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The reproducible pattern of blood vessels formed in vertebrate embryos
has been described extensively, but only recently have we obtained the
genetic and molecular tools to address the mechanisms underlying these
processes. This review describes our current knowledge regarding vascular
patterning around the vertebrate midline and presents data derived from
frogs, zebrafish, avians, and mice. The embryonic structures implicated in
midline vascular patterning, the hypochord, endoderm, notochord, and
neural tube, are discussed. Moreover, several molecular signaling pathways
implicated in vascular pattering, VEGF, Tie/tek, Notch, Eph/ephrin, and
Semaphorin, are described. Data showing that VEGF is critical to
patterning the dorsal aorta in frogs and zebrafish, and to patterning the
vascular plexus that forms around the neural tube in amniotes, is presented.
A more complete knowledge of vascular patterning is likely to come from
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the next generation of experiments using ever more sophisticated tools,
and these results promise to directly impact on clinically important issues
such as forming new vessels in the human body and/or in bioreactors. o 2004,

Elsevier Inc.

l. Introduction

Developmental vascular biology presents an interesting paradox. Blood
vessels are easy to see because of the blood within. In 1672, Marcello
Malpighi first described that blood coursed through specific tubes in
chick embryos (Gilbert, 2003), and much subsequent embryology described
the development and elaboration of blood vessels. These early studies
reached an apex with the publication of careful, descriptive studies of blood
vessel formation by Herbert Evans, E. R. Clark, and Florence Sabin (Clark,
1918; Evans, 1909; Sabin, 1917, 1920). Yet until very recently, developmen-
tal blood vessel formation has been understudied relative to other develop-
mental processes such as limb formation and neural development. This was
partially due to the ubiquitous presence of blood vessels in almost all tissues,
which prevented extensive molecular analysis until these studies could be
carried out at the single-cell level. Vascular pattern formation has been even
more refractory to mechanistic analysis, even though these patterns have
been described for hundreds of years. However, the recent surge in interest in
vascular patterning has resulted in much new information and models for
further testing. Moreover, beyond the basic developmental questions are
applications to diseases and therapies that also motivate investigations of
vascular pattern formation. For example, if we understand how the embryo
coordinates the pattern of vessels with the development of other organs
and tissues, we may be able to apply this information to the reconstruction
of functional vasculature in the adult or even in an artificial setting. It is
an exciting time to work in this field. The genetic and analytic tools are
available and the questions are compelling.

Il. Vascular Development and Patterning
A. Overview

The embryonic vasculature is formed via the coordination of multiple cellu-
lar processes. These include the specification of mesodermal precursor cells
called angioblasts, their differentiation into endothelial cells, and the migra-
tion and assembly of angioblasts and endothelial cells into vessels (reviews:
Cleaver and Krieg, 1999; Daniel and Abrahamson, 2000; Drake and Little,
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1999; Jain, 2003; Folkman, 2003; Risau, 1997; Poole et al., 2001; Weinstein,
2002; Yancopoulos et al., 2000). These processes must be synchronized
within the vascular lineage, and they must also interface with the develop-
mental programs of other embryonic lineages. This coordination is called
vascular patterning, and it results in a primary vessel network that is repro-
ducible in both time and space. Signals produced by other tissues impinge on
angioblasts and endothelial cells to pattern the embryonic vasculature
(Coffin and Poole, 1991; Noden, 1988; Poole and Coffin, 1989). However,
vascular patterning signals have been identified only recently, and the list is
very incomplete. Moreover, little is known about where and how these
signals act to pattern vessels.

This review combines information from zebrafish, frogs, avians, and mice
and focuses on the migration and assembly of vessels guided by axial
structures that straddle the embryonic midline. We describe the molecular
signaling pathways implicated in vascular patterning, then describe the
evidence for involvement of specific axial structures in vessel patterning
around the midline: the hypochord, endoderm, notochord, and neural tube.
Due to space constraints, we will not discuss in detail the short-range
patterning of vessels that occurs in the limb and retina (Mukouyama et al.,
2002; Otani et al., 2002; Stone et al., 1995; Zhang et al., 1999). Likewise,
other interesting aspects of patterning, such as how endothelial cells signal to
tissues (reviewed in Cleaver and Melton, 2003) and arterial/venous differ-
entiation (reviewed in Lawson and Weinstein, 2002a), are the subject of
recent excellent reviews and will not be covered in detail here.

B. Blood Vessel Formation

Blood vessels in the embryo form through a combination of two develop-
mental processes—vasculogenesis and angiogenesis. The coalescence and
differentiation of mesodermal precursor cells to form vessels de novo is
termed vasculogenesis. Angiogenesis involves the migration and division of
already differentiated endothelial cells to form new vessels. The work of
several labs, including ours, demonstrates that many vessels in the embryo
form by a combination of both processes (Ambler et al., 2001; Brand-Saberi
et al., 1995; Childs et al., 2002; Feinberg and Nolden, 1991). Historically,
both normal and pathological neovascularization were thought to occur
solely by angiogenic processes in the adult. However, recent studies show
that bone-marrow-derived circulating endothelial cells contribute to adult
neoangiogenesis, suggesting that both vasculogenesis and angiogenesis occur
throughout the life of an organism (Asahara et al., 1997, 1999; Otani et al.,
2002).
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C. Blood Vessel Patterning

Early descriptive studies of blood vessel patterning were based on live observa-
tions of vessel development in chick embryos and in the tails of frog tadpoles,
complemented by analysis of ink injections and histological sections of embryos
at different developmental stages (Clark, 1918; Evans, 1909; Sabin, 1917, 1920).
These early studies were built on by the Clarks, who elegantly described vessel
formation and remodeling in frog tails by examining living specimens (Clark
and Clark, 1939). Subsequently, several groups carefully described vessel for-
mation and patterning in the developing quail using a vascular cell-specific
antibody (Coffin and Poole, 1988; Pardanaud et al., 1987). These studies in
aggregate led to a model of blood vessel patterning in which an early primitive
vascular plexus is first formed by either vasculogenesis or angiogenesis at the
site of a future vessel or vessel bed, and it is then extensively remodeled to form
the final vascular pattern (review: Drake et al., 1998). Experimental analysis of
the migratory behavior and origin of angioblasts was then carried out by
several groups using quail transplants in chick hosts (Noden, 1989; Pardanaud
et al., 1989; Poole and Coffin, 1989). Noden determined that most mesodermal
tissues, with the exception of the prechordal plate, contain cells with angiogenic
potential that can migrate large distances to form vessels in the embryo (Noden,
1989). Itis important that Noden as well as and Poole and Coffin, observed that
angioblasts that normally form vessels in the trunk were able to participate in
the formation of blood vessels unique and appropriate to the head (Noden,
1989; Poole and Coffin, 1989). These observations continue to influence the way
we think about vascular patterning, and subsequent work supports a model in
which the pattern of blood vessels is guided by environmental cues rather than
intrinsic to endothelial cells or their progenitors. The identification of an
embryonic structure as the source of a vascular patterning signal came from
Cleaver and Krieg, who first showed that the vertebrate midline produced a
vascular patterning signal for dorsal aorta formation and suggested that hy-
pochord-derived VEGF was important for this signal (Cleaver and Krieg, 1998;
Cleaver et al., 1997). These landmark studies have set up important questions in
vascular patterning that are currently under investigation, such as: What are
additional embryonic sources of vascular patterning cues? What is the molecu-
lar composition of the signals that emanate from these sources? How are these
signals coordinated with ongoing development and patterning in the rest of the
embryo?

