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Arterial-Venous Specification During Development
Matthew R. Swift, Brant M. Weinstein

Abstract—The major arteries and veins of the vertebrate circulatory system are formed early in embryonic development,
before the onset of circulation, following de novo aggregation of “angioblast” progenitors in a process called
vasculogenesis. Initial embryonic determination of artery or vein identity is regulated by variety of genetic factors that
work in concert to specify endothelial cell fate, giving rise to 2 distinct components of the circulatory loop possessing
unique structural characteristics. Work in multiple in vivo animal model systems has led to a detailed examination of
the interacting partners that determine arterial and venous specification. We discuss the hierarchical arrangement of
many signaling molecules, including Hedgehog (Hh), vascular endothelial growth factor (VEGF), Notch, and chicken
ovalbumin upstream-transcription factor II (COUP-TFII) that promote or inhibit divergent pathways of endothelial cell
fate. Elucidation of the functional role of these genetic determinants of blood vessel specification together with the
epigenetic factors involved in subsequent modification of arterial-venous identity will allow for potential new
therapeutic targets for vascular disorders. (Circ Res. 2009;104:576-588.)
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he vertebrate cardiovascular system, consisting of the

heart, blood, and blood vessels, is the first organ to
function during embryogenesis. The circulatory system plays
many essential roles, including transporting oxygenated
blood, metabolites, and waste products, serving as a conduit
for hormonal communication between distant tissues and
facilitating rapid deployment of immune responses to distal
sites within the body. Further organogenesis during develop-
ment is totally dependent on the delivery of oxygen and
nutrients facilitated by a functional circulatory system, and
major defects in the developing vasculature lead to early
embryonic lethality. The proper functioning of the circulatory
system as a closed loop continually recirculating blood to and

from peripheral tissues is itself dependent on the fundamental
division of the circulatory system into 2 distinct and separate
yet completely intertwined and interconnected networks of
arterial and venous blood vessels. Although the existence of
these 2 distinct types of blood vessels has been appreciated
for hundreds if not thousands of years, we have only begun to
appreciate the functional and molecular differences between the
cells that line these 2 types of vessels, how these differences are
acquired, and how these 2 separate yet intimately associated
vascular networks are assembled.

During early development cardiac contraction begins high-
pressure blood flow through large diameter arterial vessels,
which acquire an extensive supporting system of smooth
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muscle cells and extracellular matrix components. Blood
returns under lower pressure to the heart through the venous
system, which includes specialized valve structures to main-
tain proper directional flow. The distinct hemodynamic forces
found in arteries and veins, such as blood flow rate, direction,
and pressure, were long thought to be the key factor driving
differentiation of vessels to an arterial or venous fate, and a
number of studies have supported the idea that hemodynamic
forces have the capacity to program or redirect the specifica-
tion of blood vessel type during development. However, other
studies have demonstrated that arteries and veins possess
distinct molecular identities from a very early stage. Even at
the level of the smallest capillaries, arterial and venous blood
vessels are distinguishable from one another by their differ-
ential expression of these molecular markers. The fact that
these molecular distinctions are evident even before the
initiation of circulatory flow suggests that genetic determi-
nants play a critical role in dictating at least the initial steps
of arterial/venous fate determination during development.
Through extensive characterization of endothelial cells (ECs)
in culture and endothelial differentiation and blood vessel
assembly in in vivo models such as chick, mouse, frog, and
zebrafish, a picture of the interacting signaling complexes
that comprise the molecule program for arterial-venous
specification has begun to emerge. In this review, we discuss
some of the recent literature on the physiological and molec-
ular factors that regulate the acquisition of arterial and venous
differentiated identity.

The Emergence of Endothelium and
Arterial-Venous Identity
Two major processes have been described for formation of
blood vessels during development, as well as postnatally.
First, major embryonic vessels form by coalescence of
individual endothelial progenitor cells or “angioblasts” that
arise de novo from extraembryonic and embryonic lateral
mesoderm. These progenitors form vesicles and cords of
attached vascular ECs that undergo further morphogenesis to
form epithelial tubes. This process, called “vasculogenesis,”
is thought to be mainly restricted to early vascular develop-
ment. Most later developmental and postnatal blood vessel
formation, however, occurs via “angiogenesis,” defined as the
formation of new vessels from preexisting vessels, either by
sprouting and elongation of new vessels from these existing
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Figure 1. A, ICM formation and vasculo-
genesis. In this schematic cross-section
of the developing zebrafish trunk, blood
and vascular progenitors delaminate from
medial potions of the lateral plate meso-
derm (LM) and migrate to the trunk mid-
line beneath the somites (S), taking up
position to form the ICM just below the
notochord. ICM angioblasts assemble the
zebrafish axial vessels (dorsal aorta and
cardinal vein) by vasculogenesis. B, Con-
focal microangiography of the circulatory
system of a 2.5-day-old zebrafish reveals
the 2 unpaired longitudinally aligned axial
vessels, the dorsal aorta and the cardinal
vein.

vessels (sprouting angiogenesis) or by remodeling of existing
vessels via internal division of preexisting vessels in the
capillary plexus (intussusceptive angiogenesis). In later de-
velopment and adult life, these 2 types of vessel formation
processes often occur together and the distinction between
them is frequently not so clear. In addition to the earliest
extraembryonic and lateral mesoderm, angioblasts are also
thought to arise de novo at later stages of development from
other mesodermal tissues such as the paraxial/somitic meso-
derm, mesodermal mesenchyme, and possibly even hemato-
poietic progenitors.

A proposed mesodermally derived progenitor cell, the
hemangioblast, is thought to be the precursor to both pluri-
potent hematopoietic stem cells, which produce all of the
different blood cell lineages, and angioblasts, which give rise
to the first vascular ECs.! In zebrafish, a caudal population of
progenitor cells originating in the posterior lateral plate
mesoderm migrate to the midline of the trunk to form the
intermediate cell mass (ICM) (Figure 1). The ICM is posi-
tioned ventral to the notochord and is flanked laterally by the
somites.?-5 Lateral mesoderm-derived progenitors give rise to
both blood and ECs in the ICM. Fate-mapping studies of
mesodermal progenitors labeled at midblastula and gastrula
stages suggest that at least some of the progenitor cells are
bipotential, capable of giving rise to cells of both lineages,
although the majority of labeled cells give rise to only 1 of the
2 lineages.! ICM angioblasts assemble via vasculogenesis
into 2 longitudinally aligned trunk axial vessels: the dorsal
aorta (DA), which lies ventral to the notochord, and the
posterior cardinal vein (PCV), found just below and imme-
diately juxtaposed to the DA. In zebrafish there is only a
single unpaired DA and PCV, but in many other vertebrates
one or the other of these vessels are initially bilaterally paired
on either side of the midline and only fuse together to form a
single tube at later stages of development (in mammals the
DA and PCV are initially both paired, whereas in Xenopus,
the PCV are initially paired but the DA assembles as a single
tube). As noted above, the initial expression of markers of
arterial and venous identity occurs very early, before the
initiation of a heart beat and circulatory flow (Figure 2).
Indeed, fate-mapping studies in the zebrafish have suggested
that angioblasts become restricted to either an arterial or
venous cells fate as, or even before, they begin to migrate to
the trunk midline to form the DA and PCV.® These data
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Figure 2. Arterial and venous ECs have molecularly defined
identities that are evident before circulatory flow or even tubu-
logenesis. Expression of artery markers such as ephrinB2a (C)
and vein markers such as f/t4 (D) is evident by in situ hybridiza-
tion of 25 somite stage zebrafish embryos, several hours before
circulation begins in the trunk. Expression of ephrinB2a within
the dorsal aorta begins just as the migratory ECs arrive at the
trunk midline from the lateral mesoderm and begin to aggregate
into a cord of cells. B, Expression of the pan-endothelial marker
fli1 is shown for comparison. Box in upper diagram (A) shows
approximate location of in situ images, for reference. Light
arrows indicate dorsal aorta; dark arrows, posterior cardinal
vein.

suggest that the acquisition of early arterial-venous cell fate
by endothelium is genetically programmed, and other recent
studies have begun to define many of the molecular players
that regulate this process.

Genetic Determinants of

Arterial-Venous Identity
After the initial identification of molecular differences be-
tween arterial and venous ECs, described above, further
research has identified many additional factors differentially
expressed between arterial and venous ECs. More impor-
tantly, the functional roles of some of these factors and the
signaling pathways that they participate in have been ex-
plored in some detail, and we are now beginning to acquire a
picture, albeit still highly incomplete, of how some of these
pathways act together in the determination of arterial-venous
fate. Below, we review some of the pathways and factors
implicated in arterial-venous differentiation and recent data
on their respective roles.

EphrinB2/EphB4

The first genes discovered to be differentially expressed in
arterial and venous endothelium were ephrinB2 and EphB4,
members of the Eph-ephrin subclass of receptor tyrosine
kinases. The Eph receptors are the largest of the fourteen
subfamilies of receptor tyrosine kinases and are activated by
ligands of the equally large ephrin family. The receptors and
their cognate ligands are usually, although not always, pres-
ent in adjacent populations of cells.” Eph receptors and their
ephrin ligands regulate a variety of morphogenetic processes
in different tissues, including hindbrain and paraxial meso-
derm segmentation, axonal guidance and fasciculation during
the formation of topographical maps in the vertebrate embry-
onic nervous system, and regulation of cell movement in both
vertebrates and invertebrates, including Xenopus gastrulation,
avian and rodent neural crest migration, and neuroblast and

epidermal cell movement in nematodes.3~'° Ephs and ephrins
are both transmembrane proteins and Eph-ephrin signaling
requires cell-to-cell contact. One somewhat unusual aspect of
Eph-ephrin signaling is that it can be bidirectional. Both
forward (ephrin ligand to Eph receptor) and reverse (Eph
receptor to ephrin ligand) signaling has been documented.
Forward signaling is initiated by ephrin ligand engagement
by an Eph receptor dimer, which leads to transphosphoryla-
tion of the short intracellular juxtamembrane region. This
results in a conformational change in the receptor that
activates its kinase domain and enables a variety of proteins
implicated in the regulation of mitogenesis, cell substrate
interactions, and cytoskeletal dynamics to be phosphorylated
by the kinase domain or to interact with the other regions of
the cytoplasmic tail. On the other hand, reverse signaling by
ephrins of the B subclass involves the phosphorylation of
conserved tyrosine residues in the small, approximately
85-aa-long cytoplasmic domain upon contact with the ectodo-
main of cognate EphB receptors, or by an Eph-independent
mechanism. This leads to recruitment of a variety of SH2 (Src
homology-2) domain containing adaptor proteins and their
SH3 (Src homology-3) binding partners and results in cy-
toskeletal changes usually associated with cell repulsion. A
short PDZ-binding motif YKV at the end of the carboxyl
terminus also appears to mediate reverse signaling via a
phosphorylation-independent mechanism (reviewed
elsewhere!?).

