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REVIEW

Molecular control of arterial-venous blood vessel identity
Ralf H. Adams
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Abstract

Recent research has demonstrated that not only haemodynamic factors but also genetic programmes control
arterial-venous cell fate and blood vessel identity. The identification of arteries and veins was previously based
solely on morphological criteria and is now greatly facilitated by specific molecular markers. Moreover, signalling
pathways controlling the arterial-venous decision during embryonic development have been outlined for the first
time. This review gives an up-to-date overview of differentially expressed genes and the regulatory processes
leading to the differentiation of arteries and veins.
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Introduction

Arteries and veins have evolved as anatomically distinct
but closely interconnected blood vessel types in the
vertebrate circulatory system. The aorta, the biggest
artery, receives the blood from the heart and distrib-
utes it through a branching network of large- and
small-calibre arteries and finally arterioles to extensive
capillary beds in organs and tissues (see Fig. 1). Blood
pressure and flow speed are highest in the aorta and
decrease progressively towards capillary beds, reflecting
the steady expansion of vessel numbers and the enlarge-
ment of their combined luminal diameter along this
axis. Their circular cross-sections together with thick layers
of smooth muscle cells (SMCs) and extracellular matrix
(ECM) provides arteries with mechanical strength and
elasticity. Conversely, the network of venules and veins,
which collects the blood from the periphery and directs
it back to the heart, is adapted to lower pressure and thus
its vessels have much thinner walls, more irregular out-
lines and contain valves to prevent the backflow of blood.

Flow dynamics and distinct physiological require-
ments have been long considered the main or even sole
driving forces for arterial-venous (AV) specialization
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and, as the SMC layer thickness and morphology was
used to distinguish arteries from veins, it was not clear
if separate populations of endothelial cells (ECs)
existed. Recent work has not only addressed this ques-
tion by the identification of molecular markers specific
for the arterial or venous endothelium but has also
provided us with a first glimpse of the molecular mach-
inery controlling formation of these vessel types in the
developing embryo. Remarkably, much of this differ-
entiation programme is already in place before blood
circulation is established, indicating that at least some
steps of genetic control precede regulation by haemo-
dynamic factors. It is appealing to assume that both
processes are closely integrated and interdependent.
Moreover, one might expect that the molecular path-
ways controlling AV morphogenesis in the early
embryo will be also of relevance for human arterio-
venous malformations in which shunts permit the direct
entry of arterial blood into the venous system without
passing through a capillary network.

This review summarizes the current knowledge
about artery- and vein-specific gene expression, its
regulation and role during blood vessel morphogenesis
in the embryo.

The role of Eph receptors and ephrins

Much of the recent interest in the molecular specifica-
tion of arteries and veins has been sparked by work
done in the field of Eph receptor tyrosine kinases
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Fig. 1 Organization of the arterial-
venous network. Distinct molecular AV
identity could play various roles during
early vascular morphogenesis. Repulsive
cues (open arrows) provided by Eph/
ephrin signalling and other pathways
might restrict cell movement across an
AV boundary and inhibit the formation
of shunts between large-calibre blood
vessels. Formation of capillary beds by
angiogenesis might be stimulated atthe
AV interface. Distinct molecular
properties of arteries and veins could
contribute to the recruitment of
pericytes and vascular smooth muscle
cells, and perhaps mediate specific
interactions between endothelial cells
and the adjacent mesenchyme.
Haemodynamic factors are also likely to
contribute to AV differentiation (arrows
indicate the direction of blood flow).

(RTKs) and ephrins. Eph receptors, which constitute the
largest tyrosine kinase subfamily in vertebrates, trigger
signal transduction in response to extracellular stimuli,
i.e. the interaction with ephrin ligands. Sequence
homology and ligand binding preference have been
the criteria for dividing the Eph receptors into two sub-
classes. The eight so-called EphA receptors (EphA1-A8)
bind to six ephrin-A proteins (ephrin-A1-A6), which are
presented on the cell surface due to a glycosylphos-
phatidylinositol (GPI) anchor modification. The second
class contains six EphB receptors (EphB1-B6) and three
(ephrin-B1-B3).
Binding within each subclass is highly promiscuous,

ephrin-B  transmembrane proteins

resulting in a large number of potential Eph—ephrin
interactions. Previous work has also demonstrated that
ephrins are capable of receptor-like active signalling,
resulting in bi-directional signal transduction (recently
reviewed in Kullander & Klein, 2002).