D. Vascular Patterning Information from Different Model Organisms

An interesting evolutionary question is: When did blood vessels first arise?
A bona fide vasculature is associated with vertebrates, although many
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productive analogies have been made between vertebrate blood vessel for-
mation and Drosophila tracheal development (Ghabrial et al., 2003). Current
models of embryonic vascular patterning rely on information derived from
several different vertebrate model organisms, and each of these different
model organisms has provided unique opportunities to dissect aspects of
vascular patterning.

1. Xenopus laevis (tropical frog)

Blood and lymphatic vessels in frog tails were some of the earliest specimens
to be analyzed by live observation. The modern advantages of this well-used
embryological model are the large size and free-living status of the early
embryo. This allows for molecular manipulation via injection of individual
early cells with RNAs that misexpress proteins or morpholinos that block
expression. Unfortunately, significant vascular patterning occurs later in
development when molecular manipulation of the Xenopus embryo is more
difficult. Moreover, there are few markers for Xenopus vascular cells. How-
ever, the first studies defining midline vascular patterning signals were car-
ried out by Cleaver and Krieg in the Xenopus embryo (Cleaver and Krieg,
1998; Cleaver et al., 1997). Recently, vascular development in Xenopus was
documented by visualization of vessels using injection of Dil-Ac-LDL, a
compound that selectively binds to endothelial cells in many organisms
(Levine et al., 2003).

2. Zebrafish (Danio rerio)

There are several advantages to this rather new model of vertebrate devel-
opment. The embryo is transparent and free-living, facilitating the acquisi-
tion of descriptive information. The relatively short life cycle and small size
permit forward genetic screens to uncover novel genes important in vascular
development and patterning. The recent finding that morpholino injection
can provide information on the phenotypic consequences of reduced func-
tion of specific genes has added an important tool to analysis of zebrafish
development. These advantages have been exploited by a number of inves-
tigators to study aspects of vascular patterning, such as arterial-venous
differentiation (Lawson et al., 2001, 2002; Zhong et al., 2001) and sprouting
of intersomitic vessels (Childs et al., 2002). Moreover, analysis of the grid-
lock mutation in zebrafish showed that only vessels in specific parts of the
embryo were compromised (Weinstein et al., 1995; Zhong et al., 2000),
suggesting that local cues from surrounding tissues pattern vessels and
supporting the work of Noden (described in Section II.C). The midline
structures of the zebrafish embryo are well characterized and amenable to
disruption by mutations. Recently, Weinstein and colleagues injected vessels
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of zebrafish embryos with fluorescent microspheres (microangiography),
and they subsequently generated transgenic zebrafish that express green
fluorescent protein (GFP) in the developing vasculature. They then used
state-of-the-art live imaging to describe vascular development in the zeb-
rafish embryo (Isogai et al., 2001; Lawson and Weinstein, 2002b). These
studies have significantly increased our understanding of vessel development
and patterning and promise to further our knowledge even more in the
future.

3. Avians (chick and quail)

The avian embryo has historically had a central place in investigations of
vascular patterning. Early investigators used the chick embryo for live
observation and ink injections, so by 1920 it was the best-described embryo-
logical model of vascular development. Subsequently, the accessibility of the
avian embryo was exploited for surgical manipulations, and the observation
that quail cells could be distinguished from chick cells by nuclear morpholo-
gy was used in early graft experiments to follow angioblast migration and
patterning. An important refinement was development of the QH1 antibody
that recognizes an epitope specific to quail endothelial cells and progenitors,
but does not recognize chick endothelial cells (Pardanaud et al., 1987).
A series of elegant studies analyzed quail grafts placed into chick hosts
and provided a rich source of data that led to our current model of vascular
patterning around the avian midline (Klessinger and Christ, 1996; Parda-
naud and Dieterlen-Lievre, 1995; Pardanaud et al., 1996; Wilting et al.,
1995). Others have used the quail to experimentally manipulate molecules
implicated in vessel formation and patterning such as VEGF, bFGF, and
integrins (Cox and Poole, 2001; Drake and Little, 1995; Drake et al., 2000;
Finkelstein and Poole, 2003). Recently, Little and colleagues have devised
protocols for dynamic image analysis of vessel development and patterning
in the avian embryo, and analytical tools for quantitative assessments of
vessel behavior (Rupp et al., 2003).

4. Mouse

The mouse is the least tractable model for visual and surgical manipulations,
but in contrast, both gain- and loss-of-function genetic experiments in the
mouse have shed light on genetic pathways important in vessel development
and patterning in mammals. The earliest manipulations were of the VEGF
and Tie/tek signaling pathways, and both are clearly crucial to vessel forma-
tion (Carmeliet ez al., 1996; Dumont et al., 1994; Ferrara et al., 1996; Fong
et al., 1995; Sato et al., 1995; Shalaby et al., 1995). However, the early and
profound effects of mutations in these and a number of other pathways have
somewhat hindered analysis of effects on vascular patterning in mammals.
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The recent explosion in analysis of mutations of genes in specific cell types of
the mouse by tissue-specific excision using the Cre-lox system promises to
circumvent this problem and lead to a more sophisticated understanding of
vascular patterning in mammals. Our group has attempted to utilize the
advantages of both avian and mouse models by analyzing mouse grafts
placed into avian hosts (Ambler et al., 2001, 2003; Hogan et al., 2004). This
work will be described in more detail in Section IV.D.

