional and conventional mutants (compare L with K) compared with

Tie2Cre activity was seen outside of 1 control embryos (compare K and L with J, arrowheads) at E9.5.

Pecam-1
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morphogenesis. We observe heart beat and circulatingn ISV growth (Helbling et al., 2000). This ISV guidance
erythrocytes in the aortic arches and dorsal aorta of sommodel fits well with the repulsive guidance role ascribed to
conditionalephrinB2mutant embryos with vascular defects, ephrinB2 signaling in neural crest migration and axon
suggesting that cardiac function is not completely lost apathfinding in and around somitic tissue (Krull et al., 1997;
stages when peripheral angiogenic defects are visible. Wang and Anderson, 1997). However, somite-specific deletion

of ephrinB2will be required to confirm that it exerts this ISV

guidance function from non-vascular tissue.
DISCUSSION

Necessity versus sufficiency: does mesenchymal
Previous work established that ephrinB2 is specificallyephrinB2 have a role in angiogenesis?
expressed in arteries and is required for embryoni©ur loss-of-function results provide evidence of the necessity
angiogenesis (Adams et al., 1999; Wang et al., 1998). Howeverf endothelial ephrinB2 in angiogenesis, and indicate that
asephrinB2is expressed not only in endothelium, but also inmesenchymal ephrinB2 is insufficient to compensate for its
mesenchymal tissues surrounding sites of angiogenesis, thdsss from vessels. However, this does not address whether
studies could not distinguish between a vascular requirementesenchymal ephrinB2 expression is also required for
and a mesenchymal requirement for the ephrinB2 signahngiogenesis. Given the extensive expression of ephrinB2 in
Understanding which tissues provide angiogenic ephrin signatke mesenchyme surrounding vessels in the head, trunk
influences the way we think about angiogenesis and th@&dams et al., 1999; Wang et al., 1998) and in smooth muscle
regulation of its morphogenetic processes (Yancopoulos et a{Gale et al., 2001; Shin et al., 2001), it is possible that this
2000). By knocking owgphrinB2specifically in the developing non-endothelial expression is required for angiogenesis in
vasculature, we have shown that endothelial and/or endocardfrallel with its requirement in the endothelium. If so, then
ephrinB2 expression is absolutely required for embryonicthe fact that the phenotypes of the conventional and
angiogenesis. The extensive mesenchymal expression ehdothelial-specifiephrinB2knockouts are identical argues
ephrinB2around sites of active angiogenesis is not sufficienthat such a parallel function for ephrinB2 in endothelial and

to compensate for the loss of endothediphrinB2 mesenchymal cells must be non-redundant. Alternatively, the
. . . o presence of ephrinB2 in the early embryonic mesenchyme

The functional requirement for ephrinB2 is intrinsic may be irrelevant to angiogenesis, but instead reflects other

to the cardiovascular system potential roles, such as somite patterning (Durbin et al.,