Eph/ephrin molecules are versatile regulators with
roles in a wide range of morphogenetic processes
(Boyd & Lackmann, 2001; Wilkinson, 2001; Adams,
2002; Kullander & Klein, 2002). In the cardiovascular
system, the observation that ephrin-B2 is expressed by
arterial endothelial cells but not on the venous
endothelium was a first key step towards understand-
ing molecular AV identity (Wang et al. 1998; Adams

et al. 1999; Gerety et al. 1999; Gale et al. 2001; Shin
et al. 2001). Wang et al. (1998) generated mutant mice
carrying an insertion of the bacterial /acZ gene in the
ephrin-B2 locus. 3-galactosidase staining revealed ephrin-
B2 expression in various regions of early embryos,
but in the vasculature it was restricted to arteries
as judged by anatomical criteria. It also turned out that
expression of the EphB4 receptor, an interaction partner
of ephrin-B2, was largely but not completely confined
to veins (Wang et al. 1998; Adams et al. 1999; Gerety
et al. 1999). Surprisingly, AV-specific expression of the
two molecules preceded the formation of morpholo-
gically distinct arteries and veins in the early and very
primitive vascular network, which is formed de novo by
the fusion of blood islands in a process termed vasculo-
genesis (Risau & Flamme, 1995; Wang et al. 1998).
Further studies confirmed AV-specific expression of the
ephrin and its receptor during later embryonic develop-
ment and in adult mice, although arterial SMCs as well as
podocyte progenitors and glomerular ECs in the kidney
were also positive for ephrin-B2 (Gale et al. 2001; Shin
et al. 2001; Takahashi et al. 2001). Ephrin-B2 was also
found on the arterial endothelium in chick and zebrafish,
making it a consistent and reliable marker in a wide
range of species (Lawson et al. 2001, 2002; Moyon et al.
2001a; Othman-Hassan et al. 2001; Zhong et al. 2001).
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Despite these important findings, it is still not clear if
ephrin-B2 and EphB4 play an active role during the
specification of arteries and veins. Knockout mice
lacking ephrin-B2 either uniformly or specifically in the
endothelium and mutants lacking the ephrin-B2 cyto-
plasmic domain showed very similar severe defects in
the whole vasculature (Wang et al. 1998; Adams et al.
1999, 2001; Gerety et al. 1999; Gerety, 2002). Primitive
blood vessels were formed but the remodelling of the
early and uniform vascular network into a hierarchical
system of small and large blood vessels (angiogenesis)
failed. Consequently, this defect also disrupted the
differentiation of blood vessels into morphologically
distinguishable arteries and veins. However, the biggest
artery, the dorsal aorta, did form in ephrin-B2 mutant
embryos whereas the biggest vein, the cardinal vein,
was rendered into a non-functional loose network of
endothelial cells (Adams et al. 1999). These two major
vessels are formed by direct assembly of angioblasts
(endothelial precursor cells), i.e. vasculogenesis. A very
similar phenotype was described for EphB4-deficient
mice, indicating strong interdependence of ephrin and
receptor activity during blood vessel development
(Gerety et al. 1999).

Despite strong evidence suggesting that ephrin-B2
and EphB4 are not involved in the earliest steps of the
AV decision (see below), the two molecules seem to
mediate critical communication between the arterial
and venous endothelium (see Fig. 1). Knockout pheno-
types and in vitro sprouting assays indicate that the
ephrin-B2-EphB4 interaction promotes angiogenesis, a
property that could contribute to the formation of
extensive capillary beds at the arterial-venous inter-
face. Since it is known from the work of many groups
that Eph/ephrin molecules can restrain cell movements
and create tissue boundaries (recently reviewed in
Wilkinson, 2001), ephrin-B2 and EphB4 might establish
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some sort of AV boundary across which the migration
of ECs is restricted. The fate of individual endothelial
cells can be studied by grafting tissue from quail donors
into chick host embryos. Transplanted endothelial cells,
which can be identified by species-specific surface
markers, respect the arterial or venous character of
their host blood vessels, in other words arterial cells
tend to integrate into arteries and venous cells into
veins (Moyon et al. 2001a; Othman-Hassan et al. 2001).
In some cases, grafted cells retained plasticity, permit-
ting them to colonize both arteries and veins but these
cells changed the expression of markers such as ephrin-
B2 to match AV properties of their host vessels (Moyon
et al. 2001a). Although it is currently not clear which
and how many different molecules restrict the mixing
of arterial and venous cells (ephrin-B2 and EphB4
certainly appear to be promising candidates), the work
described above has now firmly established that two
distinct EC populations exist.

