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Growth factors acting via endothelial
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The term ‘vasculogenesis’ refers to the earliest stages of
vascular development, during which vascular endotheli-
al cell precursors undergo differentiation, expansion, and
coalescence to form a network of primitive tubules
(Risau 1997). This initial lattice, consisting purely of en-
dothelial cells that have formed rather homogenously
sized interconnected vessels, has been referred to as the
primary capillary plexus. The primary plexus is then re-
modeled by a process referred to as angiogenesis (Risau
1997), which involves the sprouting, branching, and dif-
ferential growth of blood vessels to form the more ma-
ture appearing vascular patterns seen in the adult organ-
ism. This latter phase of vascular development also in-
volves the sprouting and penetration of vessels into
previously avascular regions of the embryo, and also the
differential recruitment of associated supporting cells,
such as smooth muscle cells and pericytes, as well as
fibroblasts, to different segments of the vasculature
(Folkman and D’Amore 1996; Lindahl et al. 1997). The
adult vascular network is comprised of large arteries, in-
ternally lined by endothelial cells and well ensheathed
by smooth muscle cells, that progressively branch into
smaller and smaller vessels, terminating in precapillary
arterioles that then give rise to capillaries. Capillaries are
comprised almost entirely of endothelial cells that are
only occasionally coated by a smooth muscle cell-like
pericyte. Capillaries then feed into postcapillary venules
that progressively associate into larger and larger venous
structures; venous structures are fully enveloped by
smooth muscle cells, though not to the same degree as
arterial structures.

The development of a functioning vascular network
requires a remarkable degree of coordination between
different cell types undergoing complex changes, and is
exquisitely dependent upon signals exchanged between
these cell types. Vascular endothelial growth factor
(VEGF-A) provided the first example of a growth factor
specific for the vascular endothelium, and VEGF-A has
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since been shown to be a critical regulator of endothelial
cell development. Not surprisingly, the specificity of
VEGF-A for the vascular endothelium results from the
restricted distribution of VEGF-A receptors to these
cells. The need to regulate the multitude of cellular in-
teractions involved during vascular development sug-
gested that VEGF-A might not be alone as an endothelial
cell-specific growth factor. Indeed, there has been a re-
cent explosion in the number of growth factors that spe-
cifically act on the vascular endothelium. This explosion
involves the VEGF family, which now totals at least five
members. In addition, an entirely unrelated family of
growth factors, known as the Angiopoietins, recently has
been identified as acting via endothelial cell-specific re-
ceptors known as the Ties. Most recently, particular
members of the very large ephrin family have been iden-
tified as having unique roles on endothelium, and at
least in some cases appear to act via a receptor that is not
only largely restricted to the vascular endothelium but
to the endothelium lining venous as opposed to arterial
vessels.

As we describe in detail below, a variety of studies
highlighted by the analyses of knockout mice (as sum-
marized in Table 1) have implicated the VEGFs, the An-
giopoietins, and the ephrins as critical players in particu-
lar aspects of vascular development.

The VEGF family

A series of recent papers provide excellent reviews of the
VEGF family (Carmeliet and Collen 1999; Dvorak et al.
1999; Eriksson and Alitalo 1999; Ferrara 1999; Neufeld et
al. 1999), so we offer only the basics herein. There are
five characterized VEGF relatives in mammals (VEGF-A
through VEGF-D, as well as PIGF), and they display dif-
ferential interactions with three related receptor tyro-
sine kinases (VEGFR-1/Flt-1, VEGFR-2/KDR/Flk-1, and
VEGFR-3/Flt-4) as summarized in Figure 1A; although
not illustrated, ancillary receptor components, such as
the neuropilins, also appear to be involved in these re-
ceptor complexes. VEGFR-1 and VEGFR-2 are restricted
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Table 1. Knockout animals from the VEGFR/VEGF, Tie2/Ang, and Eph/ephrin families have exhibited a variety of embryonic

defects in vascular development

Stage of vessel

Gene knockout Time of death development Causes of lethality
VEGF-A (+/-) El11.5 vasculogenesis/ reduced red blood cells; defective heart and aorta formation;
(angiogenesis) defective vessel connectivity; defective sprouting
VEGF-A (-/-)* E10.5 vasculogenesis absent dorsal aorta; defective endothelial cell development
VEGFR-1 E8.5-E9.5 vasculogenesis failure of endothelial cell formation
VEGFR-2 E8.5-E9.5 vasculogenesis excess endothelial cells form abnormal vessel structures
entering vessel lumens
VEGFR-3 E10.5-E12 vasculogenesis defective vessel remodeling and organization; irregular large
vessels with defective lumens
Angl E10.5 angiogenesis defective vessel remodeling, organization, and sprouting; heart
trabeculation defects
Ang2 E12.5-P1 maturity poor vessel integrity, edema, and hemorrhage
Tiel E13.5-P1 maturity poor vessel integrity, edema, and hemorrhage
Tie2 E10.5 angiogenesis defective vessel remodeling, organization, and sprouting; heart
trabeculation defects
ephrin-B2 E10.5 (vascuolgenesis)/ some defective vessel primordia; defective vessel remodeling,
angiogenesis organization, and sprouting; heart trabeculation defects
EphB2/EphB3 E10.5 ((B0%) (vascuolgenesis)/ some defective vessel primordia; defective vessel remodeling,
angiogenesis organization, and sprouting; heart trabeculation defects
EphB4 E10.5 ? !
EphA2 viable — —

Knockouts of VEGF and its receptors have yielded defects primarily in the early process of vasculogenesis, and accordingly these
mutant embryos tend to die at early stages of development. In contrast, The Tie2 and Angl knockout embryos die at later stages and
exhibit defects similar to each other, but with normal vasculogenesis, and perturbed angiogenesis. Deletion of Ang2, the putative
natural antagonist of Angl/Tie2 signaling, results in lethality at stages after the vascular system has undergone both vasculogenesis
and angiogenesis. EphB2/B3 and ephrin-B2 knockout animals die primarily due to defects in angiogenesis similar to the Tie2 and Angl
knockout embryos, although some defects in vasculogenesis were also reported. EphB4 mice die at similar stages. (VEGF-A) Carmaliet
et al. (1996); Ferrara et al. (1996); (VEGFR-1) Fong et al. (1995); (VEGFR-2) Shalaby et al. (1995, 1997); (VEGFR-3) Dumont et al. (1998);
(Angl) Davis et al. (1996); Suri et al. (1996); (Ang2) C. Suri, J. McClain, M.V. Simmons, T.N. Sato, and G.D. Yancopoulos (in prep.);
(Tiel) Puri et al. (1995); Sato et al. (1995); (Tie2) Dumont et al. (1994); Sato et al. (1995); (EphB2/EphB3) Orioli et al. (1996); Adams et
al. (1999); (ephrin-B2) Wang et al. (1998); Adams et al. (1999); (EphB4) M. Aguet (in prep.); (EphA2) Chen et al. (1996).