In a landmark study on the molecular basis of arterial—
venous cell fate, ephrinB2 and EphB4 tau-lacZ “knockins”
were used to show that the 2 genes are differentially ex-
pressed in the arterial and venous endothelium of the mouse
embryo before the initiation of circulation.'>!3 This provided
the first evidence demonstrating that the initial acquisition of
molecular differences between arteries and veins during
development is not dependent on circulatory flow. Because
these were null alleles, they were also used to explore the
functional consequences of loss of ephrinB2-EphB4 signaling
in the vasculature. Animals lacking ephrinB2 undergo vascu-
logenesis of the major arterial and venous trunk vessels in a
reasonably normal fashion but have defects in the remodeling
of both arteries and veins.'> Notably, there is a failure of
proper intercalation of arterial and venous vessels. Overex-
pression of a dominant negative form of EphB4 in Xenopus
embryos gives rise to defects in vascular remodeling within
intersomitic vessels (ISVs).!* These observations suggest that
the complementary expression of the ephrinB2 ligand and its
EphB4 receptor in arterial and venous endothelium mediates
signaling between these 2 cell types required for the proper
remodeling of arterial and venous vascular networks and for
the establishment of complex but distinct boundaries between
them. Although ephrinB2 is also expressed in vascular
smooth muscle cells, subsequent EC-specific knockouts dem-
onstrated that the gene is critically required in ECs, at least
for its earliest vascular functions.!s The functional importance
of ephrinB2 in vascular development was further confirmed
by a later study in which it was also shown that mice in which
the EphB4 locus is inactivated by inserting a tau-LacZ
reporter display vascular defects that parallel those found in
mice lacking ephrinB2.1¢ EphB4 is highly enriched in veins,
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and is the only EphB receptor that specifically binds to
ephrinB2. The symmetrical nature of the ephrinB2 and
EphB4 phenotypes and the strong and specific affinity be-
tween this ligand-receptor pair indicates that EphB4 is the
principal functional partner for ephrinB2 in this system and
suggests that the angiogenic defects and failures to intercalate
arteries and veins observed in ephrinB2 and EphB4 loss-of-
function mutants result from defective arterial-venous
communication.

The respective functional roles of forward versus reverse
ephrinB2-EphB4 signaling have been somewhat more diffi-
cult to parse out. Expression of ephrinB2 full-length and
cytoplasmic domain deletion mutants in Xenopus results in
the identical ISV defects as is observed with dominant
negative EphB4 mutants, indicating that remodeling occurs
through forward, not reverse signaling.'* Conversely, mice
designed to be specifically impaired in ephrinB2 reverse
signaling because of lack of the entire cytoplasmic domain
(deletion of approximately 85 C-terminal amino acids) ex-
hibited similar vascular remodeling defects to those displayed
by mice completely deficient for ephrinB2 or EphB4, sug-
gesting a potentially mammalian specific essential require-
ment for bidirectional communication.!” Furthermore, in-
creased EphB4 expression in B16 Melanoma cells impairs the
survival of arterial ECs in mouse tumor xenograft model
systems by reverse signaling via ephrinB2.'8

It is worth noting that although the expression of ephrinB2
and EphB4 expression “labels” arterial and venous ECs and
their precursors, the function of these genes is not required for
specification of these cell fates during vasculogenesis. Ap-
propriate spatially partitioned early expression of knocked-in
lacZ transgenes is still observed in mice homozygous null for
either ephrinB2 or EphB4, although these mice subsequently
exhibit defects in interdigitation and remodeling of arterial
and venous vascular networks, suggesting these genes are
required to define and maintain the arterial-venous interface.
In contrast to ephrinB2 and EphB4, some of the genes
discussed in the sections below do appear to play an impor-
tant role in the arterial-venous cell fate decision.

Notch

Notch receptors are evolutionarily conserved type I trans-
membrane receptors that interact with the DSL (Delta-
Serrate-Lag2) ligands to direct cell-fate decisions during
embryonic development.!® Receptor—ligand interaction re-
sults in the translocation of the Notch intracellular domain
(NICD) into the nucleus following proteolytic cleavage
events. On nuclear transport, the NICD can bind the tran-
scriptional regulator SuH (suppressor of hairless) in zebrafish
and its mammalian ortholog Rbpj protein (the recombination
signal-binding protein for immunoglobulin-k J region) in
mice. Notch signaling regulates a variety of events in addition
to cell fate decisions, including proliferation, apoptosis, and
maturation and is known to be involved in neuronal function,
ventricular development, pancreatic specification, hemato-
poiesis, and osteoblastic differentiation.?°-2 Notch signaling
also regulates tissue homeostasis and maintenance of stem
cells in adults.!9-2425 Owing to the complexity of the pathway,
the consequences of Notch signaling are highly diverse and
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dependent on multiple variables including both the spatial
and temporal characteristics of the signal and the cellular and
developmental context (reviewed elsewhere?°).

A variety of evidence from mammals has highlighted the
importance of notch signaling for proper formation of the
vasculature. The human vascular diseases Alagille syndrome
and cerebral autosomal dominant arteriopathy with subcorti-
cal infarcts and leukoencephalopathy (CADASIL) are caused
by mutations in the Jagl and Notch3 genes, respectively. In
mice, the Notch 1, Notch4, Jagl, Jag2, and D114 genes are all
expressed in arterial but not venous ECs.?’-3¢ Mice lacking
Notch4 have no major defects in vessel formation, but Notchl
knockout mice exhibit a reduction in size of axial vessel,
failure to properly remodel the vasculature, and die during
embryonic development. Notchl/Notch4 double mutants
show abnormal development in the axial vessels that is more
severe than in Notch 1 mutants,3° suggesting that the 2 genes
are at least partially functionally overlapping. Mice lacking
even 1 of the 2 copies of the Notch ligand D114 are not viable
in at least some genetic backgrounds and exhibit severe
vascular defects.*37 DIl4 heterozygous mice also show
reduced ephrinB2 expression and increased EphB4 expres-
sion, consistent with a failure in arterial differentiation.3® This
defect is similar to that observed in Notch-deficient Rbpj and
Mib mutant mice and Hey1/Hey?2 double mutants.3°-42 These
results implicate D114-Notch1/4 and their downstream effec-
tors in proper vessel formation during murine development
and suggest that Notch activity is important for promoting
arterial cell fate.

A number of studies in the zebrafish have been critical for
defining the important role that Notch signaling plays in
arterial specification.®#344 In zebrafish, the notch5 (formerly
notch3) gene is expressed in the DA but not the PCV during
embryonic development. Embryos lacking Notch activity,
either through the injection of a dominant negative Su(H) or
in a notch-deficient mindbomb (mib) mutant, fail to induce
arterial ephrinB2 expression and exhibit ectopic expression of
venous markers EphB4 and flt4 in the DA.*3 Constitutive
activation of Notch signaling by ubiquitous expression of
the “activated” NICD results in reduced venous marker
expression. Expression of NICD specifically in endotheli-
um of the zebrafish also suppresses venous marker expres-
sion, confirming that Notch functions cell-autonomously
within the endothelium to repress venous fate. Like eph-
rinB2™/~ and EphB4~'~ mice, Notch-deficient zebrafish
possess a properly located DA and PCV, again indicating
that the observed phenotype is attributable to a defect in
arterial specification and not angioblast migration or vas-
cular tube morphogenesis.*?

A role for Notch signaling in artery formation has also been
suggested by analysis of another zebrafish mutant, gridlock
(grl), defective in a zebrafish ortholog of mammalian Hey2
(hairy and enhancer of split-related 2).%4> The Hes (hairy and
enhancer of split) and Hey genes have been shown to be
function in at least some contexts as downstream targets of
the Notch pathway. Zebrafish embryos deficient in gr/ fail to
properly form the dorsal aorta and lack circulation to the
trunk and tail.#¢47 The grl gene is initially expressed in the
posterior lateral mesoderm, becoming restricted to the DA

Downloaded from circres.ahajournals.org at Columbia University on April 20, 2009


http://circres.ahajournals.org

580 Circulation Research March 13, 2009

during later stages of development.*> The expression of grl is
induced by activated notchl and can be repressed by inhibi-
tors of Notch signaling.® Blocking grl translation using
antisense morpholino oligonucleotides (morpholinos) results
in arterial defects, including reduction of ephrinB2 expression
and increase in EphB4 expression in the DA. Overexpression
of grl yields a smaller PCV with loss of flt4 expression but
has no effect of DA formation. Although the results above
indicate that gr/ is needed for artery formation, other studies
have shown that gr/ is not repressed in embryos injected with
dominant negative Su(H) or in mib mutants,*> suggesting that
grl is not a direct Notch target, making the role of gridlock in
arterial differentiation somewhat less clear.

Although arterial specification is disrupted in zebrafish
embryos lacking Notch activity, some artery-specific markers
are still expressed in Notch-deficient animals, suggesting that
additional upstream factors may help to regulate arterial
differentiation.** Sonic hedgehog (shh) and vascular endothe-
lial growth factor (VEGF) have been shown to function
upstream from Notch signaling in a pathway regulating early
arterial differentiation.