It is noteworthy that additional Eph/ephrin mole-
cules are expressed in endothelial cells and the adja-
cent mesenchyme and several experimental findings
suggest that they contribute to the patterning of blood
vessels (Adams et al. 1999; Helbling et al. 2000; Oike
et al. 2002; reviewed in Adams, 2002). Future work will
have to address whether arteries and veins respond
differently to signals from the surrounding tissue.

More markers - additional regulatory
pathways?

Over the last few years, more genes with selective
expression on arteries or veins have been identified but
in most cases specific roles in the process of AV differ-
entiation remain elusive (see Table 1). For example, the
cytoplasmic tyrosine kinase Bmx was found to be
expressed in the endothelium of large arteries and in

Table 1 Known molecular markers of the arterial and venous endothelium

Arterial endothelial cells

Venous endothelial cells

EphB4'?3

Neuropilin-2"", Tie2%'2*
Flt4'>1%5, EphB4'®

Mouse ephrin-B2"%3, neuropilin-14, connexin-40%, Bmx>®
Notch1’, 37 and 47, Delta-like4”#, Jagged1’ and 2’

Chick ephrin-B2°', neuropilin-1°",

Zebrafish Notch5'", gridlock''®, ephrin-B2a'>'%"®

Xenopus

EphB4's

'Wang et al. (1998); ’Adams et al. (1999); 3Gerety et al. (1999); “Mukouyama et al. (2002); *Ekman et al. (1997); °Rajantie et al. (2001);
Villa et al. (2001); 8Shutter et al. (2000); "Moyon et al. (2001a); °Othman-Hassan et al. (2001); '"Herzog et al. (2001); ?Moyon et al.
(2001b); "*Lawson et al. (2001); Lawson et al. (2002); '*Zhong et al. (2001); *Helbling et al. (2000).

*Tie2 is also expressed in aorta (see text).
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the endocardium of embryonic and adult mice, but
Bmx-deficient mutants were viable and lack obvious
developmental defects (Ekman etal. 1997; Rajantie
et al. 2001). Bmx tyrosine phosphorylation and activity
can be triggered by the RTK Tie2, a receptor for a family
of soluble ligands called angiopoietins (reviewed in
Jones et al. 2001; Loughna & Sato, 2001).

In the developing chick embryo, expression of tie2
was confined to the venous endothelium and the aorta
whereas the other arteries showed no staining (Moyon
et al. 2001a, 2001b). Experimental evidence suggests
that tie2 expression might be not equally restricted to
veins in mouse, indicating that species-specific differ-
ences might exist (Schlaeger et al. 1997). Mesenchymal
cells surrounding blood vessels are known to express
angiopoietin ligands. Remarkably, in situ hybridization
signal for angiopoietin-1 was restricted to cells around
veins in chick embryos, whereas angiopoietin-2 was
transcribed in the tissue enclosing arteries that express
little or no tie2 (Moyon et al. 2001b). Whereas both
angiopoietins can bind the Tie2 receptor, they seem to
trigger different responses in vivo and in vitro (Jones
et al. 2001; Loughna & Sato, 2001). Tie2 and angiopoietin-
1 knockout mice have been generated and displayed
severe angiogenesis defects in the whole vascular
system similarly to ephrin-B2- and EphB4-deficient
mutants (Sato et al. 1995; Suri et al. 1996).

Neuropilins are cell surface receptors for soluble
(class-3) semaphorins, members of a large gene family
controlling axon guidance in the nervous system and
other processes (reviewed in Miao & Klagsbrun, 2000;
Neufeld et al. 2002). It has been recently demonstrated
that neuropilins can also bind to specific isoforms of
vascular endothelial growth factor (VEGF) and act as
accessory receptors facilitating signalling by VEGF
receptors (Soker et al. 1998; Gluzman-Poltorak et al.
2000, 2001). Neuropilin expression in the chick vascular
system was detected at the earliest stages of vascular
development: Transcripts for the two related molecules
neuropilin-1 (np1) and neuropilin-2 (np2) were located
to blood islands and blood vessels. As soon as arteries
and veins became distinguishable, expression of np1
was confined to the arterial endothelium and np2 to
veins (Herzog et al. 2001; Moyon et al. 2001a).