“Because of the heterozygous lethality of heterozygous VEGF mutations, VEGF null (-/-) mice were generated by ES cell aggregation
with tetraploid blastocysts resulting in contribution of the VEGF - cells to the embryo proper and not extraembryonic tissues. This
difference in technology makes direct comparisons with the knockouts difficult. It might be predicted that contributions of VEGF from
the extraembryonic (VEGF*/* but tetraploid) tissues may have dampened the severity of the phenotype and allowed survival of the

embryos to later stages of development.

largely to vascular endothelium in their expression, ac-
counting for the specificity of action of this growth fac-
tor family. Interestingly, although VEGFR-3 is restricted
largely to lymphatic endothelium (Kukk et al. 1996),
mice that contain a knockout of the gene for VEGFR-3
display early embryonic lethality due to defects in the
organization of large vessels prior to the emergence of
lymphatics (Dumont et al. 1998).

The roles of VEGF-A and its receptors, VEGFR-1 and
VEGFR-2, have been characterized in the most detail. In
vitro, VEGF-A seems to have the ability to induce endo-
thelial cell proliferation as well as migratory and sprout-
ing activity, and to help promote endothelial cells to
form tubule-like structures; these effects seem to be me-
diated largely by the VEGFR-2 receptor. Consistent with
these in vitro actions, VEGF-A and VEGFR-2 are abso-
lutely critical for the earliest stages of vasculogenesis in
vivo, as blood islands, endothelial cells, and major vessel
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tubes fail to develop in appreciable numbers in embryos
lacking either VEGF-A or VEGFR-2 (Shalaby et al. 1995;
Carmeliet et al. 1996; Ferrara et al. 1996). Interestingly,
even loss of a single VEGF-A allele results in embryonic
lethality, demonstrating a remarkably strict dose-depen-
dence for VEGF during development (Carmeliet et al.
1996; Ferrara et al. 1996). Because embryos heterozygous
for the VEGF-A gene disruption are less affected than
those homozygous for this mutation, analysis of these
heterozygous mutant embryos has permitted insights
into the continuing requirement for VEGF-A as develop-
ment proceeds. This analysis has revealed that VEGF-A
is involved not only in the very initial phases of vascu-
logenesis, but in later stages of vasculogenesis, in sprout-
ing, and other aspects of angiogenesis, as well as in main-
taining vessel survival (Carmeliet et al. 1996; Ferrara et
al. 1996).

Mice lacking VEGFR-1 revealed a rather late role for
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Figure 1. Ligands and RTK families in-
volved in vascular development. (A) VEGFs
and the VEGF receptors. (B) The Angiopoi-
etins (Ang) and Tie receptor family; (C) The
ephrins and Eph receptors. Arrows indicate
documented interactions among ligands
with their receptors. Note that receptor
and ligand structures are drawn color
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coded to indicate their domains of expres-
sion; purple represents proteins found ex-
pressed on both arteries and veins. Red and
blue structures are found on arteries and
veins, respectively; yellow denotes expres-
sion in lymphatic vessels, and green struc-
tures represent receptors or ligands ex-
pressed in tissues surrounding blood ves-
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sels. Structural motifs present within the
receptor families are indicated (not to
scale) by the key. (FNIII) Fibronectin type
III. Receptors of the Tie and VEGFR fami-
lies exhibit kinases with intervening ki-
nase inserts. The immunoglobulin-like (Ig-
like), or globular domain, of the Eph family
receptors recently has been crystalized and
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shown to comprise a jellyroll B sandwich
motif (Himanen et al. 1999).

this receptor as compared to VEGFR-2, as vessels do
form in these mutant embryos, but are organized abnor-
mally, with seemingly excess levels of endothelial cells
being generated and entering into the lumens of the ab-
normal vascular channels (Fong et al. 1995). Thus,
VEGFR-1 may actually be involved in down-regulating
VEGF activity to ensure that the right numbers of endo-
thelial cells are generated. Remarkably, mutant mice
containing a VEGFR-1 lacking its tyrosine kinase do-
main allow for normal vascular development (Hiratsuka
et al. 1998), indicating that only the binding portion of
this receptor may be necessary to support its major ac-
tions during vascular development.

The Angiopoietin family

Long after the discovery of VEGF-A, a second family of
growth factors specific for the vascular endothelium was
identified, with members of this family termed the An-
giopoietins (Davis et al. 1996; Suri et al. 1996; Maison-
pierre et al. 1997; Valenzuela et al. 1999). Similar to
VEGTF, the specificity of the Angiopoietins for the vascu-
lar endothelium results from the restricted distribution
of the Angiopoietin receptors, Tiel and Tie2, to these
cells. Tiel and Tie2 are receptor tyrosine kinases just as
are the receptors for VEGF. The four known Angiopoi-
etins all bind to Tie2, but it is still unclear as to whether
they utilize the closely related receptor Tiel (Fig. 1B).
The Angiopoietins provide the first vertebrate example
of a growth factor family consisting of both receptor ac-
tivators as well as receptor blockers, with Angiopoi-
etin-1 (Angl) and Angiopoietin-2 (Ang2) providing the
best characterized examples of an activator and a blocker
in this system (Fig. 1B). The existence of both activators

and blockers of the Tie2 receptor suggested early on that
turning off this receptor might prove to be just as impor-
tant as turning it on.