Hedgehog

The Hedgehog (Hh) family of secreted morphogens, which
includes sonic hedgehog (shh) and Indian hedgehog (ihh), has
diverse roles in embryogenesis and patterning. Hh signals
through the interaction with a transmembrane receptor
Patched (ptc) to release ptc-mediated inhibition of the trans-
membrane protein Smoothened (smo), leading to downstream
activation of target genes through the Gli family of transcrip-
tion factors. A number of studies have indicated a role for Hh
signaling in vascular development. Shh is expressed in the
endoderm, proximal to the developing vascular network but
not in the mesoderm. However, the ptcl receptor is expressed
on ECs.#® Overexpression of shh in the mouse leads to
hypervascularization of neuroectoderm, whereas decreased
vascularization of lung tissue is observed in shh™/~ mice 450
Expression of the proangiogenic factor Angiopoeitin-1 and its
cognate receptor, Tie2 is also decreased in lung tissue of
embryonic day (E)I11.5 to 12.5 shh™/~ mouse embryos.5!
Furthermore, shh is able to induce the expression of vascular
endothelial growth factor and the angiopoietins in mice,
which can induce the development of coronary vessels.*8-52.53
Hh signaling is a critical instructive endodermal signal
triggering the assembly of the first primitive vessels in the
mesoderm of the mouse yolk sac,’* activating the critical
vasculogenic ligand Bmp4 via Foxf1.55 Thh™’~ and smo™/~
mouse embryos display the initiation of vasculogenesis in the
yolk sac but exhibit defects in vascular remodeling, suggest-
ing that Hh signaling promotes EC differentiation and vas-
cular remodeling but is not required for cell-fate determina-
tion.>* Hh signaling has also been implicated in
hemangioblast and hematopoietic stem cell specification both
in mice and in the zebrafish.>>¢ The steroidal alkaloid
cyclopamine (CyA) can inhibit smo activation, thereby con-
ditionally blocking Hh signaling. Yolk sac vessels in mouse
embryos treated with CyA are underdeveloped and proangio-
genic factors such as VEGF and Notch-1 are downregulated.
CyA treatment also inhibits proper fusion of the paired DA

assemblies perhaps because of downregulation of Bmp4 and
VEGF.>7

Studies in the zebrafish have been instrumental in demon-
strating the important role that Hh signaling plays in early
arterial specification. Zebrafish with mutations in syu (sonic
you), the zebrafish ortholog of mammalian shh, lack normal
trunk circulation, and have defects in differentiation of both
the DA and PCV, although angioblasts do migrate normally
from the lateral plate mesoderm to the trunk midline.>%->°
However, embryos lacking shh or treated with CyA only
develop a single large axial vessel tube expressing markers of
venous but not arterial identity.** In contrast, injection of shh
mRNA induces formation of ectopic ephrinB2-expressing
arterial vessels within the trunk. Upregulation of other arterial
markers, including the Notch ligands deltaC and notchS, is
also observed in shh mRNA-injected animals.*+% Together,
these results place shh upstream of Notch in regulating
arterial specification. Shh is expressed in the notochord at the
midline of the developing zebrafish embryo, immediately
above the developing DA, suggesting that it could be provid-
ing an important direct inductive signal for DA formation. As
noted above, a number of studies have shown that Hh plays
an important inductive role in yolk sac vasculogenesis,>*>>
acting as a direct signal promoting proper vascular morpho-
genesis and tube formation both in vitro and in vivo.°!
However, other data from the fish have shown that shh acts
indirectly to promote arterial differentiation of the DA via
induction of vegf expression in the adjacent somites. Addi-
tionally, studies in fish using CyA to study the timing of Hh
requirement for DA formation show that Hh is also needed
independently for the medial migration and arterial specifi-
cation of DA progenitors and for angiogenic sprouting of
primary ISVs from the DA.>

Vascular Endothelial Growth Factor

The secreted growth factor VEGF-A, found in multiple
isoforms in mammals, including VEGF120, VEGF164, and
VEGF188, has been implicated in cell differentiation, prolif-
eration, migration, and survival (the murine isoforms listed
possess one less amino acid than their human counterparts).
VEGF-A signals through multiple receptor tyrosine kinases
including fetal liver kinase 1 (flk1) (also known as VEGFR2),
fms-like tyrosine 1 (flt1) (also known as VEGFR1), flt4 (also
known as VEGFR3), and neuropilin (NP)1 and NP2.92
VEGF-A is produced by multiple cell types, including mac-
rophages and smooth muscle cells, and regulates differentia-
tion, proliferation, and survival of ECs.* VEGF-A is essen-
tial for embryonic vasculogenesis and angiogenesis and its
expression localizes to the sites of blood vessel development
throughout the embryo.*4-¢7 The 3 major VEGF-A isoforms
differ in their diffusion properties. The lowest-molecular-
weight VEGF120 isoform is freely diffusible, whereas the
highest-molecular-weight VEGF188 isoform is tightly bound
to cell surface heparan sulfate proteoglycans. VEGF164
possesses characteristics intermediate to the other 2 iso-
forms.®*¢8 The multiple VEGF isoforms appear to act in
concert to independently guide aspects of EC migration and
proliferation.®® Mice engineered to express only VEGF120 or
VEGF188 possess impaired postnatal myocardial angiogen-
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esis and impaired renal and retinal blood vessel branch-
ing.79-72 Mice expressing only VEGF164 display no vascular
defects.”> VEGFRI1 and -2 are expressed in vascular ECs,
whereas VEGFR3 in mainly confined to lymphatic endothe-
lium but is an early marker for venous cell fate in zebrafish.
The neuropilins may act in concert with VEGFR2 as a
coreceptor to facilitate downstream signaling of the
VEGF164 (but not VEGF120) isoform for VEGF-A. NP1 is
expressed by arterial ECs, whereas NP2 is expressed in
venous and lymphatic ECs.74-80

Mice either homozygous or heterozygous for VEGF-A are
embryonic lethal between E10 and E12 because of compli-
cations in cardiac development and dorsal aorta morphogen-
esis and an overall reduction in vascularization.®'-82 The
haploinsufficient lethal phenotype of VEGF-A highlights the
critical importance of this ligand and its proper expression for
vascular development. Transgenic overexpression of
VEGF-A in the murine heart results in an overall increase in
cardiac arterial vessels.®> VEGFR1 ™/~ mice are embryonic
lethal at E8.5 to E9.5 because of impaired vascular develop-
ment, and VEGFR2™/~ mice die at the same stage from
defects in vasculogenesis and hematopoiesis.®*8> Interest-
ingly, VEGFR3 /"~ mice also are lethal at E9.5 and display
large, unorganized, and poorly lumenized vessels, leading to
cardiovascular failure, indicating an early role for VEGFR3
in vascular development before becoming specialized to the
lymphatics.5657 NP1/~ mice die between E12.5 and 13.5
with defects in yolk sac and embryonic vascular forma-
tion.888% Although NP2~/~ display only minor defects in
lymphatic development, NP1/NP2 double knockouts display
a much more severe vascular phenotype than NP1 alone,
including lack of capillary formation and blood vessel
branching, and, in some regions, complete lack of vascular-
ization, a phenotype similar to that observed in VEGF-A/
VEGFR?2 double knockout mice.*°

A great deal of evidence has shown that VEGF-A is critical
for vascular patterning through its effects on arterial specifi-
cation, proliferation, and migration. Again, studies in the
zebrafish have been important for demonstrating the role of
vegf in arterial differentiation. During embryogenesis, ze-
brafish express the VEGF-A isoforms VEGF120 and
VEGF164 in the axial vasculature, medial regions of the
somites, the central nervous system, and mesoderm.°’ The
high-molecular-weight VEGF180 isoform is encoded by a
separate gene in zebrafish.°? Zebrafish VEGFR1 and
VEGFR?2 are specifically expressed in blood vessels.>93-95
Zebrafish also possess duplicated copies of each of the
neuropilin genes, and all 4 neuropilins are expressed in the
embryonic vasculature and nervous system.®®°7 Somitic ex-
pression of vegf is dependent on Hh signals from the
notochord. Syu mutants or CyA-treated animals fail to ex-
press vegf in the somites, whereas injection of shh mRNA
results in an upregulation of somitic vegf.** Injection of
morpholinos targeting vegf into zebrafish embryos results in
a strong reduction in arterial ephrinB2 expression and arterial
cell fate, with concomitant upregulation of the venous marker
flt4. Expression of notch5 is also specifically reduced in the
DA. Furthermore, injection of vegf mRNA rescues vascular
ephrinB2 expression in shh-deficient embryos. Together,
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these results indicate that vegf functions downstream from
shh to nonautonomously promote arterial fate determination
by its expression in the somites. Notch ligands and receptors,
in contrast, are expressed autonomously within the endothe-
lium, suggesting that Notch may function downstream from
vegf in arterial fate determination. Additional functional
studies carried out in the fish verified that this is indeed the
case. In contrast to the ability of vegf to rescue arterial
differentiation in Hh signaling—deficient animals, injection of
vegf mRNA does not promote arterial differentiation in
Notch-deficient embryos. Instead, expression of activated
Notch ICD in zebrafish is able to promote ephrinB2 expres-
sion and arterial differentiation in vegf morpholino-injected
animals.** Together, all of these results reveal a hierarchical
pathway for establishment of arterial cell fate (Figure 3).
Expression of shh in the notochord induces expression of vegf
in the adjacent somites, which in turn induces Notch signaling
in the endothelium of the assembling DA, promoting arterial
and suppressing venous cell fate. Of course, in addition to its
role in arterial differentiation VEGF signaling also plays an
important role in vasculogenesis and angiogenesis in the fish,
as it does in other vertebrates. Exogenous addition of a
VEGFR?2 kinase inhibitor to one cell stage zebrafish embryos
results in the complete lack of axial vessel development,
whereas treatment at 24 hours postfertilization impedes ISV
sprouting,®® underscoring the temporal requirement of VEGF
signaling for both vasculogenesis and angiogenesis. Zebrafish
embryos injected with morpholinos targeting npl also show
vascular and circulation defects at 36 hours postfertilization,
similar to the later effect of disrupted VEGF signaling
observed in NP1 null mice.””

Additional work carried out in mice and in cell culture has
verified the important role that VEGF plays in establishing
arterial fate. Transgenic mice expressing VEGF164 in cardiac
muscle display increased numbers of ephrinB2-positive and a
reduction in EphB4-positive capillaries.®3 In contrast, mice
that express only VEGF180 but lack the lower-molecular-
weight isoforms have normal outgrowth of veins but deficient
arterial development in the retina,” suggesting that VEGF180
alone is capable of supporting significant vessel formation
but that the lower-molecular-weight isoforms are required for
arterial differentiation. Mouse embryonic angioblasts cul-
tured in vitro with VEGF120 or VEGF164 can be induced to
express artery markers and undergo arterial specification.”®
Local tissue sources may promote vascular remodeling of
primitive capillary networks via VEGF-A signaling. In vivo,
VEGF-A is highly expressed in peripheral nerve of mouse
limb skin and local secretion of VEGF-A may promote blood
vessel association and arteriogenesis and act as permissive
inducing signal rather than an instructive determinant of
arterial cell fate.” At this level, arteriogenesis is dependent
on an NPIl-mediated positive feedback loop involving the
preferential recruitment of VEGF164.1% These results, to-
gether with the discovery in human arterial but not venous
ECs that exogenous VEGF induces expression of Notchl and
Dll4, suggest that the hierarchal arrangement of VEGF and
Notch remains intact in mammalian arterial differentiation.
NP1 is also expressed specifically in the arteries of avian
embryos, suggesting that VEGF plays a similar role in avian
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Figure 3. A molecular pathway for arterial-venous fate determination. Studies in the zebrafish have shown that vascular endothelial
growth factor (vegf) acts downstream of shh and upstream of the Notch pathway to determine early arterial cell fate. A variety of differ-
ent methods were used to either increase (left side) or decrease (right side) the levels and/or activities of each of these signaling path-
ways, as shown here and described in the text. Loss of Notch, Vegf, or Shh signaling results in loss of arterial identity, whereas exoge-
nous activation or overexpression of these factors causes ectopic expression of arterial markers. “Molecular epistasis” experiments
were performed by combining different methods to assemble these components into an ordered pathway. For example, microinjection
of vegf mRNA into embryos homozygous mutant for hedgehog pathway genes can rescue their arterial differentiation defect. Likewise,
inducible transgenic activation of the Notch pathway in zebrafish embryos rescues the loss of arterial marker gene expression caused

by “knock-down” of vegf signaling.

arterial specification.”” A number of different intracellular
signaling pathways are known to function downstream from
the VEGF receptors, and additional studies have begun to
dissect the involvement of some of these pathways in arterial
differentiation.