The analysis of vascular patterning events and mechanisms in the models
described above has been useful in revealing universal aspects of vascular
patterning while defining differences among different organisms. Examples
of universal features of vascular pattern formation are: (1) the use of both
vasculogenesis and angiogenesis to form the embryonic vasculature; (2) the
midline aggregation of vascular cells to form the dorsal aorta; and (3) the
importance of the VEGF signaling pathway in vascular development. Ex-
amples of differences are: (1) the formation of large vessels by remodeling of
an initial plexus in amniotes versus formation of the large vessels de novo in
zebrafish and (2) formation of the dorsal aorta via signals from the hypo-
chord, a VEGF-secreting structure at the midline of frogs and zebrafish but
lacking in avians and mammals.

Ill. Signaling Pathways Implicated in Vascular Patterning
A. Overview

There are numerous signaling pathways thought to be important in aspects
of vascular patterning. This has been one of the most exciting areas of
research recently; the genetic and molecular tools available have permitted
not only the testing of hypotheses about specific pathways, but the identifi-
cation of mutations that affect patterning. Here we describe only the subset
of pathways for which evidence exists for a role in vessel patterning. We do
not discuss in detail interesting mutations, such as out-of-bounds, that have
not yet been cloned. We also do not describe important signaling pathways
whose primary effect is thought to be at the level of vessel stability and
remodeling, such as the SIP/EDG, TGF beta superfamily, and PDGF path-
ways.

B. Signaling Pathways Implicated in Vascular Patterning

1. VEGF (Vascular endothelial growth factor)

The VEGF family of ligands and their receptors play a central role in many
aspects of blood vessel formation, including vascular patterning. The
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preponderance of evidence for effects on vascular patterning is restricted to
the most studied family member, VEGF-A. Thus we will discuss the role of
VEGF-A (VEGF) and its receptors flk-1 (VEGFR-2) and fit-1 (VEGFR-1)
in vascular patterning. An interacting set of coreceptors, neuropilin-1 and
neuropilin-2, will be covered in Section III.B.5, as they were initially iden-
tified as Semaphorin receptors.

VEGF-A is a multi-functional protein involved in differentiation, prolif-
eration, and migration of endothelial cells (reviews: Cross et al., 2003;
Ferrara et al., 2003). It is expressed early in development in vertebrates,
and its expression coincides temporally and spatially with blood vessel
formation at numerous embryonic sites (Cleaver er al., 1997; Dumont
et al., 1995; Flamme et al., 1995; Miquerol et al., 1999). A requirement for
VEGF in vascular development is demonstrated by the paucity of vascula-
ture and the embryonic lethality when one VEGF-A allele is deleted in mice,
and the almost complete lack of vessels in embryos and embryonic stem cells
lacking VEGF-A (Bautch et al., 2000; Carmeliet et al., 1996; Ferrara et al.,
1996). In zebrafish, morpholino knockdown of VEGF indicates that the
initial establishment of axial vasculature does not require VEGF-A, al-
though it is required for patterning intersegmental vessels (Nasevicius et al.,
2000). In addition, modest increases or decreases in VEGF-A levels in mice
also disrupt vessel development and lead to embryonic lethality (Damert
et al., 2002; Miquerol et al., 2000), indicating that tight dosage control of the
VEGF-A signal is important.

However, as mentioned in Section I1.D.4, the pleiotropic effects of VEGF-A
on vascular development have impeded a direct assessment of its role in vas-
cular patterning until quite recently (see Section IV.A, D). Gain-of-function
experiments indicate that VEGF-A is involved in patterning, since injection
of VEGF or placement of VEGF-coated beads into avian embryos results
in ectopic and mis-patterned vessels (Bates er al., 2003; Drake and Little,
1995; Drake et al., 2000; Flamme et al., 1995; Finkelstein and Poole, 2003).
VEGF-A RNA is alternatively spliced to produce three major isoforms of
120, 164, and 188 amino acids (Park et al., 1993). These isoforms have
different biochemical properties, suggesting that they may be differentially
deposited in the embryo: VEGF120 is predicted to be freely diffusible;
VEGF188 is predicted to be matrix bound; and VEGF164 is predicted to be
intermediate in these properties. Mice that are genetically engineered to
express only VEGF120 or VEGF 188 have consistent differences in the caliber
and branching of vessels, suggesting that isoform composition affects local
assembly and patterning of the vascular plexus (Carmeliet et al., 1999; Ger-
hardt et al., 2003; Ng et al.,2001; Ruhrberg et al., 2002; Stalmans et al., 2002).

The VEGF receptor tyrosine kinases, flk-1 and flt-1, both bind VEGF-A
with high affinity. VEGF-A binding to flk-1 induces receptor tyrosine
phosphorylation, and endothelial cells respond with downstream signaling
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that leads to proliferation, migration, survival, and permeability changes
(reviews: Cross et al., 2003; Ferrara et al., 2003). Deletion of flk-1 in mice or
embryonic stem cells is embryonic lethal with lack of organized blood vessels
(Schuh et al., 1999; Shalaby et al., 1995, 1997). The similarity between the
loss-of-function phenotypes for VEGF-A and flk-1 suggest that most
VEGF-A signaling is mediated by the flk-1 receptor. Evidence that signaling
through the flk-1 receptor is important in vascular patterning around the
amniote axial midline comes from analysis of embryonic stem-cell-derived
embryoid bodies placed into the presomitic mesoderm cavity of quail hosts
(Ambler et al., 2003). Although wild-type angioblasts migrated and pat-
terned properly in this model, angioblasts genetically deleted for flk-/ did
not respond to avian patterning cues to migrate to specific embryonic loca-
tions. Moreover, in zebrafish, a flk-/ mutation that severely down regulates
flk mRNA did not disrupt initial vasculogenesis, but prevented sprouting
of intersomitic and other vessels (Habeck er al., 2002). Taken together,
these results strongly indicate that VEGF signaling through flk-1 mediates
vascular patterning around the embryonic midline.