The actions of the Angiopoietins appear to be quite
different from those of VEGF. Most notably, in vitro
analyses on cultured endothelial cells revealed that Angl
could not elicit standard mitogenic responses as can
VEGF-A, nor induce tubule formation, although it could
apparently promote endothelial cell sprouting in vitro
(Davis et al. 1996; Koblizek et al. 1998). Consistent with
these in vitro results, in vivo studies reveal that Angl
seems to act in complementary and coordinated fashion
with VEGF, having a later role in vascular development.
Thus, in mouse embryos lacking either Angl or Tie2, the
early stages of VEGF-dependent vascular development
appear to occur rather normally, resulting in the forma-
tion of a primitive vasculature (Dumont et al. 1994; Sato
et al. 1995; Suri et al. 1996). However, remodeling and
stabilization of this primitive vasculature is severely per-
turbed, leading to embryonic lethality (Sato et al. 1995;
Folkman and D’Amore 1996; Suri et al. 1996); defects
were particularly obvious in the capillary plexi of the
yolk sac and head. These defects are thought to result
from disruptions in Angl-mediated interactions between
endothelial cells and surrounding support cells such as
smooth muscle cells; support cells produce the Angl
that paracrinely acts on endothelial cells expressing Tie2
receptors. Ultrastructural examination of vessels in mice
lacking Angl showed that endothelial cells failed to in-
teract and adhere properly to underlying support cells,
and that the endothelial cells appeared rounded in ap-
pearance and as if they were detaching from underlying
support cells and matrix; in the absence of such opti-
mized cellular interactions, vessels apparently failed to
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undergo normal remodeling events and apparently were
also at risk for subsequent regression. Another major de-
fect in mice lacking Angl or Tie2 involves heart devel-
opment. Normal heart ventricles exhibit extensive fin-
ger-like projections of the myocardial wall, known as
trabeculations, which are lined by coronary endothelal
cells (endocardial cells), the specialized endothelium of
the heart. In embryos lacking Angl or Tie2, myocardial
trabeculations fail to form, and the endocardium appears
detached from the underlying myocardium, perhaps re-
flecting poor attachment. A similar heart defect was also
reported in mice lacking neuregulin or its receptor (Gass-
man et al. 1995; Lee et al. 1995; Meyer and Birchmeier
1995; Kramer et al. 1996), which led to the proposal of a
required growth factor loop in trabecular formation in-
volving both an endocardial-derived ligand acting on the
myocardium, that is, neuregulin, and a myocardial-de-
rived factor acting on the endocardium, that is, Angl
(Suri et al. 1996).

Altogether, the defects in mice lacking Angl or Tie2
suggest that this system is critical for normal remodel-
ing, maturation, and stabilization of the developing vas-
culature. It has been suggested that the Angiopoietins
themselves may not be ‘instructive’ remodeling signals
but are simply ‘permissive’ in that they allow for proper
interactions between endothelial cells and supporting
cells, resulting in a system that can then properly re-
spond to other cues (Suri et al. 1996). In the absence of
proper interactions between endothelial cells and their
support cells, defects arise, whether in particular vascu-
lar beds or in a developing vascular structure such as the
heart. Consistent with the notion that Angl may con-
tinue to play a required stabilizing role for mature ves-
sels, Angl seems to be constitutively expressed in the
adult. Interestingly, transgenic overexpression of Angl
leads to striking hypervascularization, presumably by
promoting vascular remodeling events and perhaps by
decreasing normal vascular pruning (Suri et al. 1998).

Shortly after the discovery of Angl, the cloning of
Ang2 was described (Maisonpierre et al. 1997). Remark-
ably, although Ang2 bound to the Tie2 receptor as did
Angl, it could not activate it. Instead, Ang2 provided the
first example of a naturally occurring antagonist for a
vertebrate tyrosine kinase. Consistent with the notion
that Ang2 acts as a natural antagonist for the Angl/Tie2
interaction, transgenic overexpression of Ang2 during
embryogenesis leads to a lethal phenotype reminiscent
of that seen in embryos lacking either Angl or Tie2, with
severe disruptions in vascular development (Hannahan
1997; Maisonpierre et al. 1997) .

Examination of Angiopoietin expression patterns in
vivo suggested a very interesting role for Ang2 at sites of
vascular remodeling in an otherwise stable adult vascu-
lature (Maisonpierre et al. 1997). Whereas Angl is ex-
pressed widely in normal adult tissues, consistent with
it playing a continuously required stabilization role,
Ang2 is highly expressed only at sites of vascular remod-
eling in the adult, notably in the female reproductive
tract (Maisonpierre et al. 1997). Detailed localization of
Ang? in the ovary by in situ hybridization revealed that
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in regions of active vascular remodeling it was either
expressed together with VEGF at sites of vessel sprouting
and ingrowth (e.g., developing corpus luteum), or in the
absence of VEGF at sites of frank vessel regression (e.g.,
atretic follicles). These expression patterns led to the
proposal of a model in which Ang2 plays a facilitative
role at sites of vascular remodeling in the adult by block-
ing a constitutive stabilizing action of Angl, allowing
the vessels to revert to a more plastic and unstable state
(Maisonpierre et al. 1997). Furthermore, it was suggested
that such destabilization by Ang?2 in the presence of high
VEGF levels primes the vessels to mount a robust angio-
genic response reminiscent to that of early embryonic
vessels prior to maturation (Maisonpierre et al. 1997).
However, such destabilization by Ang2 in the absence of
VEGEF is instead proposed to lead to frank vessel regres-
sion.

Altogether, existing data suggest that VEGF-A and An-
giopoietins not only have quite different roles during
vascular development, but also very complementary and
coordinated roles.