Extracellular Signal-Regulated
Kinase/Phosphatidylinositol-3 Kinase Pathways
A phenotype-based small-molecule chemical screen per-
formed on zebrafish embryos identified compounds that
activate the VEGF pathway and can rescue the loss of DA
specification in gr/ mutants.'°’ In this screen, chemical
regulators of extracellular signal-regulated kinase (ERK) or
phosphatidylinositol-3 kinase (PI3K), 2 competing down-
stream signaling molecules that are activated by VEGF/
VEGEFR signaling, were shown to regulate Notch activation
by promoting arterial or venous cell-fate specification in
ECs.'91 A second small-molecule chemical screen identified
2 classes of structurally unrelated PI3K/Akt inhibitors that are
capable of suppressing the gr/ arterial defect phenotype. The
rescue of arterial specification in gr/ mutants requires partial
inhibition of PI3K thus driving preferential activation of
ERK, suggesting an upstream mediator of the Ras/ERK
pathway can advance arterial cell fate, whereas PI3K/Akt
signaling suppresses ERK activation and promotes venous
cell fate.!02

Phospholipase C (PLC)vy-1 is an immediately downstream
mediator of VEGFR2 signaling and activates ERK in the

VEGF/VEGEFR signal transduction cascade.!93 Plc-y~’~ mice
are embryonic lethal and show severe defects in embryonic
erythropoiesis and vasculogenesis.!®* Forward genetic
screens have identified a zebrafish Plc-yl mutant that
displays defects in the formation of arteries, but not veins,
demonstrating that VEGF-dependent activation of the
Raf/ERK signaling cascade is necessary for proper arterial
specification.!05

Activated phosphorylated ERK is preferentially expressed
in zebrafish angioblasts fated to become arteries and is
localized to arterial ECs in later axial vessel development.
Inhibition of an upstream activator of ERK, mitogen-acti-
vated or extracellular signal-related protein kinase kinase
(MEK), leads to loss of arterial ECs and the improper
formation of the DA. Blockade of either the Hh pathway with
CyA or the VEGF pathway with a VEGFR inhibitor results in
an overall reduction in ERK activation and defects in arterial
differentiation.'9> Similarly, constitutive active Akt induces
venous cell fate. PI3K thus appears to promote venous fate by
inhibiting ERK activation, but the site and manner in which
PI3K is able to block Raf/ERK signaling and beyond are
unclear.!92 Cell culture experiments suggests PI3K signaling
acts to induce Notch and DII4 activation in direct contrast to
in vivo data.'96-197 The differing results from cell culture and
zebrafish in establishing the hierarchy of signaling molecules
involved in arterial specification are perhaps attributable to
epigenetic factors found in vivo but not present in vitro. A
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more detailed examination of ERK/PI3K signaling in vessel
development is reviewed in Hong et al in this series.

Coup-TFII and Venous Identity

Previously, Notch had been determined to be a regulator of
venous cell fate by controlling EphB4 expression. As a result,
it was suggested that because arterial specification is driven
by the preferential activation of the Shh/VEGF/Notch path-
ways, venous identity is the default differentiation pathway of
ECs.'08 Recently, however, the existence of an upstream
genetic factor regulating venous identity has also been iden-
tified. Chicken ovalbumin upstream promoter-transcription
factor II (COUP-TFII) (also known as nr2f2) acts as a
positive mediator of venous specification. COUP-TFII, a
member of the orphan nuclear receptor superfamily, is spe-
cifically expressed in venous but not arterial ECs, and can
preferentially induce venous cell fate.!09110 COUP-TFII "/~
mice die at approximately E10.5 and undergo server hemor-
rhage and edema by E9.5 resulting from enlarged blood
vessels, improper development of the atria and sinus venosus,
and malformed cardinal veins.''" Targeted disruption of
COUP-TFII in mouse ECs results in venous acquisition of
arterial markers ephrinB2, Jagl, Notchl, and NP1. Addition-
ally, ectopic expression of COUP-TFII in ECs results in the
fusion of arteries and veins, similar to phenotypes observed in
NP1/~ or Notchl ~/~ mice.$8112 COUP-TFII is proposed to
establish venous identity by downregulating Notch signaling,
potentially at the level of NP1, thus releasing factors such as
EphB4 and flt4 from Notch-mediated repression.''® Loss
of COUP-TFII does not completely abolish EphB4 expres-
sion in ECs, however, suggesting more factors may be
involved in venous specification. More investigation is
required to properly establish the role COUP-TFII in
regulating Notch activation.

In addition to COUP-TFII, the G protein—coupled receptor
APJ is also expressed preferentially in venous ECs during
early mouse embryogenesis. It is detected specifically in the
venules of the developing mouse retinal vasculature and may
represent an early and specific marker for venous pheno-
type.'13-114 The functional role of APJ and its high-affinity
ligand, apelin, in the vasculature is still not clear. APJ =/
mice show no obvious vascular phenotype,!'> although mor-
pholino knockdown of APJ and apelin in Xenopus results in
defects in ISV development.''® However, no other studies
have thus far indicated a role for apelin/APJ involvement in
venous identity. Rather, the apelin/APJ pathway may regulate
hemodynamics and their potential epigenetic effects on arte-
rial and venous specification.!'” Recently, studies in zebrafish
indicate the apelin/APJ may be vital in the differentiation of
the myocardial lineage.!!8.119

Additional Factors: Forkhead, Sox, clcr,

and snrk-1

The forkhead box (fox) proteins are evolutionary conserved
transcription factors that are involved in regulating gene
expression and are known to be important for embryonic
development. Two family members of the foxc subclass of
transcription factors, foxcl and foxc2, regulate arterial spec-
ification in mice. Foxc1 and foxc2 are expressed in the ECs and
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smooth muscle cells of the mouse aorta and targeted disruption
of foxcl and foxc2 results in arterial-venous malformations and
aberrant expression of arterial-specific markers including D14
and Notchl. Venous makers COUP-TFII and EphB4 are unaf-
fected by foxclor foxc2 inactivation.'212! Notably, Foxc-
binding sites are located in the upstream promoter region of the
DIl4 gene and thus foxc appears to act to positively regulate
Notch signaling by activating the DII4 promoter during arterial
specification. VEGF expression levels are altered in foxc null
mutants, suggesting that foxcl and foxc2 may act as down-
stream mediators of VEGF signaling to activate Notch pathway
components and determine arterial cell fate.!2!

Members of the Sry-related HMG box (Sox) family of
transcription factors have also been identified as contributing
to arterial/venous differentiation in the zebrafish embryo.
Sox7 and sox18 are both expressed in the posterior lateral
plate mesoderm, migrating angioblasts, and developing axial
vessels during embryonic development. Loss of either sox7 or
sox 18 has minimal effect on vasculogenesis; however, double
knockdown of sox7 and sox 18 results in severe arteriovenous
malformations characterized by vessels fusion and blockage
of trunk-tail circulation, suggesting a redundant role for sox7
and sox18 in vasculogenesis.!?>-'2# It is unclear whether
ablation of sox7 and sox18 preferentially disrupts arterial or
venous cell fate in the zebrafish embryo or at what level sox7
and sox18 act to regulate the complex of signaling molecules
that drives arterial/venous differentiation.

Recently, additional new regulators of EC specification
have been nominated and their potential role in the canonical
model for specification of arterial and venous fates is under
investigation. A microarray screen for differentially regulated
genes in zebrafish vascular development identified a member
of the sucrose nonfermenting kinase family (snrk-1) that may
act upstream of gr/ and in parallel or downstream of notch to
promote arterial cell fate.'?> Somite expression of calcitonin
receptor-like receptor (crlr), a known receptor for ad-
renomedullin, may be under the regulation of shh, and control
arterial differentiation upstream of VEGF.!2¢ Potential effec-
tors of arterial/venous specification such as these will un-
doubtedly be located as the biology of artery—vein specifica-
tion continues to be studied.

Plasticity of Arterial-Venous Identity
Although it is now clear that defined molecular pathways
help regulate the acquisition of arterial-venous identity, does
this mean that flow dynamics and circulation do not play a
role? And once differentiated arterial-venous identity is
acquired, is an EC permanently committed to this fate or can
it be “reprogrammed”? This question is of critical medical
importance in clinical settings where vessels of different
identity are grafted together, such as during dialysis treatment
or bypass surgery. Changes in the transplanted vessels after
grafting,'>-13! and the significant risk of graft failure in-
volved in these therapies,'3? does suggest a limited degree of
plasticity in EC arterial-venous identity.

Two separate groups performed quail chick grafting exper-
iments to test the plasticity of arterial-venous EC fate during
early development.”’>'33 Portions of embryonic arteries or
veins were grafted from quail donors at various stages of

Downloaded from circres.ahajournals.org at Columbia University on April 20, 2009


http://circres.ahajournals.org

584 Circulation Research March 13, 2009

development into chick hosts, and the arterial-venous identity
of donor cells contributing to different host vessels was
assessed using artery- or vein-specific molecular markers.
Using expression of NP1 and ephrinB2 as arterial markers
and Tie2 as a vein-specific probe, both groups found that
arterial or venous ECs from young donors can populate both
types of vessels in host embryos and assume the appropriate
molecular identity in their new locales, but this plasticity
becomes progressively lost in ECs grafted from donors older
than E7. However, when isolated ECs or dissected endothe-
lial epithelia were grafted from these older donors instead of
intact vascular segments, the older ECs were able to colonize
both types of vessels as well as younger ECs. These results
indicate that initial specification of arterial or venous cell fate
is reversible and that additional inputs may influence or be
required to maintain a specific arterial-venous identity. It is
likely that ephrinB/EphB-mediated communication between
arterial and venous cells is important for maintaining arteri-
al-venous identity. This has been demonstrated in patent vein
grafts in both humans and aged rats, in which EphB4
transcripts and immunodetectable protein are downregulated
in ECs and smooth muscle cells (SMCs). This loss of EphB4
is associated with intima-media thickening during vein graft
adaptation to the arterial environment. Interestingly, neither
ephrinB2 transcripts, nor arterial markers such as dll4 and
notch, are not strongly induced.'** Although it does not
exactly duplicate the genetic regulation of EC determination
in embryogenesis, vascular adaptation as viewed by vein
grafts in adult mammals maintains an adequate subset of
those genes to mediate plasticity.