The role of the flt-1 receptor in vascular development and patterning
appears more complex, and it has been somewhat controversial. Flt-1 is
clearly necessary for proper vascular development, since deletion of fir-1
leads to vessel overgrowth and embryonic lethality (Fong ez al., 1995). It was
subsequently suggested that flit-1 normally modulates the cell fate decision
that induces hemangioblasts, progenitor cells capable of giving rise to both
hematopoietic and endothelial cells, to form from mesoderm (Fong ez al.,
1999). However, corroboration of that model has been lacking. Recently, we
showed that vascular cells lacking flt-1 have a higher rate of cell division
than wild-type controls, suggesting that fit-1 normally negatively modulates
cell division (Kearney et al., 2002). This is consistent with a model of flt-1
action in which its ability to act as a sink for the VEGF-A ligand is
important developmentally, likely through a soluble form of the receptor
that is generated via alternative splicing (Kendall and Thomas, 1993;
Kendall et al., 1996). However, these basic questions regarding the cellular
phenotype and mechanism of flt-1 action have precluded extensive analysis
of its role in vascular patterning. We recently used dynamic image analysis of
embryonic stem-cell-derived vessels to show that flt-1 is a positive modulator
of vascular sprout formation and branching; that is to say, in the absence of
flit-1, the vascular plexus is less branched (Kearney et al., 2004). The defect of
the flt-1 mutants could be largely rescued with a transgene that only ex-
pressed the soluble form of flt-1, suggesting that the morphogenetic effect is
largely mediated by soluble fit-1. These findings suggest that fit-1 does affect
vascular patterning at the local level. It will be interesting to determine if fit-1
is also involved in modulation of midline vascular patterning mediated by
VEGF-A.
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2. Tie/Tek Pathway

Tie2 (also called tek) and Tiel (also called Tie) are receptor tyrosine kinases
expressed on endothelial cells during development (reviews: Loughna and
Sato 2001a; Ward and Dumont 2002). Angiopoietins (Ang) are the ligands
for Tie2, while the Tiel ligand(s) is unknown. Deletion of Tie2 in mice is
embryonic lethal at midgestation, with extensive vascular defects that in-
clude decreased sprouting, simplified vessel branching, and lack of pericyte
recruitment (Dumont et al., 1994; Patan, 1998; Puri et al., 1999; Sato et al.,
1995). Tiel mutant mice also die as embryos, but at later stages and with
reduced vessel integrity (Puri et al., 1995; Sato et al., 1995). Deletion of Angl
is also embryonic lethal, but the vasculature is less affected than in embryos
lacking Tie2, suggesting that other ligands for Tie2 exist in vivo (Suri et al.,
1996). Ang2 has complex effects on vessel development that appear to be
context dependent. That is to say, Ang2 can act as either an agonist or an
antagonist of Tie2 signaling in different situations. Although most evidence
suggests that Tie/tek signaling is involved in local patterning and remodel-
ing, an interesting study suggests that it may impinge on global patterning.
Loughna and Sato generated embryos that were deleted for both Angl and
Tiel, the receptor without identified ligands (Loughna and Sato, 2001b).
These double knockout mice had disruption of the venous system only on
the righthand side of the embryo. This phenotype correlated with the ex-
pression of Angl on the right side veins at this time, although Tiel is more
generally expressed in vessels. These findings suggest that these pathways
intersect to specify veins in a particular location of the embryo.

3. Notch Pathway

Notch proteins are large trans-membrane receptors that are important to a
variety of developmental processes, including blood vessel formation (re-
view: Iso et al., 2003). Their ligands, Delta-like and Jagged proteins, are also
largely membrane localized, leading to models of Notch signaling that
involve neighboring cell types. Mice have four Notch genes, and deletion
of Notchl or hypomorphism for Notch2 in mice results in complex pheno-
types with vascular abnormalities (McCright et al., 2001; Swiatek et al.,
1994). Deletion of Notch4 produces normal mice, but Notchi-Notch4 double
mutants have more severe vascular defects than Notchl mutant mice, sug-
gesting functional overlap among Notch family members (Krebs er al.,
2000). Further evidence that Notch signaling is important in vascular pat-
terning comes from analysis of transgenic mice that express an activated
Notch4 in the vasculature (Uyttendaele er al., 2001). The mutant embryos
have numerous vascular patterning defects, including disorganized vessel
networks and fewer smaller vessels. Mutations in Notch3 in humans lead
to a vascular defect associated with adult stroke and dementia called
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CADASIL (Joutel et al., 1996; Salloway and Hong, 1998). Deletion of
Notch ligands Jag! or DIl in mice results in vascular defects and hemor-
rhage in the head and yolk sac and further supports a role for the Notch
pathway in vessel patterning (Hrabe de Angelis et al., 1997; Xue et al., 1999).
Thus far, the phenotypes generated in mice via targeted mutations are
complex, and it is not completely clear what role Notch signaling plays in
vascular patterning, although vessel morphogenesis appears to be affected
by some genetic manipulations. It will be interesting to determine the
phenotypes of Notch mutations localized to the vasculature.

Notch signaling is also important for arterial differentiation in zebrafish.
Embryos lacking Notch activity fail to express artery-specific markers in the
dorsal aorta, and mutation of a downstream target of Notch signaling,
gridlock, results in defective dorsal aorta patterning (Lawson ez al., 2001;
Weinstein et al., 1995; Zhong et al., 2000, 2001). Further studies suggest a
signaling cascade in which Shh can activate VEGF, which can in turn
activate Notch signaling and arterial differentiation (Lawson et al., 2002).
The zebrafish studies suggest that one role for Notch signaling in vascular
development is to control cell fate decisions, a model consistent with how
Notch signaling affects other developmental processes. However, the data in
mice also suggest that Notch signaling is important, at least in vessel mor-
phology, and it may be important in how neighboring tissues pattern vessels
locally.

4. Ephrins/Eph Receptor Pathway

Eph receptor tyrosine kinases and their membrane-bound ligands, ephrins,
are required for the proper placement of tissues developmentally. For exam-
ple, neural crest cells that emanate from the neural tube migrate from the
hindbrain in specific stripes that are defined by ephrin/Eph expression pat-
terns (reviews: Adams, 2002; Himanen and Nikolov, 2003). In mice, ephrin-
B2 is expressed by arterial endothelial cells, and its receptor, EphB4, is
expressed predominantly on veins (Adams et al., 1999; Gerety et al., 1999;
Wang et al., 1998). Deletion of either gene in mice results in defective
angiogenic remodeling in veins and arteries of the yolk sac and head, with
mid-gestational embryonic lethality. These data demonstrate a genetic com-
ponent to the distinction between arteries and veins and suggest that disrup-
tion of the arterial/venous boundaries have severe consequences for vascular
patterning. In many cases, cells that express Eph receptors and those that
express ephrins are prevented from mixing, and endothelial cells clearly use
this pathway (and likely others as well) to distinguish arteries from veins
(review: Wilkinson, 2000). Although intersomitic vessels normally do not
enter somites, the intersomitic vessels of the ephrin-B2 null embryos often
invade somites (Adams et al., 1999). The role of ephrins and their receptors
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in vascular development is likely to be complex, as other family members
such as EphB3 and ephrin-B1 are also expressed in the vasculature. More-
over, some family members, such as EphB2, are also expressed in the
mesenchyme and likely function in endothelial-mesenchymal cell signaling,
which could affect vascular patterning (Adams et al., 1999). Gene targeting
of ephrins in the vascular compartment will likely resolve some of these
issues. However, current evidence clearly indicates that vessel patterns as
well as vessel identity are influenced by ephrin-Eph receptor interactions,
and further studies will likely uncover more important specific roles for these
signals in vascular patterning.