The ephrins

Among the known families of receptor tyrosine kinases
(RTKs) and their ligands, the Eph receptors and their li-
gands the ephrins stand out in many ways (Fig. 1C). The
Eph receptors comprise the largest subfamily of RTKs,
including at least 14 distinct members in both man and
mouse; Eph receptors and ligands have also been de-
scribed in invertebrates such as Drosophila and Cae-
norhabditis elegans (George et al. 1998; Flanagan and
Vanderhaeghen 1998). The Eph receptors are quite diver-
gent in sequence from other RTKs and are closely related
to cytoplasmic tyrosine kinases within their kinase do-
mains (Hanks and Quinn 1991). Although all the Eph
receptors were initially isolated as orphan receptors,
lacking known ligands, this situation has changed dra-
matically over the past 5 years. At least eight Eph recep-
tor ligands—ephrins—have been described. The ephrins,
like their receptor counterparts, are also rather unique
among RTK ligands. Most notably, they do not function
as typical soluble ligands for their receptors but, rather,
must normally be membrane attached to activate their
receptors (Davis et al. 1994; Gale and Yancopoulos 1997).
Membrane attachment seems to promote clustering or
multimerization of the ligands, and it is this clustering
that seems to be necessary to activate receptors on adja-
cent cells (Davis et al. 1994). Consistent with this no-
tion, whereas monomeric soluble ligands seem to act as
antagonists, artificial clustering of soluble versions of
these ligands can allow them to activate their receptors
(Davis et al. 1994; Winslow et al. 1995). All of the known
ephrins are tethered naturally to the cells in which they
are expressed. It is these two different attachment
mechanisms, along with shared homology and binding
characteristics, that divide them into two subgroups, the
ephrin-A and ephrin-B subgroups (Brambilla et al. 1995;
Gale et al. 1996a,b; Eph Nomenclature Committee
1997). The ephrin-B subgroup, comprised of three mem-
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bers, ephrin-B1 through ephrin-B3, possesses transmem-
brane as well as highly conserved cytoplasmic domains,
whereas the ephrin-A subgroup, comprised of five mem-
bers, ephrin-Al through ephrin-A5, is attached to the
outer leaflet of the plasma membrane via a glycosylpho-
shotidylinositol (GPI) anchor. The ephrin-A subgroup ex-
hibit rather general and promiscuous binding to the
EphA receptors (EphAl through EphAS8), and the eph-
rin-B subgroup exhibits a general binding preference for
the receptors of the B subgroup (EphB1 through EphB6).
There are a few exceptions to these general binding pre-
delictions. Some receptors are even more promiscuous in
that they can bind across subgroups, whereas other re-
ceptors display unusually restricted specificity. Notable
examples of these two exceptions include EphA4, which
binds not only the ephrin-A ligands but several of the
ephrin-Bs as well (Gale et al. 1996a,b), and EphB4, which
selectively binds ephrin-B2 and not the other ephrin-B
ligands (Brambilla et al. 1995; Sakano et al. 1996).

A fascinating series of experiments have suggested
that the ephrin-B ligands perhaps should be not only
thought of as ligands but as signaling receptors as well.
This idea arises because when ephrin-B ligands engage
Eph receptors, the ephrin-B ligands themselves become
tyrosine phosphorlated and presumably activate signal-
ing within the cells in which they are expressed (Holland
et al. 1996; Brukner et al. 1997). Although it is not as
intuitively obvious that similar bidirectional signaling
events may be occurring with the ephrin-A ligands, ow-
ing to their lack of a membrane spanning segment, there
is some precedent for other GPI-anchored molecules to
transduce signals into the cells to which they are at-
tached (for example, see Brown 1993). Together, these
findings clearly blur the distinction between receptor
and ligand, and complicate things in a most interesting
way, being that one must keep in mind the notion that
signaling from Eph receptors and their ligands is capable
of being a reciprocal bidirectional event between inter-
acting cells.

Because bidirectional signaling apparently occurs be-
tween Eph receptors and ephrin-B ligands, and because
this coactivation seemingly depends on clustering of
both these membrane-bound partners, it is quite intrigu-
ing that molecular mechanisms have recently been de-
scribed that may allow for regulating such clustering. It
has been shown that both Eph receptors and ephrin-B
ligands have recognition motifs, at their carboxyl ter-
mini, that allow for binding of PDZ domain-containing
proteins (Hock et al. 1998; Torres et al. 1998; Buchert et
al. 1999; Lin et al. 1999). PDZ domains are modular pro-
tein-interaction domains that typically recognize short
peptide sequences of four or more amino acids at the
very carboxyl terminus of target proteins, and are known
to be involved in regulating clustering events among
themselves and the protein with which they interact.
PDZ interactions can cluster both Eph receptors and
ephrin-B ligands and also appear to localize the Eph re-
ceptors to synapses in the CNS where they may modu-
late synaptic functions (Hock et al. 1998; Hsueh and
Sheng 1998; Torres et al. 1998; Buchert 1999). PDZ bind-
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ing has not been described previously for other mamma-
lian RTKs or their ligands, although it appears that other
RTKs that are clustered at synapses may also bind PDZ
proteins (Torres et al. 1998; Buchert et al. 1999).

In addition to their PDZ interaction motifs, Eph recep-
tors contain another motif that may mediate receptor
clustering. The carboxyl terminal region of Eph receptors
also includes a sterile « motif (SAM) (Schultz et al. 1997).
The crystal structure of Eph family SAMs recently have
been described and suggest that these are protein—protein
interaction modules that may be involved in modulating
receptor oligomerization, as well as interaction with cel-
lular signaling complexes (Stapleton et al. 1999; Thanos
et al. 1999).

Eph family function during development

Like the Angiopoietins, ephrins seem unlike most other
RTK ligands in that they can not induce potent mito-
genic responses from target cells, suggesting that they
too are involved in other types of biological processes.
Ephrins also seem quite unusual in that they are obli-
gated to act in membrane-bound form, restricting eph-
rin/Eph interactions to sites of direct cell-cell contact.
Consistent with the notion of unusual roles for this fam-
ily of RTK ligands, to date they have been most solidly
implicated in the process of neural cell guidance. For
example, Eph receptors and ligands seemingly regulate
axon guidance events that establish the retinotopic map
in the tectum (for review, see O’Leary et al. 1999). They
have also been shown to be involved in the guidance of
neural crest cells as they navigate through the trunk and
branchial regions of the developing embryo (Krull et al.
1997; Robinson et al. 1997; Smith et al. 1997; Wang and
Anderson 1997). The Eph family has also been impli-
cated more generally in patterning of the brain and
somites, where they are predicted to have roles in regu-
lating cell mixing and establishing boundaries between
distinct cellular compartments (Xu et al. 1995, 1996;
Durbin et al. 1998; Gale et al. 1996b). By and large these
biological actions of the Eph family can be explained as
resulting from repulsive interactions between receptor
and ligand-bearing cells, or instead a signal that prevents
two adjacent cell types (reciprocally expressing and Eph
receptor and a cognate ligand) from intermixing across a
boundary (Gale and Yancopoulos 1997). Recently, local-
ization of Eph family members to synapses suggests that
they may play an important role not only in guiding
neuronal processes to their connections, but in continu-
ing to regulate these connections once they have formed
(Hsueh and Sheng 1998; Torres et al. 1998; Buchert et al.
1999).