In vivo time lapse imaging of developing chick embryos
demonstrates the plasticity of the capillary network on the
onset of flow. Because the arterial network expands during
development, a subset of capillary side branches of the aorta
disconnect from the arterial network and appear to reconnect
to the venous plexus, whereupon they lose their arterial
identity in favor of a distinct venous identity.3° The results of
the avian studies also suggest that additional components of
the vascular wall are necessary to maintain and/or sufficient
to redirect the arterial-venous identity of adjacent ECs. SMCs
or mural cells may be important for this function of the vessel
wall. It may also be that the vessel wall serves simply to
isolate ECs from other extrinsic inputs that influence arteri-
al-venous identity and thus in a relatively passive way help to
stabilize endothelial fate choice. Experimental studies have
also shown that hemodynamic forces can alter EC identity
following the onset of the circulation. Ligation of specific
arteries in the avian embryo can result in the reversible switch
from arterial-specific markers to venous markers.3° Similarly,
altered oxygen tension levels can modify artery and vein
specification in the developing mouse retina vasculature.!35
Additional studies will be needed to determine whether SMC
or other components of the vessel wall, hemodynamics, and
oxygen tension actually play an instructive role in endothelial
arterial-venous fate. A proposed system in which genetic
predetermination controls initial arterial-venous specification
and environmental inputs regulate subsequent vascular re-
modeling may resolve the debate between genetic versus

epigenetic regulation of EC differentiation (reviewed
elsewhere!39).

Postnatal Neovascularization

In addition to their roles in embryonic vascular development,
many of the molecular determinants of embryonic arterial—
venous differentiation have been identified as potential reg-
ulators of adult angiogenesis. D114 expression is high in the
capillaries and small vessels of developing ovarian follicles in
sexually mature female mice but not neighboring ovarian
blood vessels, suggesting a specific role for the Notch
pathway in adult blood vessel remodeling and growth.!'3”
Examination of clear cell-renal cell carcinoma (CC-RCC)
tissue samples indicates that dll4 expression is upregulated
concomitant with increases in vegf in the tumor vascula-
ture.'38 Furthermore, antibody-specific blockade of dll4 in-
hibits tumor growth in multiple models but does not appear to
effect normal adult vascularization as observed in mouse
retina.'?®

Similarly, Hh pathway components drive the revascular-
ization of muscle tissue following mouse hindlimb ischemia,
and ephrinB2 has a functional role in postnatal angiogenic
response to ischemic injury.'#0-14! Interestingly, the comple-
mentary expression of ephrinB2 and EphB4 in arteries and
veins persists into adulthood, suggesting that the reciprocal
expression of these genes may be important not only during
development but also for continued maintenance of proper
arterial-venous differentiation. Analysis of ephrinB2 expres-
sion in a variety of adult angiogenic settings also showed that
ephrinB2 expression is strongly associated with adult neovas-
cularization. EphrinB2 expression is highly enriched in the
endothelium of angiogenic vessels and their sprouts during
wound healing, follicular maturation and corpus luteum
formation in the ovary, tumor angiogenesis, and experimen-
tally induced VEGF-driven corneal neovascularization. These
observations suggest that ephrinB2 may be important for both
embryonic and adult angiogenic remodeling,'4243 although
further studies are need to confirm such a role in adults.
Taken together, these studies indicate that the regulators of
EC-fate determination during embryonic development can
also promote specific subsets of adult vascularization and
may offer unique targets for antiangiogenic therapy.

Conclusions
The genetic basis of arterial-venous determination has been
examined in multiple animal model systems using a variety of
experimental approaches, including target gene disruption,
forward-genetic mutagenesis, phenotypic-based small-
molecule chemical modifier screens, and gene microarrays. A
variety of molecular factors involved in the establishment of
arterial and venous identity have now been identified includ-
ing well-studied morphogens (Hh), signaling molecules
(Notch), and growth factors (VEGF) (Figure 4). Not surpris-
ingly, this has led to a complex hierarchal arrangement of
interacting signaling pathways that promote arterial cell fate
at the expense of venous cell fate, or vice versa, and how
these pathways are intertwined remains to be fully classified.
Although the signaling pathways involved in EC determina-
tion appear to be conserved across vertebrate phyla, the
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Figure 4. Cross-sectional schematic diagram illustrating pro-
posed molecular pathways for arterial-venous specification in
the trunk of a developing embryo. Shh expression in the noto-
chord triggers expression of vegf in the surrounding tissue. High
levels of local vegf interact with the VEGFR2-NP1 receptor com-
plex and initiate the Plc-y/Raf/ERK cascade in more dorsal ECs,
which activates Notch signaling, inducing ephrinB2 at the
expense of EphB4 and promoting arterial cell fate. Foxc1/2 pro-
teins assist in Notch activation by inducing the Notch ligand
Dll4. In more ventral ECs, where low levels of vegf are found,
COUP-TFII and PI3K/Akt signaling suppress NP1 and Notch
activation to promote venous cell fate. This figure is based, in
part, on a model presented by Lamont and Childs.144

inherent genetic differences that arise from using animal
model systems from mammals, birds, fish, and frogs have
ensured that many unique aspects of cell-fate determination
still need to be examined. This review has focused primarily
on genetic factors involved in EC determination, although, as
noted above, epigenetic factors such as the hemodynamics of
blood pressure and flow also impact the global genetic
programming. A more detailed investigation into other fac-
tors that influence the local environment of ECs, such as
SMCs and pericytes, may also provide clues into arterial and
venous specification. The continued emergence of ever more
refined models for understanding how blood vessel formation
is organized will be of vital importance in understanding the
pathogenesis of congenital disorders and tumor angiogenesis.

Sources of Funding
This work was supported by the intramural program of the National
Institute of Child Health and Human Development (NIH) and by the
Leducq Foundation.

Disclosures
None.

References
1. Vogeli KM, Jin SW, Martin GR, Stainier DY. A common progenitor for
haematopoietic and endothelial lineages in the zebrafish gastrula.
Nature. 2006;443:337-339.
2. Fouquet B, Weinstein BM, Serluca FC, Fishman MC. Vessel patterning
in the embryo of the zebrafish: guidance by notochord. Dev Biol.
1997;183:37-48.

Determination of Arterial and Venous Cell Fate

11.

12.

13.

16.

20.

21.

22.

23.

24.

25.

26.

27.

585

. Gering M, Rodaway AR, Gottgens B, Patient RK, Green AR. The SCL

gene specifies haemangioblast development from early mesoderm.
EMBO J. 1998;17:4029-4045.

. Herbomel P, Thisse B, Thisse C. Ontogeny and behaviour of early

macrophages in the zebrafish embryo. Development. 1999;126:
3735-3745.

. Gering M, Patient R. Hedgehog signaling is required for adult blood

stem cell formation in zebrafish embryos. Dev Cell. 2005;8:389—-400.

. Zhong TP, Childs S, Leu JP, Fishman MC. Gridlock signalling pathway

fashions the first embryonic artery. Nature. 2001;414:216-220.

. Gale NW, Holland SJ, Valenzuela DM, Flenniken A, Pan L, Ryan TE,

Henkemeyer M, Strebhardt K, Hirai H, Wilkinson DG, Pawson T, Davis
S, Yancopoulos GD. Eph receptors and ligands comprise two major
specificity subclasses and are reciprocally compartmentalized during
embryogenesis. Neuron. 1996;17:9-19.

. Holder N, Klein R. Eph receptors and ephrins: effectors of morpho-

genesis. Development. 1999;126:2033-2044.

. Flanagan JG, Vanderhaeghen P. The ephrins and Eph receptors in neural

development. Annu Rev Neurosci. 1998;21:309-345.

. Robinson V, Smith A, Flenniken AM, Wilkinson DG. Roles of Eph

receptors and ephrins in neural crest pathfinding. Cell Tissue Res.
1997;290:265-274.

Kullander K, Klein R. Mechanisms and functions of Eph and ephrin
signalling. Nat Rev Mol Cell Biol. 2002;3:475-486.

Wang HU, Chen ZF, Anderson DJ. Molecular distinction and
angiogenic interaction between embryonic arteries and veins revealed by
ephrin-B2 and its receptor Eph-B4. Cell. 1998;93:741-753.

Gerety SS, Wang HU, Chen ZF, Anderson DJ. Symmetrical mutant
phenotypes of the receptor EphB4 and its specific transmembrane ligand
ephrin-B2 in cardiovascular development. Mol Cell. 1999;4:403-414.

. Helbling PM, Saulnier DM, Brandli AW. The receptor tyrosine kinase

EphB4 and ephrin-B ligands restrict angiogenic growth of embryonic
veins in Xenopus laevis. Development. 2000;127:269-278.

. Gerety SS, Anderson DJ. Cardiovascular ephrinB2 function is essential

for embryonic angiogenesis. Development. 2002;129:1397-1410.
Adams RH, Wilkinson GA, Weiss C, Diella F, Gale NW, Deutsch U,
Risau W, Klein R. Roles of ephrinB ligands and EphB receptors in
cardiovascular development: demarcation of arterial/venous domains,
vascular morphogenesis, and sprouting angiogenesis. Genes Dev. 1999;
13:295-306.

. Adams RH, Diella F, Hennig S, Helmbacher F, Deutsch U, Klein R. The

cytoplasmic domain of the ligand ephrinB2 is required for vascular
morphogenesis but not cranial neural crest migration. Cell. 2001;104:
57-69.

. Huang X, Yamada Y, Kidoya H, Naito H, Nagahama Y, Kong L, Katoh

SY, Li WL, Ueno M, Takakura N. EphB4 overexpression in B16
melanoma cells affects arterial-venous patterning in tumor angiogenesis.
Cancer Res. 2007;67:9800-9808.

. Artavanis-Tsakonas S, Rand MD, Lake RJ. Notch signaling: cell fate

control and signal integration in development. Science. 1999;284:
770-776.

Bolos V, Grego-Bessa J, de la Pompa JL. Notch signaling in devel-
opment and cancer. Endocr Rev. 2007;28:339-363.

Grego-Bessa J, Luna-Zurita L, del Monte G, Bolos V, Melgar P,
Arandilla A, Garratt AN, Zang H, Mukouyama YS, Chen H, Shou W,
Ballestar E, Esteller M, Rojas A, Perez-Pomares JM, de la Pompa JL.
Notch signaling is essential for ventricular chamber development. Dev
Cell. 2007;12:415-429.