Notch proteins are cell-surface receptors for membrane-
bound ligands, termed Delta-like and Jagged in higher
vertebrates, and are involved in cell fate decisions and
patterning during embryonic development (reviewed
in Artavanis-Tsakonas et al. 1999). Gene targeting

studies in mouse and the identification of mutations
in human patients have shown that several of the
molecules in this pathway play important roles in the
cardiovascular system (Xue etal. 1999; Krebs et al.
2000; McCright et al. 2001; Uyttendaele et al. 2001). It
was recently reported that the receptors notchl,
notch3 and notch4 and the ligands dL/4, jagged1 and
jagged2 are expressed in arteries but not in veins of
mouse embryos (Shutter et al. 2000; Villa et al. 2001).
Localization of Jagged1 protein to arterial SMCs was
also observed (Villa et al. 2001).

It is important to keep in mind that most of the find-
ings described above are based on in situ hybridization
results or the expression of reporter genes. Significant
differences could exist on the levels of protein expres-
sion and activity.

Genetic experiments continue to provide significant
functional insight into the processes leading to AV
differentiation. Mice with a targeted inactivation of
the activin receptor-like kinase-1 gene develop large
shunts between arteries and veins reminiscent of
arteriovenous malformations in humans, lose arterial
ephrin-B2 expression and die at midgestation (Urness
et al. 2000).

The AV decision — lessons from zebrafish
development

Much of the recent progress in the area of arterial-
venous differentiation was obtained from studies in
zebrafish, a powerful model organism accessible to
genetic approaches and other forms of experimental
manipulation. Zebrafish mutants lacking the arterial
protein gridlock (grl), a basic helix-loop-helix (bHLH)
protein with homology to transcriptional repressors,
were isolated in a large genetic screen because they
showed disrupted assembly of the aorta in the poste-
rior part of the body (see Fig. 2) (Zhong et al. 2000,
2001). Reduced levels of gridlock expression were
directly proportional to the extent of the defect in the
artery. Conversely, gridlock overexpression caused a
similar disruption of the vein without affecting the
artery (Zhong et al. 2001).

Gridlock expression starts very early during develop-
ment in the lateral posterior mesoderm (LPM), a region
that contains the angioblast precursors that will even-
tually migrate to the midline of the embryo and as-
semble into dorsal aorta and cardinal vein. Strikingly,
angioblasts already appear to have some AV identity,
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Fig. 2 Arterial-venous cell fate decision in zebrafish embryos. Signalling pathways in the lateral posterior mesoderm and in the
large blood vessels are shown (a). Sonic Hedgehog provided by the notochord has been recently shown to induce VEGF expression
in somites and regulate the arterial identity of endothelial cells in the aorta. Neuropilin-1, which is expressed by arterial ECs in

mouse, could perhaps mediate artery-specific VEGF signalling. Differences between pathways in the lateral posterior mesoderm
and the main blood vessels might exist. Venous cell fate might be driven by unknown pathways or could be the default outcome
in the absence of arterial signals. Blood vessels are disrupted or change their molecular AV identity in certain zebrafish mutants
or in response to experimental manipulation (b,c). Note that arrows do not necessarily indicate direct interaction or regulation.