Several recent studies on ligand and receptor knock-
outs in mice, in conjunction with some earlier in vitro
studies, now suggest that some Eph family members
play roles during vascular development that are at least
as critical as those served by Eph family members during
neural development. It is on these roles that this review
will next focus, as we attempt to place these roles in
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context with those played by the VEGFs and the Angio-
poietins.

Early in vitro findings suggesting Eph involvement
in vascular biology

The first known ephrin, ephrin-Al (at that time termed
B61), was first isolated as a protein of unknown function
that was induced in endothelial cells following treat-
ment with tumor necrosis factor (Holzman et al. 1990),
and subsequent expression studies revealed a rather spe-
cific pattern of expression of ephrin-A1l in the developing
vasculature (Flenniken et al. 1996; McBride and Ruiz
1998). Additional studies showed that although ephrin-
Al had no discernible mitogenic effects on cultured en-
dothelial cells, it could promote their chemotaxis and
induce sprouting in a rat cornea pocket assay (Pandey et
al. 1995). It was also shown that ephrin-Al could pro-
mote capillary-like assembly of human umbilical vein
endothelial cells (HUVEC) in an in vitro tubule-forma-
tion assay (Daniel et al. 1996). Similar studies showed
that ephrin-B ligands could also induce tubule forma-
tion, but only on different class of endothelial cells de-
rived from human renal microvasculature (HRMEC).
Thus, whereas ephrin-Al induces HUVECs but not
HRMECs to form tubules, ephrin-B1 does the same from
HRMECs but not HUVECs (Daniel et al. 1996). Subse-
quent studies established that EphB class receptors are
capable of discriminating between the density or the ex-
tent of ligand oligomerization, and mediate tubule as-
sembly in response to tetrameric versions of ligand, but
not dimeric forms (Stein et al. 1998b). Linking ephrins to
VEGF and the Angiopoietins, B-ephrins were shown to
induce sprouting in the same in vitro assay previously
used to demonstrate VEGF and Angiopoietin actions
(Adams et al. 1999). Linking ephrins to integrin function,
a very recent study shows that B-eprhins can promote
attachment of endothelial cells to extracellular matrix
components by activating integrin function (Huynh-Do
et al. 1999). Because blocking integrin function has been
shown to disrupt many different aspects of angiogenesis,
it is intriguing to consider that the Eph family can regu-
late integrin function on endothelial cells, and also
tempting to speculate that integrin reguation can also be
important for Eph function in neural and developmental
settings.

Ephrin-B2 and EphB4 differentially mark arterial
and venous endothelial cells

Although the above findings suggested that ephrins
might have a role during vascular development, recent
knockout studies of ephrin-B2 and EphB2/EphB3 now
firmly establish Eph family members as key players in
the process of embryonic vascular development (Wang et
al. 1998; Adams et al. 1999).

The initial report of an ephrin-B2 knock out mouse
created a great stir among Eph researchers as well as
those working in the field of vascular biology (Wang et
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al. 1998). In this study the ephrin-B2 gene was replaced
by the lacZ gene, thus providing an excellent marker for
precisely following the expression of ephrin-B2. lacZ ex-
pression analysis revealed that ephrin-B2 specifically
marked arterial endothelial cells at the earliest stages of
vascular development (Wang et al. 1998). This finding
sparked examination of the expression patterns for EphB
receptors, which revealed that EphB4 (which only binds
to ephrin-B2, see above) specifically and reciprocally
marks only the venous endothelium (Wang et al. 1998).
Furthermore, the embryos lacking ephrin-B2 displayed
severe defects in the vascular remodeling, subsequent to
the initial stages of vasculogenesis, in both arterial and
venous domains. It was suggested that the observed vas-
cular defects arose from defects in bidirectional signal-
ing, normally mediated by the reciprocally expressed
ephrin-B2 and EphB4, that occurs between arterial and
venous vascular beds during embryonic angiogenesis.

The discovery of clear molecular differences in arterial
and venulous endothelial cells at such early stages of
development, when the vasculature appears in many ar-
eas to be a uniform plexus of interconnected tubules in
which there is no clear morphological distinction be-
tween presumptive arterial and venous domains, was
quite unexpected. Though molecular differences in arte-
rial and venule endothelium is clearly noted at later
stages, when these cells can be distinguished by differ-
ential lectin staining (Thurston et al. 1996), it was con-
ceivable that such differences reflected late-acting physi-
ological influences such as blood flow, pressure, shear
forces as well as relative oxygen content. The ephrin-B2/
EphB4 expression studies suggest that molecular differ-
ences are at least in part programmed genetically in ar-
terial versus venous endothelium, and furthermore that
these differences may be critical to normal development
of the vasculature.

Vascular defects in mice lacking ephrin-B2,
and similarities to defects on mice lacking Angl
or its receptor Tie2

The ability to distinguish arterial versus venous endo-
thelium at very early stages, which had previously not
been possible due to the absence of specific arterial
markers, revealed an unexpectedly high degree of inter-
digitation of arterial and venous vessels in the primary
capillary plexus of the early yolk sac of normal embryos
(Wang et al. 1998). Interestingly, generation of the pri-
mary capillary plexus occurred in the yolk sac of em-
bryos lacking ephrin-B2, and this plexus was still divided
in its expression of the newly defined arterial and venous
markers. However, interdigitation of arterial and venous
vessels in this plexus was absent in mice lacking ephrin-
B2, and remodeling of the primary yolk sac plexus into
large and small branches also did not occur, consistent
with a critical role for ephrin-B2 in these processes. It
was also observed that yolk mesenchymal and periendo-
thelial cells appeared to be poorly associated with the
endothelium, and exhibited a rather rounded morphol-
ogy in comparison to wild-type mesenchyme. Here it
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appeared as though arterial vessels failed to delaminate
from endodermal layers, and in some cases vessels were
dilated and appeared to lack the normal complement of
supporting cells (Wang et al. 1998). Altogether, the for-
mation of an initial plexus in the yolk sac, coupled with
defects in later remodeling that were marked by prob-
lems with endothelial cell interactions with support
cells, was highly reminiscent of defects observed in mice
lacking Angl or its receptor Tie2 (Sato et al. 1995; Suri et
al. 1996; see above).