Murtaugh LC, Stanger BZ, Kwan KM, Melton DA. Notch signaling
controls multiple steps of pancreatic differentiation. Proc Natl Acad Sci
U S A. 2003;100:14920-14925.

Nobta M, Tsukazaki T, Shibata Y, Xin C, Moriishi T, Sakano S, Shindo
H, Yamaguchi A. Critical regulation of bone morphogenetic protein-
induced osteoblastic differentiation by Deltal/Jagged1-activated Notchl
signaling. J Biol Chem. 2005;280:15842-15848.

Gridley T. Notch signaling in vertebrate development and disease. Mol
Cell Neurosci. 1997;9:103-108.

Gridley T. Notch signaling and inherited disease syndromes. Hum Mol
Genet. 2003;12(Spec No 1):R9-R13.

Schwanbeck R, Schroeder T, Henning K, Kohlhof H, Rieber N, Erfurth
ML, Just U. Notch signaling in embryonic and adult myelopoiesis. Cells
Tissues Organs. 2008;188:91-102.

Villa N, Walker L, Lindsell CE, Gasson J, Iruela-Arispe ML, Weinmaster G.
Vascular expression of Notch pathway receptors and ligands is restricted to
arterial vessels. Mech Dev. 2001;108:161-164.

Downloaded from circres.ahajournals.org at Columbia University on April 20, 2009


http://circres.ahajournals.org

586

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

44.

45.

46.

47.

48.

Circulation Research March 13, 2009

Jones EA, Clement-Jones M, Wilson DI. JAGGEDI expression in
human embryos: correlation with the Alagille syndrome phenotype.
J Med Genet. 2000;37:658 —662.

Loomes KM, Underkoffler LA, Morabito J, Gottlieb S, Piccoli DA,
Spinner NB, Baldwin HS, Oakey RJ. The expression of Jaggedl in the
developing mammalian heart correlates with cardiovascular disease in
Alagille syndrome. Hum Mol Genet. 1999;8:2443-2449.

Krebs LT, Xue Y, Norton CR, Shutter JR, Maguire M, Sundberg JP,
Gallahan D, Closson V, Kitajewski J, Callahan R, Smith GH, Stark KL,
Gridley T. Notch signaling is essential for vascular morphogenesis in
mice. Genes Dev. 2000;14:1343-1352.

Lindner V, Booth C, Prudovsky I, Small D, Maciag T, Liaw L. Members
of the Jagged/Notch gene families are expressed in injured arteries and
regulate cell phenotype via alterations in cell matrix and cell-cell inter-
action. Am J Pathol. 2001;159:875-883.

Reaume AG, Conlon RA, Zirngibl R, Yamaguchi TP, Rossant J.
Expression analysis of a Notch homologue in the mouse embryo. Dev
Biol. 1992;154:377-387.

Del Amo FF, Smith DE, Swiatek PJ, Gendron-Maguire M, Greenspan
RJ, McMahon AP, Gridley T. Expression pattern of Motch, a mouse
homolog of Drosophila Notch, suggests an important role in early
postimplantation mouse development. Development. 1992;115:
737-744.

Uyttendaele H, Closson V, Wu G, Roux F, Weinmaster G, Kitajewski J.
Notch4 and Jagged-1 induce microvessel differentiation of rat brain
endothelial cells. Microvasc Res. 2000;60:91-103.

Shirayoshi Y, Yuasa Y, Suzuki T, Sugaya K, Kawase E, Ikemura T,
Nakatsuji N. Proto-oncogene of int-3, a mouse Notch homologue, is
expressed in endothelial cells during early embryogenesis. Genes Cells.
1997;2:213-224.

Shutter JR, Scully S, Fan W, Richards WG, Kitajewski J, Deblandre
GA, Kintner CR, Stark KL. DIl4, a novel Notch ligand expressed in
arterial endothelium. Genes Dev. 2000;14:1313-1318.

Gale NW, Dominguez MG, Noguera I, Pan L, Hughes V, Valenzuela DM,
Murphy AJ, Adams NC, Lin HC, Holash J, Thurston G, Yancopoulos GD.
Haploinsufficiency of delta-like 4 ligand results in embryonic lethality due to
major defects in arterial and vascular development. Proc Natl Acad Sci U S A.
2004;101:15949-15954.

Duarte A, Hirashima M, Benedito R, Trindade A, Diniz P, Bekman E,
Costa L, Henrique D, Rossant J. Dosage-sensitive requirement for
mouse DII4 in artery development. Genes Dev. 2004;18:2474-2478.
Fischer A, Schumacher N, Maier M, Sendtner M, Gessler M. The Notch
target genes Heyl and Hey?2 are required for embryonic vascular devel-
opment. Genes Dev. 2004;18:901-911.

Kokubo H, Miyagawa-Tomita S, Tomimatsu H, Nakashima Y,
Nakazawa M, Saga Y, Johnson RL. Targeted disruption of hesr2 results
in atrioventricular valve anomalies that lead to heart dysfunction. Circ
Res. 2004;95:540-547.

Koo BK, Lim HS, Song R, Yoon MJ, Yoon KJ, Moon JS, Kim YW,
Kwon MC, Yoo KW, Kong MP, Lee J, Chitnis AB, Kim CH, Kong YY.
Mind bomb 1 is essential for generating functional Notch ligands to
activate Notch. Development. 2005;132:3459-3470.

Krebs LT, Shutter JR, Tanigaki K, Honjo T, Stark KL, Gridley T.
Haploinsufficient lethality and formation of arteriovenous malfor-
mations in Notch pathway mutants. Genes Dev. 2004;18:2469-2473.

. Lawson ND, Scheer N, Pham VN, Kim CH, Chitnis AB, Campos-

Ortega JA, Weinstein BM. Notch signaling is required for arterial-
venous differentiation during embryonic vascular development. Devel-
opment. 2001;128:3675-3683.

Lawson ND, Vogel AM, Weinstein BM. sonic hedgehog and vascular
endothelial growth factor act upstream of the Notch pathway during
arterial endothelial differentiation. Dev Cell. 2002;3:127-136.

Zhong TP, Rosenberg M, Mohideen MA, Weinstein B, Fishman MC.
gridlock, an HLH gene required for assembly of the aorta in zebrafish.
Science. 2000;287:1820-1824.

Weinstein BM, Stemple DL, Driever W, Fishman MC. Gridlock, a
localized heritable vascular patterning defect in the zebrafish. Nat Med.
1995;1:1143-1147.

Stainier DY, Fouquet B, Chen JN, Warren KS, Weinstein BM, Meiler
SE, Mohideen MA, Neuhauss SC, Solnica-Krezel L, Schier AF,
Zwartkruis F, Stemple DL, Malicki J, Driever W, Fishman MC.
Mutations affecting the formation and function of the cardiovascular
system in the zebrafish embryo. Development. 1996;123:285-292.
Pola R, Ling LE, Silver M, Corbley MJ, Kearney M, Blake Pepinsky R,
Shapiro R, Taylor FR, Baker DP, Asahara T, Isner JM. The morphogen

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Sonic hedgehog is an indirect angiogenic agent upregulating two
families of angiogenic growth factors. Nat Med. 2001;7:706-711.
Rowitch DH, B SJ, Lee SM, Flax JD, Snyder EY, McMahon AP. Sonic
hedgehog regulates proliferation and inhibits differentiation of CNS
precursor cells. J Neurosci. 1999;19:8954 —8965.

Pepicelli CV, Lewis PM, McMahon AP. Sonic hedgehog regulates
branching morphogenesis in the mammalian lung. Curr Biol. 1998;8:
1083-1086.

van Tuyl M, Groenman F, Wang J, Kuliszewski M, Liu J, Tibboel D,
Post M. Angiogenic factors stimulate tubular branching morphogenesis
of sonic hedgehog-deficient lungs. Dev Biol. 2007;303:514-526.
Lavine KJ, Kovacs A, Ornitz DM. Hedgehog signaling is critical for
maintenance of the adult coronary vasculature in mice. J Clin Invest.
2008;118:2404-2414.

White AC, Lavine KJ, Ornitz DM. FGF9 and SHH regulate mesen-
chymal Vegfa expression and development of the pulmonary capillary
network. Development. 2007;134:3743-3752.

Byrd N, Becker S, Maye P, Narasimhaiah R, St-Jacques B, Zhang X,
McMahon J, McMahon A, Grabel L. Hedgehog is required for murine
yolk sac angiogenesis. Development. 2002;129:361-372.

Astorga J, Carlsson P. Hedgehog induction of murine vasculogenesis is
mediated by Foxfl and Bmp4. Development. 2007;134:3753-3761.
Hochman E, Castiel A, Jacob-Hirsch J, Amariglio N, Izraeli S.
Molecular pathways regulating pro-migratory effects of Hedgehog sig-
naling. J Biol Chem. 2006;281:33860-33870.

Nagase M, Nagase T, Koshima I, Fujita T. Critical time window of
hedgehog-dependent angiogenesis in murine yolk sac. Microvasc Res.
2006;71:85-90.

Chen JN, Haffter P, Odenthal J, Vogelsang E, Brand M, van Eeden FJ,
Furutani-Seiki M, Granato M, Hammerschmidt M, Heisenberg CP,
Jiang YJ, Kane DA, Kelsh RN, Mullins MC, Nusslein-Volhard C.
Mutations affecting the cardiovascular system and other internal organs
in zebrafish. Development. 1996;123:293-302.

Brown LA, Rodaway AR, Schilling TF, Jowett T, Ingham PW, Patient
RK, Sharrocks AD. Insights into early vasculogenesis revealed by
expression of the ETS-domain transcription factor Fli-1 in wild-type and
mutant zebrafish embryos. Mech Dev. 2000;90:237-252.

Smithers L, Haddon C, Jiang YJ, Lewis J. Sequence and embryonic
expression of deltaC in the zebrafish. Mech Dev. 2000;90:119-123.
Vokes SA, Yatskievych TA, Heimark RL, McMahon J, McMahon AP,
Antin PB, Krieg PA. Hedgehog signaling is essential for endothelial
tube formation during vasculogenesis. Development. 2004;131:
4371-4380.

Ng YS, Krilleke D, Shima DT. VEGF function in vascular pathogenesis.
Exp Cell Res. 2006;312:527-537.

Klagsbrun M, D’Amore PA. Vascular endothelial growth factor and its
receptors. Cytokine Growth Factor Rev. 1996;7:259 -270.

Cleaver O, Tonissen KF, Saha MS, Krieg PA. Neovascularization of the
Xenopus embryo. Dev Dyn. 1997;210:66-77.

Dumont DJ, Fong GH, Puri MC, Gradwohl G, Alitalo K, Breitman ML.
Vascularization of the mouse embryo: a study of flk-1, tek, tie, and
vascular endothelial growth factor expression during development. Dev
Dyn. 1995;203:80-92.