5. Semaphorin/Neuropilin/Plexin Pathway

Semaphorins are another group of signaling molecules that have recently
been implicated in the restriction of angioblast/endothelial cell migration.
Semaphorins were first identified as guidance molecules for neurons, and the
family includes both secreted and transmembrane signaling proteins (re-
views: Goshima et al., 2002; Kolodkin, 1998; Tessier-Lavigne and Goodman
1996). Semaphorins bind to two different transmembrane-receptor families,
neuropilin (NP) and plexin. It is now thought that NPs provide a ligand
binding site and plexin proteins play a signaling role (Goshima et al., 2002).
It is interesting that Sema3A binds NP1, which is also a coreceptor for the
165 isoform of VEGF-A expressed on endothelial cells (Soker et al., 1998).
In Vitro, NP1/VEGF-A interactions appear to strengthen the ability of
VEGF-A to promote chemotaxis of endothelial cells (Soker et al., 1998).
In contrast, NP1/Sema3A interactions inhibit the motility of endothelial
cells expressing NP1 (Miao et al., 1999). These findings suggest that differ-
ential or competitive binding of Sema3A or VEGF-A165 to NP1 might be
involved in modulation of vascular patterning mediated by VEGF-A. NP2 is
a second co-receptor that binds Sema3F with high affinity, and it is also
expressed by endothelial cells and binds VEGF165 (Gluzman-Poltorak et al.,
2000). A recent report showed that Sema3F effectively blocks tumor neoan-
giogenesis and interferes with VEGF signaling (Kessler et al., 2004). Thus,
both Sema3A/NP1 and Sema3F/NP2 interactions may impact vascular
patterning.

In Vivo experiments demonstrate the importance of this pathway and
support a model whereby both NP coreceptors affect vascular patterning.
Sema3A bead implantations into E4.5 avian forelimbs caused failure of
blood vessel formation and formed vessels deviate away from the bead,
while overexpression of Sema3A or Sema3F in the perineural vascular
network of the head of chick embryos led to defects in vascular remodeling
(Bates et al., 2003; Serini et al., 2003). In addition, Sema3A and Sema3C
knockout mice both have cardiovascular defects (Feiner et al., 2001; Serini
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et al., 2003). Overexpression or deletion of NP1 in mice leads to numerous
vascular defects (Kawasaki er al., 1999; Kitsukawa et al., 1995), while
deletion of NP2 does not (Chen er al., 2000; Giger et al., 2000). However,
the combined deletion of NP1 and NP2 results in severe defects, resembling
the Vegfa and flk-1 knockouts (Takashima et al., 2002). Recently, Kolodkin
and Ginty and colleagues reported a set of elegant studies showing that
VEGF/NPI but not Sema/NP1 signaling was required for general vascular
development (Gu et al., 2003). To determine this, they first conditionally
ablated NP1 in endothelial cells and found severe vascular defects. They then
generated mice that expressed a mutant NP1 from the NP locus that could
bind to VEGF but not to Sema, and bred it to the NP2-deficient background
so that mutant NP1 was the sole NP. Vascular defects were not seen in these
mice, showing that the vascular abnormalities were specific to the lack of
VEGF/NP1 signaling in endothelial cells. Thus, the effects of the semaphor-
ins on vascular development and endothelial function described above could
result from competitive inhibition of VEGF/NP signaling, since although
Semas and VEGF have distinct binding sites, it is thought that steric
hindrance may prevent simultaneous binding.

Data from zebrafish also demonstrate an important role for this pathway.
NP1 antisense morpholinos injected into zebrafish produce defects in the
intersegmental vessels, and knockdown or ubiquitous expression of Se-
ma3al impairs dorsal aorta formation (Lee et al., 2002; Shoji et al., 2003).
Thus, the evidence to date implicates semaphorins in vascular patterning
events, but exactly how and where semaphorins affect patterning remains to
be elucidated.

IV. Axial Structures Implicated in Vascular Patterning

As mentioned in Section II, this review focuses on the axial midline struc-
tures implicated in vascular patterning, since these structures are presumably
the source of vascular patterning signals described in Section III. Figure 1
shows a schematized cross section of an amphibian/zebrafish embryo (A) and
an avian/mammalian embryo (B) to highlight the similarities and differences
in the different model organisms. Both types of embryo have a dorsal neural
tube and a notochord immediately ventral to the neural tube. Both also have
a major axial artery(s) called the dorsal aorta, and a major axial vein(s) called
the cardinal vein. However, in amphibians and zebrafish these structures are
single vessels, while in avians and mammals the dorsal aorta initially forms
as a set of paired vessels on either side of the midline (shown in Fig. 1), then
fuses to a single vessel only in the mid-trunk region of the embryo. The
cardinal veins form as paired vessels on either side of the midline and remain
that way in avians and mammals. A second major difference is the formation
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Neural tube
Somite

Notochord
Hypochord

Dorsal aorta
Cardinal vein

Endoderm

Figure 1 Schematic cross section through the trunk of midgestation vertebrate embryos at
forelimb level. (A) Representative amphibian/zebrafish embryo. (B) Representative avian/
mammalian embryo.

of the hypochord in amphibians and zebrafish that is lacking in amniotes.
Finally, all embryos have endoderm ventral to the other structures that will
form the gut and other endodermally derived organs. We now discuss each of
the major non-vascular axial midline structures.