Defects elsewhere in the ephrin-B2-deficient embryos
were also reminiscent of those in mice lacking Angl or
its Tie2 receptor. Outside of the yolk sac, these defects
were documented most carefully in the primary capillary
plexus in the developing head region. In contrast to the
yolk sac, the head plexus appeared rather devoid of cells
of arterial origin in ephrin-B2 mutants (with the excep-
tion of the most proximal branches of the internal ca-
rotid artery), and was thus presumably mostly venous in
origin. Although some of the venous vessels (e.g., the
most proximal branches of the anterior cardinal vein)
underwent morphogenesis in ephrin-B2 mutants, these
vessels appeared abnormal, with distal branches remain-
ing dilated and unorganized (Wang et al. 1998). These
results, like those in the yolk sac, suggest that interac-
tions between arteries and veins (and mediated by eph-
rin-B2) are important for the normal remodeling of the
head vasculature; however the manner in which these
interactions occur appears to be fundamentally different
than those in the yolk sac. Another aspect of angiogen-
esis, known as sprouting angiogenesis, is responsible for
the ingrowth vessels into previously avascular areas of
the embryo, such as the neural tube. In ephrin-B2 knock-
out animals, no angiogenic sprouts are observed in the
neurectoderm. In the case of sprouting angiogenesis into
the neurectoderm it was proposed that perhaps vascular
spouts of arterial origin (i.e., expressing ephrin-B2) nor-
mally interact with EphB receptors, such as EphB2, ex-
pressed in the neurectoderm, and that this interaction
somehow promotes vessel growth into this tissue (Wang
et al. 1998).

Finally, embryos lacking ephrin-B2 displayed defects
in heart trabeculation quite analogous to those described
in mice lacking Angl or neuregulin (Gassman et al.
1995; Lee et al. 1995; Meyer and Birchmeier 1995; Kra-
mer et al. 1996; Wang et al. 1998; Zhao and Lemke 1998).
The expression pattern of ephrin-B2 and its receptors in
the heart is quite complex and does not conform to a
simple arterial /venous distribution pattern, though it re-
mains possible that the distributions are still comple-
mentary and that the heart abnormality is due to the
same basic defect in cell signaling that accounts for the
abnormalities elsewhere in the vasculature. In any case,
the realization that ephrin-B2 is also involved in myo-
cardial trabeculation adds another requisite growth fac-
tor to this process, but our inability to assign even a
sequence to the actions of the three known requisite
growth factors (neuregulin, Angl, and ephrin-B2) empha-
sizes how little we understand about the process of tra-
becular formation. Likewise, despite the similarities be-
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tween many of the vascular remodeling defects resulting
from disruption of either ephrin or Angiopoietin signal-
ing, it remains difficult to even order the actions of these
two growth factor systems. It seems possible that the
Angiopoietin system may act upstream of ephrin-B2, but
the reverse is also plausible. However, since Angiopoi-
etins and Ties have not been reported to display asym-
metric distributions, it seems unlikely thatAngiopoi-
etins directly establish ephrin-B2/EphB4 expression pat-
terns, or vice versa; nevertheless, it will be fascinating to
examine ephrin-B2 expression patterns in the Ang/Tie2
knockouts. It also remains possible that the ephrin and
Angiopoietin systems act in largely independent fash-
ions, disruption of either of which leads to a similar phe-
notype. For example, since it has been proposed that the
Angiopoietins themselves may not be instructive but
rather permissive, in that they allow for proper interac-
tions between endothelial cells and supporting cells re-
sulting in a system that can then properly respond to
other cues, it is possible that ephrin-B2 may be just such
an instructive cue that requires prior permissive actions
of the Angiopoietins.

The roles of ephrin-B2 and EphB4 in vascular
remodeling: developing more complications

Despite the remarkably reciprocal expression of ephrin-
B2 and its EphB4 receptors in developing arterial and
venous endothelium, it remains completely unclear as to
precisely where and how the critical interactions occur
between cells expressing these signaling partners (Wang
et al. 1998; Yancopoulos et al. 1998). Because both part-
ners are membrane bound, it is presumed that signaling
must be occurring at sites of cell-cell contact. Thus, al-
though critical signaling could be occurring within indi-
vidual tubules precisely at the junction of arterial and
venous cells (cis interactions, Fig. 2), ephrin-B2/EphB4
interactions could also be occurring as developing tu-
bules pass each other, or as a developing sprout touches
an adjacent tubule (trans-interactions, Fig. 2).

To complicate matters even further, an independent
report of an ephrin-B2 gene deletion confirmed the over-
all phenotype initially described by Wang et al. (1998)
but raised many additional issues (Adams et al. 1999).
The later study raised the question of whether other li-
gands and receptors in the B subgroup also played crucial
roles in vascular development along with ephrin-B2 and
EphB4, and whether these B-class receptors and ligands
were critical not only for interactions between arterial
and venous endothelial cells, but for interactions be-
tween endothelial cells and surrounding cells and tissues
(Adams et al. 1999). These questions arose because Ad-
ams et al. (1999) found that other B-class receptors and
ligands displayed expression patterns overlapping those
for ephrin-B2 and EphB4, and also found that embryos
lacking both EphB2 and EphB3 exhibited defects in vas-
cular development that largely phenocopy those of the
ephrin-B2 knockouts (Adams et al. 1999). That is, with a
penetrance of [B0%, embryos lacking EphB2 and EphB3
(EphB2/B3) displayed defects similar to those of ephrin-
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Figure 2. Expected interactions of Eph
family members on arteries, veins, and
mesenchyme. Arteries express ephrin-Bl
and ephrin-B2, whereas veins express
EphB3 and EphB4, and ephrin-Bl (see
keys). Veins and arteries and the cells
within a given vessel can interact with
each other in several ways, and these in-
teractions would be expected to bring Eph
family members in contact with each
other in several ways. Interactions be-
tween cells of a given vessel, which we
term cis interactions (B-D, center), will
occur among venous cells in veins and ar-
terial cells in arteries. In the special case of
capillaries, where vessels switch between
arterial and venous domains, arterial and
venous cells will also contact one another
within a single vessel. Interaction between
distinct arterial and venous vessels in re-
gions where they grow closely together or
contact each other by sprouting will also
bring cells expressing Eph family members