Our data demonstrate that ephrinB2 is required in arteridl998), neural crest migration (Adams et al., 2001; Krull et al.,
endothelium for the remodeling of veins of the head, ACV and997; Wang and Anderson, 1997), hindbrain segmentation
yolk sac, most probably by signaling through EphB4 receptofXu et al., 1995; Xu et al., 1996) and axon guidance (Frisen
in these vessels. This ligand appears to be required ce#t al., 1998; Drescher et al., 1995). The direct test of a
autonomously in arteries as well, without which angiogenienesenchymal requirement fogphrinB2 in angiogenesis
remodeling of the ICA and vitelline artery is disrupted in theawaits the identification of mesenchymal promoter elements
head and yolk sac, respectively. Although ephrinB2 isith which to generate mesenchyme-speciiie deleter
expressed at high levels in the somites flanking the developingice.
ISVs, endothelial ephrinB2 is still required for the elaboration _ _ _ _
of a fine capillary network from the primitive intersomitic ACV remodeling requires artery to vein ephrin
arteries and veins. These data, therefore, appear to rev&inaling
instances of forward, reverse and bi-directional signalindt has been hypothesized that the failure of ACV primordium
between arterial and venous vessels. Our results al$éo remodel into single-vessel structures in épirinB2and
demonstrate that even at sites of high mesenchymal ephrinB2phb4mutants was the result of a loss of ephrinB2 stimulation
vascular expression is still absolutely essential, and argue thfabm the adjacent mesenchyme (Adams et al., 1999; Gerety et
mesenchymal ephrinB2 alone is unable to supporal., 1999). An important factor in that interpretation was the
angiogenesis. lack of obvious AV interface between this venous structure
Our data do not exclude the possibility, however, that somitiand any arterial ephrinB2-expressing vessels. Based on this,
ephrinB2 contributes to ISV growth and guidance. Adams etve expected that in an endothelial-specific knockout of
al., observe ISVs branching aberrantly into the somites in theaphrinB2 we would see rescue of the ACV phenotype.
ephrinB2knockout, suggesting that ephrinB2 in the somitesSurprisingly, the ACV phenotype of our conditional knockout
plays repulsive role, restricting the growth of ISVs to theis identical to that of the conventionaphrinB2 knockout
intersomitic space (Adams et al.,, 1999). OephrinB2 (Adams et al., 1999; Gerety et al., 1999). This suggests
knockout mice do not show a similar aberrant branchinghat an arterial source of ephrinB2 is required for ACV
phenotype (Gerety et al., 1999). The reason for this differenaaorphogenesis, such as the dorsal aorta. How could a
is not clear. Strain differences may account for this discrepanghysically remote tissue send a signal that is by nature
(Gupta et al., 2001; Rohan et al., 2000). Consistent with thisnembrane bound and requires cell-cell contact for
Adams et al. fincephrinB2heterozygous offspring at half the transmission? Further analysis revealed transient endothelial
expected proportions (Adams et al., 1999), whileepiinB2  continuity between the dorsal aorta and the developing ACV
offspring are found at Mendelian ratios, suggestive of glexus at developmentally relevant stages during the assembly
reduced penetrance of the ephrinB2 mutant phenotype. Forcefl these vessels. Based on the combination of conditional
expression of ephrins or dominant-negative EphB4 receptdmnockout phenotypes and the dorsal aorta-ACV contacts
throughout the developingenopugembryo has a similar effect present in young embryos, we believe that the development of
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the ACV may require transient artery-vein interactions. Thisl., 1999), but cannot compensate for the losspbirinB2in
suggests that ACV development proceeds in a fashion similar conventional knockout (Adams et al., 1999; Wang et al.,
to the rest of the vasculature, through AV interactions durind998). The perivascular expression of these ligands, however,
which some vessels undergo pruning. Alternately, defectivdoes not fully overlap (Wang and Anderson, 1997). Previously,
angiogenesis in the ACV might instead be due to insufficientherefore, one could have argued that the failure of ephrinB1
blood flow resulting from aberrant cardiac development antb compensate for ephrinB2 in the conventional knockout

function (see next section). might reflect a requirement for ephrinB2 function in tissues

. . ) ) where ephrinB1 is not expressed. However, the present data
Heart morphogenesis requires endocardial ephrinB2 indicate that ephrinB1 cannot compensate for ephrinB2 within
expression the cardiovascular system. This failure may reflect crucial