Flamme I, Breier G, Risau W. Vascular endothelial growth factor
(VEGF) and VEGEF receptor 2 (flk-1) are expressed during vasculo-
genesis and vascular differentiation in the quail embryo. Dev Biol.
1995;169:699-712.

Miquerol L, Gertsenstein M, Harpal K, Rossant J, Nagy A. Multiple
developmental roles of VEGF suggested by a LacZ-tagged allele. Dev
Biol. 1999;212:307-322.

Ferrara N. Vascular endothelial growth factor. Eur J Cancer. 1996;32A:
2413-2422.

Gerhardt H, Golding M, Fruttiger M, Ruhrberg C, Lundkvist A,
Abramsson A, Jeltsch M, Mitchell C, Alitalo K, Shima D, Betsholtz C.
VEGF guides angiogenic sprouting utilizing endothelial tip cell
filopodia. J Cell Biol. 2003;161:1163-1177.

Carmeliet P, Ng YS, Nuyens D, Theilmeier G, Brusselmans K, Cor-
nelissen I, Ehler E, Kakkar VV, Stalmans I, Mattot V, Perriard JC,
Dewerchin M, Flameng W, Nagy A, Lupu F, Moons L, Collen D,
D’Amore PA, Shima DT. Impaired myocardial angiogenesis and ische-
mic cardiomyopathy in mice lacking the vascular endothelial growth
factor isoforms VEGF164 and VEGF188. Nat Med. 1999;5:495-502.
Ruhrberg C, Gerhardt H, Golding M, Watson R, Toannidou S, Fujisawa
H, Betsholtz C, Shima DT. Spatially restricted patterning cues provided

Downloaded from circres.ahajournals.org at Columbia University on April 20, 2009


http://circres.ahajournals.org

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Swift and Weinstein

by heparin-binding VEGF-A control blood vessel branching morpho-
genesis. Genes Dev. 2002;16:2684-2698.

Mattot V, Moons L, Lupu F, Chernavvsky D, Gomez RA, Collen D,
Carmeliet P. Loss of the VEGF(164) and VEGF(188) isoforms impairs
postnatal glomerular angiogenesis and renal arteriogenesis in mice. J Am
Soc Nephrol. 2002;13:1548-1560.

Stalmans I, Ng YS, Rohan R, Fruttiger M, Bouche A, Yuce A, Fujisawa
H, Hermans B, Shani M, Jansen S, Hicklin D, Anderson DJ, Gardiner T,
Hammes HP, Moons L, Dewerchin M, Collen D, Carmeliet P, D’ Amore
PA. Arteriolar and venular patterning in retinas of mice selectively
expressing VEGF isoforms. J Clin Invest. 2002;109:327-336.

Soker S, Takashima S, Miao HQ, Neufeld G, Klagsbrun M.
Neuropilin-1 is expressed by endothelial and tumor cells as an isoform-
specific receptor for vascular endothelial growth factor. Cell. 1998;92:
735-745.

Moyon D, Pardanaud L, Yuan L, Breant C, Eichmann A. Plasticity of
endothelial cells during arterial-venous differentiation in the avian
embryo. Development. 2001;128:3359-3370.

Herzog Y, Kalcheim C, Kahane N, Reshef R, Neufeld G. Differential
expression of neuropilin-1 and neuropilin-2 in arteries and veins. Mech
Dev. 2001;109:115-119.

Eichmann A, Pardanaud L, Yuan L, Moyon D. Vasculogenesis and the
search for the hemangioblast. J Hematother Stem Cell Res. 2002;11:
207-214.

Yuan L, Moyon D, Pardanaud L, Breant C, Karkkainen MJ, Alitalo K,
Eichmann A. Abnormal lymphatic vessel development in neuropilin 2
mutant mice. Development. 2002;129:4797—-4806.

Mukouyama Y'S, Shin D, Britsch S, Taniguchi M, Anderson DJ. Sensory
nerves determine the pattern of arterial differentiation and blood vessel
branching in the skin. Cell. 2002;109:693-705.

le Noble F, Moyon D, Pardanaud L, Yuan L, Djonov V, Matthijsen R,
Breant C, Fleury V, Eichmann A. Flow regulates arterial-venous differ-
entiation in the chick embryo yolk sac. Development. 2004;131:
361-375.

Carmeliet P, Ferreira V, Breier G, Pollefeyt S, Kieckens L, Gertsenstein
M, Fahrig M, Vandenhoeck A, Harpal K, Eberhardt C, Declercq C,
Pawling J, Moons L, Collen D, Risau W, Nagy A. Abnormal blood
vessel development and lethality in embryos lacking a single VEGF
allele. Nature. 1996;380:435-439.

Ferrara N, Carver-Moore K, Chen H, Dowd M, Lu L, O’Shea KS,
Powell-Braxton L, Hillan KJ, Moore MW. Heterozygous embryonic
lethality induced by targeted inactivation of the VEGF gene. Nature.
1996;380:439-442.

Visconti RP, Richardson CD, Sato TN. Orchestration of angiogenesis
and arteriovenous contribution by angiopoietins and vascular endothelial
growth factor (VEGF). Proc Natl Acad Sci U S A. 2002;99:8219—-8224.
Fong GH, Rossant J, Gertsenstein M, Breitman ML. Role of the Flt-1
receptor tyrosine kinase in regulating the assembly of vascular endothe-
lium. Nature. 1995;376:66-70.

Shalaby F, Rossant J, Yamaguchi TP, Gertsenstein M, Wu XF, Breitman
ML, Schuh AC. Failure of blood-island formation and vasculogenesis in
Flk-1-deficient mice. Nature. 1995;376:62—66.

Dumont DJ, Jussila L, Taipale J, Lymboussaki A, Mustonen T, Pajusola
K, Breitman M, Alitalo K. Cardiovascular failure in mouse embryos
deficient in VEGF receptor-3. Science. 1998;282:946-949.

Hamada K, Oike Y, Takakura N, Ito Y, Jussila L, Dumont DJ, Alitalo
K, Suda T. VEGF-C signaling pathways through VEGFR-2 and
VEGFR-3 in vasculoangiogenesis and hematopoiesis. Blood. 2000;96:
3793-3800.

Kawasaki T, Kitsukawa T, Bekku Y, Matsuda Y, Sanbo M, Yagi T,
Fujisawa H. A requirement for neuropilin-1 in embryonic vessel for-
mation. Development. 1999;126:4895-4902.

Kitsukawa T, Shimizu M, Sanbo M, Hirata T, Taniguchi M, Bekku Y,
Yagi T, Fujisawa H. Neuropilin-semaphorin III/D-mediated chemore-
pulsive signals play a crucial role in peripheral nerve projection in mice.
Neuron. 1997;19:995-1005.

Takashima S, Kitakaze M, Asakura M, Asanuma H, Sanada S, Tashiro
F, Niwa H, Miyazaki Ji J, Hirota S, Kitamura Y, Kitsukawa T, Fujisawa
H, Klagsbrun M, Hori M. Targeting of both mouse neuropilin-1 and
neuropilin-2 genes severely impairs developmental yolk sac and
embryonic angiogenesis. Proc Natl Acad Sci U S A. 2002;99:
3657-36062.

Liang D, Xu X, Chin AJ, Balasubramaniyan NV, Teo MA, Lam TJ,
Weinberg ES, Ge R. Cloning and characterization of vascular endothe-

Determination of Arterial and Venous Cell Fate

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

587

lial growth factor (VEGF) from zebrafish, Danio rerio. Biochim Biophys
Acta. 1998;1397:14-20.

Bahary N, Goishi K, Stuckenholz C, Weber G, Leblanc J, Schafer CA,
Berman SS, Klagsbrun M, Zon LI. Duplicate VegfA genes and ortho-
logues of the KDR receptor tyrosine kinase family mediate vascular
development in the zebrafish. Blood. 2007;110:3627-3636.

Sumoy L, Keasey JB, Dittman TD, Kimelman D. A role for notochord
in axial vascular development revealed by analysis of phenotype and the
expression of VEGR-2 in zebrafish flh and ntl mutant embryos. Mech
Dev. 1997,63:15-27.

Liao W, Bisgrove BW, Sawyer H, Hug B, Bell B, Peters K, Grunwald
DJ, Stainier DY. The zebrafish gene cloche acts upstream of a flk-1
homologue to regulate endothelial cell differentiation. Development.
1997;124:381-389.

Thompson MA, Ransom DG, Pratt SJ, MacLennan H, Kieran MW,
Detrich HW II1, Vail B, Huber TL, Paw B, Brownlie AJ, Oates AC, Fritz
A, Gates MA, Amores A, Bahary N, Talbot WS, Her H, Beier DR,
Postlethwait JH, Zon LI. The cloche and spadetail genes differentially
affect hematopoiesis and vasculogenesis. Dev Biol. 1998;197:248 -269.
Bovenkamp DE, Goishi K, Bahary N, Davidson AJ, Zhou Y, Becker T,
Becker CG, Zon LI, Klagsbrun M. Expression and mapping of duplicate
neuropilin-1 and neuropilin-2 genes in developing zebrafish. Gene Expr
Patterns. 2004;4:361-370.

Yu HH, Houart C, Moens CB. Cloning and embryonic expression of
zebrafish neuropilin genes. Gene Expr Patterns. 2004;4:371-378.
Chan J, Bayliss PE, Wood JM, Roberts TM. Dissection of angiogenic
signaling in zebrafish using a chemical genetic approach. Cancer Cell.
2002;1:257-267.

Lee P, Goishi K, Davidson AJ, Mannix R, Zon L, Klagsbrun M.
Neuropilin-1 is required for vascular development and is a mediator of
VEGF-dependent angiogenesis in zebrafish. Proc Natl Acad Sci U S A.
2002;99:10470-10475.

Mukouyama YS, Gerber HP, Ferrara N, Gu C, Anderson DJ. Peripheral
nerve-derived VEGF promotes arterial differentiation via neuropilin
1-mediated positive feedback. Development. 2005;132:941-952.
Peterson RT, Shaw SY, Peterson TA, Milan DJ, Zhong TP, Schreiber
SL, MacRae CA, Fishman MC. Chemical suppression of a genetic
mutation in a zebrafish model of aortic coarctation. Nat Biotechnol.
2004;22:595-599.

Hong CC, Peterson QP, Hong JY, Peterson RT. Artery/vein specifi-
cation is governed by opposing phosphatidylinositol-3 kinase and MAP
kinase/ERK signaling. Curr Biol. 2006;16:1366-1372.

Takahashi T, Shibuya M. The 230 kDa mature form of KDR/FIk-1
(VEGF receptor-2) activates the PLC-gamma pathway and partially
induces mitotic signals in NIH3T3 fibroblasts. Oncogene. 1997;14:
2079-2089.