A ARTERY:VEIN (Trans)

reciprocal

EphB3 & B4 interact w/ ephrin-B2
EphB3 interacts w/ ephrin-B1

D VEIN:VEIN (Cis or Trans)
EphB3 interacts w/ ephrin-B1

C ARTERY:ARTERY (Cis or Trans)
no R/L interactions

B ARTERY:VEIN (Cis}
EphB3 & B4 interact w/ ephrin-B2
EphB3 interacts w/ ephrin-B1

ARTERIES
e— gphrin-B1
+— ephrin-B2

MESEMNCHYME
>~ EphB2
+— ephrin-B2

VEINS
>~ EphB3

>— EphB4

+— ephrin-B1

E ARTERY:MESENCHYME

F VEIN:MESENCHYME
reciprocal
EphB3 & B4 interact w/ ephrin-B2
EphB2 interacts w/ ephrin-B2

EphB2 interacts w/
ephrins-B1 & B2

into contact with each other in a trans configuration (A,C,D). Additional important interactions occur when arterial or venous sprouts
interact with surrounding mesenchymal cells, which express EphB2 and ephrin-B2 (shown) and most likely other family members as
well (E,F). It is important to note that the distinction between Eph receptors and their ligands is somewhat arbitrary in that both
components are capable of signaling when bound to their counterparts; thus, signals between arteries, veins, and mesenchyme will be
bidirectional. In addition, in the case of vein cell interactions with other venous cells, and mesenchymal cells signaling can theoret-
ically be reciprocal, because both interacting cells express receptors as well as ligands.

B2 knockout mice in the primary plexi of the yolk sac
and head, and in heart morphogenesis. However, sprout-
ing angiogenesis into the neural tube was normal in
EphB2/B3 knockout mice, in contrast to the situation in
embryos lacking ephrin-B2.

Whereas Wang et al. (1998) portrayed a relatively
simple picture in which arterial endothelium expresses
ephrin-B2 and venous endothelium expresses EphB4, and
suggested that other B-class receptors and ligands were
not involved in this system, Adams et al. (1999) de-
scribed a much more complex situation. While confirm-
ing the remarkable specificity of ephrin-B2 and EphB4,
Adams et al. (1999) show that several other B-class re-
ceptors and ligands are expressed in and around the de-
veloping vasculature. In particular they reported that
ephrin-B1 is coexpressed with ephrin-B2 on arterial en-
dothelium (Fig. 2), though its presence there obviously is
not sufficient to compensate for the knockout of ephrin-
B2. In addition, in a few locations, such as the aortic
arches, they reported that the EphB3 receptor is also ex-
pressed in arteries. In veins, they claim that EphB3 ap-
pears to be broadly expressed and overlaps the expression
of EphB4, and that ephrin-Bl1 is also expressed in veins in
addition to its expression in arteries (Fig. 2). Thus venous
endothelium seems to generally express both EphB3 and
EphB4 receptors as well as an ephrin-B ligand, and arte-
rial endothelium expresses both ephrin-B1 and ephrin-B2
as well as expression of EphB3 in some limited sights
[e.g., in aortic arches (Adams et al. 1999)]. To complicate
things even further they report expression of Eph family
members in tissues surrounding vessels at sites of
sprouting angiogenesis, such as in the somites and the
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neural tube. The remarkably reciprocal expression pat-
terns of ephrin-B2 and EphB4, together with the strict
specificity of EphB4 for binding only to ephrin-B2, seem
to undeniably support a unique role for this set of part-
ners (Fig. 2). However, the widespread expression pat-
terns of other B-class Eph family members, together with
the phenotypes of mice lacking EphB2 and EphB3, indi-
cate that other B-class family members also play critical
roles in vascular development. These roles may in some
ways overlap with those of ephrin-B2 and EphB4 and, at
least for ephrin-B2, may also involve binding to it as
well. Furthermore, in addition to cis or trans interac-
tions between arterial and venous endothelial cells, the
expression of B-class Eph family members in surround-
ing tissues suggests that Eph-mediated interactions be-
tween endothelium and surrounding cells might be very
critical (Fig. 2). For example, sprouting angiogenesis into
somites appears to provide a specific example in which
ephrin-B2 expressed not by endothelium, but rather in
surrounding mesenchyme, interacts in a critical manner
with EphB4 and EphB3 receptors on vessels (Adams et al.
1999). It has been shown that ephrin-B2 is expressed in
the posterior half of the somitic sclerotome as well as in
the dermomyotome, and its presence there has been
demonstrated to be involved in the guidance of both mo-
tor axons and neural crest cells which negotiate their
way through the sclerotome during development (Krull
et al. 1997; Wang and Anderson 1996). Here the ephrin
repels these cells or processes from the posterior somite
and presumably channels them along their appropriate
pathway through the anterior somite (Krull et al. 1997;
Wang and Anderson 1997). Such repulsive interactions
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may likewise occur in the vasculature, because vessels
that develop within/around somites express EphB3 and
EphB4 and are observed to grow in close association
with, but not within, domains of expression of ephrin-B2
in the dermomyotome in wild type mice. In addition,
intersomitic vesses exhibit abnormal projections into
the somites in ephrin-B2 knockout mice, where the pu-
tative inhibitor is absent (Adams et al. 1999). Likewise
embryos devoid of EphB2 and EphB3 exhibit aberrant
patterns of sprouting from intersomitic vessels into the
neighboring somites (Adams et al. 1999). Because abnor-
mal sprouting into somites is seen in mutants lacking
ephrin-B2 or the EphB2/EphB3 receptors, these interac-
tions presumably normally suppress sprouting (Adams et
al. 1999). Thus, somitically expressed ephrin-B2 may
serve similar repulsive functions in both neural and vas-
cular pathfinding in the region of somites.