since dye-labelled cells contributed either to the arte-
rial or venous endothelium but never to both blood
vessels (Zhong et al. 2001). Substantial evidence sug-
gests that gridlock might be triggering the arterial
differentiation programme in a subset of angioblasts
whereas the remaining (gridlock-negative) cells acquire
a venous fate by default. As the number of endothelial
precursors is probably limited, manipulating gridlock
expression could perhaps alter the normal numbers
of cells with an arterial or venous commitment and
thus interfere with the assembly of arteries or veins,
respectively. Consistent with a key role in the early AV
decision, diminishing gr/ levels did indeed result in
decreased ephrin-B2 expression whereas EphB4 was
elevated at the same time (Zhong et al. 2001). But is
gridlock the master regulator controlling arterial-venous
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identity? Probably not. Gridlock belongs to a family of
so-called hairy-related transcription factors, which are
often involved in cell fate decisions made by the Notch
pathway (reviewed in Fisher & Caudy, 1998; Davis &
Turner, 2001). Zhong et al. (2001) observed that Notch
signalling positively regulated gridlock expression in
the lateral posterior mesoderm. Moreover, disruption
of the Notch pathway reduced mesodermal gridlock
and interfered with the normal development of the
aorta (see Fig. 2). A similar approach was employed by
Lawson et al. (2001, 2002) and, in their hands, loss of
Notch signalling eliminated the arterial markers
ephrin-B2 and notch5 but did not affect gridlock
expression in the aorta. It is currently not clear if the
findings by the two laboratories reflect regional differ-
ences between angioblasts in the LPM and endothelial
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cells in the major blood vessels or simply different
extents of Notch inhibition.

In early embryos, the aorta is located in close proximity
to the notochord, an important signalling centre that
controls development of multiple adjacent tissues such
as the neural tube, somites and blood vessels (Lassar &
Munsterberg, 1996; Fouquet et al. 1997; Litingtung &
Chiang, 2000). It is known that a molecule named Sonic
Hedgehog (Shh) mediates many of these regulatory
processes. Zebrafish mutants with defects in the Shh
pathway lacked arterial ephrin-B2 expression and
retained a single big blood vessel, which was positive
for venous markers. Shh overexpression had the opposite
effect and led to an expansion of the ephrin-B2-expressing
endothelium (Lawson etal. 2002). This regulation
seemed to depend critically on VEGF expression in the
somites, which are placed to both sides of the noto-
chord and the main blood vessels. Loss of Shh signal
diminished somitic VEGF whereas Shh overexpression
increased VEGF levels. Further experiments showed
that the VEGF signal is upstream of Notch5 expression
and Notch signalling, which in turn controls ephrin-B2
expression and arterial cell fate (Lawson et al. 2002).
Remarkably, VEGF secreted by the peripheral nerves in
mouse embryos was recently shown to control arterial
differentiation and patterning in the skin (Mukouyama
et al. 2002), indicating that the mechanism underlying
the AV decision might be conserved among vertebrate
organisms.

Open questions and perspectives

Despite the tremendous recent increase in our under-
standing of vascular morphogenesis and the arterial-
venous cell fate decision, many questions remain open.
For the first time, pathways mediating the AV decision
have been outlined in zebrafish but closer examination
is needed in order to find more molecules involved in
these signalling cascades. A few candidate molecules
have already been identified on the basis of their
expression patterns but functional assays are required
to assess their roles. Furthermore, we can expect that
one or two pathways are probably not sufficient to
control the AV decision and a more complex regulatory
network might emerge in the future. It will also be
important to find out whether the same molecular
mechanisms apply to the AV decision in the endo-
thelium of smaller blood vessels and in different verte-
brate organisms. Although the work summarized in

this review has suddenly opened the door to an exciting
new research area, at least one fundamental problem
has already become evident. The roles of gene products
like Notch receptors, Eph RTKSs, ephrins and, in particular,
VEGF are not solely confined to cell fate decisions and
the same pathways seem to mediate multiple other
processes in the developing and adult vascular system.
Many of these genes have been inactivated in mouse
but quite often the severity of the resulting vascular
defects together with embryonic lethality have per-
mitted only rather limited analysis. Spatially and tem-
porally controlled genetic manipulations could prove
more useful in these cases.

The contribution of haemodynamic factors in the
morphogenesis of arteries and veins has been largely
ignored in this review but the important role of physi-
cal parameters such as blood pressure and shear stress
is far from obsolete despite newly discovered genetic
pathways. One interesting possibility might be that
control of AV identity by physical and genetic factors is
fully integrated and mutually regulated.

As saphenous and femoral veins are commonly used
for vascular and coronary artery by-pass surgery, one
can assume that a certain degree of plasticity permits
reprogramming of endothelial cells. We are still far
away from molecular therapies for human arteriov-
enous malformations, which are currently treated by
surgical removal, radiosurgery or related methods.
However, a key step will be to understand if and how
molecular factors contribute to AV malformations and
the knowledge gained from developmental processes
could prove invaluable for this purpose.
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