A. Hypochord

The hypochord is a temporary, rodlike structure in amphibian and fish
embryos located just ventral to the notochord and in close association with
the dorsal aorta (Lofberg and Collazo, 1997) (see Fig. 1). The hypochord is
thought to derive from the endoderm in frogs, but fate mapping shows it to
be a mesodermal derivative in zebrafish (Cleaver et al., 2000; Latimer et al.,
2002). Cleaver and Krieg demonstrated that the hypochord transiently ex-
presses high levels of VEGF, and that this expression correlates with the
formation of the dorsal aorta in Xenopus (Cleaver et al., 1997; Cleaver and
Krieg, 1998). They showed that angioblasts originating in the lateral plate
mesoderm migrate to the midline to form the dorsal aorta. Their data further
suggests that a long-range diffusible form of VEGF (the 121 isoform) acts
as a midline chemoattractant for the migrating angioblasts. It is unclear



3. Midline Vessel Patterning 69

whether VEGF is expressed by the zebrafish hypochord (Eriksson and
Lofberg, 2000; Liang et al., 2001; Weinstein, 2002). However, fish hypo-
chord expresses Angl, a ligand of Tie/tek receptors that is important in
vessel formation, and other genes such as radar, which are required for
vascular integrity (Eriksson and Lofberg, 2000; Hall ez al., 2002; Pham
et al., 2001). Cleaver and Krieg suggest that the notochord may be responsi-
ble for induction of the hypochord that, in turn, patterns the dorsal aorta
(Cleaver et al., 2000). It should be possible to test this model in zebrafish, as
mutants exist in which notochord is formed at the expense of hypochord,
and vice versa (Latimer et al., 2002). Regardless of how these structures
affect axial vascular patterning in amphibians and fish, only these model
organisms possess a hypochord, so another structure must guide dorsal
aorta patterning in avians and mammals. This may be the endoderm.

B. Endoderm

There is evidence that endoderm guides the assembly of the axial vein in
zebrafish. One-eyed pinhead (0ep) mutant embryos lack several tissues,
including most endoderm and endoderm derivatives (Hammerschmidt
et al., 1996; Schier et al., 1996, 1997; Strahle et al., 1997). 1t is interesting
that these embryos only have a single vessel formed immediately ventral to
the notochord, which is most likely the dorsal aorta (Brown et al., 2000).
Other zebrafish mutants with similar defects, yet with some endoderm (sgt
and cyc), still retain axial veins. These data suggest that endoderm, which is
found in close proximity to the axial vein, actually signals to migrating
angioblasts to form the axial vein. Sonic hedgehog (Shh) is one candidate
molecular mediator of the endoderm signal, since it is expressed in endoderm
and is known to act as an induction/patterning signal at other embryonic
sites (Krauss et al., 1993; Strahle et al., 1996). Sonic-you is a mutation in the
zebrafish homolog of Shh, and these embryos resemble mice lacking Shh in
many respects (Schauerte et al., 1998). However, unlike Sh4 '~ mutant mice,
sonic-you zebrafish embryos do not form either the dorsal aorta or the axial
vein. Because the other zebrafish mutants that lack endoderm lack the axial
vein but not the dorsal aorta, the lack of an axial vein in the sonic-you
embryos is likely due to a loss of Shh expression specifically from the
endoderm (Brown et al., 2000).

The endoderm may also be important for dorsal aorta formation in avians
and mammals. Historically, endoderm was implicated as the source of an
angioblast induction signal. However, recently reported experiments show
that removal of endoderm from frog or avian embryos does not alter
specification of angioblasts, but angioblasts do not coalesce into tubes
without endoderm (Vokes and Krieg, 2002). These data are consistent with
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a role for endoderm in dorsal aorta formation. Moreover, endoderm is a
potent site of VEGF expression in avians and mammals (Aitkenhead et al.,
1998; Dumont et al., 1995; Flamme ez al., 1995; Miquerol et al., 1999). Thus,
VEGEF expression from the definitive endoderm in avians and mammals may
be analogous to the strong VEGF midline expression from the hypochord in
amphibians. In addition, Vegf4 mutant embryos have abnormal dorsal
aorta formation (Carmeliet ez al., 1996; Ferrara et al., 1996). However, since
the expression data is correlative and the genetic experiments removed
VEGEF globally, targeted deletion of VEGF in the endoderm will be required
to determine if endoderm-derived VEGF is critical to dorsal aorta formation
in mammals.

C. Notochord

The notochord is a transient structure that lies ventral to the neural tube in
all vertebrates, and it has a critical role in organizing the midline structures.
Notochord signals induce differentiation of the floor plate and motor neu-
rons of the neural tube, the sclerotome of the somites, and oligodendrocytes
(Brand-Saberi et al., 1993; Fan et al., 1995; Halpern et al., 1993; Placzek
et al., 1990; Trousse et al., 1995; Yamada et al., 1993). The notochord also
patterns the endoderm (Cleaver et al., 2000). Despite these known patterning
interactions, the role of the notochord in patterning the vasculature is poorly
understood. In fact, there is data to support a role for the notochord as a
source of both positive and negative vascular patterning signals.

1. The Notochord as the Source of Positive Vascular Patterning Signal(s)

One area of recent focus has been the role of notochord in assembly of the
dorsal aorta, which comes to lie ventral to the notochord. In zebrafish,
angioblasts assemble at the midline by the 14 somite stage to form the dorsal
aorta, and other angioblasts begin forming the axial vein (also known as the
posterior cardinal vein) ventral to the dorsal aorta by the 14-20 somite stage
(Fouquet et al., 1997). Two zebrafish mutants have provided evidence that
the notochord guides the initial assembly of angioblasts that will form the
dorsal aorta at the midline. Floating head (flh) is a mutant that lacks
notochord, has an un-patterned neural tube, and has fused somites (Halpern
et al., 1995). No tail (ntl) is a mutant that retains some notochord precur-
sors, a neural tube that consists of a wider than normal floor plate, and
unfused but abnormally shaped somites (Halpern ez al., 1993; Melby et al.,
1996). Both mutants lack trunk circulation, and only a single vessel forms
between the notochord and endoderm. This vessel is likely to be the axial
vein based on its position in the fIh mutants (Fouquet et al., 1997; Sumoy
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et al., 1997). Mosaic embryos with both flh mutant cells and wild-type
cells had patches of notochord and evidence of dorsal aorta assembly
adjacent to these patches (Fouquet et al., 1997). In sum, these findings
strongly suggest that notochord signals are necessary for dorsal aorta for-
mation, but do not rule out an indirect effect of the notochord in patterning
other tissues that, in turn, relay directive signals to migrating angioblasts.
For example, the f/h mutants lack a hypochord as well as a notochord
(Talbot et al., 1995), and the hypochord seems critical to dorsal aorta
development in amphibians (see Section IV.A). In addition, VEGF expres-
sion is missing in somites, and Sema3al is inappropriately expressed
throughout the entire somite in f/4 mutants (Liang et al., 2001; Shoji et al.,
1998). Reduced expression of either VEGF or Sema3al via morpholinos
also leads to abnormalities in dorsal aorta development (Nasevicius et al.,
2000; Shoji et al., 2003). More studies will be needed to determine whether
the notochord acts directly or indirectly to pattern the angioblasts that form
the dorsal aorta.