Altogether, the findings of Adams et al. (1999 compli-
cate the simple picture initially portrayed by Wang et al.
(1998) raising the possibility that many different types of
interactions, involving different B-class Eph family
members as well as different types of cells, might play
critical roles during vascular development (Fig. 2). It is
also worth reiterating that all of these interactions are
further complicated by the possibility of bidirectional
signaling in all cases, making it difficult to understand
which cell is sending the signal and which is receiving it.

It is also worth noting that although Adams et al.
(1999) confirmed the claim of Wang et al. (1998) that
most of the defects in the ephrin-B2 knockout represent
abnormalities in angiogenic processes as opposed to ear-
lier vasculogenic processes, Adams et al. also report ad-
ditional defects that seem to primarily involve vasculo-
genesis (Table 1). For example, they report defects in ma-
jor vascular structures formed by vasculogenesis, such as
the anterior cardinal vein, the fourth arch of the aorta,
and in some cases the dorsal aorta itself; in some severe
cases they found that embryos lacking ephrin-B2 had no
dorsal aorta or just a single vessel, rather than the nor-
mally paired structures (Adams et al. 1999). Further-
more, they reported that many of the embryos lacking
EphB2 and EphB3 also had defects in the primordia of
major vessels, such as the anterior cardinal vein and the
aortic arches.

Despite the remarkably specific expression of EphB4
in venous endothelium, its overlapping expression with
other EphB receptors in veins, together with the variable
penetrance of the phenotypes displayed by EphB2 and
EphB3 knockout mice, raised the question of whether
EphB4 was as crucial to vascular development as ephrin-
B2. The preliminary answer may soon be provided by the
generation of mice lacking EphB4, which are reported to
display an early embyronic lethal phenotype (M. Aguet,
pers. comm.). One clearly might predict that this pheno-
type may arise due to vascular defects in angiogenesis
(Table 1). A detailed comparison of such defects with
those in mice lacking ephrin-B2 and EphB2/EphB3
should prove quite interesting. It will also be interesting
to examine mice lacking ephrin-B1 for any vascular phe-
notypes, which would be predicted due to the wide-
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spread expression of this ligand in both arteries and
veins.

It is in part surprising that deletion of EphB4 alone
results in such a dramatic phenotype, because Eph recep-
tor knockout animals have historically not exhibited
overt phenotypes when deleted singly, presumably due
to compensation by other family members (e.g., Chen et
al. 1996; Henkemeyer et al. 1996; Orioli et al. 1996; Park
et al. 1996; N.W. Gale and G.D. Yancopoulos, unpubl.).
EphB4 may be a special case due to the high degree of
specificity of EphB4 for ephrin-B2. Alternatively it may
be due to unique signaling capabilities of EphB4 that
cannot be compensated by the overlapping expression of
EphB3 in veins.

Conclusions

Three different growth factor systems have been de-
scribed that act via endothelial cell-specific receptor ty-
rosine kinases. As might be expected, these three differ-
ent growth factor systems seem to have very different
roles during vascular development. The VEGF system
seems to be absolutely required for the earliest stages of
vasculogenesis, although it continues to play a critical
role during subsequent angiogenesis. VEGF seems able
to elicit differentiative, proliferative and chemotactic re-
sponses from endothelial cells, as well as to promote the
coalescence of endothelial cells into primitive vascular
structures. Unlike VEGF, Angl cannot promote mito-
genic responses or tubule formation. In fact, Angl seems
to come into play after VEGF, by acting to promote ves-
sel branching and remodeling, as well as to promote
maturation and stabilization of vessels. Critical to the
function of Angl appears to be its ability to optimize
interactions of endothelium with surrounding support
cells and matrix, thus stabilizing and maintaining ves-
sels, which it appears to constitutively do in the adult.
Angl has a natural antagonist, Ang2, which seems to be
induced in adult settings of neovascularization, appar-
ently blocking the stabilizing effect of Angl and thus
allowing vessels to revert to a more plastic state where
they are more responsive to VEGF, but also subject to
regression in the absence of VEGF. Existing data suggest
that VEGF and Angiopoietins act in a very complemen-
tary and coordinated fashion. Like the Angiopoietins, the
ephrins also seem to primarily act in later stages of vas-
cular development, though they may also contribute
somewhat to formation of vessel primordia. Currently,
the most striking aspect of the Eph family in regards to
the vasculature is the reciprocal expression of ephrin-B2
and its receptors EphB3 and EphB4 differentially mark-
ing arterial and venous endothelium. However, several
different ephrins, of both the A and B subgroups, appear
to be involved in vascular development and in some
cases display overlapping expression with ephrin-B2 and
EphB3 and EphB4. Although it is clear that complimen-
tary expression patterns play important roles, sites of
overlapping expression of receptors and their ligands,
though not well understood at present, will undoubtedly
also prove to be mechanistically important.
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Though some of the defects seen in mice lacking eph-
rins and Eph receptors resemble those seen in mice lack-
ing Angl, ordering the actions of ephrins and Angiopoi-
etins, or even understanding if these actions are linked in
some way, remains very difficult. Part of the difficulty
stems from the lack of mechanistic understanding of Eph
family function. It is clear that the Eph family functions
in the context of cell-cell contact, and that most of the
actions of the Eph family in the CNS can be explained by
assuming that they are providing a repulsive signal, or a
signal which somehow prevents two adjacent and differ-
entially marked cell types from intermixing; these sig-
nals may depend on the ephrin density and degree of
clustering, and may involve bidirectional signaling. It
will be interesting to see if Eph family function in the
vascular system conforms to these emerging views of its
function in the nervous system.

A relatively unexplored area of study for these three
growth factor families involves their mechanisms of in-
tracellular signaling in endothelial cells, and whether
they employ any unique pathways. Of particular interest
for the Angiopoietins and ephrins will be the way they
may regulate cytoskeletal plasticity, matrix attachment,
and intercellular adhesions, as well at the involvement
of integrins in these processes.

Precise understanding of how all these various growth
factor systems coordinately act during vascular develop-
ment, and how this process is integrated with growth of
the entire embryo, is sure to keep vascular developmen-
tal biologists enthralled for years to come.
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