During embryonic heart morphogenesis, essential interactiortifferences in expression levels between the two ligands (Stein
take place between endocardial cells (Gory-Faure et al., 199%), al., 1998), or alternatively structural differences that create
and between endocardial and myocardial cells (Meyer andifferent functional properties. For example, ephrinB2 is the
Birchmeier, 1995) in a reciprocal manner (Carmeliet et al.only ligand that can bind efficiently to EphB4 (Sakano et al.,
1996; Suri et al., 1996). These tissue relationships are essenti®96; Brambilla et al., 1995). Although veins express other
for the remodeling of the primitive heart tube to the loopedEphB receptors that can interact with ephrinB1, only EphB4 is
highly trabeculated structure that emerges at E9.5 (Gale amdsential for angiogenesis (Adams et al., 1999; Gerety et al.,
Yancopoulos, 1999). Ephrin/Eph signaling has been implicateti999). Finally, differences in expression patterns within the
in these morphogenetic events both by expression and mutamardiovascular system could explain the inability of ephrinB1
phenotypes (reviewed by Adams and Klein, 2000). Becauge compensate for ephrinB2: although ephrinB2 is expressed
EphB4 is expressed in endocardial and not myocardial cellsnly in arterial vessels (Adams et al., 1999; Wang et al., 1998),
the failure of myocardial trabeculation in tBphb4knockout  ephrinB1 is expressed in all vessels (Adams et al., 1999). The
demonstrates that Ephrin signals must be received by tlaterial restriction of ephrinB2 may therefore be an important
endocardium (Gerety et al., 1999). Establishing the requiregispect of its role in angiogenesis. Gene swapping experiments
source for the ephrinB2 signal is complicated again by thehould reveal whether differences in the expression or activity
presence of this ligand in both the endocardium and thef ephrinB1l and ephrinB2 account for their functional
myocardium (Wang et al., 1998). Although the expressiomlistinction.
levels in the myocardium are much lower than in the . . ) ) ] .
endocardium, the possibility remained that the requisite EphriReverse signaling by ephrinB2 in angiogenesis
signal originates in the myocardium. We now show thafThe interpretation of the vascular defects in the original
endocardial ephrinB2 function is absolutely required for heartphrinB2 knockout was that reciprocal signaling between
morphogenesis, and is not compensated for by myocardiatterial ephrinB2 and venous EphB4 is required for the
ephrinB2. This indicates that ephrinB2-EphB4-mediatedemodeling of both arteries and veins (Wang et al., 1998). An
signaling between endocardial cells is required for thigssential feature of this model is that upon engaging EphB4
morphogenetic program to be executed. receptors on veins, ephrinB2 functions as a receptor in arteries.
The close temporal relationship between vascular and cardiddis idea is supported by studies demonstrating that ephrinB
phenotypes in knockouts of most genes encoding angiogenigtoplasmic domains can undergo phosphorylation upon
signaling molecules or their receptors (Gerety et al., 1999gceptor binding (reviewed by Adams et al., 2001; Wilkinson,
Gory-Faure et al., 1999; Asahara et al., 1998; Carmeliet et aRp00; Mellitzer et al., 1999; Xu et al., 1999; Bruckner et al.,
1996; Ferrara et al., 1996; Dickson et al., 1995; Sato et al., 1998997; Holland et al., 1996). Furthermore, a knockout of the
Dumont et al.,, 1994) invariably complicates phenotypicephrinB2 intracellular domain shows that the cytoplasmic tail
analysis and interpretation: a defect in peripheral angiogenesi§ ephrinB2 is required for vascular morphogenesis (Adams et
could be the result of defective cardiac development andl., 2001). These data, and the fact thatEpab4 mutation
aberrant blood flow; conversely, defective heart developmemauses arterial as well as venous defects, suggest a requirement
could be due to an obstructed or disorganized vasculature. \iég reciprocal signaling by Eph receptors to ephrinB2 in
do observe heartbeat and blood flow in some conditionalascular remodeling. Our results take this one step further,
ephrinB2mutant embryos with vascular defects, arguing thashowing that, in fact, this reverse signal must be received by
the defective peripheral angiogenesis in such mutants is natterial endothelial cells and/or endocardial cells for
simply due to a complete lack of blood flow. However, aberrardngiogenesis to occur. Taken together, these data reinforce the
hemodynamics could still contribute to the peripheralidea that bi-directional signaling between ephrinB2 and EphB4
angiogenic defects seen in mutant embryos. Resolution of this the cardiovascular system is essential for angiogenesis
issue awaits the development of appropri&ee deleter (Wang et al., 1998).
transgenic mouse lines to temporally bypass the early cardiacRecent publications have highlighted the fact that many
requirement for ephrinB2 function, or alternatively ephrins and Eph receptors are expressed in and around the adult
identification of endothelial- or endocardial-specific promotewvasculature at sites of active angiogenesis such as wound-
elements (Fishman, 1997), for loss-of-function or rescuéealing and tumor angiogenesis, both in mice (Gale et al.,

experiments, respectively. 2001; Shin et al., 2001) and humans (reviewed by Takai et al.,

) 2001; Dodelet and Pasquale, 2000; Ogawa et al., 2000; Berclaz
EphrinB1 does not compensate for loss of et al., 1996). These reports hint at potential roles for ephrins
endothelial ephrinB2 and Ephs in normal and pathological angiogenesis in the adult.

EphrinBlis co-expressed witbphrinB2in arteries (Adams et Establishing whether the adult expression patterns of these
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ligands and receptors reflect functional roles in these Abrahamson, D. R.(1996). ELK and LERK-2 in developing kidney and

angiogenic events will be an important step in determining the microvascular endothelial assemtiydney Int.50, S73-S81.

; ; ; _ avis, S., Aldrich, T. H., Jones, P. F., Acheson, A., Compton, D. L., Jain,
potential relevance of ephrin/Eph targeting drugs for pro oPV” Ryan, T. E.. Bruno, J.. Radziejewski, C.. Maisonpierre, P. C. et al,

anti-angiogenic therapies of cardiovascular disease and cancely ggp). Isolation of Angiopoietin-1, a ligand for the TIE2 receptor, by
respectively. Our study has demonstrated the potential Of secretion-trap expression clonir@ell 87, 1161-1169.
conditional knockouts in understanding ephrin function andpickson, M. C., Martin, J. S., Cousins, F. M., Kulkarni, A. B., Karlsson,

expression and provides a useful mouse model system to>- and Akhurst, R. J.(1995). Defective haematopoiesis and vasculogenesis
’ in transforming growth factor-beta 1 knock out miBevelopmentl21,

further examine these issues in the adult. 1845-1854.
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