Our lab has recently examined the vasculature in mice mutant for
Brachyury, which is a T-box gene that is the mammalian homologue of
zebrafish ntl. The Brachyury mutant embryos (7/7) do not form a mature
notochord in the posterior half of the embryo. It is interesting that the dorsal
aorta forms throughout the A-P axis of these mutant embryos, although
with more perturbations in the size and shape in the posterior of the embryo
(Jenkins, T., K.A.H. and V.L.B., unpublished results). Thus, it appears that
the mouse differs from the zebrafish in the requirement for the notochord for
dorsal aorta assembly. These differences may reflect differences in the mid-
line structure that is the source of important vascular patterning signals.
Specifically, the endoderm in amniotes may provide the initial patter-
ning signals for the dorsal aorta, and this role may be carried out by the
notochord/hypochord in the amphibian and zebrafish.

The identity of notochord signals important in dorsal aorta formation is
unknown. Both fIh and nt/ encode transcription factors, so their effects are
likely to be indirect. Sonic hedgehog is the best-characterized signal emanat-
ing from the notochord, making it a prime candidate in the search for a
notochord signal responsible for dorsal aorta assembly. In support of this
hypothesis, the sonic hedgehog mutant, sonic-you, lacks both the dorsal
aorta and the axial vein (Brown et al., 2000). It is likely that lack of
notochord-derived Shh is upstream of the dorsal aorta defect, while endo-
derm-derived Shh is upstream of the axial vein defect. These studies, once
again, do not rule out an indirect effect of Shh signaling via other cell types
that are no longer patterned when Shh is missing. Another member of the
T-box family of transcription factors, hrT, is expressed in the dorsal aorta
and heart, and mutants lacking /4rT resemble fIh mutants in that no dorsal
aorta forms (Ahn et al., 2000; Griffin et al., 2000; Szeto et al., 2002). The
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zebrafish hedgehog signaling mutant you-too lacks hrT expression, suggest-
ing that /irT is a downstream effector of hedgehog signaling (Szeto et al.,
2002). Additional studies in zebrafish demonstrate that Shh has a role in
arterial identity acting upstream of both the VEGF and the Notch pathways
(Lawson et al., 2002).

The effects of Shh on vascular development in mammalian models appear
to be indirect. Transgenic overexpression of Shh in the dorsal neural tube of
mice results in hypervascularization of the tissue (Rowitch ez al., 1999). Shh
administration to aged mice induces neovascularization in an ischemic hind
limb model, and the same treatment induces angiogenesis with large branch-
ing vessels in the murine cornea (Pola et al., 2001). However, direct treat-
ment of human umbilical vein endothelial vein cells (HUVECs) with Shh
had no effect, although fibroblast cells responded to Shh by upregula-
ting VEGF and angiopoietins (Kanda ez al., 2003; Pola et al., 2001). Thus,
it was hypothesized that Shh upregulates VEGF in non-vascular cells
such as fibroblasts, and this upregulation in turn positively affects blood
vessel formation. Nonetheless, Shh can induce capillary morphogenesis of
HUVECs in Matrigel through the activation of PI-3 kinase (Kanda et al.,
2003).

2. The Notochord as the Source of Negative Vascular Patterning Signal(s)

In mouse and avian embryos, the notochord is associated with negative
patterning signals in two ways. First, early in gastrulation, the embryonic
midline is set up, and subsequently, angioblasts/endothelial cells are largely
prevented from crossing the midline to colonize the contralateral side of the
embryo. Second, surrounding the notochord is an avascular zone that pre-
sents a striking contrast to most other embryonic tissues and structures that
are highly vascularized (Fig. 2A).

The midline barrier to angioblast-endothelial cell crossing was demon-
strated experimentally through the use of quail chick chimeras. Somite and
presomitic mesoderm grafts produced vascular cells that migrated cranially,
caudally, and laterally, but never crossed the axial midline (Pardanaud et al.,
1996; Wilting et al., 1995). However, removal of the notochord resulted in
extensive midline crossing, showing that the notochord was required to
maintain the midline barrier (Klessinger and Christ, 1996). Using mouse—
avian chimeras, we demonstrated that mouse angioblast/endothelial cells
also respect the midline barrier in the avian host (Ambler et al., 2001). The
molecular nature of this midline barrier is unknown.

The avascular zone surrounding the notochord has been observed but
not experimentally manipulated. Initially, the notochord closely abuts
both the neural tube dorsally and the dorsal aorta ventrally. However, the
notochord soon becomes surrounded by cells, as the sclerotome cells of
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Figure 2 Vascular patterning at the embryonic midline of amniotes. (A) The perinotochordal
area is avascular as visualized by in sifu hybridization for fit-1 mRNA in an E11.5 mouse
embryo. The notochord is denoted by an asterisk and surrounded by dotted lines, and the
vessels are stained purple. (B) The peri-neural vascular plexus (PNVP) (arrow) surrounds the
neural tube (NT) as shown in this HH stage 24 quail embryo. The vessels are reacted with QH1
antibody and appear brown.

the somites migrate around the notochord to form the peri-notochordal
mesenchyme (review: Christ et al., 2000). As the intersomitic vessels sprout
from the dorsal aorta and migrate dorsally, they hug but do not invade the
avascular zone. We have begun to investigate the avascular zone of the
peri-notochordal mesenchyme, and preliminary experiments suggest that
the avascular zone requires the notochord, because surgical placement of
the notochord into somites resulted in the formation of an avascular zone
around the ectopic notochord (Ambler, C. A., and V.L.B., unpublished
results).

How do we reconcile the data showing that the notochord positively
affects dorsal aorta assembly but prevents midline crossing and sets up an
avascular zone? First, it is quite possible that the notochord has different
midline effects depending on the organism being studied. To date, the noto-
chord effects on dorsal aorta assembly are exclusive to amphibians and
zebrafish, and in these models the distinction between notochord and hypo-
chord effects is not completely clear. There may also be stage-specific effects
of the notochord on vessel development. For example, initially, the noto-
chord may impart positive patterning signals to recruit the dorsal aorta, and
at later stages the notochord may up regulate a negative vascular patterning
signal. Finally, it is quite likely that some or even all of the effects may be
indirect, that is to say, that notochord-derived signals may induce expression
of distinct sets of genes in different target cells. These notochord-activated
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genes may encode proteins that mediate either positive or repulsive vascular
patterning signals. Indeed, the tissues neighboring the notochord change
dynamically during mid-gestation, suggesting a model whereby both positive
and negative vascular patterning effects could result from the notochord-
derived signals at different times as a result of indirect effects on adjacent
cells. It will be interesting to dissect the role of the notochord in vascular
patterning more completely.