Liao HJ, Kume T, McKay C, Xu MJ, Thle JN, Carpenter G. Absence of
erythrogenesis and vasculogenesis in Plcgl-deficient mice. J Biol Chem.
2002;277:9335-9341.

Lawson ND, Mugford JW, Diamond BA, Weinstein BM. Phospholipase
C gamma-1 is required downstream of vascular endothelial growth
factor during arterial development. Genes Dev. 2003;17:1346-1351.
Liu ZJ, Shirakawa T, Li Y, Soma A, Oka M, Dotto GP, Fairman RM,
Velazquez OC, Herlyn M. Regulation of Notchl and DIl4 by vascular
endothelial growth factor in arterial endothelial cells: implications for
modulating arteriogenesis and angiogenesis. Mol Cell Biol. 2003;23:
14-25.

Liu ZJ, Xiao M, Balint K, Soma A, Pinnix CC, Capobianco AlJ,
Velazquez OC, Herlyn M. Inhibition of endothelial cell proliferation by
Notchl signaling is mediated by repressing MAPK and PI3K/Akt
pathways and requires MAMLI. Faseb J. 2006;20:1009-1011.
Thurston G, Yancopoulos GD. Gridlock in the blood. Nature. 2001;414:
163-164.

Krishnan V, Elberg G, Tsai MJ, Tsai SY. Identification of a novel sonic
hedgehog response element in the chicken ovalbumin upstream
promoter-transcription factor II promoter. Mol Endocrinol. 1997;11:
1458-1466.

You LR, Lin FJ, Lee CT, DeMayo FJ, Tsai MJ, Tsai SY. Suppression of
Notch signalling by the COUP-TFII transcription factor regulates vein
identity. Nature. 2005;435:98-104.

. Pereira FA, Qiu Y, Zhou G, Tsai MJ, Tsai SY. The orphan nuclear

receptor COUP-TFII is required for angiogenesis and heart devel-
opment. Genes Dev. 1999;13:1037-1049.

Downloaded from circres.ahajournals.org at Columbia University on April 20, 2009


http://circres.ahajournals.org

588

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Circulation Research March 13, 2009

Huppert SS, Le A, Schroeter EH, Mumm JS, Saxena MT, Milner LA,
Kopan R. Embryonic lethality in mice homozygous for a processing-
deficient allele of Notchl. Nature. 2000;405:966-970.

Devic E, Rizzoti K, Bodin S, Knibiehler B, Audigier Y. Amino acid
sequence and embryonic expression of msr/apj, the mouse homolog of
Xenopus X-msr and human APJ. Mech Dev. 1999;84:199-203.
Saint-Geniez M, Argence CB, Knibiehler B, Audigier Y. The msr/apj
gene encoding the apelin receptor is an early and specific marker of the
venous phenotype in the retinal vasculature. Gene Expr Patterns. 2003;
3:467-472.

Ishida J, Hashimoto T, Hashimoto Y, Nishiwaki S, Iguchi T, Harada S,
Sugaya T, Matsuzaki H, Yamamoto R, Shiota N, Okunishi H, Kihara M,
Umemura S, Sugiyama F, Yagami K, Kasuya Y, Mochizuki N,
Fukamizu A. Regulatory roles for APJ, a seven-transmembrane receptor
related to angiotensin-type 1 receptor in blood pressure in vivo. J Biol
Chem. 2004;279:26274-26279.

Cox CM, D’Agostino SL, Miller MK, Heimark RL, Krieg PA. Apelin,
the ligand for the endothelial G-protein-coupled receptor, APJ, is a
potent angiogenic factor required for normal vascular development of
the frog embryo. Dev Biol. 2006;296:177-189.

Lee DK, George SR, O’Dowd BF. Unravelling the roles of the apelin
system: prospective therapeutic applications in heart failure and obesity.
Trends Pharmacol Sci. 2006;27:190—-194.

Scott IC, Masri B, D’Amico LA, Jin SW, Jungblut B, Wehman AM,
Baier H, Audigier Y, Stainier DY. The g protein-coupled receptor
agtrllb regulates early development of myocardial progenitors. Dey
Cell. 2007;12:403-413.

Zeng XX, Wilm TP, Sepich DS, Solnica-Krezel L. Apelin and its
receptor control heart field formation during zebrafish gastrulation. Dev
Cell. 2007;12:391-402.

Kume T, Jiang H, Topczewska JM, Hogan BL. The murine winged helix
transcription factors, Foxcl and Foxc2, are both required for cardiovas-
cular development and somitogenesis. Genes Dev. 2001;15:2470-2482.
Seo S, Fujita H, Nakano A, Kang M, Duarte A, Kume T. The forkhead
transcription factors, Foxcl and Foxc2, are required for arterial speci-
fication and lymphatic sprouting during vascular development. Dev Biol.
2006;294:458-470.

Cermenati S, Moleri S, Cimbro S, Corti P, Del Giacco L, Amodeo R,
Dejana E, Koopman P, Cotelli F, Beltrame M. Sox18 and Sox7 play
redundant roles in vascular development. Blood. 2008;111:2657-2666.
Herpers R, van de Kamp E, Duckers HJ, Schulte-Merker S. Redundant
roles for sox7 and sox 18 in arteriovenous specification in zebrafish. Circ
Res. 2008;102:12-15.

Pendeville H, Winandy M, Manfroid I, Nivelles O, Motte P, Pasque V,
Peers B, Struman I, Martial JA, Voz ML. Zebrafish Sox7 and Sox18
function together to control arterial-venous identity. Dev Biol. 2008;317:
405-416.

Chun CZ, Kaur S, Samant GV, Wang L, Pramanik K, Garnaas MK, Li
K, Field L, Mukhopadhyay D, Ramchandran R. Snrk-1 is involved in
multiple steps of angioblast development and acts via notch signaling
pathway in artery-vein specification in vertebrates. Blood. Epub Ahead
of Print August 2008.

Nicoli S, Tobia C, Gualandi L, De Sena G, Presta M. Calcitonin
receptor-like receptor guides arterial differentiation in zebrafish. Blood.
2008;111:4965-4972.

Cahill PD, Brown BA, Handen CE, Kosek JC, Miller DC. Incomplete
biochemical adaptation of vein grafts to the arterial environment in
terms of prostacyclin production. J Vasc Surg. 1987;6:496-503.

128.

129.

130.

132.

133.

134.

135.

136.

138.

139.

140.

141.

142.

143.

144.

Henderson VJ, Cohen RG, Mitchell RS, Kosek JC, Miller DC. Bio-
chemical (functional) adaptation of “arterialized” vein grafts. Ann Surg.
1986;203:339-345.

Stark VK, Warner TF, Hoch JR. An ultrastructural study of progressive
intimal hyperplasia in rat vein grafts. J Vasc Surg. 1997;26:94-103.
Wallner K, Li C, Fishbein MC, Shah PK, Sharifi BG. Arterialization of
human vein grafts is associated with tenascin-C expression. J Am Coll
Cardiol. 1999;34:871-875.

. Zwolak RM, Adams MC, Clowes AW. Kinetics of vein graft hyper-

plasia: association with tangential stress. J Vasc Surg. 1987;5:126-136.
Hoch JR, Stark VK, van Rooijen N, Kim JL, Nutt MP, Warner TF.
Macrophage depletion alters vein graft intimal hyperplasia. Surgery.
1999;126:428-437.

Othman-Hassan K, Patel K, Papoutsi M, Rodriguez-Niedenfuhr M,
Christ B, Wilting J. Arterial identity of endothelial cells is controlled by
local cues. Dev Biol. 2001;237:398—409.

Kudo FA, Muto A, Maloney SP, Pimiento JM, Bergaya S, Fitzgerald
TN, Westvik TS, Frattini JC, Breuer CK, Cha CH, Nishibe T, Tellides
G, Sessa WC, Dardik A. Venous identity is lost but arterial identity is
not gained during vein graft adaptation. Arterioscler Thromb Vasc Biol.
2007;27:1562-1571.

Claxton S, Fruttiger M. Oxygen modifies artery differentiation and
network morphogenesis in the retinal vasculature. Dev Dyn. 2005;233:
822-828.

Jones EA, le Noble F, Eichmann A. What determines blood vessel
structure? Genetic prespecification vs. hemodynamics. Physiology
(Bethesda). 2006;21:388-395.

. Mailhos C, Modlich U, Lewis J, Harris A, Bicknell R, Ish-Horowicz D.

Delta4, an endothelial specific notch ligand expressed at sites of phys-
iological and tumor angiogenesis. Differentiation. 2001;69:135-144.
Patel NS, Li JL, Generali D, Poulsom R, Cranston DW, Harris AL.
Up-regulation of delta-like 4 ligand in human tumor vasculature and the
role of basal expression in endothelial cell function. Cancer Res. 2005;
65:8690—8697.

Ridgway J, Zhang G, Wu Y, Stawicki S, Liang WC, Chanthery Y,
Kowalski J, Watts RJ, Callahan C, Kasman I, Singh M, Chien M, Tan
C, Hongo JA, de Sauvage F, Plowman G, Yan M. Inhibition of DIl4
signalling inhibits tumour growth by deregulating angiogenesis. Nature.
2006;444:1083-1087.

Hayashi S, Asahara T, Masuda H, Isner JM, Losordo DW. Functional
ephrin-B2 expression for promotive interaction between arterial and
venous vessels in postnatal neovascularization. Circulation. 2005;111:
2210-2218.

Pola R, Ling LE, Aprahamian TR, Barban E, Bosch-Marce M, Curry C,
Corbley M, Kearney M, Isner JM, Losordo DW. Postnatal recapitulation
of embryonic hedgehog pathway in response to skeletal muscle ische-
mia. Circulation. 2003;108:479—-485.

Gale NW, Baluk P, Pan L, Kwan M, Holash J, DeChiara TM, McDonald
DM, Yancopoulos GD. Ephrin-B2 selectively marks arterial vessels and
neovascularization sites in the adult, with expression in both endothelial
and smooth-muscle cells. Dev Biol. 2001;230:151-160.

Shin D, Garcia-Cardena G, Hayashi S, Gerety S, Asahara T, Stavrakis
G, Isner J, Folkman J, Gimbrone MA Jr, Anderson DJ. Expression of
ephrinB2 identifies a stable genetic difference between arterial and
venous vascular smooth muscle as well as endothelial cells, and marks
subsets of microvessels at sites of adult neovascularization. Dev Biol.
2001;230:139-150.

Lamont RE, Childs S. MAPping out arteries and veins. Sci STKE.
2006;2006:pe39.

Downloaded from circres.ahajournals.org at Columbia University on April 20, 2009


http://circres.ahajournals.org