D. Neural Tube

While the dorsal aorta is the first vessel formed in the embryo by midline
signals, other vessels are also patterned at the midline at later stages. One
such patterning event is the development of the perineural vascular plexus
(PNVP), which comes to surround the neural tube (Fig. 2B). This plexus
provides essential nutrients and oxygen to the developing neural tissue, and
it is the source of vascular sprouts that subsequently invade and metaboli-
cally support the neural tissue. These PNVP-derived vessels go on to form
the blood-brain barrier that is critical to proper CNS function in the adult
(Bar, 1980; Bauer et al., 1993; Risau and Wolburg, 1990). Although the
invasion of angiogenic sprouts into neural tissue has been described, the
developmental processes that result in the formation of the PNVP at
the proper location have not been investigated. Noden noted from his quail
chick chimera studies that the neural tube itself does not have vascular
potential, and thus it must become vascularized by exogenous endothelial
precursors (Noden, 1989). Both quail-chick and mouse—quail chimera anal-
ysis identified somite-derived precursor cells as an important source of
endothelial cells that comprise the PNVP (Ambler et al., 2001; Klessinger
and Christ, 1996; Pardanaud et al., 1996; Pardanaud and Dieterlen-Lievre,
1999; Wilting et al., 1995). However, the source and nature of the signal(s)
that act on somite-derived angioblasts to pattern the PNVP have only
recently been investigated.

To formally prove that the neural tube is the source of a vascular pattern-
ing signal, our group placed mouse neural tubes ectopically in avian
hosts and showed that a vascular plexus forms around the neural tube
regardless of its position (Fig. 3A) (Hogan et al., 2004). We then did a graft
experiment in which a buffer of avian tissue separated the mouse
graft (presomitic mesoderm) from the avian host neural tube. The finding
that graft-derived endothelial cells were found in the PNVP indicated that
the neural tube signal could act at a distance to recruit endothelial cells
to the PNVP. We next tested the role of VEGF-A in neural tube patterning
through the use of a novel explant assay in which vessels form from
presomitic mesoderm grafts in a VEGF-dependent manner. The neural tube
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Figure 3 The neural tube directs PNVP formation. (A) Transverse section through the trunk
of an HH stage 24 quail embryo containing a grafted ROSA +/— mouse neural tube, 3 days
postsurgery. Chimeric embryos were whole-mount stained for [-galactosidase (blue), then
sectioned and reacted with QH1 antibody (brown). The arrow points to a host-derived vascular
plexus surrounding the grafted neural tube. NC, notochord; NT, neural tube. (B) Fltl +/—
mouse presomitic mesoderm grafts from E8.5 mouse embryos were placed beside stage HH
10-13 quail neural tubes in collagen gels and cultured for 72 h in basal medium. Mouse vascular
cells were visualized by (-galactosidase staining (blue). Arrow indicates vascular plexus. Scale
bars are 50 pm in A and 200 ym in B.

could replace the requirement for VEGF in this system (Fig. 3B), and
both pharmacological inhibition and genetic ablation of VEGF-A signaling
showed that this pathway is required for the neural tube to pattern vessels
from the presomitic mesoderm (Hogan er al., 2004). Thus, not only is
VEGF-A implicated in the first midline patterning events that lead to dorsal
aorta formation, it is also important in later midline patterning mediated by
the neural tube.

V. Conclusions and Future Directions

As with many endeavors, the journey to understand the mechanisms that
underlie vascular patterning events has provided more questions than an-
swers so far. The initial hypothesis that angioblasts respond to extrinsic
vascular patterning cues to migrate and assemble in the embryo has been
solidified by numerous experiments. Clearly, the axial midline of the verte-
brate embryo acts to organize the developing vasculature, as it does other
structures and tissues in the organism. Moreover, it does so in complex ways.
There are differences in time; for example, at early times the hypochord and
endoderm appear critical to patterning the dorsal aorta, while at later times
the neural tube provides positive vascular patterning cues to promote
the migration and assembly of vessels. There are differences in which struc-
tures are responsible for certain effects. For example, the hypochord of
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amphibians and zebrafish is missing in avians and mammals, and the endo-
derm may provide similar patterning cues in the latter embryos. There are
also differences in how the structures themselves affect patterning. The
notochord seems to act as a source of positive vascular patterning cues in
zebrafish that are critical to dorsal aorta formation, yet the notochord of
amniotes prevents midline crossing of angioblasts and is surrounded by an
extensive avascular zone. It is quite likely that further studies using the
sophisticated molecular and genetic tools available will lead to a much more
refined model of vascular patterning around the vertebrate midline.

There is no doubt that the VEGF signaling pathway presents an impor-
tant nexus for vascular patterning events, as it is involved in almost every
aspect of endothelial cell formation and function. To date, all clearly defined
axial patterning events require VEGF signaling—the initial formation of the
dorsal aorta, the specification of this vessel in zebrafish, and the formation of
the plexus surrounding the neural tube in mouse and avian embryos. How-
ever, other signals and receptors are clearly important in vascular patterning,
and it is quite likely that soon more studies will show defined roles for the
Tie/tek, Notch, Eph/ephrin, and Semaphorin pathways in vascular pattern-
ing at the midline. The near future will likely see the development of models
that effectively incorporate all of these molecular inputs to pattern vessels.
The future will also see the integration of these signaling pathways with
upstream inputs and downstream targets, such as transcription factors and
cytoskeletal proteins.

We have also just begun to use the power of genetics to uncover novel
pathways and genes involved in vascular patterning. In this realm, the
zebrafish is clearly a star, as it is possible to perform forward genetic screens
for novel genes. An interesting group of genes that affect vessel patterning,
such as out-of-bounds, is sure to become larger with time and expand our
knowledge of the molecular control of vascular patterning beyond the
“usual suspects.”

The future is very bright. The patterning of blood vessels presents a
basic question of developmental biology: As embryos develop and form
diverse cell types, how do these distinct groups of cells communicate with
each other and influence each other’s behavior? These processes have in-
trigued developmental biologists for hundreds of years, and we now have
available the tools to address the mechanisms underlying vascular patterning
events. In addition, understanding vascular patterning is relevant to poten-
tial therapeutic applications as never before. We now dream of inducing new
vessels in the human body where and when we need them, and we even hope
to be able to produce vessels in vitro for placement in the human body. Both
of these clinical applications will move forward more quickly as we increase
our knowledge of how the body regulates and patterns vessels.
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